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Foreword
The discovery and first therapeutic use of insulin in Toronto in 1922 saved the
lives of countless people with type 1 diabetes e and in the course of doing so
provided Nobel-winning confirmation of the definitive hormonal pathophys-
iology of the condition. However, rather than bringing a “cure” for diabetes,
those days of discovery are now seen as heralding an epoch of devastating
diabetes-related complications e which we are still living through as the
centenary approaches.

There are lessons in this story for the contemporary race to discover new
treatments for the various other conditions that blight 21st century life. The
focus within both the pharmaceutical and academic sectors is firmly on
discovery of new (and ideally “blockbuster”) non-peptide molecules with
a prevailing assumption that non-peptide agents are preferred to avoid the
parenteral route of administration. The alternative approach of using devel-
oping technologies to refine drug formulation and better target existing mole-
cules using other routes is less glamorous, and possibly less lucrative, but may
ultimately lead to greater health gains.

It is almost certainly the case that if insulin could be administered thera-
peutically into the appropriate anatomical location in truly physiological
concentrations, which are finely-tuned in response to minute-to-minute
changes in blood glucose concentration, diabetes complications would be
obviated entirely. However, while such a “cure” remains elusive, intermittent
subcutaneous injection of insulin into the thighs or abdomen is by far the most
frequent approach worldwide. This provides the body with only a rough esti-
mate of the amount of the hormone that may actually be required over the next
few hours, delivered with a considerable degree of chronic discomfort, into the
wrong physiological compartment, at supra-physiological concentrations.

Perhaps it is little wonder that, as a result, over a period of months and years
adherence to insulin therapy can wax and wane in response to the challenges of
life. The clinical specialties around the nursing and medical care of people with
diabetes have grown up around supporting and motivating affected individuals
to engage with prescribed treatment and self-care in an effort to minimize the
adverse effects of therapy and the progression of complications over time. This
can be an uphill and unrewarding battle.

The chapter authors of this volume are those who are currently thinking
“outside the box” on these issues internationally, and grappling with the
vii



viii Foreword
challenges of drug delivery via less “conventional” routes. As clinicians we are
fortunate for the sake of those for whom we care that such work is progressing
and maturing, even while a clear “breakthrough” is not yet in sight. Any new
developments will of course require rigorous clinical trials for safety and
efficacy. However, within the field of diabetes e and far beyonde there is little
doubt that over the next decade or two alternative routes of drug delivery will
change the treatments we prescribe for our patients, and their concordance with
that treatment, beyond recognition. This volume is a forerunner of that new era.

John Petrie
Dr John R Petrie BSc PhD MD

Professor of Diabetic Medicine, University of Glasgow



Preface
Many pharmaceutical scientists like myself develop strong links with profes-
sionals working in the pharmaceutical industry and in clinical practice. This
forms a stimulating environment which gives good oversight of the issues
facing the introduction of a new drug, or drug delivery system, onto the market
for clinical use. Of course, part of that challenge is learning each others
“language” (or “what concerns us most”) in order to make a coherent plan
which addresses the particular need under discussion. An extra language has
been introduced with the emergence of the biotechnology industry. The bio-
pharmaceuticals produced within the biotechnology sector have proven to be
exciting with regard to their envisaged clinical potential, but also challenging
with regard to their (bio)processing and delivery.

Life science students, for example, quickly learn that “you can’t administer
proteins and peptides orally”; that is, there is the assumption that invasive
delivery by injection is required for biopharmaceuticals. They have, of course,
the appreciation that the stomach exposes drugs to very low pH, and the gastro-
intestinal tract as a whole secretes proteases. There is also an awareness of the
barriers to the absorption of macromolecules in the intestine, such as the cell
membrane, cellecell tight junctions, glycocalyx and efflux transporters.
However, it can be surprising to learn that research specifically setting out to
address the problems of non-invasive delivery of biopharmaceuticals has
continued apace. The large volume of work in this field has led to many
collaborative approaches, spin-out companies and mature, commercialized
technologies. Emergent delivery strategies have examined several routes in
addition to oral administration, and each has shown promise to some degree.

The level of interest at a life-science conference can always be piqued if
a presentation on “oral insulin delivery” (or other therapeutic protein) is
convincing. It is primarily a curiosity concerning the delivery strategies, and
how these can be applied to current therapeutic peptides and proteins, which
has driven the production of this book. I hope that students studying for higher
degrees in the life sciences, clinicians, scientists and industrialists in related
fields will find that the chapters herein provide grounding and an up-to-date
critical review of the advances made in overcoming the barriers to the non-
invasive delivery of peptides and proteins. Because bioprocessing, clinical
application and toxicology are so closely related to the issues of delivery, these
topics are also discussed in a concise manner. As biopharmaceuticals come to
ix



x Preface
play ever more important roles in modern medicine it is inevitable that the
concepts detailed in these chapters will form the focus of future research and
development.

I am in indebted to Ijeoma Uchegbu who first suggested this project to me
and to Ravi Kumar for his insight and guidance.

Chris van der Walle
Strathclyde, Glasgow, 2010
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1.1. INTRODUCTION

The so called “biologics portfolio” of biotechnology and pharmaceutical
companies represents an area of strong market growth. Biologics may include
a variety of therapeutics, such as vaccines, recombinant proteins, genes,
synthetic tissues and viruses, which have emerged from research in molecular
and cell biology, in response to unmet clinical needs and expanding indications.
While there is keen interest in areas such as gene therapy and tissue engi-
neering, the recombinant protein sector, particularly that of the monoclonal
antibodies (mAbs), provides much of the focus as regards protein delivery. The
therapeutic antibodies market is complex and continually under review [1], but
the sample of approved antibodies that is shown in Table 1.1 gives some
indication of the rate of growth in this area.

It is important at this stage to outline some of the key events that have led
to the current level of interest in peptide and protein drugs, and to define the
terms “peptide” and “protein”. A consensus has not been properly reached
1
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TABLE 1.1 Examples of therapeutic monoclonal antibodies

Generic name Brand name Year of approval Pharmacological target Clinical indication Type

Muromonab-CD3 Orthoclone OKT3 1986 T cell CD3 Receptor Immune disorders,
transplant rejection

murine

Abciximab ReoPro 1994 Glycoprotein IIb/IIIa Cardiovascular disease chimera

Rituximab Rituxan 1997 B-lymphocyte antigen CD20 Oncology (Non-Hodgkin
lymphoma)

chimera

Infliximab Remicade 1998 Tumor necrosis factor
(TNF)-a signaling

Immune disorders chimera

Cetuximab Erbitux 2004 Epidermal growth factor
(EGF) receptor

Colorectal cancer, head and
neck cancer

chimera

Trastuzumab Herceptin 1998 Human epidermal growth
factor receptor 2 (HER2/neu)

Breast cancer humanized

Palivizumab Synagis 1998 Respiratory syncytial virus
(RSV) protein F

RSV infection humanized

Gemtuzumab Mylotarg 2000 Transmembrane receptor
CD33

Acute myelogenous
leukemia

humanized

Efalizumab Raptiva 2002 Integrin, alpha L subunit
(CD11a)

Psoriasis humanized
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Omalizumab Xolair 2004 Immunoglobulin E (IgE) Allergy-related asthma humanized

Natalizumab Tysabri 2006 Integrin alpha-4 (a4) subunit Multiple sclerosis, Crohn’s
disease

humanized

Ranibizumab Lucentis 2006 Vascular endothelial growth
factor A (VEGF-A)

Macular degeneration humanized

Eculizumab Soliris 2007 Complement protein C5 Paroxysmal nocturnal
hemoglobinuria

humanized

Certolizumab pegol Cimzia 2008 Tumor necrosis factor (TNF)-a
inhibitor

Crohn’s disease humanized

Ustekinumab Stelara 2009 Cytokines IL-12 and IL-23 Psoriasis human

Canakinumab Ilaris 2009 Activated cytokine IL-1b
(catabolin)

Cryopyrin-associated
periodic syndrome
(autoimmune disorder)

human

Golimumab Simponi 2009 Tumor necrosis factor (TNF)-a Rheumatoid arthritis,
ankylosing spondylitis

human
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4 Peptide and Protein Delivery
with respect to the use of these latter two terms, with the 51 amino acid,
mature human insulin being a good example of the ambiguity, since it is
generally described as a peptide but also as a protein by some. As a guide,
peptides can be considered to be up to 50 amino acids in length, with proteins
being larger than this. This boundary corresponds approximately to the upper
limit of routine peptide synthesis in the solid phase, i.e. that which is
achievable using iterative cycles of “activation” and “deprotection” for the
growing peptide chain attached to functionalized resin beads (though much
longer chains can be synthesized) [2]. There are competing recombinant
technologies for the heterologous expression of peptides, employing a DNA
cassette encoding a series of concatenated peptides linked by methionine
residues, which are then cleaved by cyanogen bromide [3]. However, solid
phase peptide synthesis remains the production method of choice for many
small peptide hormones of around 20 amino acids in length.

The first peptide-based drugs approved for clinical use were insulin, thyroid
hormone and factor VIII, introduced from the 1920s onwards. However, the
trajectory of the field changed dramatically as molecular biology techniques
developed in the 1960s. These techniques allowed proteins to be engineered
through recombinant means at the level of the gene, doing away with the need for
extraction and purification from animal or human tissue. The best example of this
is human insulin, which in the late 1970s and early 1980s was synthesized
through heterologous expression in Escherichia coli by Genentech and Eli Lilly.
The rise of molecular biology as a tool by which to generate biopharmaceutical
drugs e those that include proteins, DNA, conjugates, viruses, etc., initially far
outpaced the development of delivery technologies. These biomacromolecules
almost inevitably do not survive the stomach and intestinal environment due to
pH and the presence of proteases. Nor do they readily transit the epithelial barrier
due to the presence of cellecell tight junctions, the semi-permeable cell
membrane and, for intestinal epithelia, efflux proteins such as P-glycoprotein and
the cell glycocalyx. Furthermore, biomacromolecules are very much larger than
organic drugs, have short plasma half-lives, are involved in active transport
processes (e.g. receptor mediated endocytosis), are susceptible to chemical and
physical degradation (including aggregation) and are very potent. The need to
overcome these challenges to their delivery has resulted in huge volumes of
research, drawn from many disciplines including pharmaceutical materials,
chemical engineering, biophysics, analytical methodology, cell and molecular
biology and in vivo studies. Recently however, there is evidence for optimism in
the general field of peptide and protein delivery, which hopefully is reflected in
the various chapters of this book.

Following on from the difference in the number of amino acids that
differentiate a peptide and a protein, it is necessary to consider differences in
structure beyond the primary sequence. Secondary structure, which typically
involves b-sheets, b-turns and a-helices is not necessarily found in peptides
around 20 amino acids in length. When we reach chains of about 50 amino
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acids, secondary structure is likely, particularly if stabilized by disulphide
bonds, as is the case for insulin. Tertiary structure, however, remains the
preserve of proteins, since it involves the precise organization of secondary
structural elements into 3-dimensional (3-D) domains. Quaternary structure,
similarly, will involve non-covalent bonding between domains and amino acids
which may be very distant in their primary structure but are brought together
through the intricate folding of the peptide backbone. There is of course much
information on protein structure, and the reader is referred to other key texts
[4]. It is important to realize that, whereas the function of a small peptide will
be dependent only on the functional groups of various amino acids, the function
of a protein will additionally be dependent on maintenance of a precise 3-D
structure. One can therefore appreciate that delivery technologies relating to
proteins have the harder task of maintaining the non-covalent bonding pattern
of this 3-D structure. This may be one reason that the encapsulation of peptides
into polyester microspheres for controlled delivery is an established tech-
nology, but encapsulation of proteins remains largely at the research stage,
albeit promising [5].
1.2. CURRENT FORMULATION DEVELOPMENT

Proteins such as monoclonal antibodies (mAbs) are most commonly
administered by subcutaneous injection. It is often suggested that patient
compliance would improve if a non-invasive route of administration were
available. However, this need not always be the case. For example, a depot
injection of a particular proteinaceous drug, administered once every month
or less, may be more convenient than the requirement for repeated, daily, oral
or pulmonary doses. Thus, on the consideration of patient compliance alone,
it is likely that invasive delivery will remain one route of administration. Of
course, the need for daily injections of the drug insulin has in itself stimu-
lated much of the research regarding non-invasive protein delivery, partic-
ularly oral and pulmonary delivery. The story of inhalable insulin, marketed
by Pfizer Inc. as Exubera, is now widely known: although Exubera was
greeted with much enthusiasm in 2006, around a year later it was removed
from the market due to “lack of acceptance”, and considerable uncertainties
over patient compliance, long-term safety and cost remain [6]. Nevertheless,
research is still ongoing in these areas of protein delivery and many others e
such as ocular, dermal, central nervous system and nasal. It is these topics
that form the initial focus of this book, in each chapter the case is made for
approaches which have shown promise in overcoming the inherent barriers to
delivery mentioned above. The same approaches must of course also
consider stabilization and the overall immunogenicity of the therapeutic
product. For this reason, this book finishes with chapters on bioconjugation,
then moves to formulation for medical devices, and finally manufacture and
supply.



6 Peptide and Protein Delivery
In addition to developing a stable formulation that ensures the desired safety
and efficacy, there are clinical, commercial and regulatory requirements. The
preformulation studies for purified peptides and proteins must take into account
the unique attributes of these molecules. That is:

(i) high molecular weight, e.g. the cyclic peptide cyclosporine A may be
only 1.2 kDa but a typical mAb will be 144 kDa;

(ii) multiple functional groups with a wide range of pKa values, leading to
chemical and physical instability, in turn effecting the shelf life and
the decision to make liquid versus solid state (lyophilized) formulations;

(iii) maintenance of the 3-D structure: Figure 1.1 of an example mAb [7]
shows how intricate the folding of the peptide backbone and disulphide
bridging can be;

(iv) high water solubility but increase in viscosity at concentrations above
50 mg/ml, particularly with regard to subcutaneous injection;
FIGURE 1.1 Crystal structure of a murine immunoglobulin (IgG1) monoclonal antibody

(described in [7]), rendered in cartoon form showing b-strands (arrows) and a-helices (generated

using the PyMOLMolecular Graphics System, Version 1.2, Schrödinger, LLC). The “heavy chains”

are coloured blue and yellow, the “light chains” green and magenta, and the disulphides bridging

heavy/light chains as red spheres. Fv, Fragment variable; Fab, Fragment antigen binding; Fc,

Fragment crystallization.
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(v) interactions with packaging, especially silicone-coated glass syringes; and
(vi) adsorption to surfaces.

Stabilization of the product must be compatible with aseptic processing and
manufacture, which may use non-conventional technologies such as freeze/
spray drying. Various analytical techniques are central in preformulation and
will include methods such as:

(i) chromatography and light scattering, to determine purity and
aggregation;

(ii) microscopy, to observe particulates 2 to � 10 mm [8,9];
(iii) circular dichroism and infra-red spectroscopy, for conformational

changes;
(iv) iso-electric focusing, for determination of the iso-electric point (Pi);
(v) mass spectrometry, for chemical degradation;
(vi) calorimetry and fluorescence, for determination of unfolding/stabiliza-

tion; and
(vii) rheometry.

The various formulation parameters must be closely monitored since
degradation may occur in response to changes in buffer (pH and ionic strength),
metal impurities, temperature, irradiation, gases (particularly oxygen and
moisture), shear and surface adsorption.

The excipients added to stabilize proteins during formulation, processing
and to increase shelf life typically are non-reducing sugars (especially sucrose
and trehalose) and polyethylene glycol (PEG); these excipients are represen-
tatives of lyoprotectants and cryoprotectants. Lyo- and cryo-protection afforded
by sucrose is thought to occur through its preferential exclusion from the
protein/polypeptide surface [10], thermodynamically favoring the folded state
[11], or via hydrogen bonding with polar groups on the protein surface [12].
The level of stabilization afforded by sugars is usually dependent on their bulk
concentration. In contrast, the stabilization mechanism of PEG on proteins is
less well understood and may occur through steric hindrance of proteine
protein interactions, increased solution viscosity and/or decreased protein
structural mobility [13]. There are several other categories of excipient,
including non-ionic surfactants (to reduce adsorption and aggregation), amino
acids and various salts and buffers (e.g. phosphate salts may be avoided due to
differential crystallization of the acid/base). Screening programs are then
required to determine changes in protein stability, conformation, aggregation,
degradation, etc., using the analytical techniques mentioned above. Depending
on the desired product, excipient compatibility must be screened for in the
liquid and/or solid state. For solid state formulations, careful optimization of
the lyophilization cycle is required [14]. Although the primary goal is product
stability, the cost of the freezeedry cycle is also a consideration, particularly on
scale-up [15,16]. The glass transition temperature of the frozen solution (Tg

0)



8 Peptide and Protein Delivery
and the collapse temperature of the lyophilized cake (Tc) are important
parameters. A detailed overview of lyophilization is outside the scope of this
book and the reader is referred to some excellent reviews [17,18].

1.3. CASE STUDIES OF DELIVERY APPROACHES:
CYCLOSPORINE A AND INSULIN

It should be pointed out that these examples have been selectively chosen.
Cyclosporine A (CsA, also written as cyclosporin and ciclosporin) is a small,
cyclic peptide with a molecular weight of the same order of magnitude as many
organic drugs. Its solubility and bioavailability are poor and so it would be
a Class IV drug according to the Biopharmaceutics Classification System
(BCS) (Table 1.2) [19]. In both respects CsA is perhaps atypical of many
proteins, which may be three orders of magnitude larger in size but of high
aqueous solubility and low permeability (Class III).

Nevertheless, CsA is an interesting case, since its numerous formulations
illustrate what can be achieved, and their development provides inspiration for
other peptide delivery systems. CsA is very hydrophobic and was first
formulated with the oil cremophor EL as an irregular oil/water mixture which
undergoes emulsification and digestion in situ with bile salts and pancreatic
enzymes, prior to absorption (Sandimmune�, Novartis, Switzerland). Patient
variability does affect the therapeutic outcome of CsA, which increases the risk
of graft rejection. A later dosage form (Neoral�, Novartis), available as a soft
gelatin capsule or oral solution containing micro-emulsion pre-concentrate,
was designed to rapidly emulsify in the presence of aqueous fluid, rather than
depend on the action of bile salts and enzymes. This reduced interpatient
variability and improved bioavailability. Thus, to the field of drug delivery, CsA
represents an irresistible challenge, the overall aim being the development of
non-invasive delivery strategies for doses targeting its narrow therapeutic
index. Table 1.3 shows the depth of research and outlines the potential for
alternative routes of administration [20], each of which are subsequently dealt
TABLE 1.2 The classification of drugs according to the Biopharmaceutics

Classification System (BCS)

Class Aqueous solubility Permeability Example

I High High

II Low High

III High Low Immunoglobulins

IV Low Low Cyclosporin A



TABLE 1.3 An overview of cyclosporin A (CsA) delivery systems. Reprinted

from reference [20] with permission of Elsevier

Route Formulation/Delivery system Summary

Oral Emulsion pre-concentrate for soft
gelatin capsule and oral solution

Higher solubilizing capacity

Microemulsion pre-concentrate
for soft gelatin capsule and oral
solution

Improved bioavailability, reduced
variability of absorption, marketed
by Novartis as Neoral�

Nanoparticles of polycaprolactone
(PCL) and polylactic acid-
polyethylene glycol (PLA-PEG)

Polymer matrix controlled release,
enhanced lymphocytic uptake,
improved bioavailability without
increase in toxicity

pH sensitive nanoparticles of
Eudragit� S100 and hydroxypropyl
methylcellulose phthalate

pH dependent release and
improved bioavailability

Positively charged nanoparticles
of chitosan

Improved bioavailability with
lower variability

Solid dispersions containing
polyoxyethylene stearate

Improved CsA dissolution and
bioavailability comparable to that
of Neoral�

Cyclodextrins Improved bioavailability with
reduced variability in absorption

Parenteral Solution of CsA in cremophor EL
(polyoxyl 35 castor oil) and
ethanol

Improved solubilization, marketed
by Novartis as Sandimmun�

PLA and PLA-PCL microspheres
for intramuscular and
subcutaneous injection

Sustained drug release and
improved immunosupression

Pulmonary Propylene glycol aerosols by
nebulization and dry powder
formulations

Undergoing clinical trials for
prevention of graft lung transplant
rejection

Liposomal aerosol Higher CsA retention in the lungs

Dermal Topical penetration enhancer
monoolein

Improved dermal delivery

Iontophoresis with lecithin
vesicles, or electroporation
combined with ethanol

Enhanced transdermal delivery

(Continued )
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TABLE 1.3 An overview of cyclosporin A (CsA) delivery systems. Reprinted

from reference [20] with permission of Elsevierdcont’d

Route Formulation/Delivery system Summary

Ocular Topical anionic microemulsion Marketed by Allergan
Pharmaceuticals as Restasis�

Ophthalmic Emulsion for treating
dry eye syndrome

Topical micelles of polyoxyl 40
stearate

Higher corneal permeation

Topical chitosan nanoparticles Longer retention with higher CsA
levels in cornea and conjunctiva

Poly(lactic-co-glycolic acid)
(PLGA) microspheres and implants
for intraocular and subconjunctival
injection

Higher corneal levels and CsA and
improved corneal graft suvival,
controlled release

10 Peptide and Protein Delivery
with in detail in this book. The associated formulations of CsA that remain
under investigation for potential translation to clinical use/the market range
from emulsion systems and liposomes to biodegradable particulates and
penetration enhancers [21]. There is no single ideal formulation, which
underscores the need for delivery strategies tailored to the individual molecule,
i.e. it is unlikely that a generic platform technology will be applicable to all
peptides and proteins. For instance, emulsion systems are clearly suitable for
CsA but are not conducive to proteins because of unfolding and aggregation at
the oil/water interface.

Insulin is usually administered by subcutaneous injection or a pump and
cannula, the latter affording greater control when needed. The subcutaneous
route is more convenient, and is inevitably used for control of type I diabetes.
However, as discussed above, the drive remains to provide non-invasive routes
for insulin dosing and, despite the set-back with Exubera, pulmonary delivery
systems are the subject of ongoing clinical studies, albeit with mixed results
[22]. An added challenge to insulin delivery is the need for a pulsatile release
system which would follow the normal post-prandial response of a sudden rise
in blood glucose levels. Oral insulin delivery is perhaps the primary target,
which must overcome enzymatic degradation and poor permeability in the
gastrointestinal tract. Although these obstacles were once considered insur-
mountable, there are currently several companies pursuing oral insulin
delivery technologies which are in various stages of clinical trials. For
example, one Phase III trial due for completion 2014 will report on the
potential role of oral insulin to delay or prevent type 1 diabetes in patients who
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have high levels of insulin autoantibodies [23]. Beyond current commercial-
ization activities, there lies a large volume of research employing micro-
emulsions and nanoparticulates composed of polysaccharides/polyesters/
Eudragit to achieve oral insulin delivery; though it should be noted that oral
bioavailability remains stubbornly around 10% or less [24e27]. Nasal, buccal,
rectal and vaginal delivery systems have also been explored for insulin
delivery. Of these, nasal and buccal delivery have generated the most attention
[22]. The nasal cavity is highly vascularized and bypasses the hepatic
metabolism but suffers from a low surface area (compared to the lung),
mucociliary clearance and the presence of proteolytic enzymes. Chitosan
derivatives are commonly used materials for these routes [28], in part because
chitosan acts as a permeation enhancer by transiently loosening the epithelial
tight junctions. Sublingual delivery has the advantage of ease of administra-
tion, but the challenge includes the multilayered structure of the buccal
mucosa and the constant flow of saliva. However, there remains scope in
typical insulin treatment regimes to include these novel delivery systems as
adjuvants. For example, following a regular insulin regime in type I diabetics,
oral insulin spray caused similar changes in blood glucose compared to
subcutaneous insulin injection [29]. Note that much of the research involves
the use of animal models (notably streptozotocin-induced diabetic rats), and
scaling factors and the extrapolation of results to human subjects are important
topics for examination. Because of this, the promise of earlier research has not
been fully realized and much work still remains before non-invasive insulin
delivery becomes a reality.
1.4. CONTROLLED DELIVERY

It is important to distinguish between non-invasive delivery and controlled
delivery, since the development of both may draw from polymeric materials
technologies. The use of biodegradable polyester microspheres for controlled
delivery is not limited to a specific route of administration, which may be
either invasive (e.g. subcutaneous/depot injection) or non-invasive (e.g. oral,
inhaled). Conversely, polymers used in non-invasive buccal delivery may be
required for mucoadhesion but not controlled delivery. There is a well
established track record in the use of poly(lactic-co-glycolic acid) (PLGA)
microspheres for the controlled delivery of peptide hormones (Table 1.4) [30].
However, peptide encapsulation into PLGA microspheres using an emulsi-
ficationesolvent evaporation protocol continues to represent a technological
challenge in terms of manufacture and product quality. It is notable that
the transfer of microencapsulation technologies for proteins from the labo-
ratory bench to the clinic and market has proven far more difficult than
anticipated. Many research papers initially showed promising results for
protein encapsulation in PLGA microspheres, in part because model proteins
(namely lysozyme and albumins) were used that were unusually stable under



TABLE 1.4 Commercially available biodegradable drug delivery systems

Name of product Dosage form Active ingredient

Biodegradable

polymer

Lupron� Depot Microspheres Leuprolide PLGA

Sandostatin LAR�

Depot
Microspheres Octreotide PLGA

Neutropin� Depot Microspheres Somatropin PLGA

Trelstar� Depot Microspheres Triptorelin PLGA

Decapeptyl� Microspheres Triptorelin pamoate PLGA

Parlodel� Depot Microspheres Bromocriptine mesylate PLGA

Enantone� Depot Microspheres Leuprolide PLGA

Zoladex� Rod Goserelin PLGA

12 Peptide and Protein Delivery
emulsion conditions on account of multiple disulphide bridges and strongly
amphipathic helices [5]. Optimization of an encapsulation protocol is there-
fore dependent on the physicochemical characteristics of the peptide/protein
and the polymer itself (monomer composition, molecular weight, glass tran-
sition, etc.).

The selection of the right encapsulation technique must ensure the satis-
faction of three main criteria:

(i) the structure of the peptide/protein remains intact, particularly with
respect to aggregation and neutralizing antibodies [31];

(ii) the size of the spheres has to support the administration route aimed fore
from microns for injectable and inhalable particles, to nanoparticles for
oral administration; and

(iii) the drug release profile must be appropriate to the intended medical
application (vaccine, long-term release, delayed release, etc.).

Fortunately, for short peptides, little consideration needs to be made of
secondary structure, and microencapsulation is now a standard route to
achieving a controlled or sustained delivery profile. Achieving an appropriate
release profile can be tricky since the so-called “burst release” is often observed
in initial encapsulation-release experiments, wherein the majority of the drug
entrapped in the microsphere is subsequently released within the first few hours
upon immersion in aqueous media. Similarly, maximizing the encapsulation
efficiency is essential to ensure the process remains cost-effective. Despite
these challenges, the field has progressed rapidly in the last decade, and this



13Chapter j 1 Future Trends
method of release may one day become routine for proteins. Current research in
this area involves scale-up of organic solvent-free encapsulation technologies
[32] and encapsulation of complex, self-assembling systems such as bacte-
riophages, which are expected to play a role in anti-bacterial therapies [33].
1.5. FUTURE TRENDS

The case studies described above outline future opportunities, and one
objective of each of the following chapters is to describe or predict future
trends. It is useful to broadly categorize the strategies into recombinant
approaches and materials technologies. The former includes the engineering of
protein/peptide “pro-drugs” and/or “chimeras” which may involve appending
a peptide or protein domain to a therapeutic protein in order to target and bind
a particular receptor. Bacterial exotoxins (as distinct from endotoxins) are
useful examples, since they have a general AB (or AB5) structure; the A
subunit brings about the enzymatic activity of the toxin while the B subunit
binds to a specific cell surface receptor, triggering endocytosis and internal-
ization. The key to drug delivery therefore is to isolate the B subunits to bring
about internalization without toxic effects. Another example of chimeric
proteins is to fuse a protein drug to the end of the neonatal Fc domain (cf.
antibody structure, Figure 1.1). The intention is for these chimeras to bind the
neonatal Fc receptor (FcRn), which remains expressed in adults in the lung
epithelium, in order for FcRn-mediated endocytosis to internalize the bound
drug, intact. Similarly, the humanization of murine mAbs (those originally
raised in mice) to reduce immunogenicity and prolong blood levels similarly
involves complete substitution of the Fc and partial substitution of the Fab
domains; Trastuzumab (Herceptin�) is an example of this technology (Table
1.1) [34]. Site directed mutagenesis is a central, simple tool in molecular
biology but very effective in protein engineering since specific amino acids can
be targeted to alter protein pharmacokinetics and physical/chemical/enzymatic
stability. One such example is Vitatropin� (human growth hormone), but the
many recombinant mAbs are also modified in this manner. Of particular
interest to the area of protein engineering will be the incorporation of artificial
amino acids into peptides and proteins, possibly expanding their function or
improving bioprocessing. Recently, the tools required to efficiently encode and
direct the incorporation of unnatural amino acids into proteins were developed,
yielding a novel protein cross-link [35]. This is an exciting development which
will drive protein engineering towards custom-designed protein function.

Materials technology will become an increasingly important area for the
development of particulates. Their utility in the delivery of biomolecules has
already been noted above with respect to invasive (e.g. subcutaneous) and non-
invasive (e.g. pulmonary and oral) routes. It should be remembered that these
same particulate technologies will also play a role in the bioprocessing of
proteins. This represents a slight departure from the focus on delivery strategies
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but it is important to remember the downstream processes that must occur
before a pure product can be formulated, especially steps involving purifica-
tion, concentration and storage. A new technology which straddles both
delivery and bioprocessing is Protein Coated MicroCrystals (PCMCs). This
involves coprecipitation of an aqueous solution of protein in near saturated
concentrations of a solute (e.g. an amino acid) mixed rapidly with a non-
solvent. This promotes very rapid protein dehydration and, as the two
components coprecipitate, the protein (or other biomolecule) is immobilized
onto the surface of the crystalline excipient support. Many proteins are
compatible with the PCMC technique, irrespective of size and pI, e.g.
hormones, cytokines, mAbs and antigens. The microcrystals can be engineered
to be of a diameter consistent with inhalation but the process is also suitable for
rapid concentration of dilute protein solutions and subsequent storage as a dry
powder at standard temperature [36]. These stable powders can be rapidly
redissolved back into aqueous media to release the protein in a native form.

Protein stability and aggregation are major, and still largely unsolved, issues
affecting the development and production of biopharmaceuticals. Beside their
impact on development costs, the safety of biopharmaceuticals is also signifi-
cantly affected by these issues. Protein aggregation is a major element behind
the immunogenicity, and perhaps also the toxicity, of many bioactive
polypeptides.
1.6. TOXICITY PROFILES

The complex nature of proteins, peptides and other compounds derived through
biotechnological processes present many challenges when it comes to under-
standing their physicochemical and therapeutic behavior. Their specific
primary, secondary, tertiary and quaternary structures, as previously mentioned,
play key roles in defining the integrity and biological activity of bio-
macromolecules. This is the case whether they are directly incorporated into
simple, formulated systems, or use more sophisticated delivery platforms.
Either way their safety and toxicity must be evaluated through the use of
scientifically sound methods as a matter of paramount importance and neces-
sity. It does not mean that a routine study design is adopted. In fact, the
intricacies of these compounds require a customized and question based
approach [37]. Even after implementing a well designed approach questions
remain; are the safety margins sufficient, are the risk-to-benefit ratios accept-
able? A level of uncertainty will always exist e as exemplified by a life-
threatening experience involving TGN1412, a compound which was investi-
gated for the treatment of chronic inflammatory conditions [38]. This was
a fully humanized monoclonal antibody (mAb) with activity directed against
the CD28 costimulatory receptor on T-cells. No adverse effects were expected,
especially since genetically engineered monoclonal antibodies were considered
not only to be an exciting class of compounds for their potential to target
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diseases, but also because they would not harm healthy cells. After all,
numerous mAb drug products are approved e such as Herceptin� for treating
breast cancer (including its new indication for advanced HER2-positive
stomach cancer) and Remicade� for treating inflammatory disorders, providing
treatment benefit to patients. There are still many more mAbs undergoing
clinical trials. What separated TGN1412 from the mode of action of other
antibody treatments was that, in all other cases, biological reactions were
inhibited and shut down, but TGN1412 was designed to do the opposite. The
intent was to activate CD4þ effector memory T-cells which would in turn over-
stimulate any rogue T-cells, causing them to apoptose. Although the evidence is
inconclusive, it was believed that activation of the T-cells by TGN1412 was
responsible for eliciting a “cytokine storm” which produced serious adverse
effects in the human volunteers [39]. Absence of CD28 expression on the
CD4þ effector memory T-cells in the species used for non-clinical safety
testing provided something of an explanation for the failure to predict why
a cytokine storm occurred in humans. From a rational perspective, this expe-
rience underscores the need for an integrated safety assessment through
appropriate species selection and relevant animal models, including appropriate
use of biomarkers.

In stark contrast to the investigation of an unintentionally toxic compound,
it is interesting to review the anecdotal history of the discovery and intentional
development of a known toxic biomacromolecule. It was the 19th century
German poet and physician Justinus Kerner (1786e1862) who first provided
comprehensive details of the clinical symptoms of botulism associated with
ingestion of unhygienically produced sausages [40]. Kerner’s description of
what he termed “sausage poison” covered symptoms, duration, and other
findings, and was written decades before the causative botulinum toxin was
identified. His somewhat heroic, and extremely risky, scientific approach was to
self-ingest extracts of tainted sausages to gain direct knowledge and experience
of the symptoms. This provided from his perspective the most accurate
assessment of the effects of the “sausage poison”. Although not advocated here,
Kerner’s unorthodox approach led him to insights concerning the aetiology and
pathophysiology of the poison. He deduced that the toxic substance acted by
interfering with the signal transmission within the peripheral, sympathetic and
parasympathetic nervous system, while leaving the sensory signal transmission
intact. He further developed ideas about using botulinum toxin as a remedy for
various diseases that involve an overactive nervous system such as chorea, as
well as speculating on its use in other disorders.

Unbeknownst to Kerner, he was clearly dealing with Clostridium botulinum,
an anaerobic, gram positive bacterium which produced highly potent protein
complexes called neurotoxins. These toxins were responsible for the serious
food poisoning observed and the neuroparalytic effects of botulism. Seven
generally immunologically distinct botulinum neurotoxins have been charac-
terized from different strains of C. botulinum, these being respectively
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botulinum neurotoxin (BoNT) serotypes A, B, C.sub.1, D, E, F and G, each of
which is distinguished by neutralization with type-specific antibodies [41]. The
different serotypes of botulinum toxin vary in the animal species that they affect
and in the severity and duration of the paralysis they evoke. For example, it has
been determined that botulinum toxin type A is 500 times more potent, as
measured by the rate of paralysis produced in the rat, than is botulinum toxin
type B. Additionally, botulinum toxin type B has been determined to be non-
toxic in primates at a dose of 480 U/kg, which is about 12 times the primate
LD50 for botulinum toxin type A. Notwithstanding, it is botulinum toxin type A
which is considered to be the most lethal natural biological agent known to
humankind. To put this into perspective, on a molar basis, botulinum toxin type
A is about 1.8 billion times more lethal than diphtheria, about 600 million times
more lethal than sodium cyanide, about 30 million times more lethal than cobra
toxin and about 12 million times more lethal than cholera. Rhetorically, one
wonders whether, had Kerner been privy to this information, would he still have
pursued a path of self-experimentation?

Therapeutic proteins inherently have the potential to elicit antibody
production leading to an immunogenic response. Antibody responses can vary
appreciably across a range of biopharmaceutical products in both incidence and
clinical sequelae [42]. Detectable antibodies from less than 1% (e.g.
Actimmune�, Rituxan�) to over 80% (e.g. OKT3, Fabrazyme�) show the
disparity of incidence between products. For clinical sequelae the variability can
be from no effect or reduced efficacy to allergic reactions, thrombocytopenia
and anemia. The serious adverse events causing these unintended consequences
are a constant area of concern, which have resulted in FDAmandated “black box
warnings” for certain products that were originally deemed very safe; such as
Remicade�. The infliximab product was reported to contribute to tuberculosis
and other serious opportunistic infections including histoplasmosis, listeriosis
and pneumocystosis, after findings in both the clinical research and post-
marketing surveillance settings. Despite advances in gene sequencing, expres-
sion systems and post-expression techniques such as PEGylation, the worry
surrounding the clinical immunogenicity of therapeutic proteins has not gone
away [43]. Moreover, it raises the question about the usefulness and ability of
non-clinical data in predicting human immunogenicity.
1.7. REGULATORY MATTERS

The regulation of biotechnology, from research through to product approval
and eventual marketing of the product, is not a simple process. There are
several series of complex laws and guidance documents. It can be confidently
stated that the regulations will continue to evolve and no doubt increase as
scientific knowledge advances, novel technologies are developed and new
questions are asked. Unequivocally, the progression to product licensure must
rely heavily on sound scientific approaches, comprehensive data and analysis,
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with conformance to the presiding governing agencies’ regulations. Note the
plurality of “agencies”. The strategic intent of marketing a product in a single
country is not a preferred option. The desire to provide global access to
beneficial therapeutic products, and of course to maximize return on invest-
ment, requires that product development should meet most, if not all, global
regulatory expectations. This establishes an expectation in understanding at
minimum the requirements of the major agencies, namely FDA (US), EMA
(Europe) and PMDA (Japan).

The challenge has been dealing with the inevitably country-centric laws. In
an effort to resolve the differences between them, there has been a concerted
effort to harmonize worldwide requirements through the International
Conference on Harmonization (ICH). This was a multiple step process,
involving consensus-building between relevant government bodies and
research-based industries, release of drafts for wider consultation, regulatory
consultations across regions, agreement on the ICH guidelines, adoption by the
regulators and finally tripartite implementation [44]. The published guidances
are available through the ICH official website (www.ich.org), which also
provides information on document annexes. These documents are also used by
countries other than the ICH members. However, it must be acknowledged that
for the non-ICH regulatory authorities who were not involved in the process,
full compliance may not always be ensured. The World Health Organization
has adopted a proactive role in raising awareness and in addressing any areas of
concern [45].

The ICH guidance documents are principally categorized into three areas;
safety, efficacy and quality. Aside from their obvious regulatory compliance
implications, they aid the development scientist in identifying which critical
elements need to be studied. This in turn indicates what information needs to be
collected in order to establish the specifications that become the basis for
defining a product. As stated in the ICH guidance Q6B concerning test
procedures and acceptance criteria for biotechnological and biological prod-
ucts, specifications are:

“A list of tests, references to analytical procedures, and appropriate acceptance criteria

which are numerical limits, ranges, or other criteria for the tests described. It establishes

the set of criteria to which a drug substance, drug product, or materials at other stages

of its manufacture should conform to be considered acceptable for its intended use.

Conformance to specification means that the drug substance and drug product, when

tested according to the listed analytical procedures, will meet the acceptance criteria.

Specifications are critical quality standards that are proposed and justified by the

manufacturer and approved by regulatory authorities as conditions of approval.”

The importance of this is discussed in section 1.8.
Whilst the area of regulations is broad, simply attaining authorization to

market a product is only one of its aspects. There is another important area of
regulatory law that should never be overlooked, i.e. patents. From the literature
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it is clear that advancements in the field of proteins and protein delivery remain
unabated, and within this abundant information valuable intellectual property
and inventions must have been generated. Unfortunately, all too often data
appears in the public domain well before the invention is recorded. Publications
become prior art, such that any opportunity to patent, and hence metaphorically
protect the fruits of one’s labor, is essentially lost. Awareness of the patent
process and the merit in receiving an officially issued invention can indeed be
rewarding. Even back in the 18th century, the US government recognized its
worth as mentioned in Article 1, Section 8 of the US Constitution:

“Congress shall have the Power . to promote the Progress of Science and
Useful Arts by securing for limited Times to Authors and Inventors the
exclusive Right to their respective Writings and Discoveries” [46].
1.8. COMMERCIALIZATION CONSIDERATIONS

The fundamental properties of biological materials impose significant and
unique constraints on bioreactions, downstream bioprocessing stages and final
fill-finish product manufacture. The complexity and sensitivity of these mate-
rials dictates a dependency on defined methods and equipment for all pro-
cessing stages; from raw materials through to the therapeutic protein. This also
includes the development of the final formulation carrier platform, and selec-
tion of the delivery system whether it be by vial, syringe or other appropriate
applicator system. Any change or deviation in the raw material, equipment
geometry, or processing and storage conditions can produce unpredictable
consequences in the performance of the product. A good example of this is
Eprex� (Epoetin alfa). This was manufactured for many years with a good
safety record using human serum albumin (HSA) as the formulation stabilizing
vehicle. After HSAwas substituted with polysorbate 80 and glycine, there was
an increase in the incidence of pure red cell aplasia associated with erthro-
poeitin neutralizing antibodies [47]. It was postulated that the polysorbate
surfactant caused leachable materials to be released from the uncoated rubber
stopper, which was an integral component of the Eprex syringe. Switching to
Teflon� coated stoppers apparently minimized the problem, although other
contributory factors were mentioned, involving cold chain storage controls, as
well as protein aggregation [48,49]. Another example is seen in the divergence
in physical characteristics observed in botulinum neurotoxin, due to the
differences in manufacturing processes used to produce, purify and stabilize it
[50]. Materials that may be considered comparable are in fact uniquely
different in biological activity. It is a reason why regulatory approvals for
changes are not straightforward, even where no effects are predicted or
observed.

Complexity means that challenges in processing and manufacturing tech-
nology transfers are always considerable. Strict emphasis must be placed on
determining the essential processing parameters which can affect the quality of
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the product. The quality attributes of the product must be identified and
understood, since knowing these attributes leads to establishing specifications
which define the product quality. A review of the principles that should be
considered in setting specifications is outlined in the ICH Q6B guidance
document, as mentioned previously. It is clear that much weight is given to
conducting appropriate tests in order to justify these specifications. Since
imposing specifications on all quality attributes would be onerous and
impractical, the focus must be on those determined to be critical through
appropriate planning, and design of experimentation. It necessitates
a comprehensive and disciplined approach by implementing strategies such as
quality by design (QbD), design space, process analytical technology (PAT),
failure mode effects and criticality analysis (FMECA), and other risk assess-
ment practices [51,52].

When assured that all appropriate knowledge has been gained, the steps in the
process are completely defined and under control, and successful trial (demon-
stration) batches have been run, the next stage is formal validation. At this point,
a pre-determined number of batches are manufactured, with protocols and
standard operating procedures in place to prove that the process can reproducibly
meet the established critical quality attributes. If conducted correctly,
a successful outcome is expected e otherwise the sequence repeats. Continued
failure may indicate problems with operating procedures, operator skills, unde-
fined nuances in the equipment, or an unconsidered critical quality attribute.
Hopefully, the application of sound scientific and operational practices will lead
to positive results. A successful outcome is obviously rewarding and satisfying.
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2.1. INTRODUCTION

Proteins are polymers consisting of amino acids covalently linked by peptide
bonds. Peptides are small proteins composed of up to a few dozen amino acids
[1]. The molecular weight of larger proteins may range from thousands to several
million atomic masses, depending on the number of amino acids in the chain [2].
Due to their large sizes, absorption through the epithelial barriers in the gastro-
intestinal tract is low [3]. Furthermore, proteins are rapidly degraded by digestive
enzymes. Thus, oral bioavailability without advanced delivery systems is
generally poor. The most common route of administration for pharmaceutical
proteins is parenteral, including intravenous, subcutaneous and intramuscular
injections. However, the pulmonary route has also been used for protein delivery
because the lungs possess a large surface area and an extensive vascular network
that favors absorption [3]. Inhalation delivery is non-invasive. This is especially
of value for pharmaceutical proteins that are to be administrated over the long-
term, such as insulin for diabetes mellitus, or recombinant human deoxyribo-
nuclease (rhDNase), also known as dornase alfa, for cystic fibrosis.

2.2. CLINICAL APPLICATIONS OF PULMONARY PROTEIN
DELIVERY

2.2.1. Local and Systemic Delivery via Inhalation

Pharmaceutical aerosols are inhaled through the mouth and into the respiratory
tract for local or systemic delivery. In sequential order the route consists of the
oropharynx, larynx, trachea, bronchi, bronchioles and alveoli. The larger
bronchioles and the upper respiratory tract have ciliated epithelia, forming the
mucociliary escalator. Gas exchange occurs in the distal bronchioles and
alveoli, which are extremely thin and are bordered by a profuse network of
capillaries [4]. The alveolar sacs are composed of two types of cells: (i) Type I
flat squamous cells for rapid gas exchange; and (ii) Type II cells that produce
pulmonary surfactants which line the alveolar epithelium [5]. These surfactants
are mainly dipalmitoylphosphatidylcholine and small amounts of surfactant
proteins A, B and C [6]. In order to deposit successfully in the airways and
alveoli, the aerodynamic diameter of particles and droplets should be < 5 mm
[7]. The smaller the aerodynamic diameter, the deeper the site of deposition.
Particles of> 5 mm diameter are deposited mainly in the oropharynx by inertial
impaction and are then swallowed into the gastro-intestinal tract [7].

Pulmonary delivery offers direct drug targeting for local diseases such as
asthma, chronic obstructive pulmonary disease (COPD) and cystic fibrosis.
Inhalation therapymay also be applied to treating systemic diseases, as it has some
advantages over other routes of administration. The lungs provide a large surface
area and highblood supply for drug absorption into the systemic circulation. It also
avoids the first pass hepatic metabolism that orally delivered drugs undergo.
Furthermore, inhalation is less invasive than injection, which is the conventional
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delivery method for many proteins. Thus, interests in developing inhaled proteins
and peptides for systemic treatments have been increasing in recent decades.
2.2.2. Absorption and Bioavailability from the Lungs

As discussed above, the respiratory route has favorable properties for the
absorption of proteins and peptides. On the other hand, the lungs also have
pulmonary clearance and metabolic pathways to guard against foreign macro-
molecules. These natural defense mechanisms can inadvertently oppose thera-
peutic protein delivery and need to be overcome if absorption is to increase.

Mucociliary clearance is the primary clearance mechanism for removing
foreign particles in the airways. The epithelial cilia mechanically transport the
particles along the mucous layer upwards toward the oropharynx, where the
particles are subsequently swallowed or expectorated. Coughing is the usual
mechanism for removing large particles that deposit in, and irritate, the throat. In
the alveolar region, macrophages may engulf and destroy particulate materials.
Besides the generic particle elimination mechanisms discussed above, the lungs
also have specific clearancemechanisms for proteins and peptides. Awide range
of pulmonary peptidases have been found, both in humans and the mammals
employed for in vivo inhalation research (e.g. rats, rabbits and dogs). These
include elastase, collagenase [8e11], chymotrypsin [8], prolyl endopeptidase,
aminopeptidase P, some species of carboxypeptidase, angiotensin converting
enzyme (ACE), neutral endopeptidase (enkephatinase), cathepsin B [12e19],
mast cell proteases and neutrophil proteases [20]. Some of these enzymes are
known to act in particular ways on physiological proteins. For instance, the ACE
activates angiotensin I and deactivates bradykinin. Proteolytic activities are
regulated by proteinase inhibitors such as antileukoprotease and a-1-antitrypsin
to prevent potential damage to lung tissues. These proteolytic enzymes can affect
the delivery of therapeutic proteins to various extents. Peptides containing less
than 30 amino acids generally have poor bioavailability due to destruction by
pulmonary peptidases [21]. On the other hand, those with molecular sizes
between 6e50 kDa are less susceptible to peptidases and are better absorbed
[21]. However, themetabolism of proteins in the lungsmay be different from that
in the gastro-intestinal tract. Thus the suitability of any given protein for
pulmonary delivery must be assessed specifically.

There are two major pathways of protein absorption from the lungs, namely,
transcytosis and paracellular transport. Transcytosis is the transport of
macromolecules from the outside of the cell to the inside, which may or may
not be mediated by receptors [22]. Proteins and peptides may be absorbed
directly into epithelial cells through transporters on the cell membranes [23].
For example, the epithelial transferrin receptor has been targeted for the uptake
of horseradish peroxidase [24]. A b-lactam-transporting peptide transporter has
also been proposed to effect receptor-mediated delivery of certain peptides
[25]. In paracellular transport, the molecule moves through junctions between



26 Peptide and Protein Delivery
two or more cells, as well as gaps in the membrane formed after the shedding of
dead cells [22]. It has been found that the paracellular movement of cationic
peptides is inversely dependent on molecular size [26,27]. The current theory
concerning protein absorption from the airways proposes that paracellular
transport may be the major pathway for peptides < 40 kDa in molecular size,
such as insulin and calcitonin [28]. On the other hand, those > 40 kDa are
mainly absorbed by transcytosis [28]. Although diffusional absorption is more
common for small molecules, it has been observed for some peptides, such as
thyrotropin-releasing hormone [29]. As previously mentioned, macromolecules
in the alveolar region may be engulfed by alveolar macrophages. Other factors
that may affect protein absorption are physicochemical, such as the formulation
ionic strength, pH, concentration and solubility. These can influence the charge,
conformation, stability, and consequently the absorption of the protein.

A range of excipients broadly known as absorption enhancers can be
formulated with protein and peptides to increase their absorption. These
include protease inhibitors, surfactants, liposomes and cyclodextrins [30]. As
the name indicates, protease inhibitors act by decreasing the enzymatic activity
of proteases. The extent of absorption enhancement depends on the specificity
and potency of the protease inhibitor, as well as the susceptibility of the protein
concerned to proteolytic attack [30]. In increasing order of effectiveness
sodium glycocholate, soybean trypsin inhibitor, aprotinin and bacitracin have
been observed to inhibit the hydrolysis of insulin in lung homogenate [31]. The
apparent relative bioavailability of insulin was approximately doubled when
co-administered intratracheally with nafamostat mesilate, which inhibits
plasmin, kallikrein and trypsin [32]. The activities of a wide range of other
pulmonary protease inhibitors have been studied, including chymostatin,
amastatin, bestatin, Tos-Phe-chloromethylketone, Tos-Lys-chloromethyketone,
diisopropyl flurophosphate and phosphoramidon, amongst others [30].

It has been proposed that surfactants may increase transcellular and/or
paracellular permeability through interactions with the cell membrane and tight
junctions, respectively [30]. The effects of various bile acids, bile salts, fatty
acids and non-ionic surfactants on pulmonary protein absorption have been
reported [30]. For instance, the bioavailability of insulin in beagle dogs was
significantly increased when nebulized with 2e32 mM sodium taurocholate,
which is a bile salt [33]. This was due to a reduction in the transepithelial
electrical resistance across Caco-2 cell monolayers, which increased the
permeability of insulin. The bile salt, at a concentration of 2e15 mM, also
progressively dissociated the hexameric insulin into smaller oligomers, hence
facilitating their absorption [33]. Sodium glycocholate, n-lauryl b-D-malto-
pyranoside and linoleic acid-HCO60 (HCO60, polyoxyl 60 hydrogenated
castor oil) mixed micelles enhanced the pulmonary absorption of (Asu1,7)-eel
calcitonin (a calcitonin analog) in rats [34]. Similarly, octyl-b-D-glucoside and
unsaturated fatty acids such as oleic, palmitoleic and linoleic acids increased
the pulmonary absorption of salmon calcitonin [35,36].
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Liposomes have been used to encapsulate drug molecules for controlled
release and toxicity reduction. They may also enhance the absorption of
proteins and peptides from the lungs. It has been proposed that the presence of
exogenous surfactant molecules of liposomes in the lungs increases the
recycling of pulmonary surfactants, which leads to increased systemic uptake
of the proteins [30]. Proteins and peptides residing in the hydrophilic cores of
liposomes are also shielded from enzymatic degradation [37]. Liposomes are
usually made from lecithins (phosphatidylcholines), phosphatidylserines,
phosphatidylethanolamines, phosphatidylglycerols, phosphatidylinositols and
sphingomyelins [37]. The liposomal composition, charge, size, drug loading
and other conditions of the formulation can affect the drug encapsulation
capacity and release rate. Several proteins, such as insulin [38], cyclosporine
A [39], interleukin-2 [40], catalase [37], superoxide dismutase [37] and ricin
vaccine [41], have been formulated with liposomes for pulmonary delivery. In
these studies, the liposomes increased the absorption and therapeutic effects,
lengthened the residence time, or reduced the toxicity of the protein
concerned.

Cyclodextrins are cyclic glucose oligomers with a hydrophobic cavity that
can form complexes with drug molecules. Due to the large size and overall
hydrophilicity of proteins and peptides, they cannot fit entirely into the cavity.
Rather, interactions may be restricted to certain hydrophobic amino acid groups
on the protein [30]. Such proteinecyclodextrin interactions may change the
conformation, and consequently the physicochemical properties, of the
macromolecule, leading to enhanced absorption [30]. Other proposed mech-
anisms include direct disruption of the alveolar epithelial membrane through
interactions between the cyclodextrins and pulmonary lipids and proteins, and/
or reduction of protease activity [30]. The ranking of cyclodextrin derivatives in
the order of increasing transmucosal protein transport and toxicity are
dimethyl-b-cyclodextrin > a-cyclodextrin > b-cyclodextrin > g-cyclodextrin
> hydroxypropyl-b-cyclodextrin [42]. Dimethyl-b-cyclodextrin has been
shown to increase the pulmonary absorption of insulin [43] and salmon
calcitonin [36] in rats. Besides these studies, the application of cyclodextrins in
pulmonary protein delivery is currently limited.
2.2.3. Safety of Inhaled Proteins and Peptides

Immunogenicity is a potential issue for proteins and peptides, because they may
be antigenic and trigger local or systemic immune responses. This is especially
of concern for exogenous peptides derived from synthetic or biological sources.
Since pulmonary delivery is a relatively new route of administration for
proteins, the long-term adverse effects of usage over decades are uncertain.
However, many proteins and peptides have been shown to be generally safe for
inhalation in the short-term, at least they are not more harmful than subcut-
aneous injections [5]. An obvious example is the successful approval and
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marketing of the dornase alfa product, Pulmozyme�. Inhaled insulin has also
been demonstrated to be safe over a two-year period [44].

Besides the protein, the safety of the excipients is also important. Except
for lecithin (phosphatidylcholine), all other absorption enhancers discussed
above are not yet approved for inhalation [37]. Furthermore, the safety
aspects of many of these compounds have not been studied extensively. Of
the few that have been examined, some proved favorable while some did not.
For instance, certain absorption enhancers (n-lauryl b-D-maltopyranoside,
sodium glycocholate and linoleic acid-HCO60 mixed micelles) showed low
pulmonary toxicity on rats at specific concentrations [34]. On the other hand,
polycationic liposomes have been observed to induce oxygen radical-medi-
ated pulmonary toxicity in mice [45]. In another study, sodium taurocholate
decreased the viability of Caco-2 cells in vitro at high concentrations [33].
Polymeric materials employed in controlled release formulations may accu-
mulate in the peripheral lung over long-term use, where mucociliary clear-
ance is absent [37]. The safety profiles of many other novel excipients need
to be assessed thoroughly for regulatory approval before their clinical
application.
2.2.4. Types of Proteins and Peptides for Inhalation

Many pharmaceutical proteins and peptides have been formulated as inhalation
aerosols for local and systemic diseases (Table 2.1). The formulations are at
various stages of development, ranging from Phase I studies to approved
products. Exubera� was a marketed insulin dry powder inhaler but was with-
drawn in October 2007 due to poor sales [46].

2.3. STABILITY OF PROTEINS AND PEPTIDES
IN PULMONARY DELIVERY FORMULATIONS

The biological activity of proteins is strongly dependent on their molecular
structure, which involves several organization levels [1]. The primary structure
is the amino acid sequence, which ultimately dictates the non-covalent inter-
actions that the molecule undergoes when forming higher order structures. The
secondary structure is the periodic spatial arrangement of the polypeptide chain
backbone due to hydrogen bonding between the C¼O and N�H groups. Alpha-
helices and beta-sheets are typical secondary structures within a protein. The
tertiary structure is the 3-dimensional conformation of the whole molecule,
including the positions of all amino acid side chains. Some proteins may consist
of multiple peptide chains grouped together by non-covalent inter-molecular
interactions. The arrangement of these subunits relative to each other consti-
tutes the quaternary structure. Alterations in the protein structure at any level
may lead to a change or loss of biological activity. The mechanisms of
degradation can be biochemical or physical in nature.



TABLE 2.1 Examples of proteins and peptides for inhalation (adapted from

references [22,37,47])

Local diseases Compound

a-1-Antitrypsin deficiency a-1-Proteinase inhibitor

Asthma Anti-IgE Mab
Interleukin-1 receptor
Interleukin-4
Lactoferrin
Vasoactive intestinal peptide

Anti-tuberculosis vaccine Muramyl dipeptide

Bronchospastic pulmonary diseases Calcitonin gene-related peptide

Cancer/Pneumocystis carnii Interleukin-2

Chronic bronchitis Uridine triphosphate derivatives

Cystic fibrosis rhDNase (approved product:
Pulmozyme�)
Secretin
Targeted genetics adeno-associated virus
for cystic fibrosis

Emphysema/Cystic fibrosis a-1-Antitrypsin
Secretory leukoprotease inhibitor

Idiopathic pulmonary fibrosis Interferon-g

Lung transplant Cyclosporine A

Oxidative stress Catalase
Superoxide dismutase

Respiratory distress syndrome Surfactant-associated proteins from natural
bovine lung extract (approved product:
Survanta�)

Systemic diseases Compound

Anemia Erythropoietin

Anti-coagulation Heparin

Cancer Interleukins
Luteinizing hormone-releasing hormone

Diabetes insipidus 1-Deaminocysteine-8-D-arginine
vasopressin
Desmopressin

(Continued )
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TABLE 2.1 Examples of proteins and peptides for inhalation (adapted from

references [22,37,47])dcont’d

Local diseases Compound

Diabetes mellitus Insulin (approved product: Exubera�;
discontinued end 2007)
Exendin-4
Glucagon-like peptide

Endometriosis Leuprolide

Growth deficiency Human growth hormone

Hemophilia Factor IX

Hypoglycemia Glucagon

Infertility Follicle-stimulating hormone

Multiple sclerosis Interferon-b

Neutropenia Recombinant human granulocyte-colony
stimulating factor (rhG-CSF)

Obesity Peptide YY

Osteoporosis Calcitonin
Parathyroid hormone

Viral infections Interferon-a
Ribavirin
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2.3.1. Biochemical Stability

Biochemical degradation involves changes in the covalent bonds in the poly-
peptide chain, mainly through hydrolysis, isomerization, deamidation, oxidation
and disulphide bridging [3,48]. Hydrolysis is the cleavage of peptide bonds,
usually under extreme acidic or alkaline conditions. However, even at neutral pH,
the asparagineeproline and asparagineeglycine bonds are relatively labile [3].
Except for glycine, all naturally-occurring amino acids are chiral and are of the
L-form. They can isomerize to the D-form under certain circumstances [3,48].
Deamidation is the transformation of the amide groups in asparagine and
glutamine side chains into carboxylic acid groups, consequently forming aspartic
and glutamic acids, respectively [3,48]. The side chains of cysteine, methionine,
tyrosine, tryptophan and histidine are prone to oxidation [3,48]. The sulfur-
containing side chains of cysteine and methionine can also form intra- or inter-
molecular covalent disulfide bridges [3,48]. All such biochemical degradations
will disrupt the primary protein structure.
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2.3.2. Physical Stability

Physical degradation refers to changes in the non-covalent interactions within
or between protein molecules. It can occur independently, or via biochemical
degradation, and results in alterations to the higher order structures (secondary
and above). Common types of physical degradation include denaturation,
aggregation, precipitation and adsorption [3,48]. Denaturation is the unfolding
of a molecule from its native conformation and may or may not be reversible
[48]. Denatured proteins may also associate with each other to form molecular
aggregates [3,48]. Precipitation is essentially aggregation on a macroscopic
scale, when dissolved proteins come out of solution due to a reduction in
solubility [48]. Protein molecules are surface-active and may adsorb onto
various interfaces [48].

Owing to their complex structure, proteins are much more fragile than small
drug molecules. The risks of biochemical and physical degradation depend on
many physicochemical factors, such as temperature, pH, storage humidity,
formulation constituents, delivery device and manufacturing process, amongst
others. These must be well studied and controlled to maintain the stability and
efficacy of protein products.

2.4. TYPES OF PULMONARY DELIVERY FORMULATIONS

2.4.1. Nebulizers and the AERx� Pulmonary Delivery System

Nebulizers produce droplets from a bulk liquid using either compressed air (jet
nebulizers) or ultrasonic waves (ultrasonic nebulizers). They generate contin-
uous aerosol streams over a period of minutes, thus their aerosol output is much
higher than those from dry powder inhalers and metered dose inhalers (see
below). In jet nebulizers, compressed air is forced through a small hole or series
of holes on the tip of a tube protruding upwards from the liquid reservoir [49].
This creates a low pressure zone at the tip of the tube. Consequently, liquid is
drawn up the tube by the Venturi effect, and is then rapidly dispersed as droplets
by the air jet [49]. Large droplets impact on a baffle inside the nebulizer and
flow back into the reservoir. Smaller droplets exit through the mouthpiece for
inhalation. The droplet size depends on the nebulizer construction and air
pressure but generally ranges from 2e5 mm. The liquid cools and concentrates
during operation due to evaporation in the air jet. Some examples of
commercial jet nebulizers are shown in Figure 2.1. Ultrasonic nebulizers have
a piezoelectric crystal below the liquid reservoir. The crystal vibrates rapidly to
generate ultrasonic waves through the liquid to produce droplets for inhalation
[50]. The piezoelectric energy input increases the liquid temperature during use
and may affect the stability of the protein [51].

Protein nebulizer formulations are mainly aqueous solutions and are rela-
tively easy to develop. The factors that may affect their stability are similar to
those for general protein liquid formulations, such as ionic strength, pH and the
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FIGURE 2.1 Commercial jet nebulizers: (A) Pari IS-2�; (B) Pari LC� Plus and (C) Sidestream�.

Pari LC� Plus is recommended for the administration of Pulmozyme�.
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type and concentration of other dissolved compounds [52]. However, there are
some potential problems that are unique to nebulizers. Atomizing air pressure,
shear, recirculation and progressive reduction of solution volume in jet nebu-
lizers may lead to protein degradation [53]. Formulations without suitable
protein stabilizers may also be subject to molecular adsorption to plastic
surfaces [53]. The degradation rate of nebulized lactate dehydrogenase was
found to increase with air pressure, nebulization time and low starting solution
volumes [54]. The aggregation rate of rhG-CSF also increased with nebuliz-
ation time. However, these adverse effects were significantly reduced by the
addition of polyethylene glycol (PEG) 1000 in the formulation [54]. In another
study, the stability of nebulized aviscumine, a dimeric protein, was improved
by adding various surfactants, cryoprotectants and buffer salts to the recon-
stitution medium [55e57].

High energy vibrations and heat generated in ultrasonic nebulizers may
denature proteins, as was observed on rhDNase [51]. Therefore, the only jet
nebulizers so far approved are for the administration of Pulmozyme� [58]. The
formulation of Pulmozyme� is very simple, with only sodium chloride,
calcium chloride dihydrate and water for injection as excipients [58,59],
illustrating that not all protein nebulizer formulations require complex additives
for stabilization. Thus the stability of the protein of interest should be assessed
on a case-by-case basis and excipients employed where appropriate.

The AERx� pulmonary delivery system devised by Aradigm (California,
USA) generates aerosols by mechanically extruding the liquid from a unit-dose
reservoir through micron-sized orifices [60]. Precise delivery control is ach-
ieved by internal mechanical components that trigger the extrusion mechanism
upon inhalation by the patient. This device has been successfully used for the
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delivery of a number of proteins, including rhDNase [61], insulin [62,63] and
interleukin-4 receptor [64].

2.4.2. Metered Dose Inhalers

Metered dose inhalers (MDIs) are popular respiratory devices due to their
portability and simple operation.Although easy to use, theMDI is sophisticated in
design (Figures 2.2 and 2.3). The drug(s) are suspended or dissolved in a liquefied
propellant system, which may also contain excipients such as co-solvents or
surfactants. The formulation is maintained under pressure in a small canister,
which is crimped with a metering valve. Upon actuation through an actuator, the
valve opens and the metered dose is dispensed as an aerosol spray by the
expansion and vaporization of the propellant under ambient conditions [65].

The major issue in MDI protein formulation is the conformational stability
of these macromolecules in liquefied propellants such as the hydrofluoro-
alkanes (HFA), which are less polar than water. Fourier transform Raman
spectroscopy has been applied to investigate the secondary structure of hen’s
egg lysozyme suspended in HFA-134a (1,1,1,2-tetrafluoroethane) and HFA-227
(1,1,1,2,3,3,3-heptafluoropropane) [66]. Conformational data on the peptide
backbone, CeC stretching and disulfide bonds were obtained. The technique is
simple and non-destructive as the formulations can be analyzed in crimped
glass vials [66].

Various proteins have been formulated as MDI suspensions [67,68].
Nonionic surfactants that are soluble in propellant were used to improve the
ability of the protein particles to be kept in suspension [67,68]. These included
Triton X-100, Triton X-405, Laureth 9, Brij 30, Brij 97, Brij 98, Tween 80,
Nonidet-40 and diethylene glycol monoethyl ether for HFA-134a [67,68]. An
A

B C

FIGURE 2.2 MDI components: (A) metering valve; (B) aluminium canister and (C) crimped MDI.



FIGURE 2.3 Commercial MDI products with their actuators.
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aqueous solution of the protein and surfactant was first freeze dried to produce
the required particles, which were subsequently suspended in HFA-134a alone
or a mixture of this propellant and dimethylether [67] or ethanol [68]. The
propellant mixtures were found to improve the aerosol performance over the
pure propellant. Kos Pharmaceuticals (Florida, USA) has developed an insulin
MDI suspension in HFA-134a [69,70]. This formulation has been shown to
provide comparable blood glucose control to subcutaneous insulin injections in
type 2 diabetic patients [69].

It is more difficult to develop MDI solutions for proteins than suspensions
due to the non-polar nature of the propellants. Nevertheless, a stable HFA-134a
solution containing leuprolide acetate was successfully formulated incorpo-
rating water and an undisclosed co-solvent [71].

2.4.3. Dry Powder Inhalers

There are many marketed dry powder inhalers (DPIs) with various devices and
formulations (Figure 2.4). These products provide single- or multi-doses via oral
inhalation, depending on the design of the powder reservoir and metering
components [72]. Unlike the MDIs discussed above, DPIs do not contain
propellants. The energy of powder dispersion is usually derived from the inha-
lation effort applied by the patient. Powders for pulmonary delivery are often
cohesive, due to the high specific surface area (surface area-to-mass ratio) of
micron-sized particles. Thus the powders must be formulated appropriately such
that the active ingredients can be easily dispersed into fine particles upon
inhalation.

Formulating protein powders for pulmonary delivery is especially chal-
lenging as it requires not only that the powders can flow and disperse, but also
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FIGURE 2.4 Commercial DPI products: (A) Aerolizer� (Novartis); (B) Handihaler� (Boehringer

Ingelheim); (C) Accuhaler� (GlaxoSmithKline); (D) Turbuhaler� (AstraZeneca).
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stability of the proteins. To satisfy the latter requirement, proteins are usually
formulated as amorphous glasses which are, however, physically unstable and
tend to crystallize with inter-particulate bond formation and loss of powder
dispersibility. In addition, the stability requirements limit the manufacturing
processes that can be used for protein powder production.

Removal of water from proteins during powder production can cause
significant molecular conformational damage that can lead to further
biochemical degradation such as aggregation, deamidation and oxidation during
storage (cf. Chapter 13, pages 314e318). Amorphous glassy excipients, mainly
carbohydrates, have been widely used to stabilize proteins for inhalation, such as
lactose for rhDNase [73, 74]; trehalose, lactose and mannitol for recombinant
humanized anti-IgE monoclonal antibody (rhuMAbE25) [75]; and mannitol and
raffinose for insulin [76]. Other suitable excipients include polymers (e.g.
polyvinylpyrrolidone), proteins (e.g. human serum albumin), peptides (e.g.
aspartame), amino acids (e.g. glycine) and organic salts (e.g. citrates). Although
lactose has been widely used for inhalation products for small molecule drugs, it
may not be compatible with proteins. Being a reducing sugar, lactose reacts with
lysine, and protein glycation has indeed been found in both rhDNase and rhu-
MAbE25 [75, 77]. The exact mechanism for protein stabilization by excipients
is as yet unclear. However, contributing factors may include:

(i) formation of a glassy state of the protein-excipient system;
(ii) hydrogen bonding between the protein and excipient molecules;
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(iii) crystallinity of the excipients; and
(iv) residual water content.

The diffusion rate and mobility of the protein molecules in the glassy state
are much lower than those in the rubbery state. Therefore, any physicochemical
reactions leading to biochemical instability will be reduced [78]. Crystalline
excipients such as mannitol are known to decrease the stability of proteins [79].
However, mannitol can be used in the amorphous form, for instance, in the
presence of glycine [80]. Fourier transform infrared spectroscopy offers
information on protein secondary structures, and has provided evidence for
protein stabilization by hydrogen bonding [81]. Water promotes the instability
of proteins by enhancing molecular mobility [82], as shown by nuclear
magnetic resonance spectroscopy [83]. The crystalline or amorphous state of
the excipients is crucial because it controls the distribution of water between
the protein and the excipient in a powder [84].

While glassy materials are desirable for protein biochemical stability, one of
their drawbacks is their physical instability. Moisture uptake by fine particles of
hydrophilic amorphous materials can be very fast, due to their large specific
surface area and high energy state. For example, water uptake by spray dried
rhDNase plus lactose induces crystallization that adversely affected powder
dispersibility [73,74]. During crystallization, water acts as a plasticizer to lower
the glass transition temperature (Tg) (approx. 10

�C reduction per 1% water in
sugar-containing formulations), which will enhance molecular mobility required
for nucleation if the Tg approaches the storage temperature [85]. It is thus
important to keep the powder dry in order to maintain the high Tg, or to use
excipients with a high Tg, or to store the powders at a low temperature. It has
been proposed to store fragile glasses 50�C below the Tg to minimize crystal-
lization [86]. This method would be practical for room temperature storage for
amorphous materials with a Tg above 70�C. However, crystallization of amor-
phous excipients at temperatures well below the Tg is still possible, which
consequently induces protein degradation [87]. The aggregation of salmon
calcitonin when co-spray dried with 30% mannitol (completely amorphous) is
higher than that with 70% mannitol (mostly crystalline) at a given relative
humidity (RH) [87]. This indicates that the concentration of the peptide in the
amorphous phase and the water content relative to the amorphous content are
crucial in predicting the stability of the formulation. This is because the peptide
is mixed at a molecular level only with the amorphous excipient and most of the
absorbed moisture interacts with the amorphous phase [87]. The crystallization
of the excipient will also cause morphological changes, such as crystalline
bridging, on the particles, which will adversely affect dispersibility. The effect of
moisture on powder dispersion can be instantaneous [88]. The hygroscopic effect
can be reduced by using hydrophobic excipients, such as L-isoleucine [89].

Amorphous materials are usually cohesive because they have higher surface
energy and are more hygroscopic than the crystalline forms. Thus powder
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dispersibility is strongly dependent on the structure of the solid state. Most
protein drugs are formulated with excipients for improved biochemical stab-
ility, as discussed above. However, the distribution of protein and excipient/s in
a particle may not be uniform. When a proteineexcipient solution droplet
undergoes drying to form a particle, the outer surface tends to be enriched with
proteins or macromolecules that are surface active, whereas the small molecule
excipients diffuse rapidly into the particle core. Under special circumstances,
small excipient molecules can crystallize on the particle surface [90]. Various
formulation approaches have been employed to improve protein powder dis-
persibility. The particle size distribution can be controlled to decrease cohesion
[90]. Proteins can be co-spray dried with a suitable excipient to modify the
surface energy and morphology of the resultant particle, as is the case with
rhDNase with sodium chloride [90]. Blending of protein drugs with inert carrier
particles (e.g. lactose) can improve the dispersibility of the product [90]. Large
(mean diameters > 5 mm) and small (3�5 mm; PulmoSphere�) porous parti-
cles containing proteins have excellent aerosol performance due to their low
cohesion and small aerodynamic diameters [91e93]. Surface corrugation can
also decrease cohesion by reducing the inter-particulate contact areas. Wrin-
kled, nonporous, solid, bovine serum albumin particles were reported to
disperse significantly better than their smooth, spherical counterpart (Figure 2.5)
[94e97].

Inhalable protein powders can be produced by various methods, including
spray drying [93e100], spray freeze drying [92], lyophilization followed by
milling [101] and solvent precipitation with supercritical fluids [102e105].
Precipitation with regular anti-solvents has been carried out using high-gravity
controlled precipitation for insulin [106] and confined impinging jet mixing for
cyclosporine A [107,108] to yield nano-suspensions. The suspensions were
spray dried to obtain micron-sized agglomerates of nanoparticles [106,108]
A laboratory-scale spray dryer is shown in Figure 2.6.

Some issues regarding dry powder production techniques for protein
formulations should be noted. Spray drying exposes the protein to mechanical
shear and aireliquid interfacial denaturation. The hot air for drying also
subjects the protein to thermal stress and denaturation. Aggregation of spray
dried recombinant human growth hormone was suppressed by adding Zn2þ

ions and surfactant polysorbate 20 [98,99]. Compared to spray drying, spray
freeze drying produces porous and light particles with superior dispersibility
and the production yield is almost 100%. However, this process is more time
consuming and expensive. Gas-jet milling of lyophilized proteins can cause
contamination and inactivation. Thus abrasion-resistant mills using high-purity
nitrogen and milling stabilizers such as human serum albumin and sorbitol are
required [101]. Supercritical carbon dioxide is a good anti-solvent for precip-
itation because it is non-toxic, economical, and has a low critical temperature of
31.1�C for operation. However, due to its non-polar nature it is not readily
miscible with water. Special nozzles have been employed to enhance the



FIGURE 2.5 Scanning electron microscopy images of BSA particles produced by spray drying

from aqueous solutions containing (A) 60 mg/mL; (B) 40 mg/mL; (C) 25 mg/mL and (D) 10 mg/mL

BSA, respectively. Reprinted from reference [95] with permission from Elsevier.

FIGURE 2.6 Laboratory-scale spray dryer. The drug solution/suspension is sprayed into the

drying chamber through a nozzle. The droplets are dried as they travel through the drying chamber

and cyclone. The dried particles are collected in the powder collector. Dashed arrows indicate the

transit path of the droplets and particles.
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mixing with aqueous protein solutions [104,105]. Alternatively, supercritical
carbon dioxide modified with ethanol can be used as an anti-solvent [102,103].
Since carbon dioxide is acidic, the pH of the mixture should be controlled to
avoid protein degradation. Excipients such as polyethylene glycol and self-
assembling small organic molecules can be combined with proteins to form
microparticles by precipitation [109e111].
2.5. PACKAGING AND STORAGE

The packaging and storage conditions of protein and peptide products are
important for minimizing their degradation after manufacture. The relevant
environmental factors include exposure to moisture and temperature, because
both can vary during transport and storage. Of the aerosol formulations dis-
cussed above, DPIs are the most susceptible to moisture from the environment.
For instance, the aggregation of salmon calcitonin [87] and anti-IgE mono-
clonal antibody [112] increased with increasing humidity for the co-spray dried
powders containing the protein and mannitol. Thus the packaging of protein
powders should employ excellent moisture barriers and/or desiccants. The
temperature during transport and storage should also be controlled, to remain
below the Tg of the protein and stabilizing excipients.

The robustness of the packaging is tested for developmental and regulatory
purposes. There are specific stability study guidelines for MDI and DPI
formulations due to their complexity. The studies should be performed on the
product in the full packaging that is intended for marketing [113]. There are
three types of storage conditions for testing:

(i) accelerated (40�C/75% RH) at 0, 1, 3, 6 months or beyond;
(ii) intermediate (30�C/60% RH) at 0, 3, 6, 9, 12 months; and
(iii) long-term (25�C/60% RH) at 0, 3, 6, 9, 12, 18, 24 months.

The products should be tested under more than one of the above condi-
tions, because accelerated studies alone may not be predictive of the actual
aerosol performance over the proposed shelf life [113]. The parameters with
suitable tolerance criteria evaluated for MDIs and DPIs include the appear-
ance/color of the device components and formulation, microbial contents,
moisture content, drug content, degradation products and impurities, dose
uniformity, particle size distribution and microscopic evaluation of the
formulation [113]. In addition, the alcohol content (if present as a co-solvent),
leak rate, valve delivery and presence of leachables are also tested on
MDIs [113].
2.6. CONCLUSIONS

Pulmonary delivery of proteins is gaining increasing attention. Active research
is being carried out in this area, but so far very few respirable proteins have
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been marketed and practically no absorption enhancers have been approved.
Most of the in vivo efficacy and toxicity studies have been conducted on
animals, and not yet on humans. As proteins and peptides are complex and
fragile molecules there are formulation challenges that need to be overcome.
Knowledge in this field is continually progressing and inhalation will become
a convenient administration method for proteins and peptides, particularly for
local delivery, in the future.
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3.1. INTRODUCTION

Advances in pharmaceutical biotechnology have led to numerous and large-scale
production of proteins and peptides, several of which are therapeutic agents.
Because of gastro-intestinal enzymatic degradation and first-pass hepatic
metabolism, these active biopharmaceuticals are mainly administered by paren-
teral routes [1e2].Nasal delivery is needle-free, non-invasive and painless; it does
not require sterile preparation, can be self-administered and facilitates the rapid
onset of both local and systemic drug action [3e5]. In order to maximize patient
compliance and expand/extend any existing patent position, the nasal route of
administration is the focus of much attention as a non-invasive alternative to the
peroral route, and to invasive parenteral application. Moreover, the nose to brain
pathway opens the door for targeting drugs to the central nervous system [2,4e5].

Similarly to other mucosal routes of drug delivery, the physical barrier of the
nasal epithelium is themain limitation with respect to drug absorption, especially
for large molecules such as proteins and peptides. Another important obstacle is
the rapid mucociliary clearance which limits the time available for drug
absorption. Enzymes (particularly proteases) that are present in the nasal mucosa
and the mucus layer are of less importance (certainly when compared to oral
delivery), but not negligible [6]. Another possible drawback is the relatively small
amount of drug that can be nasally administered; this is related to the method and
technique of administration which, if poor, may lead to drug absorption problems
depending on the actual site of drug deposition. To achieve a stable, safe and
effective nasal delivery of peptides and proteins, these limitations have to be
overcome. Incorporating excipients in the formulation, and the design of novel
nasal dosage systems are exciting approaches [2,7], but these areas still require
further exploration to be of real clinical and commercial benefit.

3.2. PHYSIOLOGICAL OBSTACLES TO NASAL ABSORPTION

3.2.1. The Nasal Mucosa

The nasal mucosa facilitates a relatively high level of drug absorption per unit
area. The mucosa is lined with extensive pseudostratified columnar epithelia
containing ciliated cells and mucous-secreting goblet cells in the non-olfactory
region. Although the volume of the nasal cavity is low (15e20 cm3), the
surface area for absorption is relatively large (150 cm2) because of the
numerous epithelial microvilli. Moreover, underlining the mucosa is a porous
endothelial basement membrane which is richly supplied with blood vessels
from both the external and internal carotid arteries [8]. A drug can permeate
through the epithelial cell membrane either by the transcellular route, or by the
paracellular route. The lipophilicity and size of the drug molecule play
important roles in nasal permeation. Lipophilic drugs generally diffuse via the
transcellular route, both passively and actively depending on the cell receptors
engaged. In contrast, polar drugs with molecular weights below 1000 Da
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generally pass across the membrane through cellecell tight junctions, which
are less than 10 Å wide; much wider than the equivalent cellecell tight junc-
tions of the intestinal mucosa. However, since polypeptides are generally large,
hydrophilic molecules (> 10 Å in size), only very small amounts can pass the
nasal membrane, and this transport generally involves endocytosis [9].

3.2.2. Mucociliary Clearance

Each ciliated cell at the apical surface of the nasal epithelium has numerous cilia
which aremobile and beat with a high frequency (around 1000 beats perminute).
The beat consists of a rapid forward movement followed by a slow return.
Covering the epithelium is a mucus layer. Nasal mucus is produced from
submucosal seromucus glands and goblet cells. Themain component ofmucus is
water, then mucin (ca. 2%) which is responsible for the viscous and elastic gel-
like properties, andfinally other components (< 3%in total). ThepHof themucus
layer varies from5.5 to 6.5 in adults. Formucociliary clearance, themucus layer is
propelled from the anterior towards the posterior part of the nasal cavity in
a coordinated manner by the beating, synchronized cilia. This is generally called
the methachronal wave, which thus gradually translocates particulates towards
the nasopharynx for eventual discharge into the gastrointestinal tract. Moreover,
this mucus layer, which comprises a lower sol layer and upper gel layer, is
renewed every 15e20 mins, which concomitantly restricts the time available for
drug absorption, which in turn further limits nasal absorption [1,10].

3.2.3. Enzymatic Degradation and Mucus Interaction

Although there is an attenuated degradation of proteinaceous drugs in the nasal
mucosa compared to the gastrointestinal tract, enzymes are present in nasal
secretions, especially proteases and peptidases, which naturally reduce the
permeation of various peptide/protein drugs. Other enzymes include the
cytochrome P450 family, carboxyl esterase, aldehyde dehydrogenase, epoxide
hydrolase, DT-diaphorase and glutathione S-transferase. In addition, the
components of the mucus may undergo electrostatic interaction with the drug
molecule and thereby alter its absorption and activity. This is especially true for
the heterogeneous mucin glycoproteins which, due to their numerous oligo-
saccharide chains, are highly negatively charged [4].

3.3. MECHANISMS OF MUCOADHESION

The low permeation of peptides and proteins through the nasal mucosa can
generally be improved by either chemicalmodification or loosening (“widening”)
of the tight junctions. Chemical modification must of course be performed care-
fully so as to not alter the pharmacological action (or toxicity) of the drug. Insofar
as nasal delivery technologies are concerned, modulation of the tight junctions is
considered the more practical approach since it is a reversible process and
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applicable to all drugs, in theory. Lipoencapsulation in nanocarriers can also be
beneficial to increasing nasal drug transport. However, methods for improving
nasal absorption are primarily focused on overcoming mucociliary clearance. In
principle, this problem can be overcome by variousmethods such as the inhibition
of mucus secretion, the addition of mucolytic agents, calcium depletion, or the
addition of mucoadhesive polymers to the peptide/protein formulation. The latter
technique is the most extensively investigated, including the search for next
generation mucoadhesive polymers and novel nasal delivery products [1].

The mechanisms of mucoadhesion fundamentally involve chemical inter-
action and interpenetration of the polymer (in this case, the polymer added to
the drug formulation) with the mucin chains. In the former case, mucoadhesion
results from either covalent bonding, which is irreversible and hence undesir-
able, or from non-covalent bonding involving hydrogen bonding, van der Waals
interactions, or hydrophobic and electrostatic forces [11]. The key sites of
mucin-facilitating mucoadhesive interactions with the polymer appear to be at
the carbohydrate residues which either promote electrostatic-type interactions
through terminal sialic acid or sulphonated residues, or hydrophobic interac-
tions through clusters of fucose residues each of which possess a methyl group
[12]. In the case of non-covalent polymer-mucin interactions, wetting and
swelling of the polymer followed by the penetration of polymer molecules into
tissue crevices/cell glycocalyx and interpenetration between the polymer and
mucin chains leads to mucoadhesion.

Hydration plays an important role in mucoadhesion. In the nasal cavity,
about 1.5 to 2 l of mucus is secreted daily, most of which is water. Complete
hydration of the mucoadhesive polymer is necessary in order to produce
adequate free and available polymer chains for interpenetration (with mucin).
However, an excessive amount of water, either from a liquid formulation or
from pathological conditions, weakens the polymers’ mucoadhesiveness
through hydrogen bonding with non-bound (bulk) water molecules; an
optimum polymer concentration is therefore required to promote interaction
and mucoadhesion [13]. Moreover, the pKa of the functional groups of
a polymer and the pH of the nasal mucosa are very important since some
polymers owe their mucoadhesiveness to ionic and electrostatic interactions,
which naturally depend on the charge existing on the functional groups [14].
3.4. MUCOADHESIVE POLYMERS AND NASAL APPLICATION

Mucoadhesive polymers have been used with some notable success in
extending the residence time of nasally administered polypeptides, as well as in
inhibiting enzyme-degradation and improving absorption [15]. For reasons
discussed above, mucoadhesive polymers should be able to form hydrogen
bonds, possess charged groups (preferably anionic groups to interact with
mucin), have a high MW and chain flexibility, and possess surface energy
properties that favor spreading onto mucus layers [16]. Compared with
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synthetic polymers, the vast majority of natural polysaccharides are non-toxic,
many being used widely in food products as thickeners and stabilizers.
However, although some existing, natural, mucoadhesive polymers improve the
nasal absorption of polypeptides impressively, new classes of polymers have
been successively synthesized and examined. The chemical structures of some
commonly used mucoadhesive polymers are shown in Figure 3.1.
FIGURE 3.1 The chemical structures of some commonly used mucoadhesive polymers in nasal

delivery.
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3.4.1. Chitosan

Chitosan is a natural polysaccharide consisting of glucosamine and N-acetyl-
glucosamine, and is available in a range of molecular weights and degrees
of deacetylation. The amino group of chitosan has a pKa value of about
6.5; hence, chitosan is positively charged and is soluble in weakly acidic
solutions with a charge density that is dependent on the pH and the degree of
deacetylation. The chitosan is thought to promote the transport of polar drugs
across the epithelial membrane by a combination of strong mucoadhesive
properties and transient opening of the cellecell tight junctions. Chitosan is
also non-toxic and non-irritating to the nasal membrane [17]. Chitosan solu-
tions can be easily prepared by dissolving the solid in dilute acidic solutions
such as those of acetic, citric, lactic or glutamic acids. Chitosan salts, such as
chitosan glutamate or chitosan hydrochloride can be easily dissolved in water.
As with all other polymers, the higher the molecular weight of chitosan, the
more viscous is the resultant solution (for equivalent % w/v).

Numerous reports have demonstrated an increased absorption of macro-
molecules and improved (in vivo) bioavailability across the nasal epithelial
barrier after co-administration with chitosan; measured, for example, using
peak plasma levels or the “area under the curve” (AUC) [18e20]. In addition,
chitosan (free) base enhances the absorption of peptide in comparison with
chitosan salts at lower pH [21]. Thus, the ability to enhance nasal absorption
and mucoadhesion depends on the chitosan type, its molecular weight, degree
of acetylation, concentration and the osmolarity of the surrounding medium
[22,23].

For chitosan, a comparison of three studies suggests that the most effective
formulation strategy for enhancing the nasal absorption of insulin is a chitosan
powder (microsphere) delivery system, followed by a nanoparticulate chitosan
formulation, and finally a chitosan solution formulation [24e26]. Compared to
chitosan solution, the powder formulation delayed mucociliary clearance and
the swelling of the microspheres dehydrated the epithelial cells, causing tight
junction loosening as seen in Figure 3.2 [27]. Moreover, nasal powder
formulations, with an optimal microsphere size of 10e30 mm provide greater
stability than liquid forms, although it is noted that they may result in nasal
irritation. Finally, chitosan solutions may drain more rapidly from the nasal
passages and induce a strong flavor in the mouth.

Chitosan powders can be prepared by several methods, such as physical
mixing, co-grinding, freeze-drying, spray drying, spray freeze-drying, emul-
sion solvent evaporation and precipitation in supercritical anti-solvents. Spray
drying appears to be the most promising method due to controlled character-
istics and narrow size distribution of the particles so obtained. In addition, spray
drying is fast, simple and relatively energy-efficient. The physicochemical
properties of spray dried chitosan microspheres are affected by formulation
and process parameters. Examples of surface morphologies of chitosan



FIGURE 3.2 The opening of tight junction of nasal cell line RPMI 2650 by spray dried powder of

1:7 drug (D): mucoadhesive polymer after 5 hours exposure: H ¼ hydroxylpropylmethylcellulose,

CS ¼ chitosan, CP ¼ carbopol, * ¼ after 3 hours exposure. Reprinted with permission from

Harikarnpakdee S, Sutanthavibul N, Lipipun V and Ritthidej GC. Spray dried mucoadhesive

microspheres: Preparation, and transport through nasal cell monolayer. AAPS Pharm. Sci. Tech.

2006;7:E79eE88. Copyright 2006, American Association of Pharmaceutical Scientists.
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microspheres at various spray drying conditions with a model protein are
shown in Figure 3.3 [28]. Analysis by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) showed that the integrity of the primary
protein structure remained intact following spray drying into chitosan powders.
However, analysis of the protein secondary structure by circular dichroism
showed that the a-helical structure, measured at wavelengths 208 and 222 nm,
changed as a function of protein loading (Figure 3.4) [28].

The amine and hydroxyl groups of chitosan can be used to generate semi-
synthetic polymers with (custom) modified physicochemical characteristics. In
addition, the positively charged amine groups will bind negatively charged
polymers, such as mucin (discussed above). Therefore, several chitosan
derivatives and conjugates have been synthesized and semi-sythesized in order
to improve the low aqueous solubility and mucoadhesiveness of chitosan; these
include N-trimethyl chitosan (TMC) chloride, thiolated chitosan, thiolated
carboxymethyl chitosan-g-b-cyclodextrin, methylpyrrolinone chitosan and
chitosan/ethylene oxide-propylene oxide block copolymers [29e33]. These
chitosan derivatives appear to be more effective in increasing nasal drug
absorption, especially the well studied TMC derivatives, which in different
dosage forms are known to improve nasal absorption by amounts that depend
on the degree of quaternization [34]. Similarly, thiolated chitosan microspheres
have been shown to enhance the nasal absorption of peptide drugs [35], and
PEG grafted chitosan nanoparticles or nanocomplexes improve nasal insulin
absorption in vivo [36e37].



FIGURE 3.3 SEM of bovine serum albumin (BSA)-loaded chitosan microparticles, obtained by

spray drying of (A) 1%; (B) 10%, BSA in LCS solution; (C) 10% BSA in HCS solution at the spray

rate of 3 ml min�1 and the inlet air temperature of 120�C; (D) 10%BSA in LCS solution at the spray

rate of 5 ml min�1 and the inlet air temperature of 100�C, respectively. LCS and HCS ¼ low and

high molecular weight of chitosan. Reprinted from reference [28] with permission from Informa

Healthcare.

FIGURE 3.4 The circular dichroism spectra of unprocessed bovine serum albumin (BSA) and

BSA recovered from chitosan microspheres with different % BSA loading: LCS and HCS ¼ low

and high molecular weight chitosan. Reprinted from reference [28] with permission from Informa

Healthcare.
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3.4.2. Starches

Starch is a carbohydrate which is composed of amylose and amylopectin, and is
biocompatible, biodegradable and bioadhesive. Starches from different natural
resources are widely used in foods and pharmaceuticals [38]. In addition,
processed starches are used which have undergone modification at the hydroxyl
groups to yield carboxy methyl starch, sodium starch glycolate, drum dried
waxy corn starch, soluble starch and degradable starch. When placed in contact
with aqueous media, starches undergo a high degree of swelling and form gel-
like systems which strongly adhere to the nasal mucosa and significantly
prolong the nasal residence time.

Mucoadhesive starch microspheres containing insulin reduced the plasma
glucose in animals more effectively than insulin in dextran spheres, due to the
increase in the drug residence time [39]. Nasal administration of insulin-degrad-
able starch microspheres (DSM) also reduced blood glucose when compared to
DSM alone or insulin solution [40]. Although starch undergoes a high degree of
swelling, which is governed by the degree of cross-linking (which also controls
peptide release), the starch polymer chains only interact weakly with mucin. It is
hypothesized that absorption enhancement occurs via other mechanisms such as
interaction with the cell lipid bilayers. Moreover, good tolerance was reported
after starch microspheres were administered nasally to healthy human volunteers
for a one week period [41]. Increasing the surface area via nanoparticulate
formulation of starch was hypothesized to increase the insulin concentration
gradient across the nasal epithelium and increase the release rate. Formulation of
the nanoparticles with sodium glycocholate improved insulin absorption,
producing a hypoglycemic effect over 6 hours post-administration [42].
3.4.3. Polyacrylic Acid and Polyacrylates

Polyacrylic acid is a polyelectrolytewhich is soluble in aqueousmedia at neutral
pH, due to the ionization of the pendent carboxyl side chains. Carbopols are
polymers of acrylic acid that have been cross-linked with polyalkanyl esters or
divinyl glycol. Carbopols readily absorbwater, become hydrated and swell: their
hydrophilic nature and cross-linked structure make them suitable for controlled
drug delivery systems [15,43]. Moreover, these polymers are non-toxic and non-
irritating. Polycarbophil or calciumpolycarbophil is a calcium salt of polyacrylic
acid cross-linked with divinyl chloride. The nomenclature of the many different
commercial grades of the carbopols is various: Carbopol 934P is also referred to
as “carboxy polymethylene”, while Carbopol 980NF is referred to as “poly-
acrylic acid”, and 1342NF and 1382 as “carbomer”. In general, the carbopols are
known to be useful for nasal drug delivery, either in liquid, gel or powder
formulations [15]. These polymers have yet to be investigated fully for nasal
delivery of peptides and proteins, although carbopol gels are known to facilitate
the systemic absorption of progesterone via the nasal route [44].
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3.4.4. Celluloses

Celluloses are polysaccharides containing 8000e10000 glucose units linked by
b-1,4 glucosidic bonds. The hydroxyl groups on the glucose residues are
amenable to chemical modification, producing several derivatives: hydroxy-
propylmethylcellulose, microcrystalline cellulose, carboxymethylcellulose,
hydroxypropylcellulose, methylcellulose, hydroxyethylcellolose and ethyl-
cellulose. The mucoadhesive properties of the polymer depend on the type of
derivative and the molecular weight. Although they have gel forming properties,
some water soluble celluloses show only poor mucoadhesion. However, they are
safe and are extensively used in pharmaceuticals, including in nasal formulations
where they work to increase the residence time in the nasal mucosa [45].
Microcrystalline cellulose microspheres, alone or with hydroxypropylcellulose,
were observed to enhance the absorption of various peptides and proteins such as
insulin [46], calcitonin and leuprolide [45]. Increased nasal bioavailability of
human parathyroid hormone and insulin by ethylcellulose and a mucolytic agent,
N-acetyl-L-cysteine (NAC) has also been reported [47]. As for chitosan, the
improvement in peptide/protein absorption via nasal delivery can be envisaged
using different dosage forms such as gels, liquids, sprays and powders.
3.4.5. Other Adhesive Macromolecules

Alginate: Sodium alginate, the sodium salt of alginic acid, is the purified
carbohydrate product extracted from brown seaweed by the use of a dilute
alkali. In water, this polymer is slowly soluble forming a viscous, colloidal
solution. Alginates have a poor mucoadhesive property, although this is
improved by conjugation with cysteine [48]. However, the alginate polymers
are not popular for the nasal delivery of peptide drugs.

Gelatin: Gelatin is a large, fibrillar protein with varying molecular weight
(ca. 75 kDa). Gelatin A is an acid hydrolytic product of collagen, while gelatin
B is generated from alkaline treatment of collagen. Gelatin forms a thermally
reversible gel with water, the gelation temperature of which is around 35�C,
dependent on the pH of the solution. Gelatin microspheres have been shown to
enhance the absorption of calcitonin [49]. Aminated gelatin is cationized
gelatin with ethylene diamine, such that the cationic charges can interact with
negatively charged mucin on the nasal mucosa. Aminated gelatin, in both liquid
and powder dosage forms, was reported to enhance the absorption of fluores-
cein isothiocyanate (FITC)-dextran and insulin, compared to native gelatin,
with only negligible nasal toxicity [50]. Sperminated gelatin also improved the
absorption of insulin by modulation of the epithelial tight junctions [51].

Poly-L-arginine: Poly-L-arginine is a cationic polymer and may be classified
as a cell penetrating peptide for short peptide chains (see Chapter 10). Here, we
will consider high molecular weight cationic peptide chains which have
mucoadhesive properties, achieved by electrostatic interaction with the
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negatively charged mucins. Accordingly, poly-L-arginine has been shown to
substantially enhance the absorption of insulin [52] and recombinant human
granulocyte colony-stimulating factor (rhG-CSF) in rats [53].

Hyaluronans: Hyaluronic acid ester is an abundant mucopolysaccharide
found in the synovial fluid and extracellular matrices of vertebrates. Solutions
of hyaluronan enhanced the absorption of vasopressin [54]. Hyaluronan
microspheres also significantly increased the nasal absorption of insulin [55].

Lectins: Lectins are a heterogenous family of proteins that bind sugars (they
are not glycoproteins). On binding the epithelial cell surface via, for example,
glycolipids, they are internalized and are considered to be a promising, alter-
native route for bioadhesion [56], although they have not yet been investigated
for the nasal delivery of peptides/proteins.

Penetratins: The D- and L-forms of the penetratins are cell penetrating
peptides which have been studied for their ability to increase the nasal absorption
of lactate dehydrogenase and insulin. They are reported to be more effective than
the L- or D-forms of octaarginine, yielding a pharmacological availability and
bioavailability of nasally administered insulin of w77% and 51% (cf. subcuta-
neous administration), respectively, yet without cell toxicity [57].
3.5. THERMAL AND PH SENSITIVE POLYMERS

To overcome the difficulty of administering gel formulations to the nose, this
class of mucoadhesive polymers has been developed to form gels in situ in the
nasal cavity, consequently enhancing the residence time and nasal absorption of
therapeutic drugs. These polymers exhibit a low viscosity under standard,
ambient conditions but gel upon nasal administration as a result of a change in pH
and/or temperature within the local nasal mucosa. Examples of pH-sensitive
polymers include chitosanethioglycolic acid conjugates, which gel at physio-
logical pH through the formation of inter- and intra-molecular disulfide bonds
[58]. Examples of thermoreversible polymers include the Pluronics�, particu-
larly Pluronic F127, which is one of the most extensively investigated temper-
ature-responsive materials. Pluronics, also known as poloxamers, are triblock
copolymers of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide). In situ gel formulations of Pluronic F127, administered in liquid form,
have been used as controlled release depots for delivery of plasmid DNA in
combinationwith bioadhesive polymers such as polycarbophil [59]. Because the
Pluronics are also soluble in water and offer non-denaturing conditions for
protein formulation (e.g. by simple mixing) it is somewhat surprising that their
use for nasal delivery has not been studied more extensively. Novel thermo-
sensitive gels were generated by cross-linking chitosan and poloxamer with
glutaraldehyde (the reaction was stoppedwith glycine). It was demonstrated that
these gels produce a prolonged hyperglycemic effect in diabetic rats following
nasal delivery of insulin [60]. The potential value of simplemixtures of polymers
has been demonstrated with N-[(2-hydroxy-3-trimethylammonium) propyl]
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chitosan chloride, poly(ethylene glycol) (PEG) and (small amounts) of a-b-
glycerophosphate. Insulin formulated with this mixture dropped or sprayed into
nasal cavity of rats was shown to lower blood glucose levels following sustained
release of insulin from the thermosetting gel, which decreased the nasal muco-
ciliary clearance rate [61].

As alluded to above, combinations of polymers with different physicochem-
ical properties, produced either through synthesis or simple mixing, yield novel,
multi-functional delivery systems (e.g. mucoadhesive, thermosetting, etc.), which
synergistically enhance the nasal absorption of peptide drugs. Most of the
combinations are in the form of powders to prolong adhesion to nasal mucosa; for
example, amioca starch andCarbopol 974P [62], drum-driedwaxymaize starchor
maltodextrin DE8 and Carbopol 974P [63], chitosan and hyaluronan [64], chi-
tosan containing N-acetyl-L-cysteine [65], and starch and carbopol mixture with
calcium ions [66]. In each case, these combinations of polymers have been
examined with respect to their potential for nasal drug delivery, generally using
insulin as the model peptide, and the studies have shown that they are well
tolerated on the basis of histological and toxicological evaluation.

3.6. CHARACTERIZATION AND EVALUATION
OF MUCOADHESIVE POLYMERS

Several in vitro, ex vivo and in vivomethods have been used to characterize and
evaluate the mucoadhesive and absorption-enhancing properties of polymers in
nasal delivery. These methods provide an excellent means of analyzing the
bioadhesion of a polymer, or the efficacy of the drug, sometimes under specific
or simplified conditions.

3.6.1. Viscosity

The viscosity of the polymers mentioned above depends on their molecular
weight. Higher molecular weight and longer polymer chain lengths produce
high viscosity, and consequently a greater adhesion to the nasal mucosa.
However, highly viscous preparations are more difficult to administer, and
this viscosity may retard the release of drug beyond the clearance time in
the nasal cavity [67]. Viscosity can be determined by several methods:
capillary viscometers, orifice viscometers, high temperature and high shear
rate viscometer, rotational viscometers, falling ball viscometer, vibrational
viscometers and ultrasonic viscometers [68]. In the drug development field, the
capillary and rotational viscometers are normally used for Newtonian and
non-Newtonian types of liquids, respectively.

3.6.2. Mucoadhesion

Various methods have been used to determine mucoadhesion, both in vitro,
ex vivo and in vivo. For in vitro tests, the measurement of tensile strength and
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shear strength are widely used. Other methods, such as the viscometric method
and thumb test are less studied. In vivo evaluation is based on measurement of
the residence time of bioadhesives at the application site, historically per-
formed using radioisotopes [69]. Ionic polymers bind the nasal mucosa more
effectively than polymers without charge. Permanently charged (anionic)
sulfate groups are more effective than carboxylic groups whose charge depends
on the surrounding pH. It is generally accepted that polycarbophil and sodium
carboxymethylcellulose adhere more strongly to mucus than hydroxy-
propylmethylcellulose, methylcellulose or pectin [70]. An extensive study of
the mucoadhesive potential of various polymers by Grabovac et al. [71]
generated a series which followed, in order of decreasing mucoadhesive
potential: chitosan-4-thiobuthylamidine > Carbopol 980 > Carbopol 974P >
polycarbophil, dependent on pH and drying method; while the neutral sodium
salts of the polyacrylates were most mucoadhesive and the cellulose deriva-
tives, polyvinylpirrolidone and PEGs had very little mucoadhesion (in contrast
to previous data).
3.6.3. Swelling

Hydration of the above polymers leads to swelling, which: (1) extends and
expands the polymer chains for interpenetration with mucin, and (2) controls
drug release from the polymer matrix, for example, by Fickian diffusion.
Application of the polymers as a dry powder therefore draws up water from the
nasal mucosa, resulting in a transient dehydration of the epithelial cells, which
in turn is believed to loosen the cellecell tight junctions and increase drug
permeation. Normally, swelling can be determined by the weight change during
water absorption or the increase in sample volume. The swelling of different
mucoadhesive microspheres in pH 6.8 phosphate buffer is ranked: carbopol >
chitosan > hydroxypropylmethylcellulose, as shown in Figure 3.5 [27].
3.6.4. Release

The rate and profile of release of a drug from a particular dosage form is important
to characterize in order to determine the amount available for absorption.Because
the turnover of mucus layer in the nose takes about 15e20 minutes, prolonged
release of drug for several hours is impractical, evenwith formulations containing
amucoadhesive polymer. Generally, the drug release rate from a powder is slower
than from a gel preparation, since there is a lag time for the ingress of water; the
rate of release may be dependent on the formulation parameters in addition to the
pore tortuosity and evolution within the polymer matrix.

No standard in vitro method has yet been developed for nasal formulations.
Various apparatus have been used to assess drug release from mucoadhesive
powders, most commonly a modification to the US Pharmacopoeial rotating
basket (i.e. the paddle or wire basket method) [28]. Studies of drug release and



FIGURE 3.5 The profiles of percentage swelling with time of spray dried microspheres with

different ratios of drug to polymer; D ¼ drug; H ¼ hydroxypropylmethylcellulose; CS ¼ chitosan;

CP¼ carbopol. Reprinted with permission from Harikarnpakdee S, Sutanthavibul N, Lipipun Vand

Ritthidej GC. Spray dried mucoadhesive microspheres: preparation, and transport through nasal cell

monolayer. AAPS Pharm. Sci. Tech. 2006;7:E79eE88. Copyright 2006, American Association of

Pharmaceutical Scientists.
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subsequent passage across a membrane will use a Franz diffusion cell set-up
[27]. Some studies have suffered from the limitations of dispersing powdered
particulates directly in an excess amount of release medium, which does not
simulate the conditions of the nasal mucosa.
3.6.5. Permeation Studies

Nasal drug permeation and absorption can be investigated by the use of in vitro
and in vivo techniques. In vivo studies represent the most critical test for any
nasal drug application or formulation [72]. However, there are, of course,
species differences in the nasal anatomy and physiology, which makes
extrapolation of animal data to humans complicated. In addition, a large
number of animals and quantities of drug are required. By contrast, in vitro
permeability studies using human tissue can be standardized and performed
more rapidly with simpler procedures. However, there is only a limited supply
of human tissue and so, alternatively, various animal tissues are used; porcine
mucosa in particular closely resembles human tissue in its anatomy, physi-
ology, histological and biochemical aspects [73]. Moreover, the ease of
maintaining sufficient viability and integrity of the isolated porcine cavity
mucosa makes it suitable for permeation studies using Franz cells.

Use of primary and immortalized cell lines of human nasal epithelial cells in
culture is promising and a number of cell culture systems have been developed:
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Primary cell culture: Human nasal epithelial tissue can be obtained by
atraumatic or traumatic techniques, enabling a supply of tissue for cell isola-
tion. The main disadvantages are the limited number of cells that can be har-
vested from one donor, the relatively short-term culture of the cells,
heterogeneity within cultures and between cultures, contamination with path-
ogens, and difficulties in culturing itself. Primary respiratory epithelial cells
can be serially passaged up to two or three times [74e75].

Immortalized cell lines: Cell lines are derived from carcinomas of epithelial
origin and offer to the researcher an extended lifespan, improved proliferation,
homogeneity and relative ease of culture. However, important biochemical and
morphological properties of the cells (and therefore the cellular response to
drugs and formulations) are changed after immortalization; in the case of nasal
studies this includes the lack of beating cilia. The most popular nasal cells
currently used are RPMI 2650 cells, derived from a human nasal anaplastic
squamous cell carcinoma, though Calu-3 cells derived from a human bronchial
epithelial adenocarcinoma are also used [76e80]. The RPMI 2650 cell line
forms clusters of round and slightly flattened cells, as shown in Figure 3.2.
RPMI 2650 cells do not express goblet and ciliated cells and, in some culture
conditions, can be induced to spread [77,78]. Although presenting peripheral
rings of occludin and claudin, tight junctions between the cells in culture are
not clearly expressed. Drug permeation across confluent monolayers of RPMI
2650 cells in either submersed or aireliquid surface cultures has been reported
[27,80], and the cell line is also thought to be useful for metabolism studies. In
contrast, Calu-3 cells grow as a confluent sheet and form polarized monolayers
with tight junctions and a uniform mucus layer. These cells can also be useful in
studies screening the nasal and lung permeation potential of drugs and drug
candidates [79].
3.7. NASAL (CILIARY) TOXICITY

Studies of toxicity associated with nasal drug administration have to date
examined markers of inflammation that are indicative of local irritation of the
nasal mucosa, mucociliary clearance and epithelial damage. Impairment of the
nasal mucociliary clearance system can have clinical consequences, since
mucociliary transport is one of the most important local defense mechanisms of
the respiratory tract. The ciliary beat frequency (CBF) has been widely studied
as a central parameter of tissue/cell function [81]. The consequences of inter-
ference with mucociliary clearance may, for example, cause local infection and
subsequent inflammation. The method for classification of assessing the toxic
potential of components in nasal drug formulations is based mainly on the
recovery of the CBF after removal of the test compound/formulation. There are
three categories: cilio-friendly, in which the CFB recovers to 75% or more of its
initial frequency; cilio-inhibiting, where recovery is between 25% and 75%;
and ciliostatic, where the CFB recovery is 25% or less [82].
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Most conventional mucoadhesive polymers are deemed safe, especially
when used in liquid form, though this safety is dependent on the concentration
of polymer applied. Mucociliary transport rates for human nasal tissue treated
ex vivo and in vivo with chitosan solutions showed a transient inhibitory effect
that was related to the volume applied and the molecular weight of the chitosan
(higher MW chitosans being more inhibitory). However, cell histology and
clearance rates were not affected by once daily application of a 0.25% chitosan
solution over 7 days [83]. Similarly, N-trimethyl chitosans were marginally
cytotoxic and ciliotoxic [29].

Mild to moderate cilio-inhibition was also observed for Carbopol 971P and
carboxymethylcellulose, but as for chitosan, these effects were transient and
reversible. Mild nasal mucosal inflammation and CBF inhibition could be
observed following application of carboxymethylcellulose [84]. However,
Carbopol 971P appeared to cause severe concentration- and time-dependent
inhibitory effects on the CBF, with one particular report suggesting that this
polymer alone may not be suitable for nasal delivery [85]. In contrast, Carbopol
974P, formulatedwith drum-dried waxymaize, waswell tolerated by rabbit nasal
mucosa following administration as the powder, and measured as the release of
marker compounds versus the negative control [86]. Finally, it is interesting to
note in the review of Dimova et al. that cilio-inhibitory effects may arise not as
a consequence of the drug or polymer but of the preservative (or other additive) in
the nasal formulation [87]. In conclusion, there are now standard measurements
of nasal epithelial toxicity and this shouldmake the selection of excipients for the
development of safe nasal drug formulations more straightforward.

3.8. NOSE TO BRAIN PATHWAY: FUTURE
CONSIDERATIONS

The olfactory region is situated in the roof of the nasal cavity, and only covers
about 10% of the total nasal area. Its epithelium consists of specialized olfactory
cells, supporting cells, serous andmucosal glands. In the upper nasal passage, the
dendritic processes of the olfactory neurons can internalize a drug via endocytosis
and translocate the drug to the olfactory bulb in the brain by axonal transport. In
addition to this transcellular pathway paracellular (extracellular) pathways exist,
wherein drugs first cross between the olfactory neurons or the trigeminal nerve
before being transported to the olfactory bulb or trigeminal region. The potential
of these mechanisms in the context of nasal drug delivery to the central nervous
systems are the subject of ongoing debate [88e91].

Numerous studies in animal models and in man have demonstrated the
possibility of polypeptide uptake into the cerebrospinal fluid and the brain tissue
[92e95]. For example, via nasal administration, insulin-like growth factor
(IGF-1) was shown to bypass the bloodebrain barrier and reach the central
nervous system (CNS) directly from the nasal cavity [92]. In vitro studies with
bovine olfactory epithelium and Franz diffusion cells were used to optimize
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chitosan formulations of nerve growth factor. In vivo studies for the nasal
administration of the optimized formulations then showed that therewas a ca. 14-
fold increase in the bioavailability of nerve growth factor, compared to admin-
istration of the peptide alone [93]. Intranasal administration was studied for
a radiolabeled peptide, exendin(9-39), an antagonist of full length exendin,
a member of the glucagon-like peptide-1 family. Distribution patterns showed
that the peptide had been transported primarily to the olfactory bulb, but also to
the hippocampus, cerebellum and brain stem, probably via the cerebrospinal
fluid; relatively little entered the bloodstream [94]. One study hypothesized that
antibodies for treatment of airborne infectionswould be best delivered to the nasal
cavity instead of systemic administration, and accordingly developed spray-dried
microparticulate formulations with albumin and disaccharide excipients. Aero-
solization using the UniDose dry powder nasal device (Bespak Ltd., UK) was
studied, showing that 55% of the dose was deposited at the nasal vestibule, with
45% deposited in the turbinates, olfactory region and nasal-pharynx [95].

It is clear from the above discussions that the nasal delivery of peptides and
proteins is at a reasonably advanced stage in terms of research. Proof of principle
has been demonstrated for the systemic uptake of nasally administered poly-
peptides and there are documented toxicological methods for selection of a wide
range of well characterized excipients. In relation to this, it is anticipated that in
our aging population, Alzheimer’s disease, dementia, Parkinson’s disease and
other CNS diseases will become more prevalent. The field is therefore set to
remain an exciting area of research, in which the nose to brain pathway is
exploited for non-invasive delivery of peptide neurotransmitters.
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4.1. INTRODUCTION

Proteins and peptides are being increasingly used as therapeutic agents.
However, these molecules cannot be administered orally as they are subjected
to proteolytic degradation in the gastrointestinal tract. Parenteral administration
is possible, but is associated with poor patient compliance. Transdermal
delivery offers a potential alternative, overcoming setbacks associated with oral
as well as injectable formulations. The passive delivery of proteins through the
skin has to date been impracticable due to their macromolecular and hydro-
philic nature, which limits their transport through the lipophilic skin barrier
(stratum corneum). Hence, several enhancement techniques have been inves-
tigated to assist delivery of these molecules through skin. Amongst these, the
use of chemical enhancers, iontophoresis, phonophoresis and microporation
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have shown considerable promise. This chapter will focus on the enhancement
techniques that aid the transport of proteins and peptides through skin, so
advancing their delivery.
4.2. SKIN STRUCTURE

The skin is the largest organ of the human body and functions as a barrier,
protecting the internal structures of the body from the environment. Structur-
ally, skin primarily consists of the epidermis, dermis and the underlying
subcutaneous fat. The epidermis forms the outermost layer, being exposed to
the environment on one side and separated from the dermal tissue by a base-
ment membrane on the other. From this basal membrane to the surface of the
skin, the epidermis can be differentiated into several strata, namely: stratum
germanitivum or stratum basale, stratum spinosum, stratum granulosum,
stratum lucidum and stratum corneum [1]. The lower strata: stratum basale,
stratum spinosum, stratum spinosum and stratum lucidum are together known
as the viable epidermis.

The stratum corneum, on the other hand, is made up of dead cells, and hence
forms the non-viable portion of the epidermis. Epidermal tissue is entirely
avascular and is primarily composed of epithelial cells, termed keratinocytes,
embedded in a lipid matrix. In addition to this, there are melanocytes which
produce the pigment, melanin. Merkel cells and Langerhans cells, which are
responsible for skin’s immune response, are sparsely distributed throughout this
tissue [2]. Keratinocytes are formed in the stratum basale and undergo
continuous differentiation as they move from this layer towards the surface of
the skin. As these cells move away from the dermis, they are deprived of
oxygen and nourishment and by the time they reach the stratum corneum, they
are transformed into completely keratinized, flattened, dead cells called cor-
neocytes. The conversion of basal cell keratinocytes to corneocytes takes 28
days, including 14 days residence time of the corneocytes in the stratum cor-
neum [2]. Corneocytes are then subjected to a process called desquamation,
where one cell layer of stratum corneum is sloughed off per day [2]. The
stratum corneum is composed of around 15e25 layers of corneocytes, stacked
one above another [3]. Intercellular spaces between these cells are filled with
lipid, composed mainly of cholesterol, ceramides and free fatty acids. Because
of the hexagonal shape and close packing of the corneocytes, the stratum
corneum stands as a rate-limiting barrier to the transdermal permeation of
molecules.

The dermis is composed of collagen and elastic fibers interspersed in
proteoglycan ground substance. This composition is responsible for imparting
plasticity to the skin, and makes the dermal tissue relatively hydrophilic as
compared to the stratum corneum, and hence polar molecules such as proteins
and peptides can permeate relatively easily through it. Skin appendages, such
as hair follicles, sebaceous glands and sweat glands originate in the dermis.
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These appendages account for only 0.1% of the skin area [2,4], but they play an
important role in the transdermal delivery of macromolecules by acting as
shunt pathways which bypass the stratum corneum barrier. Appendageal
transport is also favored during iontophoresis, where molecules tend to travel
via the shortest pathway through skin under the influence of an electric current
[5]. The dermal tissue is innervated with nerves and supplied with blood and
lymphatic vessels. In addition, spindle shaped fibroblasts and mast cells are
also present in the ground substance.

The thickness of human skin varies between individuals and also varies
between different anatomical sites on an individual. On average, skin thickness
ranges from 2e5 mm, with the stratum corneum being 10e15 mm thick. The
epidermis ranges between 0.06 mm on eyelids to 0.8 mm on the palms and
soles, and the dermis is 3e5 mm thick. In addition, the underlying subcut-
aneous fat is several millimeters thick, and provides insulation and mechanical
support to the skin [1].
4.3. RATIONALE AND CHALLENGES FOR TRANSDERMAL
DELIVERY OF PEPTIDES AND PROTEINS

4.3.1. Rationale

Proteins and peptides are being used widely as therapeutic agents to treat
a variety of indications. Several marketed products include: insulin to treat
diabetes mellitus, calcitonin for osteoporosis, monoclonal antibodies such as
rituximab (Rituxan�) to treat non-Hodgkin’s lymphoma or gemtuzumab
(Mylotarg�) to treat leukemia, interferons, epidermal growth factor and
vasopressin to treat diabetes insipidus. Besides these, a large number of
proteins are under investigation to treat further disorders. However, protein-
aceous agents are denatured in the acidic conditions of the stomach and
degraded by proteolytic enzymes in the gastro-intestinal tract (GIT), and hence
oral delivery has not been a feasible route of administration. Delivery via nasal
or ocular routes has also been challenging because of enzymatic activity in
these mucosal routes [6]. Proteins and peptides are therefore almost exclusively
administered by the parenteral route. Although parenteral administration serves
the purpose, it has several shortcomings. Apart from being invasive, adminis-
tration has to be done under the supervision of a health care professional. This
reduces patient compliance and adds to the cost. Also, repeated administration
is necessary as many proteins and peptides have a very short half-life. In such
a situation, the transdermal route offers a continuous, non-invasive and hence
painless administration. The skin is easily accessible and delivery can be
controlled and terminated when required. Additionally, since proteins and
peptides are potent molecules with short half-lives, continuous delivery by the
transdermal route would help avoid repeated administration and improve
patient compliance [7].
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4.3.2. Challenges

Transdermal delivery therefore seems to offer several advantages over
conventional parenteral administration. However, several barriers have limited
the widespread use of this route. Since the skin functions to restrict the passage
of exogenous substances into the body, achieving the penetration of these
macromolecules through it is a challenging task.

4.3.2.1. Penetration Barrier

As discussed in section 4.2, the skin acts as a barrier to all exogenous materials
and restricts their entry into the body. Most of the barrier function of the skin is
achieved by the stratum corneum [8]. This presents a highly organized, brick-
and-mortar type of structure where keratinocytes are embedded in a lipid
matrix. Permeation of drugs through this lipid matrix (the intercellular route of
permeation) is considered to be a major pathway for molecules to cross the
stratum corneum [9]. Due to its lipid content, the permeability of the stratum
corneum to hydrophilic molecules is limited, so highly hydrophilic molecules,
like proteins and peptides, are unable to partition into the lipoidal stratum
corneum layers and hence cannot passively permeate through skin [8]. Also, the
diffusivity of a molecule decreases exponentially with its molecular volume
and hence its molecular weight. Macromolecules such as proteins hence have
an inherently low diffusivity, which further limits their ability to permeate into
and through skin [8]. In general, moderately lipophilic, low molecular weight
compounds are ideal candidates for transdermal permeation. Thus, proteins and
peptides being hydrophilic macromolecules with ionic character cannot
undergo passive permeation through skin [6].

4.3.2.2. Enzymatic Barrier

The epidermal enzymatic barrier of the skin is another factor that limits the
delivery of peptides and proteins through the skin. Even though the enzymatic
activity of skin is considerably lower than that in liver and GIT, it may affect
topical and transdermal delivery of drugs [10]. Skin metabolism is comprised
of primary and secondary metabolic reactions such as oxidation, reduction,
hydrolysis and conjugation reactions. However, the delivery of peptides and
proteins is mainly limited by proteolytic enzymes. The epidermal and dermal
layers of the skin contain a variety of endopeptidases, which cleave peptide
bonds within the peptide structure, and exopeptidases which cleave the N- or
C-terminal peptide bonds. Some of the endopeptidases identified in the skin
include collagenases, elastases, fibrinolysins, casenolytic enzymes and
enzymes of the kallikreinekinin system. Among the exopeptidases, amino-
peptidases are relatively abundant while carboxypeptidases are present in lower
amounts [11].

These enzymes are located in the subcellular compartments within the skin
and hence proteins and peptides may or may not encounter them during
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permeation. Thus, studies carried out with skin homogenates may not be very
good predictors of skin metabolism, as all the subcellular compartments would
be ruptured by the homogenization process, which exposes and sometimes even
inactivates enzymes [11]. Also, in vitro studies may sometimes overestimate
metabolism, as there is increased enzyme activity due to lack of removal of
enzymes by systemic circulation. Use of animal models may also be inaccurate
as proteolytic activity may be higher in animal skin compared to human
skin [2].

4.4. TECHNIQUES ENABLING TRANSDERMAL DELIVERY
OF PEPTIDES AND PROTEINS

In order to overcome the formidable barrier function of the skin, physical and
chemical penetration enhancement techniques are being widely investigated.
These techniques will be discussed in detail in this section.

4.4.1. Formulation Approaches

Formulation approaches to the transdermal delivery of peptide and protein
therapeutics include the following:

l Encapsulation technologies;
l Prodrugs;
l Protease inhibitors.
4.4.1.1. Encapsulation Technologies

Encapsulation of a protein or peptide into a colloidal carrier is an attractive
approoach for enhancing its transdermal delivery. Carrier systems such as
conventional and specialized types of liposomes, and different types of
nanoparticles are being widely investigated to assist peptide delivery into and
through the skin. Encapsulation into liposomal structures is believed to help
in enhancing localized delivery and skin targeting (cf. Chapter 2, page 27;
Chapter 6, pages 116e117). Liposomes increase deposition of molecules in
the stratum corneum and upper skin layers, but do not necessarily enhance
the permeation of molecules through skin [12]. Limited penetration of these
vesicular structures in the skin layers, and interaction with stratum corneum
lipids causing drug release are the proposed mechanisms of action for lipo-
somal topical drug delivery [1]. Liposomal formulations have been used to
assist the delivery of hydrophilic molecules and macromolecules into skin.
Liposomes have been effective for cutaneous delivery of vaccines and have
shown enhanced skin delivery of proteins such as interferon-a (INF-a) [13].
Special types of liposomal structures, such as ethosomes, niosomes and
transfersomes, have also been developed. Ethosomes have around 30%
ethanol incorporated in their structure. Their high alcohol content is believed
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to fluidize both vesicular and stratum corneum lipids, thereby helping drug
molecules to penetrate into deeper skin layers.

Niosomes are vesicles composed of non-ionic surfactants and have been
used for a variety of cosmetic applications. Transferosomes are also known as
deformable or elastic liposomes and in addition to the phospholipid, they
contain around 10 to 24 wt % of surfactant and 3e10% of ethanol. The
surfactant imparts a highly flexible nature to these vesicles, which enables them
to permeate through channels that are one-tenth of their own diameter [1]. Cevc
et al. compared a transferosome formulation to liposomes and micellar struc-
tures for the transdermal delivery of insulin [14]. While insulin could not be
delivered passively, or by liposomes and micelles, transdermal permeation was
observed with the transfersome formulation. Encapsulation technology thus
seems to be advantageous and promising for the delivery of peptides and
proteins. However, scale-up of these formulations for therapeutic use needs to
be optimized.

4.4.1.2. Prodrugs

Proteins and peptides are hydrophilic molecules and hence not inherently
suitable for transdermal delivery. In order to present these molecules as better
candidates, lipophilic prodrugs can be made by conjugating proteins with
lipophilic moieties. Lipophilic prodrugs would help increase retention in the
stratum corneum and improve the overall permeation through skin. Foldvari
et al. showed that the permeation of INF-a was enhanced 2.5- to 5-fold when
delivered as an acyl derivative [13]. They also demonstrated the dependence of
permeation on fatty acid chain length. As the alkyl chain length increased from
12 to 16, dermal and transdermal delivery was enhanced, but further increase in
chain length decreased delivery. During or after its passage into and through the
skin, the prodrug is converted back into its active form by enzymatic or
chemical release. Since the prodrug approach leads to the formation of a new
chemical entity, additional chemical, biological and toxicological testing may
be required. However, in studies carried out by Hashimoto et al. and Murashini
et al. for delivery of insulin and thyrotropin hormone respectively, 60e80%
of the parent peptide active was retained after derivatization with fatty
acids [15,16].

4.4.1.3. Protease Inhibitors

Protease inhibitors help in bypassing the enzymatic barrier of the skin and
hence can assist in the transdermal delivery of proteins and peptides. The
mechanism of action behind inhibiting enzymatic activity varies for different
protease inhibitors. Enzyme activity is inhibited by tight binding or covalent
linkage of the inhibitor to active sites on the enzyme. Inhibitors may also
act by chelation of metal ions essential for activity of the proteolytic
enzyme [11].
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4.4.2. Chemical Permeation Enhancers

Certain chemicals, when applied to the skin, have the property of increasing
permeation of drugs into it. Chemical permeation enhancement has been
widely used in assisting the transdermal delivery of small molecules, and has
also been investigated for enhancing delivery of peptides through skin.

A variety of molecules belonging to various chemical classes have shown
efficacy as permeation enhancers. Some well-known and widely used
enhancers include alcohols, polyalcohols, esters, fatty acids, pyrrolidones,
sulfoxides, amines, amides, surfactants and phospholipids. The mechanism of
permeation enhancement differs for different molecules. For example, fatty
acids act by fluidizing stratum corneum lipid bilayers, while alcohols act by
extracting stratum corneum lipids. Polar co-solvents such as propylene glycol
help in solubilizing the enhancers in the stratum corneum layers and have been
shown to have a synergistic action with enhancers like fatty acids [8]. When the
organized lipid bilayers of the stratum corneum are disturbed by any of the
above means, the skin barrier is compromised and enhanced transdermal
delivery is possible.

Permeation enhancers have been tested for their ability to enhance trans-
dermal and topical delivery of peptide and protein drugs. However, since
proteins are relatively large, hydrophilic molecules, higher amounts of chemical
enhancers have to be used to achieve effective delivery. Thismay not be feasible,
since most enhancers would have an irritating effect if used in quantities above
a certain threshold level. Compatibility of the protein/peptide with the enhancer
could be another issue, and it needs to be ensured that the chemical enhancer does
not degrade or alter the peptide or protein structure [17].

Chemical enhancers have shown a 2e3-fold enhancement in transdermal
delivery of smaller peptides. N-decylmethyl sulfoxide, a non-ionic surfactant,
has been shown to increase the permeability of the amino acids tyrosine and
phenylalanine, diphenylalanine and the pentapeptide enkephalin across hairless
mouse skin [6]. Linolinic acid and menthone have assisted the permeation of
insulin both ex vivo and in vivo. Pretreatment of rat skin with these chemical
enhancers improved permeation (ex vivo) compared to passive delivery. Also,
a synergistic enhancement in permeation was observed when chemical
enhancer pretreatment was combined with iontophoresis. In vivo studies also
indicated that higher plasma insulin concentrations were achieved by
a combination of linolinic acid pretreatment with iontophoresis [18]. Similarly,
the effect of the permeation enhancer ethanol, and a combination of ethanol and
cineole on the permeation of the thyrotropin releasing hormone analog
(M-TRH) across human epidermal membrane was studied. An enhancement
ratio of around 3 to 4.7 was observed when donor solutions containing 50%
ethanol, as well as 3% cineole and 47% ethanol, were used [19]. However, in
spite of these promising results, the efficacy of these molecules in enhancing
the permeation of larger peptides and proteins remains limited.
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4.4.3. Microporation

Microporation refers to the creation of micron sized channels through the skin
to assist transdermal delivery of molecules. These channels bypass the stratum
corneum barrier and reach into the epidermis layer. However, they do not reach
the dermis where nerves and blood vessels are located. Hence, in comparison to
hypodermic needles, delivery by microporation is non-invasive. Also, the
microchannels are typically large in dimension compared to any drug molecule.
Since macromolecules like proteins have dimensions in the nano range, they
can be easily delivered through these microchannels into and across skin.
Microporation is thus painless, non-invasive and yet an effective and elegant
method to achieve enhanced delivery of molecules through the skin [20,21].

Mechanical and thermal microporation are being widely investigated.
Several academic and industrial groups are actively involved in the development
of mechanical microneedles, including 3M, Corium, Becton Dickinson, the
Georgia Institute of Technology and Zosano Pharma. Microneedles are created
using microfabrication technology, which involves techniques such as micro-
machining and microelectromechanical systems to create micron-sized patterns
and structures [22]. Microneedles have been created from a variety of materials
including silicon, metals, glass and polymers, as well as from sugars such
as maltose which can dissolve when inserted in skin. Microneedles of dimen-
sions varying from 300e900 mm have also been fabricated from commercially
available 30G hypodermic needles, by a method where the needles were placed
at predetermined lengths through holes created in a polyetheretherketone mold
and then cut and glued at the back of the mold (Figure 4.1) [23].

Microneedles can have a variety of geometries, and can be solid or hollow in
structure. Microneedle mediated delivery can be achieved in several different
ways. The “poke and patch” method involves piercing the skin with micro-
needles followed by application of the drug formulation. In the “coat and poke”
method, microneedles are coated with drug formulation and then inserted in the
skin (Figure 4.2). The active ingredient can also be encapsulated within
biodegradable polymer microneedles. In addition, the drug formulation can be
directly injected into the skin with the help of hollow microneedles [24].

Microneedles have been used effectively to help transdermal delivery of
macromolecules. The authors have studied the in vitro transdermal delivery of
a relatively large protein (immunoglobulin G) assisted by mechanical micro-
poration [25]. Characterization of the biodegradable maltose microneedles
used in this study showed that the needles created microchannels in hairless rat
skin, which could be easily visualized using techniques such as methylene blue
staining and histology. Delivery increased with an increase in the concentration
of immunoglobulin G, an increase in the number of microneedle arrays and an
increase in the length of microneedles [25].

Thermal microporation involves the application of rapid and controlled
thermal pulses with the help of small resistive elements to microscopic sites on
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FIGURE 4.1 Microneedle array assembled from commercially available 30G hypodermic nee-

dles. (A) tip of a 30G hypodermic needle; (B) the assembled microneedle array; (C) microneedle

array applicator in comparison with a ruler; (D) applicator at an angled view. Reprinted from

reference [23] with permission from Elsevier.

Microneedles Stratum corneum

Epidermis

Dermis

FIGURE 4.2 A schematic of microneedles applied on skin. Microneedles selectively penetrate the

stratum corneum and a part of the epidermis, thus allowing painless but efficient drug delivery.
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the skin. This resistive heating causes flash vaporization of stratum corneum
cells, thus creating micropores in the skin. The PassPort� system, by Altea
Therapeutics, was used to assist the transdermal delivery of interferon alpha-2b
(INFa2b) in vivo in the hairless rat model. An array of micropores was created
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on rat abdomen skin (2 cm2, 72 micropores/cm2) by the thermal ablation of the
stratum corneum. INFa2b could not permeate the skin by passive delivery or
iontophoresis alone. However, in vivo transdermal delivery of INFa2b was
achieved following thermal ablation, which was further enhanced by cathodal
iontophoresis [26].

Microporation has shown promise in assisting the transdermal delivery of
peptides and proteins in both in vitro and in vivo models [20]. Pharmacologi-
cally relevant amounts of desmopressin were delivered across skin using
Macroflux� transdermal microprojection technology (Zosano Pharma Inc.) in
an in vivo guinea pig model with bioavailability as high as 85% [27]. Micro-
needles are also considered promising for vaccination purposes. Microporation
can direct vaccines to antigen-presenting cells in the skin which will further
elicit an immune response [21]. Microneedle arrays dry coated with ovalbumin
using a novel gas-jet drying approach were found to be highly effective for
vaccination [28].
4.4.4. Iontophoresis

Iontophoresis is a non-invasive, electrically assisted technique in which
a physiologically acceptable amount of electric current (up to 0.5 mA/cm2) is
used to facilitate transdermal delivery of charged and neutral molecules
[10,29]. Unlike other physical enhancement techniques, which tend to disrupt
the skin barrier in promoting transdermal flux, iontophoresis acts on the drug
molecule itself [30]. These molecules are propelled into the deeper layers of the
skin under the influence of an electric current. Depending on the physico-
chemical nature of the drug, mechanisms involving electrorepulsion or
electro-osmosis predominate to drive the molecule into and across skin.
Electrorepulsion facilitates the delivery of charged molecules; when they are
placed under a similarly charged electrode, repulsion between the like charges
of the electrode and the therapeutic molecule tend to drive the molecule
through the skin (Figure 4.3).

Electro-osmosis on the other hand refers to a bulk flow of water from an
anode to a cathode under the influence of an electric current. The movement of
positively charged ions like sodium is especially favored through the negatively
charged skin [31]. As these ions move under the influence of a current, the
water of hydration associated with them is also transported from the anode to
the cathode. This water, in turn, can carry drug solutes of therapeutic interest,
and thus deliver them into the skin. Also, since ions tend to take the path of least
resistance when subjected to an electric current, it was believed that the
appendageal pathway predominates during iontophoresis [5,32]. This hypoth-
esis is supported by confocal laser scanning microscopy studies and vibrating
probe electrode techniques [32]. In addition to the appendageal route, polar
regions in the intercellular pathway may also aid transdermal iontophoretic
transport [32].
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Iontophoresis helps in active transdermal transport of large, hydrophilic
molecules like peptides and proteins which cannot undergo passive permeation.
Iontophoretic delivery can be controlled because the amount of drug that is
delivered using this technique is directly proportional to the quantity of charge
applied [10]. Delivery can be tailored by changing the amount as well as the
type of current. It is hypothesized that continuous direct current may be favored
in acute conditions, while pulsed direct current may be suited for use in treating
chronic skin conditions [32]. In addition to the amount of current, several other
factors also play a role in iontophoretic delivery of peptides. The peptide charge
is important and those with a high charge to mass ratio can be delivered with
high iontophoretic efficiency. The secondary and tertiary structures of (large)
peptides also play an important role in determining the overall charge of the
peptide. The secondary structure determines the environment of the charged
groups in the peptide structure, which may intensify or weaken the overall
charge on the peptide and consequently assist or challenge iontophoresis [29].

In addition, it is important that the peptide remains charged throughout its
transit across the skin. Since the pH of skin ranges from around 4 at the surface
to 7.4 in the dermis region, peptides with isoelectric points below 4 and above
7.4 are ideal candidates for transdermal iontophoresis [30]. The molecular
weight of the peptide, along with its size, shape, structure and volume, also
plays a critical role in determining its mobility through skin. Mobility is
inversely proportional to the size of the peptide which is again determined by its
secondary, tertiary and (where appropriate) quaternary structure [29]. It has
been hypothesized by quantitative 3-dimensional structure-permeability rela-
tionships that the hydrophilicity of the peptide structure assists iontophoresis,
while bulky hydrophobic structures reduce iontophoretic efficiency [10].

A potential problem associated with the transdermal delivery of peptides is
their metabolic breakdown in the skin by cutaneous peptidases. However, the
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increased flux associated with iontophoresis may help avoid this breakdown
[29]. Also, since the drug is being delivered iontophoretically, similarly
charged ions in the formulation and oppositely charged ions in the skin
compete with the drug to carry current [33]. Thus, to ensure efficient delivery it
is essential to minimize these extraneous ions.

Thus, iontophoresis appears to be a promising technology for the delivery of
peptides which are hydrophilic and charged at physiological pHs. Iontophoresis
has enabled the topical/transdermal delivery of several therapeutic small
peptides, such as insulin [34], calcitonin [35,36], cyclosporine [37], arginine
vasopressin [38], nafarelin [39,40], leutenizing hormone releasing hormone
(LHRH) [40] and thyrotropin-releasing hormone [41]. In general, local delivery
of small peptides (w10 kDa) is therapeutically feasible [10,30]. However,
additional enhancement techniques are required for systemic delivery of larger
peptides and proteins [29]. Combining iontophoresis with microneedle-medi-
ated delivery was reported by the authors to be the most effectiveway to achieve
transdermal delivery of a w13 kDa protein, daniplestim (an engineered cyto-
kine), in vivo across hairless rat skin [42]. Although iontophoresis is associated
with a transient redness and erythema of the skin, these mild symptoms are
generally well tolerated and severe effects have not been reported [10].
4.4.5. Sonophoresis

Sonophoresis is the use of ultrasound to drive molecules into and across skin
[43]. Ultrasound is typically used for medical and diagnostic applications, and
low-frequency sonophoresis (20 to 100 KHz) [44] is now gaining importance as
a transdermal permeation enhancement technique. Sonophoresis has been
successful in the topical delivery of small molecules such as lidocaine, to
induce local anesthesia. Since this technique is non-invasive and painless, it is
being investigated for transdermal delivery of macromolecules.

Sonophoresis equipment consists of a piezoelectric crystal and a coupling
medium. Ultrasound is produced when electrical energy is converted into
mechanical energy (oscillations) by a piezoelectric crystal, thereby generating
acoustic waves. The mechanisms behind sonophoretic enhancement are not
very clear, though acoustic cavitation is believed to have a major role. Appli-
cation of ultrasound leads to the formation of microbubbles in the coupling
medium. Collapse of these bubbles at the surface of stratum corneum gives rise
to shock waves which render the skin permeable [45]. Additionally, acoustic
microjets may be produced, which act by impacting or even penetrating the
stratum corneum surface [46]. Other mechanisms such as thermal effects [47]
and radiation pressures [30] have also been proposed to have some effect in
sonophoretic permeation enhancement.

Important parameters to be monitored during sonophoresis are frequency,
intensity, pulse length, application time andmode.Ultrasonic frequencydepends
on the size of the piezoelectric crystal and is inversely proportional to cavitation
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effects. Therefore, transdermal permeation enhancement is higher when sono-
phoresis is used at low frequencies rather than at high frequencies. Intensity is
related to acoustic energy and in most cases sonophoresis is operated at inten-
sities of 0.5 to 2 W/cm2. Sonophoresis can be carried out in a continuous or
discontinuous (pulsed) mode [48]. Sonophoresis can also be started simulta-
neously with drug application or a sonophoretic pretreatment can be carried out,
after which the drug would be applied to the permeabilized skin [44].

The application of sonophoresis at higher acoustic intensitiese in the range
of 2e50 W/cm2 emay lead to a phenomenon called sonomacroporation. It has
been reported that at higher intensities, micron sized pathways were created
through the stratum corneum and a part of the epidermis. These channels
permitted the transdermal delivery of a range of poly-L-lysines having
molecular weight up to 51 kDa [49]. In vitro delivery of peptides and proteins
has been feasible by sonophoresis. Transdermal delivery of insulin (w6 kDa),
interferon g (w17 kDa) and erythropoetin (w48 kDa) has been reported [43].
Heparin and low molecular weight heparin have also been delivered into and
across skin by sonophoresis [50].

The equipment in current use includes the SonoPrep� System and cymbal
array transducers [51]. The SonoPrep System has been approved by the US Food
and Drug Administration (FDA) for topical delivery of lidocaine to induce local
anaesthesia. Wearable ultrasound cymbal transducers are also in development.
Smith et al. have demonstrated the enhanced in vivo delivery of insulin by use of
these cymbal arrays (Figure 4.4) [51]. Low frequency ultrasound applied for
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short durations is generally well tolerated and patient compliant. However, at
higher intensity reactions, such as utricaria or even second degree burns are
possible and patients should be monitored for the same [44].
4.4.6. Other Techniques

Other techniques such as electroporation and laser ablation are being investi-
gated for protein and peptide delivery. Also, a technology called ViaDerm�,
based on radiofrequency ablation is being developed by TransPharma Medical.
This approach consists of a microarray of electrodes to which current is applied
in the radiofrequency range. Microchannels are created in the skin by localized
heating and cell ablation, which enable transdermal delivery [10,20]. Another
technique is the use of jet injectors which use high velocity to propel powders
or liquids into skin. In addition to this, suction blister ablation [10], photo-
mechanical waves, controlled heat assisted drug delivery (CHADD) and
microscissioning are also being explored for transdermal delivery of peptides
and proteins [17].

Electroporation: Electroporation involves exposing the skin to very high
voltages (w10e1000 V) for very short durations of time (1e100 ms). Elec-
troporation was traditionally used for introducing DNA material into cells,
before its use in transdermal applications. It causes transient structural changes
to the upper skin layers, thereby creating aqueous pathways across the skin.
Enhancement in the permeation of molecules into and across skin occurs by
several mechanisms, such as improved diffusion, electrophoretic movement and
electro-osmosis. This technique has been effective in assisting and enhancing
transdermal delivery of peptides and proteins [10,17,52]. Application of elec-
troporation prior to iontophoresis was shown to enhance the flux of luteinizing
hormone releasing hormone (LHRH) across the isolated perfused porcine skin
flap model. LHRH delivery increased with an increase in the number of elec-
troporative pulses [53]. However, patient acceptability might be an issue for this
technique and very few clinical studies have been conducted so far.

Laser Ablation: Laser ablation involves the creation of microchannels in
skin by using a high energy laser beam. Laser irradiation is absorbed by the skin
tissue in the form of vibrational heating. In the irradiated area, this superheating
causes water in the skin to boil, leading to a rapid evaporative local explosion,
which further leads to creation of microchannels. Since tissue and water
vaporization is very rapid, damage to unexposed surrounding skin is avoided.
Optimum wavelengths for laser ablation are 2940 nm and 2790 nm, which are
absorbed by tissue proteins and tissue water, respectively [17]. Currently, the
Er:YAG (erbium: yttrium-aluminium-garnet) laser operating at 2940 nm is
being used for cosmetic treatments. It finds applications in reconstructive
surgery for treating rhytides, scars, photodamage and melasma [10]. Lee et al.
have demonstrated that Er:YAG laser pretreatment was useful in assisting
transdermal delivery of a variety of polypeptides and vaccines [7].
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Issues such as safety and recovery of skin post-treatment still remain to be
studied in detail. Previously, laser ablation was not very cost effective and was
mostly limited to hospital settings. However, the handheld devices now avail-
able have lead to an increase in the scope and application of this technique.
P.L.E.A.S.E. technology by Pantec Biosolutions consists of one such handheld
device using the Er:YAG laser. This device is capable of creating micro-
channels in skin (w150e200 mm in diameter). Similarly, the Epicure Easy-
touch system by Norwood Abbey uses laser energy to induce dermal
anaesthesia in 5 minutes post application of a 4% lidocaine cream [20].

4.5. CONCLUSIONS

The transdermal route offers several advantages, but is currently not feasible for
delivery of hydrophilic macromolecules like peptides and proteins. Several
techniques, such as chemical penetration enhancers, iontophoresis and sono-
phoresis have been developed to bypass the stratum corneum barrier of skin and
assist in transdermal and topical delivery. Iontophoresis in particular holds
promise for the topical delivery of peptides. Protease inhibitors help bypass the
enzymatic barrier faced by proteins and peptides. Microporation would appear
to be a very effective and promising technique in assisting transdermal delivery
of macromolecules and is gaining increasing attention.
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5.1. INTRODUCTION

Protein and peptide delivery via the ocular route is an interesting but delicate
approach for pharmaceutical technology. A good understanding of the phys-
iological parameters of the eye is necessary before designing an ocular product.
For example, low drug contact time and poor ocular bioavailability due to the
drainage of solution/suspensions, tear production (lacrimation) and turnover
and consequent dilution are key problems [1,2]. The main challenge in ocular
87
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delivery is to circumvent the protective barriers of the eye so that the thera-
peutic molecule can penetrate into the bio-milieu quantities sufficient to treat
ophthalmic diseases or to exert its pharmacological action [3].

Although conventional drug delivery systems such as solutions, suspen-
sions, gels, ointments and inserts have been investigated for controlled ocular
delivery, they suffer from problems such as poor drainage of instilled solutions,
tear turnover, poor corneal permeability, nasolacrimal drainage, systemic
absorption and blurred vision [4]. Advanced drug delivery systems have been
developed with the intention of optimizing and controlling delivery of ocular
therapeutics to the target sites, either by increasing its penetration across the
mucosa or by prolonging the contact time of the carrier with the ocular surface,
and have shown promising results [1,5,6].

To date, most of the proteins and peptides that have been delivered to the
eye have been for the treatment of local ocular disorders. Although the ocular
route is not the preferred route for systemic delivery of proteins due to
limitations such as the poor permeability through a membrane of these large,
hydrophilic molecules, metabolism (enzymatic degradation) and low capacity
for transport, some significant efforts have been made in this area. These
include the ocular delivery of insulin, and also the use of various nanocarriers
for controlled and/or targeted delivery [7,8]. The prodrug approach has also
been developed to overcome the poor membrane permeability of peptides.
The present chapter deals with aspects related to proteins and peptide
delivery to or through the ocular route for treatment of local and systemic
disorders.
5.2. THE PHYSIOLOGY OF THE EYE AND CHALLENGES
TO THE DELIVERY OF BIOMACROMOLECULES

The human eye, from the anterior to the posterior segment, consists of vitreous
humor, the ciliary body, lens, cornea, conjunctiva, aqueous humor, iris, choroid,
retina and sclera. The shape of human eye is roughly spherical with a diameter
of nearly 23 mm. It has complicated arrays of delicate mechanisms behind its
visible portions, which work in concert to transmit an image of the seen object
to the brain. The extent and quality of light entering into the eye is regulated
and filtered by the pupil, which dilates and contracts as required.

Functionally, the structural components of the eyeball can be divided into
three layers:

(i) the outermost coat which comprises the clear, transparent cornea and
white, opaque sclera;

(ii) the middle layer which comprises the iris anteriorly, the choroid poster-
iorly, and the intermediate ciliary body;

(iii) the inner layer which possesses the retina, which is an extension of the
central nervous system [9].



FIGURE 5.1 Structure of the eye showing the different routes of ocular drug delivery; (A) topical

administrationwith trans-corneal permeation; (B) topical administration with non-corneal permeation

across the conjunctiva and sclera; (C) drug distribution from the blood through the bloodeaqueous
barrier into the anterior chamber; (D) drug distribution from the blood through the blooderetina

barrier into the posterior chamber; (E) intra-vitreal drug administration route; (F) sub-tenon injection.
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The fluid systems, viz the aqueous humor and vitreous humor, play an
important and decisive role in maintenance of homeostasis of the eye. The
cornea, an optically transparent tissue having a diameter of 11.7 mm and
thickness 0.5e0.7 mm, performs as the principal refractive element of the eye.
Figure 5.1 shows the important components of eye and different routes for
ocular drug delivery.

The most common eye disorders include age-related macular degeneration,
diabetic macular edema, cataract, proliferative vitreoretinopathy, uveitis,
cytomegalovirus and glaucoma [10]. The corneal epithelium is the main barrier
to drug absorption into eye. The stratified corneal epithelium acts as a protec-
tive barrier against invasion of foreign molecules and also as a barrier to ion
transport. The corneal epithelium consists of a basal layer of columnar cells,
two to three layers of wing cells and one or two outermost layers of squamous,
polygonal shaped, superficial cells. In the healthy corneal epithelium, inter-
cellular tight junctions (zonula occludens) completely surround the most
superficial cells, which restrict the passage of peptides and proteins. Absorption
therefore relies on transcellular passage or strategies which can modulate (e.g.
transiently open) the tight junctions. In contrast, the intercellular spaces
between the wing cells and basal cells are wider and permit the paracellular
diffusion of large molecules. The paracellular route would naturally be favored
since this type of transport may occur irrespective of the charge or size of the
peptide (to a certain limit). In general, the negatively charge membrane of the
corneal epithelium offers greater resistance to negatively charged compounds
than it does to positively charged ones.



FIGURE 5.2 Schematic presentation of the different barriers for ocular delivery of proteins and

peptides.
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Ocular enzymes, specifically peptidases, effectively form an “enzymatic
barrier” which effectively limits the ocular absorption of peptides, due to their
metabolism and clearance. Some endopeptidases, such as plasmin and colla-
genase, exopeptidases and aminopeptidases, reside in the ocular fluids and
tissues [11]. In general, the level of endopeptidase is low unless the eye is
inflamed or injured, but the level is of little concern relative to the stability of
topically applied doses of peptides. For example, it was reported that about
90% of leucine enkephalin, and almost 100% of methionine enkephalin
(pentapeptides) were recovered in the rabbit corneal epithelium in hydrolyzed
forms within 5 minutes of instillation [12]. It has therefore been suggested that
aminopeptidase activity must be inhibited in order to increase ocular peptide
absorption.

Three important barriers affect the ocular pharmacokinetics of locally
delivered drug molecules:

(i) loss of drug from the ocular surface;
(ii) the lacrimalefluid barrier; and
(iii) the bloodeocular barrier [13].

Figure 5.2 outlines some of the barriers in ocular delivery of proteins.

5.3. CONSIDERATIONS AND OPPORTUNITIES FOR
PROTEIN/PEPTIDE OCULAR DELIVERY

The topical delivery of therapeutic molecules is considered to be the best option
for treatment of most ocular disorders [4], but in some cases systemic delivery
of molecules has also been demonstrated. Thus, a factor which must be taken
into consideration during ocular absorption of topically applied peptides and
proteins is their loss to the systemic circulation [14]. This can occur as a result
of contact of the instilled solution with the conjunctival and the nasal mucosae,
both of which have been shown to participate in the systemic absorption of
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ocularly applied drugs. Several peptides and proteins, notably cyclosporine,
various growth factors, interferons and interleukins, have already been inves-
tigated as potential therapeutic agents in uveitis, wound healing, herpes simplex
infections [15], and the induction of local immune responses in response to
foreign agents. The possibility that ocularly applied peptides are subsequently
absorbed into the systemic circulation and elicit various side-effects must be
addressed, since this is another complicating factor in ocular peptide delivery
for local eye treatment.
5.3.1. Treatment of Local Eye Disorders

Controlled local delivery of proteins and peptides to ocular sites can be ach-
ieved by suitable manipulation of their physicochemical properties without
affecting their biological activity. Several peptides have been demonstrated as
therapeutic agents in a number of ocular disorders including dry eye disease,
age related macular degeneration or proliferative diabetic retinopathy, etc.
Table 5.1 lists common disorders and the respective therapeutic peptides which
can be delivered through ocular routes. However, adverse physicochemical
properties and enzymatic degradation of these peptides within the ocular
environment, as discussed above, may render them less effective. Sustained
release of peptides, after loading them on a carrier system such as a liposome or
biodegradable nanoparticle may limit some of these problems. A further
problem in peptide delivery to posterior ocular sites is the impermeability of the
eye to even small molecules which restricts the complete transport of thera-
peutic molecules to the desired site. Table 5.2 summarizes the reported liter-
ature related to the ocular delivery of proteins and peptides.
5.3.2. Systemic Absorption of Proteins and Peptides
via the Ocular Route

Putative advantages of the ocular route include: the delivery of precise doses
of peptide or protein; the relative ease and low cost of formulating and
administering eye drops (compared to injection); the relatively rapid rate of
systemic absorption (compared to oral delivery for example); the relative
insensitivity of the eye tissues towards immunological reactions compared to
other tissues such as the lung and gut; the absence of first pass metabolism
through the hepatic circulation as occurs for oral delivery platforms; an
apparently good tolerance without (ocular) side-effects, exemplified by
a report following long-term (three months) daily administration of the peptide
hormone insulin [16].

Systemic delivery of insulin via the ocular route is especially challenging
with regard to the requirement for reproducible delivery. The formulation of
insulin eye drops tends to result in low bioavailability, even for viscous
aqueous solutions, oily solutions and emulsions, because they can be easily



TABLE 5.1 List of disorders/indications where therapeutic peptides could

be delivered through ocular route

Disorder/Indication Therapeutic peptide

Antiallergic, antiinflammatory ACTH

Analgesic b Endorphin, Leu-enkephalin

Antiscarring agent in glaucoma
filtration surgery

Integrin-binding peptide

Attenuate miotic response Somatostatin

Choroidal or retinal
neovascularization

Octreotide, Urokinase derived peptide,
Cyclic integrin-binding peptide

Corneal epithelial wound Insulin-like growth factor derived peptide
Substance P derived peptide

Diabetes mellitus Insulin

Diabetes insipidus Vasopressin

Diagnosis of thyroid cancer TSH

Dry eye disease Cyclosporine A

Hypoglycemic crisis Glucagon

Immunostimulant Met-enkephalin

Induction of uterine contractions Oxytocin

Induction of vitreous detachment in
vitretomy

Integrin-binding peptide

Paget’s disease Calcitonin

Secretion of insulin VIP

Uveal melanoma and retinal blastoma Apoptosis inducing peptide
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drained from the eye by the lachrymal system. Chiou et al. administered
insulin-containing eye drops to rabbits [17]. Although only a small hypo-
glycemic response to the insulin eye drops could be observed when no
surfactant was added to the formulation, a dose-dependent decrease in blood
glucose values was observed when saponin (1%) was added to the eye drop
solution. These results demonstrated that the ocular tissue was not imper-
meable to insulin, and that the amount of insulin taken up by the rabbit eye
was sufficient to cause a significant decrease in blood glucose. Both of these
observations support the hypothesis that human diabetic patients could



TABLE 5.2 Reported literature related to ocular delivery of proteins

and peptides

Protein/

peptide

Delivery

strategies Concluding remarks Ref.

Insulin Penetration
enhancer

The insulin bioavailability was 5.7 to
12.6% with polyoxyethylene-9-lauryl
ether, 4.9 to 7.9% with GC, 3.6 to 7.8%
with Na taurocholate and 8.2 to 8.3%
with Na deoxycholate, as compared
to 0.7 to 1.3% in the absence of
absorption promoters.

[18]

Cyclosporine A Azone
penetration
enhancer

Cyclosporine-treated grafts contained
significantly fewer infiltrating
T-lymphocytes than did the drug/solvent-
treated allografts, indicating that the
topical application of cyclosporine
actively inhibited the entry of T-cells
into the grafts.

[38]

IgG protein Transscleral
delivery

IgG protein delivered to the retina and
choroid in an optimum concentration for
the treatment of chorio-retinal disorders
with negligible systemic absorption.

[43]

Vancomycin
(peptide)

PLGA
microparticles

PLGA microparticles loaded with peptide
drug showed high and prolonged
concentration of vancomycin and
increased level of AUC (2-fold)
as compared to aqueous solutions.

[44]

Ganciclovir
(GCV)

Prodrug Glycine-valine-GCV is the effective and
lead candidate for the treatment of Human
Cytomegalovirus (HCMV).

[45]

Vasoactive
intestinal
peptide (VIP)

Liposome Treatment of ocular inflammation by
modulation of macrophage and T-cell
activation of the immune system.

[46]

VIP Liposomes For the treatment of endotoxin induced
uveitis (EIU), liposomal delivery increased
VIP efficiency and bioavailability.

[47]

Ganciclovir
(GCV)

Prodrug Diester GCV prodrugs demonstrated
excellent chemical stability, high aqueous
solubility andmarkedly enhanced antiviral
potency against the herpes viruses without
any increase in cytotoxicity.

[48]
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someday be treated with insulin-containing eye drops. There are, of course,
other criteria that must be met before clinical application can be realized:

(i) in particular, the assessment of any potential ocular toxicity of insulin eye
drops when administered several times daily;

(ii) demonstration in humans that the ocular route will permit enough insulin
to be absorbed to significantly lower blood glucose levels;

(iii) demonstration in humans that insulin absorption from eye drops will be
sufficiently reproducible and reliable to allow precise calculation of
appropriate dosage size and concentration.

Yamamoto et al. also reported that eye drops can deliver insulin in rabbits
and further suggested that an ocular insert would be another feasible approach
to prolong and thus enhance the ocular delivery of insulin [18]. An ocular insert
for the delivery of insulin using Gelform� as a drug carrier to deliver insulin
with the aid of Brij-78 as an absorption enhancer has also been demonstrated
[19]. The conjunctival cul-de-sac has also been targeted as a potential route for
insulin delivery [20]. Permeation enhancers such as BL-9, Brij-78 and alkyl-
polysaccharides have been found to be safe, and to stimulate the systemic
absorption of insulin. These approaches will be discussed in the following
sections.
5.4. PEPTIDE TRANSPORT SYSTEMS IN THE EYE

Epithelial cells express numerous nutrient transporters and receptors on their
membrane surface which aid in the movement of various vitamins and amino
acids across the cell membrane [21], and the corneal epithelium is no excep-
tion. Peptide transporter systems in the eye have gained attention in recent
years as potentially being useful in targeted ocular drug delivery. These proton
coupled transporters help in the translocation of di- and tripeptides across the
epithelium [22]. The transporters are mainly classified into PepT1, PepT2 and
peptide/histidine transporters (PHT1 and PHT2), and many drug molecules are
known to be substrates for these transporters [23]. The presence of an oligo-
peptide transporter on rabbit cornea has been confirmed. Other peptide-derived
drugs including the b-lactam antibiotics, renin inhibitors and angiotensin
converting enzyme (ACE) inhibitors are known to be substrates for PepT1 and
PepT2. The expression of PHT1 in bovine and human retinal pigment
epithelium cells (BRPE and HRPE cells, respectively), ARPE-19 cells (a
human RPE cell line), and bovine and human neural retina cells has been
demonstrated [24]. However, whereas PepT2 and PHT2 expression was
reported in bovine and human retina, PepT1 was not detected. It was also
concluded that glycylsarcosine uptake studies did not demonstrate any signif-
icant functional activity of PHT1 on plasma membranes of RPE.

The mechanism of model dipeptide (glycylsarcosine) transport across
the bloodeocular barriers following systemic administration has been
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investigated, including carrier mediated uptake of glycylsarcosine across the
bloodeocular barrier, and a dependence on time and concentration was
discovered [25]. Peptide prodrugs such as valine-ACV (where ACV ¼ 6-(L-
alpha-aminoadipy1)-L-cysteinyl-D-valine) and valine-valine-ACV exhibited
higher concentrations of ACV in the aqueous humor following systemic
administration, as compared to the parent drug [26]. This confirmed that peptide
prodrugs can be taken up from the systemic circulation into the eye via carrier
mediated transport mechanisms. It can be concluded that drugs with poor ocular
bioavailability can be suitably modified by rational design so that they can be
recognized and taken up by peptide transporters for enhanced ocular
bioavailability.

5.5. STRATEGIES FOR THE OCULAR DELIVERY OF PROTEINS
AND PEPTIDES

5.5.1. Prodrug Approach

In contrast to the uptake of peptide prodrugs from the systemic circulation into
the eye, discussed above, the same strategy (the synthesis of prodrugs) can be
used to change the physicochemical properties of a drug in order to improve its
permeation across the cornea, hence enhancing ocular bioavailability by
a different mechanism (cf. Chapter 4, page 74). The concept of prodrugs was
first introduced to ophthalmology about 30 years ago with the introduction of
dipivefrin, which is a prodrug of epinephrine used to treat glaucoma [27]. Since
then, numerous other prodrugs have been designed to improve the ophthalmic
bioavailability of various drug molecules, prolong their duration of action,
improve their formulation properties or reduce systemic side-effects. It is
expected that drugs developed for ophthalmic use should have good chemical
stability to allow formulation into topical ready-to-use aqueous eye drops,
which is the most practical and commonly used administration route for
treatment of ophthalmic diseases. This is often a challenge for the development
of ophthalmic prodrugs that are intended to be rapidly converted to the active
drug after absorption. Therefore, only those prodrugs that show good chemical
stability combined with a sufficiently high enzymatic lability can be easily
developed without resorting to multi-vial reconstitutable products.

The major goal in designing prodrugs is to overcome various physico-
chemical, biopharmaceutical and/or pharmacokinetic problems that may be
associated with the parent drug molecules, which would otherwise limit their
clinical use. The most common barriers in ophthalmic drug formulation and
delivery that may be overcome by a prodrug are:

(i) a low aqueous solubility, which prevents the development of aqueous
eyedrops;

(ii) a low lipid solubility, which results in low corneal permeation and low
ophthalmic bioavailability;



FIGURE 5.3 Chemical structure of peptides and their chemical modifications that have been used

for the treatment of ocular disorders: (A) Ganciclovir; (B) Val-GCV diester; (C) Gly-Val-GCV

diester; (D) Val-Val-GCV diester; (E) Val-Gly-GCV diester.
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(iii) a short duration of action due to rapid drug elimination from the site of
action, which necessitates frequent administration and often leads to
poor patient compliance;

(iv) systemic side-effects, due to low corneal and high systemic absorption,
which may lead to safety concerns and also poor patient compliance.

Figure 5.3 shows the chemical structures of peptide prodrugs developed for
ocular delivery.

5.5.2. Mucoadhesive Particulate Carriers

The cornea and conjunctiva have a net negative charge and hence mucoadhe-
sive cationic polymers might interact intimately with these extraocular struc-
tures, putatively increasing the concentration and residence time of polymer-
associated drug. Among the mucoadhesive polymers, chitosan has attracted
a great deal of attention because of its unique properties e such as acceptable
biocompatibility, a biodegradable backbone and an ability to enhance the
paracellular transport of drugs e possibly through a transient loosening of the
tight junctions [28,29]. The potential of chitosan nanoparticles as a new vehicle
for the improvement of the delivery of the hydrophobic, cyclic peptide
cyclosporine A (CsA) to the ocular mucosa has been investigated by De
Campos et al. [30]. They concluded that, following topical instillation of CsA-
loaded chitosan nanoparticles to rabbits, it was possible to achieve therapeutic
concentrations in external ocular tissues (i.e. the cornea and conjunctiva) for at
least 48 h, while maintaining negligible or undetectable CsA levels in the inner
ocular structures (i.e. the iris, ciliary body and aqueous humour), blood
and plasma.

5.5.3. Engineered Nanoconstructs

Nanocarriers, which are now widely accepted for controlled and targeted drug
delivery, are emerging as a new platform for the ocular delivery of proteins and
peptides. Nanocarriers also offer selective targeting along with sustained
release of molecules at the desired site. Liposomes, niosomes, biodegradable
nanoparticles, solid-lipid nanoparticles, dendrimers, etc., are some of the
examples [31]. These nanoconstructs provide protection to encapsulated
peptide drugs from enzymatic degradation, and also from loss due to tear
turnover by maintaining a sustained drug release over longer periods of time. In
addition, mucoadhesive polymers, if incorporated with the drug in the nano-
carrier complex, will also allow the nanocarriers to adhere to the corneal
epithelium (cf. the discussion of chitosan in the above section).

The effectiveness of liposomes in aiding the ocular absorption of entrapped
insulin in normal rabbits has been reported [31]. Administration of insulin
entrapped in positively charged liposomes to normal rabbits produced
a substantial reduction in blood glucose concentration 90 to 120 min after the
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administration of the formulation. Pleyer et al. investigated the ability of
liposomes to deliver the immunosuppressive agent cyclosporine A (CsA) to the
cornea, anterior sclera, aqueous and vitreous humor in rabbit eyes [31a]. They
tested liposome-encapsulated CsA (CsA-LIP) or olive oil drops containing an
equivalent concentration of CsA (CsA-DR) against “collagen shields” soaked
for 30 min in the liposome preparation (CsA-LIP-CS), both in vitro and in vivo.
CsA-CS-LIP yielded significantly higher levels of CsA in the aqueous and
vitreous humor and in sclera compared to CsA-DR, evincing the requirement
for the nanocarrier system.

CsA-loaded, solid, lipid nanoparticles (SLNs) for topical ophthalmic
applications have also been investigated [32]. SLNs were prepared by using
a high shear homogenization and ultrasound method, with Compritol 888 ATO
(a wax for hot-melt coating and prolonged-release), Poloxamer 188 (a
PEO�PPO�PEO triblock copolymer) and Tween 80 (polyethylene glycol
sorbitan monooleate). These SLNs were then investigated for cellular uptake
into rabbit corneal epithelial (RCE) cells and evaluated for potential cytotox-
icity. CsA release from the SLNs was found to be enzyme (lipase/co-lipase
complex) dependent. In the subsequent studies, it was observed that the topical
ophthalmic efficacy of CsA was enhanced remarkably via administration of
SLNs with a particle size of 225.9� 5.5 nm and a negative surface charge [33].
An aqueous humor drug level of up to 50.53 ng/ml was achieved without any
serious irritation in the rabbit eye.

Similarly, CsA levels in ocular tissues and fluids after topical administration
of poly-epsilon-caprolactone (PCL)/benzalkonium chloride (BKC) nano-
spheres, and hyaluronic acid (HA) coated PCL/BKC nanospheres into healthy
rabbit corneas has been reported [34]. The CsA loaded PCL/BKC and HA
coated PCL/BKC nanospheres were found to achieve high levels of CsA in the
cornea, 10- to 15-fold higher than could be achieved with CsA that had been
solubilized in castor oil. It can be concluded that the nanosphere formulation
and HA coating both played an important role in delivering high levels of CsA
into the cornea.

A novel formulation of vasoactive intestinal peptide (VIP) based on the
incorporation of VIP-loaded rhodamine-conjugated liposomes (VIP-Rh-Lip)
within an HA gel, for the treatment of endotoxin-induced uveitis (EIU), has
been reported [35]. It was observed that interactions between the HA chains
and liposomes resulted in an increased viscosity and reinforced elasticity of
the gel. Retention of the liposomes by the HA gel was confirmed by in vitro
and in vivo studies. It was further noted that the severity of the inflammatory
response profoundly influenced the stability of the liposomal system, thereby
resulting in the delayed release of VIP, which is desired for the treatment of
uveitis. Hence, it was concluded that the HA-gel-containing VIP-Rh-Lip
served as an efficient strategy for the sustained delivery of VIP in both the
ocular and local lymph node tissues for better immunosupressor activity
of VIP.
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5.5.4. Penetration Enhancers

Penetration enhancers promote the penetration of drugs through the corneal
barrier, and change the integrity of the epithelial cell layer. Frequently used
penetration enhancers in ocular formulations include cyclodextrin, dime-
thylsulphoxide (DMSO), ethylenediaminetetraacetic acid (EDTA), sodium gly-
cocholate and related cholates, Tween 20 (a non-ionic polysorbate surfactant),
Brij 35 (polyoxyethylene lauryl ether), saponins and bile salts [36]. Generally,
penetration enhancers such as EDTA and cholates transiently loosen the tight
junctions between adjacent cells of the corneal epithelium. Thus, penetration
enhancers, when applied topically to the eye, have been successfully applied to
the delivery of protein and peptides through the corneal epithelium [37].

Several studies have reported the improved delivery of peptides
and proteins into the systemic circulation via the ocular route [17,38,39].
Yamamoto et al. studied the effect of several penetration enhancers on the
bioavailability of insulin administered via the ocular route [18]. They
concluded that improved insulin delivery was achieved by enhancers, in the
order of polyoxyethylene-9-lauryl ether > sodium deoxycholate > sodium
glycocholate z sodium taurocholate. Similarly, Newton et al. [38] reported
that when cyclosporine was topically applied in conjunction with the novel
cutaneous penetration enhancer, Azone� (1-dodecylazacycloheptan-2-one) to
allografted rabbit eyes, a clinically significant concentration of cyclosporine
could be measured in the treated corneas, but little or no cyclosporine could be
found in the aqueous humor or blood. Hence, it was proposed that cyclosporine
delivered in conjunction with Azone may result in suppression in the severity
and incidence of graft rejection. However, the use of a penetration enhancer is
always associated with the risk of toxicity, which becomes more prominent in
case of the eye [40]. Therefore, toxicological parameters should be thoroughly
addressed before selection of a penetration enhancer for ophthalmological
products.
5.5.5. Miscellaneous Approaches

Apart from the strategies discussed above, other vehicle or delivery platforms
for ocular delivery of proteins and peptides have been reported in the literature.
For example, the efficacy of the TAT (the trans-activating transcription factor
from the human immunodeficiency virus) protein transduction domain (resi-
dues 48e60) has been investigated as a carrier by which to deliver acidic
fibroblast growth factor (aFGF) to the rat retina [41]. The TAT-conjugated
aFGF-His peptide (TAT-aFGF-His) exhibited efficient penetration to the retina
after topical administration. Immunohistochemical staining with anti-His
antibody revealed that TAT-aFGF-His proteins were readily found in the retina,
mainly in the ganglion cell layer (GCL), after 30 min and remained detectable
for at least 8 h after administration. In contrast, His-positive proteins were



100 Peptide and Protein Delivery
undetectable in the retina after topical administration of aFGF-His, indicating
that aFGF-His cannot penetrate the ocular barrier alone. Hence, it can be
concluded that conjugation of TAT to aFGF-His can markedly improve the
ability of aFGF-His to penetrate the ocular barrier without impairing its bio-
logical function for combating retinal disease. The reader should also cross
reference with Chapter 9, which discusses in detail the use of TAT-peptide-
mediated peptide/protein delivery.

Intravitreal injections can cause several ocular complications, including
vitreous hemorrhage, endophthalmitis, retinal detachment and cataract, and,
clearly, repeated injections can multiply the risk of these complications. Bev-
acizumab (a recombinant antibody) is used for the treatment of several different
ocular diseases, but is delivered by intravitreal injection. In order to improve
and prolong its ocular bioavailability after intravitreal administration, lipo-
somal Bevacizumab, as a novel drug delivery system, has been described and
compared with conventional formulations on the market [42]. The mean
concentration of free Bevacizumab in the vitreous humor of eyes that received
liposomal Bevacizumab was compared with eyes injected with soluble Bev-
acizumab, and shown to be nearly 2-fold (48 versus 28 mg/ml) and 5-fold (16
versus 3.3 mg/ml) higher at days 28 and 42, respectively. In contrast, the mean
concentration of free Bevacizumab in the aqueous humor of both injected eyes
(i.e. for the liposomal and soluble formulations) was almost equivalent at the
same time intervals. Hence, the liposomal formulation provided a beneficial
effect in prolonging the residency of Bevacizumab in the vitreous humor.
5.6. FUTURE PERSPECTIVES

Emerging trends in the development of ocular biotechnology products, espe-
cially for proteins and peptides, include the design of more specific delivery
strategies intended to achieve therapeutic responses with minimal doses and
controlled ocular pharmacokinetics. Prodrug design, the use of penetration
enhancers and novel nanoparticulate delivery systems are some of the
approaches that have been established more recently with several peptide
molecules. However, a successful marketed product based on the above dis-
cussed strategies has yet to emerge, and will require a thorough assessment of
issues regarding the potential toxicology of the delivery system.
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6.1. INTRODUCTION

The last three decades have brought considerable advances in our under-
standing of the mechanisms involved in the development of brain diseases. As
a result, numerous therapeutic proteins and peptides have been identified as
showing great promise for the treatment of brain cancer and neurodegenera-
tive diseases. However, their delivery to their intended site of action from the
blood is hampered by the presence of the bloodebrain barrier (BBB), a vital
105
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element in the regulation of the internal environment of the brain and the
spinal cord. In order to overcome this problem, different approaches have been
developed to enable drug delivery to the site of action following systemic
administration. This chapter combines an overview of the major CNS thera-
peutic peptides, highlighting their general characteristics and potential, with
a description of the peptide transport to the CNS, highlighting the structural
and physiological features of the BBB. It will then review the various strat-
egies that are applicable for enhancing the delivery of protein/peptide delivery
to the CNS.
6.2. PEPTIDES AS DRUGS FOR THE TREATMENT OF CNS
RELATED DISORDERS

A wide variety of peptides and proteins have been identified as promising
therapeutic agents for the treatment of various brain pathologies (for review see
[1,2]). Peptides and proteins are present in the whole nervous system, with
unique distribution patterns. They can exert numerous biological actions in the
brain, such as regulation of the internal environment of the brain and of the
cerebral blood flow, modulation of the permeability of the bloodebrain barrier
(BBB) to nutrients, neurotransmission and neuromodulation, various roles in
the immune system, and hormonal regulation in the endocrine system. They are
also involved in temperature control, food and water intake, cardiovascular,
gastrointestinal and respiratory control, memory and affective states and
potently modulate nerve development and regeneration [1e3].

The multiplicity of biological actions of peptides suggests that these
agents may be used as pharmaceuticals in the treatment of a variety of
disorders of the brain and spinal cord, as indeed is borne out in the
examples below. However, as with any potential neuropharmaceutical,
peptides must be able to undergo transport into brain from the blood. The
drugs currently used for disorders of the central nervous system (CNS) such
as diazepam (anxiety), flurazepam (insomnia), amitryptiline (depression),
codeine (headache) and chlorpromazine (schizophrenia) are most often
lipid-soluble drugs that readily cross the BBB following oral administration,
which is not the case for most peptides and proteins with therapeutic
potential.

6.2.1. CNS Tumors

Malignant tumors of the CNS represent an illness where therapeutic approaches
so far have only been able to achieve a short extension in the lifespan of the
patient. Brain tumors correspond to primary or metastatic tumors arising from
peripheral cancers such as those of the lung, breast or gastrointestinal tract.
Malignant gliomas represent 13e22% of the brain cancers. Despite surgery,
external beam radiation therapy and systemic chemotherapy, these tumors tend
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to recur within centimeters of their original location. Regardless of the treat-
ment, the median survival time is less than 1 year [4].

Operating on the inductive and effective phases of an anti-tumor immune
response and uncovering pivotal functions that may reduce cancer cell growth,
Interleukin-18 (IL-18) appears to be an attractive candidate for the sustained
local adjuvant immunotherapeutic treatment of brain gliomas. IL-18 is
a molecule made up of a single peptide chain of 18.3e18.4 kDa. In addition to
stimulating interferon-g production from macrophages, T-cells and NK cells,
IL-18 stimulates the production of IL-2 and chemokines. Additionally, it is
known to reduce angiogenesis in vivo, thus resulting in hypovascularization of
the treated tumors [5,6].

As tumor angiogenesis appears to be a key factor controlling tumor growth,
various peptide and protein angiogenesis inhibitors have been studied. It has
been demonstrated that interferon-a was able to inhibit angiogenesis, but
showed some neurotoxicity, including symptoms of somnolence and decreased
memory [7]. Other studies have also demonstrated that tumor growth factor
TGF-b2, secreted by human glial tumor cells, may promote tumor growth by
enhancement of angiogenesis and depression of T-cell function [8]. TGF-b2
antagonists may thus prove beneficial in the treatment of human gliomas.
6.2.2. Alzheimer’s Disease

Alzheimer’s disease is a chronic and progressive neurodegenerative disorder
that affects about 10% of individuals over the age of 65. It begins with memory
impairment and eventually progresses to dementia, physical impairment and
death [9]. The symptoms are well correlated with the degeneration of basal
forebrain cholinergic neurons, and consequent cortical and hippocampal
cholinergic denervation. The dementia of Alzheimer’s disease correlates with
the extracellular deposition within the brain of b-amyloid, arising from the
release of an insoluble peptide called b-peptide or A4 peptide [10].

The treatment of Alzheimer’s disease traditionally involves enhancement of
cholinergic transmission through administration of acetycholinesterase inhib-
itors [11]. Other approaches aim to decrease the accumulation of b-amyloid in
order to slow the progression of the disease. Some of these approaches
comprise the development of specific g-secretase. Some peptide-based
b-amyloid aggregation inhibitors have been shown to decrease the deposition
of b-amyloid in vivo, in laboratory settings [12,13].

Nerve growth factor (NGF) appears to be a promising drug for the
prevention or reduction of the neuronal degeneration occurring in Alzheimer’s
disease. In vivo studies have shown that administration of NGF reversed the
deposition of extracellular amyloid aggregates, and removed the cognitive
deficits in mouse models of the disease [14]. Other peptide and protein drugs,
such as the vasoactive intestinal peptide (VIP), the pituitary adenylate cyclase
activating polypeptide (PACAP) and the peptide histidine-isoleucine (PHI) can
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protect cells from death induced by b-amyloid, which render them promising
agents to treat neurodegeneration [15,16].
6.2.3. Parkinson’s Disease

Parkinson’s disease is a multicentric neurodegenerative disease affecting
approximately 1% of the population older than 60 years [17]. Clinical features
of PD include tremor at rest, rigidity, slowness of movement and flexed posture
[18]. The main pathological hallmark of Parkinson’s disease is the degeneration
of dopaminergic neurons in the substantia nigra pars compacta, which causes
consequent reduction of dopamine levels in the striatum [19]. Levodopa
(L-dopa) still continues to be the most potent drug for improving motor
symptoms in this disease [20].

Attempts have been made to regenerate existing dopaminergic neurons. One
particularly promising therapeutic approach in this regard involves the use of
neurotrophic factors, particularly the glial-derived neurotrophic factor
(GDNF), brain-derived neurotrophic factor (BDNF) and insulin-like growth
factor (IGF) [21,22]. GDNF in particular has been shown to protect mesen-
cephalic dopaminergic neurons from 6-hydroxydopamine-induced degenera-
tion, after administration via a pump, or repeated injections at the site of action,
in animal models of the disease.
6.2.4. Stroke

Around 400 000 people per year suffer from a cerebrovascular accident, or
stroke [23]. About 85% of these cases are ischemic strokes, which include
thrombotic, embolic and lacunae etiologies [24]. Thrombotic strokes occur
when an atheromatous plaque occludes flow through the blood vessel. The
atheroma accumulates over time as a result of local platelet aggregation and
lipid deposition. Embolic strokes arise from the release of emboli from the
heart or a proximal artery atheroma. Lacunar strokes occur in deep regions of
the brain such as the thalamus and arise in the vicinity of the penetrating
cerebral blood vessels that lack collaterals.

The treatment of the acute ischemic stroke has as its objective the
enhancement of cerebral blood flow, thrombolysis and cytoprotection. Given
the peptidergic innervation of brain blood vessels, peptide and protein drugs
should be particularly promising in regulating cerebral blood flow in stroke. For
example, VIP agonists or neuropeptide Yantagonists, leading to vasodilatation,
may be effective adjuncts to stroke therapy [25].

Cytoprotection, one of the most important components in the treatment of
strokes, is aimed at decreasing the neuronal damage that follows either the
excitotoxic discharge of glutamic acid neurons or the brain edema associated
with the formation of oxygen-derived free radicals. A major enzymatic
protection against these free radicals (such as the superoxide anion radical or
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the hydroxyl radical) is the enzyme superoxide dismutase, which may represent
an effective treatment for ischemic strokes [26].
6.3. TRANSPORT OF PROTEIN AND PEPTIDE DRUGS
TO THE BRAIN

6.3.1. BloodebrainBarrierandBloodecerebrospinal FluidBarrier

Ideally, drugs used in the treatment of diseases affecting the CNS should reach
their site of action after intravenous administration. However, access to the
brain is particularly difficult for peptide and protein biopharmaceuticals.
Currently, 98% of new drugs discovered for CNS disorder treatment do not
enter the brain following systemic administration [27].

Entry ofmolecules to the brain is regulated by two selective barriers that exist
between the CNS and the blood, known as the bloodebrain barrier (BBB) and
the bloodecerebrospinal fluid (CSF) barrier. The surface area of the humanBBB
is estimated to be 5000 times greater than that of the bloodeCSF barrier;
therefore the BBB is considered to be the primary barrier controlling the uptake
of drugs into the brain [28]. The dual purpose of the BBB is to provide essential
nutrient supply to the brain, but also to ensure a constant internal environment
within the CNS. TheBBB functions as a gate-keeper to the CNS, strictly limiting
transport into the brain through both physical and metabolic barriers [29].

Blood capillaries in the CNS are structurally different from other blood
capillaries. The non-brain capillaries have fenestrations between the endothe-
lial cells, through which solutes can move via passive diffusion (Figure 6.1). In
brain capillaries, the cerebral endothelial cells do not have fenestrations and are
connected by epithelium-like tight junctions which prevent movement via
Tight
junction

Endothelial
cells

Neuronal
innervation

Astrocyte

Blood

Pericyte

FIGURE 6.1 Structure of the bloodebrain barrier. Reprinted from reference [29] with permission

from Elsevier.



110 Peptide and Protein Delivery
paracellular diffusion pathways. There is also minimal pinocytosis across brain
capillary endothelium, which further limits the transport of drugs from the
blood to the brain [29,30].

In addition to the tight junctions, the presence of perivascular elements, such as
pericytes and astrocytes, contributes to the lowpermeability of theBBB. Pericytes
partially surround the endothelium. Due to their phagocytic properties, they play
a major protective role against drug passage when the integrity of the endothelial
cells is compromised [31]. They also regulate endothelial cell proliferation [31].
Due to their contractile properties, they mechanically stabilize the endothelium
while counteracting the pressure exerted by the erythrocytes [31,32].

In the brain, neurons are supported by a network of glial cells called
astrocytes. These cells are characterized by their foot processes closely
surrounding the pericytes and capillaries. The endothelial cells and astrocyte
foot processes are only separated by a distance of 20 nm. The role of the
astrocytes is to regulate endothelial cell differentiation [33] and the ionic
balance of the CSF. Finally, microglia cells surround about 85% of the surface
of the capillaries and have been described as participating in signaling and
transcellular transport processes.

The bloodeCSF barrier is found at the circumventricular organs: the
choroid plexus, the median eminence of the hypothalamus, the organum vas-
culosum of the lamina terminalis, the subcommissural organ, the subfornical
organ at the roof of the third ventricle and the area postrema at the base of the
fourth ventricle. Unlike the BBB, the endothelial cells at the circumventricular
organs (with the exception of the subcommissural organ) are fenestrated and
allow for the rapid distribution of proteins and small molecules into the
immediate interstitial space. The presence of tight junctions linking the choroid
plexus epithelial cells retards the further distribution of circulating substances
into the CSF [27].

In addition to the permeability barriers described above, highly active
enzymes (i.e. carbopeptidases, aminopeptidases, endopeptidases, choles-
terases) present in the brain endothelial cells, pericytes and astrocytes, repre-
sent a further metabolic component of the BBB and bloodeCSF barrier that
also restricts the entry of substances to the brain [27].
6.3.2. Transport Mechanisms at the BBB

Due to their polar nature, peptide and protein drugs have been prevented from
entering the CNS by passive diffusion. However, many peptides and proteins do
cross the BBB mainly due to multiple, inwardly directed, transport systems at
the BBB that selectively allow the passage of specific compounds into the CNS.
These various transport mechanisms are summarized as follows (Figure 6.2):

Diffusion: In the majority of cases, drug absorption into the CNS occurs by
passive diffusion. This is limited to the transcellular route, as the presence of
the endothelial tight junctions prevents passive diffusion between the cells.



FIGURE 6.2 Schematic of the transport pathways across the bloodebrain barrier. Adapted from

reference [34] with permission from Birkhäuser-Verlag, Basel.
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Lipid-soluble drugs move across the lipid-rich plasma membranes of the
endothelial cells [35].

Carrier-mediated transport: Several carrier systems have been shown to be
present in the brain endothelium, allowing for the selective transport of drugs
such as small-molecule peptides, hexoses, monocarboxylic acids and amino
acids. This process may involve the formation of transient narrow pores
induced by binding of the respective substrate to the carrier, allowing only the
passage of the specific molecule [34].

Receptor-mediated transcytosis: Receptor-mediated transcytosis through the
BBB involves three sequential steps: receptor-mediated endocytosis at the luminal
or blood side of the BBB, movement of the ligand-receptor complex through the
endothelial cytoplasm, and receptor-mediated exocytosis of the ligand into the
brain interstitial fluid at thebrain sideof theBBB.Somepeptides andproteins such
as insulin, insulin-like growth factors, angiotensin II, brain natriuretic peptide and
transferrin, can reach the brain via this transport system [36].

Adsorptive transcytosis: Adsorptive-mediated transcytosis is functionally
similar to receptor-mediated transcytosis, except that the initial triggering of
the endocytosis event at the luminal side of the BBB is accomplished through
electrostatic interactions between positively charged peptides and the nega-
tively charged BBB membrane surface, as opposed to interactions with
a specific receptor. Cationic peptides and proteins which penetrate the BBB via
this transport mechanism include protamine, histone, avidine and cationized
albumin [37e39].

Proteins that undergo either receptor-mediated or adsorptive-mediated
transcytosis through the BBB may act as BBB transport vectors in the devel-
opment of chimeric peptides. They are formed by the covalent coupling of
a non-transportable peptide to a BBB transport vector (such as transferrin or
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cationized albumin), which in turn shuttles the non-transportable peptide drug
into the CNS.

Efflux transport systems: Efflux transport systems remove substances from
the brain or the CSF. P-glycoprotein, present in high density in the luminal
membrane of the brain endothelia, is a well-known active efflux transport
system at the BBB. It has been involved in preventing the CNS accumulation of
a number of peptides and proteins [40]. Similarly, the multidrug resistance
protein family (MRP) can also confer multidrug resistance by participating in
BBB efflux transport [40].
6.4. STRATEGIES TO ENHANCE THE DELIVERY
OF PROTEIN/PEPTIDE TO THE CNS

Most of the peptide and protein drugs currently used for the treatment of CNS
disorders havea lowmolecularweight (comprisedbetween150and500Daltons),
and high lipophilicity. In the most positive case scenario, the drug manages to
reach the brain and its target cells, without being cleared by effluxmechanisms or
degraded by enzymes. However, the drug may be unable to reach its target
because of either being metabolized, cleared, or bound to plasma proteins.

In order to improve the likelihood of a positive delivery outcome to the
CNS, peptide drug delivery to the brain may be optimized by following three
general approaches:

l Invasive procedures, which include transient osmotic opening of the BBB.
l Physiologically-based strategies, which exploit the various transport mech-

anisms present at the BBB.
l Pharmacologically-based approaches to increase the passage through the

BBB by optimizing the specific biochemical attributes of a compound.
This may be accomplished either by chemical modification of the peptide
itself, or by the attachment, encapsulation of the peptide in a substance
that increases stability, permeability and bioavailability.
6.4.1. Strategies to Increase the Permeability of the BBB

One strategy to improve peptide and protein drug delivery to the CNS consists of
combining systemic administration of the drug with transient osmotic opening
of the BBB. Osmotic opening of the BBB was one of the earliest techniques to
circumvent it for therapeutic purposes [41]. Transient opening or disruption of
the BBB may be achieved by the intracarotid infusion of a hyperosmotic
solution of mannitol. The hypertonicity causes shrinkage of endothelial cells
and opening of the endothelial tight junctions. This method is transitory and the
barrier closes within 10e20 min following BBB disruption.

Similarly, solvents such as ethanol at high dose or dimethylsulfoxide,
alkylating agents like etoposide, and vasoactive agents such as bradykinin,
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histamine, have all been used to disrupt the BBB. This technique has been used
to increase the uptake of chemotherapeutic agents for the treatment of malig-
nant gliomas. However, this procedure can be highly traumatic and often has
serious side-effects, such as seizures, permanent neurological disorders and
brain edema. This approach is therefore not recommended as an effective
strategy for drug delivery to the CNS [42].
6.4.2. Physiologically-based Strategies

6.4.2.1. Exploitation of Receptor-Mediated and Adsorptive-
Mediated Transport Systems using Chimeric Peptide Technology

This strategy involves coupling the peptide or protein drug to a vector, which
may also be a protein/peptide, and which normally crosses the BBB either by
receptor-mediated transcytosis (transferrin and insulin) or adsorptive endocy-
tosis (cationized albumin). The resulting chimeric peptide/protein is endocy-
tosed at the luminal side of the BBB following the interaction of the transport
vector with its corresponding cell surface receptor. It is carried through the
membrane and then exocytosed into the brain interstitial fluid. The chemical
linker joining the therapeutic agent to the transport vector is cleaved by
enzymes, releasing the peptide or protein drug to bind to its appropriate target
receptor and initiate a pharmacological action in the brain. Conjugation of
peptide and protein drugs to transport vectors can be performed with chemical
linkers, polyethylene glycol linkers or avidin-biotin technology.

Receptor-mediated vectors for brain delivery must be specific. Several
potential receptors at the BBB may serve this purpose. The plasma protein
transferrin is able to bind and undergo endothelial endocytosis in brain capil-
laries and has proven to be a suitable vector for the transport of numerous
peptide and protein drugs across the BBB. The transferrin receptor is constit-
uently expressed at the BBB and is involved in the transport of iron into
the brain, thus making it particularly promising in brain-targeted delivery.
Alternatively, receptor-specific monoclonal antibodies that undergo receptor-
mediated endocytosis at the BBB in vivo, such as the murine monoclonal
antibody to the transferrin receptor OX26, can also be used as transport vectors
in this regard. The chimeric peptide technology has proven to be successful for
numerous peptide and protein drugs including VIP analogs, brain-derived
neurotrophic factor, adrenocorticotropic hormone analog, doxorubicin,
dalargin and cationized albumin [43,44].

6.4.2.2. Exploitation of Carrier-mediated Transport Systems

Numerous nutrient transporters are present at the BBB. The most important
ones are:

l peptide carrier systems for small peptides such as enkephalins, thyrotropin-
releasing hormone, arginine-vasopressin;
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l amino acid carrier systems for glutamate, phenylalanine, leucine and
aspartate;

l nucleoside carrier systems for choline and thiamine;
l hexose carrier systems for glucose and mannose [45,46].

The utilization of these transport systems for nutrients and endogenous
compounds is a potential strategy for facilitating the delivery of peptide and
protein drugs into the CNS. In order to use it, the physicochemical properties of
the peptide drugs have to be modified to mimic those of the carried nutrients.
As a consequence, the stereochemical requirement for transport by these
carriers needs to be known, in order to design peptide and protein drugs as
suitable pseudosubstrates, to ultimately enhance their cerebral uptake. For
example, the peptide transport system-2 was shown to transport arginine and
vasopressin, but not oxytocin [47].

Other nutrient carrier systems could also be useful for delivering peptide and
protein drugs to the brain. For example, the large, neutral, amino acid carrier,
which accepts a wide variety of pseudosubstrates, has been successfully used to
deliver levodopa for the treatment of Parkinson’s disease [48]. Levodopa is
a lipid-insoluble precursor of dopamine, which crucially contains the carboxyl
and a-amino groups needed for transport across the BBB by the large, neutral,
amino acid carrier [49]. Similarly, biphalin, a peptide with potent opioid anal-
gesic properties, has been shown to use the same carrier to reach theCNS [50]. On
the other hand, some carriers are very selective in their stereochemical require-
ments and are therefore unsuitable for use for the brain delivery of pseudosub-
strates. For example, the BBB glucose transporter GLUT1 puts stringent
demands that are difficult to address on the molecules that it will transport.
6.4.3. Pharmacologically-based Strategies

6.4.3.1. Lipidization

The lipophilicity of a drug strongly correlates with its ability to passively cross
the BBB.

Lipophilicity may be increased by blocking hydrogen bond-forming func-
tional groups on the drug structure or covalently binding the drug to lipidic
moieties, such as long chain fatty acids. The presence of hydroxyl groups on
peptides and proteins tends to promote hydrogen bonding with water, leading to
a decrease in the partition coefficient and subsequently a decrease in membrane
permeability [51].

Methylation has been shown to reduce the overall hydrogen bonding
potential of peptides and hence to increase membrane diffusion. For example,
the dimethylation of the N-terminal Tyr of the cyclic peptide [2,6-dimethyl-
Tyr1, D-pen2, D-Pen5]enkephalin (DPDPE) led to an increase in analgesia in an
animal model compared to the unmodified drug [52]. Halogenation of peptides
and proteins can also increase lipophilicity and BBB permeability. For
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example, the halogenation of DPDPE and biphalin has increased BBB
permeability, as well as the intensity of the analgesic effect [53,54] compared to
the effects obtained when using the unmodified drugs.

Acylation or alkylation of the N-terminal amino acid can also increase the
lipophilicity of peptides and proteins. For example, acyl derivatives of [D-ala2,
D-Leu5] enkephalin (DADLE), DPDPE and insulin have shown improved
transfer through membranes while retaining their pharmacological activity
[55e57]. Similarly, glycosylation with various sugar moieties has been shown
to increase the concentration of enkephalinic peptides in the CNS after
systemic administration [58].
6.4.3.2. Use of Prodrugs

Prodrugs are pharmacologically inactive compounds that result from transient
chemical modifications of biologically active species (cf. Chapter 4, page 74;
Chapter 5, pages 95e97). They are either conjugated to a molecule carried by
a known transporter or to a lipophilicity enhancer, which will be cleaved at the
site of action to allow the drug to induce its pharmacological effects. The
chemical modification is usually intended to improve membrane permeability
or solubility.

Ideally, a prodrug should be enzymatically stable in the blood, but rapidly
degraded to the active parent compound once it reaches the target tissue. Esters
are therefore particularly suitable for the design of prodrugs for cerebral delivery,
due to the abundance of endogenous esterases in the CNS. Esterification and
amidation of hydroxyl-, amino- or carboxylic acid-containing peptide and
protein drugs are often used in order to enhance the lipophilicity of the drug,
and thus its entry into the CNS [59,60]. Hydrolysis of the modifying group
would then release the active compound. Recent studies have shown that tertiary
butyl esters were stable in plasma while being suitably cleaved in the CNS [61].

Some inconveniences unfortunately limit the use of prodrugs. The increased
lipophilicity of the prodrug, needed to cross the BBB, may lead to an unde-
sirable increase of uptake in other tissues than the CNS. This poor selectivity,
together with the high risk of forming reactive metabolites, may decrease the
therapeutic index of peptide and protein prodrugs.
6.4.3.3. Use of Colloidal Drug Carriers

Colloidal drug carriers used for the delivery of peptide and protein drugs to
the CNS include liposomes, nanoparticles and emulsions. They have prom-
ising features in common that make them particularly suitable for this
application:

l Possibility of targeted delivery;
l Ease of modification of their chemical properties to achieve a specific and

selective delivery of the cargo to the intended site of action;
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l Masking of the physicochemical properties of the carried peptide and
protein drugs;

l Protection of the cargo against enzymatic degradations.

Only liposomes and nanoparticles have been used for brain drug delivery of
peptides and proteins so far.

6.4.3.3.1. Liposomes

Liposomes are self-assembling vesicular structures based on one or more lipid
bilayers encapsulating an aqueous core (Figure 6.3) (cf. Chapter 2, page 27;
Chapter 4, pages 73e74). The major lipidic components of liposomes are
usually phospholipids, which are amphiphilic moieties with a hydrophilic head
group and two hydrophobic chains. The phospholipid molecules form a closed
bilayer sphere in an attempt to shield their hydrophobic groups from the
aqueous environment. At the same time, they maintain contact with the
aqueous phase via the hydrophilic head group.

On the basis of their size and their number of lipid bilayers, liposomes are
generally classified into multilamellar vesicles (MLVs, diameter > 200 nm),
large unilamellar vesicles (diameter 100e1000 nm) and small unilamellar
vesicles (diameter < 100 nm). Depending on its physicochemical nature, the
drug to be carried can be encapsulated in the aqueous phase (hydrophilic
drugs), be intercalated into the bilayer (lipophilic drugs) or interact with the
surface of the liposome (through electrostatic interactions). Liposomes can
therefore be used as carriers for both hydrophilic and lipophilic drugs.

Niosomes, an alternative formulation to liposomes, are unilamellar or
multilamellar vesicles prepared by the aqueous dispersion of synthetic, non-
ionic amphipathic molecules. They have been developed as more stable
Lipid bilayer
membrane

Aqueous
compartment

Hydrophilic drug

Antibody

Lipophilic drug

FIGURE 6.3 Generalized structure of a liposome.



117Chapter j 6 Strategies to Enhance the Delivery of Protein/Peptide to the CNS
alternatives to phospholipid-based liposomes, with which they share the same
structure.

One of the key advantages of liposomes and niosomes is the possibility that
they could be targeted to the brain by exploiting receptor-mediated transcytosis,
by incorporating a targeting moiety on their surface. Various liposomal
formulations have been used to transport peptide and protein drugs across the
BBB. For example, the intraperitoneal administration of liposomes entrapping
GABA led to a decrease of the epileptic activity in rat models of the disease, in
contrast to that observed with the free drug [62].

Immunoliposomes bearing an OX26 antibody on their surface have been
successfully used to deliver digoxin to the CNS [63]. Glucose-bearing niosomes,
encapsulating VIP, have been shown to deliver VIP to the brain after intravenous
administration [64], thus demonstrating that the glucose transporter GLUT1 is
a useful carrier for efficient drug delivery to the CNS. As a result, liposomes can
now be considered as an established peptide and protein drug delivery system,
with several formulations now under investigation in clinical trials.

6.4.3.3.2. Nanoparticles

Nanoparticles are colloidal, polymeric colloidal spheres ranging in size from 10
to 1000mm. They are made of natural or artificial polymers. The term “nano-
particles” encompasses both nanospheres and nanocapsules; the former being
made of a continuous matrix, whereas the latter have a core-shell structure
(Figure 6.4) [65].

Depending on the method of preparation, the drug can be entrapped within
the polymer matrix (in the case of a nanosphere), encapsulated within the core
of the nanocapsule by its polymeric shell (in the case of a nanocapsule), or
adsorbed or covalently bound to the surface of the nanoparticle. The use of
biodegradable materials would allow a sustained release of the peptide and
protein drugs at the targeted site over a period of days or weeks after injection,
which is particularly suitable for the delivery of drugs to the CNS.

Many formulations of nanoparticles have been described in the literature. For
example, polysorbate 80-coated-(poly)butylcyanoacrylate (PBCA)nanoparticles
have been used to successfully deliver peptide and protein drugs that otherwise
show poor brain diffusion, such as doxorubicin [66,67], loperamide [68], tubo-
curarine [69] and dalargin [70], into the brain of the mouse and rat where they
FIGURE 6.4 Generalized structure of a nanosphere and a nanocapsule.
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induced pharmacologic effects. A nanoparticulate formulation of doxorubicin
enabled a considerable reduction in tumor growth in an experimental rat glio-
blastoma [71]. The intravenous administration of NGF entrapped within poly-
sorbate 80-coated PBCA nanoparticles led to the drug crossing the BBB,
resulting in improved recognition and memory in an amnesia rat model [72].

6.4.3.4. Inhibition of Proteolytic Enzymes and Efflux Transporters

Brain uptake of peptide and protein drugs can be improved by reducing their
clearance rate from the plasma and the brain. Strategies for achieving this
objective would be to either inhibit the proteolytic enzymes or the activity of
efflux transporters.

As an example of proteolytic enzyme inhibition, DOPA-carboxylase
inhibitors have been shown to improve L-DOPA levels to the CNS. In the CNS,
L-DOPA is converted to the active dopamine by DOPA-carboxylase. However,
L-DOPA is also converted to dopamine in the peripheral nervous system, as the
DOPA-carboxylase is present in abundance there. The resulting hyper-
dopaminergia is the cause of numerous adverse side-effects, as well as
a decrease in the CNS delivery of L-DOPA [73]. In order to overcome this
problem, a DOPA-carboxylase inhibitor is co-administered with L-DOPA,
resulting in an increase of the plasma half-life of L-DOPA and in improved
L-DOPA delivery to the brain [74].

Unfortunately, as many enzyme systems are involved in the degradation of
peptides and proteins, a proteolytic enzyme inhibition strategy would not work
well for most peptide and protein drugs. Another more applicable strategy
would be to mask the enzyme cleavage sites in peptide and protein drugs by the
addition of side chains that interfere with enzyme activity. Cyclization, methy-
lation, halogenation and cationization of the peptide and protein drugs have
indeed reduced their proteolysis by enzymes.

Expression of drug efflux transporters at the BBB can potentially limit the
access of peptide and protein drugs to the brain. The development of inhibitors
for the efflux transporters, and the design of peptide and protein drug analogs
which cannot be expelled by them should improve the level of drug within the
brain. For example, the co-administration of the P-gp blocker valspodar and the
drug paclitaxel has resulted in increased brain levels of paclitaxel and conse-
quently decreased tumor volume in mice [75]. The encapsulation of peptide
and protein drugs into colloidal delivery systems would also in principle
overcome the efflux transporters and thus improve the therapeutic effects of
the drug.

6.5. CONCLUSION

This chapter has highlighted the significant advances in brain delivery of
peptide and protein drugs made over the past three decades. While many
limitations still exist regarding the cerebral delivery of peptide and protein
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drugs, several strategies show considerable promise for improvement of brain
uptake. It is therefore hoped that during the next several years, extensive work
in this rapidly expanding field will result in the development of even more
potent treatments for CNS diseases.
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7.1. INTRODUCTION

Polyelectrolyte complex (PEC) formation represents a simple but very inter-
esting principle with significant importance in protein delivery. It is known
that conventional polymer-based nanoparticles that are used for protein
delivery are commonly manufactured via the use of solvent evaporation,
emulsion, dispersion or polymerization of monomers in the inverse phase
microemulsion [1,2]. The process very often requires the use of potentially
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FIGURE 7.1 (A) Spontaneous formation of nano-sized PEC occurs after mixing oppositely

charged polymers and proteins in aqueous/buffer media. (B) addition of an ionic cross-linking agent

to stabilize the PEC. (C) addition of another oppositely charged low molecular weight poly-

electrolyte to form a stable PEC.
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toxic organic solvents, heat, vigorous agitation or chemicals that might
compromise the stability and biocompatibility of the final products [1e3].
However, the fabrication process of nano-size PEC is easy, and today it
represents an attractive alternative to conventional nanoparticulate formula-
tions, which is evident from the recent explosion of literature on the use of PEC
in protein delivery [2,4e8]. Generally there are three methods of PEC fabri-
cation as illustrated in Figure 7.1.

Typically, formation of nano-sized PEC occurs spontaneously after mixing
oppositely charged polymers and proteins in an aqueous media [2,9e10]. This
is the most widely adopted approach in protein delivery [11e18]. However
some researchers include an ionic cross-linking agent such as tripolyphos-
phate, zinc sulphate or calcium chloride to stabilize the PEC [8,19e21], or add
another oppositely charged polyelectrolyte to form a stable PEC [3,5,20]. The
major driving force of PEC formation is the electrostatic (Coulombic) inter-
action between the oppositely charged polyelectrolytes. However other
intermolecular interactions, such as hydrogen bonding, hydrophobic and van
der Waals forces have been reported to play an important role in the formation
of these PECs [10,22,23]. Since PEC formation is purely based on non-
covalent interaction and primarily driven by Coulombic interaction, there are
a number of factors which could affect its formation and stability. The
molecular weight of the polyelectrolytes (PE), the stoichiometric ratios and
concentration of PE and proteins, the ionic strength and pH of the solution and
the temperature will all have an impact on the nature of the complex
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formation, which will subsequently affect the stability and efficacy of the final
formulations [1,9,10].

As mentioned previously, there is a plethora of literature reporting the use
of polyelectrolytes for protein delivery, with chitosan being the most
commonly reported polyelectrolyte in use. Chitosan in its native state has
already been extensively reviewed in the literature [4e6,8] and has been
superseded to an extent by its derivatives, namely the quaternary ammonium
salts and thiomers. There have also been limited reports of amphiphilic
polyelectrolytes being used in this area [17,24e26]. The aim of this chapter is
therefore to look at the use of amphiphilic polyelectrolytes and chemically
modified chitosan for the gastro-intestinal delivery of protein and peptides, and
to discuss how the chemical modifications have impacted on the two important
challenges in oral protein/peptide delivery, i.e. protection against intestinal
enzymatic degradation and promotion of protein/peptide transport across the
gastro-intestinal mucosa.
7.2. CHARACTERIZATION OF POLYELECTROLYTEePROTEIN
COMPLEXES

There are a number of characterization techniques reported for poly-
electrolyteeprotein complexes ranging from Circular Dichroism (CD),
Fourier Transform Infrared Spectroscopy (FT-IR), Differential Scanning
Calorimetry (DSC) and static light scattering, among others. An in-depth
discussion on the characterization and the physical chemical properties of
PECs can be found in the review by Cooper et al. [27]. Here, we focus on
a few of the main techniques.

7.2.1. Turbidimetric Measurement

The association of polycations and polyanions in aqueous media may result in
soluble PEC complexes, precipitation or gelation. It is known that the mixing
ratios of proteins and polyelectrolytes influence both the degree of interactions
and the properties of PECs so produced [1]. Turbidimetric measurement is
a simple and non-invasive technique for determining the optimal mixing ratios
of proteins and polyelectrolytes and the onset of precipitation, since in principle
the formation of colloidal, high molecular weight complexes should result in an
increase of UV light scattering. A number of groups including ourselves have
shown that stable, soluble, polyelectrolyteeprotein complexes are formed at
non-stoichiometric ratios [1,25,28]. Most research shows that at low polymer
concentration, large and unstable aggregates are formed due to the excess of
protein [1,25,26,28]. An increase of polymer concentration beyond the 1:1
stoichiometric ratio results in water-soluble molecular complexes with smaller
particle size. This formation of water soluble PECs is an equilibrium process
and is dependent upon:
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(i) Electrostatic stabilization e excess high molecular weight polyions (in
this case, usually the polyelectrolyte and not the protein) stabilize the
complexes by charge repulsion of the nanocomplexes in water [1];

(ii) Steric stabilization e the presence of hydrophilic side chains (e.g. poly-
ethylene oxide) provides colloidal stability between the nano-complexes
[2,10].

Proteins and peptides are amphoteric macromolecules, and hence the pH of
the aqueous media is important. Above the isoelectric point (pI), the protein
will be negatively charged and vice versa, hence the manipulation of the pH of
the aqueous media will determine the formation of PEC based on electrostatic
interaction. Commonly, PECs are prepared in water [3,18,29e31], or occa-
sionally buffer systems including 3-(N-morpholino)propanesulfonic acid
buffer (MOPS) [32], phosphate buffer [20] or tris(hydroxymethyl)amino-
methane (Tris) buffer [25,26,28,33].
7.2.2. Dynamic Light Scattering Techniques

As is the case for the conventional nanoparticles that are used for protein
delivery, the most commonly used technique to characterize the PEC is
dynamic light scattering [10,32]. This technique measures the hydrodynamic
size of the PEC formation, hence providing invaluable information on the
stability of the complexes. Depending on the type of polyelectrolyte and the
mixing ratios of protein and polyelectrolyte, typically a stable, soluble PEC has
a hydrodynamic size of between 100e400 nm in aqueous/buffer media
[1,18,25,26,28,32,33]. This measurement is generally accompanied by zeta
potential measurement e another important parameter, since the major driving
force of PEC formation is electrostatic interaction. Changes in zeta potential
often indicate the onset of complexation which could either increase [28] or
decrease [25] depending on the nature of the charge on both the polymer and
protein.
7.2.3. Microscopic Techniques

Scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and atomic force microscopy (AFM) are the three most commonly used
microscopic techniques to visualize these complexes. They show that, gener-
ally, most complexes are discrete, spherical nanoparticles with smooth surfaces
[1,19,31]. The absence of agglomeration in the liquid environment shown by
AFM shows these PECs are possibly stabilized by charge repulsion [1,33].
Interestingly, other morphologies such as vesicles [25,32], nanoparticles with
a dense core and nanoparticles with a “fluffy” appearance have also been
reported [25]. Unlike most of the complexes formed between polyelectrolyte
and proteins, these PECs with different morphologies were formed by
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amphiphilic polyelectrolytes. It is thought the presence of hydrophobic moie-
ties on these polyelectrolytes have a significant impact on the morphologies of
the complexes so produced [25,26].

7.3. TYPES OF CHEMICALLY MODIFIED POLYELECTROLYTES
FOR PROTEIN AND PEPTIDE DELIVERY

7.3.1. Amphiphilic Polyelectrolytes

Amphiphilic polyelectrolytes (AP) have both hydrophilic and hydrophobic
components [34]. Like conventional amphiphiles, i.e. small molecular weight
surfactants, they form nano-sized self-assemblies above their critical aggre-
gation concentration (CAC) in aqueous media. Unlike small molecular weight
surfactants e which typically form micelles e these AP can self-assemble
into polymeric micelles, vesicles, disc-like structure or nanoparticles in
aqueous media due to the diverse polymer architecture [35e38]. The
hydrophobic component of the AP forms the core of the particles and is
shielded from the aqueous environment by the hydrophilic component [37].
These polymers have been used widely in the solubilization of hydrophobic
drugs for the past two decades [37,39e41] but only a handful of studies have
reported on the use of these self-assembled polyelectrolytes for protein and
peptide delivery.

As mentioned in the introduction, the principle mechanism of PEC
formation is electrostatic interaction between oppositely charged poly-
electrolytes and proteins. Most peptides and proteins, however, typically
exhibit amphiphilic character due to the presence of multiple hydrophobic and
hydrophilic amino acid residues in their primary sequence. Amphiphilic
polymers therefore may have unique potential in peptide and protein delivery
due to their ability to interact with such peptides or proteins via both electro-
static and hydrophobic association. Our group recently looked at the use of
amphiphilic polyallyalmine (PAA) for insulin and salmon calcitonin (sCT)
delivery [25,26,42,43] while others, such as Thomas Kissel’s group, have used
poly(vinyl alcohol) graft copolymers for insulin delivery [16,17,28,44e48],
and Sakuma and colleagues have reported on polystyrene grafted copolymers
for sCT delivery [11,24,29,49e52].

7.3.1.1. Polyallylamine with Hydrophobic and Hydrophilic
Modification

Our group has synthesized a range of novel amphiphilic polyelectrolytes based
on PAA, with a view to complexing them with insulin in order to aid its oral
delivery [34]. PAAwas modified by the addition of hydrophobic moieties such
as a C16 alkyl chain e cetyl (Ce), a C16 acyl chain e palmitoyl (Pa) or
a cholesteryl (Ch) graft at 2.5 or 5% mole ratios [34]. Further alteration of the
PAA backbone was achieved by quaternization of its primary amines (Q)
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FIGURE 7.2 Structure of poly(allylamine) graft polymers.
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(Figure 7.2). This was done in order to increase the cationic charge of the AP, as
well as to increase its aqueous solubility [34]. These positively charged APs
spontaneously form PECs with negatively charged insulin, resulting in particle
sizes of around 100e200 nm in Tris buffer. We have shown that the presence of
hydrophobic and quaternary ammonium moieties had a marked impact on the
complexation efficiency (%CE), the morphology of the PEC, its ability to
protect insulin against enzymatic degradation, and its interaction with Caco-2
cell monolayers.

The complexation efficiency (%CE) of each AP with insulin was
determined using HPLC [25,26]. It was found that the presence of a Pa
chain resulted in the highest %CE (78e92%), while PAA modified with Ce
and Ch had less than 40% CE at a 2:1 polymer:insulin mass ratio [25,26].
TEM showed that most of the complexes existed as discrete nanoparticles,
whereas QPa-insulin complexes were “fluffy” aggregates [25,26]. The
observed differences can be attributed to the presence or absence of insulin
on the surface of the PEC. The zeta potential of QPa decreased by more
than half in the presence of insulin, indicating the partial neutralization of
its positive charge due to electrostatic interactions on complexation.
Although Pa APs demonstrated the highest %CE, their presence had varying
effects on the enzymatic degradation of insulin in vitro. Pa and QPa were
shown to offer protection against both trypsin and pepsin. However, rather
than protecting insulin against a-chymotrypsin they actually enhanced its
degradation [25].

Interestingly, it was discovered that PAA modified with Ce and Ch
hydrophobic moieties offered protection against both trypsin and
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a-chymotrypsin, but not against pepsin [26]. Trypsin and a-chymotrypsin
attack specific target sites on the insulin molecule [53], while pepsin is a non-
specific proteolytic enzyme that cleaves most of the peptide bonds in the
protein [54]. It is thought that the target sites for a-chymotrypsin were exposed,
due to the unfolding of the insulin molecules upon the formation of a PEC with
Pa AP, whilst the exposure of the target sites on insulin was reduced with Ce
and Ch AP. However, the actual interaction between these APs and insulin, as
well as with a range of enzymes, would need to be further investigated using
either CD, FT-IR or other techniques. It is clear however, that to be effective via
the oral route, either a combination of AP with different hydrophobic moieties
or different grafts on the same backbone may be needed, if the technique is to
offer insulin greater enzymatic protection.

To explore the potential of these APs for oral delivery, we investigated their
interaction with human colorectal carcinoma cells (Caco-2), which are known
to mimic the gut epithelial cells when differentiated [55]. As a whole, the
presence of hydrophobic moieties and quaternary ammonium moieties reduced
the cytotoxicity of parent PAA, although there are differences in the IC50

depending on the type of hydrophobic grafts that are used [34]. A surprising
trend was observed when comparing QCe and QPa AP; it was found that QPa is
three times less cytotoxic than QCe, despite the fact that both have C16

hydrocarbon chains [34]; the only difference in structure between the two APs
was the additional carbonyl group in the Pa grafts. This would indicate very
specific differences in cellular interaction with APs of different polymer
architecture. Indeed, examination of the cellular interaction between rhoda-
mine-labeled AP (as AP-insulin PEC) and Caco-2 cells demonstrated a differ-
ence between AP with QCe or QPa grafts (Figure 7.3). QPa AP appeared to be
taken up by a non-calcium dependent process, which was only partially
diminished by inhibition of active transport with sodium azide (a recognized
active transport inhibitor) [1]. However, QCe AP uptake appeared to be
completely inhibited by sodium azide.
(A) (B)

FIGURE 7.3 Fluorescent microscopy images of Caco-2 cells after incubation with polymer-

insulin PEC for 2 h at 37�C. Cells treated with QPa-insulin (A) or QCe-insulin (B) PEC for 2 h after

pre-treatment with sodium azide for 0.5 h (Mag. �400 (to eyepiece)).



(A) (B)

(C) (D)

FIGURE 7.4 Fluorescent microscopy images of Caco-2 cells after incubation with polymer-

insulin PEC for 2 h at 37�C. Cells treated with QPa-insulin (A) or Pa-insulin (B) PEC for 2 h; cells

pre-treated with calcium-free media for 1 h then exposed to Pa-insulin (C) or QPa-insulin; (D) PEC

in calcium-free media (Mag. �400 (to eyepiece)).
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Quaternary ammonium moieties have an impact on the extent of cellular
uptake. Absence of calcium in the cell culture media prevented any uptake by
non-quaternized Pa AP, but did not affect QPa uptake. In addition, the absence of
quaternized groups resulted in the localization of Pa AP to the cell membrane,
while QPa AP was found in the cytoplasm (Figure 7.4). Our work also showed
that, unlike free insulin, where cellular uptake is dependent on insulin receptor
interaction, the uptake of these polymer-insulin complexes occurred in the
absence of insulin receptors [43]. Importantly the application of trypan blue to
AP treated cells demonstrated minimal cell death, and quenching of extracel-
lular fluorescence indicated that AP uptake was not due to cell damage [1,43].

Transepithelial electrical resistance (TEER) data on QPa indicated that it
was able to reversibly open tight junctions with a 30e40% drop within the first
30 minutes. This reduction was maintained for 2 h and the effect was reversible e
TEER values returned to around 90% of their initial values after removal of
polymer solution (Figure 7.5). This is important in terms of safety, as the
reversible effect indicates the polymer did not permanently destroy the tight
junctions. Transport of insulin through the Caco-2 monolayers followed
the same pattern, with the majority of insulin being transported within the first
30 minutes [55].
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To date, most research has focused on complexation between poly-
electrolytes and peptides of opposite charge. Our aim is to find out whether
a cationic amphiphilic polyelectrolyte (QPa) could be complexed with
a cationic peptide (salmon calcitonin (sCT)), and still retain the physico-
chemical properties that are compatible with maintenance of the sCT bioac-
tivity. There are reports which suggest that polyelectrolyteepeptide
complexation can indeed be achieved when both components have the same
charge, due to the presence of localized patches of opposite charge on the
peptide surface [56], or due to hydrophobic interactions or hydrogen bonding
between polymer and peptide [29].

sCT has a pI of 10.2 and is positively charged at physiological or acidic pH.
Although sCT is positively charged, complexation was still achieved with QPa
in the current study, resulting in complexes with a narrow particle size distri-
bution of hydrodynamic diameter of approximately 200 nm [42]. Overall, QPa
complexation had a positive effect on the physical stability of sCT at both pH 5
and 7.4. The sCT in vitro bioactivities were also evaluated on the formulations
after 7 days, which were kept in the dark at room temperature. Free sCT was
completely degraded by day 7, while the complexes maintained markedly
higher bioactivity (40%) than free sCT at both pH 5.0 and pH 7.4 [42]. This is
an additional advantage to the use of PEC, which could confer better physical
stability to the protein formulation. To investigate the interaction between QPa
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and cationic sCT, we used a fluorescent hydrophobic probe which detects
pockets of hydrophobic domains on either sCT or QPa [57,58]. Both
compounds on their own exhibited a reduction in the maximum emission
wavelength suggesting the presence of hydrophobic domains.

However, further reduction in the maximum emission wavelength was
observed upon complexation. This suggests that the changes in conformation
on formation of the complex exposed additional hydrophobic surfaces for dye
binding. From TEM images, it would appear that the polymer and sCT interact
and alter the conformation of both. QPa normally forms discrete, dense
nanoparticles alone or “fluffy” nanoparticles when complexed with insulin
[25,34]. When complexed with sCT however, there was an unusual alteration in
the conformation, resulting in a bilayered vesicular structure. It is possible that
sCT undergoes unfolding in the presence of QPa, resulting in the exposure of
hydrophobic domains. Assuming that these domains intercalate between the Pa
chains of QPa, such interactions may lead to increased backbone flexibility and
the subsequent production of liposome-like bilayer vesicles [35,36].

Complexes were also shown to protect sCT from trypsin, a-chymotrypsin
and elastase degradation in vitro. This is interesting as it would indicate that
QPa is able to offer protection against a-chymotrypsin, unlike its interaction
with insulin. This may be due to the differences in interaction between QPa and
sCT, and between QPa and insulin, and the differences in a-chymotrypsin
target sites between the two proteins. All complexes showed an ability to
reduce calcium levels in vivo in rats when given intravenously as well as via
intrajejunal instillation. The ability to reduce calcium blood levels was
comparable to that of sCTalone. Our studies suggest that when proteins and AP
of similar charge are complexed, hydrophobic association or hydrogen bonding
would perhaps be the predominant interaction. The beneficial effect of using
amphiphilic polyelectrolytes in comparison to polyelectrolytes might be the
additional hydrophobic association, which could stabilize the PEC when it is in
the gastro-intestinal tract (GIT).

It has been shown that the dissociation of the PEC, which relies solely on
electrostatic interaction, might occur when it is being exposed to acidic pH
values below protein/peptide pI values, and the dilution and counterion effects
of gastric fluid [19]. Although in vitro studies show potential in terms of
facilitating protein transport across intestinal epithelial cells and protection
against enzymatic degradation, the complex physiology and anatomical
barriers of the GIT, and the presence of food and bile salts, still need to be taken
into consideration, and hence future work will look at the ability of these
complexes to deliver proteins orally in vivo.

7.3.1.2. Amine Modified Polyesters

Poly(lactic-co-glycolic acid) (PLGA) has been widely used to prepare micro-
particles for protein/peptide delivery. However, release from these hydrophobic
matrices is normally triphasic with a considerable burst due to large pore sizes
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in their matrix and repulsion due to the differences in their polarity with most
proteins/peptides [59]. Additionally, the acidic microenvironment produced by
their degradation, together with their hydrophobic character can cause protein
denaturation [59]. Therefore, grafting (g) poly(vinyl alcohol) (PVA) polymers
with poly(lactic acid) (PLA) or PLGA has been attempted in order to increase
the overall hydrophilicity of the polymer. It is intended that this should over-
come the inherent problems associated with protein/peptide delivery from
PLA/PLGA matrices [44,45,47,60].

Utilizing the benefit of the above PVA-g-PLA polymer, Simon and
colleagues have further modified the polymer by attaching amine groups,
diethylaminopropylamine (DEAPA) to the PVA backbone. This has enabled the
design of an amphiphilic polyelectrolyte with an overall positive charge and
further increased aqueous solubility (Figure 7.6) [28]. The increase in aqueous
solubility and amphiphilic nature allow them to self-assemble under mild
conditions (as with the PAA graft polymers discussed in section 7.3.1.1)
thereby removing the need to use the complex manufacturing procedures and
organic solvents that can have a detrimental effect on proteins/peptides
[17,28,48].

A library of polymers with varying degrees of DEAPA and PLA attachment
were produced in order to find the optimal AP for complexation with insulin
[28]. It was shown that the degree of hydrophilic modification (DEAPA) affects
the stability of PEC formation (< 500 nm diameter), while the hydrophobic
modification (PLA) did not have an impact. This is because the increase in
charge density caused an increased in Coulombic interactions with insulin at
lower polymer concentrations. The lack of effect of alteration of PLA attach-
ment would suggest that hydrophobic interactions played little part in the
formation of a PEC with insulin. Interestingly, hydrophobic interactions are
important in the level of insulin loading in PECe increasing the degree of PLA
attachment resulted in an increase in loading from 20 to 98%.
FIGURE 7.6 Structure of

amine modified PVA-g-

PLGA. Reprinted from

reference [28] with per-

mission from the American

Chemical Society.
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Similarly, an increase in DEAPA grafting also lead to an increase in insulin
loading due to increased electrostatic interactions. This increase with
increasing hydrophobic character of the AP could have been due to more
interaction with the hydrophobic b-chain of the insulin molecules. It is thought
that insulin unfolds in the presence of AP, and as such the b-chain, which is
normally folded inside the molecule, is exposed and so able to hydrophobically
interact with the AP. The change in insulin loading with changes in DEAPA/
PLA grafting was further clarified by isothermal titration calorimetry. There
was a linear increase in binding coefficient between the AP and insulin with
increases in DEAPA and PLA grafting [28].

This AP was subsequently investigated for oral delivery of insulin [17].
Enzymatic degradation studies against trypsin were carried out, and the APs
were found to limit insulin degradation. Insulin alone was degraded by around
23% within 1 h, while a PEC composed of AP with high degree of PLA grafting
(48 lactide chains/PVA backbone) limited degradation to only 5% (Figure 7.7).
Again, this was probably due to a greater level of hydrophobic interactions
between AP and insulin due to the presence of PLA grafts. In this case the
interactions appear to have shielded trypsin’s target sites in the b-chain of the
insulin molecules. As with amphiphilic PAA, this is an unusual and promising
form of protection from enzymatic degradation, since traditionally enzyme
inhibitors/chelating agents have had to be used in oral peptide delivery systems
FIGURE 7.7 Enzymatic degradation of insulin (1.0 mg/ml) by trypsin. The nanocomplexes of

insulin and P(26)- (- - B- -), P(26)-1LL- (d:d), respective P(26)-2LL e polymer (- - > - -)

exhibited a significant protection against enzymatic attack in comparison to the unprotected insulin

control solution (d-d). P(26)-1LL has 26 amino and 32 lactide groups/PVA molecule; P(26)-2LL
has 26 amino and 48 lactide groups/PVA molecule. Reprinted from reference [17] with permission

from Elsevier.
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in order to minimize protein degradation [13,61]. However further work is
required to determine if these APs would be just as effective against a-
chymotrypsin, pepsin and elastase, since these enzymes have a larger number
of target sites on the insulin molecule compared to trypsin. It is difficult to
predict the performance of these PECs in vivo without knowing how they
interact with all major GIT proteases.

The APs with a high degree of PLA grafting (48 lactide chains/PVA
backbone) were also shown to reduce the TEER of a Caco-2 cell monolayer by
a greater amount than those with lower PLA grafting (32 lactide chains/PVA
backbone) or those without PLA attachment. As previously discussed, it is
thought that tight junction opening ooccurs due to electrostatic interaction
between tight junction proteins and the charged AP. However in this case, the
addition of hydrophobic grafts markedly increased the reduction in TEER,
which suggests that hydrophobic interactions are equally important. It may also
be that charge displacement by PLA grafts to the surface of the PEC [28]
resulted in a greater cationic charge being available for tight junction/protein
interaction. In addition it is possible that hydrophobic interactions between
PLA and cell membranes disrupt tight junctions since it has been shown that
APs with a higher degree of hydrophobic grafting appeared to have greater
cytotoxicity.

Lactate dehydrogenase (LDH) release from Caco-2 cells was monitored
after application of each polymer, and only APs with a high degree of PLA
grafts were shown to promote LDH release compared to the control of buffer
alone (Figure 7.8). The exact mechanism of interaction is unclear, but it may
be that high levels of PLA chains could anchor into the cell membrane
and cause pore formation and damage the cell membrane. However, it seems
that this effect is reversible. Once AP is removed from cells and is replaced
with fresh cell culture media, TEER values returned to 100% of their
normal values within 23.5 h of polymer removal and cell washing
(Figure 7.9).

Insulin transport across and uptake into a Caco-2 monolayer was also
greater for an AP with a high degree of PLA grafting (48 lactide chains/PVA
backbone); around 1% of the total insulin administered to the apical side of
the monolayer reached the basal compartment of the transwell plate after
2.5 h. However, only 0.2% reached the basal chamber in the same time for AP
without hydrophobic grafting. Cell internalization of PECs with a high degree
of PLA grafting accounted for 25% of total administered insulin, whereas
PVA with no PLA grafts only resulted in 1% of total insulin concentration
being internalized. In other words the greater the hydrophobic character of the
AP the greater the ability to facilitate both paracellular transport and cell
internalization. It would be interesting if the authors could conduct in vivo
studies to determine the ability to reduce glucose levels via oral administra-
tion and elucidate the exact mechanism of how these APs promote the oral
absorption of protein.
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FIGURE 7.9 Reversibility of TEER decrease over 26 h. Layers were incubated with nano-

complexes for 150 min followed by removal of PEC, washing three times and further incubation

with culture medium. Applied were a control solution (d6d) and PEC composed of insulin and/

P(26) polymer (- -X- -), /P(26)-1LL polymer (dBd), /P(26)-2LL polymer (a) with 2.125 mg/ml

(dqd), (b) with 6.25 mg/ml (- - -7- - -). P(26)-1LL has 26 amino and 32 lactide groups/PVA

molecule; P(26)-2LL has 26 amino and 48 lactide groups/PVA molecule. Reprinted from reference

[17] with permission from Elsevier.
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7.3.1.3. Polystyrene with Hydrophilic Branches

In section 7.3.1.1 and 7.3.1.2, we discussed the use of APs which consisted of
a hydrophilic backbone modified with hydrophobic moieties. Sakuma and
colleagues have produced a novel series of graft copolymers which are unusual
in that they consist of a hydrophobic backbone (polystyrene) with hydrophilic
grafts [24]. A library of these APs has been produced by altering the hydro-
philic grafts and was used to systemically investigate the effect of different
charges on the ability of these APs to complex with sCT for intestinal delivery
(Figure 7.10).

sCT has been used as a model peptide to determine the ability of these APs to
facilitate oral delivery [29]. PECs produced from each AP were shown to have
a different level of sCT loadinge in the order PMAA (100%)> PNVA (84%)>
PVAm (60%) > PNIPAAm (19%). The degree of loading was thought to be
affected by electrostatic, hydrophobic interaction and hydrogen bonding between
sCTand the AP. PMAA, a polyanion, had the highest loading due to its ability to
form electrostatic bonds as well as hydrophobic interactions and hydrogen bonds
with cationic sCT. Cationic PVAm and non-ionic PNVA and PNIPAAm were
only able to complex with sCT via hydrophobic interactions and hydrogen
bonding, which resulted in a lower loading [29]. Contrary to the popular belief
that PECs are generally formed between polyelectrolytes and proteins of
opposite charges, this work correlates with our work on amphiphilic PAA
demonstrating that complexation can take place for an AP and a protein with
similar charges, or with a non-ionic AP.

Oral administration of these sCT to rats was able to lower blood calcium to
either a greater extent or for a longer period in comparison to an oral solution of
free sCT (except PNVA which had no effect on blood calcium levels). sCT
alone was able to lower calcium levels by around 0.1 mM after 1 h, however
calcium levels returned to pretreatment levels after 2 h. Interestingly the effect
of the type of hydrophilic grafting has an impact on the pharmacokinetic profile
FIGURE 7.10 Structure of

polystyrene based amphi-

philic polymers. (From [11],

reproduced with the permis-

sion of the copyright owner.)

PNIPAAm, poly(N-isopro-

pylacrylamide); PNVA, poly

(N-vinylacetamide); PVAm,

poly(vinylamine); PMAA,

poly(methylacrylic acid).



FIGURE 7.11 Concentration-

time profiles of ionized calcium in

blood after oral administration of

sCT aqueous solution (C),

a mixture of sCT and PMAA

nanoparticles (B) and a mixture

of sCT and PNIPAAm nano-

particles (O) in rats (0.25 mg

sCT/2.5 ml dosing solution/kg

rat). The nanoparticle concentra-

tion in the dosing solution was 10

mg/ml. The PNIPAAm nano-

particle size and molecular weight

of macromonomers were 750 nm

and 3500, respectively. Each value

represents the mean � S.E.

Reprinted from reference [29]

with permission from Elsevier.
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of sCT. Non-ionic PNIPAAm PEC was able to cause a greater reduction in
calcium levels compared to both PVam and PMMA, but the effect only lasted
for 4 h (Figure 7.11). Although this was promising, however, the hypo-
calcaemic effects facilitated by AP PEC were not taken to be pharmacologi-
cally significant.

In order to achieve greater reductions in calcium levels, two approaches
were attempted: either altering the dosing regimen, or the structure of PNI-
PAAm PEC. Splitting the dose of PNIPAAm PEC in half, and then adminis-
tering each half dose 40 minutes apart had the cumulative effect of a 3-fold
increase in hypocalcaemic effect (Figure 7.12) [49]. Alternatively, PVAm were
attached to PNIPAAm to confer a cationic charge to the PEC. This again
increased hypocalcaemia 3-fold depending on the ratio of VAm and NIPAAm
to styrene: the greater the ratio of VAm and NIPAAm to styrene the greater the
reduction in calcium (Figure 7.13) [51]. The introduction of a cationic charge to
PNIPAAm PEC would suggest that, as with other polyelectrolytes discussed
above, the presence of a charged group facilitates paracellular transport.
However no work has been carried out to show whether these APs open tight
junctions. Indeed the authors state that these APs act by increasing sCT
absorption due to their ability to form mucoadhesive bonds with GI mucosa,
and limiting enzymatic degradation in the GIT [11,29,49,50,52].

These PECs can maintain sCT proximity to GI epithelium for prolonged
periods, which increases sCT uptake by the transcellular route [11]. PNIPAAm,
PVAm and PMAA PEC were shown to have slower GI transit times than
PNVA PEC (which exerted no hypocalcaemic effect) with transit rates through
the stomach of 0.62, 0.35 and 0.87 compared to 1.42% of dose/minute,



FIGURE 7.12 Concentration-time profiles of ionized calcium in blood after oral administration of

sCT solution (B) and a mixture of sCT and PNIPAAm nanoparticles (O) in rats (0.25 mg sCT

with 25 mg nanoparticles in 2.5 ml dosing solution/kg of rat body weight). A dose of each dosing

solution was halved and the halves were given orally 40 and 120 min apart, as denoted by the

upward arrows. The PNIPAAm nanoparticle size and the molecular weight of the macromonomers

were 530 nm and 3500, respectively. Water was used as the solvent. Each value represents the mean

� S.E. Reprinted from reference [49] with permission from Elsevier.

FIGURE 7.13 Concentrationetime profiles of ionized calcium in blood after oral administration

of a mixture of sCT and PNIPAAmePVAm nanoparticles (NIPAAm macromonomer: VAm mac-

romonomer:styrene¼1.5:0.5:80) (C), a mixture of sCT and PNIPAAmePVAm nanoparticles

(1.5:0.5:10) (-), a mixture of sCT and PNIPAAmePVAm nanoparticles (1:1:80) (:) and

a mixture of sCT and PNIPAAmePVAm nanoparticles (0.5:1.5:80) (A) in rats (0.25 mg of sCT

with 25 mg of nanoparticles/2.5 ml/kg). Each value represents the mean� S.E. of five experiments.

Reprinted from reference [51] with permission from Elsevier.
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respectively [11]. The mucoadhesive strength of the non-ionic PNIPAAm was
shown to be greater than that of cationic PVAm and anionic PMAA, indicating
that hydrogen bonding and hydrophobic interactions with the mucus layer
played a greater part in mucoadhesion than did electrostatic interactions
(Figure 7.14) [11]. This ability to form stronger mucoadhesive bonds could
explain the greater hypocalcaemic effect found with PNIPAAm PEC, since it
allows those PEC to remain in situ on the GI mucosa for longer. The addition of
PVAm to its structure may have further increased its mucoadhesive capabilities
by conferring a cationic charge [51].

Enzymatic protection was offered by these APs due to their varying abilities
to reduce the activity of endogenous proteases (trypsin and pepsin) [50].
PNIPAAm and PVAm PEC offered complete protection against pepsin
degradation, while PMAA PEC protected sCT against trypsin degradation.
Only PVAm PEC offered protection against both enzymes [50]. Again, unlike
other polyelectrolytes, such as the amine modified polyesters, these AP appear
to display a novel ability to reduce enzyme activity rather than shield proteins/
peptides target sites [17,25,26] and/or chelate metal ions from enzymes [62]. It
is thought that they prevented the enzymes from interfacing with target sites on
sCT by entrapping them [50]. The difference in protection against the two
enzymes was determined by the polymer architecture which is able to entrap
each enzyme, and in the case of trypsin how much sCT was loaded into the
FIGURE 7.14 Amounts of

nanoparticles remaining in

the intestinal lumen. Rats

were anaesthetized with

urethane, and nanoparticles

dispersed in a phosphate

buffered solution of pH 6.8

were injected into the 10-cm

intestinal loop (10 mg of

nanoparticles in 1 ml dosing

solution:kg rat). The radio-

activity of the dosing solu-

tion was adjusted to 0.3e0.5

kBq:ml. At 5 min after

injection, the phosphate

buffered solution was

perfused for 10 min at 1 ml/

min. The radioactivities of

the dissected loop and the

perfusate were measured by

gamma scintigraphy. Each

value represents the mean �
S.E. (n¼ 3). Reprinted from

reference [11] with permis-

sion from Elsevier.
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PEC. PMAA PEC prevented degradation by trypsin as they had 100% sCT
loading, and so were able to reduce trypsin activity from around 200 BAEE IU/
mL to less than 50 BAEE IU/mL (Figure 7.15). However, even though PVAm
FIGURE 7.15 (I) Residual amount of sCT after incubation of sCT alone (B), a mixture of sCT

and PNIPAAm nanoparticles (6), a mixture of sCTand PNVA nanoparticles (,), a mixture of sCT

and PVAm nanoparticles (:) and a mixture of sCT and PMAA nanoparticles (C) with pepsin (a)

and with trypsin (b) in a hydrochloric acid-sodium chloride buffered solution of pH 1.2 and

a phosphate buffered solution of pH 6.8, respectively, at 37�C. The initial concentrations of sCT,

nanoparticles, pepsin and trypsin were 0.1 mg/ml, 10 mg/ml, 1000 IU/ml and 3 BAEE IU/ml,

respectively. Each value represents the mean � S.D. of three experiments. (II) Enzymatic activity

after pepsin (a) and trypsin (b) were incubated in a hydrochloric acid-sodium chloride buffered

solution of pH 1.2 and a phosphate buffered solution of pH 6.8, respectively, in the presence or

absence of nanoparticles at 37�C for 20 min. The initial concentrations of sCT, nanoparticles,

pepsin and trypsin were 0.1 mg/ml, 10 mg/ml, 1000 IU/ml and 300 BAEE IU/ml, respectively. Each

value represents the mean � S.D. of three experiments. Reprinted from reference [50] with

permission from Elsevier.
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PEC reduced trypsin activity to a similar level as with PMAA, the lower level of
sCT loading meant that the unloaded sCT was still exposed to the remaining
active trypsin molecules. This resulted in around 60% of sCT being degraded
after 30 minutes.

The ability to protect against pepsin activity appeared to be independent of
sCT loading, as PNIPAAm offered almost the same level of protection against
pepsin as PVAm even though sCT loading was three times greater in PVAm
PEC [50] (Figure 7.15). The level of protection against pepsin degradation is
surprising given that it is a non-selective protease, whereas trypsin has selected
target sites. It might have been expected that sCT loading would play a bigger
role in determining degradation by pepsin rather than trypsin. The fact that the
opposite was true would indicate that the mechanism of entrapment of the two
enzymes by PEC differed to such an extent that even non-loaded sCT could be
protected from pepsin. The form of interaction with PNIPAAm and PVAm
would appear to have altered the conformation of pepsin such that it was unable
to interact with sCT at all. In the case of trypsin it would appear that any
changes in its conformation in the presence of PVAm had a very limited effect
on its ability to degrade non-loaded sCT.

The inability of PNIPAAm PEC to protect against trypsin degradation may
explain why its effect in lowering blood calcium was more transitory than
PVAm and PMAA PEC. sCT may have been degraded more rapidly in the
intestine when administered with PNIPAAm, and so even though it formed
stronger mucoadhesive bonds, it was unable to facilitate sCT absorption
quickly enough to prevent notable degradation in the intestine. However, the
addition of PVAm grafts to PNIPAAm would appear to have overcome this
problem. The presence of PVAm could increase protection against trypsin and
sCT loading while maintaining mucoadhesive properties [51]. To date,
polystyrene with hydrophilic grafts were the only APs which have been
administered orally in vivo and shown considerable potential for the oral
delivery of proteins/peptides. No further published work is available on these
polymers, but it would be interesting to see if they were as effective in pro-
tecting against enzymatic breakdown and promoting oral absorption when used
in conjunction with other peptides.
7.3.2. Chemically Modified Polycations (Chitosan Derivatives)

Chitosan is a naturally occurring polysaccharide derived from chitin which is
extracted from the shells of crustaceans [61] (cf. Chapter 3, pages 52e54). It
has good biodegradability, biocompatibility and bioadhesive properties,
making it ideal for pharmaceutical applications [21,61,63]. Chitosan has come
to prominence in the field of peptide/protein delivery as it has been shown to
promote the penetration of proteins/peptides across both cultured Caco-2 cell
monolayers [64,65], nasal mucosa in vivo [66e68] and intestinal mucosa (in
pH 5.6 media) [65,69]. It facilitates the paracellular transport of hydrophilic
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macromolecules across cell layers via the opening of tight junctions. This
occurs via electrostatic interactions between its protonated NH2 groups and the
negatively charged groups found in mucus, tight junction proteins and glyco-
proteins on cell surfaces [70e73]. The ability of chitosan to open tight
junctions was the result of the reduction of ZO-1 proteins and a change in
F-actin morphology from filaments to globules in tight junctions [63,73]. These
changes have been shown to be less toxic to cells than the traditional perme-
ation enhancers, i.e. carbomers and surfactants [74].

However, chitosan is a weak base with a pKa of 5.5, and as such is only
soluble under acidic conditions [21,75]. Therefore its use as a permeation
enhancer in protein/peptide delivery is limited to acidic conditions where it
carries a cationic charge and exists in its uncoiled state [72,75,76]. The effect of
charge on cellular interaction was confirmed when the charge on chitosan
solutions was partially reduced by the presence of heparin, which resulted in
a reduced ability to open tight junctions between Caco-2 cells [63].

Acid salt forms of chitosan can be formed by recrystallizing chitosan base
in a variety of acids, e.g. chitosan HCl and chitosan glutamate [63]. Acidic
solutions of these salts have been shown to increase the nasal absorption of
insulin in vivo, whereby blood glucose levels in rats fell by up to 74% of their
initial value within 120 minutes of administration [67]. Gels of chitosan HCl
with the peptide buserelin have also been shown to increase its bioavailability
(to 5.1%) in rats after intraduodenal administration [69]. This salt form of
chitosan was only effective in promoting absorption from the intestine as it was
preformed as a gel in pH 6.7 media.

When Thanou et al. attempted to promote buserelin absorption in rats by
intraduodenal administration of a chitosan HCl dispersion (pH 7.2) there was
negligible uptake of the peptide [77]. The chitosan HCl precipitated at neutral
pH and hence had very limited ability to interact with intestinal epithelial cells,
as these salt forms are insoluble at neutral and basic pHs [63,74,78]. They only
appear to be suited as absorption enhancers when pre-formed as gels. When
present in this gel form they appear to be able to maintain their structure and
therefore their positive charge at intestinal pH e which they cannot do as
simple solutions/dispersions. Derivatives of chitosan have therefore been
produced in order to maximize its potential as a peptide/protein absorption
enhancer, including the production of quaternary ammonium salts and thiolated
forms [7,61,79].

7.3.2.1. Chitosan with Quaternary Ammonium Moieties

A number of different forms of quaternized chitosan have been produced,
including: N-diethylmethyl chitosan (DEMC) [21], triethyl chitosan (TEC)
[21,75,80], dimethylethyl chitosan (DMEC) [75,80] and, the most popular to
date in protein/peptide delivery, N-trimethyl chitosan chloride (TMC)
(Figure 7.16) [19,21,61,63,64,72e75,77e79,81e83]. They all contain
quaternary ammonium moieties which confer a largely pH-independent,



FIGURE 7.16 Structure of chitosan and synthesis of TMC. Reprinted from reference [61] with

permission from Elsevier.
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permanent, positive charge; quaternization of the primary amines at C-2 on
chitosan chains can be achieved by using methyl iodide to methylate the
primary amines [84]. This means that these derivatives are soluble under both
neutral and alkaline conditions, and hence are potentially more suited as
intestinal absorption promoters. These derivatives are able to maintain elec-
trostatic interactions with tight junctions between cells at neutral and alkaline
pH and so, unlike chitosan, may be able to facilitate paracellular transport of
macromolecules in the intestine either as a macromolecular dispersion (“free”
solution) [63,64,75] or as part of a PEC delivery system [19,75].

The ability of quaternized chitosan salts to interact with cell membranes
and junctions is determined to a large extent by the percentage of quaterniza-
tion (%Q) where the higher the %Q, the higher the observed level of transport
of buserelin across a Caco-2 monolayer. This correlates well with the
bioavailability of buserelin when administered intraduodenally [73,74,77].
Thanou et al. found that both transport across a Caco-2 monolayer and absolute
bioavailability of buserelin increased with TMC %Q from 40% to 60%
(Figure 7.17) [77]. This compares with Kotzé et al. who achieved a high total
dose of buserelin passing across a Caco-2 monolayer using TMC with only 12
FIGURE 7.17 (A) Transport of buserelin acetate across Caco-2 cell monolayers, without co-

application of the polymers (control) and with co-application of 1.0% TMC40 and TMC60 (pH ¼
7.2; n¼ 3; mean� S.E.). (B) Buserelin serum levels after intraduodenal administration of buserelin

acetate (500 mg/rat) alone (control) and after co-administration of buserelin with 1.0% TMC40,

1.0% TMC60 or 1.0% chitosan HCl. (pH ¼ 7.2; n ¼ 6; mean � S.E.). Reprinted from reference

[77] with permission from Springer.



FIGURE 7.18 (I) Effect of TMC concentration on TEER of Caco-2 cell monolayers. Each point

represents the mean� S.D. of three experiments. Control (X), TMC 1%(C), TMC 1.5%(:), TMC

2% (A), TMC 2.5% (-). (II) Each point represents the mean � S.D. of three experiments. (A)

Effect of TMC on the cumulative transport of [14C]-mannitol in Caco-2 cell monolayers. (B) Effect

of TMC on the cumulative transport of FD-4 in Caco-2 cell monolayers. (C) Effect of TMC on the

cumulative transport of buserelin in Caco-2 cell monolayers. Control (C), TMC 1.5%(:), TMC

2% (A), TMC 2.5% (-). Reprinted from reference [64] with permission from Springer.
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%Q (Figure 7.18) [64]. This high degree of buserelin transport with a low level
of %Q could be explained by the difference in TMC concentrations used in the
two studies: Thanou et al. used 1% solutions, while Kotzé et al. used 2.5%
solutions of TMC [64,77]. Therefore the concentration of TMC also plays
a role in the extent to which it can facilitate paracellular transport. The higher
the concentration used the greater the charge density present, and so the greater
the chance of forming electrostatic bonds with cellular proteins and facilitating
junction opening [64].

It has been stated that the optimal %Q is around 50% to facilitate the
paracellular transport of hydrophilic molecules [85,86]; the lower the %Q the
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lower the charge density on the TMC molecules and therefore the weaker their
interactions with tight junction and surface proteins [73,85,86]. The use of high
%Q values (above 50 %) could lead to a reduced interaction with the mucus
layer found on epithelial cells, which could inhibit mucoadhesion and also
subsequently reduce the cellular junction protein interaction [85,86]. Synman
et al. found that bioadhesion to a dried mucin solution decreased as %Q
increased from 22% to 48% [87]. It was found that the greater the %Q, the
greater the charge on chitosan molecules and so the greater the interchain
repulsion. This can lead to changes in chain conformation and a decrease in
chain flexibility, which will limit interpenetration of chains into the mucus
layer. The increased steric hindrance of the methyl groups now present on the
amine group also limits the electrostatic interaction between positive charges
on TMC molecules and the negative charges in the mucus. This lack of chain
flexibility and reduced ability to form mucoadhesive bonds at higher %Q values
mean that a balance must be struck between the need for high enough %Q
values to maintain solubility over a wide pH range, and the need to minimize
reductions in chain flexibility, which could impinge upon intimate cellular
contact and interaction.

However, when using TMC, the transport of proteins across a mucosa is still
limited by the molecular weight of the protein. Kotzé et al. found that the
ability of TMC solutions (2.5% (w/v)) to facilitate hydrophilic molecule
transport across a Caco-2 monolayer was limited by the molecular weight of
the transported molecule [64]. The transport of [14C]-mannitol was greater than
that of buserelin. This occurred even though the TMC solution reduced TEER
by around 80% of its initial value, and maintained that reduction for as long as it
was in contact with the cells (more than 120 minutes) (Figure 7.18). The higher
the molecular weight of a hydrophilic molecule, the lower is its ability to pass
across cell layers via the paracellular route, apparently regardless of how low
TEER becomes or for how long the reduction is maintained. Therefore the
ability of polymer solutions to increase peptide/protein transport is limited by
their ability to only facilitate paracellular transport [64,80].

In the above case, TMC and the hydrophilic molecules were administered as
separate solutions to themonolayers.Howeverwhen polymer andpeptide/protein
solutions are pre-mixed prior to administration they form PECs, which may be
able to facilitate both paracellular and transcellular transport [75,80]. When
formulated as PEC they can still interact electrostatically with cell proteins while
also being taken up by non-specific endocytosis/transcytosis as long as they have
a positive charge and are less than 200 nm in size [80]. However there is some
disagreement in the literature over this. Sadeghi et al. found that chitosan and its
derivatives in solution enhanced insulin transport across Caco-2 monolayers to
a greater extent than PEC formulations produced at the same polymer concen-
trations [75]. They found that polymer solutions co-applied to Caco-2 cells with
insulin produced greater falls in TEER and corresponding higher insulin levels
were found in the transwell basal chambers (Figure 7.19).



FIGURE 7.19 (A) Effects of free-soluble polymers on TEER of Caco-2 cell monolayer. After 240 min, the monolayers were rinsed with HBSSeHEPES and

culture medium was applied on the monolayers. Data are expressed as mean� S.D. of 3 experiments the difference (p< 0.05) is considered significant. (B) Effects of

nanoparticles on TEER of Caco-2 cell monolayer. After 240 minutes, the monolayers were rinsed with HBSSeHEPES and culture medium was applied on the

monolayers. Data are expressed as means � S.D. of three experiments the difference (p < 0.05) is considered significant. (C) Cumulative transport of insulin across

Caco-2 cell monolayers using free-soluble polymers in HBSSeHEPES medium. Data are expressed as means� S.D. of three experiments the difference p < 0.05 is

considered significant. (D) Cumulative transport of insulin across Caco-2 cell monolayers using nanoparticles in HBSSeHEPES medium. Data are expressed as

means � S.D. of three experiments the difference p < 0.05 is considered significant. Reprinted from reference [75] with permission from Elsevier.
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These differences can in part be explained by the reduction in polymer zeta
potential upon PEC formation. The formation of the PEC is driven by
Coulombic interactions between the positively charged groups on the polymer
and the negatively charged groups on insulin [75]. Therefore a degree of charge
reduction on the polymer chains will take place on PEC formation (TMC zeta
potential fell from 43 mV to 22 mVon PEC formation). The smaller reduction
in TEER when cells were treated with PEC, compared to polymer only solu-
tions, could account for the fall in insulin transport with PEC. There would be
limited opportunities for paracellular transport with PEC due to the higher
TEER values. Transcellular transport may also have occurred with the PEC, but
this could have been limited due to the fact that some PEC formulations were
greater than 200 nm in size and had polydispersity index values of greater than
0.3. This could have meant that there was a limit to how many particles were of
the required size and charge to facilitate transcellular transport. The PEC could
have also become trapped inside the Caco-2 cells in their Golgi apparatus or
endoplasmic reticulum [88]. This appeared to be confirmed by the amount of
insulin neither in the apical or basal chambers of the transwell plate after 4 h
incubation with the PEC formulations (27% with TMC-insulin PEC)
(Table 7.1).

However, given that PECs can facilitate both transcellular and paracellular
transport, they may be more suited to peptide/protein delivery than co-
administration with polymer solutions. This may be particularly important with
high molecular weight proteins, e.g. human growth hormone (22124 g/mole),
as the transport of even dextran (4400 g/mole) is severely limited by para-
cellular transport alone (< 1% of total dose after 3 h incubation with 2.5%
TMC solution in basal compartment of transwell plate) [64].

The reported differences in insulin transport between Bayat et al. and
Sadeghi et al. may also be due to the conditions used during the transport
experiments [75,80]. While Sadeghi et al. carried out in vitro work using
a Caco-2 cell line, Bayat et al. carried out transport experiments on ex vivo rat
colon mucosa and in vivo in the rat colon. While Caco-2 cells are known to
mimic the gut wall when differentiated, the use of an ex vivo mucosa should
give a better indication of in vivo performance. Indeed Bayat et al. found that
PECs were able to both increase insulin transport across the ex vivomucosa and
reduce rat blood glucose to a greater extent than co-administration of insulin
with polymer solutions (Table 7.2) [80].

It may have been that the sustained intimate contact with the intestinal
mucosa provided by PEC for insulin could have helped to set up a concentration
gradient for insulin across the GITwall. The insulin and polymer should be co-
localized as long as there are electrostatic forces between them. This means that
the insulin was in close proximity to the intestinal wall, and in particular to the
parts of the wall where the quaternized chitosan was exerting its permeability-
enhancing effects. This may not have been the case in the co-administration of
separate polymer and insulin solutions, as the polymer solutions and insulin



TABLE 7.1 Insulin concentration in the apical and basolateral

compartments of transwell plates cultured with Caco-2 cells

(incubation time for each sample before washing and replacing

with fresh media was 240 min, n¼ 3). Reprinted from reference

[75] with permission from Elsevier

Polymer

mg Insulin

apical

part (t0)

mg Insulin

basolateral

part

mg Insulin

apical part

(t ¼ 240 min)

mg Insulin

apical þ
basolateral

%

Insulin

missing

Insulin 2000 30 � 0.3 1960 � 20 1990 � 20.3 0.5

Chitosan 2000 67 � 0.5 1874 � 53 1941 � 53.5 2.9

TMC 2000 150 � 0.7 1690 � 62 1840 � 62.7 8.0

DMEC 2000 108 � 0.4 1788 � 75 1896 � 75.4 5.2

DEMC 2000 90 � 0.3 1657 � 75 1747 � 76.3 12

TEC 2000 98 � 0.4 1758 � 76 1856 � 74.4 7.2

Chitosan (np) 2000 24 � 0.1 1591 � 66 1615 � 66.1 19

TMC (np) 2000 35 � 0.1 1380 � 46 1415 � 46.1 29

DMEC (np) 2000 30 � 0.2 1456 � 55 1476 � 55.2 26

DEMC (np) 2000 29 � 0.1 1490 � 65 1519 � 65.1 24

TEC (np) 2000 29 � 0.2 1440 � 74 1469 � 57.2 27
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solutions were not a single formulation as with PEC. Therefore there was no
guarantee in vivo that the polymer solutions would have increased the intestinal
residence time for insulin, or kept it in close proximity to the epithelial wall.
The polymer solutions may have adhered to parts of the intestinal wall and
increased their permeability. However the majority of the insulin may have
been degraded or washed out of the duodenum without the opportunity to pass
across the membrane as the insulin may not have been co-localized at the areas
the polymer solutions adhered to the wall.

Caco-2 cells are widely accepted as a good model for screening the ability
of polymers to facilitate intestinal absorption [89,90]. However, these cells do
not produce a mucus layer on differentiation [91]. When chitosan solutions
were tested using HT29-H goblet cells, which do produce a mucus layer, and rat
ileum, they had a reduced effect on drug perfusion than when applied to Caco-2
monolayers [91]. It was demonstrated that if the mucus layer of HT29-H cells
was removed prior to addition of the chitosan solutions then drug perfusion
increased. Therefore the presence of a mucus layer limits the ability of chitosan



TABLE 7.2 Mean blood glucose concentration after ascending colon

administration of the nanoparticles and free insulin to diabetic

rats (mg/dL, n ¼ 4). Reprinted from reference [80] with

permission from Elsevier

Test sample 0 min After 30 min After 60 min

Insulin 395.7 � 9.87 388.3 � 25.3 399.2 � 12.5

Insulin þ DMEC 2% 405.8 � 31.2 379.8 � 25.8 365.5 � 18.8

Insulin þ TEC 2% 412.1 � 26.5 396.5 � 30.1 381.6 � 35.2

Insulin þ CS 2% 409.5 � 27.1 401.2 � 21.1 395.6 � 18.4

DMEC-INS nano 401.2 � 26.5 310.7 � 35.5 264.5 � 17.6

TEC-INS nano 405.6 � 32.2 321.2 � 28.1 285.4 � 22.3

CS-INS nano 403.3 � 29.1 365.6 � 44.1 326.3 � 29.4

DMEC-INS
nano þ DMEC 2%

389.3 � 19.3 299.1 � 22.6 232.3 � 18.9

TEC-INS
nano þ TEC 2%

401.7 � 31.1 310.2 � 29.8 249.6 � 33.5

CS-INS nano þ CS 2% 414.5 � 27.9 379.2 � 31.2 311.6 � 21.3
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solutions to interact with tight junction proteins. Chitosan, as a macromolecular
dispersion, cannot diffuse effectively through the mucus layer. It appeared to be
trapped within the mucus layer due to the formation of electrostatic interactions
with mucus. The use of Caco-2 cells does not take into account the effect of
a mucus layer on the ability of a polymer to increase intestinal epithelial wall
permeability. As stated above, Bayat et al. found that PECs were much more
effective in vivo in lowering blood glucose than simple polymer solutions. This
could be because the PECs may have had an easier passage through the mucus
layer, and an increased level of intimate contact with cell surfaces than
macromolecular polymer solutions. Their reduced zeta potentials in compar-
ison to free solutions may limit interaction and entrapment within mucus
layers.

In order to facilitate oral protein/peptide delivery, the formulation used must
not only increase permeation across the GIT, but also protect proteins/peptides
from enzymatic degradation [19,65,72]. Traditional enzyme inhibitors are
polyanions, e.g. carbomers, and they function by chelating Ca2þ ions [92].
These ions are essential to maintain the structure and function of endogenous
enzymes, and their temporary chelation can inhibit local enzyme activity [72].
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Carbomers also facilitate paracellular transport by chelating some ions, which
can lead to irreversible conformational changes in cellmorphology and therefore
permanent damage to the GIT epithelium [77]. However, quaternized chitosan
salts do not inhibit enzyme activity in this way as they are polycations [72].

It has been shown that chitosan and its salts have no direct effect on enzyme
activity [65,72]. It is thought that the protection against enzymatic degradation
of proteins and peptides is due to a combination of electrostatic and steric
hindrance that prevents the enzyme getting access to its target sites, as well as
potential changes in protein/peptide folding which again limit the availability
of enzyme target sites [15,19,80,93]. TMC solutions have been shown to have
a very limited ability to inhibit a-chymotrypsin, one of the proteases found in
the intestine, even up to concentrations of 2.5% (w/v) [72]. However, TMC
PECs have been shown to protect insulin from trypsin degradation in vitro for
up to an hour, with around 60% of initial insulin concentration remaining after
this time [19]. Indeed this was greater than the protection offered by cross-
linked TMC hydrogel nanoparticles, which showed only 40% of the insulin
remaining after 60 minutes incubation with trypsin. This is surprising given that
the hydrogel nanoparticles should have offered a physical barrier to insulin
degradation, while the PECs were a colloidal dispersion. It would appear that
the interactions of the hydrogel nanoparticles with insulin were weaker than
those of the PEC, due to the competitive interaction between insulin and tri-
polyphosphate (the anionic cross-linker) for the cationic charges on TMC [19].

The stability of chitosan PEC in the GIT has not been fully investigated.
Some limited work has been carried out to determine this stability in simulated
gastric and intestinal fluid [19]. This showed that TMC-insulin PECs are
completely unstable in simulated gastric fluid, due to the change in charge on
insulin below its pI and the ionic strength of the media (high counterion effect).
In neutral and alkaline conditions insulin is anionic. However, below its pI
insulin is in a cationic state, which means that the Coulombic interactions
between quaternized chitosan salts and insulin are lost, causing the structure of
the PEC to collapse [19]. However, the same instability was found with the
same PEC added with a cross-linker, tripolyphosphate. Indeed these cross-
linked PECs were less stable in simulated intestinal fluid (SIF) than the original
PEC. PECs were able to maintain their structure at volume ratios of < 1:2
(PEC:SIF), whereas these cross-linked PEC dissociated at volume ratios of 1:1.
This was perhaps due to the weaker interaction between insulin and TMC in the
presence of tripolyphosphate, an anionic molecule.

Therefore, as mentioned in section 7.3.1.1, it would appear that any delivery
system that is solely reliant on electrostatic interactions between its component
parts to maintain its structure may be largely ineffective as an oral protein/
peptide delivery system. APs may be more suitable as they can form hydro-
phobic as well as electrostatic interactions with peptides/proteins which may in
part negate any counterion effects experienced in the GIT. Alternatively,
chemically modified polyelectrolytes may need to be part of a solid delivery
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system, i.e. tablets/capsules, which are resistant to gastric pH values/counterion
effects. This would suggest that the in vivo work carried out using these chi-
tosan derivatives does not give a true picture of their performance as oral
protein/peptide absorption enhancers. The in vivo work carried out using these
systems has to date involved direct administration to the colon/duodenum/
jejunum [63,74,80,81]. This means that the systems were not exposed to acidic
pH values below protein/peptide pI values, and to the diluting and counterion
effects of gastric fluid. There may be still be some dissociation of PEC on
intraintestinal administration due to the ionic strength and volume of intestinal
fluid, but it may be that enough PEC remained stable to facilitate protein/
peptide uptake and hence a positive result was observed in these studies.

Some work has been carried out to investigate the ability of TMC to act as
an absorption enhancer in tablet/granule form [82]. The use of a solid dosage
form is desirable in peptide/protein transport as peptides and proteins are
inherently unstable in aqueous conditions. Van der Merwe et al. produced mini-
tablets and granules containing TMC and the peptide desmopressin, which
could be filled into gelatine capsules [82]. These multiple unit dosage forms
(MUDF) are thought to be more suitable to protein/peptide delivery than single
unit dosage forms (SUDF). In general, MUDF are more effective than SUDF at
prolonging GIT residence time and achieving a more reproducible therapeutic
effect, while minimizing the risk of dose dumping [82,94,95].

It was found that the release of TMCand desmopressin could be controlled by
the use of tetraglycerol pentastearate. The use of this surfactant resulted in
a formulationwhich releasedTMCquickly and thereafter desmopressin in pH7.2
phosphate buffer. This was thought to be important because TMC must be
released quickly in order that it could spread over and adhere to the GIT epithe-
lium, and subsequently open tight junctions before the release of desmopressin.
This is to ensure that themaximum amount of desmopressin could be transported
across the GIT before it became unstable or was degraded in the intestinal fluid.
However, at most, only around 40% of the desmopressin within the formulations
was released within 2 h. Additionally, no release studies were carried out using
SIF or SGF to determine the effect that ionic strength and pH would have on the
release. Also, the gelatine capsules that were usedwere not coated in a gastric-pH
insoluble coating (e.g. Eudragit�), which would probably be required in order to
promote intestine-only release and absorption [96]. These formulations would
probably act in a similar way to the co-administration of peptide and polymer
solutions, and so would not be able to promote transcellular transport.

7.3.2.2. Thiolated Chitosan

Thiolated forms of chitosan, or thiomers, consist of compounds containing thiol
groups conjugated to chitosan via amide (e.g. cysteine HCl [31]) or amidine
(2-iminothiolane [97]) bonds. Formation of amide bonds needs to be carried out
at pH values below 5 and/or in an inert atmosphere to avoid oxidation of the thiol
groups. However, even if carried out under these conditions only a third of the
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thiol groups are free in the recovered product. The remainder have cross-linked
to form disulfides [31]. Therefore amidine bonds are sometimes favored since the
thiol groups are protected against cross-linking during the coupling reaction [98].

Thiolated chitosans are able to chelate metal ions of endogenous enzymese
which native chitosan or its quaternized salts cannot. Their increased ability to
protect against enzymatic degradation is necessary if they are to be effective in
delivering proteins and peptides orally [61,62]. Thiolated forms of chitosan
have been found to form stronger mucoadhesive bonds than unmodified chi-
tosan [97]. They are able to do this at pH values above 5 due to the increased
charge on the thiol groups at elevated pH values; at pH values above 5 the thiol
groups are oxidized from SH to S�. This confers an additional ability to form
disulphide bonds with cysteine-rich regions in the mucal glycoproteins
[61,99e101]. Thiomers can form intra- and intermolecular bonds between thiol
groups at pH values above 5. This means that they can form gels in situ in the
intestine, thereby increasing the residence time in the GIT and releasing the
proteins and peptides in a controlled manner [13,97,102,103].

This increased ability to form mucoadhesive bonds can also enhance
mucosal wall permeability to proteins and peptides; the increased duration of
mucoadhesive attachment and subsequently prolonged interaction with tight
junction proteins can maintain increased mucosal wall permeability [91,98].
The increased contact time with mucosal membranes may also set up a peptide/
protein concentration gradient across mucosal walls, thereby further increasing
the absorption of the peptide/protein [98]. Thiolated chitosans may also be able
to inhibit the ATPase activity of the P-glycoprotein pump in the intestine, which
could limit the efflux of therapeutic proteins and peptides and further increase
their absorption [79].

However, the ability of all mucoadhesive delivery systems is limited by the
turnover of mucus within the body, which occurs every 12e24 h in humans
[13]. This means that there is a limit to the length of time a delivery system can
remain attached to mucosal surfaces, and hence a limit to the length of time
they can effect protein and peptide delivery into the body.

Polymers with thiol groups can also have unfavorable reactions with the
thiol/disulphide bonds within other protein/peptide structures [98], potentially
destabilizing them, which will alter their activity. This can be avoided if the
potential interaction between the thiomer and protein/peptide is minimized by
reducing the charge on the polymer thiol groups. This is accomplished by either
limiting water content of the delivery system, maintaining the pH of the
delivery system below pH 5 or situating the thiol groups of the polymer near
non-ionic or cationic groups [98].

Thiolated chitosan has predominantly been used to produce minitablets for
the oral delivery of either sCT [13,14] or insulin [103]. These formulations have
proved effective in promoting absorption of insulin or sCT across the GIT. In
the case of sCT, delivery to both the stomach and intestine has been shown to
reduce plasma calcium levels to around 90% of their initial levels for up to 12 h
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after administration (Figure 7.20) [14]. This is surprising given that the avail-
able surface area for absorption in the intestines is so much greater than that in
the stomach. Traditionally, the intestines are considered the ideal site for
absorption of therapeutic compounds, due to the presence of villi and microvilli
in their walls which increases the surface area available for absorption.

The difference in release profile of calcitonin from thiolated chitosan
matrices in HCl and a pH 6.8 buffer may explain why the reduction in calcium
levels appeared to be the same whether targeted at the stomach or intestines.
When the tablets were in HCl, around 90% of calcitonin was released within 4 h
[14], in pH 6.8 around 50% was released in 8 h [13]. The slower release at pH
6.8 may be due to the increased inter- and intramolecular bonding between
thiomer molecules, brought about by an increased oxidation of thiol groups,
and forming a more cohesive, gelled matrix. Therefore this may have limited
the ability of calcitonin to pass across the intestinal wall before the detachment
of the tablet due to mucin turnover thus limiting their ability to take advantage
of the larger surface area for absorption.

Guggi et al. suggested that the stomach is in fact a better site for peptide and
protein absorption due to the lack of enzymatic exposure compared to the
FIGURE 7.20 Decrease in plasma calcium level as a biological response for the salmon calcitonin

bioavailability in fasted rats after oral administration of dosage form A (B), of dosage form B (-)

and of dosage form C (X) all containing 50 mg of the peptide drug. Indicated values are the mean

results from five rats � S.D.; 1, different from dosage form C, P < 2 � 10�6; 2, different from

dosage form B, P < 0.0001; 3, different from dosage form C, P < 0.005. Reprinted from reference

[14] with permission from Elsevier.
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intestines (pepsin in the stomach [14]; elastase, trypsin and a-chymotrypsin in
the intestines), and the fact that gastric transit time would not affect onset and
duration of absorption. It is known that thiolated chitosan was able to form
mucoadhesive bonds at low pH in the stomach, as 4 h after administration
thiolated chitosan tablets were still found in rats’ stomachs. This proved that the
effect on plasma calcium levels was due to absorption through the stomach, and
that peptides like calcitonin can be absorbed from the stomach. However, it was
necessary to include pepstatin-A conjugated to chitosan in the minitablets to
reduce calcitonin degradation in the stomach. Additionally, when formulated
for delivery in the intestines (by using a Eudragit� coating) it was necessary to
include inhibitors for elastase, trypsin and a-chymotrypsin conjugated to chi-
tosan in the tablets [13].

Reduced glutathione was also included in the tablets which could further
increase GI wall permeability. Reduced glutathione inhibits protein tyrosine
phosphatase which maintains tight junctions. It is possible to use it in
conjunction with thiomers because they minimize oxidation which causes its
deactivation [98]. However, these formulations do not appear to be as effective
as I/V administration of sCT which achieved a reduction to around 80% of
initial calcium levels for 8 h.

In the case of insulin delivery to the intestines, the use of enzyme inhibitors
and reduced glutathione in combination with thiolated chitosan in minitablet
form resulted in reduced glucose levels for up to 24 h after oral administration
to rats even after feeding them at 12 h. The reduction in glucose levels was
slower and lower than with I/Vor S/c insulin (reduced to 50% within 1 h after
oral administration compared to a reduction to 20% 2 h after I/V or S/c
administration). However, after injection, glucose levels increased to 80% of
initial levels after 4 h and then returned to 100% or greater thereafter.

Thiolated chitosan has also been produced with quaternary ammonium moi-
ties (TMC SH) in order to deliver insulin orally in the form of PECs (Figure 7.21)
[31]. Quaternization was carried out in order for the thiolated chitosan to remain
soluble in media above pH 5. It was found that insulin release and mucoadhesion
could be controlled by changing molecular weight and the degree of quaterniza-
tion. Release rates could be reduced by increasing these factors: TMC SH 30 kDa
15 %Q released 100% of insulin in 1 h, 30 %Q released 100% of insulin in 2 h;
TMCSH500 kDa 30%Q released 80%of insulin in 4 h.Mucoadhesion increased
with molecular weight and %Q as well. TMC SH PECs were shown to have
a much greater mucoadhesion than TMC PECs in vivo: TMC PEC had
amucoadhesive capacity (relative to their initial mass) of around 20%while TMC
SH PEC had a mucoadhesive capacity of between 70 and 80% at equivalent
molecular weight and%Q in rat GITs. Permeation enhancement of insulin in vitro
(Caco-2 cells), ex vivo (rat ileum) and in vivo (rat) was found to be optimal at
200 kDa and 30%Q.At highermolecular weights, steric hindrancewas thought to
limit cellular interactions and therefore reduce the thiolated chitosans’ ability to
increase the permeability of cell layers to insulin.
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The use of PEC was also found to increase the permeation of insulin
between 2.5e3.5 times more than equivalent polymer solutions; as was stated
above this is probably due to the ability of the PEC to facilitate both trans-
cellular and paracellular transport. TMC SH PECs were shown to increase
permeation of insulin across the ileum and Caco-2 cells compared to TMC
PEC. This again was due to the increased interactions between TMC SH and
the mucus, tight junctions and membranes compared to TMC. In vivo, TMC SH
PECs were shown to reduce glucose levels for up to 12 h, while TMC PECs
reduced glucose levels only up to 8 h and to a lesser extent (Figure 7.22). The
authors also demonstrated uptake via Peyer’s patches which suggests that these
PECs could be taken up by the lymphatic system as well as via paracellular and
transcellular routes. The uptake again was greater with TMC SH than TMC due
to the greater mucoadhesive interaction of TMC SH with Peyer’s patches.

It would appear that the combination of thiol groups and quaternary
ammonium moieties on the same molecule may provide the inherent advan-
tages of both functional groups and overcome the limitations of chitosan as
a delivery system. TMC SH has high mucoadhesive interactions with mucus
layers and electrostatic interactions with cell membranes and junctions, as well
as with therapeutic proteins. They have the ability to chelate metal ions, which
can deactivate some peptidases, and they retain a degree of solubility across the
pH values that are found in the GIT. When in PEC form they may be able to
facilitate absorption across the GIT via paracellular and transcellular routes and
via the lymphatic system.
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7.4. CONCLUSION

Chemically modified polyelectrolytes have been shown to form nano-
complexes spontaneously with a range of peptides under mild conditions. Most
studies showed that they have the ability to facilitate both paracellular and
transcellular transport of peptides in vitro by either opening tight junctions via
electrostatic or hydrophobic interactions with cells, or internalization via
endocytosis. The additional mucoadhesive properties of chitosan that has been
modified with quaternary ammonium moieties and/or thiolated groups
increases the permeation of the proteins/peptides across Caco-2 cell mono-
layers in vitro, which have translated to promising oral peptide delivery
systems. However, enzyme inhibitors are still needed to obtain a better phar-
macokinetic profile.

With regard to the protection against enzymatic degradation, most of the
polyelectrolytes have only a limited ability to protect against enzymatic break-
down. They can, however, offer some form of electrostatic or hydrophilic
shielding of some target sites. The exceptions to this are polystyrene based
amphiphilic polymers whichwere able to entrap and reduce the activity of a range
of enzymes, and thiolated chitosan, where the presence of negative charge allows
the chelation of some metal ions which are essential for enzymatic activity.

The amphiphilic polyelectrolytes have the advantage of being able to
interact with a protein/peptide via both hydrophobic and electrostatic associ-
ations, whereas chitosan modified with quaternary ammonium moieties or
thiolated groups can only form electrostatic interactions. The former is bene-
ficial since it allows complexation with proteins of opposite as well as similar
charges. In addition, the hydrophobic association can potentially prevent the
destabilization of PEC in the GI tract environment, where high concentrations
of ions and variations in pH might affect electrostatic interaction between
protein and polyelectrolytes. However, to date there are only limited in vivo
data on the oral administration of amphiphilic polyelectrolyteeprotein
complexes due to their relatively recent application in this area. Although
chemically modified polyelectrolytes have shown considerable potential in the
intestinal delivery of proteins and peptides, a thorough understanding of the
exact mechanism of the interactions is needed to design complexes of superior
functionalities for oral delivery. Further understanding is needed regarding the
specific groups on the protein that associate with the polyelectrolytes,
the number of protein molecules being complexed to one polyelectrolyte, the
presence of interpolymer network and insulin, etc.
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8.1. INTRODUCTION
Drug carrier systems are now as important as the drug itself. Controlled release
provides prolonged delivery of a drug while maintaining its blood concentra-
tion within therapeutic limits. Drug delivery systems can thus influence the
pharmacological activity by modulating its release from the carrier. Other
advantages include increased patient compliance (given a reduction in the
frequency of administration), non-invasive routes of administration, minimized
local and systemic side-effects, and thus a reduced toxicity profile. Nanosized,
controlled, drug delivery systems can deliver the drugs to the site of action in
a predesigned manner thereby minimizing side-effects as well as enhancing the
bioavailability of that drug [1e4].

Increasing the bioavailability of orally administered therapeutic peptides
and proteins is still a challenging and unachieved goal. By virtue of their small
size and a high surface area, nanoparticle-mediated oral peptide delivery is
believed to enhance the bioavailability of these proteinaceous drugs. The
purpose of this chapter is to review the different nanoparticulate matrices, the
stability of nanoparticles and the encapsulated peptides/proteins, the issues
related to the bioavailability, biocompatibility and toxicity of the nanoparticles,
and other related topics such as techniques used to characterize the delivery
systems and clinical applications.
8.2. BIOLOGICAL BARRIERS IN ORAL PEPTIDE/PROTEIN
DELIVERY

The development of a successful oral peptide/protein delivery system has been
actively investigated for past few decades and is still a challenging area of
research. Recent advances in biochemistry and biotechnology have led to the
discovery and mass production of therapeutic peptides and proteins. However,
their bioavailablity via oral delivery is still almost nil because of the many
barriers in the gastro-intestinal (GI) tract, such as proteolytic degradation and
the inability of these macromolecules to penetrate the intestinal cell wall [5,6].
8.2.1. Gastro-intestinal Barriers

The major proteolytic enzyme in the stomach is pepsin and those in the small
intestine include trypsin, chymotrypsin, carboxypeptidase and elastase. In the
gastro-intestinal tract, enzymatic degradation can occur at the lumen, brush
border, mucosal mesh, etc. Metabolism of proteinaceous drugs inevitably
reduces their bioavailability. The small intestine is generally the major site for
absorption of drugs, but enzymatic activity of proteases is also higher in this
region than any other part of the GI tract. The efficiency and mechanism of
drug absorption changes between the different segments of the small intestine.
Towards the distal sections, the villi become smaller and fewer, thereby



TABLE 8.1 Summary of the gastro-intestinal barriers to peptide/protein

absorption

Stomach

Intestine

Enzymatic

(enzymes) Absorption

Acidic environment
Nonspecific proteolytic
enzymes like pepsin

Trypsin
Chymotrypsin
Elastase
Pepsin
Carboxypeptidase A
Carboxypeptidase B
Aminopeptidase

A limiting step is the very poor
absorption of macromolecules
either through the enterocytes or
tight junctions
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reducing the surface area of absorption. For instance, it is reported that in the
upper jejunum the mucosal area per cm of serosal length is 98 cm2, whereas it
is only 20 cm2 at the ileal side [7]. A summary of these GI barriers is given in
Table 8.1.

8.2.2. Mucosal Barriers

Mucus plays an important role in determining the absorption and bioavail-
ability of orally administered drugs, the major component of which is the
secreted glycoprotein mucin. In contrast to proteases, the mucin lining
presents a physical barrier rather than a chemical one. It is reported that the
mucin layer is thickest in the stomach and colon, whereas in the small
intestine the thickness varies depending on the extent of digestive activity
[8]. The digestive enzyme activity of trypsin and chymotrypsin of the
duodenum decreases to almost one-half in the jejunum and to one-third in
the ileum [8].

Aoki et al. investigated the contribution of the mucous/glycocalyx layers in
rat small intestine as a diffusional or enzymatic barrier to the absorption of
insulin by in vitro studies [9]. Mucosal layers were removed from duodenum,
jejunum and ileum using hyaluronidase, without affecting the integrity of the
epithelium or cell membrane. The transport of insulin across the hyaluronidase-
treated and untreated intestinal segments from these regions was investigated.
The authors reported that the apparent permeability coefficient (Papp) of insulin
for the hyaluronidase-treated segment was significantly higher than that of the
control group (treated with phosphate buffered saline, PBS) in all small
intestinal regions. The Papp of insulin in both groups increased in the order
duodenum < jejunum < ileum. Their studies also suggested the possibility of
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mucous/glycocalyx layers acting as an enzymatic but not a diffusional barrier,
irrespective of the intestinal region. Similar observations were reported by
Morishita et al. using an in situ absorption study with different intestinal
segment loops [10]. They reported an increase in insulin absorption from ileum,
the distal part of the small intestine.
8.3. APPROACHES FOR ORAL PEPTIDE/PROTEIN DELIVERY

Many approaches aimed at enhancing the absorption of orally administered
peptides and proteins have been examined, namely: enzyme inhibitors,
absorption enhancers and chemical modification of the peptide/protein
[11e14]. Over the past few decades, microparticles and (more recently)
nanoparticles have been employed to overcome the intestinal barriers and
improve the bioavailability of orally administered peptides and proteins.
8.3.1. Enzyme Inhibitors

Conventional enzyme inhibitors have been investigated as a means for pre-
venting the proteolytic degradation of the co-administered peptide/protein
drug, thereby enhancing their bioavailability. In the case of co-administration,
the inhibitors are not restricted to a particular intestinal site, thus, the disad-
vantage associated with the co-administration of enzyme inhibitors in long-
term therapy is their deleterious side-effects. This mainly involves the poor
digestion of food proteins, leading to pancreatic hypertrophy and hyperplasia.
In part, this is because the digestive activity and capacity of the small intestine
is very high, and large quantities of protease inhibitors will be required to have
the desired protective effect. When the intestinal enzyme activity is inhibited
and digestion reduced, one consequence is hypersecretion of enzymes from the
pancreas, since the release of digestive enzymes is based on a feedback
mechanism [15]. As a result, current research is focused on polymer-based
localized enzyme inhibition, which will be discussed in detail in the following
section.
8.3.2. Absorption Enhancers

Intestinal drug absorption can be improved by altering paracellular and trans-
cellular transport pathways using permeation enhancers (Figure 8.1) [16e19].
Permeation enhancers have different mechanisms of action, including the
induction of a loss of integrity of the cellecell tight junctions, changes in
mucus viscosity, modulation of membrane structure and fluidity e associated
with changes in the permeation of proteins through the cell membrane or
through receptor mediated endocytosis.

Most commonly investigated permeation enhancers include bile acids,
fatty acids and dicarboxylic acids. In addition, the peptide/protein may be



FIGURE 8.1 Schematic summary of the transport pathways across intestinal cell epithelium.
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conjugated with ligands such as vitamin B12, transferrin and lectin(s) in order
to bind to specific cell epithelial receptors and harness carrier mediated
transcytosis. The major permeation enhancers used for oral drug delivery are
summarized in Table 8.2.

The main barrier to the paracellular diffusion of macromolecules like
proteins and peptides across the epithelial cell layer is the tight junction
complex. Tight junctions are composed of transmembrane proteins, namely:
occludin, claudins and junctional adhesion molecules (JAM) which intercalate
with corresponding proteins from adjacent cells to form the intercellular
barrier. These proteins associate with peripheral membrane proteins including
the membrane proteins zonula occludens (ZO-1 to 3), which join the trans-
membrane proteins to the actin cytoskeleton. ZO-1 and occludin are associated
with a stimulus-induced tight junction disassembly and concomitant increase in
paracellular permeability. It is reported that even though the degree of
permeability at the tight junctions varies significantly within different epithelia,
the tight junctions are generally impermeable to molecules with radii larger
than 11e15 �A [20]. This would include most polypeptides and certainly
proteins.

However, various groups have attempted to study the effect and mechanism
of chemical permeation enhancers and their correlation with induced toxicity.
Most of these studies have highlighted the toxic effects of these enhancers
[21e23]. Hence, in long-term therapy, for example in case of diabetes, daily
administration of permeation enhancers could cause serious side-effects. Other
than toxicity issues, another major problem associated with tight junction
loosening (even transiently) is that while transport is enhanced for peptide and
protein drugs, this is also true for the pathogenic viruses, toxic peptides, etc.,
that are naturally present in the GI tract [21]. The tight junctions and their
possible modulation for peptide and protein delivery are discussed in further
detail in Chapter 9.



TABLE 8.2 The major classes of intestinal permeation enhancers

Class of permeation enhancer Chemical name

Surfactants Anionic Sodium lauryl sulfate
Sodium decyl sulfate
Sodium octyl sulfate

Cationic Cetyltrimethyl ammonium bromide
Decyltrimethyl ammonium bromide
Benzyldimethyl dodecyl ammonium chloride
Myristyltrimethyl ammonium chloride

Zwitterionic Cocamidopropyl betaine
Decyldimethyl ammonio propane sulfonate
Myristyldimethyl ammonio propane sulfonate
Palmityldimethyl ammonio propane sulfonate

Nonionic Triton-X-100

Fatty acids oleic acid
caprylic acid
capric acid
lauric acid
hexanoic acid

Fatty acid derivatives Acylcarnitines
Acylcholines
Isopropyl myristate
Isopropyl palmitate
Methyl palmitate
Diethyl sebaccate
Lauryl amine

Bile salts sodium deoxycholate
sodium glycocholate
sodium taurocholate
sodium taurodihydrofusidate
sodium glycodihydrofusidate

Nitrogen containing rings Caprolactam
Methyl pyrrolidone
Octyl pyrrolidone
Methyl piperazine
Phenyl piperazine

Chelators EDTA
Citric acid
Salicylates
Dicarboxylates
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8.3.3. Chemical Modification of Peptides and Proteins

Peptides and proteins, via the application of advanced techniques in recombinant
technologies and biochemistry, can be conjugated with other polymericmoieties
such as polyethylene glycol (PEG); this is generally called PEGylation. From
a therapeutic perspective, there are three main reasons for doing this [24]:

(i) PEGylation alters the interaction of the therapeutic molecule with the
blood proteins, especially with respect to its surface charge and size.
This may also affect its receptor-binding capacities and filtration through
the glomeruli. Generally, PEGylation decreases the rate of clearance of
the therapeutic peptide from the systemic circulation.

(ii) Therapeutic proteins, even of recombinant origin (e.g. humanization of
monoclonal immunoglobulins), elicit immune responses on repeated
exposure in vivo, particularly with regard to generating “neutralizing”
antibodies. PEG is an aqueously soluble polymer with a large hydrated
volume and raised chemical potential. This property of PEG sterically
masks the protein’s immunogenic epitopes.

(iii) PEG is reported to protect the proteins from enzymatic attack; again, this
is thought to be a consequence of its steric effect (“shielding” the protein).
PEGylation is discussed further in Chapter 11.

Conjugation may also involve ligands which are targets for receptor-
mediated endocytosis. The transferrin receptor is one such example; trans-
ferrin is a protein that occurs naturally in the human body and is employed in
iron transport. Transferrin receptor-mediated uptake of various drugs, drug
delivery matrices and gene delivery vectors has been widely investigated by
various groups. With respect to the topic of this book, Shah and Shen
conjugated insulin with transferrin via a disulfide linkage, and investigated
the carrier-mediated transport of insulin across Caco-2 cell monolayers [25].
They observed that transport of the conjugated insulin was mediated via the
transferrin receptor and not through the insulin receptor. The authors found
that insulin-transferrin (In-Tf) transport across the Caco-2 cell monolayers
increased by 5- to 15-fold compared to free insulin. From the same group,
Xia et al. investigated the efficiency of In-Tf conjugates in lowering the
blood glucose level of diabetic rats [26]. They observed that the In-Tf
conjugate, if administered either subcutaneously or orally, was capable of
lowering blood glucose levels by 70% of the initial value. The In-Tf complex
also demonstrated a delayed onset with prolonged activity in the lowering of
blood glucose levels. Kavimandan et al. took this study further, and inves-
tigated the stability of In-Tf in the presence of the proteolytic enzymes
trypsin and chymotrypsin, demonstrating increased stability of insulin to
proteolysis [27]. The authors stated that the exact mechanism was not clearly
understood, but it is suggested that the stability may be due to steric
hindrance (a shielding effect) from the transferrin moiety.
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8.4. NANOPARTICLE BASED APPROACHES

In its broadest definition, “nano”may be defined, with respect to nanoparticles, as
sizes ranging from 10 to 1000 nm.Other definitionswill describe nanoparticles as
being around 100 nm or less, with the term “sub-micron” used for particles of
several hundred nanometers in diameter. Nano-based protein or peptide delivery
systems cover various categories, such as polymeric nanoparticles, liposomes and
solid lipid nanoparticles, inorganic particles, dendrimers and polymeric micelles
(cf. Chapter 5, pages 97e98). Nanoparticles possess very high surface area to
volume ratios, thus allowing for intimate interaction between the surface of the
particle and the gastro-intestinal epithelium (and mucus). In accordance with the
Stokes-Einstein relation, the diffusion coefficient for nano-sized carriers
(compared to microspheres) should in principle facilitate diffusion further into
the mucus layer, enabling nanoparticles to reach the cells of the epithelial layer.
The particle size and surface properties, namely, their relative hydrophobicity/
hydrophilicity, charge and polymer functional groups, are themain factors which
affect the particles’ ability to prolong their transit time in the GI tract and protect
the encapsulated peptide/protein from degradation. Huge efforts are being made
worldwide in developing non-invasive, oral peptide/protein delivery systems.
Many exhaustive reviews on the various types of oral peptide delivery exist in
literature [28e31]. This section deals with nanoparticle-mediated approaches.
8.4.1. Polymeric Nanoparticles

Numerous methods have been reported for the fabrication of nanoparticles and
a wide variety of polymer choices exist. The most highly investigated matrices
for oral peptide delivery are those based on biodegradable polymers, whether
synthetic or natural in origin. Depending upon the manufacturing technique
used, the polymeric nanoparticles obtained can be classified into nanospheres
and nanocapsules. Nanospheres are matrix-type particles whose entire mass is
solid. These particulate systems are characterized by a size that ranges from
several tens to a few hundred nanometers.

Nanocapsules have a reservoir form in which a solid material shell
surrounds a core, which is liquid or semisolid at room temperature (15e25�C)
[32]. Generally, the polymer shell that surrounds the liquid core is formed by
polymerization, which takes place at the interface between the dispersed and
continuous phase of the emulsion, or by precipitation of a preformed polymer at
the surface of emulsion droplets. Nanocapsules are vesicular systems in which
the drug is confined to a cavity consisting of an inner liquid core surrounded by
a polymeric membrane. Drugs may be absorbed at the sphere surface or
encapsulated within the particle where the drug is dissolved, entrapped,
encapsulated, adsorbed or conjugated [33e35].

The selection of polymers depends on the chosen method of administration,
the activebiological to be loaded, the desired release profile, the intention to target



TABLE 8.3 Some examples of polymers used in the fabrication of

nanoparticles for oral peptide and protein delivery

Polymer type Reference(s)

Polyalkylcyanoacrylates [36e38]

Polymethacrylic acid/acrylates [39e42]

Polysebacicanhydride-co-polyfumaric anhydride [43e44]

PLGA [45e47]

Chitosan and derivatives [48e53]

Alginate [54]
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specific tissues, the desired rate of particle degradation and the biocompatibility.
For drug delivery purposes the polymeric material needs to meet physicochem-
ical and biological requirements optimized for these specific applications. Of
these requirements, biocompatibility, safety and biodegradability into non-toxic
metabolites is of crucial importance. Table 8.3 outlines some of the polymers
which are currently used in the fabrication of nanoparticles.

With advances in polymer chemistry, it is now possible to derivatize the
polymer backbone or side chains with functional groups, such as carboxyl,
amino or thiol groups. Alternatively, functional groups may be grafted to the
particle surface. In either case, these functional groups facilitate conjugation to
moieties which in turn may be used to target the nanoparticles to a specific
tissue, or promote tight junction opening, or mucoadhesion, for example.

8.4.1.1. Enzyme Inhibitory Properties

The nanoparticulate drug delivery system can be predesigned so that it will
release the peptide/protein only when it is in an appropriate biological envi-
ronment. For example, hydrogels swell by imbibing water from the
surroundings which will correspondingly open or widen the pore size of
the hydrogel mesh, thereby allowing the release of the encapsulated drug
from the matrix. Hydrogels possess the ability to swell due to the hydrophilic
nature of the polymers within them, and the presence of either physical or
chemical cross-links [55]. The hydrogels will basically remain intact without
dissolving, but gradually release the loaded drug into the surrounding envi-
ronment. If stimuli-sensitive polymers are used for developing the drug
delivery matrix, the release of the drug will be based on the trigger from the
biological environment. If a pH sensitive polymer is used, then depending on
the type of charged group present, the release of drug may be promoted in either
acidic or alkaline milieu. The introduction of ionizable carboxylic acids or
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amino groups will cause the matrices to be triggered by an environmental
stimulus such as pH. By utilizing the pH shift that occurs as an oral drug
delivery system is transported from the acidic environment of the stomach to
the near-neutral duodenum and/or mildly alkaline small intestine, both drug
release and adhesion can be triggered [55].

The integration of these biomaterials into a drug delivery system that
utilizes the polymer as a carrier is also facilitated by the synthesis of micro-
particles or nanoparticles. Depending upon the polymer used in the matrix, the
system can either shrink or swell upon a change in any of the biological
environmental factors such as pH, ionic strength or temperature [55]. If anionic
groups are present in the delivery system, then in the stomach the particle
matrix will shrink due to the acidic environment (pH 1e2) and reduce diffu-
sion; in contrast, drug will be released in the small intestine where the pH is
above 6. Scientists have now developed smart scaffolds which respond to
external stimuli such as temperature, pH, light, electric field, magnetic field,
chemicals and ionic strength [55].

Trypsin plays an important role in initiating the degradation of orally
administered protein/peptide drugs and in activating the proenzymes of
proteases. Since many proteolytic enzymes such as trypsin and chymotrypsin
have a requirement for a Ca2þ or Zn2þ ion within their active site (as a cofactor
for the enzymatic activity), chelation of these cations using anionic polymers is
a current approach under considerable investigation. The inhibitory properties
of poly(acrylates) on intestinal proteases were first reported by Hutton et al.
[56]. They observed a reduction in albumin degradation by a mixture of
proteases in the presence of carbomer 934P. Lueßen et al. reported that
mucoadhesive polymers such as polycarbophil and carbomer display an
inhibitory effect on the proteolytic activity of trypsin, a-chymotrypsin and
carboxypeptidase A, because of their chelation with divalent metal cations [57].

Polymethacrylic acid based drug delivery systems have gained significant
attention due to their mucoadhesive properties, proteolytic enzyme inhibition
properties, tight junction opening, drug absorption enhancement, etc. Meth-
acrylic acid free radical polymerization in the presence of chitosan and PEG
resulted in the formation of particles of size < 1 mm. These pH-sensitive,
polymethacrylic acid-chitosan-polyethylene glycol (PCP) nanoparticles were
prepared under mild aqueous conditions via polyelectrolyte complexation, by
using a water-soluble initiator without the need for organic solvents or
surfactants/steric stabilizers [39]. These particles exhibited good encapsulation
efficiency as well as a pH dependent release profile and trypsin inhibition
(though this was less than the reference polymer, carbopol). A similar
observation was reported by Qian et al. who developed methylmethacrylate
copolymer nanoparticles with hydrophilic polymeric chains by the free
radical polymerization of methylmethacrylate with N-isopropylacrylamide
(NIPAAm), N-methacrylic acid (MAA), N-trimethylaminoethylmethacrylate
chloride (TMAEMC) or N-dimethylaminoethylmethacrylate hydrochloride
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(DMAEMC) [58]. These nanoparticles were incubated with pepsin and trypsin
at 37�C for 20 min and their enzyme inhibition was then determined. The
authors observed that the activity of pepsin decreased to 27% in the presence of
MMAeNIPAAm nanoparticles, and the activity of trypsin decreased to 39% in
the presence of MMAeMAA nanoparticles. Similar observations have been
reported by others. For example, particles made of polymers with a high
content of acrylic acid (hydrophilic) provided better loading, stability, and
release of human calcitonin, which retained in vivo biological activity [57].

Bernkop-Schnürch et al. have extensively investigated the possibility of
using thiomeric polymers as oral peptide delivery systems [59,60]. It is now
established that the thiomers are promising candidates within the group of
enzyme inhibiting polymers. From their work on thiolation of polycarbophil it
was concluded that by the covalent attachment of cysteine to PCP, the inhibi-
tory effect of the polymer towards carboxypeptidase A, carboxypeptidase B
and chymotrypsin could be significantly improved [59,60]. PCP-Cys also had
a significantly greater inhibitory effect than unmodified PCP on the activity of
aminopeptidase N (both in solution and present on intact intestinal mucosa).
The authors explain this observation by postulating that cysteine residues on the
polymer bind to the Zn2þ ion cofactor of the peptidase, thereby bringing about
enzyme inhibition. The authors conclude that, on comparison with the delivery
systems based on the co-administration of enzyme inhibitors, the thiomers offer
the advantage that the inhibitory effect can be concentrated and localized to the
delivery system. Hence, the advantage is that the side-effects caused by the
inhibition of digestion (of food) as well as feedback regulation, which in turn
leads to an increase in enzymatic secretion, can be avoided.

8.4.1.2. Permeation Enhancement

The bioavailability of the drug depends upon its permeability across the
intestinal cell wall. To gain understanding of the nature of gastro-intestinal
permeability for a particular drug delivery system, the methods that are
routinely used include in vivo or ex vivo intestinal perfusion in a suitable animal
model, and in vitro permeability methods using excised intestinal tissues, or
monolayers of suitable epithelial cells, e.g. Caco-2 cells which are utilized to
monitor tight junction modulation for example [61,62].

Both anionic and cationic polymer-based nanoparticles are reported to have
tight junction modulating capacities. Tight junction integrity and drug
permeation across the Caco-2 cell monolayers are correlated, which gives an
indication of how these particles may perform in vivo. The mechanism by
which anionic polymers open tight junctions is by chelating Ca2þ and the
cationic polymers by binding of the amino groups to Zonula Occludens, thus
causing disruption in the actin cytoskeleton [63,64].

Sadeghi et al. developed quaternized derivatives of chitosan: trimethyl
chitosan (TMC), dimethylethyl chitosan (DMEC), diethylmethyl chitosan
(DEMC) and triethyl chitosan (TEC) [65]. The effect of these chitosan
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derivatives on the permeability of insulin across intestinal Caco-2 monolayers
was studied and compared with chitosan, both in free-soluble form and in
nanoparticulate form. The authors observed that the free chitosan solution
showed better permeability than the nanoparticles. This observation was
attributed to the reduction in the number of free positively charged amine
groups in the case of particles, since the amine groups are “utilized” during
formation of the nanoparticulate form [65].

It is generally understood that smaller (nano) particles are absorbed across the
intestinal epithelium efficiently, whereas submicron particles are not. Another
factor that determines particle uptake is the surface hydrophobicity/hydrophi-
licity and surface chemistry which also determines the charge of the particle. In
conclusion, various groups have demonstrated the uptake of nanocapsules either
by the transcellular or paracellular pathway [66]. It is well-known that nano-
particles are absorbed through the M cells (microfold cells) of Payer’s patches,
but it is now established that particle uptake also takes place through enterocytes
[67e69]. A significant uptake of polystyrene nanoparticles in non-lymphoid
intestinal tissue (enterocytes) has also been reported by various groups [68].

The use of polymeric nanocapsules for oral insulin delivery was first
reported by Damge et al., who observed a sustained reduction in blood glucose
levels in streptozotocin-induced diabetic rats following oral insulin nano-
particle administration [70]. The prolonged hypoglycemic response that was
elicited may be attributed to sustained insulin release from the polymer matrix
following nanoparticle uptake via M cells and non-lymphoid tissue.

8.4.1.3. Synthetic and Natural Polymers

Poly(lactic-co-glycolic acid) (PLGA) is a polyester that has been widely
investigated for oral peptide delivery applications. The main attraction of
PLGA is its biodegradability and biocompatibility, and its approved clinical use
by the US Food and Drug Administration. PLGA can be custom-synthesized to
various molecular weights (generally around 30e80 kDa) and with various
ratios of lactic and glycolic acid monomers (typically 3:1 to 1:1). However,
there are many suppliers of PLGA polymers and fabrication of PLGA nano-
particles is straightforward using emulsion technology. A detailed review on
the synthesis and characterization of PLGA nanoparticles exists [45]. However,
it is reported that PLGA can adversely affect protein stability during the
preparation and storage, primarily due to unfolding at the emulsion interface
and acid-catalyzed degradation, respectively [71,72]. The latter arises because
the hydrolysis of PLGA leads to the accumulation of the degradation products,
lactic and glycolic acids, within the polymeric matrix. This leads to a signifi-
cant reduction in pH of the immediate environment and consequently the
denaturation of the encapsulated proteins.

The release of proteins from PLGA matrices is a complex subject. The sus-
tained release arises primarily from the inability of hydrophilic macromolecules,
such as polypeptides, to readily diffuse through a porous matrix of relatively
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hydrophobic polymer: the higher the lactic acid content of PLGA the higher its
hydrophobicity [46]. In themanufacture of protein-encapsulated nanoparticles, it
is also necessary to consider adsorption of the polypeptide to the nanoparticle
surface (proteins are highly surface-active) [73]. Moreover, although a sustained
release is generally desired, what is often observed is a so-called “burst release”,
wherein the majority of encapsulated polypeptide is rapidly released (followed
by a sustained release over several days/weeks); this can lead to poor bioavail-
ability when administered orally [74]. To overcome these drawbacks, various
approaches have been explored. Davran et al. developed linear PLGA-poly
(ethylene glycol) (PEG-PLGA) and star-branched b-cyclodextrin-PLGA (b-CD-
PLGA) for nanoparticle preparations, which were used to successfully encap-
sulated insulin, with retention of structural stability [47]. The preparation process
for these PLGA nanoparticles was reported to attenuate the burst release and so
provide a more sustained release. Of the formulations developed using this
technique, the b-CD-PLGA nanoparticles were reported to have a maximum
loading efficiency of 95%, with a particle size of 120e350 nm displaying the
slowest drug release profile. The stability of insulin in these nanoparticles was
attributed to the b-CD segment of the copolymer.

Chitosan is a naturally occurring polymer which is biocompatible, bio-
resorbable, biodegradable and has mucoadhesive properties [48] (cf. Chapter 3,
pages 52e54). The hydroxyl and, particularly, the aminegroupsof chitosan can be
easily functionalized under mild reaction conditions to prepare modified chitosan
derivatives with altered, desirable properties. Chitosan has been extensively
investigated for the development of nanoparticles for oral insulin delivery
[49e52,75]. Pan et al. demonstrated the efficacy of insulin-chitosan nanoparticles
for lowering blood glucose levels over 15 hours at a dose of 21 IU/kg in alloxan-
induced diabetic rats [49].

Chitosan copolymers have also been developed and investigated; Sarmento
et al. reported that orally administered dextran sulphate-chitosan nanoparticles,
encapsulating insulin, lowered blood glucose levels in diabetic rats by around
35%, with 50 and 100 IU/kg doses sustaining hypoglycemia over 24 h [51]. In
our laboratory we have developed a novel derivative of chitosan, lauryl succinyl
chitosan (LSC), which bears equal amounts of hydrophilic and hydrophobic
moieties. Oral administration of insulin-loaded LSC particles to streptozotocin-
induced diabetic rats lowered blood glucose levels by 35% (cf. 15% reduction
for native chitosan-insulin nanoparticles), and this reduction was observed for
6 hours [52].

Sakuma et al. developed mucoadhesive polystyrene nanoparticles bearing
surface hydrophilic polymeric chains [76]. The transit rates of nanoparticles
having surface poly (N-isopropylacrylamide), poly (vinylamine), and poly
(methacrylic acid) chains in the GI tract of rats was reduced. The rate of
reduction in the transit time was correlated to improved adsorption of salmon
calcitonin. It is possible that these hydrophilic polymer chains reduce transit time
by association with the hydrophilic polymer chains of mucin in the GI tract.



178 Peptide and Protein Delivery
8.4.2. Inorganic Nanoparticles

Calcium phosphate and ceramic nanoparticles are examples of widely used
inorganic matrices used for various drug delivery applications. However, only
limited work has been reported on nanosized oral peptide delivery applications
[77e80]. BioSante Pharmaceuticals has developed a calcium phosphate-PEG-
insulin-casein (CAPIC) oral insulin delivery system [77]. The authors observed
that, following oral administration of 100 IU/kg insulin-CAPIC, blood glucose
levels were reduced by 80% within the first 1 h of the treatment and remained
reduced for 12 h. This was clinically comparable to 12.5 U/kg insulin admin-
istered by subcutaneous injection. However, one potential drawback of inor-
ganic particles is that they do not degrade rapidly and/or fully in vivo and hence
may accumulate in the body tissues, though further research is required to
understand subsequent toxicological issues.
8.4.3. Liposomes and Lipid Nanoparticles

Liposomes are spherical phospholipid bilayers with a size that varies from 50 to
500 nm, which can encapsulate both water soluble and insoluble drug and
proteins within its hydrophilic core or the bilayer respectively. As early as the
1970s, the use of liposomes for oral protein delivery was investigated using
insulin as the model drug. However, while various groups reported on these oral
insulin delivery systems, their observations of a hypoglycemic effect varied
[81e83]. Weingarten et al. developed positively charged liposomes for insulin
loading, and reported a protective action against insulin degradation in the
presence of three digestive enzymes (pepsin, a-chymotrypsin and trypsin) [84].
The authors concluded that the binding of insulin to the phospholipids was
primarily due to ionic interactions, rather than due to hydrophobic interaction,
and that this adsorption to the external phospholipid bilayer was in such a manner
as to conceal the peptide motifs from the enzymes [84]. They also suggested that
the failure of oral insulin-liposome administration that had been observed in their
previous work was due to the degradation (solubilization) of the liposomal
membrane by bile salts in the intestinal lumen, rather than by the destruction of
insulin by gastric enzymes [85]. Therefore, it could be suggested that simple
liposomes are not sufficient as oral peptide delivery vehicles since they may be
degraded by the presence of bile salts and lipases, and lack properties such as
mucoadhesion. In vitro data acquired by Anderson et al. using targeted PEGy-
lated liposomes furnished with folic acid for oral delivery were however
promising, showing enhanced permeability of dextran across Caco-2 cell
monolayers [86]. This study serves to highlight that extrapolating in vitro data to
in vivo efficacy can be problematic. Research on oral liposomal delivery systems
has moved forward with the development of polymer-modified liposomes.

Garcia-Fuentes et al. [87] developed PEG and chitosan coated lipid nano-
particles as oral delivery systems for salmon calcitonin (sCT). They studied the
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interaction of these surface-modified nanoparticles with Caco-2 cells to eval-
uate their efficacy for macromolecular delivery in rats. They observed that the
association of these modified lipid nanoparticles with the Caco-2 cell mono-
layer was independent of the surface coating. The PEG-coated nanoparticles
did not alter the transepithelial electrical resistance of Caco-2 cell monolayers,
while the chitosan-coated nanoparticles showed a dose-dependent increase
in the permeability of dextran (used as a marker) across the monolayers. In their
in vivo experiments, chitosan-coated lipid nanoparticles loaded with sCT
showed prolonged reduction of calcium levels in the serum, while the perfor-
mance of PEG coated particles was not significantly different from the control
(sCT solution). Thus the authors concluded that the favorable interaction of the
chitosan-coated nanoparticles with intestinal mucosa together with their
permeation enhancing characteristics might be responsible for the improved
oral absorption of sCT.

Other studies have delivered sCT orally using “double liposomes” which
consisted of small, inner liposomes of around 100 nm contained within larger
liposomes. The inner liposome was derived from various lipids to create neutral
and cationically charged liposomes, using two methods: Coatsome� and
mechanochemical, both sized to 100 nm by extrusion [88]. The data showed
that the double liposomes increased the oral bioavailability of sCT, and
amongst the inner liposome preparations the group of rats treated with
cationically charge liposomes showed the strongest hypocalcemic effects. The
authors speculated that not only the size of liposomes but also the cationic
charge plays an important role in the intestinal absorption of liposomal delivery
systems. In all of the above reports, it is clear that the surface modification of
liposomes is required for optimal efficacy if the proposed route of adminis-
tration is oral.
8.5. STABILITY AND EVALUATION

8.5.1. Nanoparticles

Nanoparticles are characterized in terms of size, charge, shape, surface
morphology, drug loading capacity and efficiency drug release profile. The
techniques used in characterizing nanoparticles for evaluating a particle-based
oral delivery system are summarized in Table 8.4. In order to successfully
bring a nanoparticulate oral drug delivery system into medical use, assess-
ment of the stability of these carriers is equally important. The material
properties of the particles and the physicochemical characteristics of the
formulation change should be monitored over storage. For example, the
formulations will be usually be stored in the powder form (through lyophi-
lization) and hence it will be important to monitor the dispersability of these
particles in aqueous media, also measuring the resultant size, aggregation and
drug release profiles.



TABLE 8.4 Summary of techniques use to characterize nanoparticles

Parameters Techniques

Physicochemical characterization
Particle size and size distribution Photon correlation spectroscopy

Chemical composition Energy Dispersive X-ray Spectroscopy (EDAX);
elemental analysis

Surface charge Zeta potential; capillary electrophoresis; laser
Doppler anemometry

Surface hydrophobicity Water contact angle measurement

Surface chemical analysis Secondary ion mass spectrometry (SIMS)
microscopy; X-ray photoelectron spectroscopy
(XPS); Fourier transform infrared spectroscopy
(FTIR)

Topology Atomic force microscopy (AFM)

Morphology Scanning electron microscopy (SEM)

In vitro performance
Drug release studies In simulated gastric and intestinal fluids (SGF

and SIF), with and without enzymes

Blood contact properties Whole blood clotting time; hemolysis; plasma
protein adsorption; platelet aggregation/
activation; complement activation

Cell based assays Cytotoxicity; phagocytosis; transepithelial
electrical resistance (TEER); cell/fluorescence
staining

Ex vivo performance
Measure of the net ion transport
across the intestinal epithelium

Ussing Chamber (cf. TEER)

Mucoadhesion Various in-house techniques

Blood concentrations of drug
over time

Drug/particle permeation across the ex vivo
intestine; pharmacodynamic measurements

In vivo performance
Toxicological studies Systemic toxicity; oral toxicity; genotoxicity

Bioavailability and efficacy Animal models of disease
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8.5.2. Peptides and Proteins

The main peptide and protein drugs for which oral nanoparticulate formulations
are being investigated include insulin, calcitonin, parathyroid hormone,
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octreotide, luteinizing hormone releasing hormone, cyclosporine A and
a number of vaccines. As discussed above, the biological activity of proteins
depends on maintaining their 3-dimensional structure, which requires consid-
eration of secondary, tertiary and quaternary elements involving weak non-
covalent interactions (other than disulphide bridges). In contrast, the biological
activity of small peptides is generally not dependent on any secondary or
tertiary conformation and these may therefore be more capable of withstanding
encapsulation “stresses”. Such stresses during nanoparticle development may
include harsh conditions involving high pressures, organic/non-aqueous
solvents, surfactants and mechanical forces (agitation, stirring and shearing)
generating high oil/water interfacial areas that can alter the native structure.
Therefore, careful consideration of pH, ionic strength, temperature must be
made alongside minimization of the stresses mentioned above; i.e. to avoid
protein unfolding, denaturation and subsequent aggregation within in the
formulation. Insulin for example has a tendency to form hexamer aggregates,
leading to an increase in its apparent molecular weight, which can minimize
absorption across the intestine. Hogvaard et al. reported the use of dodecyl
maltoside to minimize insulin aggregation, which also provided some protec-
tion against enzymatic degradation [89].

Protein loading into drug delivery systems may also lead to interaction and
adsorption onto the carrier material (e.g. PLGA). This has disadvantages of
altered release properties and loss of biological activity, through adsorption-
induced protein unfolding. The adsorption of the protein onto the matrix surface
is dependent on various factors such as the chemistry of the material, surface
area, charge/pH, etc. The stability and biological activity of the loaded peptide
or protein can be evaluated by various means including high performance liquid
chromatography (HPLC, to assess aggregation), enzyme-linked immunosorbent
assay (ELISA) and radioimmunoassay (RIA), to assess in vitro activity. Changes
in peptide conformation can be easily observed by the use of circular dichroism,
with changes in molecular weight observed by gel electrophoresis and mass
spectrometry, and formation of dimers/trimers/etc., observed by analytical
ultracentrifugation and gel filtration. Ultimately, if the product is for invasive
administration then careful consideration must be given to the method of ster-
ilization. Similarly, the lyophilization cycle must be optimized to avoid protein
denaturation (see Chapter 1). Aggregation and denaturation not only attenuate
biological activity but also lead to immunogenicity [90,91].
8.6. ORAL DELIVERY OF NANOPARTICLES: FURTHER
CONSIDERATIONS

8.6.1. The Site of Drug Release

The intended intestinal site of release of the encapsulated peptide/protein
requires consideration. With reference to insulin oral delivery systems, the
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stomach should be avoided since this site presents the smallest surface area
available for absorption. A number of approaches are reported for reducing
insulin release in the stomach, including the use of pH-sensitive polymers such
as acrylates, or anionic polymers bearing carboxyl groups [52,57]. For
example, chitosan is soluble in acidic media and the release of insulin from
chitosan nanoparticles is higher at pH 1.2 than at pH 7.4 [57,92]. However,
introducing carboxyl groups onto the chitosan nanoparticles (which are non-
ionized at pH 1.2), produces a large change in the insulin release pattern: only
8.5% of the loaded insulin was released from lauryl succinyl chitosan particles
in pH 1.2 buffer over the first 2 h, compared to 62.7% from native chitosan
particles [57]. Sajeesh and Sharma also used polymethacrylic acid based
nanoparticles for insulin delivery, suggesting that, at acidic pH, the non-ionized
carboxylic acid groups prevent swelling of the matrix, in turn preventing insulin
release and shielding the entrapped insulin from the gastric fluid [93]. Thus,
pH-sensitive polymers can be used to minimize the loss of insulin in the
stomach and thereby enhance its bioavailability.
8.6.2. The Presence of Food

Another factor that plays an important role in determining the efficiency of the
drug delivery systems is the presence of food. Karsdal et al. studied the
influence of food intake on the bioavailability and efficacy of oral calcitonin
(sCT) [94]. They conducted a single-blind, randomized, partly placebo-
controlled study in 36 healthy, post-menopausal, female volunteers aged 62e74
years. Though the formulation they investigated did not include nanoparticulate
systems, their findings are relevant and interesting. The data suggested that oral
doses of sCT were optimally absorbed in the fasted state, or prior to a meal.
Fasting or preprandial dosing led to improved bioavailability and it was sug-
gested by the authors that these results may aid the design strategy for oral
peptide delivery.
8.6.3. Mucosal Barriers and Transit Time

The mucosal barrier is an important aspect which needs more research, though
several reviews are highly informative in this regard [95e97]. Mucus is
a viscoelastic, adhesive gel that forms a protective lining over internal epithelial
surfaces such as the gastrointestinal tract, lung alveoli, eye and reproductive
tract. It is composed of cross-linked and entangled mucin fibers secreted by the
goblet cells in the epithelium and submucosal glands [98,99]. Mucins are well
characterized by various groups, and form a heterogenous group of proteins
which are rich in cysteine residues, such that the mucin monomers become
cross-linked through disulphide bonds [95,100e101]. Mucin domains rich in
serine and threonine residues are sites for glycosylation (O-glycan attachment);
it is reported that 80% of the weight of mucin glycoproteins consists of
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carbohydrates such as N-acetylgalactosamine, N-acetylglucosamine, galactose,
fucose and sialic acids [96].

It is reported that intestinal mucus is tenacious and entraps particulates,
thereby preventing their direct contact with the intestinal epithelial cells via
steric obstruction and/or adhesion. Gruber et al. observed that orally admin-
istered particulate drug carriers become entrapped within the mucosal layer of
the intestine irrespective of their size. These mucus-entrapped particles then
have very limited ability for systemic absorption and drug delivery [102]. It is
reported that approximately 10 liters of mucus is secreted into the GI tract daily
[95,96]. Hence a better understanding of the mucus layer thickness and
clearance times at various mucosal surfaces is important to the development of
oral drug delivery systems. These should be designed to maximize the gastro-
intestinal transit time and overcome the mucosal clearance mechanisms, which
are reported to be about 4e5 hours in the GI tract [103].

For example, to prevent entrapment in mucin and subsequent clearance,
mucoadhesive polymers and particulates have been developed to increase the
transit time in the GI tract. These mucoadhesive polymers are designed so as to
interact with and adhere to the mucosa, a process known as mucoadhesion
[104e106]. It is now well established that mucoadhesive particles increase
the GI transit time and improve drug absorption. A large proportion of oral
delivery systems currently under investigation are focused on this design
aspect.

Various approaches have been developed for improving mucoadhesivity
such as introducing anionic, cationic or thiol groups, ligands such as lectins,
etc. [61,76,107e109]. However, the major limitation to this approach is
secreted mucin [96]; particles should be capable of penetrating the secreted
mucin to reach the intestinal epithelium. Yoncheva et al. developed PEGylated
nanoparticles based on poly(methyl vinyl ether-co-maleic anhydride) (PVM/
MA) [110]. The authors reported that PEGylation of nanoparticles with PEG
2000 yielded a brush border, while PEGylation with PEG 1000 resulted in PEG
being distributed either in the particle core or physically adsorbed to the
surface. They observed that adsorption to mucin at pH 7.4 was significantly
higher for the PEG 1000-derived nanoparticles than for PEG 2000-
derived nanoparticles. Thus, the PEG 2000 brush border appeared to have
decreased the interaction between the nanoparticle and mucin, facilitating
penetration and achieving greater adhesive interactions with rat intestinal
mucosa in vivo [110].

Lai et al. also hypothesized that coating particles with a high density of PEG
molecules may reduce particleemucus adhesive interactions [111]. They
covalently modified the surfaces of small (100 nm) and large (200 and 500 nm)
polystyrene nanoparticles with a high-density layer of PEG 2000, and studied
particle diffusion in human mucus. Surprisingly, a larger fraction of the small
PEG-coated nanoparticles became entrapped in the mucus compared to the
larger nanoparticles. This was in agreement with the measured diffusion
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coefficients in mucus and water, which were 200-fold smaller for the small
PEG-coated nanoparticles in mucus, but only 4- to 6-fold lower for the large
PEG-coated nanoparticles. Therefore, Lai et al. demonstrated that large
(500 nm) nanoparticles may still efficiently migrate through the mucin layer and
may be useful in oral drug delivery, so long as they are properly coated [111].
8.6.4. Efflux by P-glycoprotein

P-glycoprotein (P-gp) is a member of the superfamily of ABC transporters
which transport various molecules across cellular membranes, and is highly
expressed in the intestinal epithelium. Efflux by P-gp can be a major limitation
for the oral delivery of a number of drugs (particularly cytotoxics). To over-
come this problem, various types of efflux pump inhibitors have been devel-
oped, but because of their side-effects, none of them has been approved in an
oral delivery system [112]. It is suggested by various groups that, as an alter-
native, polymeric efflux pump inhibitors could be developed which have good
inhibitory activity without being absorbed from the GI tract. Iqbal et al.
developed a thiolated co-polymer of PEG grafted with polyethyleneimine (PEI)
and evaluated its inhibition of P-gp efflux [113]. They observed that the thio-
lated PEG-g-PEI co-polymer increased transport of Rho-123 (a P-gp substrate)
in the apical to basolateral direction, which reduced efflux in the opposite
direction. Thus, the authors concluded that this novel polymer may be a useful
tool for improving the intestinal uptake of P-gp substrates.
8.7. BIOAVAILABILITY

The aim of all the nanoparticulate and liposomal strategies discussed above is,
of course, to achieve an increase in the oral bioavailability of peptides and
proteins. This section therefore deals with what is a key determinant of
whether or not a nanoparticulate strategy may be considered for translation to
the clinic and commercialization. Despite original setbacks with both partic-
ulates and early liposomes, a general trend can be observed in the recent past
which points towards a significant improvement in the reported bioavailability
of peptides and proteins. There is some cause for optimism and selected
nanoparticle formulations of insulin and calcitonin, shown in Table 8.5,
illustrate this trend.

Chalasani et al. demonstrated a pharmacological availability of 26.5% for
insulin orally delivered using vitamin B12 conjugated dextran nanoparticles
[114]. They further optimized their formulation by minimizing the degree of
cross-linking and studied the effect of vitamin B12 analogs with different
linkages to the particle surface. These modifications only modestly improved
the pharmacological activity to 29.4% [115]. The authors demonstrated that
particle uptake occurred via vitamin B12 receptor mediated endocytosis, and
that the matrix protected the entrapped insulin from enzymatic degradation.



TABLE 8.5 Therapeutic protein/peptide oral formulations and reported

pharmacological/bioavailability

Peptide

Animal

model Nanoparticle material

Particle size

(nm)

Oral

dose

PA/BA

(%) Ref.

Insulin Rat Vitamin B12 coated
dextran

192 20 IU/
Kg

26.5% [114]

Rat Aminoalkyl-Vitamin B12

coated dextran
150e300 20 IU/

Kg
[115]

Rat FAO:PLGA (1:2) þ 10%
Fe3O4

< 1000 19.2
IU/rat

11.4 [50]

Rat SPC 200 20 IU/
Kg

7.7% [116]

Rat Chitosan-g-PGA 218 30 IU/
Kg

15.1% [117]

Rat Poly(caprolactone)-
Eudragit RS

358 50 IU/
Kg

13.2 [118]

Rat Chitosan 25e400 21 IU/
Kg

14.9% [49]

Rat PLGA-HP55 169 6.27% [119]

Rat Dextran
Chitosan

500 50 IU/
Kg
100
IU/Kg

5.6%
3.4%

[51]

Calcitonin Rat Sorbitol and PC
proliposomes
Proliposomes þ TDC

w23 15 mg/
Kg

1.9%
4.5%

[120]

Rat Cationic double liposome w100 (inner
liposome)

10 mg/
Kg

3.5% [88]

PA/BA ¼ pharmacological availability/bioavailability of the dose administered; Eudragit

RS ¼ copolymer of acrylic and methacrylic acid esters with quaternary ammonium groups;

FAO ¼ fumaric acid oligomers; HP55 ¼ hypromellose phthalate; TDC ¼ taurodeoxycholate;

PC ¼ phosphatidylcholine; PGA ¼ polyglutamic acid; SPC ¼ soybean phosphatidylcholine; other

abbreviations in main text.
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Insulin-loaded chitosan nanoparticles (ICN), insulin-chitosan complex
nanoparticles (ICCN) and enteric coated insulin-chitosan complex nanoparticles
(EICCN) have also been developed as oral insulin delivery systems [50].
The particle sizes for the ICN, ICCN and EICCN nanoparticles were 265� 14,
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284� 19 and 342� 23 nm, respectively, and the zeta potentials were 40.7� 0.7,
31.3� 0.4 and 34.1� 0.9 mV, respectively. The insulin entrapment efficiencies
of the ICN, ICCN and EICCN nanoparticles were 66.8 � 2.1, 81.3 � 2.6 and
81.5� 3.1%, respectively, and the bioavailabilities of oral doses given toWistar
rats were 5.58 � 0.7, 7.55 � 0.9 and 8.33 � 0.5% over 48 h, respectively. The
authors established the usefulness of enteric coating in reducing the initial burst
of insulin and enhancing the bioavailability of oral insulin preparations.
However, it can be seen the bioavailabilities of these nanoparticles remain well
below comparative doses given by subcutaneous injection.

Song et al. developed sCT-loaded “proliposomes” containing bile salts, and
evaluated their potential for the oral delivery of calcitonin (sCT) [120]. Of the
bile salts they investigated, it was shown that proliposomes containing sodium
taurodeoxycholate (TDC) yielded the largest (7.1-fold) increase in bioavail-
ability following duodenal administration to rats. Thus, the development of new
polymers or surface-modified liposomes integrating multifunctional properties
is encouraging. Mucoadhesive polymers exhibiting absorption enhancement as
well as being inhibitors of proteolytic enzymes are similarly a potentially useful
strategy in overcoming the intestinal barriers and enhancing the bioavailability
of the protein/peptide.
8.8. BIOCOMPATIBILITY AND TOXICITY ISSUES

Nanoparticles obviously have a relatively high surface area and, along with
potentially reactive surface chemistries, pose unique problems for biological
systems. They need to be designed and developed in such a way that they are
not cytotoxic, and are blood compatible. The effect of nanomaterials on the
body has become a subject of intense interest in recent years, in part because
there remains little or no guidance on the issue due to the lack of suitable and
relevant data. There are still fundamental questions concerning nanomaterials
that must be answered if nanotechnology is ultimately to have a significant
impact beyond the laboratory, and move into the clinic.

How blood components, cells and tissues may interact with nanoparticles
will determine the various consequences of (non) biocompatibility, and the
obvious parameters which may be used to assess that response are nanoparticle
size, shape, charge and surface chemistry. If an orally delivered nanoparticle
reaches the systemic circulation, binding to plasma proteins (particularly
albumin) will be a first step in determining its subsequent fate [121e123]. For
example, the nature of bound plasma protein will determine the mechanism of
clearance from the systemic circulation, or activation of other processes such as
platelet activation, complement activation, etc. Thus, an ideal nanoparticle
should be blood compatible and stable, remaining in the circulation undergoing
erosion and degradation (e.g. for PLGA, followed by elimination of lactic and
glycolic acids). The compatibility of degradation products in the blood is also
a matter of concern, particularly for complex, novel co-polymers [124e125].
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It is understood that nanoparticles may have a rapid intestinal uptake, but it is
unknownwhether prolonged administration can lead to accumulation and damage
to the liver, kidney or lungs. Currently, few studies have been performed in this
area. Reis et al. reported a toxicological assessment of alginate-chitosan nano-
particles for the oral delivery of insulin, evaluating biochemical, haematological
and urine-based parameters, as well as organ and tissue histology [126]. They
demonstrated that the insulin-loaded nanoparticles, orally administered for 15 days,
did not result in mortality, morbidity or other abnormalities, and were therefore
believed to be non-toxic. Similarly, a toxicity study on nanoparticles which had
been self-assembled from chitosan-polyglutamic acid co-polymers showed
these nanoparticles to bewell tolerated following oral administration over 14 days
to mice at doses 18 times higher than those used for therapeutic efficacy [117].

Since nanoparticles are thought to undergo absorption via enterocytes or
M-cells, it would be logical to investigate how they may interact at these sites.
Development of standardized assays using tracking technologies for labeled
nanoparticles is still required however. Nevertheless, work towards imaging of
nanoparticles using either simple light microscopy for dyed nanoparticles, or
advanced coherent anti-Stokes Raman scattering (CARS) microscopy for non-
labeled nanoparticles, is promising and such studies would immediately be in
a position to exploit the wealth of information available on nanoparticle
structure/absorption relationships [127e130].
8.9. CONCLUSIONS

Polymeric nanoparticles have advantageous features for the encapsulation and
oral delivery of peptides and proteins, including controlled/sustained release
properties and protection from endogenous enzymes. The focus of several
research groups appears to be moving from in vitro cell culture models and data
towards animal models of disease and the assessment of bioavailability. Much
work is yet to be performed to determine the exact mechanism of nano-
particulate uptake and subsequent clearance, the associated potential for in vivo
nano-toxicology, tissue specific targeting (whether or not this actually improves
therapeutic efficacy) and modulation of GI transit; to date, no commercial
formulations exist. Despite this, steady, albeit modest improvements in
bioavailability look increasingly promising, and standardization of storage and
dosage reconstitution should be relatively straightforward. It is hoped that
emerging methods for the analysis of nano-systems and increasing commercial
interest in nanotechnologies will provide strong drivers, such that in the near
future a nano-based oral peptide/protein formulation will emerge successfully.
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9.1. INTRODUCTION

Epithelial cell sheets limit the movement of solutes through the intercellular
space by forming tight junctions (tjs) between adjacent epithelial cells, and
therefore act as the major barrier between the internal and external environment
of the body. With the largest surface area (ca. 200 m2) in the body, the plasma
membranes of the intestinal epithelium offer great potential for the absorption
195
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of drugs. There are three transepithelial pathways for molecules to pass from
the intestinal lumen to the bloodstream: the passive transcellular pathway, the
carrier-mediated transcellular pathway and the paracellular pathway. Physi-
cochemical properties, such as hydrophobicity, allow a molecule to passively
partition from the intestinal lumen through the lipid bilayer into the cell. In
contrast, hydrophilic properties prevent passive diffusion across the apical cell
membrane. Some hydrophilic molecules, such as sugars and amino acids, are
absorbed by specifically interacting with active transport systems on the cell
membrane. Drug delivery via the paracellular pathway is less dependent on the
physicochemical properties of the drug, and does not require a specific inter-
action with a transport system, and so is suitable for a large variety of molecules
including peptides and proteins. Since opening of the tjs can cause the influx of
other foreign substances, absorption enhancers acting via the paracellular
pathway are required to modify the tight junctional structure reversibly. Early
development of paracellular absorption enhancers was limited due to the lack
of knowledge regarding the composition of the tjs and their regulatory role,
resulting in unacceptable side-effects. Study of canonical enterotoxins (a class
of exotoxin that acts on the intestinal epithelium) such as those released by
Clostridium perfringens and Vibrio cholerae has increased our understanding to
the point where we can exploit their mechanisms to facilitate peptide and
protein delivery via the paracellular pathway [1,2].
9.2. TIGHT JUNCTION COMPOSITION

The tj complex is composed of the integral transmembrane proteins: claudin,
occludin and junction adhesion molecules (JAMs), whose extracellular
domains mediate cellecell adhesion. Their cytosolic regions in turn associate
with a set of adaptor molecules including ZO-1, ZO-2 and ZO-3, forming a link
to the F-actin cell cytoskeleton. Occludin was the first protein identified in the tj
[3]; its structure is composed of four hydrophobic transmembrane regions and
two extracellular loops, with the amino- and carboxyl-termini facing the
cytoplasm [4,5]. The C-terminal domain of occludin binds to ZO-1 and is also
believed to be involved in the dynamic regulation of paracellular permeability.
Both extracellular loops are essential for tj formation and sealing: the first loop
undergoes homologous cellecell interaction and the second facilitates a stable
assembly [6]. Surprisingly, it was reported that occludin-deficient mice
established well developed tjs [7], which led to the discovery of other integral
components of the tj, namely claudin-1 and claudin-2 [8,9]. Today, our
knowledge of the family of claudin proteins has expanded to 24 members, some
of which have not yet been well characterized [10]. The claudin family of
proteins are relatively small e between 20e27 kDa e and show four
transmembrane domains, a significantly longer first extracellular loop of
w53 amino acids, a second extracellular loop of w24 amino acids and a short
carboxyl intracellular tail. Claudins interact in a homophilic or heterophilic
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manner [11], although the latter is limited to specific combinations which
determines tj “tightness” and ion selectivitye attributed to the wide range of pI
values of the extracellular domains [10]. JAMs are composed of two extra-
cellular IgG-like domains and two N-glycosylation sites, and mediate both
homotypic adhesion and monocyte transmigration [12]. Investigations of
monocyte migration across epithelial monolayers suggest that JAMs provide an
adhesive contact targeting monocytes to the intercellular pathway, or transduce
a signal within the endothelial cell to open the tj space [13]. The occludin
C-terminus interacts with the N-termini of the ZO proteins, though more
precisely in case of ZO-1 it is the Gk domain and the acidic region that
binds occludin [14]. Studies on recombinant ZO proteins identified their first
PDZ domain to bind to the carboxyl terminal Tyr-Val (YV) sequence of the
claudins [15].

The zonula occludens proteins (ZO-1, ZO-2, ZO-3) are members of the
MAGUK (membrane associated guanylate kinase homologs) family of
assembling multiprotein complexes. ZOs are peripherally associated membrane
proteins, interacting together and anchoring membrane proteins like occludin,
claudins and JAMs to the actin cytoskeleton. Their structure comprises three
PDZ domains; a src-homolgy 3 domain (SH3), a guanylate kinase-like (Gk)
domain and a carboxyl-end containing an acidic domain and a proline-rich
region [16]. ZO-1 is the largest of the three ZO proteins, with a species-
dependant mass of between 210 and 225 kDa. There is a specifically high
abundance of ZO-1 in epithelial and endothelial cells, although it has also been
found in non-epithelial cells. Two nuclear exporting signals have been asso-
ciated with the PDZ-1 motif and the Gk domain, suggesting a participation in
the regulation of transcription [17,18]. The SH3 domain mediates non-catalytic
proteineprotein interactions, such as coupling substrates to enzymes and
thereby regulating enzymatic activities [19]. ZO-2 is a slightly smaller mole-
cule than ZO-1 [20], with a molecular mass of 160 kDa, and similarly to ZO-1,
it is present at the tj and adherens junctions of cells that lack tjs (e.g. fibroblast
or cardiac muscle cells). ZO-3 was characterized as a 130 kDa protein with
a surprisingly short carboxyl terminus. An extremely proline-rich region,
potentially containing three SH3 binding domains, is found on the amino
terminal between PDZ motifs two and three [21]. The function of the basic
region inserted between PDZ domain one and two has yet to be established.
9.3. SIGNALING PATHWAYS REGULATING TJ FUNCTIONS

The major signaling pathways in epithelial barriers involve protein kinases A,
C and G (PKA, PKC, PKG), Rho kinases, myosin light chain kinase (MLCK)
and the mitogen activated protein kinase (MAPK) system (Figure 9.1) [22].

A wide range of pathological and physiological signals act through PKC,
such as the depletion of extracellular Ca2þ or elevation of intracellular Ca2þ

[23]. Ca2þ chelators, the first generation of absorption enhancers, also activate



FIGURE 9.1 Schematic model of targets of tight junction modulators in epithelial and endothelial

cells. Abbreviations: 7H6, cytoplasmic tight junction-associated protein; AJ, adherens junction;

CASK, Ca2þ-dependent serine protein kinase; ESAM, endothelial selective adhesion molecule;

GEF-H1, Guanine nucleotide exchange factor H1; Itch, E3 ubiquitin protein ligase; JAMs, junc-

tional adhesion molecules; MAGI 1-3, membrane-associated guanylate guanylate kinase with

inverted orientation of proteineprotein interaction domains; MAPK, mitogen-activated protein

kinase; MLCK, myosin light chain kinase; MUPP 1, multi-PDZ-protein 1; PAR3/6, partitioning

defective proteins 3 and 6; PECAM, platelet-endothelial cell adhesion molecule; PI3K/Akt,

phosphoinositide 3-kinase/Akt pathway; PKA, protein kinase A; PKC, protein kinase C; PKG,

protein kinase G; RGS5, regulator of G-protein signalling 5; Rho/ROCK, Rho/Rho-associated

protein kinase pathway; TJ, tight junction; ZO-1, zonula occludens 1; ZO-2, zonula occludens 2;

ZO-3, zonula occludens 3; ZONAB, ZO-1-associated nucleic acid-binding protein. Reprinted from

reference [22] with permission from Elsevier.
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PKC. In addition, a range of pathological stimuli, such as oxidative stress,
cytokines and vascular endothelial growth factor (VEGF), as well as toxins like
HIV gp-120, Zonula occludens toxin (Zot), Clostridium difficile toxin A,
Escherichia Coli OmpA all act via PKC to open tjs [22]. PKA regulation of the
epithelial tj is contentious but has been linked to increased TEER, and
a concomitant decrease in paracellular permeability in brain endothelial cells
by elevating the intracellular cAMP levels [24]. In contrast, the elevation of
intracellular cGMP levels through PKG activation of soluble guanylate cyclase
facilitates the “opening” of the bloodebrain barrier (BBB) [25].

Contraction of the actin-myosin belt can result in disassembly of the tight
junction. Several cytokines, bacterial/viral pathogens, bile acids and the
removal of extracellular Ca2þ activate MLCK, facilitating the phosphorylation
of myosin light chain and contraction of the actin-myosin belt, resulting in the
opening of the tj [26]. Three of the four groups of mitogen-activated protein
kinases (MAPKs) regulate tj function: extracellular signal-regulated kinase
(ERK), c-Jun N-terminal kinase (JNK) and p38 isoforms, and the disassembly
of tjs can occur via all three pathways, or combinations thereof [27]. In this
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study, cross-talk between the fibronectin central cell binding domains [28] and
ZO proteins was also implicated, although the functional significance in the
intestine has yet to be established. The activation of the Rho family of proteins,
Cdc42, Rac1 and RhoA, increases tj permeability. RhoA alters tj sealing
through phosphorylation of occludin, claudin-5 and ZO-1 and -2 and
also interacts with the PKC and MLCK pathways, indirectly altering tj
function [29].
9.4. TIGHT JUNCTION MODULATORS

In the past, a lack of knowledge concerning the structure and physiology of
the tj has prevented the development of pharmaceutically relevant absorp-
tion enhancers. The first generation of absorption enhancers was composed
of a variety of categories such as surfactants, bile salts and their derivatives,
Ca2þ chelators, medium chain length fatty acids/esters/amines and chito-
sans. Investigations on the effect of sodium dodecyl sulphate (SDS), an
anionic surfactant, and polysorbate 80, a non-ionic surfactant, as well as the
effects of bile salts (sodium taurocholate, sodium taurodeoxycholate and
sodium taurodihydrofusidate (STDHF)) on epithelial permeability and
integrity were performed with the human epithelial colorectal adenocarci-
noma (Caco-2) cell culture model [30,31]. Although a concentration
dependant increase in paracellular permeability was observed, a concomi-
tant alteration of the cell morphology and cell membrane damage in case of
SDS, STDHF and polysorbate 80 also occurred. Glycosylated bile acids
with an additional amino or hydroxyl group, respectively, at the C3 position
of the steroid structure were developed to reduce alteration of cell
morphology and associated cellular damage [32]. In the class of zwitter-
ionic surfactants, the naturally occurring acylcarnitines initially showed
promise as absorption enhancers but this was later correlated with cyto-
toxicity [33,34].

Ethylenediaminetetraacetic acid (EDTA) is a tetravalent molecule that is
capable of forming a stable complex with divalent ions, such as Ca2þ.
Subsequent depletion of extracellular calcium activates PKC that mediates an
expansion of the paracellular route [35]. As a mucoadhesive polymeric agent,
chitosan and its derivatives induce a redistribution of F-actin and ZO-1 at the tj
complex. Solubility issues are a drawback of chitosan but have been addressed
by quaternizing the amino residues [30]. The only first generation absorption
enhancer, which is clinically implemented in Japan, Sweden and Denmark, is
the fatty acid sodium caprate [36]. This medium chain length fatty acid
modulates intercellular permeability following the phospholipase C-signal
transduction pathway, but also accounts for a reduction of cellular dehydro-
genase activity and ATP levels.

The second generation of paracellular permeability enhancers is based
on recent knowledge of tj composition and regulation. Initial approaches
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were based on disrupting the interaction of the extracellular loops of inte-
gral tj proteins, particularly occludin [37,38]. An unusual approach
employed enzymatic cleavage: Der p1, a cysteine protease derived from
Dermatophagoides pteronyssinus, cleaves the first extracellular loop of
occludin [39]. Several studies on chick occludin identified that adminis-
tration of the peptides that are homologous to the second extracellular loop
of occludin resulted in manipulation of tj permeability [40]. Later, more
specific motifs were discovered on the first extracellular loop of chicken
occludin and also its human homolog [41]. These studies lead to the
conclusion that peptide mimics of specific extracellular loop regions were
capable of displacing various homologous or heterologous proteineprotein
interactions present at the tj [42]. Presently, various peptides of the extra-
cellular domains of JAMs, occludin and claudins are being claimed to
enhance mucosal delivery of therapeutic agents, in patent offices around the
world [43].

Other approaches involve the modulation of the transcription of tj
related proteins. The interference or degradation of mRNA of individual tj
proteins was achieved through antisense oligonucleotides in the case of
ZO-1, and small, interfering RNAs (siRNAs) in the case of occludin and
claudin-4 [44,45]. Interestingly, the silencing of the occludin transcript had
little impact on the paracellular permeability, excluding this method as
a mode of permeation enhancement [41]. Of course, the major challenge
with respect to strategies based on peptide and RNA technologies remains
the effective delivery of these potential absorption enhancers themselves,
although there are biologically stable analogs of peptides that could be
envisaged.

Inspiration for macromolecular paracellular delivery can be found in the
study of bacterial enterotoxins. These toxins are diverse in terms of their mode
of action, ranging from rearrangement of the actin cytoskeleton to manipulation
of specific tj proteins. The former mode of action is observed for the Clos-
tridium difficile enterotoxins A and B, which inactivate the Rho family of
proteins resulting in a degradation of the actin filaments and increased para-
cellular permeability [46,47]. The C-terminal domain of the Clostridium per-
fringens enterotoxin (C-CPE) binds to a cell receptor, which was later identified
as claudin-4. Subsequently, claudin-4 was selectively removed from the tj with
a concomitant disintegration of tj strands in a time and dose dependant manner
[48]. In vitro and ex vivo studies have shown that C-CPE treatment increases the
uptake of hydrophilic marker molecules [49,50]. Of particular interest is zonula
occludens toxin (Zot), produced by Vibrio cholerae [51], which exhibits an
ability to manipulate the tj sealing. Zot intervenes with an endogenous
analog, zonulin, which regulates the intercellular permeability in a PKC-a-
dependant manner [52]. The resulting effect on the peri-junctional actin ring
has shown an increase in the uptake of various therapeutic agents, including
insulin [53].
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9.4.1. Clostridium Perfringens Enterotoxin (CPE)

CPE causes food-borne disease in humans associated with diarrheal and
abdominal cramping symptoms. These symptoms are elicited following the
release of CPE into the intestinal lumen, where it binds to its receptors on the
surface of intestinal epithelial cells and triggers the formation of a large mul-
tiprotein membrane pore complex, ultimately resulting in cell lysis [54]. The
process is very specific, since cells lacking expression of CPE receptors are
completely unaffected by the toxin [55]. CPE is a single polypeptide of 35 kDa
comprising an N-terminal cytotoxic domain and a C-terminal receptor-binding
domain that binds to claudin-3 and -4 (Figure 9.2) [56,57]. The binding of CPE
to a receptor on the cell membrane was first reported by Katahira et al. [58], but
the biological function of the receptor remained unknown until it was matched
to claudin-4. CPE cytotoxicity is mediated by the N-terminal domain, which
forms small pores in the plasma membrane. Upon removal of this domain, the
cytotoxic effect is removed, but receptor binding remains functional so long as
the C-terminal 30 amino acids remain intact [59].

C-terminal CPE (C-CPE) binds to claudin-4 and the second extracellular
loop of claudin-3 with high binding affinity [60]. Claudin-6, -7, -8 and -14 also
bind C-CPE albeit with a lower binding affinity than with claudin-3, while
claudin-5 and -10 do not bind C-CPE at all [60]. Many members of the claudin
family show a distinct, organ-specific distribution pattern whereby the variation
of expression profiles of claudin family members may be a critical factor for
determining paracellular permeability in a specific tissue [61]. Claudin-1 plays
a pivotal role in the epidermal barrier function and claudin-5 proves vital for the
bloodebrain barrier [62]. Targeting specific members of the claudin family
may therefore allow for tissue-specific drug delivery. Structural analysis of C-
CPE narrowed the claudin-4 modulating domain down to the C-terminal 16
amino acids of CPE, and highlighted the importance of the presence of tyrosine
residues for functionality [48]. A later alanine scan identified Leu315 and
Tyr306 as being critical and suggested that C-CPE and claudin-4 interact
through formation of a hydrophobic cluster [50], which was supported by
evidence showing that C-CPE mutants lacking Tyr306/310/312 and Leu315
lacked claudin-4 modulating activity. However, X-ray diffraction studies of C-
CPE revealed a nine-strand b-sandwich structure over residues 194 to 319
showing similarities to other receptor binding domains of toxins of spore
forming bacteria [63]. The receptor binding domain was localized to a large
surface loop at strands 8 and 9, and the development of claudin modulators
could be based on the sequences contained in this loop structure [64].

The absorption-enhancing effect of C-CPE was tested in an in situ loop
assay using fluorescein isothiocyanate-dextran, and compared to sodium cap-
rate [49]. C-CPE (184e319 aa) enhanced the absorption of dextrans up to
20 kDa in a dose dependant, non-cytotoxic manner, at a concentration of 0.1
mg/ml, compared to 40 mg/ml of sodium caprate for the same effect.



FIGURE 9.2 Structure of C-CPE-(194-319), showing the nine antiparallel b-strands and one

a-helix. The binding site for claudin lies within the 30 C-terminal residues (dark blue), including

strands b8 and b8 and the intervening surface loop. Reprinted from reference [63] with permission

from the American Society for Biochemistry and Molecular Biology.
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Furthermore, the absorption enhancing effect of C-CPE was observed in the
jejunum but not in the colon, which would be considered advantageous on
account of bacterial infiltration in the colon. Most recent studies assessed the
absorption enhancing effect of C-CPE (184e319 aa) in jejunal, mucosal and
pulmonary epithelium for a human parathyroid hormone derivative (hPTH
[1e34]) [62]. Co-administration of C-CPE and hPTH resulted in a 2.5-fold
absorption increase from nasal but not for jejunal or pulmonary tissue.
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However, pre-incubation of the tissue with C-CPE increased jejunal absorption
7.5-fold, nasal absorption 5.6-fold and pulmonary absorption 2.4-fold. The
experimental setup was limited due to the low aqueous solubility (0.3 mg/ml)
of C-CPE.

Previous structural work on C-CPE (184e319 aa) by Van Itallie and co-
workers established an increase in aqueous solubility (10 mg/ml) upon the
removal of the 10 amino-terminal amino acids (C-CPE194) [63]. Based on
these findings, Uchiba et al. prepared N-terminal truncates of C-CPE, and
discovered that C-CPE184, C-CPE194 and C-CPE205 successfully bound
claudin-4 and modulated tj integrity [62]. However, C-CPE derivatives lacking
the first beta sheet (205e212), failed to maintain the C-CPE structure required
for binding to claudin-4 and tj modulating activity. Based on these findings,
C-CPE shows great potential as an absorption enhancer for peptide drugs, but
since it is itself a polypeptide, the issue of antigenicity may arise. Nevertheless,
the isolation of a common claudin-binding motif <XX(Y/W)(X)3/4Y(Y/X)
(L/I)XX> may lay the foundation for further design of claudin specific tj
modulators [65].
9.4.2. Zonula Occludens Toxin (Zot)

Zot is an enterotoxin elaborated byVibrio cholera,whichwas foundmore or less
by accident during the development of a vaccine for cholera toxin (CTX) [66].
When the attenuated V. cholerae strain was administered to volunteers, more
than half still developed a mild form of diarrhea. Comparison of the attenuated
strain with the wild type led to the discovery that tissue exposed to the super-
natant of either showed an overall decrease in the number of zonula occludens
strands. Consequently, the factor that increased paracellular permeability and
tissue conductance in rabbit ileum was found to be a 10e30 kDa peptide, which
was named Zonula occludens toxin (Zot) [51]. Further studies to identify Zot
were carried out, localizing the Zot encoding sequence immediately upstream of
the ctx operon [67]. This led to a 1.3 kb open reading frame that, when translated,
would theoretically result in a 44.8 kDa polypeptide containing 399 amino acids
with a pI of 8.5. Zot and other genes on the chromosomal core region of V.
cholerae are part of a filamentous bacteriophage named CTXF [68]. The analog
of Zot in the filamentous bacteriophage is the pI protein, which led to the
assumption of a dual function of Zot as a modulator of tjs and a putative NTPase
[69,70]. The work by Koonin also identified the hydrophobic transmembrane
membrane domain, and inferred N- and C-terminal regions of ZOT via
hydropathy analysis (Figure 9.3) [69].

In vitro and ex vivo systems were examined to determine the molecular
mechanisms of Zot, reporting an increase in polymerized F-actin mediated
through a PKC a-isoform [52]. A hypothesis was established wherein Zot
mimicked the effect of a putative physiological modulator of epithelial barrier
function, by engaging to a specific surface cell receptor. In support of a putative



FIGURE 9.3 Schematic of the Zot amino acid (aa) sequence; N-terminus coloured dark gray (aa

1-215), C-terminus coloured light gray (aa 245-399), with the transmembraneous region (TM)

remaining clear (aa 225-244) and the putative active site is coloured black (aa 291-298); arrow

heads indicate the position of cysteine residues. In the corresponding Zot amino acid sequence, the

transmembraneous region is boxed and the active site underlined.
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“Zot receptor”, labeling of Zot-MBP confirmed engagement to a peripheral cell
surface receptor [71]. One obstacle to the study of Zot was its poor expression
in recombinant systems, and to increase yield and purity Zot was expressed as
a recombinant protein fused to maltose binding protein (MBP) [72]. A high
distribution of Zot-MBP binding coincided with a maximum in tissue
conductance observed in the jejunum, decreasing down to the ileum and with
virtually no binding in the colon [52]. The mature cells at the top of the villi
seem to be preferentially targeted by Zot, rather than the crypt area.

Immobilization of Zot onto an affinity chromatography column to capture
the putative receptor from lysates from tissue of human heart, brain and
intestine, yielded two distinct proteins (45 and 55 kDa) with Zot-binding
activity [73]. N-terminal sequencing of the 55 kDa binding partner confirmed
an identical sequence with tubulin. The smaller, 45 kDa protein retained by the
Zot affinity column, showed a 72% identity with the N-terminus of calpro-
tectin. Radiolabeled Zot bound the purified Zot receptor isolated from the brain
with a dissociation constant (Kd) of ca. 35 nM. Immunofluorescence and
immunoblotting analysis confirmed Zot-MBP binding on the surface of Caco-2
and rat small intestinal epithelial (IEC6) but not human colon adenocarcinoma
(T84) and Madin-Darby Canine Kidney (MDCK) epithelial cells [74]. Isolation
of the Zot receptor from Caco-2 and IEC6 cell lines identified a 66 kDa protein
with high similarity to a-1-chimaerin (46% identity, 69% similarity), a poten-
tial signal transduction molecule that contributes to the modulation of cyto-
skeletal organization. This appeared to be consistent with the hypothesis that
Zot activated PKCa in a reversible, time and dose dependent manner, with the
resulting protein phosphorylation leading to cytoskeletal rearrangements and
an increase in paracellular permeability [52].

An entirely new direction was pursued with the co-administration of Zot
and therapeutic proteins, such as insulin (5.7 kDa) and IgG (140 kDa),
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exploiting Zot’s influence on small bowel permeability [53]. Since tjs govern
the paracellular pathway in the small intestine, passage is generally restricted to
molecules with molecular radii of around 11 Å, and is therefore not accessible
to larger compounds (i.e. proteins). However, in vitro experiments on rabbit
ileal mucosa resulted in an increased uptake of insulin and IgG of 72 and 52%,
respectively. In vivo experiments in acute type 1 diabetic rats provided evidence
for the bioactivity of insulin after oral administration without development of
systemic side-effects, and normal histological findings [75]. Importantly, the
action of Zot appears to be reversible and so it is assumed that a degree of
control will be possible in any potential application as a permeation enhancer.
A putative cleavage site at amino acid residue 290 of Zot was identified,
resulting in a C-terminal 12 kDa Zot fragment which was biologically active
[76]. The presence of a putative binding domain within the C-terminal fragment
and its possible homology to an endogenous agonist, zonulin, were later
described [77].
9.4.3. ‘Delta G’ (DG)

Several truncated Zot-MBP mutants were analyzed by immunoblotting to
assess subsequent binding to IEC6 cells. Binding was reduced for Zot-MBP
truncates deficient in a central region and completely impaired when the
sequence from amino acid 118 to 299 was deleted, which was therefore
implicated in Zot receptor binding. This putative binding domain was termed
DG, and a key residue within this sequence was the Gly298, which when
mutated to valine attenuated biological activity (Figure 9.4) [78]. Further
experiments revealed that DG increased mannitol uptake in vitro and in vivo,
but since DG was susceptible to enzymatic degradation in vivo protease
inhibitors were required [79]. Since the Zot-mediated uptake of marker
molecules was not impaired in vivo, it was postulated that the tertiary structure
of Zot minimizes its enzymatic degradation [80].
9.4.4. Zonulin

Zonulin was identified as the endogenous analog to Zot and has been shown
to modulate the intestinal tj in a similar manner to Zot (Table 9.1) [77]. Elevated
levels of zonulin have been associated with autoimmune diseases, such as
coeliac disease [81]. This is notable since a compromised intestinal tj can be
hypothesized to allow antigens to pass the epithelial barrier, so triggering an
autoimmune response in genetically susceptible individuals. The occurrence of
autoimmune diseases has been associated with increased intestinal perme-
ability in human, as well as in animal models [82,83]. These studies of human
subjects affected by type 1 diabetes, and in diabetic prone rats, suggested an
altered intestinal permeability in the prodromal stages of the disease which are
associated with elevated levels of zonulin. Inhibition of this pathway by



FIGURE 9.4 (A), effect of Zot and its deletion mutant derivatives on rabbit ileal Rt in Ussing

chambers. Tissues were exposed to either 1 � 10�10 m of each protein or to a negative control

(PBS), and variation in Rt between the baseline (-) and 90 min post-incubation (n) was monitored.

All values were expressed as the means � S.E. *, p between 0.03 and 0.0003 compared with either

control,DD,DE, DF, or DH. **, p< 0.01 compared with control. ***, p< 0.000006 compared with

control. ****, p < 0.0001 compared with control. (B), schematic description of Zot deletion

mutants. The deletion for each protein is shown as a broken filled line. The putative Zot functional

domain responsible for tj disassembly (delimited by the two vertical lines) maps in the toxin’s

carboxyl-terminal region (aa 295e399). Deleted amino acid residues are shown in parentheses.

Reprinted from reference [78] with permission from the American Society for Biochemistry and

Molecular Biology.
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TABLE 9.1 Amino acid sequences (single letter code) within Zot and

human zonulin, and compared to synthetic peptides. Putative

regions of similarity are shown in bold

Protein/peptide Source Amino acid residues

Zot V. cholerae FCIGRLCVQDGFVT

Zonulin Human adult intestine EVQLVESGGXL

Zonulin Human fetal intestine MLQKAESGGVLVQPGXSNRL

Zonulin Human brain LTELEKALNXGGGVGHKY

Synthetic peptide
(FZI/0 or AT-1001)

Synthetic GGVLVQPG

AT-1002 Synthetic FCIGRL
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administering the zonulin inhibitor FZI/0 [78] may present an innovative tool
for type 1 diabetes therapy, impeding the onset of increased intestinal perme-
ability. Additionally, zonulin appears to modulate cell-mediated antigen
presentation in human macrophages, subsequently changing the cytokine
profile, which may then add to the switch from immune tolerance to autoim-
munity [83]. Nevertheless, the initial trigger activating the increased zonulin
secretion has yet to be identified.

9.4.5. The Zot Derived Peptides AT1001 and AT1002

In terms of a therapeutic application, the inhibition of the Zot/zonulin pathway
may be beneficial in the treatment of diseases with elevated paracellular
permeability [84]. However, to address the issues of the instability of DG and
poor expression of full-length Zot, it would be desirable to have a small peptide
agonist. An important step towards this goal was the synthesis of AT1001 (or
FZI/0), an octapeptide which shares the putative binding domain of Zot [78].
AT1001, however, is an antagonist in vivo since it blocks the action of zonulin,
leading to its clinical potential in celiac disease. A related hexameric synthetic
peptide, named AT1002, which comprises the first six amino acids of DG
(Table 9.1) was also found to increase the permeability of molecular weight
markers via the paracellular space [85]. The development of the AT1002
peptide has also opened a new avenue of research in this field, based on
homology with the protease activated receptor (PAR)-activating peptide (AP)
motif [86].

AT1001 has been tested in a Phase I clinical trial for its potential treatment
of celiac disease [84]. Design of the study parameters was influenced by the
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lack of validated markers for celiac disease progression and remission. Briefly,
fasting subjects were dosed with either placebo or AT1001 followed by a sham
gluten challenge (day 1) or a blinded gluten challenge (day 2), respectively.
Subsequently, the intestinal permeability was determined by an orally admin-
istered probe solution containing sucrose, lactulose and mannitol. The degree of
intestinal permeabilitywas assessed as the lactulose tomannitol ratio fromurinary
samples. Building on the Phase I study, in 2009 a Phase IIb clinical trial with an
enteric coated formulation of AT1001 (Larazotide Acetate) in celiac disease was
completed in the USA by Alba Therapeutics Corporation (Baltimore). The
primary outcome measure of this study investigated the villous height to crypt
depth, the secondary outcome measures assessed the safety and tolerability of
AT1001 (ClinicalTrials.gov Identifier: NCT00620451).

AT1002 represents the minimum Zot receptor binding domain, but its
cysteine (at position 2) is prone to dimerization and structure-activity rela-
tionships have been explored, in which a number of other amino acids have
been substituted for the Cys residue [87]. The synthetic peptides were tested
in vitro, assessing the permeability of the marker Lucifer yellow, TEER and
cytotoxicity. Compared to the dimeric form of AT1002, the reduced form
increased permeability 52-fold, and substitution of allylglycine for Cys
increased permeability 103-fold. These results suggest that the position 2 residue
is an imperative structural unit for maintaining or enhancing the tight junction
modulating activity. As mentioned, AT1002 comprises a protease activated
receptor (PAR) 2 activator-like motif [86]. PARs belong to a family of G-
protein coupled receptors that are activated by cleavage of their N-terminal
domain by a proteolytic enzyme [88], unmasking the N-terminal sequence that
subsequently acts as a tethered ligand that binds and activates the receptor
itself. PAR-2 is found throughout the gastro-intestinal tract on several cell
types, including enterocytes, mast cells, smooth muscle cells and endothelial
cells [89]. Activation of PAR-2 occurs through trypsin, trypsin-like proteins or
synthetic peptides, so called PAR-activating peptides (PAR-APs) that corre-
spond to the amino acid sequence of the tethered ligand and are also able to
selectively activate PARs [90]. PAR-2 involvement has been reported for
different pathophysiological processes and led to colonic inflammation in mice
and increased paracellular permeability [91]. Although the expression of PAR-2
has been reported on both apical and basolateral surfaces of enterocytes,
evidence is lacking so far that direct activation of PAR-2 may lead to
a dysfunction of the epithelial barrier [92].

Further investigation into the mechanism of AT1002 revealed a reversible
tyrosine phosphorylation of ZO-1 concomitant with src kinase and MAP kinase
activation [93]. Tyrosine phosphorylation of ZO-1 and occludin mediated by
src kinase has previously been associated with increased tj permeability in
oxidative stress [94]. Similarly, MAP kinase activation with subsequent
opening of the tj has been associated with a variety of stimuli, such as alcohol,
oxidative stress and cytokines [23]. However, the exact mechanisms of AT1002

http://ClinicalTrials.gov
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induced src and MAP kinase activation are currently under investigation.
Zonulin was shown to transactivate the epithelial growth factor receptor
(EGFR) via PAR-2, resulting in a decrease in TEER in murine and human
intestinal tissue [95]. This is not unusual; the role of PAR-2 in gut permeability
has previously been described [96] and EGFR associated modulation of tj
permeability has been reported for bile acids [97].

9.4.6. Comparison of Zot and Zot Derivatives
With Other Absorption Enhancers

The Caco-2 intestinal cell culture model was first employed to assess the
influence of Zot on the permeability of paracellular markers, such as mannitol
(182 MW), PEG 4000 (4000 Da) and inulin (5000 Da). A concentration (0, 1, 2,
4 mg/ml) dependent increase in the permeability of molecules below 5000 Da
was established, with prior incubation of Zot for 30 min found to enhance
permeability further [98,99]. To compare the effect of Zot with the N-trimethyl
chitosan chloride (TMC) absorption enhancers on the flux of marker molecules
and therapeutic agents across the epithelial cell layer, data for apparent
permeability coefficients (Papp) were used [98,100]. The results are compared
in Table 9.2 and suggest that Zot increases the permeation of marker
compounds (mannitol) to a greater extent than the TMC derivatives.

Zot increases the permeation of the poorly bioavailable peptide, cyclo-
sporin, in a strongly dose-dependent manner. A 10-fold increase in cyclosporin
permeation was observed for higher Zot concentrations and comparison against
other poorly bioavailable compounds suggested a case-by-case assessment of
TABLE 9.2 Comparison of apparent permeability coefficients (Papp)

of mannitol across Caco-2 cell monolayers treated with

N-trimethyl chitosan chloride absorption enhancers

(reprinted from reference [100] with permission from Elsevier)

and Zot (reprinted from reference [98] with permission from

Elsevier)

conc. TMCs

% w/v

TMC40 Papp
(�10�7 cm/s)

TMC60 Papp
(�10�7 cm/s)

Conc. Zot

(mg/ml)

Zot Papp
(�10�7 cm/s)

0.05 7.3 18.1 0 7.6

0.1 8.2 18.5 1 16.4

0.25 9.1 18.9 2 76.0

0.5 17.0 23.1 4 95.7

1 19.0 27.3



TABLE 9.3 Permeability coefficients (Papp) for compounds including

peptide drugs across treated Caco-2 cells incubated with Zot

(reprinted from reference [99] with permission from Springer)

Compound

Papp across a Caco-2

monolayer

(control)

Papp in the

presence of

1.0 mg/ml Zot

Papp in the

presence of

2.0 mg/ml Zot

Acyclovir 2.85 3.00* 3.46*

Paclitaxel 10.3 20.5* 30.7*

Cyclosporin A 0.75 0.80 8.10*

Doxorubicin 2.44 3.48* 4.01*

* p < 0.05 when compared with control; units of Papp are � 10�6 cm/s.
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Zot-mediated permeation would be required (Table 9.3) [99]. Salama et al.
investigated the effect of DG on the pharmacokinetic parameters of various
classes of drug including the peptide cyclosporin. In directing the route of
transit to the paracellular route, DG was shown to overcome the poor
bioavailability of cyclosporin and also circumvent drug efflux via transporters
such as P-glycoprotein [80]. As for Zot, the DG-mediated absorption process
was dependant on many variables, such as drug molecular weight, lipophilicity,
efflux transporter substrate, etc., resulting in limitations of absolute absorption
enhancement. In vivo studies carried out to examine the effect of AT1002 on
low molecular weight heparin (Ardeparin) showed a bimodal absorption profile
that pointed to a significantly higher absorption compared to the control [101].
An early effect on the jejunal mucosa and a late effect on ileal mucosa were
thought to be responsible for this adsorption profile. Plasma concentrations of
cyclosporin were also significantly enhanced when co-administered with
AT1002 (10 mg/kg), although the in vitro model did not show an enhanced
absorption [85].

Permeability studies of paracellular marker molecules as well as chemo-
therapeutic agents across bovine brain microvessel endothelial cells,
mimicking the BBB, were conducted with Zot [102]. Similarly, DG was tested
in vivo to determine its effect on the distribution of marker and therapeutic
molecules in the brains of male Sprague-Dawley rats [103]. Methotrexate,
a very hydrophilic molecule (MW 454), and paclitaxel, a very lipophilic agent
(MW 854), both show poor permeability across the BBB. DG, administered in
combination with a protease inhibitor cocktail, increased the distribution of
methotrexate 7-fold and that of paclitaxel 3-fold, suggesting that DG is
a potential adjuvant for enhanced drug delivery to the brain.



FIGURE 9.5 Effect of doses of AT-1002 (mg) on pulmonary absorption of sCT following liquid

instillation of both AT-1002 and salmon calcitonin (sCT). Rats were instilled with saline or saline

with 0, 300, or 1000 mg AT-1002 (n ¼ 6) together with 10 mg sCT. Values are mean � S.D.

Reprinted from reference [93] with permission from Elsevier.
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Modulation of the tj of the nasal mucosa may allow for systemic delivery of
macromolecules, like peptides and proteins, or provide an adjuvant for mucosal
vaccination. Song et al. further investigated AT1002 for nasal drug adminis-
tration in combination with paracellular markers of different molecular size
[85]. Promising results were obtained for AT1002 at 10 mg/kg; significantly
enhancing inulin and PEG4000 uptake across the nasal mucosa of Sprague-
Dawley rats. Furthermore, pulmonary co-administration of AT1002 with
salmon calcitonin, a protein with naturally low bioavailability used to treat
osteoporosis, increased bioavailability around 2e5-fold for low/high concen-
trations of AT1002 in male Sprague-Dawley rats (Figure 9.5) [93]. This result is
particularly encouraging since it may point towards the future application of the
Zot-derived peptides as absorption enhancers of protein drugs.

9.4.7. Application of Zot as an Immune Adjuvant

Compromising the barrier function of the epithelia may elicit mucosal
immunization in conjunction with the delivery of soluble antigens, or IgA and
IgG for local and systemic immunity, respectively [104]. Antigens could be
directly targeted to the immune system at the site of entry, preventing pathogen
adhesion and decreasing the chance of infection and disease. However, the
immune response achieved by some mucosal vaccines is weak, lacking long
lasting protective effects. Adjuvants which increase the immune response
without having an antigenic effect themselves could resolve this problem. The
functional characteristics of Zot make it a potential adjuvant by facilitating the
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delivery of antigens to the submucosa. Intranasal administration of antigen in
combination with Zot has been shown to induce antigen-specific serum IgG as
well as IgA in vaginal and intestinal secretions [105]. Long lasting effects were
confirmed by high antigen-specific IgG titers that were maintained over a year
[106]. Furthermore, Zot induced humoral and cell-mediated responses to
tetanus toxoid, protecting C57BL/6 mice against a systemic challenge with
tetanus toxin. The proven high efficacy is accompanied by a much lower
immunogenicity than Escherichia coli heat-labile enterotoxin, an adjuvant for
mucosal immunization associated with unfavorable side-effects. Since AT1001
blocked the Zot-mediated immune response, the modulation of tj permeability
was suggested to be responsible for its role as a mucosal adjuvant.
9.5. FUTURE PERSPECTIVES

It is now established that careful engineering of bacterial enterotoxins,
particularly CPE and Zot, can yield peptides which facilitate increased intes-
tinal permeation of high MW compounds including otherwise poorly (oral)
bioavailable peptides such as insulin and cyclosporin. Similar promise holds for
peptide mimics of the extracellular loops of the claudins and occludin, though
these peptides appear to be further from market potential at this stage. The
susceptibility of some CPE- and Zot-derived peptides to enzymatic degradation
does of course create something of a circular problem e how to deliver the
permeation enhancers themselves. It is also important to distinguish between
the various agonists and antagonists that have been developed during dissection
of the molecular mechanisms underlying the action of Zot and zonulin. For
example, Larazotide acetate (AT1001) is an antagonist and is intended to reverse
paracellular permeability due to elevated levels of zonulin. It is, however,
formulated as enteric coated multi-particulate beads for oral administration in
gelatin capsules, and this may point to similar approaches for co-administration
of therapeutic peptides with AT1002, a functional agonist. It is interesting to
see research examining the effect of AT1002 on paracellular permeability of the
airways epithelium, and its co-administration with the 32 amino acid peptide
hormone calcitonin. Combining the potential of pulmonary delivery of peptides
and proteins with AT1002 therefore holds promise. It may be that we will see
the use of Zot-derived peptides as immune adjuvants in parallel with their
development for peptide and protein delivery. It is further encouraging that
comparisons of CPE and Zot with established permeation enhancers are
favorable. The reversible action of Zot and possible tissue specificity of C-CPE
are also promising with regard to future development along similar lines to
those seen for AT1002. Localization of the Zot-receptor binding domain of Zot
has led to parallels with the PAR-activating peptides and a better understanding
of the signaling pathways involved in tj modulation. To stimulate the devel-
opment of small molecule mimics, and circumvent issues associated with
peptide adjuvants for protein delivery, a high resolution 3-dimensional structure
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of Zot would ideally be required. However, before this is possible, the poor
expression of recombinant Zot proteins must be overcome.
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10.1. INTRODUCTION

The effective transport of hydrophilic molecules (i.e. proteins, peptides, etc.)
across the cellular plasma membrane barrier has been an insurmountable
obstacle for many decades. Because of this, numerous methods have been
invented to attempt to overcome this hurdle; for instance, the use of helper
molecules like polyethyleneimine (PEI) [1e3], encapsulating carrier systems
such as liposomes (reviewed in [4,5]) or viral vectors ([5], reviewed in [6]),
mechanical/physical membrane destabilizing techniques like electroporation
[7,8] or microinjection [9,10] etc. Although these methods offer several
advantages to the field of protein/peptide transport, they all possess significant
drawbacks, for example, heterogeneous dispersion, limited in vivo application,
221
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and above all immunogenicity issues in the case of viral carriers ([11], reviewed
in [11,12]) . Therefore, the search for superior transport systems is ongoing.

In 1988, two independent research groups discovered that a trans-activating
transcription factor, Tat, from the human immunodeficiency virus (HIV) was
able to freely internalize into cultured cells [13,14]. Since this early discovery
of proteins capable of inducing cell entry, much effort has been put into
determining the requisite amino acid residues and the most effective sequences
for translocation in order to develop an effective transport vector. This exten-
sive research led to the emergence of the field of cell-penetrating peptides
(CPPs), also called protein transduction domains (PTD) or Trojan peptides
because of their ability to overcome the unassailable plasma membrane and
carry attached cargo into the cell.
10.2. THE DIVERSE FAMILY OF CPPS

Cell-penetrating peptides comprise a large heterogeneous family of peptidic
carriers. As mentioned above, the first CPPs were discovered from naturally
occurring proteins, which were able to induce translocation across the cellular
plasma membrane. In order to fine-tune the transporting properties of the
vector, the quest for the most effective fragment was initiated. The explicit
sequences within the natural proteins that possess the translocating ability
were defined by evaluating the effective transport of the peptides after both
truncation [15,16] and/or amino acid substitution analyses [16,17]. From these
studies, the Tat peptide, comprising amino residues 48e60 from the full length
Tat protein emerged, showing an elevated internalization efficacy over the
parental protein.

Another widely used CPP from a natural origin comes from the third a-
helix of the Antennapedia homeodomain from Drosophila (aka fruit fly) which
was conveniently named Penetratin [18] because of its cell-penetrating activity.
Additionally, CPPs like VP22 from the herpes simplex virus (HSV) envelope
protein 22 [19], pVEC from the murine vascular endothelial cadherin [20] and
others have stimulated interest in the scientific field of biomolecule transport.

Another subclass of CPPs incorporates peptides designed on the basis of
naturally occurring sequences that have been derived from at least two different
sources, forming a group of chimeric cell-penetrating peptides. The most
well-known example from this ensemble is Transportan, which was designed by
coupling the fragment of a neuropeptide galanin (amino acids 1e12) to the N-
terminus of the wasp venom peptide mastoparan via a lysine residue (Lys)
linker [21]. The Lys residue between the two distinct fragments acts like a joint
dividing the peptide into two discrete clusters that can, to a certain extent,
change the overall conformation of the peptide, making it more capable of
interacting with membrane compounds. Yet, much like its progenitor galanin,
Transportan was demonstrated to have a high affinity towards galanin receptors
thus holding a potential to affect the activity of the downstream G-coupled
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proteins (GTPases) [21]. Therefore, in order to minimize the possible side-
effects that could rise from receptor binding and/or misactivation of cellular
GTPases, a series of deletion analogs of Transportan were designed and tested
[22]. The best results were obtained with a peptide lacking the six N-terminal
amino acid residues of the galanin fragment. This exhibited equal cellular
uptake and lower cytotoxicity than the parent peptide. This truncated version of
Transportan was designated as TP10. The list of available chimeric CPPs does
not end here; several other examples exist in the field. The most commonly
added motif is the nuclear localization signal (NLS), which assists with
membrane binding due to its strong positive charge, while also acting as
a transport signal inside the cells. An example of this type is Pep-1, which is
comprised of a fusion peptide incorporating a fragment of the dimerization
domain of the reverse transcriptase enzyme from the human immunodeficiency
virus (HIV) and the NLS from the large T-antigen of the simian virus SV40
[23]. Similarly to Transportan and TP10, this peptide also contains a joint-like
linker (here three amino acid residues in length) separating the highly hydro-
phobic region from the highly basic one, and giving it a somewhat flexible form.

A distinct subclass of synthetic peptides has emerged from the studies of
the requisite amino acids for cell internalization, as these studies have
demonstrated that positively charged amino acids play a positive role in the
uptake of CPPs [15]. It is also known today that an arginine residue (Arg) with
its bidentate side-chain structure e called a guanidinium head group e capable
of forming two hydrogen bonds (instead of one) with the negatively charged
plasma membrane components is therefore more potent in facilitating cell
delivery than other positively charged amino acids like lysine (Lys), histidine
(His) or ornithine [16,24]. This clearly proves that Arg plays a greater role in
facilitating cellular uptake than either the mere charge or backbone structure of
the peptide. Consequently, oligomers containing only Arg residues were
designed and evaluated for their uptake efficiency. An optimizing assay
revealed that oligoarginines with eight or nine arginine residues in their
sequences exhibited the best internalization properties, being over 20-fold more
efficient than the Tat peptide [16]. However, somewhat unexpectedly, the
optimizing experiments revealed that increasing the number of Arg residues in
the sequence above a certain number (usually 14 residues in length) elevated
the cytotoxicity of the compound [24,25].

Another subclass of synthetic peptides arises from the analysis of delivery
efficiency after alterations in the secondary structure of the peptide, showing
that specific higher-order structures are preferred for membrane translocation.
For example, the amphipathic a-helical structure exposes the hydrophilic
amino acids to one side and the hydrophobic residues to the other side of the
helix. This makes the peptide ideally suited for binding to membrane interfaces,
since the polar surface can face the aqueous phase and the less polar surface
will face the membrane interior. In nature, this structure is often seen in
membrane proteins, such as ion channels or membrane pore complexes [26,27].
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Because of its propensity to interact with membrane components, this
amphipathic a-helix strategy has been incorporated into the optimization of the
internalization efficiency of CPPs, and has resulted in the emergence of a new
peptide carrier called MAP (model amphipathic peptide). MAP, designed using
repetitive blocks of the amino acids lysine, leucine and alanine (Lys, Leu and
Ala or KLA) comprising 18 residues in total that form the desired amphipathic
a-helix [28], was demonstrated to efficiently internalize into mammalian cells
[29]. Although MAP peptides interact strongly with the membrane, it is
important to keep in mind that due to their natural pore-forming propensity and
high hydrophobic moment, they may irreversibly destabilize or damage the
lipid bilayers and thus exert cytotoxic effects [30].

Because of their recognized high potential as transport vectors, numerous
new and reportedly even more effective or specific peptidic sequences are
added to the pool of existing CPPs every year. Currently available computer-
aided CPP prediction algorithms make it easier to detect or anticipate possible
CPPs in existing amino acid sequences. However, care needs to be taken in
trusting the predictions since prognosis and experimental data do not always
correlate [31]. In spite of this, a couple of conceptual rules are highlighted in
the review by Hansen et al. [31]. Briefly, firstly a high number of positive
charges in the sequence tends to increase the interaction with the negatively
charged plasma membrane. Furthermore, Arg residues should be preferred
because of their electrochemical potency to form bidentate hydrogen bonds.
Secondly, secondary amphipathic sequences lend a greater disposition to
translocation into the lipid bilayer of the membrane, yet, they may also exert
membranolytic effects giving rise to cytotoxicity. Thirdly, the hydrophobicity
of the peptide also helps its translocation into the membrane lipid layer, but also
leads to water insolubility and so makes it difficult to use. And finally, because
of complications with synthesis and purification, shorter sequences are usually
preferred.
10.3. DELIVERY OF CARGOES INTO CELLS

Since their discovery, CPPs have been shown to efficiently import a vast range
of cargoes with various physicochemical properties, from peptides and proteins
to DNA and nanoparticles, into different cells and tissues [23,32e34].
However, in this book, strong emphasis will be put on effective delivery of
peptides and proteins.

Based on the principal purpose of the cargo molecule, the peptide and
protein cargoes can be categorized into two distinct subclasses: reporter
peptides/proteins (giving simply a positive read-out upon effective delivery)
and functional peptides/proteins (allowing the detection of any alteration in the
cellular processes). The most widely used reporter proteins in the field of CPPs
are avidin or avidin-like (streptavidin, neutravidin) cargoes, tagged with
attached reporter (fluorescence, gold, etc.) [35e37], b-galactosidase [38e40],
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Cre-recombinase [41e44], green fluorescent protein [45], etc. All of these
reporters have been successfully used in corroborating the transport properties
of various CPPs and/or in specifying the intracellular localization of the
CPPecargo complexes. The application of functional protein cargoes will be
discussed later in this chapter (under moving to in vivo systems).
10.4. PENETRATION VERSUS ENDOCYTOSIS

Essentially, the target in CPP technology is to create an effective transporter for
a biologically functional cargo molecule. Yet, to reach that target, much
research needs to be done first with the reporter cargoes, in order to select the
most efficient delivery vector, and then to determine the route of uptake and the
most productive transport pathway(s).

In spite of the extensive research towards defining the uptake mode of
different CPPs, the subject is still hotly disputed and quite ambiguously
understood. This often-encountered ambiguity probably arises from the
different characteristics of the used cell lines, CPPs, attached cargoes, used
linkers, methods of complex formation, etc. [46e49], making the generaliza-
tion of the mechanisms of uptake and intracellular targeting a difficult, if not
impossible, task.

The first question to consider when talking about CPP-mediated cargo
delivery is the mechanism by which the CPPs (on their own or with the cargo)
pass through the plasma membrane barrier. In other words, does the trans-
location of the complexes occur via direct penetration or an endocytic mech-
anism? Many past reports have claimed that the process is not of an endocytic
nature, since uptake of the compounds was detected at low temperature (at or
below 4�C), where invagination of the plasma membrane is arrested
[21,50e52]. However, in earlier studies (especially before 2003), the treated
cells were often fixed prior to microscopic analysis of the internalization and
localization of CPPecargo complexes. Unexpectedly, in the early 2000s, it was
discovered that the fixation itself may potentially alter the localization and
distribution of CPPs inside the cells [53], leading to a massive re-evaluation
wave in the field of CPP-mediated transport [17,54]. Since then, live-cell
imaging has been the suggested protocol for assessing the uptake efficacy and
intracellular localization and/or trafficking of the CPPecargo complexes.

Because of this tremendous scientific “stumble”, new reports arguing for the
direct passage of CPPs or especially for CPPecargo complexes across the
plasma membrane often encounter widespread skepticism. Although it is now
commonly accepted that the transduction process, particularly in the case of
CPPecargo complexes, takes place via endocytosis, there is some evidence that
certain CPPs could potentially still be capable of penetrating the plasma
membrane and facilitating the uptake of the cargo directly into the cytoplasm of
the cell [38,55]. As mentioned above, the size of the cargo may greatly influ-
ence the uptake route, since, for example, the Tat peptide fused to a peptide
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cargo was observed to rapidly internalize into cells and the nucleus, whilst the
Tat peptide fused to a protein cargo was taken up by cells inside vesicular
structures, indicating an endocytic process [48]. Nevertheless, it is important to
recognize that even though a proportion of CPPecargo complexes may infil-
trate through the membrane with the help of their membrane destabilizing or
interacting motifs, the majority of the complexes still make use of endocytic
routes to gain entry to cells (observed as vesicular or punctate staining of the
cytoplasm).

Whether the transduction of CPPecargo complexes occurs via penetration
or endocytosis, internalization begins with the interaction of the compound
with the cellular membrane. The plasma membrane is extracellularly abun-
dantly lined with different proteoglycans (i.e. heparin sulfate proteoglycans
(HSPGs)) which, because of their negative charge and the far-reaching length
of their side-chains, strongly interact with any positively charged molecule in
the surrounding environment. Although some other cell surface “anchors”, for
example phospholipids [56e58], have also been suggested as participating in
the primary attachment of the CPPs, HSPGs are the most widely agreed plasma
membrane components that bridge the CPPecargo complexes to the cellular
membrane [59e62]. It has often been observed that CPPs have a tendency to
adhere to the plasma membrane protrusions and the membrane curve at the
base of the projection [36,63]. This phenomenon could result from the rela-
tively motile nature of the protrusion compared to the other membrane areas
and/or from the mere length of the outgrowth, giving it an advantage of
extending further into the surrounding environment plus an elongated area of
contact for the CPP complexes.

The plasma membrane constituents and components vary enormously
between different cell types and tissues, yielding different uptake or intracel-
lular trafficking of the internalized compounds. Additionally, since the plasma
membrane components tend to accumulate in distinct microdomains (i.e. lipid
rafts), it is clear that some regions are more engaged in the binding and/or
internalization process of compounds than others. Furthermore, the role of
different membrane areas can be of varying importance. For instance, it is
highly probable that the penetration of CPPs and CPPecargo complexes takes
place at the liquid-disordered phase of the membrane, where the lipid bilayers
are more fluid and flexible, so promoting the submersion of the assembled CPP
complexes into the membrane. On the other hand, the endocytosis of the
complexes via, for example, the caveolin-mediated pathway requires the
clustering of caveolin and thus occurs at the highly ordered, caveolin-
containing, lipid raft microdomains (reviewed in [64]). Due to the high rele-
vance of endocytosis in CPP-mediated cargo delivery, this text will concentrate
on the exact mechanisms behind the cell entry and the successive fate of the
complexes.

After binding to the cell surface, CPPecargo complexes may choose from
a variety of different endocytic routes in order to reach the cell interior.
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Endocytosis is a general term used to characterize the process of engulfing
extracellular material by invagination of the plasma membrane to form a small
vesicle, which after budding from the membrane migrates to the cell interior
[65]. In fact, endocytosis can be subdivided into phagocytosis (occurring only
in certain cell types, i.e. macrophages) and pinocytosis. The latter term
segregates further into clathrin-mediated, caveolin-mediated, clathrin- and
caveolin-independent endocytosis and macropinocytosis. A vast number of
scientific papers have been published to precisely define the underlying
endocytic pathway(s) that could be employed or even activated by the CPPs
([66], reviewed in [67]). The scientific basis of this research arises from using
markers or inhibitors to either highlight or block specific endocytic routes,
respectively. Another method is to make use of knockout cell lines, which are
devoid of certain proteins. This results in the loss of cellular processes that
require that specific protein. For example, in caveolin-1 knockout mice, cav-
eolin-1 is not expressed, leading to the inhibition of the caveolin-mediated
endocytic pathway. This makes these cells a near-ideal cell line to study the
importance of caveolin in the uptake of different CPP complexes. Additionally,
RNA interference technology has been widely applied. Here, short RNA
sequences are implemented to downregulate the desired endogenous protein
levels, but the outcome of this method is highly dependent on the use of small
interfering RNA (siRNA). However, since the commonly used markers or
inhibitors of different endocytic routes are not as specific as we would want
them to be, and also because downregulation rarely achieves even 80% and may
upregulate other endocytic pathways, the results of these studies must be
interpreted with caution. Indeed, several parallel experiments need to be con-
ducted in order to be able to draw valid conclusions. Despite the number of
contradicting reports published in light of the search for the uptake route of
CPPecargo complexes, some conclusions can still be drawn.

The most thoroughly studied type of endocytosis is the clathrin-mediated
pathway (CME) that is commonly used for internalization of receptors and
proteins from the cell surface. Clathrin-mediated endocytosis initiates by
binding the ligand to the receptor, stimulating the subsequent clustering of the
receptor which thereon facilitates the recruitment of clathrin to the plasma
membrane. The accumulation of clathrin to the cytosolic face of the membrane
causes it to curve into the cell interior, and then bud off as a vesicle covered
with a honeycomb-like clathrin lattice (reviewed in [68]). Since several cationic
CPPs (i.e. nona-arginine and Tat), both on their own and also with protein
cargo, can facilitate receptor internalization without displaying any specificity,
it can be concluded that at least a part of them can internalize into the cells via
clathrin-mediated endocytosis [69]. Further support for the partial use of
this pathway comes from a study where the recycling of clathrin and the
reformation of the clathrin-coated pits were inhibited by hyperosmolar
conditions [70] resulting in a 20% or 10% decrease in the uptake of Tat-avidin
and TP-avidin, respectively [35]. Also, some colocalization with Transferrin
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(a conventional marker for the clathrin-mediated pathway) was observed with
TateStreptavidin complexes [71]. However, due to the slightly negative charge
on the Transferrin molecule, the strongly positive avidin may bind extracel-
lularly with the Transferrin causing a concomitant internalization and thus an
overestimation of the actual colocalization between the two compounds.
Therefore, it is fair to say that the clathrin-mediated pathway may, on one hand,
contribute to the internalization of either Tat-, nona-arginine- or TP-bound
cargo, yet, on the other, its participation is relatively scarce, especially in case
of Transportan (TP).

As mentioned above, caveolin resides in the strictly ordered membrane
microdomains called lipid rafts and, for this reason, the caveolin-mediated
pathway originates only from these discrete plasma membrane regions. After
budding from the plasma membrane, the small, flask-shaped, caveolin-1-
positive vesicles fuse with the rosette-like caveosomes which can target some
of its content to the Golgi complex, the endoplasmic reticulum or other
intracellular compartments (reviewed in [72]). There are no specific live-cell
imaging markers available for this pathway, although several toxins (i.e. the
cholera toxin B subunit) and pathogens (i.e. SV40) are shown to at least
partially make use of it as their gateway into the cell. Still, both of the afore-
mentioned “markers” can also enter cells via other routes that are independent
of caveolin [73,74], which lack of specificity makes the experimental data hard
to evaluate. This phenomenon was observed, for instance, with Tat protein or
peptide fused to a green fluorescent protein that colocalized better with the
cholera toxin B subunit than with caveolin-1 itself [45]. This revealed that
while caveolin-1 is important in the uptake of these constructs, other pathways
must also be involved. Nevertheless, the role of caveolin-dependent endocy-
tosis in the uptake of different CPP-cargo complexes has been described on
several occasions [63,75].

Caveolin-1 is observed to be of considerable importance, especially for
Transportan which to a great extent colocalizes intracellularly into caveolin-
1-positive vesicles [63]. Furthermore, in the downregulation of caveolin-1
with siRNA, and also in caveolin-1 deficient knockout cells, the uptake of TP-
protein cargo was reduced by more than half. Despite an early study
demonstrating the localization of Tat fusion peptide with GFP to caveolin-1
positive endosomes [75], our studies of the Tat peptide indicated that it
exploited the caveolin-mediated pathway to a lower extent, and colocalization
of Tat-protein complexes with Caveolin-1 occurred more at the cell
membrane and less inside the cytoplasmic vesicles [63]. These discrepancies
probably come from the differences in the peptide constructs used, since in
some cases the CPP sequence is fused to a glutathione-S-transferase (GST)-
tag (necessary for the purification process after expressing the construct in the
bacteria) but in others the CPP is fully synthesized by automated peptide
synthesis, and needs no additional tag for further purification. However, to
draw some parallels between different CPPs, it is reasonable to believe that,
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since oligoarginine (along with Tat) is a member of the arginine-rich CPP
family, it may act similarly to the Tat peptide and thus employ analogous
internalization pathway(s), also making some use of caveolin-dependent
endocytosis.

Another well-characterized type of endocytosis that takes place without the
participation of either caveolin or clathrin is macropinocytosis. Macro-
pinocytic vesicles arise from the dynamic movement of the actin-rich cell
surface outgrowths called membrane ruffles, which occasionally fall back to the
plasma membrane. This process takes some of the extracellular contents
entrapped between the protrusion and the plasma membrane into a vesicle that
passes into the cell interior. Macropinosomes are heterogeneous in size, but
tend to be larger than the vesicles formed by either clathrin- or caveolin-
mediated endocytosis (reviewed in [76]). Many papers have highlighted the
role of macropinocytosis in the entry of CPP-protein/peptide complexes
[77,78], revealing that when this pathway is blocked by inhibitors (5-ethyl-
isopropyl amiloride (EIPA) or amiloride), the internalization of the complexes
is hindered by at least 30%. Another study, focusing on the transport charac-
teristics of the Tat-Cre recombinase fusion protein, demonstrated that desta-
bilization of lipid rafts by depletion or sequestration of the cholesterol residing
there with b-cyclodextrin or nystatin, respectively, dramatically inhibited the
uptake of Tat-Cre in a concentration-dependent manner [41]. However, since
caveolins also inhabit these lipid rafts, the same report used a fluorescently
labeled caveolin-1 to show that the two complexes are taken up by cells in
different vesicular structures; the conclusion being that even though lipid rafts
are central to the uptake of the Tat-Cre fusion protein, caveolin is not neces-
sarily involved in the process. The relevance of macropinocytosis was further
confirmed for a variety of arginine-rich peptides (i.e. Tat, oligoarginine,
modified oligoarginines) [79], demonstrating that for GFP translocation, argi-
nine-rich peptides use an actin-dependent macropinocytic pathway for cell
entry. Additionally, shortly after internalization, a large proportion of Trans-
portan in complex with streptavidin is detected in large, polymorphous,
intracellular vesicles reminiscent of macropinosomes [36], adding supporting
evidence for the theory of macropinocytic uptake. The underlying mechanism
of the stimulation of macropinocytosis is, however, still undefined. There have
been speculations that CPPs themselves can stimulate the membrane ruffling,
and thus enhance the uptake of the cargo molecule via the macropinocytic
pathway. Some reports suggest that the initial binding of the arginine-rich CPPs
to the membrane-bound heparin sulfate proteoglycans (HSPGs) activates the
GTPase Rac and the downstream actin polymerization pathway, leading to the
membrane ruffling and the subsequently activated macropinocytic events [67].
The activation of Rac upon binding to the HSPGs has been discovered to take
place for many different CPPs [80], confirming the assumptions that at least
some CPPs are capable of stimulating the membrane fluctuations that help them
cross the membrane barrier.
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In addition to the above described endocytic routes, other, so called
clathrin- and caveolin-independent pathways, facilitating the uptake of
several receptors, molecules or pathogens, are active inside mammalian cells.
For example, the vesicles referred to as clathrin-independent carriers (CLIC) or
GPI-enriched endocytic compartments (GEEC), form as tubular structures
from the plasma membrane through the activation of dynamin, several GTPases
(i.e. RhoA) and the polymerization of actin filaments ([81], reviewed in [82]).
Without ruling out the possibility that there are several distinct subtypes of this
endocytic route, it is referred to as the CLIC/GEEC pathway. As the name
infers, the CLICs/GEECs are used, for instance, for internalization of the
glycosylphosphatidylinositol (GPI)-linked proteins [83]. However, a recent
paper implies that the term “GPI-enriched endosomal compartment (GEEC)” is
not entirely correct for these endosomes, since as yet there is no direct evidence
that the density of GPI-linked proteins per unit area of membrane is any higher
in the GEEC compartments than in the plasma membrane [84,85]. Moreover,
the article also indicates that the GPI-linked proteins are sorted to the so-called
GEECs chiefly by steric exclusion from the clathrin-coated pits. This means
that they may enter the cells by multiple clathrin-independent endocytic
pathways, including the typical caveolin-dependent one; i.e. the GPI-linked
proteins cannot be exclusively used as markers for characterizing this specific
pathway.

Analogously, in 2005, the uptake of SV40, which up to that point was
thought to internalize into cells via the caveolin-mediated pathway, was
discovered to at least partially move through an unconventional clathrin- and
caveolin-independent pathway [74]. A similar tendency for the parallel use of
the clathrin- and caveolin-independent pathway and the caveolin-mediated one
was confirmed for the cholera toxin B subunit [86], ruling out the specificity of
both peptides towards the caveolae, and hence also their use as definite markers
for the latter pathway. To make matters worse, since accurate information about
this pathway is lacking and the specificity of the known markers has been
jeopardized, the role of the CLICs/GEECs in CPP-mediated peptide/protein
delivery has not yet been analyzed to draw any decisive conclusions. At least
one type of GPI-anchored protein is internalized via a clathrin-independent
pathway, leading to the trafficking of the endocytosed material to an unor-
thodox subgroup of Rab5-independent tubular vesicles [83]. Thus, one cannot
rule out the possibility of the use of this particular pathway in the Transportan-
mediated protein transport, because the TP- and TP10-avidin complexes were
demonstrated not to be targeted to the conventional Rab5-positive early
endosomes [63].

Other markers, found to reside in the cholesterol-rich membrane micro-
domains and to be involved in a clathrin- and caveolin-independent pathway,
are the flotillin (or reggie) family proteins [87,88]. Flotillin resides in punctate
structures within the plasma membrane and in a specific population of endo-
cytic intermediates facilitating, for instance, the internalization of the cholera
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toxin B subunit [88]. This again shows that the latter marker cannot be used to
highlight any specific endocytic pathway, and the correlation seen between the
uptake of the cholera toxin B subunit and any CPP-protein/peptide cargo
complexes cannot be undeniably linked to a certain endocytic entry mecha-
nism. For this reason, flotillin itself has been employed to characterize this
subclass of clathrin- and caveolin-independent pathway. Unfortunately, the
search for the association of Transportan-, TP10- and Tat-avidin complexes
with flotillin-1 only led to a minor colocalization at the plasma membrane that
diminished after cell entry of the complexes [63]. Therefore, the flotillin-
mediated subclass of the clathrin- and caveolin-independent pathway can be
discarded in the further scientific exploration for defining the specific endocytic
gateway used by the CPP-protein/peptide cargo complexes.

What makes this search even more difficult is the recognition that, in the
case of CPPs or CPPecargo complexes, several different endocytic pathways
can and probably are used in parallel (Figure 10.1) ([37,63,89], reviewed in
[49]). Furthermore, downregulation or inhibition of specific routes may lead to
the upregulation of other pathway(s) [90], and thus simply promote a switch
from one endocytic route to another.
10.5. AFTER ENDOCYTIC ENTRY

After budding from the plasma membrane the CPPecargo complexes that are
confined in an endocytic vesicle are sorted and trafficked by the cellular
machinery into the early endosomes (also called the early endosomal
compartments). To date, two major intracellular pathways initiating at the
plasma membrane and the early endosomes are known e the recycling and the
endo-lysosomal pathway. For example, the receptors returning to the cell
surface accumulate in the recycling endosomes, which are tubular portions of
early endosomes located in the perinuclear Golgi region of the cell [91]. In
certain cell types, the recycling endosomes are spatially segregated from the
rest of the endosomes by clustering into the ring-like trans-Golgi structure [92],
making it easier to analyze their role in the intracellular trafficking of, for
instance, CPPecargo complexes. It was found recently that neither Tat-, nona-
arginine- nor TP-avidin complexes are targeted to the recycling endosomes
[37], eliminating its importance in the trafficking of the CPPeprotein cargo
inside the cells. For this reason, little attention is given to the recycling pathway
in this chapter. However, deeper interest will be given to the other e the endo-
lysosomal pathway e which is considered to deliver the internalized content
into degradative organelles; lysosomes.

The engulfed material that follows the classical endo-lysosomal pathway
is sorted from the early endosomal compartment to the multivesicular bodies,
and from there to late endosomes and lysosomes. The above mentioned
subclasses of endosomes probably do not exist as distinct, stable organelles, but
represent a particular stage of maturation and undergo continuous sorting of the



FIGURE 10.1 Endosomal entry and intracellular trafficking of CPP-protein complexes. CPP-

protein complexes (red dots) may enter cells via different endocytic pathways (arrows outside the

cell). The intracellular endocytic vesicles entrapping the complexes possess varying pH and may

lead to either the recycling endosomes (minority of complexes, thin block arrow) or the endo-

lysosomal pathway (majority of complexes, bold block arrow). However, some of the complexes are

found also inside vesicles with a relatively neutral pH (medium block arrow), where the micro-

environment may provide favorable conditions for the complexes to leak out into the cytosol. Arrow

thickness indicates the extent of the endocytic pathways used in CPP-mediated protein uptake.

Darkness of endocytic vesicles corresponds with their acidity. Macr e macropinocytosis; Clathr e

clathrin-mediated endocytosis; Cav e caveolin-mediated endocytosis; F/CLIC e fluid phase/

clathrin-independent carriers (involvement in CPP-mediated protein delivery has not yet been

defined); Flot e flotillin-mediated endocytosis (plays no part in CPP-protein internalization).

Reprinted from reference [49] with permission from Elsevier.
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endocytosed material, separating the cargo and receptors by a pH shift and/or
membrane differentiation events occurring at certain points during the devel-
opment of the endosomal vesicle into a so-called ripe lysosome [91]. Several
endocytic pathways ultimately target their content to acidic compartments. The
accumulation of different CPPecargo complexes into large, acidic lysosomes
has been corroborated repeatedly [36,37,93,94]. Since more than 40 hydrolytic
enzymes (including proteases, nucleases, glycosidases, lipases, phospholi-
pases, phosphatases and sulphatases) are associated with the lysosomes,
CPPs or their cargo are bound to be substrates for some of these enzymes.
Therefore, that proportion of CPPecargo complexes that are targeted to these
low pH structures are probably destined for degradation. However, an exten-
sive analysis of the pH of the intracellular vesicles containing either
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TP-, nona-arginine- or Tat-avidin cargo complexes revealed three distinct
subpopulations whose proportions depended on the used CPP, time and
concentration of the CPPecargo complexes [37]. Upon entry into cells, the
complexes reside predominantly in smaller vesicles containing a low concen-
tration of the complexes but having a variety of pH values, indicating that some
of the material is rapidly subjected to degradation after internalization. With
time, the fusion of the vesicles results in the accumulation of the complexes into
fewer and fewer structures leading to the local high concentrations of CPPs
attached to the cargo. These large, massively concentrated, complex-bearing
vesicles can be divided into two groups e one with a low pH, representing the
classical lysosomes, and the other with a relatively neutral pH, arising from an
as yet unknown mechanism. Since the “effective” delivery of the intact
bioactive cargo is typically to a target molecule that resides outside of the
endocytic pathway, the transport vector must ensure, firstly, that the cargo is not
degraded before its interaction with the target, and secondly, that the cargo
escapes from the entrapping endosomes in order to reach its target. For this
reason, the complexes inside highly acidic lysosomes can be discarded, due to
their high potential of being digested before escape, leaving the “mysterious”
near-neutral pH vesicles on the table for further investigation. Several research
groups have used acidification inhibitors, also called lysosomotrophic agents
(i.e. chloroquine, NH4Cl), to enhance the proportion of this population of
vesicles [95e97]. However, as mentioned above, at least TP, nona-arginine and
Tat can mediate the uptake of the protein cargo into the medium pH vesicles,
where the cargo molecule remains intact and functional.

Although the origin of these vesicles is not clear, some hypotheses have
emerged. For example, the caveolin-mediated pathway has been indicated as
participating in the formation of these neutral vesicular compartments, since
not all contents of the caveosomes are intracellularly targeted for degradation,
and are instead carried to long-lived, medium pH, caveosomal intermediates
([98], reviewed in [72]). This presumption is further corroborated by the fact
that out of all the CPPs mentioned, Transportan delivered the largest amount of
cargo to the near-neutral pH vesicles [37] and concurrently exhibited the
strongest inhibition of uptake upon caveolin-1 removal [63]. On the other hand,
some arginine-rich peptides (especially oligoarginines) have an inherent
capacity to hinder the acidification of the vesicles they reside in, resulting in the
generation of the near-neutral pH endosomes. Although the aforementioned
explanations can be justifiably applied to complete the “big picture”, the
existence of other so far unknown mechanisms behind this phenomenon cannot
be excluded.

Endosomal entry into cells represents a contradiction: on the one hand,
endocytosis is a natural way for a cell to obtain molecules from the surrounding
environment (thus being harmless) but on the other, internalized CPPecargo
complexes remain isolated from the cell interior and large amounts may be
targeted for degradation. Therefore, in order to complete effective delivery, the
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transported peptide needs to somehow break free from this terminal pathway.
The mechanism of CPP penetration of the vesicle membrane may be similar to
that happening at the plasma membrane. Yet, there is one slight discrepancy
that probably makes all the difference e the local concentration of the peptide.
When applied extracellularly, the CPPecargo complexes are distributed along
the plasma membrane and, though aggregation does take place to some extent
[99], the concentration of the peptide per unit area of the membrane is still
rather low. During trafficking of endosomes harboring CPPecargo complexes,
the vesicles fuse with one another, so resulting in fewer and larger endocytic
compartments with elevated concentrations of the complexes. This means that
inside the vesicles the peptide number per unit area of the membrane is
substantially increased. At high concentrations, the peptide accumulates and
clusters at the membrane, interfering with its regular packing arrangement. In
support of this, increasing the concentration of Transportan leads to a marked
membrane leakage [30]. Additionally, it has been proposed that a higher oli-
goarginine peptide concentration induces membrane destabilization and pore
formation (even at the plasma membrane) [57,100]. Therefore, it can be
concluded that the liberation of the CPPecargo complexes probably occurs via
membrane destabilization and the subsequent slipping of the complexes out of
the vesicles. It is not known whether the destabilization of the vesicle
membrane brings about the complete breakage of the entire endosome or
causes just some leakage through the membrane; however, from the cell’s point
of view, the latter mechanism would be less damaging. Moreover, the exact
amount of the CPPecargo complexes reaching the cytoplasm is not defined,
yet, it is evident that it is occurring at least to some extent.

Escape from the endosomes is currently the limiting step in the efficiency
of CPP-mediated cargo delivery and for this reason, scientists have devel-
oped ways to overcome this drawback. For example, some articles have
demonstrated protein delivery using CPPs fused to the N-terminal part of the
hemagglutinin protein (HA) of the influenza virus [41,101,102]. Because the
HA epitope is a well-characterized, pH-sensitive, fusogenic peptide that
destabilizes lipid membranes at low pH, the CPPecargo complexes con-
taining this motif can escape more efficiently from the vesicles, especially
the ones undergoing a pH decrease. Since many of the vesicles entrapping
the complexes are targeted to low pH structures, the addition of the HA tag
can drastically enhance the cytoplasmic delivery of the endocytosed mate-
rial. Other possible fusogenic compounds that may assist endosomal escape
of the compounds are discussed in a recent review [103]. Additionally, as
referred to earlier, inhibitors of endosomal acidification (i.e. chloroquine) are
frequently used in cell culture to enhance the function of the internalized
cargo protein [104] by: (1) protecting the complex from degradation and
(2) simultaneously inducing leaky vesicles with already destabilized
membranes for easier escape. However, in vivo the use of these chemical
enhancers is limited.
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An additional mechanism of cytosolic entry of arginine-rich CPPs was
proposed to occur via the retrograde transport, in which the vesicles are carried
from the early endosomes to the Golgi network where their contents may be
released into the cytoplasm [105]. The chemical disruption of the trans-Golgi
network by brefeldin-A inhibited the uptake of arginine-rich peptides. More-
over, the induction of retrograde transport resulted in an increase in the cyto-
solic fraction of fluorescently labeled Tat and oligoarginine, implicating this
particular pathway during cell entry of these peptides. Another paper referred
to the use of this pathway in enhancing the cytosolic delivery and subsequent
direction to the nucleus [45], indicating that the retrograde transport of
CPPecargo complexes may play a role in their effective delivery. However, the
accumulation of CPPecargo complexes to the trans-Golgi network has been
only rarely reported [36,37].
10.6. MOVING TO IN VIVO SYSTEMS

To proceed with the progression of the field of CPPs as transport vehicles for
bioactive macromolecules in vivo, wemust return to the beginning of this chapter
and recall that they can be divided into two subclasses, based on the purpose of
the delivered peptide/protein cargo e the reporter proteins/peptides and the
functional proteins/peptides. So far, the utilization of reporter proteins/peptides
has been discussed, to reveal the path(s) of cell entry of these CPPecargo
complexes. However, from this point on, the use of functional protein/peptide
delivery, especially in the clinical/medical sense, will be discussed.

In cell culture, many reports have been published which demonstrate CPP-
mediated delivery of functional proteins (e.g. the dominant negative form of
Cdk2 that binds pRb and inhibits cell proliferation [106]) or peptides (e.g. the
p53 and p21 peptides/fragments [107,108], a fragment from Bcl-X(L) [109],
etc.). Yet, since an organism is a far more complex system for delivery,
complications may arise from biodistribution, bioavailability, biodegradation,
immunogenicity and so on e questions that need to be resolved before CPPs
may become a supplement for existing and pioneering medicines.
10.6.1. Specificity

Firstly, in cellular systems, the delivery of protein/peptide by CPPs, usually
reaching 100% of the cells, is highly efficacious, making CPPs better transport
vectors than other techniques described at the beginning of this chapter. On
moving to in vivo systems, however, this may not be a desirable feature unless
systemic delivery is desired. The problem of selectivity arises especially, for
example, in the case of anti-cancer treatments, where the drug needs to be
targeted to the cancer cells without affecting the normal tissue surrounding the
tumor. The issue of biodistribution has been under scrutiny since the early
experiments with CPPs as transport vectors in vivo. For instance, it was



236 Peptide and Protein Delivery
apparent in early studies that the non-selective delivery of Tat-FITC [110] or
Tat-fusion protein with b-galactosidase to various tissues (the heart, liver,
spleen, brain, etc.) [110,111] represented simultaneously both an advantage and
a disadvantage. It is a desired feature since, at least theoretically, CPPs can
transport a bioactive cargo into different tissues and even cross the bloodebrain
barrier, but is an unwanted side-effect in a sense that modifications need to be
implemented to accomplish targeted delivery and tissue-specificity.

When injected intravenously, the main site of accumulation of the
CPPecargo complexes will probably be the liver and spleen (due to their nature
of being blood depots) and the kidneys (because of their function as filters)
[112,113]. The non-specific accumulation of these chemicals in these organs
may cause serious damage to the tissues, and in a worst case scenario lead to
death of the whole organism, accentuating the necessity for precise targeting.
Thus, in biomedical research, the goal of getting the functional protein cargo
into the exact tissue or cell type required (after administration via injection, oral
uptake or inhalation), where it actually performs its task, holds the real key to
the development of new pharmaceuticals. Therefore, the main interest now is to
find ways of enhancing the local concentration of the drug whilst at the same
time minimizing systemic exposure. The specificity of CPPecargo complexes
can be achieved by many techniques. One of the easiest approaches is local
administration to the site of interest, either by injection into the target tissue/
area [114] or the tumor [115], intranasal or intratracheal administration for
internalization into cells of the upper airways [116] or lung and tracheal tissue
and nearby cells [117] (i.e. in the case of asthma or allergy) or simply rubbing
the complexes onto an affected skin area [118]. In some cases, however, these
techniques cannot be applied, requiring other ways of addressing their non-
specificity to be developed.

Since cancer is one of the leading causes of death worldwide, affecting
millions of people annually, there is a strong impetus for science to target this
disease. The discovery of cancer-specific peptides, for instance, can be facili-
tated by phage display technology, where a library of bacteriophages exposing
a different peptide sequence on their capsule are intravenously injected into
animals bearing the tumor to be targeted. The phages displaying the “correct”
sequence bind specifically to the tumor and are afterwards collected, amplified
and their exposed sequence identified as the tumor targeting sequence. These
so-called “tumor homing sequences” have been applied successfully in vivo,
where effective accumulation of the vector alone [119] or vectoredrug
complexes [120] into the tumor was demonstrated. The same phage display
technology can also be applied to achieve tissue-specific peptides.

An innovative approach that has been used to acquire tumor specificity
involved attachment of a masking polyanionic sequence to a CPP via a cleav-
able linker that is dissected by specific metalloproteases which are over-
expressed at the site of the tumor [121,122]. Tumors use metalloproteases to
dissolve the extracellular matrix in order to expand and migrate into
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surrounding tissues (reviewed in [123]). Thus, this method utilizes the tumor’s
own biochemical signature in order to attack it. The polyanionic sequence
masks the positive charges on the CPP, preventing its localization to non-
tumorous tissues. When targeted at the site of tumor, the high concentration of
activated metalloproteases leads to the cleavage of the linker and the
unmasking of the CPP-sequence which then readily enters the cells, resulting in
the accumulation of the CPP in the tumor. The main intention is to use tech-
nique as a tumorigenic marker for surgeons [124], making differentiation
between normal and cancerous tissue clearer [125]. However, it could poten-
tially also be used as an anti-cancer drug delivery system.
10.6.2. Bioavailability, Degradation and Toxicity

To be an effective transporter in an in vivo system, the vector needs to possess
certain characteristics which to an extent contradict one another. On the one
hand, the transporter needs to be stable enough to survive the degradation by
the plasma or extracellular matrix enzymes, in order to be able to carry its cargo
to the target site in the organism. On the other, it needs to be degraded by the
organism intra- or extracellularly after completing its mission, to avoid any
side-effects rising from the accumulation of non-degraded byproducts that may
in time become toxic. Since the half-life of CPPs with L-amino acid compo-
sition is fairly low in the plasma [112,126], several modifications have been
used to overcome this drawback; for example, replacing the L-amino acids with
their D-counterparts [127,128] or synthesizing the so-called retro-inverso
peptides [129] with a D-amino-acid sequence that has been inverted to better
mimic the chirality or the side chain topology of the L-isomer. Since it has been
shown that the backbone structure plays no role in CPP-facilitated entry to
cells, these stability-enhancing methods do not decrease the uptake of CPPs
[130]. Slower clearance from the blood, however, extensively increases the
bioavailability of the CPPecargo complexes due to low or non-existent
degradation, but at the same time prevents the removal from the body of the
CPPecargo complexes that have already performed their “mission”. The
enhanced accumulation of target-specific CPPs (in for example cancer tissues)
may prevent this issue from ever becoming problematic, since cancer cells are
forced to undergo apoptosis during therapy.
10.6.3. Immunogenicity

Another issue that demands attention before moving towards clinical trials
involving CPPs as transport vectors for bioactive macromolecules, is the
problem with immunogenicity. Several viral carriers, especially adenoviruses,
may elicit an immune response, which is both exhausting to the organism
(allergic reactions and inflammation) and lethal to the carrying vector (due to
secretion of anti-adenovirus neutralizing antibodies) ([11], reviewed in [131]).
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The in vivo immunogenicity of different CPPs, however, is poorly described to
date, but due to their relatively short half-life in the plasma, it is fairly unlikely
that CPPs will promote an immune response. Still, the body’s reaction to the
more stable D- or retro inverso variants of CPPs cannot be estimated, and
requires more investigation. Nevertheless, a simple yet ingenious solution to
this problem has been proposed e if immunity to one particular CPP were
to develop in long-term trials, the abundance of different CPP peptides
would allow for replacement of the original peptide, thereby sidestepping the
problem [132].
10.7. CONCLUSIONS AND FUTURE ASPECTS

To round up the information presented in this chapter, it can be concluded that
CPPs have the potential to change the world of pharmaceutics as we know it
today. The most commonly used CPPs: Tat, oligoarginine and Transportan,
have all been demonstrated to facilitate the entry of protein/peptide cargoes into
cells both in vitro and in vivo. In cellular systems, Transportan has displayed
greater internalization properties than the aforementioned arginine-rich CPPs
and their uptake efficiencies can be depicted as follows: Transportan > oli-
goarginine > Tat peptide. However, concomitant with their uptake efficiency,
serious attention needs to be given to toxicity reports that show a successive
series: Transportan � oligoarginine > Tat. When picking the “right” CPP
sequence for cargo delivery, both of these aspects need to be considered, and
when lower concentrations are used the Transportan or oligoarginine should be
preferred. Additionally, since Transportan-cargo complexes are found in
neutral intracellular vesicles to a greater extent, it is possible that this peptide is
superior to the others in terms of effective delivery.

In vivo, however, the uptake efficiency, specificity and toxicity have not
been extensively studied for the different CPPs. Nevertheless, it is evident that
for targeted delivery, some extra motifs need to be added to the CPP sequence.
A rather promising aspect for CPP-mediated delivery of peptides/proteins is
that transcytosis in endothelial cells (that otherwise act as a barrier between the
blood stream and underlying tissues) requires caveolin (reviewed in [133]). As
was mentioned above, several CPPs but especially Transportan, exploit the
caveolin pathway for cell entry, possibly giving Transportan a beneficial “edge”
in vivo.

Great expectations lie in the field of CPPs for both biomedicine and surgery.
Despite the number of obstacles and pending challenges still faced today, the
growing number of examples of in vivo delivery (PKC inhibitors [114]; TP-
PNA [134]; Tat-HSP70 for neuronal rescue [135,136]; Tat-Bcl-x(L) for
improved neuronal precursor cell survival [137]) confirm that the problems can
be overcome in one way or another. The existing proof that CPP technology can
be effectively applied confirms their high potential in clinical applications in
the future.
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delivery efficacy of cell-penetrating peptides: A comparative study, Biochem. J. 407 (2007)

285e292.
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11.1. INTRODUCTION: WHY BIOCONJUGATION OF
PEPTIDES AND PROTEINS?

The covalent conjugation of poly(ethylene glycol) (PEG) chains to proteins,
known as PEGylation, has been successfully developed as a means of varying
the in vivo properties of protein drugs. This technique offers less frequent
administration to patients, greater convenience and improved efficacy [1].

PEG is a hydrophilic, biocompatible polymer approved by the main regu-
latory agencies, namely EMEA and FDA, for parenteral administration. The
PEGylation of a protein can be achieved by random or selective conjugation
protocols that yield the covalent attachment of one or more polymer chains to
specific anchoring functions on the protein surface. Polymer conjugation
induces size enlargement, charge and surface modifications and protein
shielding, which ultimately result in improved solubility, stability [2,3],
enhanced immunological profile [4], prolonged permanence in the body and
altered tissue localization and cellular uptake. The beneficial effects of
PEGylation usually compensate for the reduced biological activities of proteins
modified by polymer conjugation.

11.2. IN VIVO BEHAVIOR OF PEGYLATED PROTEINS

11.2.1. Pharmacokinetic Profile of PEGylated Proteins

PEGylation has a strong effect on the pharmacokinetic profiles of proteins
because it prolongs their presence in the bloodstream, increases their
bioavailability and modifies their biodistribution profiles. Renal clearance
represents one of the main routes of protein elimination from the bloodstream
[5,6]. The glomerular capillary walls in the kidneys are organized into highly
structured architectures with specialized barrier properties that control the
ultrafiltration of hydrophilic macromolecules, namely proteins and polymers,
and their reabsorption at the level of the proximal tubule. Both ultrafiltration
and reabsorption depend on the composition, sizes and charges of the circu-
lating molecules [7,8].

Proximal elements that are rich in sialoprotein and are located in the
epithelium and the lamina rara interna of the glomerular basement membrane
delay the filtration of circulating polyanions by repulsion. By contrast, distal
components, namely the lamina rara externa of the glomerular basement
membrane and the slit diaphragm, delay the clearance of cationic macromole-
cules. The passage of circulating polyanions is also retarded by the non-
glomerular epithelium, which is negatively charged [8e10]. PEGylation
protocols, which convert lysine and the terminal amino groups of amino acids
into amidic bonds, result in a loss of the overall positive protein charge [1] that
prolongs the body’s exposure to proteins [11].

Proteins with molecular weights that are less than 65 kDa (the serum
albumin size, which represents the ultrafiltration cut-off for globular proteins)
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are usually rapidly cleared through the kidney. Larger proteins, however, are
cleared after being enzymatically digested into lower molecular weight frag-
ments. The PEGylation of therapeutic proteins that have low molecular
weights, or that have been downsized through engineering to enhance their
biofunctional properties, can produce derivatives with high hydrodynamic sizes
that overcome the glomerular ultrafiltration cut-off [12,13]. Due to its extended
conformation, and the coordination of two to three water molecules per oxy-
ethylene unit, PEG possesses a high hydrodynamic volume that is non-linearly
correlated with molecular weight [14,15]. As a result, the ultrafiltration of
PEGs with molecular weights below 8 kDa is not size-restricted. However, for
PEGs between 8 and 30 kDa, the filtration rate depends on the molecular size.
The 30 kDa PEG has a hydrodynamic size of 8 nm, which exceeds the 5 nm
pores of the kidney glomerular membrane [16,17]. Nevertheless, by virtue of
structural flexibility and extended conformation, PEGs with molecular weights
that are significantly higher than 30 kDa are also cleared by kidney ultrafil-
tration. This clearing process occurs at a very slow rate through a pore diffusion
process defined as “reptation” [12,18].

As a rule of thumb, the hydrodynamic volume and clearance of PEGylated
proteins are dictated by the PEG molecular weight and structure, the number of
attached polymer chains and the overall mass of the polymer forming the
bioconjugate [19]. An 18 kDa PEG, having a hydrodynamic volume higher
than that of albumin, is considered to have the minimum mass required to
significantly reduce kidney ultrafiltration regardless of the molecular weight of
the attached peptide [15]. Thus, a variety of proteins have been derivatized
either with one PEG chain with a molecular weight above 18 kDa or with
several PEG chains of lower molecular weight. The alpha- and beta-phase half-
lives of interleukin-2 (IL-2) were found to increase as the number of attached
4 kDa PEG molecules increased, and the clearance of the derivative bearing
three polymer chains and that obtained with the bioconjugate modified with one
10 kDa PEG chain overlapped [20]. This study confirmed that for diameters
above 36 �A, which corresponds to the size of albumin, the kidney clearance is
very slow regardless of the degree of PEGylation.

The modification of the single-chain Fv antibody fragment against tumor
necrosis factor-a (anti-TNF-a scFv) by conjugation of single 5, 20 and
40 kDa PEG chains to cysteine yielded anti-TNF-a scFv derivatives with
circulating half-lives of 2.57, 4.38 and 21.6 hours, respectively, while the non-
PEGylated anti-TNF-a scFv had a half-life (t1/2 ) in blood of 0.15 hours [21].
The mono-PEGylation of the recombinant granulocyte colony stimulating
factor (rh-G-CSF) with 5, 10, 20 and 40 kDa PEG increased the circulation
half-life from about 10 minutes for the native protein to 25, 50, 98 and
180 minutes, respectively [22].

Comparative studies demonstrated that prolonged bloodstream presence
after intravenous administration could be obtained using large and branched
polymers [23]. The conjugation of interferon a-2a (INF a-2a) with a
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trimer-structured 43 kDa PEG prolonged the terminal half-life after intravenous
injection in rats from 1.2 to about 37 hours [24]. INF a-2a modified with
branched 40 kDa PEG (PEGASYS�) and interferon a-2b (INF a-2b) modified
with linear 12 kDa PEG (PEGINTRON�) displayed significantly different
pharmacokinetic profiles after subcutaneous administration [25].

Bovine lactoferrin mono-PEGylated with 40 kDa branched PEG led to an
8.7-fold increase in the half-life over that of the unmodified protein [26]. The
serum half-life of the F(ab0)2-humanized segment of the anti-interleukin-8
antibody increased from 8.5 to 48 hours upon PEGylation [27].

Although the pharmacokinetic profile of bioconjugates is mainly dictated
by the overall polymer mass of the derivative, studies performed with single-
chain Fv showed that a few long PEG chains are usually more effective than
many short PEG molecules in delaying the elimination half-life of proteins
[28]. These results support the concept that PEGylation affects several mech-
anisms involved in protein clearance. In particular, it was hypothesized that the
anchoring point for the polymer on the protein surface may be relevant both for
enzymatic degradation and for immuno-recognition. This would thus affect the
pharmacokinetic behavior more than the ultrafiltration process itself [29].
A study performed with growth hormones confirmed that the effect of the
number of polymer chains on kidney filtration could not completely account for
the observed slower clearance, suggesting that the polymer simultaneously
alters various mechanisms involved in protein clearance [30].

PEGylation also affects the residence time in circulation of proteins that
have a size that exceeds the kidney ultrafiltration limit. This effect was
observed on a F(ab0)2 conjugate with one branched 40 kDa PEG chain. This
derivative displayed a drug concentration/time area under the curve (AUC) in
plasma that was 15.7-fold higher than that of the native protein. The effect was
amplified when two branched PEG chains were conjugated to the antibody (the
AUC value was 17.8-fold higher) [27].

After subcutaneous and intramuscular administration, PEGylated proteins
showed increased AUC values and delayed concentration peak time (Tmax)
values compared to those of the native molecules, indicating an enhanced
bioavailability. This enhancement is due to an increased resistance to inacti-
vation in the injection site, delayed diffusive mechanisms through the biolog-
ical membranes and a prolonged permanence in circulation.

For example, the AUC values in the blood after intramuscular and subcu-
taneous administration for random 5 kDa PEG conjugated superoxide dis-
mutase (PEG-SOD) were 54 and 29%, respectively, as compared to the value of
the intravenously administered PEGylated protein (Figure 11.1). However, the
AUC value of the PEGylated enzyme was between 50- and 83-fold higher than
that of the native enzyme, depending on the route of administration [31].

Pharmacokinetic studies of the subcutaneous injection of native or
PEGylated INF a-2a in humans showed that the conjugation of one chain of the
branched 40 kDa polymer shifted the Tmax value from 12 to 80 hours, and that



FIGURE 11.1 PEG-SOD (gray column) and SOD (black column) AUC in blood after adminis-

tration via various routes.
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the protein serum half-life (t1/2) and the plasma mean residence time (MRT)
were 70- and 50-fold higher, respectively. Phase II/III hepatitis C clinical trials
confirmed the improved pharmacological profile of the bioconjugate protein
and its superior efficacy, as compared to those of the native protein [32].

Similarly to interferon-PEG, the PEGylation of rh-G-CSF was found to
enhance pharmacokinetic and pharmacological performance. The values for
Tmax and the half-life of PEG-rh-G-CSF administered subcutaneously in
humans were around 20e30 hours at all doses. These values are approximately
three times higher than those observed for rh-G-CSF, the unPEGylated cyto-
kine. The absolute neutrophil count (ANC) for PEG-rh-G-CSF was 6 to 8 times
higher than that of the native protein, and the CD34þ cell count was more than
30 times higher at the highest tested doses. A weekly PEG-rh-G-CSF single
subcutaneous dose was as efficient as daily rh-G-CSF doses in terms of ANC
and CD34þ increase [33].

11.2.2. Biodistribution of PEGylated Proteins

After intravenous administration, PEGylated proteins usually display bicom-
partmental pharmacokinetic profiles, indicating that these bioconjugates can
distribute in peripheral organs and tissues. The passage of a PEGylated protein
from the blood to the peripheral compartment is dictated by features of the
biological barriers and by the molecular size and structure of the conjugate [11].

Low molecular weight PEGs have shorter half-lives and larger distribution
volumes (Vd) after intravenous administration than those of polymers with high
molecular weights. It is noteworthy that small PEGs do not accumulate in the
peripheral tissues, while large PEGs reside longer in the peripheral district.

The liver, the organ where the diffusion of molecules from the blood has
limited restrictions, is involved in a size-dependent PEG-clearance process.
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PEG molecules that are larger than 50 kDa can accumulate in the Küpffer cells,
where they are stored indefinitely, while PEG chains with molecular weights
below 50 kDa are mostly taken up by parenchymal cells (hepatocytes), by
pinocytosis, at a rate that is inversely proportional to the polymer mass. Similar
cellular uptakes occur in other organs that are rich in reticuloendothelial cells
and that are characterized by active phagocytosis. Examples of such organs
include the spleen, lymph nodes, lungs and kidneys [34]. PEG disposed in the
liver can enter the enterohepatic cycle and be excreted into the bile.

Similarly to PEG, PEGeprotein conjugates undergo unspecific internali-
zation by Küpffer cells, hepatocytes and reticuloendothelial cells. However,
specific receptor- or charge-mediated cellular uptakes are usually unpaired with
the polymer on the protein surface. The limited cell internalization of PEGy-
lated catalase in the liver (28% of the dose as compared to 70% for the native
protein) was ascribed to the masking of both the protein glycosilic functions
involved in the galactose-receptor-mediated uptake and to negative charges
[35]. PEGylation is therefore regarded as a strategy to endow colloidal systems
with stealth properties and reticuloendothelial system (RES) escape. Further-
more, studies performed with haemoglobin showed that PEGylation prevents
the pairing of the protein with haptoglobin and the consequent RES uptake.
These results indicate that the PEG molecules on the protein surface reduce the
protein binding with the opsonins that promote phagocytosis [36].

PEGylated proteins undergo lymph node localization after intravenous
administration, which decreases as the size of the bioconjugate increases. This
property might be exploited for site-selective anti-cancer treatment, although
PEGylation slows the lymph node disposition of proteins [37]. When PEG-
interleukin-2 was intravenously injected into pigs, a 130-fold lower clearance
from the plasma to the lymph nodes than that of the native protein was
observed. The AUClymph/AUCplasma ratio of native interleukin-2 was twice as
high as that of the PEGylated derivative [38]. This lymph node uptake was
attributed to the higher hydrophobicity of the native cytokine.

PEGylated proteins undergo passive distribution into solid tumors profiled
by anomalous angiogenesis, leaky vasculature and low lymph drainage
according to the mechanism known as “enhanced permeability and retention”
(EPR), which is responsible for the preferential extravazation of macromole-
cules into the tumor tissue [39]. Accordingly, PEGylation has been exploited to
achieve the passive tumor accumulation of PEGylated proteins for anti-cancer
therapy. The intravenous administration of PEGylated xanthine oxidase in mice
resulted in high tumor/blood ratios. The administration of xanthine promoted
the decrease of the tumor mass as a consequence of the intratumor production
of toxic oxygen free radicals generated from xanthine oxidation [40].

b-Glucuronidase, modified with three 5 kDa PEG chains and linked to
a monoclonal antibody, showed an enhanced pharmacokinetic profile in nude
mice as compared to the unPEGylated b-glucuronidase-antibody bioconjugate.
The antibody-b-glucuronidase-PEG that was intravenously injected into nude
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mice bearing rat solid AS-30D hepatoma tumors accumulated efficiently in the
tumor and led to a limited accumulation in the spleen, compared to the non-
PEGylated construct. The antibody-b-glucuronidase-PEG resulted in complete
regression of small solid tumors when mice were post-injected with a
p-hydroxyaniline mustard glucuronide prodrug [41].

PEGylation was applied to anti-cancer cell antibodies to associate the EPR
passive accumulation endowed by the polymer with the active targeting of
xenographic tumors. HumanizedA33 antibodies modified with PEGwere found
to accumulate in peripheral xenographic tumors with a delay that was several
hours longer than that of the unmodified antibodies. The conjugation of several,
high molecular weight (20 kDa) PEG chains yielded higher tumor disposition
but lower biorecognition than the derivative obtained with several low mole-
cular weight (5 kDa) PEG chains [42]. PEGylated Fab against the anti-carci-
noembriogenic antigen accumulated efficiently in the tumor for a longer period
of time and with a higher tumor/normal tissue ratio than the unmodified protein
[43]. However, some concerns have been raised about the effective tumor cell
targeting of PEGylated antibodies and their unspecific disposition in the inter-
stitial space surrounding the tumor vasculature. In fact, a few studies report that
deep penetration of the macromolecules into the tumor mass might be prevented
by their large size and an elevated intratumor pressure [44].

11.2.3. Non-parenteral Routes of PEGylated Protein and
Peptide Administration: Pulmonary, Nasal and Oral Delivery

The permeation of PEGylated proteins through biomembranes is limited by
their high hydrophilicity and size, which interfere with the diffusion process,
and also by enzymatic degradation. Nevertheless, several studies have
demonstrated that polymer bioconjugation can significantly improve the
peptide and protein bioavailability after trans-mucosal administration due to an
increased stability towards proteolytic enzymes.

The lungs are considered to be a suitable route of administration for both the
local and systemic delivery of many drugs, including proteins and peptides.
Due to their large surface area, thin alveolar epithelium, elevated blood flow
and lack of the first-hepatic-pass effect, pulmonary delivery can provide 10 to
200 times higher systemic peptide bioavailability than other non-invasive
routes [45]. On the other hand, the presence of ubiquitous proteolytic enzymes
and the phagocytic activity of macrophages, which characterize this particular
physiologic barrier, limit the exploitation of this route of administration for
biotech drugs.

a1 proteinase inhibitor (a1PI) is the only available therapeutic option for
the treatment of hereditary emphysema caused by human leukocyte elastase
(HLE) impairment [46]. The clinical use of this protein and its non-
glycosylated recombinant form (rh-a1PI) is limited by a poor bioavailability
after intravenous administration. To enhance the pharmacokinetic properties of
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rh-a1PI, the protein was site-specifically mono-PEGylated at the Cys232 with
5, 20 and 40 kDa maleimido-activated PEG. The deglycosylated rh-a1PI had
shorter permanence in the bloodstream after intravenous injection as compared
to the native glycosilated peptide, while the PEGylated inhibitor maintained the
same activity of the native inhibitor. The blood half-life of the deglycosylated
polypeptide was fully re-established by conjugation with 20 and 40 kDa PEG.
After intranasal instillation to mice that had HLE-mediated lung damage, the
20 kDa PEG-conjugated rh-a1PI was found to persist longer in the bron-
choalveolar fluid than rh-a1PI. Indeed, it prevented lung hemorrhage for up to
72 hours [47].

PEGylated calcitonin for pulmonary delivery was obtained by site-specific
conjugation of 1, 2 and 5 kDa PEG to Lys18 according to a selective FMOC
protection/deprotection method [48]. Calcitonin PEGylation with 1 and 2 kDa
PEG reduced the protein biological activity by about 20%, while a 70%
bioactivity reduction was obtained with 5 kDa PEG. These results indicate that
the large, bulky PEG hampers target recognition. On the other hand, the
protection of calcitonin from lung proteases was proportional to the PEG
molecular weight; the conjugation of 5 kDa PEG prolonged the protein half-life
survival by up to 1000 times [49]. Calcitonin is rapidly absorbed by the
pulmonary route but circulates in the bloodstream for a very limited period of
time (t1/2 ¼ 34 minutes). The conjugation of 5 kDa PEG did not hamper the
pulmonary absorption of calcitonin and prolonged the blood circulation half-
life by up to 119 minutes. Pharmacodynamic studies performed by intra-
pulmonary instillation of native and PEGylated calcitonin in rats showed that
all bioconjugates had a higher therapeutic efficacy than that of the native
protein in terms of the total hypocalcaemic effect, with the 2 kDa PEG
derivative giving the best result. The results of these studies indicate that the
PEG molecular weight must be properly selected to balance the bioactivity
decrease with the protection from proteases and the enhanced pharmacokinetic
profile.

Glucagon-like peptide 1 (GLP-1) was also investigated for pulmonary
delivery. GLP-1 has been proposed for type 2 diabetes and obesity treatment
because it suppresses the appetite by stimulating the release of insulin after
every meal and controls the haematic glucose levels. Nevertheless, the half-life
of GLP-1 is only 2 minutes because it has a rapid glomerular extraction. GLP-1
was site-selectively PEGylated at Lys34 by a maleic anhydride blocking/
deblocking method using 2, 5 and 10 kDa PEG. The PEGylated GLP-1
derivatives displayed an increased proteolytic stability in lung homogenates
and enhanced the hypoglycaemic activity in type 2 diabetic mice that were
intraperitoneally treated. Both increases were proportional to the increase in
PEG molecular weight. GLP-1 was absorbed by the pulmonary route, but
showed a blood half-life of only 8.9 minutes. PEGylation significantly
improved its pulmonary absorption. The conjugation of 2, 5 and 10 kDa PEG,
increased the protein half-life in the blood by 2.5, 4.6 and 9.1 times,
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respectively. A similar trend was observed for the AUC values. PEGylation also
reduced the unwanted biodistribution of GLP-1 to the kidneys and the liver with
evident therapeutic benefits [50]. In addition, PEGylation was found to reduce
the proteolytic degradation of GLP-1 by the nasal mucosa homogenate as it
increased the activity half-life by up to 11-fold. While the intranasally
administered GLP-1 did not show any pharmacologic effect, the PEGylated
derivatives induced hypoglycaemia that decreased with increasing PEG
molecular weights [51].

Similarly to GLP-1, mono-PEGylated salmon calcitonin (sCT) showed
increased resistance to nasal mucosal homogenate. After a two-hour incubation
with the tissue homogenate, the PEGylated form maintained 90% of its starting
activity, while less than 5% of the residual activity was obtained with native
calcitonin [52]. The high resistance of the PEGylated protein was ascribed to
the masking of the enzyme-sensitive protein sites by the polymer. The
increased resistance to enzymatic degradation was reflected in the enhancement
of the in vivo activity after intranasal instillation in rats. Calcitonin was
absorbed by the nasal mucosa but gave transient hypocalcaemic effects, lasting
only 30 minutes. However, PEGylated calcitonin was active for about 8 hours
and promoted a calcium reduction that was up to 2.6 times higher than that of
the native protein. In this case, the intranasal absorption of mono-PEG-sCTs
was inversely related to the PEG molecular weight; the 2 kDa PEG derivative
displayed the best results, while a 12 kDa PEG conjugation significantly
reduced the protein pharmacological activity [53]. The systemic bioavailability
of the intranasally administered PEG2-kDa-calcitonin was approximately 91%
of that of the intravenously injected sCT.

PEGylation was investigated as a means of enhancing the oral administra-
tion of proteins and peptides. Intestinal absorption of these biopharmaceuticals
is strongly limited by low diffusion through the biomembranes, and also the
harsh local conditions, i.e. the fluid composition and membrane-associated
enzymatic activity that are involved in protein denaturation, degradation and
final inactivation.

Lactoferrin is an antimicrobial, antiviral, immuno-modulatory, antioxidant,
anti-inflammatory and analgesic agent that enhances the lipid metabolism and
inhibits hepatitis-C viral cell entry. By virtue of its wide range of activity, it has
been recently introduced into several anti-cancer clinical trials. Native lacto-
ferrin can reach systemic circulation by intestinal absorption through the
lymphatic system. However, its bioavailability is limited by its susceptibility to
digestive juices. This phenomenon results in only a small amount of delivery to
the intestinal tract. Random lactoferrin PEGylation with branched 20 kDa
PEG halved the peptic digestion of the protein without altering its iron binding
capacity. It also slightly reduced the in vitro biological activity. In vivo,
after gastric administration to rats, a 10 times higher intestinal absorption
of PEGylated lactoferrin was observed, compared to that of the native
protein [54].
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An oral insulin formulation was prepared by combining the protein PEGy-
lation with mucoadhesive tablets. Insulin was mono-conjugated with a 0.75 kDa
PEG to confer stability toward intestinal proteolytic enzymes and improve the
absorption through the biomembrane [55]. It was then formulated into thiolated
poly-acrylic acid matrices that were coated with poly-methacrylate to enhance
the gastric stability [56]. The low molecular weight PEG on the insulin surface
was sufficient to appreciably protect insulin from proteolysis when incubated
with elastase and pepsin. The native insulin and PEG-insulin showed similar
in vivo hypoglycaemic profiles after subcutaneous injection and permeation
through an ex vivo intestine model. In vivo studies showed that the oral admin-
istration of PEG-insulin in solution had no pharmacologic activity. However, the
formulated tablet displayed prolonged hypoglycaemic profiles [57].
11.2.4. Immunology

Before the advent of the biotechnology era, protein drugs were obtained by
extraction from vegetal and animal cells, organs and tissues. Only a few human
proteins were available. Urokinase, an enzyme extracted from urine, is one
example. The structural features of xenoproteins make these products highly
immunogenic when administered to humans. In addition, extraction processes
may cause low immunogenic proteins to acquire high immunogenicity. The
poor immunogenic properties of non-human proteins may be responsible for
their inactivation, as is the case for adenosine-deaminase obtained from bovine
sources. They can also lead to severe immunoreactions, as observed with
asparaginase, uricase, avidin and streptavidin. Their use in medicine is there-
fore drastically limited. Nowadays, biotechnological processes allow the
production of high quantities of safe and non-toxic recombinant human
proteins. However, these macromolecular drugs are intrinsically immunogenic
and their use entails the risk of an immunoresponse. Slight post-translational
modifications and structural/conformational alterations caused by processing
conditions may change self-proteins and recombinant human proteins into
immunogenic or allergenic products [58]. Antibodies elicited against immu-
nogenic proteins can neutralize their bioactivity and contribute to elimination,
thus compromising the clinical effect or provoking severe adverse events
related to cross-reactivity with autologous proteins [59].

The beneficial effects of PEGylation on the immunological properties of
proteins have been widely demonstrated. PEGylation camouflages proteins
from recognition by enzymes involved in protein processing and presentation,
and also physically interferes with antibody or human leukocyte antigen-
(HLA) epitope binding, which in turn results in the reduction or suppression of
the native protein immunogenicity and antigenicity [23,60].

Several studies have demonstrated that the number and shape of polymer
chains are more important than the polymer size in reducing protein immu-
nogenicity. The immunogenicity and antigenicity of uricase was reduced to



FIGURE 11.2 Structural representation of a protein conjugated to linear (left side) or branched

(right side) PEG chains. Branched PEG molecules result in better protection against approaching

antibodies, proteolytic enzymes and phagocytic cells than linear PEG chains.
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a higher extent by conjugation with a branched 10 kDa PEG than by conju-
gation with a 5 kDa linear polymer. This is probably due to the fact that the
former can mask the protein more efficiently than the latter from the immune
system (Figure 11.2) [61,62].

The alteration in the immunogenic properties of proteins after PEGylation
was found to significantly affect the pharmacokinetic behavior of the bio-
conjugates. PEGylation drastically reduced the clearance of humanized anti-
bodies that were intravenously administered to mice, even though the antibody
size is largely above the glomerular ultrafiltration cut-off limit. Forty-eight
hours after administration, the blood levels of PEGylated antibodies were 165%
higher than those corresponding to the unconjugated ones. The prolonged
permanence of these large proteins in the bloodstream was ascribed to a lower
protein immunorecognition conveyed by PEGylation [63]. Staphylokinase-
PEG isomers, bearing the same amounts of PEG attached to different protein
sites, displayed considerably different pharmacokinetic parameters: t1/2 ranged
between 16 and 25 minutes (native protein t1/2 was 7 minutes), the AUC was
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between 9.3 and 27 g min ml�1 (that of the native protein was 4.6 g min ml�1)
and the clearance was between 1.1 and 0.4 ml min�1 (it was 2.2 ml min�1 for
the native protein). These results demonstrate once again that glomerular
ultrafiltration is not the only or the main clearance process for PEGylated
proteins. The dissimilar pharmacokinetic behavior was in fact attributed to the
ability of PEG chains to shield protein sites sensitive to immuno- or enzymatic
recognition [64].

Although protein PEGylation is largely accompanied by a remarkable
decrease in protein immunogenicity and antigenicity, and improvement of the
therapeutic properties, PEGylation produces derivatives which have their own
immunological profile. This results from the combination of the immunological
properties of the native protein, the polymer and any other chemical entity
introduced in the new bioconjugate, such as the proteinepolymer linker.

PEG is usually considered as a non-immunogenic and non-antigenic
material. Nevertheless, anti-PEG antibodies are in fact generated following
either polymer or polymerebioconjugate administration. The anti-PEG
immuno-response is related to the molecular weight of the polymer and is more
noticeable for low molecular weight chains. Specific anti-PEG antibodies are
raised by a block of 6e7 repeated units of ethylene oxide [65]. Anti-PEG
antibodies have been exploited as an analytical tool for detection of PEG
conjugates in biological samples and are thought to condition the pharmaco-
kinetic/pharmacodynamic behavior of PEGylated proteins in a relevant way
[66,67].

The anti-PEG antibody titer increases when the polymer is conjugated to an
immunogenic protein or in the presence of adjuvants. In such a case, the PEG
immunogenicity is higher because the polymer molecular weight increases and
the linear polymer chains are more immunogenic than the branched polymer
chains. These results indicate that the polymer architecture and flexibility play
a role in the polymer immunological properties [62,68].

b-Glucuronidase-PEG administered to mice elicited anti-b-glucuronidase
IgG and anti-PEG IgM. The former recognized the protein fraction of the
conjugate with an affinity that was 2.1 times lower than that observed for the
native protein, and the latter displayed the ability to bind any other PEGylated
protein. Anti-PEG IgM proved to be more efficient in removing the PEGylated
enzyme from the blood than the anti-protein IgG. This is probably due to the
multiple binding sites on the PEG chains [69].

Finally, conjugation may sometimes produce new epitopes as a conse-
quence of partial protein denaturation due to polymer conjugation or the use of
inappropriate spacers between the protein and PEG [70].
11.2.5. Toxicology Aspects of PEGylation

Although the amount of PEG administered with the PEGylated proteins is
usually very low in chronic therapies (about 10 mg for six-month PEGASYS�
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treatments and less than 2 mg for PEGINTRON� treatments), the potential
toxicity of PEG has been a concern in the development of PEGeprotein drugs.
Over the past years, several investigations have been performed to examine the
toxicity of PEG and PEGylated proteins and their effects on cell and organ
biological function.

High doses of injected PEGeprotein conjugates have been demonstrated to
induce reversible renal tubular vacuolization, which is not associated with
functional abnormalities [71].

Intravenous administration of high PEG levels has been shown to induce
concentration andmolecular-mass-dependent serum complement activation [72].

However, high PEG doses are used only in experimental veterinary settings
for spinal cord injury and traumatic axonal brain injury investigations in which
the formulations contain high polymer levels as a solubilizer/carrier. By
contrast, the quantities of PEG administered in PEGylated therapeutics are
tens-of-thousands-fold lower, and the risk of generating antibodies is rather
remote.
11.3. FROM RANDOM TO SITE-SELECTIVE PEGYLATION

11.3.1. Random PEGylation

Proteins can be PEGylated by a wide range of methods [73], which include
chemical and enzymatic protocols. Proper design of the conjugation strategy
based on the full knowledge of the protein physicochemical properties,
including the number, location and reactivity of the target functional groups in
the protein structure, is of paramount importance for yielding derivatives with
optimal therapeutic performance.

Chemical procedures require polymer activation for derivatization of
selected amino acids in the protein structure that usually act as anchoring points.

Most of the bioconjugation approaches set up in the past decades were
directed at the modification of the lysine and N-terminus amino groups of the
protein because they are well represented in the protein structure, exposed on
the protein surface to the bulk solvent and can be easily derivatized. Table 11.1
shows the main PEG for amino group derivatization obtained by activation of
the terminal hydroxyl or carboxyl polymer group.

The literature reports a number of studies performed by protein PEGylation
with amino-targeted activated PEGs. PEG-Adenosine deaminase (Adagen�)
and PEG-asparaginase (Oncaspar�) are two bioconjugates approved by the
FDA for the treatment of severe combined immunodeficiency disease (in the
case of the former) and acute lymphoblastic leukemia and other lymphoid
malignancies (in the case of the latter). These bioconjugates were obtained by
extensive amino group derivatization with succinimidyl-succinate-activated
5 kDa PEG, which drastically reduced the immunogenic activity and prolonged
the bloodstream residence time of these xenoproteins [74e76].



TABLE 11.1 Activated PEGs for amino group derivatization

Activated PEGs that maintain

the charge of the native

protein in the final conjugate

Activated PEGs that abolish the positive

charge in the final conjugate with respect

to the native protein

PEG-aldehyde PEG-succinimidyl ester PEG-succinimidyl carbonate

PEG-dichlorotriazine PEG-p-nitrophenyl carbonate

PEG-tresyl PEG-2,3,5-trichlorophenyl
carbonate

PEG-epoxide PEG-benzotriazolyl
carbonate
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Amino group PEGylation usually quenches the positive charge resulting
from the amino group protonation under physiological conditions. To avoid
alteration of the overall charge of the biomolecule, which may reduce the
bioactivity or impair the structural and biopharmaceutical properties of
a protein, bioconjugation protocols that preserve the amino groups have been
studied. Tresylated PEG yields straightforward PEGylated proteins without
significant alteration of the isoelectric point, while aldehyde-PEG reacts with
the protein amino groups to yield labile Schiff bases that can be stabilized by
reduction with NaCNBH3 and formation of a secondary amine.

Typically, amino group derivatization yields extensive PEGylation by
a relatively simple, mild and fast reaction. The attachment of several linear or
branched PEG chains with a molecular weight of 1.9e40 kDa has been found
to provide efficient protein surface masking and size enlargement, with bene-
ficial effects on protein stability, pharmacokinetic properties and immunolog-
ical behavior [3,77,78]. This approach succeeded in the case of proteins that
display their bioactivity by interaction with small substrates such as aspar-
aginase, adenosine deaminase, superoxide dismutase and diamino oxidase.
Nevertheless, random and extensive modifications rising from amino groups
PEGylation often dramatically reduce biological activity of the protein by
preventing the recognition of macromolecular substrates or receptors.
Furthermore, polymer conjugation is not site-selective and cannot be easily
controlled, resulting in the production of several isomers which are unsuitable
for pharmaceutical applications because regulatory agencies require the
extensive characterization of bioconjugates to be used for humans.

11.3.2. Site-selective PEGylation

Site-selective PEGylation strategies have been developed to obtain derivatives
with defined structure and composition, and to counterbalance the reduction in
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biological activity with a significant enhancement of the physicochemical,
immunological and biopharmaceutical properties of the proteins [79]. Site-
directed PEGylation protocols exploit the selective reactivity of functional
groups under controlled conditions, rare natural or artificial anchoring sites in
the protein structure and enzyme-mediated bioconjugation. These methods
produce derivatives with a well-defined structure, as a limited number of PEG
molecules are anchored to selected protein points. Site-selective PEGylation is
usually carried out using high molecular weight polymers to obtain derivatives
with desired polymer/protein mass ratios. Mono- and site-specific PEGylated
conjugates offer advantages in terms of regulatory acceptability, costs and
therapeutic performances, when compared to multiple-PEGylated isomers
formed when proteins are derivatized with low molecular weight PEG
molecules.

11.3.2.1. Mono a-N Terminus PEGylation

One of the most successful site selective PEGylation methods exploits the
difference in pKa between the e-amino group of Lys and the a-N terminus [80].

Aldehyde-activated PEGs react at pH 5 under reductive conditions to pref-
erentially yield a-N terminus mono-PEGylation, as shown in Figure 11.3 [81].

Amino terminal site-specific conjugation with aldehyde-activated PEG was
used to prepare mono-PEGylated rh-G-CSF and a mono-PEGylated derivative
of truncated recombinant human megakaryocyte growth and development
factor (rHuMGDF) [82,83]. rh-G-CSF is a hematopoietic cytokine derivative
with specific lineage effects on the neutrophilic granulocites. It is widely used
clinically in anti-cancer therapies as it overcomes myelosuppression induced
by chemotherapy and bone marrow transplantation [84,85]. rh-G-CSF was
FIGURE 11.3 Conjugation process of m-PEG-aldehyde to the a-N group of rh-G-CSF.
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reacted with aldehyde-activated PEGs of various molecular weights (12, 20,
25 and 30 kDa). About 90% mono-PEGylated products were isolated by
ion-exchange chromatography and characterized by several analytical
methods, including endoproteinase peptide mapping, MALDI TOF-MS and
size-exclusion HPLC.

The pharmacological therapy consists of a daily dose to cancer patients
after chemotherapy has begun, which must be continued until neutrophils
reach a safe level. rh-G-CSF requires daily subcutaneous injections due to fast
kidney- and neutrophil-mediated elimination from the circulation [86].
In contrast, the 20 kDa PEG amino terminal mono-PEGylated derivative (PEG-
rh-G-CSF) displayed sustained release due to transmembrane diffusion,
reduced renal clearance and increased stability towards neutrophil-mediated
destruction. This allows for weekly administration with high enhancement of
patient compliance [87]. Figure 11.4 shows the median rh-G-CSF blood
concentration in patients treated with recombinant protein and different doses
of PEG-rh-G-CSF.

A comparative study carried out using aldehyde-activated PEGs of different
molecular weight (5, 10, 20 and 30 kDa) showed that the reaction with 5 kDa
PEG led to large amounts of the diPEGylated derivative. This is probably due to
a higher accessibility of the small polymer chain to the reactive amino groups
FIGURE 11.4 Median rh-G-CSF serum concentrations in patients receiving daily rh-G-CSF

injections or single subcutaneous PEG-rh-G-CSF injections during each therapeutic cycle.
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of the protein [22]. The in vitro activity of PEG-rh-G-CSF tested on a cytokine-
dependent cell line decreased as the PEG molecular weight increased, by up to
72% with 20 and 30 kDa PEG. The conjugation of 5 and 30 kDa PEG increased
the rh-G-CSF half-life by 15 and 170 minutes, respectively. Both 20 and 30 kDa
PEG derivatives had high in vivo activities for up to 24 hours; the native
cytokine was inactive after 60 minutes. The PEG30 kDa-rh-G-CSF showed
a 60% higher bioavailability as compared to that of PEG20 kDa-rh-G-CSF,
suggesting that the 30 kDa bioconjugate can be administered in a lower dose
than PEG20 kDa-rh-G-CSF.

Similarly to rh-G-CSF, rHuMGDF was mono-PEGylated with a 20 kDa
PEG-aldehyde [82]. MGDF is the natural hormone that is responsible for
thrombopoiesis regulation. rHuMGDF, the N-terminal 163 amino acid frag-
ment of MGDF, has a 5-fold higher specificity than the full-length protein.
However, it lacks an adequate half-life for a therapeutic effect in vivo. The a-N
terminus mono-PEGylation of rHu-MGDF prevents the non-enzymatic cycli-
zation of the first two amino acids and the subsequent cleavage to form a des
(Ser Pro)rHuMGDF, which is the main route of degradation [88]. Additionally,
the intraperitoneal injection to mice of the PEGylated form rHuMGDF led to
a platelet induction that was identical to that of the full length glycosylated
protein. However, it showed a platelet response that was superior to that of
both the glysosylated truncated form and the non-glycosylated full-length
form [89].

Recently, a novel, reductive PEGylation protocol that uses an iridium
catalyst as the reducing agent and sodium formate as the hydride source has
been developed to better control the alkylation process [90]. This approach may
also be viewed as an effort to develop “green chemistry” strategies since no
harsh reagents are required.

11.3.2.2. Cysteine PEGylation

PEGylation protocols have been developed to modify those amino acids that
are seldom represented in the protein structure to achieve site-directed
PEGylations. One example is phenylglyoxal-activated PEG that can react with
an arginine side group.

The thiol group of cysteine is an excellent anchoring site for obtaining
derivatives with defined structure and composition. Cysteine is in fact an
infrequent amino acid in the protein structure and, if natively present in the
sequence, only one cysteine residue is usually available for conjugation since
an even number of cysteines is normally involved in disulfide bonds. Addi-
tionally, Cys can be introduced by site-directed mutagenesis into a part of the
peptide sequence that is not involved in the bio-function of the protein, thus
allowing for site selective PEGylation.

Vinyl sulfone-, maleimide-, dithyopyridine- and iodoacetamide-activated
PEGs have been developed for Cys modification. These reagents have different
reactivity kinetics and their selectivity is dictated by coupling conditions.



264 Peptide and Protein Delivery
The high stability of PEG-vinyl sulfone (PEG-VS) at pH 7e9 also allows
for its use in multistep reactions [91]. At pH 8, PEG-VS can selectively modify
the thiol groups at reaction rates that depend on their accessibility. Reaction of
PEG-VS with reduced RNase at pH 8 resulted in coupling with all the thiol
groups within one hour. The competitive reaction with amino groups was
negligible over a period of 24 hours.

PEGylation of Cys has been used to enhance the biopharmaceutical prop-
erties of single chain Fv antibody fragments (scFv) by obtaining small multi-
valent tumor-targeting proteins, which have emerged for radio-imaging and
therapy. The clinical use of these antibody fragments is hampered by their rapid
blood clearance, inefficient tumor uptake and poor tumor residency [21,92].
Random polymer conjugation of the exposed lysines has been undertaken to
improve the pharmacokinetic properties of scFv. It was found that such
conjugation strongly reduced the bioactivity of the protein. Site-specific
conjugation was investigated by insertion of Cys residues in the amino acid
sequence. Four different anti-mucin-1 scFv (scFv-c) targeting epithelial cancer
cells were prepared by introducing one cysteine residue in the close vicinity of
the carboxyl terminus [93]. The mutated fragments were modified with mono-
activated maleimide-PEG and di-activated (maleimide)2-PEG with different
sizes. The small structural variations of the four antibody fragments were found
to influence the docking of the maleimide-PEG to the Cys and the low
molecular weight PEGs resulted in higher conjugation yields. The di-activated
(maleimide)2-PEG produced divalent scFv-c with increased avidity and
prolonged residence time in the target sites as compared to the monomeric
scFv-c.

Trichosanthin, a type I ribosome-inactivating protein endowed with DNase-
like activity for cleaving supercoiled double-stranded DNA [94], was shown to
have a pro-apoptotic activity that inhibits tumor growth [95] and an anti-HIV
activity [96]. The clinical use of this protein suffers from its immunogenicity
and short half-life due to rapid kidney ultrafiltration and proteolytic degrada-
tion. Two trichosanthin muteins were designed in silico by replacing short
amino acid sequences with sequences containing one cysteine in the most
immunogenic sites according to parameters such as hydrophilicity, surface
exposure, flexibility and formation of loops and turns [97]. The conjugation
with 5 kDa PEG-maleimide maintained the DNase-like activity of the
unPEGylated protein, but reduced the ribosome inactivation capacity by about
10-fold as compared to the wild type trichosanthin. Studies performed in mice
showed that the PEGylation decreased the IgE value by 4-fold and IgG
production by 40%. It also reduced the protein toxicity by about 50e80%. The
proteolytic resistance resulted in a 4.5e6-fold longer residence time in the
blood and a 2-fold slower clearance with a limited distribution in the liver.

Similar PEGylation strategies were adopted with other protein drugs, such as
anti-HIVentry inhibitors, that suffer from antigenic potential, toxicity and rapid
clearance [98]. Cyanovirin is a potent virucidal protein from the cyanobacterium
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Nostoc elipsosporum that inactivates most HIV strains [100] by binding irre-
versibly to the gp120 HIV capside protein through its high-mannose oligomers,
and by blocking the virus entry into lively cells (T-lymphocytes, monocytes and
dendritic cells). Based on the 3-dimensional structure of the protein, glutamine
62, which is not included in the sequence forming the carbohydrate binding site,
was replaced with Cys by site-directed mutagenesis [100,101]. In vitro, the
biological activity of the mutein conjugated with a 20 kDa PEG-maleimide was
very similar to that of thewild type protein. However, the 30 kDa PEG conjugate
displayed a limited virucidal activity. A dose of 50 mg/kg cyanovirin induced
mouse death within 24 hours of administration, while only limited toxicity was
observed with administration of the same dose of PEG-cyanovirin. The
immuno-response elicited by the PEGylated mutein was at least 30-fold lower
than that observed for the unPEGylated mutein.

An unpaired cysteine in proteins is usually buried in hidden hydrophobic
pockets of the tertiary structure that are not easily accessible to hydrophilic
PEG for conjugation. This thus limits protein PEGylation under native
conditions. Partial protein denaturation during polymer conjugation followed
by refolding was found to increase the PEGylation yield. Unfortunately, this
process can also induce irreversible conformational changes of the protein that
may hamper its biological activity. Terminal hydrophobized PEG was
successfully used for modification of buried Cys under non-denaturing
conditions [102]. Linear 20 kDa PEG-NH2 was modified with an 18-carbon
alkyl chain and activated with maleimide. The alkyl spacer was designed
according to the depth and width of the hydrophobic cleft which hosts cysteine
17 that was introduced into the rh-G-CSF used as protein model. While
commercial PEG-maleimide was ineffective in the rh-G-CSF conjugation
under non-denaturing conditions (16% conjugation yield), the PEG-C18-
maleimide, which can easily dock into the hydrophobic pocket in which Cys17

was located, resulted in a high protein PEGylation (58%). The PEGylated rh-G-
CSF was stable to aggregation under native conditions and possessed similar
biological activity to the commercial PEGylated rh-G-CSF Neulasta�.

11.3.2.3. Three-carbon Bridge PEGylation

Most therapeutic proteins have an even number of cysteines that couple to form
disulfide bridges. Disulfide bridges are of paramount importance to the tertiary
structure and stability of proteins [103], especially in the case of small proteins
where disulfide bonds compensate for the lack of extensive hydrophobic
intramolecular interactions [104].

Thiol-specific bis-alkylation reagents have been developed to achieve three-
carbon bridge sulfur PEGylation after reduction of accessible disulfides [105].
The typical alkylating reagent (Figure 11.5A) comprises a substituted propenyl
group at the end of PEG. This conjugation moiety includes an a,b-double bond,
an a,b0 sulfonyl group that undergoes elimination as sulfinic acid and an
electron-withdrawing group (carbonyl) that is involved in the sulfinic acid



FIGURE 11.5 (A) The alkylating reagent employed to achieve three-carbon bridge sulfur

PEGylation. (B) Mechanism for conjugating a three-carbon PEGylated bridge to a protein’s native

disulfide bond. Reprinted adapted with permission from Nat Chem Biol 2006, 2, 312e313.

Copyright � by 2006 Nature Publishing Group.
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elimination, which is the rate-limiting step. The PEGylation mechanism is
described in Figure 11.5B.

The accessibility of disulfide bonds on proteins can be ascertained by
computational modeling, and the thermodynamic destabilization effect of the
three-carbon bridge insertion can be predicted [106]. In the absence of dena-
turants, only exposed disulfide bonds, which are more involved in protein
stability than in biological function [107], are involved in the PEGylation
process. However, the cleaved disulfide bonds are reconstituted through the
three-carbon bridge, resulting in maintained protein stability.

Bis-sulfone or mono-sulfone PEGs (Figure 11.6) have also been used to
conjugate disulfide functions. At acidic pHs, a better performance was found
for the mono-sulfone [108]. The bis-sulfone generates a reactive mono-sulfone,
resulting in more specific reactions.

A three-carbon bridge PEGylation must be carried out under native
conditions in order to avoid an increased distance between the two reduced
cysteines, which will produce protein denaturation and inactivation.

Disulfide PEGylation of interferon a-2b produced a derivative with similar
biological activity (w8%) than PEGINTRON�, the PEGylated interferon in
clinical use [109]. Furthermore, the cytokine activity was not affected by the
FIGURE 11.6 Bis-sulfone- (left) and mono-sulfone- (right) activated PEG for protein conjugation

according to the “three-carbon bridge” procedure. Reprinted adapted with permission from Nat

Chem Biol 2006, 2, 312e313. Copyright � by 2006 Nature Publishing Group.
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PEG molecular weight. This result is in contrast to that observed in the case of
amine-directed PEGylation methods. Similar results were obtained by
site-selective PEGylation of asparaginase, a tetrameric protein. Regardless
of the PEG size, PEGylated asparaginase maintained its native enzyme
activity.

11.3.2.4. PEGylation of Non-natural Tags

Site-specific PEGylation can be achieved by exploiting non-natural amino
acids which have been genetically incorporated into proteins produced by
prokaryotic and eukaryotic microorganisms [110e114].

The copper-mediated Huisgen [3þ2] cycloaddition of an azide and an
alkyne is orthogonal to all functional groups present in proteins and peptides
and can thus be used for the selective PEGylation of proteins [115]. Thus, an
azido-phenylalanine (Figure 11.7) was introduced in the superoxide dismutase
(SOD) sequence using the E. Coli tyrosyl tRNA/tRNA-synthetase pair to
produce the protein in yeast [116]. The mRNA coding for SOD was modified
with a specific codon (TAG) to regulate the introduction of the non-natural
amino acid.

Based on a crystallographic analysis, superoxide dismutase derivatives were
designed in order to swap amino acids that are not involved in a catalytic
activity with azide bearing, non-natural amino acids. The tryptophan at position
33 was selected as the best amino acid candidate and the mutated protein
(33TAG-SOD) was obtained by fermentation of yeast incubated in a medium
containing azido-phenylalanine. The azido-protein PEGylation was carried out
by click-chemistry. More specifically, 33TAG-SOD was reacted with 5 or
20 kDa alkyne-terminating PEG in the presence of CuSO4, a stabilizing ligand
for Cu1þ, a Cu wire and tris(carboxyethyl)phosphine as the reducing agent,
according to the scheme shown in Figure 11.8.

Fingerprint analysis, MALDI-TOF mass spectrometry and enzyme
activity studies showed that click-chemistry can be properly exploited to
produce mono- and site-specific PEGylated proteins with preserved biolog-
ical activity. On the other hand, use of copper as the catalyst can induce
protein structural modifications, unfolding and precipitation. Furthermore,
copper is a toxic metal and should therefore be replaced by a non-toxic
catalyst [117].
FIGURE 11.7 Azido phenylalanine used as a non-natural amino acid for protein PEGylation by

cycloaddition.



FIGURE 11.8 Site-specific PEGylation of 33TAG-SOD by [3þ2] cycloaddition. Reprinted with

permission fromMacromol Rapid Comm 2008, 29, 1073e1089. Copyright� 2008 by WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim.
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11.3.2.5. Direct Biosynthesis of PEGylated Proteins

Non-natural PEGylated amino acids have been introduced into the protein
structure using a four-base codon in an E. coli cell-free translation system
[118]. Succinimidyl carboxy-activated PEGs (4, 8 and 12 repeat units
of ethylene glycol) were conjugated to p-aminophenylalanine-50-O-
phosphoryl-20-deoxycytidylyl-(30-50)adenosine (aminophenylalanyl-pdCpA)
and lysil-50-O-phosphoryl-20-deoxycytidylyl-(30-50)adenosine (lysyl-pdCpA).
The PEGylated aminoacyl-pdCpAs were then ligated with a yeast phenyl-
alanine tRNA that included a CCCG four-base anticodon and were added to an
E. coli cell-free ribosomal translation system [119]. The PEGylated p-amino-
phenylalanine-tRNA and lysine-tRNA were exploited to produce streptavidin
muteins by an E. coli cell-free translation reaction. PEGylated-phenylalanine
was successfully introduced in the protein sequence according to a PEG-size-
dependent efficiency; a PEG with four repeat units led to an incorporation
efficiency of about 46% and 80% depending on the mutein. By contrast,
PEGylated lysine was not efficiently incorporated. Studies performed
with branched, high molecular weight PEGs did not yield PEGylated
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proteins, indicating that large, bulky polymers interfere with the ribosomal
machinery.

11.3.2.6. Enzyme-mediated PEGylation

Recently, new enzymatic methods have been explored as a novel and mild
PEGylation technique. Due to the substrate specificity of enzymes, such
methods are intrinsically able to achieve site-directed polymer conjugation.

Transglutaminase (TGase), which is a widespread enzyme with many
physiologic functions, was the first enzyme exploited for the production of
PEGylated proteins [120e122]. This enzyme catalyses the acyl transfer reac-
tion between the g-carboxyamide group of a protein-bound glutamine (Gln)
residue (acyl donor) and a variety of unbranched primary amines [123]. The
specificity of the TGase was found to depend mainly on the surface accessi-
bility of the Gln rather than on a specific amino acid sequence [124,125].

The TGase-mediated IL-2 PEGylation yielded the stoichiometric addition
of one PEG molecule to Gln74, which is located in an exposed protein loop
[126]. Gln74 was a preferred substrate even though other 6 glutamines were
available along the hormone sequence.

The PEGylation of the recombinant human growth hormone (rh-GH),
a protein containing 13 glutamine residues, resulted in Gln40 and Gln141

modifications, with Gln40 being the preferred PEGylation site [127]. Electro-
spray mass spectrometry and tandem MS analysis of the bioconjugates,
combined with proteolytic studies and structural dynamics, which indicate the
degree of mobility along the polypeptide chain of a protein (B-factor,
Figure 11.9), showed that PEGylation was selective for the highly flexible
chain regions that encompass glutamine residues.

TGase-mediated PEGylation of rh-G-CSF showed that enzymatic conju-
gation was not affected by molecular weight of the polymer. Preliminary
FIGURE 11.9 Profile of

the backbone B-factor along

the 191-residue polypeptide

chain of rh-GH, as derived

using StrucTools (<http://

helixweb.nih.gov/structbio/

basic.html>) from the

Worldwide Protein Data

Bank (PDB), entry 3HHR. A

discontinuity of the B-factor

profile indicates the protein

disorder of the corresponding

chain segment. Arrows indi-

cate the sites of TGase-

mediated PEGylation.
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3-dimensional structural analysis, molecular dynamics simulations and
proteineprotein docking calculations identified a single potential PEGylation
site out of 17 glutamines in the hormone molecule, Gln134, which was
confirmed by analysis of the PEGylated protein [128]. Therefore, in silico
design combined with protein engineering may provide a tool for producing
tailored bioconjugates.

A two-step enzymatic PEGylation method, glycoPEGylation, has been
developed to PEGylate non-glycosylated recombinant proteins at the natively
glycosylated protein sites. The method involves:

(i) Polypeptide N-acetylgalactosamine (GalNAc) transferase-mediated O-
glycosylation of serine and threonine residues; and

(ii) Sialyltransferase-mediated sialic-PEG conjugation to the newly intro-
duced GalNAc residue.

The enzymatic reactions allow the conjugation of sialic-PEG [129].
rh-G-CSF and IFN a2b site-directed O-glycosylation was obtained by

exploiting a human polypeptide N-acetylgalactosaminyl transferase isoform
(GalNac-T2). The enzyme glycosylates the amino acids that are constitutively
glycosylated, i.e. threonine 133 and threonine 106 on rh-G-CSF and IFN-a2b,
respectively. Sialyltransferase was then used to transfer cytidine mono-
phosphate-sialic acid-PEG20kDa to the GalNAc residue of rh-G-CSF and IFN-
a2b. The glycosylation and PEGylation site may be tuned by using the proper
N-acetylgalactosaminyl transferase isoform and sialyltransferase. In rats, the
glycoPEGylated rh-G-CSF showed a 10-fold lower plasma clearance and 1.8-
fold higher AUC value than the commercial rh-G-CSF-PEG. In vitro studies
showed that glycoPEGylation slightly affects the rh-G-CSF bioactivity. The
capacity to increase the white blood cell count in vivo was almost twice as high
as that obtained with the unPEGylated cytokine. Promising results were also
found with glycoPEGylated IFN-a2b. Indeed, this cytokine displayed an in vivo
anti-viral activity at a dose that was 26-fold lower than that necessary in the
case of the unPEGylated interferon.

GlycoPEGylation was used to modify the coagulation factor VIIa (FVIIa),
a trypsin-like serine protease that is responsible for initiating blood coagulation
when it associates with a tissue factor (TF). Although this protein has potential
application in prophylactic treatment of hemophilia, a short in vivo half-life
(2e4 hours) limits its use [130,131]. In order to ameliorate pharmacokinetic
activity without impairing biological activity, FVIIa was site-specifically
PEGylated by reacting a 2e40 kDa sialic acid-PEG with the two bis-antennary
N-glycans at positions 145 and 322 [132]. PEGylation slightly reduced the
binding constant of FVIIa for TF by decreasing the association rate according
to a PEG-size-dependent behavior. The PEGylation at position 322 reduced the
biological activity by 36%, while PEGylation at position 145 had no effect on
the protein bioactivity. The factor X (FX) activation rate was not affected by the
polymer conjugation of FVIIa, but had a beneficial effect on the deactivation
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rate of FVIIa by Antithrombin III (AT III) as it was reduced. Furthermore,
glycoPEGylation reduced FVIIa removal from the bloodstream by endothelial
cells via the specific receptors TF and endothelial cell protein C receptor with
consequent prolongation of the in vivo half-life [133].

11.4. RESTORING PHARMACODYNAMIC
PROPERTIES BY REVERSIBLE PEGYLATION

Reversible PEGylation has been performed to obtain prodrug-like protein
bioconjugates that restore biological activity by polymer release. Releasable
PEGylation exploits “self-immolative” chemical linkers that reversibly tether
PEG to the protein [134], and that thus offer the biopharmaceutical advantages
of extensive polymer conjugation with a high in vivo activity. Although the
linkers used for reversible PEGylation have not shown any toxicity in animal
studies, a complete analysis of their in vivo properties needs to be performed in
the future [135].

Reversible PEGylation techniques that generate native proteins in vivo can
be exploited to achieve polymer conjugation of the abundant and reactive
amino groups without site-selective modification [136]. This approach requires
the specific design of the linker for PEG conjugation. The PEG conjugate
contains a trigger segment, which is responsible for the proteinepolymer linker
degradation. The PEG release rate in the blood can occur on a timescale that
varies from hours to days depending on the linker structure.

PEGylation through ester bonds is frequently employed to obtain reversible
polymer conjugation. Alternatively, the use of substituted benzyl linkers allows
for the modulation of PEG release kinetic in vivo and reconstitution of the
parent protein (Figure 11.10A) [137]. Bis-N-2-hydroxyethylglycinamide
(bicin) linkers (Figure 11.10B) undergo hydrolysis according to a deamination
mechanism. The PEG release rate can be modulated using different linkers
between the polymer and the bicin moiety [138,139].

The immunotoxin obtained by conjugating Pseudomonas exotoxin Awith
the anti-mesothelin binding domain (Fv) antibody developed for tumor tar-
geting suffers from a non-specific binding to normal tissues, formation of
neutralizing antibodies and a limited blood residency. Preliminary studies
showed that irreversible PEGylation completely abolished the immuno-
recognition and the cytotoxic activity of the immunotoxin. Therefore,
immunotoxin was randomly PEGylated using the bicin releasable linker
[140]. The polymer conjugation reduced the toxicity of the immunotoxin by
about 30%. In vivo studies performed by intravenous administration of
unPEGylated and PEGylated immunotoxin to nude mice bearing A431-K5
human cancer cells that express mesothelin showed that the polymer
increased the plasma half-life by a factor of ten and led to complete tumor
regression after one injection at a dose that was lethal in the case of the
unPEGylated derivative.



FIGURE 11.10 (A) Conjugation of a model protein through a benzyl linker and PEG-release mechanism by enzymatic cleavage followed by a classical 1,6-benzyl

elimination reaction restoring the native protein. (B) Protein PEGylation through a bicinconic linker and PEG-release mechanism yielding the native protein.

Reprinted adapted with permission from Bioconjugate Chem. 2001, 12, 163e169, Copyright � 2001 by American Chemical Society and from Bioconjugate Chem.

2006, 17, 341e351. Copyright � 2006 by American Chemical Society.
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Exedin-4, a peptide containing 27 amino acids, is a glucagon-like peptide
receptor agonist approved for the treatment of type 2 diabetes. Being a small
peptide, it is rapidly cleared from the blood. Because permanent PEGylation
reduces its biological potency by 100-fold, exedin-4 was reversibly PEGylated
using the sulfo-fluorenylmethoxycarbonyl (FMS) derivative of the amino-
reversible fluorenylmethyloxycarbonyl (Fmoc) protecting group as the linker.
PEGylation occurred predominantly at the terminal amino group [141]. The
peptide regenerated at a constant rate by a b-elimination reaction at position 9
of the fluorenyl moiety, as described in Figure 11.11. The native polypeptide
was fully released in 48 hours when incubated in serum or buffer at pH 8.5.

In vivo, exedin-4-FMS-PEG induced delayed (8e12 hours from adminis-
tration) and prolonged (12 hours) hypoglycaemia when compared to the native
peptide.

The atrial natriuretic peptide (ANP) that generates hypotension in vivo has
potential application for improving the hemodynamics in patients with chronic
heart failure. However, its short half-life is detrimental for therapeutic use
[142]. ANP is rapidly eliminated by receptor uptake and proteolysis. A long-
lasting version of this hormone was obtained by site-selective N-terminus
PEGylation with PEG30 kDa-FMS [143]. In vitro cell studies showed that the
PEGylated derivative lacked receptor affinity. However, binding was restored
in the presence of BSA. ANP was constantly released from the PEGylated
derivative at a 7% daily rate. While native ANP induced a short reduction of the
arterial and systolic pressure, the in vivo PEG30 kDa-FMS-ANP activity lasted
for up to 10 hours.

Reversible PEGylation can be pursued by exploiting the polymer conju-
gation with oxidized glycosidic moieties [144]. Since most of the pharma-
ceutical recombinant proteins lack a glycosylation site, a protocol to
chemically glycate proteins has been developed [145]. Albumin was Cys34 site-
directed conjugated with maleimido-alkyl-maltosyl or maleimido-alkyl-
galactosyl derivatives. The glycosidic moieties underwent selective oxidation
with periodate to generate aldehyde functions that were coupled to PEG-
hydrazide. The reaction produced conjugates bearing two and three PEG chains
for the BSA-alkyl-galactosyl and BSA-alkyl-maltosyl derivatives, respectively.
FIGURE 11.11 PEG release mechanism from a PEG-FMS-protein bioconjugate.
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The polymer protein hydrazone bond was found to hydrolyze according to
a pH-dependent kinetic behavior, being stable at neutral pH and faster under
mildly acidic and basic conditions.
11.5. GROWING-FROM PEGYLATION

Most PEGylation protocols developed so far can be classified as “grafting-to”
techniques because the preformed polymers are straightforwardly conjugated
to proteins. Recently, novel “growing-from” approaches that involve the
transformation of proteins into macroinitiators for subsequent living radical
polymerization have been investigated. This latter approach has three main
advantages over the classical “grafting-to” methods: high bioconjugation
efficiency due to reduced steric hindrance; simple purification of the final
bioconjugate and easy control of the polymer properties, such as the compo-
sition, molecular shape and chain length.

“Growing-from” has been used to conjugate PEG-like, comb-shaped poly-
mers by reacting PEG-methacrylate (PEG-MA) monomers. This technique is
very versatile and can be adapted to a variety of methacrylate monomers [146].

Polymer growth on the protein surface occurs by living radical polymer-
ization. More specifically, it occurs by atom transfer radical polymerization
(ATRP) and reversible addition-fragmentation transfer (RAFT), which are
characterized by a lifetime increase of the propagating radical polymerization
on the timescale of the polymerization reaction. The sharp kinetic control of the
polymerization process results in a product having well-defined molecular
weight, homogeneity and polydispersity [147e150]. ATRP and RAFT differ by
a few operative conditions but yield products with comparable features.

The a-chymotrypsin (a-CT) macroinitiator was obtained by lysine deriva-
tization with 2-bromoisobutyryl bromide. Polymerization was carried out using
a 1.1 kDa PEG-MA. The resulting a-CT-polyPEG-MAwas nearly homogenous
in terms of polymer chain number and molecular weight and the protein
retained 86% of the native protein activity [151]. On the other hand, the
classical “grafting-to” amino PEGylation performed with PEG-succinimidyl
propionate (PEG-SPA) yielded a highly polydisperse a-CT-PEG with
dramatically reduced protein bioactivity. a-CTs polymerized with mono-
methoxy-polyethyleneglycol-methacrylate (PEG-MA) or N-2-hydroxypropyl-
methacrylamide (HPMA) by ATRP showed very different stability profiles in
serum [152].

“Growing-from” ATRP was carried out using a biotin-initiator-complexed
streptavidin that yielded four polyPEG-MA chains on the four biotin recog-
nition sites of streptavidin [153].

Bovine serum albumin (BSA) “growing-from” site-directed derivatization
was carried out using a pyridyl-disulfide-bearing RAFT agent. By conjugation
with the unpaired cysteine of BSA, the agent switched the protein into a macro-
initiator that was then polymerized with N-isopropylacrylamide (NIPAAm)
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[154]. The polymerization reaction yielded monodisperse bioconjugates and
did not affect the biological esterase-like activity of BSA.

Myoglobin was activated at its N-terminus with 2-(aminooxy)ethyl 2-
bromo-2-methylpropanoate (ABM) and then polymerized with PEG-MA by
ATRP. The procedure yielded a defined product in terms of molecular weight
and polydispersity, and neither altered the tertiary structure of the protein nor its
peroxidase-like activity. In vivo, the myoglobin-polyPEG-MA showed a 40-
fold longer distribution phase and a 6-fold increased terminal elimination phase
compared to the unPEGylated protein [155].

“Growing-from” rh-GH polymerization was carried out by fictionalization
of seven protein amino groups with succinimidyl-tetra(ethylene glycol)-Br.
PEG-MA polymerization was carried out by ATRP under mild conditions in
buffer at 4�C. The procedure resulted in the controlled growth of 19.5 kDa
polymer chains with low polydispersity and the maintenance of the protein
structural conformation. The biological activity of the rh-GH was fully
retained, as confirmed by in vivo studies. The daily administration of the bio-
conjugate to rats raised the same biological response after subcutaneous
injection as did the native rh-GH. The in vivo response to twice-a-week
administrations was superior to that obtained with the native protein [156].

Hybrid, comb-shaped materials, such as rhodamine-methacrylate/PEG-
MA, were co-polymerized on bovine serum albumin surfaces by ATRP to
introduce a probe along the copolymer chain for analytical purposes [157].
Furthermore, cleavable comb-shaped polymers can guarantee the release of
polymer modules with easier elimination of the bioconjugate from the blood-
stream and partial protein activity regeneration.
11.6. STIMULI RESPONSIVE POLYMERS

PEG is the polymer of choice for development of pharmaceutical protein-
polymer bioconjugates due to its excellent low toxicity and the wide array of
conjugation methods that have been developed throughout the years. Never-
theless, new polymers with similar or even better properties are currently under
investigation to obtain derivatives with enhanced biological functionalities or
physicochemical and biopharmaceutical features.

Stimuli-sensitive polymers have recently emerged as innovative materials
for the production of tuneable biopharmaceuticals. Typically, the structure and
solubility of these materials change in response to slight alterations in the
environmental conditions, offering novel opportunities to produce therapeutic
compounds that can be structurally modified by internal or external stimuli,
such as pH and temperature.

Temperature-sensitive materials can be obtained by isopropylacrylamide
polymerization (poly-N-isopropylacrylamide, pNIPAAm) and by isopropyl-
acrylamide and acrylamide copolymerization (poly-N-isopropylacrylamide-
co-acrylamide, pNIPAAm-coAm) by atom transfer radical polymerization
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(ATRP) or reversible addition fragmentation transfer (RAFT) techniques.
In vitro, these materials display higher toxicity profiles than PEG. However,
no cytotoxicity was observed in vivo at low doses and after oral administration
[158].

In water, these polymers undergo a temperature sol/gel transition at the
lower critical solution temperature (LCST). The polymers are soluble below
the LCST, whereas they dehydrate, collapse and become insoluble above the
LCST. Polymers with different LCSTs can be designed by changing the
composition, architecture and length of the final polymer chain [159].

pNIPAAm and pNIPAAm-coAm can be conjugated to proteins by either
“grafting-to” or “growing-from” approaches. pNIPAAm conjugation to BSA
by RAFT polymerization produced a derivative that underwent a phase tran-
sition by temperature-induced aggregation. As the polymer length increased,
the transition temperature of the conjugate decreased and the size of the
aggregate increased [154].

The combination of N-isopropylacrylamide (NIPAAm) and acrylamide
(Am) monomers can produce polymers (pNIPAAm-coAm) with sharp
responsiveness at a temperature that is close to human body temperature. These
materials have been investigated for their potential to endow proteins with
triggerable properties in disease sites, such as tumors or inflamed tissues, at
temperatures that are higher than that of normal tissues.

Conjugation of pNIPAAm-co-Am (5 kDa, 37�C LCST) with avidin yielded
a derivative that underwent thermal reversible aggregation [160] at a slightly
higher LCST than that of the polymer itself, as reported in the literature [154].
The pNIPAAm-co-Am hindrance decreased the recognition of biotinylated
antibodies by 15%. A similar PEGylation reduced the affinity by about 64%.
After intravenous administration to rats, the pNIPAAm-co-Am-avidin AUC
was twice as high as that obtained with the native protein; the distribution and
elimination half-lives were respectively 8 and 35 times shorter than that of the
PEGylated derivative. These results indicate that the pNIPAm-co-Am bio-
conjugate distributes more rapidly in the peripheral compartment than PEG-
avidin. Thus, it also suggests that pNIPAm-co-Am can be exploited to promote
the passive diffusion of the conjugate into disease tissues.
11.7. PEGYLATED PHARMACEUTICALS ON THE MARKET

In the last two decades, PEGylation has been used in the industrial world, as
evidenced by the presence of several PEGylated products on the market.
Several successful examples of commercialized PEGylated proteins and
peptides are reported in Table 11.2.

PEG bovine adenosine deaminase (marketed as Adagen� from Enzon/NPS
Pharma) was the first PEGylated protein to enter the market in March 1990 [76].
Adenosine deaminase is an enzyme that is required for the metabolism of
adenosine from food and for the turnover of nucleic acids in tissues. Its genetic



TABLE 11.2 Commercial PEGylated proteins approved by the US Food and

Drug Administration for human treatment

Commercial name Active substance Indication

Approval

year

Adagen�

(pegademase
bovine)

Adenosine deaminase Severe combined
immunodeficiency
disease (SCID)

1990

Oncaspar�

(Pegaspargase)
L-asparaginase Leukaemia 1994

PEGINTRON�

(Peginterferon alfa-2b)
Interferon a-2b Hepatitis C 2000

PEGASYS�

(Peginterferon alfa-2a)
Interferon a-2a Hepatitis C 2002

Neulasta�

(Pegfilgrastim)
Granulocyte-colony
stimulating factor

Neutropenia
associated with
cancer chemotherapy

2002

Somavert�

(Pegvisomat)
Human growth
hormone antagonist

Acromegaly 2003

Mucagen�

(Pegaptanib sodium)
anti-VEGF aptamer Age-related macular

degeneration
2004

Mircera�

(mPEG-epoetin beta)
Erytropoietin-b Anaemia associated

with chronic kidney
disease

2007

Cimzia�

(PEG-anti-TNF-a
antibody fragment)

Anti-TNF-a Fab’ Rheumatoid arthritis
Crohn’s disease

2008
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deficiency causes severe combined immune deficiency (SCID disease). Adagen�

was approved for SCID disease treatment in children as an alternative to bone
marrow transplantation. The PEGylated bovine adenosine deaminase is obtained
by random conjugation of lysines with 11e17 chains of 5 kDa PEG molecules.
Such polymer conjugation increased the enzyme activity by a factor of 1800 and
resulted in a long-lasting permanence in the bloodstream [161].

PEGylated L-asparaginase (ONCASPAR� from Enzon/Rhone-Poulenc
Rorer) is an enzyme derivative approved by the FDA in 1994 for the treatment of
acute lymphoblastic leukemia in children. ONCOSPAR� has been obtained by
random and multiple conjugations with 5 kDa linear PEG chains. PEGylation led
to a product with a 357-hour half-life, compared to the 24-hour half-life of the
native protein, and with a strongly reduced immunogenicity [162,163].
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In 2000 and 2002, mono-PEGylated interferon-a2b (PEGINTRON� from
Enzon/Schering-Plough) and mono-PEGylated interferon-a2a (PEGASYS�

from Nektar/Roche) were approved for the treatment of the hepatitis C virus.
While the two interferons have similar amino acid sequences, different
conjugation protocols were used. PEGINTRON� was obtained using linear
12 kDa succinimidyl-carbonate-activated PEG molecules. This derivative is
a mixture of 15 positional polymer-conjugated isomers [164]. Bioconjugation
under conditions of unusually low pH preferentially led to the modification of
His34, an amino acid that is located far from the receptor recognition site. The
modification of His34 produces a derivative that regenerates the native cyto-
kine in vivo by PEG release. These features, combined with the low PEG
molecular weight, resulted in a high residual activity that was found to be
about 37% of that of the native interferon for the His34 isomer and about 28%
for the isomer mixture. After subcutaneous administration, the bioconjugate
showed a 7-fold lower clearance rate and a 5-fold greater in vivo half-life than
interferon-a2b [165]. PEGASYS� was obtained by the conjugation of one
branched 40 kDa PEG to the protein amino groups. The random conjugation
of the Lysines and terminal amino groups resulted in a mixture of isomers that
maintained 7% of the native cytokine activity. Nevertheless, this bioconjugate
displayed a very high systemic bioavailability after subcutaneous adminis-
tration compared to that of the 12 kDa PEG conjugated interferon-a2b. The
circulation half-life shifted from 3e8 hours to 65 hours after PEGylation, the
distribution volume decreased from 31e73 L to 8e12 L and the systemic
clearance decreased from 6.6e29.2 to 0.06e0.10 L/h [166,167]. In all cases,
clinical studies showed that both PEGylated products significantly increased
the virological responses, compared to the unPEGylated interferons. The
dosage schedule could thus be reduced from three times a week to once
a week. PEGylation also resulted in an increase in antiviral activity (from 12
to 135 times as compared to the unPEGylated cytokine) [168]. A large clinical
survey showed that, despite differences in residual activity and the pharma-
cokinetic profiles, the efficacy and side-effect profiles of the two PEGylated
products were similar.

In 2002, a 20 kDa PEG N-terminal conjugate of rh-G-CSF (NEULASTA�,
from Amgen) received FDA approval for the human treatment of neutropenia
associated with cancer chemotherapy. rh-G-CSF stimulates the production of
the infection-fighting white blood cells (neutrophils) that are depleted by
cancer chemotherapy. NEULASTA� is given once for each cycle of high-dose
chemotherapy and no sooner than 14 days before the next chemo infusion,
while NEUPOGEN� (Amgen/Roche), the unPEGylated form of rh-G-CSF,
requires daily injections for about 14 days until neutrophil counts reach the
physiologic level [169].

Pegvisomant (SOMAVERT� from Nektar/Pfizer) is the PEGylated form of
an rh-GH muteine. The covalent conjugation of 4e6 5 kDa PEG chains endows
a derivative with human growth hormone antagonist properties. The
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bioconjugate selectively binds to the growth hormone receptor on cell surfaces,
thus antagonizing the effect of endogenous growth hormone, and inhibits the
release of many cytokines, such as insulin-like growth factor-I (IGF-I) and IGF
binding protein-3 (IGFBP-3) [170]. SOMAVERT� was approved for acro-
megaly treatment by the FDA in 2002 [171].

The linear 30 kDa PEG derivative of Epoetin b (MIRCERA� from Roche)
was released in 2007 as an erythropoiesis-stimulating agent for the treatment of
symptomatic anemia associated with chronic kidney disease (CKD). Exoge-
nous replacement of erythropoietin by the recombinant hormone epoetin
(r-HuErythropoietin) is a well-tolerated therapy for anemia in patients with
CKD. Currently, two erythropoietins (epoetin-a and epoetin-b) are available
for therapeutic treatment according to a once-a-week administration protocol.
A carbohydrate-modified recombinant erythropoietin, darbepoetin-a, with
a higher half-life and lower clearance rate is available in the market. Compared
to unPEGylated Epoetin-b, MIRCERA� shows a slower association with and
a faster dissociation from the receptor. These features reduce its specific
activity in vitro. Nevertheless, the loss of biological activity is compensated by
improved pharmacokinetic properties, such as a longer half-life and an
increased overall activity in vivo [172,173].

Certolizumab Pegol (CIMZIA� from UCB Pharma) is a PEGylated
humanized tumor necrosis factor alpha (TNF-a) inhibitor approved by the FDA
in 2008 for the therapeutic treatment of Crohn’s disease in patients that are
refractory to conventional therapy. CIMZIA� has been obtained by site-specific
conjugation of a 20 kDa PEG and an unpaired cysteine. The recommended
initial dose of the drug is 400 mg, and the dosing treatment consists of
an administration every two weeks. In patients who respond clinically to the
treatment, the recommended maintenance regimen is 400 mg every four
weeks [174].

A number of new PEGylated proteins, including PEG-Hemoglobin SB1 that
is proposed as a blood substitute and infusion fluid for the treatment of stroke,
are currently under development or in advanced clinical trials [175,176].

PEG-hirudin is in advanced clinical experimentation as an anticoagulant
drug in patients undergoing chronic hemodialysis [177].

PEG-uricase, also known as Pegloticase (PURICASE� by Savient Phar-
maceuticals) is in Phase II of a clinical trial to treat hyperuricemia and gout in
patients with non-Hodgkin’s lymphoma who cannot tolerate, or have not
responded adequately to, conventional therapy [178].

A PEGylated derivative of arginine deiminase is investigated in Phase I/II
clinical trials in patients with unresectable hepatocellular carcinoma [179] and
metastatic melanoma [180]. Melanoma is auxotrophic for arginine because it
lacks argininosuccinate synthetase (ASS), a key enzyme required for the
synthesis of arginine from citrulline via the urea cycle.

PEGylated glutaminase is also under investigation in an anti-cancer therapy
combined with a glutamine analog to remove circulating glutamine that
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competes with the drug for tumor uptake, thus increasing the drug efficacy
in vivo. The results of the Phase II clinical trial with patients in late stage
colorectal and lung cancers have been recently reported [181].
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12.1. INTRODUCTION: MEDICAL DEVICES

According to the US Food and Drug Administration (FDA), there are three
regulatory classes for medical devices, depending on the risk that they present
to the patient. The regulatory level is determined in order to legally commer-
cialize the device: Class I e General Controls; Class II e Special Controls and
Class III e Premarket Approval. Class III is the most stringent regulatory
category, and devices falling within this category require a premarket approval
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http://dx.doi.org/10.1016/B978-0-12-384935-9.10012-4


292 Peptide and Protein Delivery
(PMA) to ensure their effectiveness and safety prior to entering the market. In
this chapter, Class III devices will be reviewed.
12.2. PERIODONTAL DEFECTS

Periodontal disease is characterized as a chronic bacterial infection which
affects the gums and the bone supporting the teeth. Very often, surgical
regenerative procedures are needed to treat the condition. According to the
American Academy of Periodontology, periodontal regeneration includes the
regeneration of cementum, functionally aligned periodontal ligament, alveolar
bone and gingiva [1]. In 1996, the FDA approved Emdogain�, an embryonic
enamel matrix derivative (EMD) device containing amelogenins extracted
from six-month-old piglets [2]. This EMD is indicated for treatment of
intrabony defects without furcations (resulting from moderate or severe
periodontitis), by topical application onto surgically exposed root surfaces.
Amelogenins are a family of hydrophobic proteins (due to their high proline,
histidine, glutamine and leucine content) that represent approximately 90% of
the organic constituent of the enamel matrix [3]. In Emdogain�, amelogenins
which have been stabilized by heat treatment are dissolved in an acidic
solution of polyethylene glycol alginate (PGA) and supplied in a pre-filled
syringe (30 mg protein/ml PGA). The thixotropic rheology (the ability of a fluid
to suffer a decrease in viscosity with time when subjected to constant shear) of
PGA allows the application of the proteins as a viscous formulation (2.5 Pa).
Moreover, upon application of a shear force (bymeans of the syringe inwhich the
device is supplied), the viscosity of the formulation decreases, thus facilitating
the coating of the surgically exposed root surfaces [4]. During application,
physiological conditionswill cause a decrease inviscosity and an increase in pH,
which in turn causes the amelogenins to precipitate, forming amatrix on the root
surface.

In vitro, EMD has been shown to enhance the proliferation, total protein
synthesis and mineralized nodule formation of periodontal ligament (PDL)
cells, while having no significant effect on cell migration, attachment and
spreading [5]. In another study, the application of high doses of EMD had
a detrimental effect on the viability of human periodontal ligament fibroblasts
(PDLF); however, cellular proliferation appeared to be improved following
exposure, as well as cellular attachment to diseased root surfaces [6]. It has also
been suggested that EMD has the potential to direct the differentiation of
a mesenchymal pluripotential cell line (C2C12) to osteoblasts or chondroblasts
[7], and its regulatory role on cementoblast and osteoblast activities has also
been documented [8]. Moreover, the ability of EMD to promote periodontal
regeneration may also be related to its ability to reduce dental plaque: EMD has
an inhibitory effect on the growth of periodontal gram-negative pathogens
(which are associated with reduced wound healing), whilst having no signifi-
cant effect on gram-positive bacteria [9].
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In preclinical animal models, EMD has been found to promote the regen-
eration of all periodontal tissues, namely acellular cementum, periodontal
ligaments and alveolar bone [10]. In particular, EMD has the potential to
increase the osteoinductive properties of the graft material [11]. For example,
when EMD was administered together with demineralized freeze-dried bone
allograft (DFDBA) above a certain threshold concentration in a nude mouse
muscle implantation assay, osteoinduction was enhanced. In a rat femur drill-
hole injury model, locally applied EMD significantly increased the volume of
newly formed bone trabeculae when compared to the blank vehicle [12]. These
studies demonstrate that, in addition to stimulatory effects on bone growth,
EMD has both osteoconductive and cementoconductive properties. In clinical
trials, the following inferences can be drawn:

(i) the periodontal regeneration promoted by EMD is only observed when
surgical treatment of deep intrabony defects is performed;

(ii) the combination of EMD and periodontal surgery of deep intrabony
defects leads to significantly higher improvements in clinical parameters
when compared to open flap debridement alone;

(iii) the combination of EMD and guided tissue regeneration (GTR) does not
improve the outcomes when compare to EMD or GTR alone;

(iv) the combination of EMD with some types of bone graft/substitute can
result in the improvement of certain parameters, compared to EMD treat-
ment alone;

(v) the combination of EMD and coronally repositioned flaps on the treatment
of recession-type defects may promote formation of cementum and bone;

(vi) the application of EMD may improve periodontal regeneration in
mandibular class II bifurcations [13].

In June 2009, Emdogain� received FDA approval, for use in conjunction with
bone substitute materials and also for the treatment of gingival recession defects.

In 2005, the FDA approved a bone grafting material containing a biological
therapeutic agent, named GEM21S� (Growth Factor Enhanced Matrix), to
treat periodontal-related defects, such as intrabony, furcation and gingival
recession [14]. The GEM21S device comprises two components:

(i) a synthetic, highly porous (pore diameter 1 to 500 mm) and resorbable
beta-tricalcium phosphate (b-TCP) scaffold, to provide a matrix for
bone growth, prevent the collapse of soft tissues and promote the stabili-
zation of the blood clot;

(ii) purified recombinant human platelet-derived growth factor-BB (rhPDGF-
BB), a growth factor that is released at the site of injury during blood clot-
ting, to act as a chemoattractant and mitogen for mesenchymal cells
(including osteogenic cells) and promote angiogenesis [15].

The b-TCP particles (0.25 to 1 mm in diameter) are supplied sterile in
a “cup”, with the rhPDGF-BB supplied as a sterile 0.5 ml solution (0.3 mg/ml,
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in 20 mM sodium acetate buffer, pH 6). Both components are stored under
refrigeration and have a shelf life of 36 months. Prior to application, the b-TCP
particles are transferred to the cup, in an aseptic environment, before addition
of the rhPDGF-BB solution. Upon saturation of the b-TCP particles with the
rhPDGF-BB solution, the mixture is rested for 10 minutes to completely
hydrate the b-TCP particles and entrap the rhPDGF-BB within the pores; this in
turn facilitates a more uniform distribution of the growth factor at the implant
location. It has been shown both in vitro and in vivo that the growth factor is
rapidly released from the particles, and that the non-specific adsorption has no
effect on its structural integrity and biological activity [16]. In a large, multi-
center, randomized, controlled trial, the following treatments were used for
advanced periodontal osseous defects:

(i) b-TCP þ 0.3 mg/ml rhPDGF-BB in buffer;
(ii) b-TCP þ 1.0 mg/ml rhPDGF-BB in buffer; and
(iii) b-TCP þ buffer (active control).

Clinical attachment levels (CAL), gingival recession (GR), linear bone growth
(LBG) and percentage bone fill (% BF) were assessed [17]. After six months of
healing, an improvement in the clinical outcomes was observed for both test and
active control treatments. The rate of gain in CAL at 3 months appeared to be
more rapid in the b-TCP þ 0.3 mg/ml rhPDGF-BB group than in the control
group, although no significant differences were found. The improvement in
LB and % BF was significantly higher for the b-TCP þ 0.3 mg/ml rhPDGF-BB
group when compared to the other groups, supporting the rationale for the
clinical use of this concentration of growth factor. The classification of this type of
peptide formulation as a medical device has been the subject of discussion, since
the same peptide is also commercialized in a different formulation as a human
medicine.
12.3. BONE REGENERATION

The healing of bone fractures, as well as the reconstruction of critical-sized
bone defects continuously challenges orthopedists, traumatologists and
maxillofacial surgeons. Despite the fact that autologous bone grafts are often
used in clinical practice, increased donor morbidity, limited graft accessibility
and the financial costs involved have led to the ongoing search for alternative
approaches to bone repair and regeneration [18]. The application of osteoin-
ductive peptide/protein growth factors (de novo bone formation inducers) is
promising, particularly the bone morphogenetic proteins (BMPs) e a class of
proteins present in bone matrix, whose role in bone formation and repair has
been investigated extensively. BMPs subtypes 1 through 7 and 9 have
osteoinductive properties; that is, they have the ability to provide the appro-
priate signal for the differentiation of mesenchymal stem cells into osteoblasts
[19]. However, as BMPs are rapidly cleared from the repair site [20] and are
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non-specific for bony tissue [21], appropriate delivery systems are required to
simultaneously ensure efficient local retention of the growth factors, enabling
the osteoinductive response, and prevent undesired ectopic bone formation in
non-bony tissues of the body. So far, only three bovine-collagen based delivery
devices have been approved by the FDA for rhBMPs 2 and 7, with limited
clinical applications. Collagen-based carriers, namely type I collagen, are
biocompatible and biodegradable, and provide an osteoconductive matrix for
the ingrowth of newly formed bone, since they promote the deposition of
minerals and they also bind non-collagenous matrix proteins which initiate
mineralization [19]. In 2001, the FDA approved OP-1 Implant�, under
a Humanitarian Device Exemption (HDE), which is composed of 3.3 mg of
rhBMP-7 (also known as osteogenic protein 1, rhOP-1) and 1 g purified of
bovine collagen type I. It is indicated for the treatment of nonunion of tibia of at
least nine months duration, in cases where previous procedures have failed and
the use of autografts is not possible [22]. The medical device is supplied in one
vial that is stable over 18 months when refrigerated, and is reconstituted with 2
to 3 ml of sterile saline (0.9%), gently swirled to allow an adequate mixing and
rested for 2 min to allow expansion to a maximum of 4 ml. OP-1 Implant� can
then be applied at the site of the bone defect with the aid of a sterile spatula.
A prospective, randomized clinical trial of tibial non-unions that had persisted
for nine months compared the clinical and radiographic results of the efficacy
of OP-1 Implant� versus autograft [23]: 124 tibial non-unions in 122 patients
were randomized to receive intramedullary nails with either autograft or OP-1
implant. The follow-up of patients monitored:

(i) the severity of pain at the fracture site;
(ii) the ability to walk bearing full weight;
(iii) the need for repeat of surgical treatment;
(iv) radiographic evaluation of healing; and
(v) physician satisfaction.

It was found that, nine months after the procedure, clinical union had been
achieved in 81% of the patients in the OP-1 implant group against 85% in the
autograft group. Radiographic analysis showed that the fractures had healed
completely in 75% of the patients in the OP-1 implant group and 84% in the
autograft group, but this difference was not statistically significant. It was also
found that more than 20% of the patients in the autograft group complained of
persistent pain at the donor site. It was thus concluded that OP-1 Implant�was an
effective and safe alternative to bone grafts in the treatment of tibial non-unions.

In 2004, the FDA approved the device OP-1� Putty under a HDE. This
comprises rhOP-1, type I bovine bone collagen matrix and carboxymethyl
cellulose (CMC) [24]. It is indicated for posterolateral lumbar spinal fusion, in
patients in which previous surgery has failed or autologous bone and bone
marrow harvest are not feasible. The device is provided in two components:
(1) one sterile vial containing 3.5 mg of lyophilized rhOP-1 and 1 g of purified
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bovine collagen type I and, (2) one sterile vial containing 230 mg of CMC.
Both components have a shelf life of 18 months when refrigerated. To produce
the product, the CMC is added to the rhOP-1 and the mixture reconstituted
with 250 ml of sterile saline (0.9%) solution, with stirring. This procedure
allows the improvement of handling characteristics due to the putty-like
consistency of the product. Once reconstituted, the product is applied to each
side of the spine. Several clinical studies have assessed the effect of OP-1�

Putty [25e27]. Despite the limited number of subjects, the efficacy and safety
profiles have led to the conclusion that the device represents a viable bone
substitute for spinal fusion applications. It is worth noting that in the devices
mentioned above, the protein and carrier polymer interact through non-covalent
ionic interactions.

A rhBMP-2 containing device was approved by the FDA in 2002, under
the name of INFUSE� Bone Graft, as an autograft replacement for spinal
fusion procedures in patients with degenerative disc disease, in combination
with LT-CAGE� Lumbar Tapered Fusion Device [27a]. In 2004, INFUSE�

Bone Graft was approved for the treatment of acute, open tibial shaft frac-
tures, stabilized by intramedullary (IM) nail fixation [28], and in 2007 was
approved as an alternative to autologous bone graft for sinus augmentations
[29]. The device is supplied containing 4.2 or 12.7 mg of lyophilized
rhBMP-2, 5 or 10 ml of sterile water and adsorbable bovine type I collagen
sponge (ACS). At the time of surgery, the rhBMP-2 is reconstituted and
uniformly applied to the ACS prior implantation. ACS is manufactured by
lyophilization of a dispersion of bovine type I collagen (obtained through an
alkaline treatment step), which is cross-linked with formaldehyde and ster-
ilized by ethylene oxide [30]. The alkaline treatment causes cleavage of the
glutamine and asparagine side chains on the collagen molecule, giving it an
isoelectric point (pI) of 5.1. In contrast, rhBMP-2 has a pI of 8.5, and upon
reconstitution the solution has a pH of 4.5. When this solution is added to
the ACS, a proteinematrix complex is generated through electrostatic
interaction; rhBMP-2 and collagen being positively and negatively charged,
respectively [31].

The efficacy of the INFUSE� Bone Graft has been extensively studied in
all of its indications. In a prospective, randomized, non-blinded, two-year
multicenter study, 279 patients with degenerative disc disease (DDD) were
randomly assigned to receive either rhBMP-2/ACS or autogenous bone from
the iliac crest [32]. Results showed that the mean operative time and blood
loss were less in the rhBMP-treated group. Based on radiographs and
computed tomography scans, at 24 months after surgery the fusion rate was
higher for the same group (94.5%) when compared to the control group
(88.7%). The Oswestry back and leg pain scores and neurological status
improved in both groups in a similar way. Other studies using different
surgical approaches have also proved the superiority of the use of INFUSE�

Bone Graft in spinal fusion applications [33e36]. INFUSE� Bone Graft in
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the treatment of open tibial fractures was also investigated in a large inter-
national clinical trial named the BESTT (BMP-2 Evaluation in Surgery for
Tibial Trauma) Study Group [37]. A total of 450 patients, from 11 different
countries, with open tibia fracture were enrolled in this prospective,
randomized, controlled study and were assigned to one of the following
groups:

(i) standard care e IM nailing with routine soft tissue management;
(ii) standard care þ 0.75 mg/ml rhBMP-2/ACS;
(iii) standard care þ 1.5 mg/ml rhBMP-2/ACS (INFUSE� Bone Graft).

The implant was placed over the fracture at the point of wound closure. The
primary outcome measurement was the proportion of patients who required
a second intervention due to delayed or nonunion within 12 months post-
operation. The results revealed that the patient group which had received
INFUSE� Bone Graft showed a 44% decrease in the need for secondary
interventions, relative to the control group, and also showed improved healing
of the fracture (74% vs. 54%), with reduced infection and faster wound healing
(83% vs. 65% at six weeks post-operation).

For the examination of the safety and efficacy of INFUSE� Bone Graft in
sinus floor augmentations, a randomized, multicenter pivotal study was
performed [28]. 160 patients were treated with either INFUSE� Bone Graft
(n ¼ 82) or autograft (n ¼ 78). The procedure involved the insertion of
INFUSE� Bone Graft, followed by a period of time for osteoinduction, after
which the dental implant was placed. Following a timeframe that allowed
osseointegration, prostheses were placed (functional loading) and successful
implant restoration assessed at 6 (primary endpoint), 12, 18 and 24 months
(secondary endpoints) of functional loading. At the primary endpoint, the
implant was successfully restored on 79% of the patients in the study group,
against 90.8% of autograft patients; the same trend was observed at the
secondary endpoints. However, patients in the control group had statistically
significant higher adverse reactions, and it was thus concluded that the
benefits (although less than the observed for the control patients) outweighed
the risks. Another large clinical study investigated the efficacy of two doses
of rhBMP-2/ACS (0.75 and 1.5 mg/ml) against an empty control (ACS
alone) in 80 patients requiring extraction socket augmentation [38]. The
results showed that the INFUSE� Bone Graft treated sites had twice the
amount of new bone compared to the control. In addition, analysis of bone
density and histology showed no differences between rhBMP-2-induced
bone and native bone.
12.4. SURGICAL PROCEDURES

In certain types of surgery, there is a need to use adjuncts to promote better
closure of wounds or attain the desired levels of hemostasis. The range of both
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types of adjuncts is vast, so in this subsection only formulations containing
proteins or peptides will be discussed.
12.4.1. Closure Adjuncts

In 2010, the FDA approved ProGel� Pleural Air Leak Sealant, which was
intended to be applied to the visceral pleura, after closure by sutures or
staples, to seal visible air leaks (� 2 mm) that had been incurred during
open resection of lung parenchyma [39]. The device includes: (1) a “chem-
istry kit” of two pre-loaded cartridges containing 2 ml of Human Serum
Albumin (HSA) and polyethylene glycol disuccinimidyl succinate (PEG-
(SS)2) as a dried white powder and (2) an “applicator kit” with sterile water.
The shelf life of the device is 12 months under refrigeration, and application
involves reconstitution of the PEG-(SS)2 and immediate mixing with the
HAS for sealing of the tissue. On mixing, the liquid components quickly
cure in situ to form a flexible hydrogel by chemical cross-linking of the
PEG-(SS)2 and free amine groups of the HSA (formulated at basic pH) [40].
The succinate ester linkages of the hydrogel facilitate its hydrolytic degra-
dation and clearance, primarily through the kidneys. The hydrogel has been
proven to have better adhesion, and to withstand higher pressures than
a fibrin glue in the rat air lung leak model [40]. In a prospective, random-
ized, multicenter clinical trial, 161 patients were randomized in a 2:1 ratio to
receive ProGel� Pleural Air Leak Sealant or control (no sealant) if they had
at least one significant air leak (� 2 mm) after pulmonary resection [41].
One month post-operation, 35% of the ProGel�-treated patients remained
leak free, compared to 14% of the control group. The length of hospitali-
zation was also lower for the treatment group (six days) compared to the
control group (seven days), and the incidence of adverse effects in both
groups was similar.

In 2005, the FDA approved DuraSeal� Sealant System, another type of
surgical sealant for application in sutured dural membranes during cranial
surgery, to provide a watertight closure [42]. DuraSeal� Spine Sealant System
was granted approval by the FDA for the same applications but during spine
surgery [43]. It is composed of two solutions: one of PEG-(SS)2 and one of
trilysine amine (a synthetic peptide) with FD&C Blue no. 1 dye. Mixing of the
two solutions generates the hydrogel as described above for ProGel�. Because
the gel may swell by up to 50%, the dye is incorporated to monitor the thickness
of the layer that is delivered at the site of application. A prospective, non-
randomized, single-arm, multicenter clinical trial was conducted to evaluate the
effectiveness and safety of the DuraSeal� Sealant System as an adjunct to
sutured dural repair during cranial surgery to provide watertight closure [42].
Of the 111 patients included in the trial, 98.2% showed no intra-operative
cerebrospinal fluid (CSF) leakage, with an overall rate of surgical wound
infection of 8.1%. It was concluded that the benefits of the use of DuraSeal�
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Sealant System outweighed the risks of illness or injury. The effectiveness and
safety of this system as an adjunct to sutured dural repair to provide watertight
closure in patients undergoing an intentional durotomy during spinal surgery
was evaluated by a prospective, randomized, two-arm, single-blind, multicenter
study. The study involved a total of 158 patients, 102 of which received
DuraSeal� Spine Sealant System and 56 of which received Standard Care
(control) methods [43]. All patients in the treatment group achieved intra-
operative sealing, whereas the control group only achieved 62.5% sealing. The
presence of CSF leakage and the incidence of surgical site infection in the 90
days following the procedure was not statistically different between the two
groups. Overall, the adverse events that occurred were also comparable
between both groups.
12.4.2. Hemostasis Adjuncts

Bioglue� Surgical Adhesive was approved in 2001 by FDA as an adjunct to
standard methods of achieving hemostasis (sutures or staples) in open surgical
repair of large vessels such as aorta, carotid and femoral arteries [44]. The
device has two components: (1) purified bovine serum albumin (BSA) and (2)
glutaraldehyde. These are dispensed by a controlled delivery system that
comprises a reusable delivery device and applicator tips. It has a shelf life of
three years when stored at up to 25�C. On dispensing, the solutions are mixed in
a pre-defined ratio in the applicator tip to initiate cross-linking. This results
from covalent bonds being formed between the aldehyde groups of glutar-
aldehyde and the free amine groups (e.g. lysine side chains) of BSA. Upon
application, cross-linking continues with the tissue proteins at the repair site,
and a flexible mechanical seal is created, independent of the host’s clotting
mechanism. The efficacy and safety of Bioglue� Surgical Adhesive in cardiac
and vascular surgical repairs were assessed in a prospective, randomized,
multicenter controlled trial [45]. Of a total of 151 patients, 76 were assigned to
standard repair plus Bioglue� Surgical Adhesive and 75 to standard repair
alone (control group). Patients underwent cardiac, aortic or peripheral vascular
procedures. Hemostasis was achieved in 81.1% of Bioglue� Surgical Adhesive
vascular anastomoses and in 51% of control standard vascular repair anasto-
moses. The occurrence of adverse effects was equivalent between both groups,
with the exception of a lower incidence of neurological effects in the Bioglue�-
treated group.

12.5. HUMAN MEDICINES APPROVED OR UNDER
DEVELOPMENT

In this subsection, peptides and proteins that are now classified as human
medicines, or those that have demonstrated the therapeutic potential to proceed
to the clinic will be discussed.



300 Peptide and Protein Delivery
12.5.1. Wound Healing

Wound healing is a complex, cellular and biochemical process involving many
growth factors working in concert to restore anatomical and functional integ-
rity. The principal (overlapping) stages of wound repair include [46]:

(i) blood vessel constriction and blood coagulation, which occurs within
seconds;

(ii) an inflammatory phase, over ca. 24 h, involving neutrophil and macro-
phage infiltration, bacterial phagocytosis and release of growth factors
for cell migration and proliferation;

(iii) cell migration and proliferation over 72 h, involving collagen synthesis
and deposition, re-epithelialization, granulation tissue formation, angio-
genesis and wound closure;

(iv) cell matrix deposition and remodeling, occurring over 15e20 days e
cells no longer undergo apoptosis and the collagen fibers are laid into
a well-defined extracellular matrix.

This complex, sequential, reparative process is easily disrupted by infec-
tion, disease or simply by old age, leading to chronic, non-healing wounds
(e.g. pressure sores, venous and diabetic ulcers). As the molecular basis of
wound healing has been clarified, it has been realized that growth factors
(soluble signaling proteins) play a preponderant role, so the potential for these
molecules to act as therapeutic agents in the treatment of chronic wounds has
been investigated extensively. However, to date, the only human medicine
containing a recombinant human growth factor (rhPDGF-BB, also known as
becaplermin) to be approved for topical application is Regranex�, approved
by the FDA in 1997 and by the European Medicines Evaluation Agency
(EMEA, now European Medicines Agency) in 1999. Becaplermin is
a homodimeric protein of approximately 23.4 kDa composed of two B chains
linked together by a disulphide bond, mainly released from the platelets’ a-
granules, and also by fibroblasts, macrophages, endothelial cells and kerati-
nocytes [47]. The growth factor acts by binding and activating specific cell
surface tyrosine kinase receptors, PDGF receptor-a and PDGF receptor-
b [48]. In Regranex�, becaplermin (100 mg/g) is formulated as a gel supplied
in multi-use tubes. The excipients include sodium CMC (gelling agent), sterile
water, methyl parahydroxybenzoate (methylparaben), propyl para-
hydroxybenzoate (propylparaben) and m-cresol as preservatives, sodium
chloride, sodium acetate and glacial acetic acid (to provide an adequate pH for
the maximum stability of the protein) and L-lysine hydrochloride at
a concentration that stabilizes the protein in the gel formulation. The gel has
a shelf life of one year when refrigerated, and once opened is stable for up to
six weeks. Regranex� is indicated, in association with other wound care
treatments, for healing by induced granulation of full-thickness, neuropathic,
chronic diabetic ulcers below 5 cm2.
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The efficacy of becaplermin in neuropathic diabetic ulcers has been
assessed on a number of controlled, randomized, multicenter clinical trials
(Table 12.1) [49e52]. Inclusion criteria for all studies were:

(i) a chronic foot ulcer with a duration of eight weeks or more;
(ii) an adequate blood supply documented; and
(iii) an absence of infection based on clinical examination.

A combined analysis based on the studies presented above (922 patients in
total) showed that becaplermin gel (100 mg/g) significantly increased complete
healing, when compared to placebo gel (50% vs. 36%, p ¼ 0.007). The time
required for complete healing was also decreased in the becaplermin gel-
treated group (14.1 weeks vs. 20.1 weeks for placebo, p ¼ 0.01). Moreover, the
adverse effects were similar in nature and occurrence for all treatment groups
[53]. It was thus concluded that treatment with Regranex� once a day in
conjunction with good wound care was an effective and safe treatment for
patients with full thickness ulcers. More recently, in a clinical trial and in
postmarketing use, it has been found that in patients treated with three or more
tubes of Regranex�, the rate of death from systemic malignancies increased
5-fold compared to those who had received none (however, the risk of getting
new cancers was not increased). Due to this, the FDA has required the
manufacturers of Regranex� to place a black box warning on the label, clearly
stating these findings and advising caution when the medicine has to be used in
patients with known malignancy [54]. Such side-effects are due to the intrinsic
physiological action of PDGF-BB in the promotion of cellular proliferation and
angiogenesis.

Another growth factor formulation for the treatment of chronic, venous, leg
ulcers currently being investigated in a multicenter Phase I/II clinical trial in
Norway and Sweden is ChronSeal� [55]. ChronSeal� is a topical application
therapy (gel), containing recombinant human Hepatocyte Growth Factor
(rhHGF) as the main active ingredient. HGF is a growth factor primarily
produced by stromal fibroblasts, amongst other cell types. It regulates a variety
of biological processes, such as vascular permeability and angiogenesis, cell
migration and matrix deposition and degradation [56]. An impaired regulation
of HGF has been shown to be related to the pathophysiology of chronic wounds
[57]. Due to the normal pathway of development of human medicines, the
components of ChronSeal� remain undisclosed.
12.5.2. Scar Treatments

The formation of scars occurs following trauma, injury or surgery to any tissue
or organ in the human body. They consist of a failure in tissue regeneration, in
that the absent normal tissue is replaced by an extracellular matrix composed
mainly of collagen types I and III and fibronectin [58]. Scarring can result in
major clinical problems, such as loss of function and restriction of tissue



TABLE 12.1 Clinical trials of becaplermin I neuropathic diabetic ulcers. Reprinted from reference [47] with permission from

Sage Publications

Author Year Study design Comparison No. patients enrolled Findings

Steed 1995 Double-blind
placebo controlled

Becaplermin gel 30 mg/g
vs. placebo gel

61 vs. 57 Complete ulcer healing at 20 weeks:
48% vs. 25%, p ¼ 0.01

Wieman 1998 Double-blind
placebo controlled

Becaplermin gel 100 mg/g
vs. 30 mg/g vs. placebo gel

123 vs. 132 vs. 127 Complete ulcer healing at 20 weeks:
50% vs. 36% vs. 35%, p ¼ 0.007
Time for complete healing: 86 days
(100 mg/g) vs. 127 (placebo) p ¼ 0.013

Wieman 1998 Evaluator-blind
placebo controlled

Becaplermin gel 100 mg/g
vs. good wound care

128 vs. 122 Complete ulcer healing at 20 weeks:
36% vs. 32%.

d’Hemecourt 1998 Randomized
double-blind placebo
controlled

Becaplermin gel 100 mg/g
vs. CMC gel vs. good
wound care

34 vs. 70 vs. 68 Complete ulcer healing at 20 weeks:
44.1% vs. 35.7% vs. 22%.
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movement and/or growth, besides the aesthetic appearance and derived
psychological disturbances.

The skin is the most frequently injured tissue, and thus the most prone to
the occurrence of scarring. Investigation of the mechanisms by which scarring
occurs has led to the identification of the importance of transforming growth
factor b3 (TGFb3) in a scar-free healing response, and thus its promising
potential in antiscarring therapy [58]. TGFb3 is a morphogenetic factor
synthesized primarily by fibroblasts and keratinocytes, which has been shown
to inhibit scarring and to promote better collagen organization in vivo [59].
The recombinant form of TGFb3, avotermin (Juvista), applied as an intra-
dermal injection, has already entered clinical trials. A Phase I clinical trial
confirmed that the application of avotermin, at a dosage range between 50 and
10000 ng per 3 mm punch-biopsy wound, is well tolerated and showed no
impaired wound healing or enhanced systemic exposure to TGFb3 at 2e4
hours after application [60]. The effect of prophylactic administration of
avotermin on skin scarring was investigated in seven randomized, double-
blinded clinical trials in healthy volunteers [61]. In all studies, the adminis-
tration of avotermin to full thickness incisions at the time of surgery resulted
in a significant improvement of scar appearance when compared to placebo
and/or standard care. Moreover, significant improvements have been seen for
avotermin at concentrations ranging from 50 to 500 ng/ml per linear cm of
wound margin. The scars resulting from the treatment had a close resem-
blance to the surrounding normal skin, with the beneficial effect of being
poorly visible 12 months after surgery. The local intradermal application of
avotermin has also been shown to be safe, with no clinical differences seen for
all treatment groups [61].

A formulation of recombinant human interleukin 10 (rhIL-10 or ilodekain)
named Prevascar� is also undergoing clinical investigation. IL-10 is produced
by epidermal cells and infiltrating mononuclear cells [62], and plays a major
role in the suppression of the inflammatory response and activity of macro-
phages [63]. Based on pre-clinical studies, rhIL-10 is thought to reduce scarring
by the following mechanisms:

(i) modulation of recruitment and differentiation of inflammatory cells and
reduction of secretion of pro-inflammatory cytokines by these cells;

(ii) decreased extracellular matrix production (ECM) and increased ECM
breakdown by upregulation of proteolytic enzymes;

(iii) downregulation of TGFb1 (another isoform of the TGF b family, known
to induce scar formation) [59] expression and activity [61].

In one prospective, randomized, double-blind, placebo controlled (within
subject) Phase II clinical trial, ilodekain administered intradermally in full
thickness incisions (healthy volunteers) has proved to achieve significant
improvement in scar appearance at concentrations of 5 and 25 mg/100 ml per
linear cm of wound margin at 12 months after administration, compared to
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placebo or standard care. The occurrence of side-effects was comparable in all
groups [61]. The precise components of Prevascar� formulation remain
undisclosed.

A novel, synthetic, 24 amino acid peptide analog of heat shock protein 20,
termed AZX-100, is already in Phase II clinical trials for administration
following excision of keloid scars [64]. In vitro, AZX-100 has been shown to
decrease stress fiber formation, and to alter the morphology of human dermal
keloid fibroblasts, whereas in vivo it significantly improved collagen organi-
zation in a Siberian hamster scarring model [65]. The formulation in which
AZX-100 is administered is not yet in the public domain. Another peptide
about to enter clinical phase testing is ACT1, a polypeptide based on the car-
boxy terminal amino acid sequence of a-connexin 43, linked to an anten-
napedia internalization sequence (RQPKIWFPNRRKPWKKRPRPDDLEI)
(Figure 12.1). By competitively inhibiting the interaction of endogenous a-
connexin 43 molecules with zonula occludens (ZO)-1, ACT-1 reduces scar
progenitor tissue and promotes the regeneration of skin structure and function
in vivo [66].

12.5.3. Nerve Regeneration

The repair of post-traumatic lesions in nerves poses a major challenge for
restorative medicine and microsurgery. Despite progress in surgery, functional
recovery is often incomplete and research has turned to the investigation of new
approaches to treat such conditions. So far, only two recombinant proteins have
been translated into the clinical setting, both of which are intended for use in
spinal cord injuries. It should be noted that the precise components of the
formulations are unknown, due to patent protection. The first protein is
a recombinant human monoclonal antibody to human Nogo-A protein of the
IgG4/k class. This was granted Orphan Designation by the European Medicines
Agency in 2009 [67]. The protein inactivates Nogo-A, a membrane protein
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FIGURE 12.2 Nogo-A, MAG and OMgp, the principal inhibitors of neurite growth in CNS

myelin, interact with a receptor complex comprising NgR, p75 and additional components.

Methods of blocking Nogo and its actions are shown in red. As well as gene deletions (Nogo-KO),

Nogo-A, which is shown with its two main active sites facing the extracellular space, can be

neutralized by specific antibodies or by a soluble Nogo-66-binding fusion protein comprising

domains of the receptor subunit NgR. The NgR subunit itself can be blocked by the NEP1-40

peptide derived from the first 40 amino acids of the Nogo-66 region of Nogo-A. As MAG and

OMgp also bind to NgR, NEP1-40 may be a particularly potent reagent. Nogo-A and Nogo-66

activate Rho-A and its downstream target ROCK, the activity of which can be blocked by C3

transferase and the inhibitor Y27632, respectively. Reprinted from reference [68] with permission

from Elsevier.
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expressed in the central nervous system by oligodendrocytes which inhibit
neural growth (Figure 12.2) [68]. At the time that the orphan designation was
awarded, clinical trials in patients with acute spinal cord injury were ongoing.
A human Phase I clinical trial was initiated in May 2006 in patients with
complete spinal cord injury between C-5 and T-12, within a time interval of 4 to
14 days post-injury. The human anti-Nogo-A IgG4 was administered in
a continuous intrathecal infusion in four increasing dose regimens and is under
clinical review [69].

The second recombinant protein in clinical use is a recombinant derivative
of C3 transferase, which was granted Orphan Designation in 2005 by the FDA,
and in 2008 by the European Medicines Agency [70]. C3 transferase is a toxin
produced by Clostridium botulinum and is a specific inhibitor of Rho,
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a guanosine triphosphatase, activated by myelin and ECM inhibitors
(Figure 12.2). Upon activation, Rho binds to Rho kinase (ROCK), an important
regulator of axonal growth and cellular apoptosis. The recombinant version of
C3 is extended with a peptide transport signal, to enhance cellular permeability
[71]. By blocking Rho, the intention is that nerve cells will be able to repair
themselves and regrow. The protein will be available as a kit, in combination
with a fibrin sealant, under the commercial name of Cethrin� [72,73]. A Phase
I/IIa multicenter clinical trial was initiated in 2005 [73], for a single dose
application of Cethrin� to the dura mater at the time of spinal decompression
(within seven days of injury) in complete spinal cord injuries from T2 to T12
and C4 to T1. The results of this trial in regard to the improvement of neuro-
logical function and safety were promising and a Phase II study is currently
taking place [69].
12.5.4. Bone Regeneration

Discussion of applications for bone repair and regeneration have been made
above. In Europe some of the formulations classified by the FDA as medical
devices are considered as human medicines and regulated on that basis. For
example, the European equivalent of OP-1� Putty is Opgenra� (approved
2009 by the European Medicines Agency) and the European counterpart of OP-
1 Implant� is Osigraft� (approved 2001). Similarly, INFUSE� Bone Graft is
commercialized in Europe under the trade name of InductOs� (approved in
2002), as an alternative to autologous bone graft in patients with degenerative
disc disease, and for the treatment of tibia fractures stabilized by intramedullary
(IM) nail fixation.
12.6. FUTURE OUTLOOK

In this chapter several case studies have been described which present the
application of peptide and protein drugs in various surgical techniques and
medicines. The formulation of these drugs is relatively complex and draws on
existing polymeric carriers for their delivery to a local site. This is interesting,
since we see a move away from more familiar protein delivery systems which
are generally based on subcutaneous or intravenous injection (e.g. of mono-
clonal antibodies) or polymer encapsulation technologies for controlled
delivery (e.g. Zoladex� Implant). It is therefore important to be aware of this
class of medical devices, since it offers great potential for emerging biomat-
erials research to be translated into medical practice. The design of the
formulation is clearly central to the method of application and will continue to
draw on multidisciplinary research themes such as protein engineering, surface
adsorption, polymer synthesis, proteinepolymer interactions, etc. The
outcomes of the human clinical trials have been vital to determining the scope
and utility of these medical devices and play a clear role in directing the field.
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The clinical need for this class of medical devices will continue to grow as the
field of regenerative medicine becomes ever more integrated into healthcare.
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13.1. ADVERSE EVENTS CAUSED BY THE LOSS
OF PRODUCT QUALITY

Therapeutic protein products are effective against a wide variety of diseases.
These proteins can be used to reduce morbidity, slow disease progression, and/
or replace essential proteins that are not produced endogenously by the patient
[1]. However, if the product quality is lacking and foreign species are present e
such as protein aggregates of active ingredients or other dangerous contaminantse
endogenous antibodies may be produced. These have the potential to reduce or
eliminate the efficacy of the drug, or to cross-react and neutralize other
endogenous proteins. The drug’s route of administration, product quality,
dosing frequency and duration, as well as the individual patient’s immune
system, can all impact such an immune response. This can have devastating
results, compounding patient suffering and potentially leading to mortality [2].

Currently, little is known about the range of parameters that influence
aggregated product immunogenicity. However, the most potent foreign parti-
cles for eliciting an immune response tend to be large protein aggregates in
their native conformation with repetitive arrays of antigens [2]. This has an
evolutionary significance, as the immune system has adapted to being partic-
ularly sensitive to invasions by microbial organisms which also possess
repetitive arrays of antigens.

Harmful species other than those deriving from cell culture can also enter
the drug formulation through routes such as leaching or extraction from
materials in contact with the drug product. Contaminants potentially include:
tungsten residues from glass molding for needles; hydroxyl ions from glass
syringes; vultac agents from rubber stoppers; plasticizing agents from plastic
syringes and silicone oil used as a syringe lubricant. As an example, in 1998,
contaminated Epoietin-a in pre-filled (Eprex�) syringes caused production of
a neutralizing antibody for endogenous Epoietin-a. This caused patients to
cease producing red blood cells (pure red cell aplasia) [3e6]. The contami-
nation was due to polysorbate 80 leaching vulcanizing agents from the
uncoated rubber stopper. These agents are thought to enhance the immune
response [7]. This was addressed by switching to polytetrafluoroethylene
(PTFE) coated rubber stoppers.

13.2. TYPES OF PRODUCT QUALITY LOSS

Product can be lost by a wide array of mechanisms. The damage usually
involves the loss of the secondary or tertiary protein structure. These mecha-
nisms are categorized as chemical or physical damage.

13.2.1. Chemical Damage

Chemical damage is when the structure of the protein is altered due to
a chemical modification of the protein.



315Chapter j 13 Types of Product Quality Loss
13.2.1.1. Oxidation

Oxidation is a major protein degradation pathway which can result in the
covalent modification of amino acid residues in the protein chain. Oxidizing
agents such as peroxides, dissolved oxygen, metal ions, light and free radicals
can catalyze the reaction. In processing and formulation, metal catalysts may
come from metal contaminated buffers. A number of amino acids are
susceptible to oxidation, in particular methionine and cysteine, but also histi-
dine, tyrosine, tryptophan and phenylalanine. Oxidation can result in reduced
antigenicity and enhanced susceptibility to proteases [8,9]. The clinical impact
of antibody oxidation is not yet fully understood [10].

The metal-catalyzed oxidation of histidine and methionine residues has
been demonstrated to cause the aggregation and precipitation of human Relaxin
[8]. The location of these amino acids within the protein structure affected their
susceptibility to oxidation; when buried in the core of the protein they were less
susceptible to such oxidation than when situated on the surface of the molecule.
Reactive oxygen species are generated at these specific sites which, rather than
diffusing into the bulk medium, attack labile functional groups nearby thus
causing protein damage and aggregation [11].

Immunoglobulin G (IgG) is also susceptible to oxidation of methionine and
cysteine residues. Methionine residues in the Fc region may be particularly
susceptible to oxidation, and this region has in fact been shown to be suscep-
tible to metal-catalyzed oxidation, affecting its ability to bind macrophages.
Unpaired cysteine residues residing in the variable region of the molecule can
also be targets for oxidation [10,12].
13.2.1.2. Deamidation

Deamidation can result in changes to protein hydrophobicity, charge, mass and
to the formation of ammonia [13]. Isoaspartate and aspartate are the major and
minor products, respectively, of the partial hydrolysis of a succinimide inter-
mediate. This intermediate arises through nucleophilic attack on the neighboring
nitrogen at the C-terminal side of an asparagine residue. Particular groups of
amino acids in the protein chain are thought to be targets for deamidation,
namely asparagine-glycine and asparagine-serine. Asparagine-threonine has
also been identified as being prone to attack, while glutamine also undergoes
a similar deamidation reaction, although to a lesser extent [13,14]. Deamidation
of asparagine to aspartate, or isoaspartate, will increase the negative charge on
the protein. A study of the charged isoforms of antibodies found that they
contained varying levels of isoAsp which had formed as a result of Asn
deamidation, and explained their charge heterogeneity [15]. The formation of
isoAsp can also arise from nucleophilic attack. A study found that deamidation
to isoAsp could be detected in accelerated degradation of a therapeutic antibody
at 30�C. Asparagine residues were found to be susceptible to succinimide-
mediated isomerization to aspartic acid at pH 5 [14], and it has also been reported
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that deamidation in antibodies could occur at high pH [16]. Deamidation in
antibodies has been identified in both the heavy and light chains [17]. When the
molecule is structurally intact deamidation is slow, but this can become accel-
erated upon unfolding of the molecule. Certain groups of amino acid sequences
have been identified as being more prone to deamidation than others, aiding the
development of more stable antibodies in the future [18].

13.2.1.3. Hydrolysis

Hydrolysis of the peptide bonds between amino acids in the protein primary
structure occurs under acidic and basic conditions. Sites in the amino acid
sequence which are particularly susceptible to hydrolysis are those in the
X-asparagine-Y sequence in which the asparagine-Y bond has been recorded as
being a hundred times more labile under hydrolyzing conditions than other
peptide bonds. Hydrolysis is a severe degradation and would not be expected
under conditions normally encountered during formulation and product storage
[9,19].

13.2.1.4. Other

Other common protein degradations include the Maillard reaction, disulphide
bond breakage and reshuffling, non-disulphide cross-linking and isomeriza-
tion [19].
13.2.2. Physical Damage

Physical damage is when the structure of the protein is altered due to a physical
modification.

13.2.2.1. Aggregation

Protein aggregation is one of the most common routes for protein instability, and
in therapeutic protein production can render the product unfit for release [19]. In
disease states, protein aggregation can occur as amyloid fibrillogenesis, known
to be responsible for neurodegeneration in Parkinson’s andAlzheimer’s diseases
[20,21]. Protein aggregation can be reversible or irreversible and the aggregates
formed can be soluble/insoluble, covalent/non-covalent and native/non-native
(Figure 13.1) [22e27]. Non-native protein aggregation is the typical mechanism
encountered in the biopharmaceutical industry and it will be termed “protein
aggregation” in this chapter [23]. The large number of different theories and
models that have been proposed to describe protein aggregation demonstrate
that the phenomenon varies significantly depending on the aggregation condi-
tions and the protein being studied. For a multi-domain protein such as
a monoclonal antibody, different domains may denature independently and
irreversibly via different routes depending on the denaturing conditions [28,29].
The denaturation method can therefore affect the structure of the aggregates



FIGURE 13.1 An example of the many mechanisms for polypeptide aggregation. Reprinted from

reference [25] with permission from Frokjaer and Otzen (2005), Nature Publishing Group.

317Chapter j 13 Types of Product Quality Loss
formed. The Fab domain has been found to be more sensitive to heat and the Fc
region more sensitive to low pH. The aggregation mechanism therefore needs to
be assessed for each new protein in order to minimize its occurrence.

Protein aggregation can occur through chemical or physical degradation
and is dependent on the thermodynamic stability of the protein’s native state.
The driving force behind protein aggregation is the reduction in free surface
energy by the removal of hydrophobic residues from contact with the solvent.

During the process, there can be a lag phase where the loss of native
structure is undetectable and the protein solution remains clear [23]. Protein
aggregation is a nucleation/growth phenomenon and this lag phase arises since
there is an energy barrier to nucleation which exists because of the free energy
necessary to create a new solideliquid interface. The energy barrier is highest
when reaching a critical size for the new phase; this is when nucleus growth can
proceed. Insoluble aggregates form when the aggregates are large enough to
exceed their solubility. The growth of these aggregates will occur in the
direction that creates an orientation with the lowest free energy to assemble,
which can result in an ordered morphology e.g. fibrils.
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During the long-term storage of therapeutic proteins, it is possible that
soluble aggregates can remain present at undetectable levels for several
months. However, when they reach the critical level for nucleation, large
aggregates can rapidly assemble (taking days to weeks). Seeding with pre-
formed aggregates has proved that they cause a reduction in the lag phase, as
was observed during the refolding process of Interleukin 1b in which a critical
concentration of protein had to be exceeded before aggregation would occur
[30]. Nucleation is considered to be the initiating condition for most protein
aggregation phenomena in solution. It is therefore beneficial to reduce soluble
aggregates in the bulk drug product to aid long-term stability.

Protein aggregation can be initiated by a number of factors, including
temperature (e.g. freeze-thaw), ionic strength and interfacial exposure
(solideliquid, liquideliquid, gaseliquid). These factors interact with the
engineering environment of the production bioprocess which dictates the
micro-environment the protein product encounters, e.g. good mixing during
a change in pH or temperature will prevent local extremes in these conditions
and increase interfacial renewal and interfacial exposure.

Chemical degradation of proteins includes oxidation (tyrosine), deamidation
and disulfide bond shuffling [24]. The most common chemically induced
aggregation pathway is disulphide bond formation or exchange [31]. Such
modifications may result in exposure of hydrophobic residues and cause subse-
quent aggregation [9,19]. A study of the aggregation of a lyophilizedmonoclonal
antibody found that aggregation coincided with reduced free thiol, and therefore
disulphide bond formation [32]. Physical degradation includes adsorption to
interfaces, protein unfolding and any resultant aggregation. Chi et al. looked at
factors that affect the physical degradation of proteins in aqueous solutions [23].
They showed that aggregationmaybe controlled by conformational and colloidal
stability. Therefore, solution conditions should be selected to enable conforma-
tion stability and prevent attractive intermolecular forces.

13.2.2.2. Fragmentation

Fragmentation is a common degradation route for antibodies. The papain
cleavage site in the hinge region is known to be particularly susceptible to
fragmentation, though the mechanism is kinetic rather than enzymatic [33].
Cleaved antibodies are generally found in very low quantities and can be
limited by appropriate formulation of the drug [10].
13.3. PARAMETERS CRITICAL TO PRODUCT QUALITY

13.3.1. Molecular Properties

A protein’s structure governs its susceptibility to damage and even subtle
differences can be highly significant. For example, human and bovine serum
albumins show different mechanisms of aggregation under conditions of shear
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at aireliquid interfaces [34]. The amino acid sequences of currently approved
therapeutic antibodies (IgGs) are very similar, nevertheless there is no “one-
size-fits-all” stable formulation, as each antibody has distinct stability char-
acteristics. The minor differences that exist between the IgGs are to be found in
the antigen binding regions of the molecule, the complementary determining
regions (CDRs). Being on the surface of the protein, these regions are in direct
contact with the solution environment and contribute to the individuality of
each IgG with regard to its chemical and physical stability. The relative number
and position of hydrophobic residues in a protein has a significant influence. A
small reduction in hydrophobic residues can have considerable effect on
increasing protein stability [31].

13.3.2. Temperature

Exposure to high temperatures (typically > 50�C) causes proteins to undergo
thermal unfolding, resulting in an increased rate of degradation and loss of
activity. Low temperatures can also reduce the stability of proteins by reducing
the strength of hydrogen bonding [9,31,35]. Forced degradation studies have
shown that elevated temperatures (30�C) cause deamidation in recombinant
antibodies [14]. A study into the stability of monoclonal antibodies during
storage demonstrated that the degree of fragmentation increased with storage
temperature in samples stored in acetate buffer and NaCl [33]. Samples stored at
�20, 5, 30 and 40�C showed increased Fab and Fab þ Fc fragmentation at the
higher temperatures. The study concluded that fragmentation during storagewas
a kinetic process and not caused by the presence of proteases from the host cell.

13.3.3. Solution Conditions

The pH of a protein solution affects the charge on the protein’s amino acid
groups, and hence its overall solubility and stability. A study of the thermal
stability of IgG at different pHs concluded that the antibody was sensitive to pH
change, and that the Fc region was the most sensitive domain to low pH
conditions [29].

An increase in ionic strength has been shown to unravel and extend the
structure of b-lactoglobulin, causing a greater degree of flexibility in the
morphology of the aggregates [36]. In a related fashion, the addition of sodium
chloride in freeze-dried formulations of bovine IgG has been shown to
contribute to the formation of insoluble aggregation upon rehydration [37].

13.3.4. Interfacial Effects

Shear occurs throughout bioprocessing, being associated with centrifuging,
pumping, mixing, filtration, fill-finish operations and protein drug delivery
systems (Figure 13.2) [38e41]. Shear forces in fluids describe the velocity
gradients that occur due to the difference in velocity between the bulk fluid and



FIGURE 13.2 Estimates of fluid energy dissipation rates (W kg�1) and shear rates (s�1) in

bioprocess equipment. Adapted from reference [41] with permission from Yim and Shamlou (2000),

Springer.
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a stationary surface. A surface may be the source of the shear if it is in motion
through the fluid, as in the case of a moving pump head, or due to fluid moving at
high velocity past a stationary surface, as in the case of fluid flowing through
a pipe. It may also be caused by gas bubbles moving through a liquid. In the case
of an object moving through a fluid, the liquid “layer” directly at the surface of
the moving object will have the same velocity as the surface. Movement is
imparted to the fluid directly above this layer by viscous drag, yet this and each
subsequent layer moves more slowly than the surface. The result is a velocity
gradient, called the shear rate, is proportional to the shear force applied to the
fluid. Shear stress, s, is equal to the force per unit area applied, and is propor-
tional to shear rate where the constant is viscosity, m. To better represent the real
flow intensities that biological materials may encounter in processing situations,
a more complex solution for shear flow accounts for the shear strain rate, which
is defined as the sum of the elongation rate and the shear rate. The solution of
these hydrodynamic flows in the complex geometries that exist throughout the
bioprocess requires the use of computational fluid dynamics (CFD).

Wang et al. reviewed how proteins can be denatured by shaking or shearing
at interfaces [19]. A suggested mechanism for aggregation during mechanical
stress is constant interface renewal (Figure 13.3) [42]. This causes reversible or
irreversible adsorption and/or partial unfolding of the protein at an interface.
These interfaces are usually formed between a gaseliquid, liquideliquid or
solideliquid. Hydrodynamic flowmay then transport the damaged proteins into
solution [9,31,42].



FIGURE 13.3 Proposed mechanism for the aggregation of proteins at interfaces under shear

conditions. The protein in solution is brought to the surface by hydrodynamic flow where upon it

adsorbs and unfolds (a). Once adsorbed to the surface it may aggregate with other protein molecules

forming small aggregates that can act as nucleation sites for further aggregation (b). The damaged

molecule turnover will be affected by the velocity gradient (shear) of fluid passing the surface,

where high shear encourages transport back into the liquid where further aggregation may occur (c)

or (d).
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Protein aggregation resulting from adsorption to various interfaces is
protein specific [43,44]. Proteins that are structurally compact and stable are
often termed “hard” proteins (e.g. lysozyme and a-chymotrypsin), and they
will tend to bind only to hydrophobic interfaces. Proteins that are larger and less
stable in structure are termed “soft” (e.g. bovine serum albumin and a-lactal-
bumin). Antibodies, like other “soft” proteins, will bind to a variety of inter-
faces, both hydrophobic and hydrophilic, via non-specific adsorption.

For a protein (e.g. b-lactoglobulin) adsorbed at the interface, an applied
stress such as expansion or compression may lead to exposure of hydrophobic
patches and protein aggregation [45]. Upon extensive compression (leaving less
than half of the initial area available) the rotational mobility of b-lactoglobulin
reduces, coinciding with the formation of anti-parallel strands; this is often
associated with protein aggregate formation. The same group that documented
this discovery later used chicken egg ovalbumin to discover that protein
films, generated by equilibrium adsorption from the bulk, behaved as a densely
packed colloidal repulsive particle system, where the protein had significant
rotational mobility, predominantly retaining globular folds and exhibiting
distinct (lateral) diffusion. Applied stresses on the surface film (by compression
of the interface)may result in protein denaturation and aggregation. This process
changes a surface film from a colloidal particle into a gelled system.

Work by Kiese et al. in 2008 looked at comparing aggregate formation
caused by stirring and shaking, with and without the presence of polysorbate 20,



322 Peptide and Protein Delivery
and the effect of fill volumes (varying headspace) on protein stability during
shaking, also with and without polysorbate 20 [42]. It was found that the two
different types of stress probably resulted in different mechanisms of aggre-
gation. In the absence of polysorbate 20, stirring was shown to be a very high
stress method, producing highly turbid samples with large, visible protein
aggregates. Intermediate, smaller, soluble aggregates did not increase e
presumably as they were short lived in solution [42]. Stirring stress could have
been a result of:

(i) shear;
(ii) interfacial effects between the antibody and stirrer bar/glass bottom or

between the antibody and the hydrophobic surface of the teflon (polyte-
trafluorethylene) coated stirrer bar;

(iii) cavitation;
(iv) local thermal effects of stirring due to the friction between stirrer bar on

glass bottom; and
(v) rapid transportation of either aggregated or adsorbed species into solu-

tion, thus facilitating further aggregation within the bulk.

Shaking produced smaller visible and sub-visible particles (w2 mm). The
mechanism for damage during shaking was due to renewal of the aireliquid
interface (Figure 13.3). This was supported when a reduction in damage was
observed with air headspace removal. The hypothesized mechanisms for
shaking and stirring were supported when polysorbate 20 was added. The
surfactant protected the shaken antibody at much lower quantities because it
competed for the aireliquid interface. In the stirred sample there were
mechanisms other than interfacial effects so surfactant had less of a protective
effect.

13.3.4.1. Gaseliquid Interfaces

Shear effects in the presence of aireliquid interfaces have been studied by
agitation for several biopharmaceutical proteins, including insulin [46,47],
rhGH [48], rFXIII [49], albutropin [50], b-lactoglobulin, HSA, BSA [34] and
IgG [40]. Antibodies that were subjected to stirring and shaking stresses at low
levels of shear in the presence of air resulted in precipitates of up to 25 mm in
diameter, as measured by dynamic light scattering [40]. These recordings have
been supported as increases in turbidity measurements when antibody solutions
have been mechanically agitated with air [51e54]. In general, the damaging
effects of interfacial shear on proteins may take the form of changes in
secondary, tertiary and quaternary structure, altered activity and aggregation
due to exposure of hydrophobic amino acid residues [55].

Molecular functionalities, such as electrostatic repulsion, molecular size,
exposed hydrophobicity, chemical reactivity and bulkiness all contribute to
a protein’s behavior in proximity to aireliquid interfaces [56]. Maa et al. set up
experiments to investigate the effect of the aireliquid interface on recombinant
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human growth hormone (rhGH) (22.1 kDa) and recombinant human DNase
(rhDNase) (32.7 kDa) dissolved in low salt concentration buffers at pH 7.4 and
6.3 respectively [57]. Aggregation was measured with SE-HPLC, scanning
microcalorimetry and SDS-PAGE. In the presence of shear without air, rhGH
and rhDNase remained practically intact, with air addition rhDNase remained
relatively stable but rhGH denatured and was found to have a lower surface
tension and higher foaming tendency. Increasing protein concentration,
aireliquid interfacial areas and shear all resulted in increased aireliquid
interface renewal and protein damage.

13.3.4.2. Liquideliquid Interfaces

A hydrophobic liquid such as oil behaves in a similar fashion to air when it
forms an interface with an aqueous solution [58]. In 2005, Nichols et al.
investigated how the interaction between an amyloid-beta peptide and a defined
aqueousechloroform interface influences the rate of aggregation and the
structure of these aggregates [59]. They showed that the aggregation rate was
significantly enhanced and that the structure of the aggregates and stability
were notably distinct from proto-fibrils prepared solely in buffer.

An aggregation study carried out by Jones et al. in 2005 looked at the short-
term (5 hours) effects of silicone oil on protein solutions [60]. Silicone oil
(0.5% w/v) was added to 1mg/mL solutions of Ribonuclease A (RNase A),
Lysozyme, Bovine Serum Albumin (BSA), Concanavalin A (ConA). An
increase in turbidity (OD360) in the presence of silicone oil over time was found
as a result of protein aggregation. The more hydrophobic proteins such as BSA
and ConA had an increased likelihood of aggregation relative to the more
hydrophilic proteins examined. Tertiary structure changes showed that
phenylalanine residues were pushed towards polar environments when exposed
to silicone oil.

13.3.4.3. Solideliquid Interfaces

During bioprocess purification, protein adsorption to solids such as chroma-
tography beads is essential but in the case of drug delivery, it is advantageous to
avoid it. The stability of a protein in its adsorbed state may differ from that in
its native soluble state. There is a wide variety of literature describing the
adsorption of proteins to solid surfaces [61e64]. The process is influenced by
the electrostatic charge and hydrophobicity of the substrate and protein, and
structural stability of the protein. The main forces involved in protein
adsorption to solid surfaces are protein structure rearrangement, dehydration of
sorbent surface and redistribution of charged groups. After adsorption, a pro-
tein’s secondary structure may change significantly, potentially resulting in
destabilization of the protein; for example antibodies have been shown to
undergo a conformational change, highlighting the effect of surface interac-
tions on the three-dimensional structure of the protein (Figure 13.3) [19,65].
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The level of antibody adsorption can be enough to reduce their concentration in
solution [66]. This was observed when mouse monoclonal antibodies adsorbed
onto the surface of glass shake flasks. Coating the glass or adding Pluronic
F127 minimized the loss. In 1995, Buijs et al. examined the adsorption of
monoclonal antibodies and F(ab0)2 fragments onto polymeric surfaces [61]. By
analyzing with transmission electroscopic microscopy (TEM) and single
particle optical sizing (SPOS) they found that they could observe how anti-
bodies and F(ab)2 fragments orientate themselves on charged and uncharged,
hydrophilic and hydrophobic surfaces. They found that electrostatic interac-
tions had minimal impact on IgG and F(ab0)2 adsorption affinity for hydro-
phobic polystyrene surfaces. However, on hydrophilic surfaces, electrostatic
interaction played a big role in adsorption.

Investigation of insulin adsorption to solid surfaces in the presence of
agitation found that aggregation occurred when protein monomers adsorbed to
the surface, and then underwent a conformational change that resulted in
aggregation with other altered state monomers [46]. It was proposed that
insulin dimers and trimers would reversibly adsorb to a hydrophobic surface,
whereas monomers would adsorb and form unfolded molecules. Insulin
aggregates were found to be joined non-covalently, and interaction of hydro-
phobic residues exposed by the partial unfolding of protein molecules at the
interface was proposed as the likely aggregation mechanism [47]. In 1984,
Feingold et al. investigated how insulin aggregation was affected by vibration
and contact material [67]. Hydrophilic contact materials like polyamide and
cellulose butyrate (2% of total insulin aggregated after 96 hours vibration)
seemed more compatible with insulin stability than hydrophobic ones such as
polypropylene (16% aggregated) and polyvinylchloride (37% aggregated).
Addition of polyethylenepolypropyleneglycol increased stability by 3e5 times
in most cases.

In 2007, Biddlecombe et al. used a device capable of producing quantifiable
shear rates at a solideliquid interface in the absence of air [68,69]. IgG4

antibody concentration and its aggregation were monitored by SE-HPLC and
turbidity (350 nm). The rate of damage was found to increase rapidly at the
higher shear rate corresponding to the more aggressive processing operation,
indicating the importance of minimizing such environments during processing.
Different solid interface properties caused different monomer reduction rates.
This, along with observations in other systems, suggested that the mechanism
was due to adsorption and renewal at the surface proportional to the mixing/
shear in the immediate microenvironment (Figure 13.3).
13.3.5. Leachables and Extractables

Leachables are contaminants that have migrated from packaging or processing
components, and extractables are species released from materials of
construction after exposure to product over time under specific solvent and
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temperature conditions [70]. Contaminants can be leached or extracted from
many of the surfaces that the dosage form comes into contact with, including:
tungsten residues left over from molding glass syringes; hydroxyl ions from
glass syringes (raising pH); rubber leachates from stoppers; plasticizing agents
from plastic syringes; silicone oil lubricant from syringes; polymer extract-
ables; aldehydes [71,72]. Harmful agents leached from elastomers contained in
syringes have been well documented [6,73e76].

Metal ions and peroxides can typically leach frommanufacturing equipment
and final packaging containers [70]. Metal ions (e.g. tungsten residuals) and
peroxides can cause oxidation and hence protein degradation by the formation of
peroxyl radicals. Tungsten oxide vapor deposits and tungsten particles can result
from aging tungsten wires that have been used to create the needle mounting
hole in prefilled syringes. Bee et al. investigated the effect of tungsten metal,
tungsten trioxide (WO3) and soluble sodium tungstate salt (Na2WO4) on the
stability of IgG1 [2]. The aggregation of antibodies caused by tungsten was
measured by size exclusion chromatography (SEC) and found to be dependent
upon: low pH (< 6) to form soluble tungsten polyanions; a minimum threshold
level of tungsten polyanions (3 ppm at pH 5); the ratio of tungsten to antibody
and the mode of mixing the tungsten with the antibodies.

13.4. REGULATING PRODUCT QUALITY

The manufacture and sale of biopharmaceuticals is highly regulated. In this
section we consider two areas of the highest importance:

(i) the existing regulations pertaining to protein aggregation and their known
limitations;

(ii) the consideration in selecting the final product package.

13.4.1. Regulation of Aggregates/Particles in the Product

Biopharmaceuticals such as monoclonal antibodies have the tendency to form
subvisible particles, a term applied to particles over a range of sizes from 0.1 to
100 mm. The pharmacopeia requirements state that particles larger than 10 mm
and 25 mm are to be maintained at 6000 and 600 particles/container respec-
tively. These requirements were originally set with extraneous, process related
particles in mind, to prevent blood vessel occlusion during intravenous
administration of the drug product. With regard to protein particles, specifi-
cally, there is considerable discussion in the industry concerning their potential
to elicit an immune response, though there is no direct clinical evidence of
immunogenicity caused by these particles [76a].

Interpreting the Q6B statement from the International Conference on
Harmonization (ICH) suggests that the level to control particulates at is
dependent on the potential risks of the drug product under its intended route of
administration. The main concern for drug development is to demonstrate that
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the level of subvisible, or visible, particles in a drug product are under control
during formulation, fill-finish and subsequent storage.

The levels of subvisible particles in a drug product are most commonly
measured by the light obscuration (LO) method described in the United States
Pharmacopeia (USP<788>) and European Pharmacopeia (EP 2.9.19).
Although the method was not originally intended for measuring protein
particles, has a limited ability to distinguish between different types of particles
and can be affected by high viscosity formulations [76b], it remains the stan-
dard for QC lot-release of product.

13.4.2. Considerations for Parenteral Based Products

Parenteral drug administration involves piercing the skin or mucous
membranes and is the usual route for protein and peptide therapeutics. Dosage
forms for injection-based products are generally solutions, emulsions, or
suspensions, and are all required to be sterile. These dosage forms represent one
of the highest risk drug products due to the possibility of the rapid introduction
of harmful species into the patient’s bloodstream (Table 13.1). The main
TABLE 13.1 Examples of packaging concerns for common classes of drug

products [80]

Degree of concern

associated with

the route of

administration

Likelihood of packaging component-dosage

form interaction

High Medium Low

Highest Inhalation aerosols
and solutions;
injections and
injectable
suspensions

Sterile powders
and powders
for injection;
inhalation
powders

High Ophthalmic solutions
and suspensions;
transdermal
ointments and patches;
nasal aerosols and
sprays

Lowest Topical solutions
and suspensions;
topical and lingual
aerosols;
oral solutions and
suspensions

Topical powders;
oral powders

Oral tablets and
oral (hard and
soft gelatine)
capsules
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concerns include protein aggregates formed from the interaction of protein with
silicon oil (see Section 13.4.2.4), and contaminants from container closure
systems such as leachates from glass, rubber or plastic containers, or the
delaminating of glass particles from glass vials [78,79].

13.4.2.1. Selection of Final Dosage Packaging

A container is suitable if it is: safe; compatible; functions properly and protects
the dosage from degradation over its entire shelf life. Protection is necessary
from factors such as temperature, light, loss of solvent, exposure to reactive
gases, absorption of water vapor and microbial contamination. For reasons
mentioned previously, the long-term effects of protein exposure to container
materials can cause instability which may lead to immunogenicity of the
product. Therefore, selection of a suitable packaging process and container is
critical, and the selection process involves assessing initial suitability for the
intended use, followed by continued assessment against accepted quality
control (QC) tests. Elastomeric components such as rubber stoppers typically
need to meet “USP <381> Elastomeric closures for Injections Requirements”
to prove safe, while plastic components typically need to meet “USP <87>
Biological Reactivity Tests” to prove safe [81].

Glass used for vials and syringes has historical evidence of safety and
compatibility, but is also known to adsorb protein. In some cases, glass pack-
aging components need to meet additional criteria to prevent significant
interactions between the packaging component and the dosage form.

Pre-filled syringes have more components than vials. This is a major
concern for the Food and Drug Administration (FDA), particularly when
materials that might facilitate protein aggregation are used. Manufacturers have
therefore had to develop methods to reduce the use of these materials. For
instance, manufacturers have introduced alternative materials to replace
tungsten as the heat resistant material used in glass forming. Such technology is
now standard and available to stabilize sensitive proteins.

13.4.2.2. Quality Control of Packaging Components

The quality control that ensures container consistency aims to limit unintended
variations in the materials of construction and/or container manufacturing
process and aims to prevent adverse effects on drug quality. The assessment
involves two parts; (1) determining the concentrations of extracted chemical
species from container components that may migrate into the dosage form; and
(2) their toxicological assessment. The use of stability studies for monitoring
container consistency in terms of compatibility and protection is accepted.
However, there is currently no general policy concerning the monitoring of
a packaging system and components with regard to dose quality.

Ideally, extraction studies should involve the drug product. For example, it
may be advisable to identify extractables and obtain a quantitative extraction
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profile of a packaging component and to compare this periodically to the profile
from a newbatch of the packaging component. A composition changemay occur
due to slight changes in the raw materials used and how they are processed e.g.
using a new raw material supplier or using a different mold release agent.

Upon manufacture, the package containing the final dosage form is sealed
and inspected for particulate matter arising from foreign contaminants or
aggregation. Inspection may be a visual assessment by an operator or an
automated procedure.

13.4.2.3. Aireliquid Interfaces in Pre-filled Syringes and Vials

In practice it is difficult to eliminate air during the filling and packaging of pre-
filled syringes and vials. Headspace air in a vial or syringe can accelerate
oxidation, denaturation and aggregation of antibodies. To reduce protein
damage, air can be replaced with an inert gas to minimize oxidation, or air can
be completely removed from the final container [66]. This can be achieved with
maximum filling of vials or vacuum placement of pre-filled syringe stoppers,
although this is more technically challenging and therefore involves greater
expense. A further preventative measure is to increase protein concentration. It
has been reported that the gaseliquid interface formed during agitation is less
damaging to proteins as protein concentration is increased [82]. This is thought
to be due to the critical nature of the gaseliquid interface to protein ratio which
is greatest at lower concentrations. An undesirable consequence of formulating
at high protein concentration is that the protein is more prone to self-interact
and aggregate [55]. Formulating at these high concentrations can also result in
very high viscosities, which can affect the ease with which the protein can be
delivered, especially for subcutaneous injection [83].

13.4.2.4. Syringe Lubricants

Syringes are coated with lubricants (e.g. silicone oil) to limit protein adsorption
and facilitate stopper movement [70]. Silicone oil is the most common lubri-
cant but it can cause undesirable liquideliquid interactions with the protein
solution and lead to protein aggregation. Methods to reduce the use of silicone
oil include baking the silicone onto the syringe barrel. This requires heating the
siliconized syringe at a specific temperature for an appropriate time. An
alternative is to use a reactive silicone system applied as liquid which is then
polymerized. One option to avoid the use of silicone completely is to use
a chemical vapor deposition or plasma technology to generate non-silicone
lubricant films on the barrel or piston, or on both. This lubricant film could be
a fluorocarbon to improve drug/stopper compatibility and stopper movement.

13.5. BIOPROCESS DESIGN CONSIDERATIONS

During manufacture, shipping and distribution, proteins are subjected to harsh
conditions that would not be present in their natural environment. These
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conditions include those described in early parts of this chapter: temperature;
pH and ionic strength; oxidizing and reducing conditions; high concentrations;
microbial contamination; light exposure; interfacial effects (gaseliquid,
liquideliquid and solideliquid) and the presence of proteases [9,70,84]. These
conditions can lead to degradation products and hence reduce efficacy of the
drug, while the formation of aggregates could induce adverse immune
responses in the patient. The instabilities of proteins in vitro provide significant
challenges to their successful manufacture and delivery. The large amount of
resources invested to develop a viable drug candidate will be wasted if the
product cannot be delivered to the patient in a stable and efficacious form.
13.5.1. Materials of Construction

Exposure to a variety of materials used for constructing process equipment and
product containers can lead to denaturation of the protein. In 2008, Tyagi et al.
investigated whether solid nanoeparticles that had been shed from a positive
displacement piston pump nucleated IgG aggregation and particle formation
from an IgG formulation [77]. They showed, using SE-HPLC and infrared (IR)
spectroscopy, that nanoparticles of foreign materials shed by pumps can serve
as heterogeneous nuclei for formation of protein microparticles.

Filtration is used at many different stages of a bioprocess. Sources of protein
denaturation and degradation during filtration can be due to: high trans-
membrane pressures; protein adsorption to membranes; and the effect of
pumping and high flow rates [9,55,70]. High shear during ultrafiltration oper-
ations has been observed to cause protein aggregation [85,86]. Other reported
causes of denaturation during ultrafiltration are fouling of the filter membranes
caused by protein adsorption [87] and changes to the ionic strength of the buffer
during diafiltration of IgG [88]. The loss of surfactants due to adsorption on
filtration membranes has also been reported [89], resulting in the loss of protein
stability during storage.

13.5.2. The Interfacial Environment During Processing,
Product Shipping and Storage

The filling process involves transferring the formulated protein into the final
drug product container, usually a vial or a syringe. Ensuring the compatibility
of the protein formulation with the filling equipment prior to manufacturing is
highly recommended to ensure that the manufacturing process does not induce
unforeseen degradation in the final drug product. Filling must be carried out in
a highly sterile environment (class 100) to avoid any contamination. Vial and
stopper materials need to be carefully considered and validated to ensure that
no product denaturation occurs due to incompatibility with the contact surfaces.
Leachables, extractables and introduction of foreign particles must all be
avoided. The filling speed should be low enough to avoid aggregation by
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interfacial effects such as foaming, but high enough to maximize throughput
[9,70,90]. It has been demonstrated that the type of pump selected for vial
filling can also affect the level of protein aggregates in the final dosage product
[24]. For example, one study showed that with a piston pump the protein
solution acted as a lubricant and the antibody used was particularly prone to
damage in this environment [24]. The type of pump used, pumping rates, nozzle
sizes and materials involved can all affect product quality. Mixing and pumping
must be optimized, as inadequate mixing will lead to heterogeneity, while very
intense mixing can cause shear stress and exposure to aireliquid interfaces.
High pressures and turbulence can likewise lead to damage [9,70]. It is also
possible that mixing and shear can occur from the storage and transport of the
dosage form (such as vibrations from air transportation) or from syringe stopper
movement.
13.5.3. Freeze-thaw

Freeze-thaw of the purified bulk drug product is often the first operation in the
formulation process. Storing the purified drug in a frozen form allows the
creation of a large product inventory, allowing increased manufacturing flexi-
bility. Holding the drug in a frozen form can increase the stability of the product
by reducing the likelihood of microbial growth and slowing degradation
processes, particularly those mediated by the presence of water e such as
hydrolysis. Also, a protein held in a frozen matrix is less likely to interact with
other proteins to form aggregates [9,70].

Despite its advantages, subjecting the protein to freezing and thawing can
itself be the cause of protein damage. Cold denaturation can result in aggre-
gation due to the weakening of hydrogen bonds at low temperatures [9,31,35].
Cryoconcentration can also occur, due to variations in the rates at which
solution components freeze, which can lead to the precipitation of buffer
components and protein stabilizers causing dramatic changes to solution pH
upon freezing (this is a particular issue for sodium phosphate buffers), leading
to aggregation of the protein [91]. During large-scale operation, this can lead to
requirements for equipment to control the rate of freeze-thaw. Proteins may
also unfold at iceewater interfaces [92] and aireliquid interfaces formed from
air trapped during rapid freezing [49]. Optimization of buffer conditions and
the excipients used can mitigate these effects. For example, the addition of
polysorbate 80 has been shown to minimize the aggregation of recombinant
hemoglobin under short-term storage conditions, and the addition of sucrose
was found to stabilize this protein during long-term storage at �20�C [93].
13.5.4. Formulation and Final Dosage Form

The dosage forms predominantly favored for therapeutic monoclonal anti-
bodies are liquid and freeze-dried formulations. The required shelf life for
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a therapeutic protein is typically 18e24 months [55,94]. The challenge for
liquid formulations is to achieve long-term stability and successful adminis-
tration of the drug at very high concentrations (1e125 mg/mL). Lyophilized
formulations are generally more stable than liquid formulations, although the
cost of development and manufacture is significantly greater [10,95].

To achieve long-term stability, the formulation needs to be tailored for each
new drug candidate [10]. The protein should be formulated at the concentration
required for dosing, with optimum buffer pH, conductivity and excipients for
maximum stability during transport, storage and final delivery to the patient.
The chemical stability of an IgG1, known to be prone to deamidation, was
significantly increased through optimization of pH, buffer species and storage
temperatures [96]. Slight dimerization was observed in an IgG devoid of
preservatives during storage for three years at 4�C. Inclusion of thimerosal and
phenol caused a significant increase in aggregation, highlighting the need for
careful selection of formulation excipients [97].

13.5.4.1. Surfactants

To protect proteins from interfacial damage during processing, storage and
shipping, surfactants can be used [31]. They work by competing with proteins
at hydrophobic interfaces or by binding directly to the protein. Due to the wide
variety of additives, a group of researchers have come up with methods to speed
up the surfactant scouting and selection process [98].

Poloxamer surfactants may increase the viscosity of protein solutions; this
limits protein backbone motion and inhibits protein aggregation. Studies of
ovalbumin with pectin have shown that their interaction in a bulk solution
causes a significantly slower adsorption of ovalbumin to the airewater inter-
face [99,100].

In 2009, Joshi et al. looked at the mechanism of how polysorbate 80
minimizes lysozyme loss through adsorption, aggregation and preserved native
structure and activity [63]. Hydrophilic silanized and hydrophobic silica
surfaces were used as substrates for protein and surfactant adsorption, which
was monitored in situ with ellipsometry. At the hydrophobic surface, poly-
sorbate reduced the amount of lysozyme adsorbed, but had little effect on
adsorption to a hydrophilic surface. Similar observations were noticed when
polysorbate was used as a pre-coat. This emphasized the importance of the
direct interaction between polysorbate and the solid surface compared to
polysorbate protein association.

13.5.4.2. Lyophilization and Spray-drying

If the drug shelf life in liquid form is not acceptable then freeze-drying, also
known as lyophilization or spray-drying, can be considered. The removal of
water stabilizes the protein by preventing water-mediated degradation path-
ways such as hydrolysis. In the case of a monoclonal antibody, high residual
moisture levels (up to 8%) were found to reduce the chemical stability,
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although the physical stability was not affected and may even have been
increased [101].

Lyophilization immobilizes the protein in a glassy phase, eliminating
diffusion-induced proteineprotein interactions, thus preventing chemical and
physical degradation [9,70]. The liquid formulation is first frozen to make it
suitable for drying, after which primary drying removes the ice by sublimation.
Secondary drying then removes protein (or “bound”) water to reach a target
residual moisture level which is typically < 1% [55]. The extent of the
secondary drying step, and hence residual moisture levels, has been found to
influence the aggregation of bovine IgG, demonstrating the importance of
optimizing each step of the process [37]. Denaturation and aggregation during
freeze-drying may only become apparent once the protein is rehydrated.
Stresses that occur during drying can depend on the method used. Stresses
found in freeze-thaw operations can also occur during bulk freeze-drying such
as denaturation at iceewater interfaces [92,102]. Lyophilization of IgG can
result in excessive dehydration of the antibody when a carbohydrate excipient
is not present, and can lead to increased levels of aggregation. When a carbo-
hydrate excipient such as sucrose or trehalose is used in the formulation, the
stability is improved by maintaining the native structure of the antibody
through a water replacement mechanism [103,104]. Due to the specific inter-
action of the excipient with the protein, the amount of excipient required to
form a stable lyophilized antibody formulation can be determined by a specific
molar ratio of stabilizing molecule to antibody [105].

Spray-drying is an alternative to freeze-drying. The formulation is sprayed
through an atomizer or spray nozzlewhich produces tiny droplets of drug product
that are then heated by a hot gas to evaporate the liquid. Spray drying is cheaper
and quicker than freeze-drying and turns the formulation solution into a powder
in a single step. If products degrade using this method then freeze-drying is the
usual alternative. Spray-drying can also cause aggregation due to shear [106], and
aireliquid interface denaturation [107,108]. Both disulfide-linked and non-
covalent soluble aggregates of amonoclonal antibody have been observed during
storage after spray-drying [32]. Excipients and surfactants are used to aid
refolding of the protein molecule during the rehydration process when aggre-
gation may otherwise be preferred [55]. It has been shown that spray-drying of
bovine IgG in the absence of protective excipients resulted in the formation of
insoluble aggregates. Aggregation was then reduced, though not eliminated, by
the addition of a surfactant [37]. A recent study demonstrated a significant
improvement in the stability of an IgG1 during storage after spray-drying through
successful development of an effective formulation using excipients [109].
13.6. CONCLUSION

Progress is continuously being made in retaining product quality during
manufacture and supply. There are many examples of how to stabilize proteins
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in aqueous solutions and dried solids based on previous experience and well
designed experiments. This selection of appropriate conditions allows such
products to remain stable for supply as effective medicines. We are, however,
just beginning to appreciate how various excipients can modulate protein
stability and behavior at interfaces. As more research is carried out in these
areas, the selection and design of appropriate molecules and conditions to
maintain stability during manufacture and supply based on fundamental
understanding becomes possible. Combining this information with quality by
design (QbD) approaches will better enable robust manufacturing and supply of
biopharmaceutical products.
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Glossary
Absorption (spectroscopy): here, referring to spectroscopic techniques which measure the
absorption of electromagnetic radiation by a material or biomolecule. Generally used to

characterize a sample or quantify the amount of sample present. See also UV-vis
spectroscopy.

Actin: exists in eukaryotic cells in either globular or fibrillar forms, the latter providing
a major component of the cell cytoskeleton, and is anchored to many other proteins

including those associated with the plasma membrane.
Active (drug) targeting: the exploitation of a native receptor to localize an administered

drug. Typically involves the conjugation of the drug with a ligand or monoclonal antibody.
Alternatively, it can be formulated in a delivery vehicle, which specifically binds a chosen

cell surface receptor.
Adherens junction: a continual circumventing belt around each cell, organized in a mono-

layer (e.g. the epithelium) formed by proteins known as cadherins which are anchored to
actin fibrils; maintains cell morphology and contact. See also Tight junction.

Adsorption: here, the localization (possibly reversible) of a biomolecule at a surface which
represents the solideliquid, liquideliquid or gaseliquid interface.

Amino acid: the building blocks of peptides and proteins through their concatenation into
chains. They have primary amine groups (except the imino acid Proline) and carboxyl

groups and a unique side chain at the chiral (a-) carbon. There are 20 native amino acids
encoded by genes.

Amphiphile: generally a multi-block co-polymer or lipidic surfactant, which possesses both
hydrophilic and hydrophobic regions and is therefore able to self-assemble in aqueous

environments.
Analytical ultracentrifugation (AUC): in this context, the centrifugation of proteins at

very high gravitational acceleration (105e106 g) while monitoring the absorbance
bands in the UV-vis region relating to the protein species across the axis of rotation in

real time.
Anionic polymers: polymers which have a net negative charge at neutral pH.

Atomic force microscopy (AFM): a relatively new form of microscopy which yields both
information about a material’s topology at the nanoscale and information about the

material’s elasticity and/or hardness at the surface. Different modes of data acquisition are
required for these measurements.

Bioavailability: describes the amount of free drug that is available in the systemic circula-

tion; distinct from the pharmacological availability.
Biocompatibility: with reference to polymeric vehicles, indicates the extent to which

a material can integrate in vivo without causing toxicity at the level of the cell/tissue/
organism.

Biodegradable: a property which involves the erosion and fragmentation of a material
in vivo, generally involving hydrolysis or enzyme-catalyzed cleavage, followed by

elimination from the body. May also refer to cleavage of a covalent bond between a drug
and conjugated moiety, sometimes performed by interaction of the conjugate at a receptor/

enzyme target.
341
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Biopharmaceutical: a therapeutic drug based on a biomolecule (e.g. protein, DNA, RNA,

viral particles) produced using biotechnology.
Bioprocessing: a collective term involving several areas, from genetic engineering of cells to

materials engineering, relating to the downstream processes required to manufacture,
package and supply biomolecular therapeutics at an industrial scale.

Block copolymers: polymers which have two or more repeating units (monomers) organized
into distinct groupings (blocks). See also Pluronic.

Bloodebrain barrier (BBB): an endothelial cell layer with specialized tight junctions
generating a tightly-regulated barrier between the blood and cerebrospinal fluid (CSF) in

the central nervous system (CNS).
Bloodecerebrospinal fluid barrier: similar in function to the BBB but distinct in location to

the tight junctions of the epithelial cells on the surface of the choroid plexus.

Bone engineering: the design and cellular/materials engineering of a synthetic tissue or
scaffold which resembles, or comes to resemble, bone, in terms of its function and

property.
Caco-2 cells: an immortalized human epithelial colorectal adenocarcinoma cell line used as

a model of the intestinal epithelium for study of drug efflux or drug permeability across
the intact cell monolayer.

Cationic polymers: polymers which have a net positive charge at neutral pH.
Cell culture: here, the nurtured proliferation of mammalian cells under highly controlled

conditions, which may involve cell differentiation and the generation of a particular tissue
type.

Cell differentiation: the process of cell specialization involving changes in cell morphology,
proliferation, behavior and function.

Cell penetrating peptide: generally short synthetic peptides, whose sequence may have been
inspired from nature, often containing poly-arginine. They facilitate the intracellular

transport of a cargo, e.g. a therapeutic protein. Their mechanism of cell entry and inter-
nalization is a matter of debate.

Chelating agents: chemicals forming ionic complexes with metal ions, particularly divalent
metal ions; used in vitro to disrupt the cellecell adherens junctions.

Circular dichroism: the differential absorption of the left and right circularly polarized
components of plane-polarized radiation by a chiral compound.

Coacervation: relevant to drug formulation wherein a drug is encapsulated in a droplet of
polymer-concentrate (the coacervate) which has phase separated, and is therefore distinct,

from the bulk solution. Droplets may be 1 to 100 mm in diameter.
Collapse temperature (Tc): relates particularly to freeze-dried cakes e the temperature at

which the material softens to the point of not being able to support its own structure.
Colloid: sub-visible droplets or particles suspended in a medium. They range between 10 and

several hundred nanometers in diameter; they may nowadays be called nanodroplets or
nanoparticles.

Complementary DNA (cDNA): a DNA strand generated in vitro from a messenger RNA
(mRNA) template by an enzyme called reverse transcriptase.

Copolymer: a polymer synthesized from one or more monomers. See also Block co-polymer.
Critical micelle concentration (CMC): the concentration above which amphiphilic mole-

cules in bulk solution begin to aggregate through self-assembly into micelles, stabilized

through intermolecular forces and entropic effects.
Cryoprotectant: an excipient added to a liquid protein formulation to attenuate protein

unfolding and denaturation during freezing.
Cytokine: a broad ranging term for peptides, polypeptides and proteins secreted by the

immune system and nervous tissue which have a correspondingly large number of cell
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regulatory functions in vivo. The term overlaps with “hormones”, and often refers to the

immunoregulatory interleukins and interferons.
Denaturation: the loss of the identifiable structural elements that are characteristic of

a particular protein, therefore involving unfolding of the protein’s higher order structure
and leading to aggregation.

Differential scanning calorimetry (DSC): a classical thermal analytical technique
measuring the difference in heat flow to a control pan and a test pan containing the sample

under examination. Typically used to identify endo- and exothermic events such as
melting, crystallization, glass transition and aging.

Double emulsion: an emulsion of two immiscible liquid phases of the type water-in-oil-in-
water (w/o/w) or oil-in-water-in-oil (o/w/o). May also include two immiscible oils of the

type water-in-oil-in-oil (w/o/o).

Drug targeting: originally relating to the “magic bullet” concept proposed by Paul Ehrlich,
but now generally describes the targeting and localization of a drug to a particular site

within the organism following administration, with the intention of minimizing side-
effects while increasing pharmacological activity where needed (generally the diseased

tissue). See also Active targeting.
Dry powder inhaler (DPI): a hand held medical device that is used to deliver a precise dose

of drug in the form of a dry powder to the lung during inspiration.
Dynamic light scattering: an analytical technique for measuring the hydrodynamic diameter

of micron/sub-micron sized particles/macromolecules suspended in a liquid medium;
exploits the fluctuations in the intensity of a scattered, incident light beam as a function of

the velocity of the particles’ Brownian motion.
Efflux pump: transmembrane proteins that transport drugs out of the cell membrane into the

extracellular environment; particularly relevant to some anti-cancer therapies. See also
P-glycoprotein.

Elastic modulus (G0): relates to the non-permanent deformation of a material, yielding
a measure of its “hardness” by calculating the stress:strain ratio (applied force per unit

area: deformation).
Emulsion: a dispersion of one liquid within another, immiscible liquid.

Endocytosis: the process by which cells sample their environment involving internal
invagination and pinching-off of the plasma membrane, capturing the fluid/solutes orig-

inally at the cell surface. The process may occur through pinocytosis, phagocytosis or, as
relevant to drug delivery, in response to receptor occupancy or non-specific adsorption of

particles to the cell membrane.
Endosome: an intracellular vesicle (a bilayer membrane bound compartment inside eukary-

otic cells), produced as a result of endocytosis which facilitates transport of the internalized
molecules to the lysosome for degradation, or recycling back to the plasma membrane.

Endotoxin: a heat stable toxin (lipopolysaccharide or lipoprotein) derived from the bacterial
cell wall during disruption of a bacterial cell, causing an immune reaction that generally

results in fever.
Enterotoxin: a subset of exotoxins that are produced by bacteria within and act on the

intestinal wall.
European Medicines Agency (EMA): the agency responsible for the scientific evaluation of

medicines developed by pharmaceutical companies for use in the European Union.

Exotoxin: a protein secreted by a microorganism that disrupts cell integrity or function, some
are fatal at very low doses, most are heat labile.

Extractables: chemical substances that arise as a consequence of exposure of a pharma-
ceutical package to various solvents, including aqueous buffers, under accelerated storage

conditions. They may be toxic and are therefore regulated.
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Fab fragment: the fragment antigen-binding region of an antibody which consists of the

variable domains and neighboring constant domains of the heavy and the light chains;
generated by papain digest of an antibody above the “hinge”.

F(ab0)2 fragment: disulphide bridged Fab fragments generated by pepsin digestion of an
antibody just below the hinge region.

Fc region: the fragment crystallizable region of an antibody which consists of the constant
domains of the heavy chains below the hinge; binds the cell surface Fc receptors.

Food and Drug Administration (FDA): the US agency responsible for the scientific eval-
uation of medicines developed by pharmaceutical companies for use in the USA.

First order drug release: a drug release profile described by the release of a constant fraction
of the drug into the body per unit time, wherein the release is proportional to the amount of

drug residing in the drug reservoir.

Fluorescence: when a chemical absorbs light at a specific wavelength exciting an electron to
a higher quantum state, then emitting a photon of light at a slightly longer wavelength on

relaxation of the electron back to its ground state.
Formulation: the process by which a drug is made into a medicine suitable for administration

to humans (in this context).
Fourier transform infrared spectroscopy (FTIR): a modern infrared spectroscopy tech-

nique that uses a broadband light source with a Fourier transform to convert the raw data
into a spectrum. See also Infrared spectroscopy.

Freeze-dried cake: the porous, dry powder remaining after lyophilization of (typically)
a protein solution containing excipient(s).

Freeze drying: see Lyophilization.
Gastro-intestinal tract: a collective term here referring to the stomach, small intestine and

large intestine.
Gel permeation chromatography (GPC): see Size exclusion chromatography.

Glass transition temperature (Tg): for amorphous materials (particularly polymers), the
temperature above which the molecules exist in a state of increased mobility, called the

“rubbery” state; below theTg, themolecules exist in a “glassy”, lessmobile state. Theglassy
state is associated with an increased heat capacity, higher density and a more brittle nature.

High-performance liquid chromatography (HPLC): a chromatographic technique per-
formed at high pressures; there are various column types, but the method commonly

involves resolution of a mixture of compounds by phase partition between a hydrophobic
stationary phase and relatively polar mobile phase. See also Hydrophobic forces, Size

exclusion chromatography and Ion exchange chromatography.
Hydrodynamic diameter: the apparent diameter of particle or protein which is hydrated and

suspended in aqueous media.
Hydrogels: a hydrophilic polymer which expands in aqueous media to an extent that is

determined by intermolecular cross-linking, in this context, relating to the release of
encapsulated drug. The polymers may be pH and/or temperature sensitive, leading to

a triggered drug release in response to a relevant change in the surrounding media.
Hydrophilic: a molecule possessing an affinity for water via formation of hydrogen bonds,

typically leading to dissolution.
Hydrophobic: non-polar or neutral molecules which are “repelled” from water owing to their

inability to form hydrogen bonds (and are therefore lipophilic). See also Hydrophobic

effect and Hydrophobic forces.
Hydrophobic effect: often used in relation to the Hydrophobic force, but specifically relates

to the disruption of the hydrogen bonding network in water by neutral, non-polar mole-
cules, creating a so-called solvation “shell” or “cage” around the non-polar molecule, and

is therefore an entropic effect driven by the tendency to increase the mobility and disorder



345Glossary
of the water molecules. Used to explain the cloud point of surfactants. Important in protein

folding since it explains the drive to bury hydrophobic amino acids within the protein
core, minimizing exposure to the aqueous environment; also underpins the “cold dena-

turation” of proteins.
Hydrophobic forces (Hydrophobic interactions): these are dispersive interactions resulting

from London’s dispersion forces: the induced dipoleedipole interactions arising from
shifts in electron density between neutral molecules. See also van der Waal’s forces and

Hydrophobic effect.
Hydrogen bond (H-bond): interaction between a hydrogen atom and a strongly electro-

negative atom, particularly oxygen or nitrogen in the case of proteins. Intramolecular H-
bonds are key to the stabilization of protein secondary structure motifs and higher order

structure.

Infrared spectroscopy: an analytical technique which measures the absorption of light in the
infrared region by a sample, in which the frequency of the absorbed radiation matches the

frequency of a particular vibration of a bond. In this context, used to characterize changes
in secondary structure of a protein in the solid state.

Ion exchange chromatography: in this context, the resolution of a mixture of proteins
according to their isoelectric point (or localized net charge on a particular domain) via

their propensity for exchange with counterions of a charged resin column.
Iontophoresis: a non-invasive, electrically assisted technique in which a physiologically

acceptable amount of electric current is used to facilitate transdermal delivery of charged
and neutral molecules.

Interferons: a subset of cytokines, they are glycoproteins produced by the immune system in
response to infection by microorganisms. Have been exploited to treat specific cancers

and hepatitis.
Interleukins: a subset of cytokines, they are peptides and proteins produced by numerous

cells of the immune system which have various regulatory roles.
Internalization: here relating to various processes by which a drug may gain entry into the

cytoplasm of a mammalian cell, for example by fusion with a cell penetrating peptide or
endocytosis.

Immunoliposomes: liposomes that contain lipids covalently conjugated to specific anti-
bodies for immunotargeting.

Interface: the boundary between two phases (liquidesolid or liquideair) or two immiscible
liquids (liquideliquid).

Intrinsic viscosity: in this context, relating to the measure of a macromolecule’s contribution
to the increase in the viscosity of a solvent in which it is dissolved.

Isoelectric point (pI): for a protein molecule with multiple charged groups, this is the pH at
which the protein carries no net electrical charge in that particular buffer.

Leachable: a subset of extractables; chemicals which migrate into a drug product from
packaging under standard conditions of temperature and pressure over time.

Liposome: vesicles composed of phospholipids (as distinct from niosomes) mixed with other
lipids or cholesterol. May have one or more lipid bilayers with an aqueous core encap-

sulating a drug.
Liquid formulation: the process by which a drug is made into a medicine for administration

in liquid form (e.g. syrups, injectables).

Lyophilization: a drying process involving the sublimation of water from a frozen solution
(here containing protein and excipients) at low temperatures under a vacuum.

Lyoprotectant: an excipient added to a liquid protein formulation to attenuate protein
unfolding and denaturation during freeze-drying, particularly during the removal of bound

water.
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Mass spectrometry: an analytical technique which measures the mass-to-charge ratio of

charged molecules.
Medical device: a product which is used for clinical benefit in a patient, either for delivery of

a drug, or physical intervention per se, or a combination of both (see also Tissue regen-
eration), or diagnostics.

Mesoscale: poorly defined length scale but generally above the upper limit of the nanoscale
(100 nanometers) and below 1 micrometer. In pharmaceutics, particles in this size range

may also be referred to simply as sub-micron.
Metered dose inhaler: a hand-held medical device that is used to deliver a precise dose of

drug in the form of an aerosol of liquid droplets to the lung during inspiration.
Micelle: colloidal systems composed of a single lipid layer self-assembled into a sphere, the

orientation of the surfactant lipids is dependent on the surrounding media: in aqueous

media a hydrophobic core is formed, but in non-polar solvents a reverse micelle is formed
with a hydrophobic shell.

Microneedles: here relating to transdermal drug delivery, an array of needles penetrating
only as far as the epidermis, avoiding the pain receptors in the dermis.

Microporation: the creation of micron-sized channels through the skin to assist transdermal
delivery of molecules.

Microsphere: a small sphere typically between 1 and 500 mm in diameter with a porous inner
matrix and variable surface topography. Drug is generally dispersed throughout the inner

matrix. Alternative terms such as microcapsules and microparticles are also encountered
in the literature.

Mucoadhesion: similar to bioadhesion but relating to the specific adhesion of a macromole-
cule to the layer of mucus at mucosal surfaces, particularly of the gastro-intestinal tract

or nose.
Nanoscale: length scales which are most generally noted as being between 10 to 100

nanometers (10�8 to 10�7 m).
Nanoparticles: particles which have sizes within the nanoscale range, though in pharma-

ceutics may refer to particles several hundreds of nanometers in diameter (see Mesoscale).
May include hollow nanocapsules or solid/porous nanospheres.

Niosome: a non-ionic surfactant vesicle often with cholesterol or other lipids incorporated
into the lipid bilayer, generally micron sized and similar to liposomes.

Nuclear localization motif (NLS): a short peptide motif that trafficks a cargo through the
cytoplasm towards and into the nucleus of a eukaryotic cell.

Oligonucleotide: typically, short polymers of around 20e40 nucleic acids, though can be
synthesized to be much longer. Have therapeutic potential but are now largely superseded

by interfering RNA technology.
Paracellular transport: a mode of transport wherein a drug passes between the neighboring

cells in a monolayer (e.g. epithelium).
Passive targeting: as distinct from Active targeting, referring to the localization of a drug or

drug carrier system to a specific tissue(s) through an inherent physical effect, or exclusion
from other sites.

Patient compliance: the extent to which patients follow verbal and written instructions for
the correct usage of their medication.

PEGylation: the covalent conjugation of a poly(ethylene glycol) (PEG) chain of varying size

to a biopharmaceutical or vesicle. In the case of the latter, PEGylation of liposomes
generates so-called “stealth liposomes” which better evade the immune system.

Peptide: a short polymer composed of amino acids linked together by amide bonds. The
definition of size is broad: typically up to 50 amino acids, but may be longer.
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P-glycoprotein: a member of the ATP-binding cassette (ABC) cell membrane transporter

family, functioning as an efflux pump in the intestinal epithelium and involved in multi-
drug resistance.

Photon correlation spectroscopy: see Dynamic light scattering.
Plasma membrane: the bilayer membrane composed of phospholipids, cholesterol and other

lipids, and harboring proteins, which describes the cell perimeter. Artificial membranes
can be formed by the self assembly of amphiphiles. See also Liposome.

Pluronics: amphiphilic triblock copolymers with the architecture: poly(ethylene oxide)-poly
(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO). Have various properties

dependent on the molecular weight and size ratio of the PEO and PPO blocks. Trade name
of the poloxamers of the BASF Group.

Poloxamer: see Pluronics.

Polyelectrolyte: polymers composed of repeating monomers which have charged side
chains, thereby generating a strong net charge at neutral pH. May include permanently

charged groups such as quaternary amine groups.
Polymer: a large molecule (macromolecule) consisting of a chain of covalently linked

monomers which need not be identical and may harbor pendent groups.
Polypeptide: as for peptide but above the upper limit in terms in amino acid number e

generally around 100 amino acids. Their size may be usefully related to the upper limit of
solid phase peptide synthesis.

Primary structure: the order of amino acids in a peptide, polypeptide or protein; convention
begins the order with the amino acid at the N- (amine) terminus, and finishes at the

C-(carboxy) terminus.
Protein: a molecule consisting of more thanw100 amino acids in length; there may be some

overlap with the term polypeptide. Typically folded in native conditions into a specific
3-dimensional conformation, possibly in distinct domains (as for antibodies); may be

post-translationally modified in eukaryotic cells.
Protein aggregation: the precipitation of protein molecules out of aqueous solution

following unfolding as a consequence of chemical or mechanical denaturation. Generally
leads to visible particles, but sub-visible particles can be observed by UV-vis spectroscopy

and other techniques such as light scattering.
Protein data bank (PDB): the worldwide repository of 3-dimensional structures of large

biological molecules, including proteins and nucleic acids (www.rcsb.org).
Protein structure: a general term encompassing primary, secondary, tertiary and quaternary

structure.
Protein transduction domains: see Cell penetrating peptide.

Pulmonary delivery: the delivery of a drug to the lungs via inhalation.
Quaternary structure: relating to proteins only, the arrangement through non-covalent

forces and/or disulphide bridges of folded domains or coiled coils into a multi-domain (or
multi-subunit) complex.

Raman spectroscopy: an analytical technique which measures the shift in energy as an
incident light beam interacts with the molecular vibrations of a molecule through inelastic

scattering (not transmittance as in Infrared spectroscopy). The intensity of the shifts are
plotted against wave number as a spectrum, which is characteristic for a particular

compound.

Receptor mediated endocytosis: see Endocytosis.
Reticuloendothelial system (RES): comprises the phagocytic cells located in the spleen,

lymph nodes and liver (where they are termed Küpffer cells), and therefore function as
a part of the immune system removing/sampling circulating antigens.
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Scanning Electron Microscopy (SEM): an imaging technique involving the rastering of

high energy electron beams across the surface of a sample, made conductive with a gold
coating, revealing the sample’s topography at the nanoscale.

Secondary structure: the most basic level of 3-dimensional structure of a protein and chiefly
classified into a-helices, b-strands and b-turns. Does not describe the global fold of the

protein e see Tertiary structure.
Self assembly: a process involving discrete molecules (e.g. amphiphilic polymers) aggre-

gating in a controlled fashion to generate ordered, large-scale complexes (or supramo-
lecular structures).

Shear stress (fluids): for a fluid traveling along a solid boundary, a shear stress arises as
a consequence of the zero speed of the fluid immediately at this boundary but flow at some

distance away (the layer in between being the boundary layer).

Side-effect: an unwanted, detrimental effect of a drug which may in some cases prevent or be
limiting to patient compliance.

Size exclusion chromatography (SEC): a chromatographic technique which involves the
resolution of a mixture of molecules based on the differences in their distribution through

a porous matrix e related to the molecules’ hydrodynamic diameters or molecular
weights following appropriate calibration.

Small interfering RNA (siRNA): short double stranded RNA molecules which down-
regulate specific gene targets; may have therapeutic potential.

Solid state formulation: the process by which a drug is made into a medicine for admin-
istration as a solid dosage form (e.g. tablets).

Sonophoresis: the use of ultrasound to drive molecules into and across skin.
Spray-drying: a method used to generate a dry powder via the vaporization of a solvent from

a suspension or solution sprayed into a stream of hot gas (drying chamber).
Sub-micron: see Mesoscale

Supercritical carbon dioxide: carbon dioxide that exists in a liquid form at or above its
critical temperature and pressure.

TAT peptide: amino acid residues 48e60 from the full length TAT (transactivator of tran-
scription) protein, showing an elevated internalization efficacy over the parental protein.

See also Cell penetrating peptide.
Tight junction (zonula occludens): a continual circumventing belt around each cell orga-

nized in a monolayer (e.g. the epithelium) formed by the transmembrane occludins and
claudins, anchored to the cell cytoskeleton. Brings neighboring cells into intimate contact

and regulates the paracellular passage of molecules and ions. See also Adherens junction.
Tissue engineering: a broad field of research and development including cell biology,

materials and engineering; focused on mimicking the biological and mechanical envi-
ronments experienced by cells in vivo, in order to generate synthetic, functional tissue to

repair/replace diseased or damaged tissue.
Transcellular transport: a mode of transport wherein a drug passes through the cells in

a monolayer (e.g. epithelium).
Transepithelial electric resistance (TEER): measurement of the resistance to the flow of

ions across a confluent cellular monolayer, for example, used to assess the integrity of the
cellecell tight junctions.

Transmission Electron Microscopy (TEM): an imaging technique involving the interaction

and scattering of high energy electron beams through an ultrathin sample (stained with
heavy metals), then focused onto a detector.

Ultraviolet-visible (UV-vis) spectroscopy: an analytical technique measuring the absorption
of light across the UV-vis region following transmission through a sample.
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van der Waal’s interactions: the sum attractive force between neutral, non-polar molecules

(may be intramolecular in the case of proteins or polymers) arising from permanent or
transient dipoleedipole interaction. See also Hydrophobic force.

Vesicle: a discrete structure of self assembled amphiphilic lipids composed of a spherical
bilayer encapsulating an aqueous core. See also Liposome and Niosome.

Wavenumber: as regards spectroscopy, the reciprocal of wavelength (1/l), typically in units
of cm�1.

Zero order drug release: a constant release of drug over time.
Zonula adherens: see Adherens junction.

Zonula occludens: see Tight junction.
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Calculated Properties of Some
Clinically Relevant Peptides
and Proteins
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Peptide/Protein

(mature sequence) Sequence MW

No. amino

acids

No. polypeptide

chains

Isoelectric

point (pI)

Molar extinction

coefficient (M�1 cm�1)

at 280 nm

Calcitonin, human 3421 32 1 7.09 1400

Calcitonin 1, salmon 3433 32 1 8.59 1400

Cyclosporine-A 1203 11 1 (cyclic) e ea

Erythropoietin, human 18396 (w34000b) 166 1 8.48 22430

Insulin A chain, human 2384 21 1 3.53 2800

Insulin B chain, human 3430 30 1 7.28 2680

Insulin, human 5808 51 2 5.59 5480

Fab from human IgG
(generalized)

w48000 w440 2 e e

F(ab’)2 from human IgG
(generalized)

w100000 w900 4 e e

Fc from human IgG
(generalized)

w48000 w440 2 e e

3
5
2

A
p
p
en

d
ix

1



Immunoglobulin A, human
(generalized)

w300000c w2500c 9d 4.5e6.5 e

Immunoglobulin E, human
(generalized)

w150000 w1250 4 w5e6 e

Immunoglobulin G, human
(generalized)

w145000 w1250 4 5e9e e

Interferon alpha-2B, human 19300 166 1 6.34 18020

Interferon beta-1A, human 20000 (22500b) 166 1 8.78 29990

Interleukin-2, human 15414 133 1 7.33 9650

Serum albumin, human 66472 585 1 5.96 30770

Serum albumin, bovine 66433 583 1 5.86 39020

Somatotropin, human
growth hormone 1 (hGH)

22125 191 1 5.41 16170

apartition coefficient (LogP) ¼ 4.12
bglycosylated form
cdimeric form
dapprox. one J-chain links two IgA monomers
evariable and dependent on class: IgG1 w 8e9, IgG2 w 6e7, IgG3 w 7e9, IgG4 �6e8

3
5
3

A
p
p
en

d
ix

1





Appendix 2
Commonly Encountered Units
and Abbreviations
AU
 absorbance units

BSA
 bovine serum albumin

CD
 circular dichroism

CLSM
 confocal laser scanning microscopy

D
 diffusion coefficient

da
 aerodynamic diameter

Da
 Dalton (h one unified atomic mass unit)

DCM
 dichloromethane

�C
 degree Celsius

DCp
 heat capacity change at constant pressure

dg
 geometric mean weight diameter

dL/g or dl/g
 deciliters per gram

DLS
 dynamic light scattering

DNA
 deoxyribonucleic acid

DSC
 differential scanning calorimetry

EMA
 European Medicines Agency

Fab
 Fragment antigen binding

Fc
 Fragment crystallization

FDA
 (US) Food and Drug Administration

FITC
 fluorescein isothiocyanate

FTIR
 Fourier transform infrared spectroscopy

g
 gram

g
 gravitational acceleration

DG
 Gibbs free energy

DGf/u
 Gibbs free energy change between the folded and unfolded

states of a protein

g/cm3
 gram per cubic centimeter

g/mL
 gram per milliliter

GdmCl
 guanidine hydrochloride
355
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h
 hour

DH
 enthalpy change

DHv
 Van’t Hoff enthalpy change

HCl
 hydrochloric acid

HPLC
 high performance (or high pressure) liquid chromatography

HSA
 human serum albumin

i.v.
 intravenous

ID
 inner diameter

IgG
 immunoglobulin G

K
 Kelvin

kDa
 kiloDalton

L or l
 liter

mAb
 monoclonal antibody

mm
 micrometer

min
 minute

mL or ml
 milliliter

mM
 millimolar

mol
 mole

Mr
 relative molecular mass

MSLI
 multi-stage liquid impinger

mTorr
 milliTorr

MW
 molecular weight

Na2HPO4
 disodium hydrogen phosphate

NaCl
 sodium chloride

nm
 nanometer

OD
 optical density

PAGE
 polyacrylamide gel electrophoresis

Papp
 apparent permeability coefficient

pI
 isoelectric point

pKa
 elog10 acid dissociation constant

p.o.
 “by mouth”

PBS
 phosphate buffer saline

PEG
 polyethylene glycol

PLA
 poly(D,L-lactic acid)

PLGA
 poly(D,L-lactic-co-glycolic acid)

PVA
 polyvinyl alcohol

RNA
 ribonucleic acid

rpm
 rotations per minute

s
 second

DS
 entropy change

S.D.
 standard deviation

SDC
 deoxycholic acid, sodium salt

SDS
 sodium dodecyl sulphate
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SEM
 scanning electron microscopy

T
 absolute temperature

TEER
 transepithelial electrical resistance

TEM
 transmission electron microscopy

Tc
 collapse temperature

Tg
 glass transition temperature

Tg

0
 glass transition temperature prime

v/v
 volume by volume (%)

w/o
 water-in-oil emulsion

w/o/w
 water-in-oil-in-water emulsion

w/v
 weight by volume (%)
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Abbreviations, listing, 355e357

Actin, 196

Adagen, 259

Adenosine deaminase, PEGylation, 259,

276e277
Aerosol, see Pulmonary delivery

AERx pulmonary delivery system, 32e33

Aggregation, product quality loss, 314,

316e318
Alginate, nasal delivery applications, 56

Alveoli, 24

Alzheimer’s disease, 107e108, 316

b-Amyloid, 107

ANP, see Atrial natriuretic peptide

Antennapedia homeodomain, 222

Arginine, 223

Arginine deaminase, PEGylation, 279

Artificial amino acids, applications, 13

Asparaginase, PEGylation, 259, 277

Asparagine, 315

AT1001, absorption enhancement, 207e209

AT1002, absorption enhancement, 207e209

Atom transfer radical polymerization

(ATRP), 274e275
Atrial natriuretic peptide (ANP), PEGylation,

273

ATRP, see Atom transfer radical

polymerization

AZX-100, scar treatment, 303

Bacteriophage, 203

BBB, see Blood-brain barrier

BCS, see Biopharmaceutics Classification

System

Becaplermin, 300e302
Bevacizumab, 100

Bile acids, tight junction modulation, 199

Bioavailability

nanoparticles in oral delivery, 184e186

pulmonary delivery, 25e27
Bioconjugation

PEGylation of proteins and peptides
biodistribution of proteins, 251e253

commercial products, 276e280

growing-from PEGylation, 274e275

immune response, 256e258
pharmacokinetic profile of proteins,

248e251

pulmonary, nasal and oral delivery,

253e256

random PEGylation, 259e260

rationale, 171

reversible, 271e274
site-selective PEGylation

cysteine, 263e265

direct biosynthesis, 268e269

enzyme mediation, 269e271
N-terminus, 261e263

non-natural tag PEGylation, 267

three-carbon bridge, 265e267
toxicity, 258e259

rationale, 248

stimuli-responsive polymers, 275e276
BioGlue Surgical Adhesive, 299

Biologics, 1

Biopharmaceutics Classification System

(BCS), 8

Biophysical properties, clinically relevant

peptides and proteins, 353e354

Blood-brain barrier (BBB)

enhancement of delivery
carrier-mediated transport exploitation,

113e114

chimeric peptides, 113

colloid drug carriers, 115e116
lipidization, 114e115

liposomes, 116e117

nanoparticles, 117e118

permeability improvement, 112e113
prodrugs, 115

protease and efflux transporter inhibitors,

118

structure, 105e106, 109e110
transport mechanisms, 110
359
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Blood-cerebrospinal fluid barrier, 109

Blood-ocular barrier, 90

BMPs, see Bone morphogenetic proteins

Bone, regeneration, 294e297, 306

Bone morphogenetic proteins (BMPs), bone

regeneration, 294e296
Botulinum toxin, 15e16

Brain delivery

blood-brain barrier
enhancement of delivery

carrier-mediated transport exploitation,

113e114

chimeric peptides, 113

colloid drug carriers, 115e116

lipidization, 114e115
liposomes, 116e117

nanoparticles, 117e118

permeability improvement, 112e113

prodrugs, 115

protease and efflux transporter

inhibitors, 118

structure, 105e106, 109e110

transport mechanisms, 110e112

blood-cerebrospinal fluid barrier, 109

disorders

Alzheimer’s disease, 107e108
Parkinson’s disease, 108

stroke, 108e109

tumors, 106e107

nasal route, 62e63

overview, 105e106

prospects, 118e119
Buffers, polyelectrolyte complex formation,

126

Buserelin, 143

CAC, see Critical aggregation concentration

Caco-2 cell, 26, 135, 148e149, 179, 204

Calcitonin

PEGylation, 254e255

polystyrene delivery, 137e141
pulmonary delivery, 26

Calcium phosphate-PEG-insulin-casein

(CAPIC), 178

Calu-3 cell, 61

Cancer

cell-penetrating peptide targeting,

236e237
central nervous system tumors, 106e107

CAPIC, see Calcium phosphate-PEG-

insulin-casein

Carbopol, nasal delivery applications, 55, 62
Carboxymethyl cellulose (CMC), bone

regeneration, 295e296
Caveolin, endocytosis mediation, 228

CBF, see Ciliary beat frequency

CDR, see Complementary determining

region

Cell culture

immortalized cells, 61

primary cells, 61
Cell-penetrating peptides (CPPs)

cargo delivery into cells, 224e225
cell membrane interactions, 226

cell specificity, 235e237

chimeric peptides, 222e223

classification, 222e224
degradation, 237

immunogenicity, 237e238

overview, 221e222

penetration versus endocytosis, 225e231
processing of cargo complexes after

endocytosis, 231e235

prospects for study, 238

synthetic peptides, 223

toxicity, 237e238
Cellulose, nasal delivery applications, 56

Central nervous system, see Brain delivery

CFD, see Computational fluid dynamics

Chitosan, see also Polyelectrolyte complex

derivatives in polyelectrolyte complexes
overview, 142e143

quaternary ammonium salts, 143e152

thiolated chitosan, 152e157

nasal delivery applications, 11, 52e54

polymeric nanoparticles, 177
Cholera toxin, 203

Ciliary beat frequency (CBF), nasal toxicity,

61e62

CIMZIA, 279

Circular dichroism, 53, 125

Clathrin-independent carrier/GPI-enriched

endocytic compartment (CLIC/

GEEC) pathway, endocytosis, 230

Clathrin-mediated endocytosis (CME), 227

Claudins, 196

CLIC/GEEC pathway, see Clathrin-

independent carrier/GPI-enriched

endocytic compartment pathway

Clostridium perfringens enterotoxin (CPE),

absorption enhancement, 201e203

Closure, adjuncts for surgery, 298e299
CMC, see Carboxymethyl cellulose

CME, see Clathrin-mediated endocytosis
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Coatsome, 179

Colloidal drug carriers, central nervous

system drugs, 115e116

Colon, 167

Commercialization, 18e19

Complementary determining region (CDR),

319

Computational fluid dynamics (CFD), 320

Controlled delivery, 5, 11e13, 166
Core-shell structure, nanoparticle, 117

CPE, see Clostridium perfringens enterotoxin

CPPs, see Cell-penetrating peptides

Critical aggregation concentration (CAC),

127

Crystallization, excipient, 36

CsA, see Cyclosporine A

Cyanovirin, PEGylation, 264e265
Cyclodextrins, 27, 177

Cyclosporine A (CsA)

delivery systems, 9e10

formulations, 6, 8
Cytokines, see specific cytokines

Cytoskeleton, 196

DDD, see Degenerative disc disease

Deamidation, product quality loss, 30,

315e316

DEAPA, see Diethylaminopropylamine

Degenerative disc disease (DDD), 296

Delta G, absorption enhancement, 205

Der p1, 200

Dermis, 70e71
Diabetes

ulcer, becaplermin studies, 301e302
zonulin inhibitor therapy, 205

Diethylaminopropylamine (DEAPA),

polyelectrolyte complexes,

133e134

Diffusion, central nervous system drugs,

110e111

Dimerization, 331

Disulfide bridging, 6

Dormase alfa, 24, 28

DPI, see Dry powder inhaler

Dry powder inhaler (DPI), 34e39

Duraseal, 298e299

EDTA, see Ethylenediaminetetraacetic acid

Efflux transport, central nervous system

drugs, 112

Electroosmosis, 78

Electroporation, transdermal delivery, 82
Electrorepulsion, 78

EMD, see Enamel matrix derivative

Enamel matrix derivative (EMD), 292e293

Encapsulation, 13, 73e74

Endo-lysosomal pathway, 231e232

Endothelium, 110

Enhanced permeability and retention (EPR),

252

Enterocyst, 187

EPR, see Enhanced permeability and

retention

Eprex, 18

Erythropoietin, PEGylation, 279

Ethylenediaminetetraacetic acid (EDTA),

tight junction modulation, 199

Eudragit, 155

European Medicines Agency, 300

Excipient, 7, 35e36

Exedin-4, 273

Exotoxin, chimera modeling, 13

Extractables, 324e325
Exubera, 5, 10

Eye, see Ocular delivery

Fab domain, 317

Factor VIIa, PEGylation, 270e271

Factor VIII, 4

Failure mode effects and criticality analysis

(FMECA), 19

Fc region, 315

FDA, see Food and Drug Administration

Fibril, 317

Filtration, 329

First-hepatic-pass effect, 253

Flotillin, endocytosis function, 230e231
FMECA, see Failure mode effects and

criticality analysis

Food and Drug Administration (FDA), 17,

291, 300

Food presence, oral delivery considerations,

182

Fragmentation, product quality loss, 318

Franz diffusion cell, 62

Freeze-thaw, 338

b-Galactosidase, 236
G-CSF, see Granulocyte colony-stimulating

factor

Gelatin, nasal delivery applications, 56

Gelform, 94

GEM21S, 293

GH, see Growth hormone
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Glass transition, 36

GlcoPEGylation, 270

GLP-1, see Glucagon-like peptide-1

Glucagon-like peptide-1 (GLP-1),

PEGylation and pulmonary

delivery, 254e255
Glutaminase, PEGylation, 279e280

Glutathione, 155

Glycocalyx, 167

Graft rejection, 99

Granulocyte colony-stimulating factor

(G-CSF), PEGylation, 261e263,

269e270, 278
Growing-from PEGylation, 274e275

Growth hormone (GH), PEGylation, 269,

278e279

GTPase, 222

HDE, see Humanitarian Device Exemption

Hemagglutinin, cell-penetrating peptide

utilization, 234

Hemoglobin, PEGylation, 279

Hemostasis, adjuncts for surgery, 299

Heparin sulfate proteoglycans (HSPGs),

cell-penetrating peptide

interactions, 226, 229

Herceptin, 15

HFA, see Hydrofluoroalkanes

Hirudin, PEGylation, 279

HPMA, see N-2-

Hydroxypropylmethacrylamide

HSPGs, see Heparin sulfate proteoglycans

Human immunodeficiency virus, see TAT

Humanitarian Device Exemption (HDE), 295

Hyaluronic acid, nasal delivery applications,

57

Hydration, nasal mucoadhesion, 50

Hydrodynamic volume, PEGylated volume,

249

Hydrofluoroalkanes (HFA), 33e34

Hydrogel, 173

Hydrolysis, product quality loss, 30, 316

N-2-Hydroxypropylmethacrylamide

(HPMA), 274

ICH, see International Conference on

Harmonization

IFN-a, see Interferon-a

IgG, see Immunoglobulin G

IL-1, see Interleukin-1

IL-10, see Interleukin-10

IL-18, see Interleukin-18
Immune adjuvant, Zot application, 211e212

Immunogenicity

cell-penetrating peptides, 237e238

PEGylated proteins, 256e258

therapeutic proteins, 16
Immunoglobulin G (IgG), 315, 331

INFUSE Bone Graft, 296e297, 306

Inhalation therapy, see Pulmonary delivery

Inhalers, see Dry powder inhaler; Metered

dose inhaler

Insulin

administration routes, 10

buccal, 11

inhalable, 5, 10

injection, 5

nasal, 11

oral, 10e11

sublingual, 11
Interfacial effects

gas-liquid interface, 322e323, 328

liquid-liquid interface, 323

overview, 319e321

product quality effects, 319e322
solid-liquid interface, 323e324

Interferon-a (IFN-a), PEGylation, 278

Interleukin-1 (IL-1), 318

Interleukin-10 (IL-10), scar treatment, 303

Interleukin-18 (IL-18), 107

International Conference on Harmonization

(ICH), 17

Ionic strength, product quality effects, 319

Iontophoresis, transdermal delivery, 78e80
N-Isopropylacrylamide (NIPAAm), 175, 274

JAM, see Junction adhesion molecules

Jejunum, 167

Junction adhesion molecules (JAM), 169,

196e197

Keratinocyte, 70

Lacrimal-fluid barrier, 90

Lactoferrin, PEGylation and oral delivery,

255e256
b-Lactoglobulin, 321
Lactose, 35

Laser ablation, transdermal delivery, 82e83

Lauryl succinyl chitosan (LSC), 187

Lectins, nasal delivery applications, 57

Leechables, 324e325
Light scattering, polyelectrolyte complex

characterization, 126
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Liposomes

brain delivery, 116e117

lipid nanoparticles, 178e179

ocular delivery, 97e98, 100
pulmonary delivery, 27

LSC, see Lauryl succinyl chitosan

Lubricants, syringe, 328

Lung, see Pulmonary delivery

Lyophilization

bioprocess design considerations, 331e332

stability parameters, 7e8

MAA, see N-Methacrylic acid

Macropinocytosis, 229

Madin-Darby canine kidney (MDCK) cell,

204

Mannitol, 35

M cell, 187

MDCK cell, see Madin-Darby canine kidney

cell

MDI, see Metered dose inhaler

Mechanical stress, 320

Medical devices, classification, 291e294

Megakaryocyte growth and development

factor (MGDF), PEGylation, 261,

263

Metal ions, leeching, 325

Metered dose inhaler (MDI), 33e34

N-Methacrylic acid (MAA), 175

Methionine, 4

Methylation, peptides, 112

MHDF, see Megakaryocyte growth and

development factor

Microporation, transdermal delivery, 76e78

Microscopy, polyelectrolyte complex

characterization, 126e127

Microvilli, nasal, 48

MIRCERA, 279

Model amphipathic peptide, 224

Monoclonal antibodies

compliance of injections, 5

examples in therapy, 1e3

humanization, 13, 171
Mucoadhesive polymers

alginate, 56

Carbopol, 55, 62

cellulose, 56

characterization
mucoadhesion, 58e59

permeation studies, 60e61

release of drug, 59e60

swelling, 59
viscosity, 58

chitosan, 11, 52e54

gelatin, 56

hyaluronan, 57

lectin, 57

overview, 50e51

penetratins, 57

Pluronic F127, 57

poly-L-arginine, 56e57

polyacrylic acid, 55

starch, 55

thermal- and pH-sensitive polymers, 57e58
Mucocilliary clearance

airway, 25

nasal, 49, 61
Mucosa

gastrointestinal, 125, 167e168

nasal delivery barrier, 48e49

oral delivery barrier, 182e184
Mucus

gastrointestinal, 167

nasal, 40

Nanoparticles, see also Polyelectrolyte

complex

brain delivery, 117e118
characterization of stability, 179e181

definition, 172

inorganic nanoparticles, 178

liposomes, 178e179

nanocapsule, 172

ocular delivery, 98

oral delivery considerations
bioavailability, 184e186
food presence, 182

mucosal barrier and transit time, 182e184

P-glycoprotein efflux, 184

site of drug release, 181e182

polymeric nanoparticles

chitosan, 177

enzyme inhibition, 173e175

overview, 172e173

permeation enhancement, 175e176

poly(lactic-co-glycolic acid), 176e177

toxicity, 186e187
Nasal delivery

absorption obstacles
enzymatic degradation, 49

mucocilliary clearance, 49

mucosa, 48e49

mucus interaction, 49

brain delivery prospects, 62e63
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Nasal delivery (Continued )

mucoadhesion mechanisms, 49e50

mucoadhesive polymers
alginate, 56

Carbopol, 55, 62

cellulose, 56

characterization

mucoadhesion, 58e59
permeation studies, 60e61

release of drug, 59e60

swelling, 59

viscosity, 58

chitosan, 11, 52e54

gelatin, 56

hyaluronan, 57

lectin, 57

overview, 50e51

penetratins, 57

Pluronic F127, 57

poly-L-arginine, 56e57

polyacrylic acid, 55

starch, 55

thermal- and pH-sensitive polymers,

57e58

overview, 48

PEGylated proteins, 255

toxicity, 61e62
Nebulizer, 31e32
Nerve, regeneration, 304e306

NEULASTA, 278

Niosome, 74

NIPAAm, see N-Isopropylacrylamide

NLS, see Nuclear localization signal

Nuclear localization signal (NLS), 223

Occludin, 196

Ocular delivery

barriers, 89e90

examples of proteins and peptides, 93

eye
anatomy and physiology, 88e89
diseases, 89, 91e92

peptide transport, 94e95

intravitreal injection, 100

mucoadhesive particulate carriers, 97

nanocarriers, 97e98

overview, 87e88

penetration enhancers, 99

prodrugs, 95e97

systemic delivery, 91e92, 94
ONCASPAR, 277

Oncaspar, 259
OP-1, see Osteogenic protein-1

OP-1 Implant, 295e296
Oral delivery

barriers
gastrointestinal barriers, 166e167

mucosal barriers, 167e168

enhancement

absorption enhancers, 168e170

chemical modification of proteins and

peptides, 171

nanoparticles, see Nanoparticles

protease inhibitors, 168

PEGylated proteins, 255e256
Osteogenic protein-1 (OP-1), bone

regeneration, 295

Oxidation, product quality loss, 30, 315

PAA, see Polyallylamine

Packaging, see Quality, product

Paracellular transport

gastrointestinal, 169

lung, 25e26
Parenteral product quality

dosage, 327

packaging components, 327e328

pre-filled syringes and vials, 328

syringe lubricants, 328
Parkinson’s disease, 108, 316

PARs, see Protease-activating receptors

PAT, see Process analytical technology

PCMC, see Protein Coated MicroCrystal

PDGF, see Platelet-derived growth factor

PEC, see Polyelectrolyte complex

PEG, see Polyethylene glycol

PEGASYS, 260

PEGINTRON, 250, 278

PEI, see Polyethyleneimine

Penetratin, 57, 222

Penetrating peptides, see Cell-penetrating

peptides

Penetration enhancers, see also Cell-

penetrating peptides

ocular delivery, 99

transdermal delivery, 75
PepT1, 94

PepT2, 94

Peptide

backbone, 6

definition, 1, 4
Periodontal disease, tissue repair/

regeneration, 292e293

Permeation, nasal drugs, 60e61
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Permeation enhancers, see also Tight

junction

polymeric nanoparticles, 175e176
PGA, see Polyethylene glycol alginate

P-glycoprotein

central nervous system drug efflux, 112

inhibition, 184
PLA, see Poly(lactic acid)

Platelet-derived growth factor (PDGF),

293e294, 300

PLGA, see Poly(lactic-co-glycolic acid)

Pluronic F127, nasal delivery applications, 57

PMMA, see Poly(methacrylic acid)

PNIPAAm, see Poly(N-isopropylacrylamide)

Poloxamer surfactants, 331

Polyacrylic acid, nasal delivery applications,

55

Polyallylamine (PAA), 127e132

Poly-L-arginine, nasal delivery applications,

56e57

Polyelectrolyte complex (PEC)

amphiphilic polyelectrolytes
amine-modified polyesters, 132e136

overview, 127

polyallylamine, 127e132

polystyrene, 137e142
characterization

light scattering, 126

microscopy, 126e127

turbidimetry, 125e126
chitosan derivatives

overview, 142e143

quaternary ammonium salts, 143e152

thiolated chitosan, 152e157

formation, 124
Polyethylene glycol (PEG)

anti-PEG antibodies, 258

PEGylation of proteins and peptides
biodistribution of proteins, 251e253

commercial products, 276e280

growing-from PEGylation, 274e275
immune response, 256e258

pharmacokinetic profile of proteins,

248e251

pulmonary, nasal and oral delivery,

253e256

random PEGylation, 259e260

rationale, 171

reversible, 271e274

site-selective PEGylation

cysteine, 263e265

direct biosynthesis, 268e269
enzyme mediation, 269e271
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non-natural tag PEGylation, 267

three-carbon bridge, 265e267
toxicity, 258e259

protein stabilization, 7
Polyethylene glycol alginate (PGA), 292

Polyethyleneimine (PEI), 221
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Poly(lactic-co-glycolic acid) (PLGA)
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Poly(methacrylic acid) (PMAA), 137, 174
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complexes, 133e135

Pre-filled syringe, 328

Preformulation

analytical techniques, 7

protein and peptide properties, 6e7

stabilizers, 7
Process analytical technology (PAT), 19

Prodrugs

brain delivery, 115

ocular delivery, 95e97
transdermal delivery, 74

Product quality, see Quality, product

ProGel Pleural Air Leak Sealant, 298

Proliposome, 186

Protease-activating receptors (PARs),
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a1 Proteinase inhibitor, PEGylation and

pulmonary delivery, 253e254

Protein, definition, 1, 4

Protein Coated MicroCrystal (PCMC), 14

Protein transduction domain (PTD), 222

Pseudomonas exotoxin A, 271

PTD, see Protein transduction domain

Pulmonary delivery

absorption and bioavailability, 25e27

alveolar sac cell types, 24

delivery systems
AERx pulmonary delivery system, 32e33
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dry powder inhaler, 34e39

metered dose inhaler, 33e34
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lung diseases, 24

packaging and storage of proteins and

peptides, 39
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prospects, 39e40
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design considerations
formulation and final dosage form

lyophilization and spray-drying,

331e332
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freeze-thaw, 330

interfacial environment during processing,
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materials of construction, 329
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adverse events, 314
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deamidation, 315e316
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physical damage
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interfacial effects
gas-liquid interface, 322e323, 328
liquid-liquid interface, 323
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solid-liquid interface, 323e324
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molecular properties, 318e319
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dosage, 327
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pre-filled syringes and vials, 328

syringe lubricants, 328

solution conditions, 319

temperature, 319

QbD, see Quality by design
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transfer
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nervous system drugs, 111

Recombinant proteins, 1

Regranex, 300e301
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International Conference on Harmonization,

17

patents, 18
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RES escape, see Reticuloendothelial system

escape

Reticuloendothelial system (RES) escape,
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Reversible addition-fragmentation transfer

(RAFT), 274

Risk assessment, 19

RNA interference, 227
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Secondary structure

cell-penetrating peptides, 223

protein, 4e5
Shear, 319e320
Shelf-life, requirements, 330e331

Silicone oil, 328

siRNA, see Small interfering RNA

Site-directed mutagenesis, 13

Skin, see Transdermal delivery

SLN, see Solid lipid nanoparticle

Small interfering RNA (siRNA), 227

Sodium caprate, tight junction modulation,
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Solid lipid nanoparticle (SLN), ocular

delivery, 98

Solubility, requirements for protein delivery,

6

SOMAVERT, 278e279

Sonophoresis, transdermal delivery, 80e82
Spinal cord injury, 305

Spray drying, 52, 331e332
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Storage, see Quality, product

Stratum corneum, 70

Stroke, 108e109

Sucrose, cryoprotection, 7

Supercritical carbon dioxide, 37

Surfactant

bioprocess design considerations, 331
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TAT, carrier for ocular delivery, 99e100
b-TCP, see b-Tricalcium phosphate

TEER, see Transepithelial electrical

resistance
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Temperature, product quality effects, 319

Tertiary structure

maintenance in delivery, 6

protein, 5
TGF-b, see Transforming growth factor-b
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Thiolated chitosan, 152e157
Thyroid hormone, 4

Tight junction
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AT1002, 207e209

Clostridium perfringens enterotoxin,

201e203
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prospects for study, 212e213
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comparison with other absorption
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discovery, 203

immune adjuvant application, 211e212

mechanism of action, 203e204

protein delivery enhancement,
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structure, 204

zonulin, 205, 207

composition, 196e197

signaling pathways, 197e199
Tissue repair/regeneration
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commercial products
bone regeneration, 306
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scar treatments, 301, 303e304

wound healing, 300e302
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surgery

closure adjuncts, 298e299

hemostasis adjuncts, 299
TMC, see N-Trimethyl chitosan chloride

TNF-a, see Tumor necrosis factor-a

Topical delivery, see Transdermal delivery

Toxicity

cell-penetrating peptides, 237e238

nanoparticle delivery, 186e187

nasal delivery, 61e62

PEGylated proteins, 258e259
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blood-brain barrier, 109e110
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protease inhibitors, 74
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skin structure, 70e71
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Transepithelial electrical resistance (TEER),
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Transferrin receptor, 113

Transforming growth factor-b (TGF-b), scar
treatment, 303
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Transportan, 222e223, 231

b-Tricalcium phosphate (b-TCP), 293
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N-Trimethyl chitosan chloride (TMC),
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368 Index
Trypsin, 174
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