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Abstract Therapeutic proteins and peptides have revolutionized treatment for a number of diseases, and
the expected increase in macromolecule-based therapies brings a new set of challenges for the
pharmaceutics field. Due to their poor stability, large molecular weight, and poor transport properties,
therapeutic proteins and peptides are predominantly limited to parenteral administration. The short serum
half-lives typically require frequent injections to maintain an effective dose, and patient compliance is a
growing issue as therapeutic protein treatments become more widely available. A number of studies have
underscored the relationship of subcutaneous injections with patient non-adherence, estimating that over
half of insulin-dependent adults intentionally skip injections. The development of oral formulations has
the potential to address some issues associated with non-adherence including the interference with daily
activities, embarrassment, and injection pain. Oral delivery can also help to eliminate the adverse effects
and scar tissue buildup associated with repeated injections. However, there are several major challenges
associated with oral delivery of proteins and peptides, such as the instability in the gastrointestinal (GI)
tract, low permeability, and a narrow absorption window in the intestine. This review provides a detailed
overview of the oral delivery route and associated challenges. Recent advances in formulation and drug
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delivery technologies to enhance bioavailability are discussed, including the co-administration of
compounds to alter conditions in the GI tract, the modification of the macromolecule physicochemical
properties, and the use of improved targeted and controlled release carriers.

& 2018 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Since the entrance of insulin as the first FDA-approved commer-
cially available recombinant protein drug in 1982, protein and
peptide drugs have become one of the fastest growing classes of
new therapeutics. Because of the size and their stability, protein
and peptide drugs are typically administered via injection. Most
have short serum half-lives and, thus, need to be administered
frequently or in high doses to be effective.

Alternative methods of administration which do not require
injection or intravenous access are highly desirable. The oral route
is the most desirable administration method for drugs as it is easy
for patients and does not require injection. However, there are
several significant challenges to the successful development of oral
protein drug formulations: the instability of protein drugs in the
gastrointestinal (GI) tract, the low permeability of protein drugs,
and a narrow absorption window in the intestine. The activity of
the therapeutic must be retained through the GI tract, and the
active drug must reach the bloodstream at levels high enough to
provide therapeutic efficacy. An oral delivery system must protect
the drug from acid and enzymes in the stomach, but release the
protein in the neutral environment of the small or large intestine.

This review is divided into six major sections to review the
motivation, approach, and materials studied in literature to enable
the oral delivery of therapeutic proteins and peptides. Detailed
overviews of the oral delivery route, mechanisms, associated
advantages, and major challenges are provided. Recent advances
in formulation and drug delivery technologies to enhance bioavail-
ability are discussed, including the co-administration of com-
pounds to alter conditions in the GI tract, the modification of
the macromolecule physicochemical properties, and the use of
improved targeted and controlled release carriers.
2. Protein and peptide therapeutics

Protein and peptide drugs have become the fastest growing class of
new pharmaceutics since the FDA approval of recombinant insulin
in 1982. The field of protein and peptide therapeutics has
experienced tremendous growth (Fig. 1) in part due to recombinant
biotechnology but also the inherent advantages over small drugs.
Proteins carry out complex functions, interact with biomolecules
specifically with reduced risk of side effects, and have low
immunogenicity1.

The first accounts of protein drugs in the treatment of diseases
were in the form of tissue extracts. For example, the first protein-
based vaccine was developed in 1796 for small pox by Jenner
using extracts from cowpox blisters of milkmaids. Over a century
later in 1922, the first protein drug, insulin, was discovered by
Banting et al.2 in treatment of diabetes in humans with pancreatic
extracts from dog. A method for extraction of pure insulin from
bovine pancreas extracts was later developed. The safety, quantity,
and activity of these insulin extracts were determined by quantify-
ing its effects on rabbit blood glucose levels. Manufacturing of
insulin by synthetic chemical means was made possible by the
work of Fred Sanger on sequencing insulin during the mid-1940s
and -1950s.

It was not until the 1970s that the foundation for modern protein
therapeutic production and engineering was established. In 1977,
somatostatin was the first protein to be cloned into Escherichia
coli by insertion of the somatostatin gene into the pBR322
plasmid3. A year later, the first recombinant protein, insulin, was
reported by Genentech. Goeddel et al.4 synthesized insulin from
two separately cloned polypeptide chains demonstrating for the
first time synthetic recombinant technology to produce a ther-
apeutic protein. Over the next decade, protein therapeutics includ-
ing human growth hormone and interferon-α were reported.
Meanwhile, several other major breakthroughs notably the dis-
covery of polymerase chain reactions (PCR) for DNA amplifica-
tion and the development of chemical DNA sequencing methods
transformed biotechnology. These technologies along with the
1982 FDA approval of the recombinant form of insulin set the
stage for protein drug development.

Recombinant DNA technology has had a significant impact on
the discovery of new drugs but has also contributed to the safety
and efficacy of protein drugs. For example, recombinant
production of protein drugs reduced supply and immunological
issues associated with protein drugs, which were previously
harvested, then purified from blood or tissues. Moreover, protein
engineering has led to improved drug half-lives and activity over
native forms. The impact of biotechnology is already apparent in
the more than 130 protein drugs approved by the Food and Drug
Administration (FDA)1. Protein-based pharmaceutics are expected
to continue to expand. It is estimated that by 2015 the protein drug
market will exceed $150 billion US dollars (Global Industry
Analysts, Inc.).
3. Advantages and challenges to oral delivery

While protein drugs have revolutionized treatment for a number of
diseases, the expected increase in protein-based pharmaceutics
brings a new set of challenges for the pharmaceutics field. Due to
their instability, size, and poor transport, therapeutic proteins are
predominantly administered by either intravenous or subcutaneous
injection. Patient compliance, the extent to which a patient adheres
to the treatment, is already a huge issue in diabetes treatment with
insulin and is likely to become a growing issue as protein drug
treatments become more widely used. A number of studies have
underscored the relationship of traditional subcutaneous injections
with patient non-adherence, and it is estimated that over half of
insulin-dependent adults intentionally skip injections5,6.



Figure 1 Rise in FDA-approved BLAs for therapeutic biologics over
the past decade. The past decade has seen a significant rise in the
number of FDA-approved BLAs, and therapeutic biologics are
becoming a larger percent of the total FDA-approvals (NME and
BLA). The data were obtained directly from www.fda.gov (last
accessed January 3, 2018).
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The development of oral formulations has the potential to
address some of the issues associated with non-adherence (includ-
ing the interference with daily activities, embarrassment, and
injection pain) as well as the adverse effects of subcutaneous
administration. Further, the successful development of oral protein
delivery systems will significantly impact health care costs and the
quality of patients' lives as small improvements in the ease of
subcutaneous administration have translated to measurable
improvements in patient adherence and decreased health care
costs in the case of insulin pen injectors7.

Orally administered drugs follow the same route through the
digestive system as food. The digestive system breaks down food,
absorbs nutrients, and excretes waste. For oral drug delivery
systems, the physiology of the digestive system can hinder
performance but can potentially be exploited to improve drug
delivery. Enzymes present throughout the GI tract can act on drugs
causing a loss of bioactivity, the ability of the drug to carry out its
function. On the other hand, the large surface area and high
vascularization of the small intestine is advantageous in drug
absorption, but the mucosa of the small intestine can serve as a
barrier to drug absorption. In order for an oral delivery system to
be effective, the drug of interest must retain its activity and a high
bioavailability–be absorbed in quantities large enough to elicit a
pharmacological effect.

Protein drugs are particularly challenging to successfully deliver
orally due to their instability in acidic environments, their
susceptibility to proteolysis by enzymes in the GI tract, and their
large size. For example, the structure of protein drugs and the
amino acid sequence of the protein drug define its bioactivity. The
stability of proteins in GI tract is particularly problematic. Protein
degradation can be due to either chemical or physical instability.
Physical changes can result in denaturation, disruption of the
secondary or tertiary structure of the protein in an irreversible or
reversible process. Denaturation can occur as a result of aggrega-
tion, precipitation, adsorption, or unfolding. Chemical degradation
can occur from deamination, oxidation, racemization, proteolysis,
and disulfide interchange8.

The large molecular weight of protein drugs limits absorption.
Protein drugs must cross the intestinal lining by penetrating an
unstirred water layer and then passing across the cellular lining of
the intestine. The mucus and glycocalyx of the intestine can further
cause degradation of protein drugs9. Diffusion of large molecules
is limited across the cell membrane. Additionally, large protein
drugs cannot easily pass between cells due to tight junctions
between adjacent cells. These junctions are estimated to have pore
sizes as small as 10 Å. As a result, protein drug absorption is much
more challenging than small molecule delivery.
3.1. The oral route

Both the anatomy and physiology of the digestive system reflect its
range of functions through contrasting, tailored environments as
shown in Fig. 2. The digestive system is composed of the mouth,
the esophagus, the stomach, the small intestine, the large intestine,
the liver, and the pancreas. This organ system functions in concert
to digest food, absorb nutrients, and prevent pathogens from
entering the bloodstream.

In the stomach, enzymes, such as pepsin and gelatinase, break
down proteins and other compounds in food. Enzymatic digestion
is facilitated by the acidic environment of the stomach which has a
pH of approximately 2.1 in the fasted state. The time scale for
gastric emptying can be as long as 2.5 h but is dependent on a
number of signals.

Next, food passes to the small intestine. The small intestine is
approximately 2.5 cm wide and 6.5m long extending from the
pylorus to the ileocecal valve where it connects to the large intestine.
Overall, the small intestine has a relatively neutral pH between 7 and
8. The overall transit time for chyme in the small intestine varies
depending on a number of factors but is on average 3–4 h.

As food passes from the stomach to small intestine through the
pylorus, it enters the duodenum and is mixed with bile and
pancreatic juices. The duodenum is the first 20–30 cm segment of
the small intestine. The majority of the duodenum forms a loop
around the pancreas. One of the functions of the duodenum is to
raise the pH of chyme after it leaves the stomach. Duodenal luminal
contents have a pH between 6 and 6.5. Generally, the transit time
through the duodenum is rapid and can occur as fast as 1 min10.

Chyme travels from the duodenum past the duodenojejunal
flexure to the jejunum, the middle section of the small intestine,
which is approximately 2.5 m in length and is about 4 cm wide.
The structure of the jejunum is composed of mucosal folds,
valvulae conniventes. These folds increase the surface area of the
jejunum to improve nutrient absorption and may also aide in the
mixing of chyme. The jejunum has fewer enzymes in the luminal
content than what is present in the duodenum. However, there are
enzymes associated with the brush border of epithelial cells that
compose the majority of the cellular lining. The jejunum is more
highly vascularized than the ileum and is more absorptive than the
ileum. As chyme passes through the jejunum, the pH rises to
between 6.0 and 7.0. The transit time through the jejunum is
considerably longer the duodenal transit time and is on average 3–
4 h. The ileum is about 3.6 m in length and is narrower (3.75 cm)
than the jejunum. The ileum has less pronounced valvulae
conniventes and is less vascularized. Chyme then passes through
the ileocecal valve to the large intestine. The pH of the digestive
tract continues to rise between 7.0 and 7.5 in the large intestine,
which regulates ion and fluid absorption.

The microanatomy of the small intestine allows for the high
absorption and transport of nutrients providing about 90% of the
body's nutrients. The small intestine wall has a surface area of
approximately 200 m2 (Wilson TH 1962, Intestinal Absorption
Saunders, Philadelphia, USA) 600 times greater than a hollow
cylinder of the same dimensions because of intestinal villi, which



Figure 2 Schematic of the oral delivery route and intestinal epithelium. Achieving oral delivery is ideal, but it is fraught with challenges at both
the organism and tissue levels. (A) The gastrointestinal tract contains many digestive enzymes and a natural pH gradient, with a very acidic, harsh
environment in the stomach and a more neutral environment in the small intestine (site of adsorption). (B) Within the small intestine, each villus
has its own arteriole and venule pair as well as a lacteal. There is a thick mucosal barrier, and the cell lining is composed mostly of epithelial cells.
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are finger-like projections of tissue covering the luminal surface of
the small intestine. Intestinal villi are highly vascularized as shown
in Fig. 2; each villus has its own capillary system feeding into an
arteriole and venule pair and its own lacteal feeding into the
lymphatic system. The surface area of the small intestine and its
close coupling with vasculature give the small intestine its
absorptive properties. Because the small intestine is the site where
most absorption takes place, it is the ideal release site for orally
delivered proteins.

The absorptive properties of the small intestine are counter-
balanced with physiological barriers for prevention of pathogen
entry. The interface of the intestinal wall and the lumen is
composed of the mucosa, glycocalyx, and the brush border of
the intestinal epithelial cells which is the predominant cell type in
the small intestine. Columnar epithelial cells are polarized cells
that have a brush border (microvilli) on their apical surface.

The main component of the mucosa is water (up to 95% by
weight), mucin (less than 5% by weight), and inorganic salts
(approximately 1% by weight). Mucin itself is an O-linked
glycoprotein. Branched regions of mucin are covered in highly
branched oligosaccharide chains (2 to 19 residues). About 25% of
the amino acids in these regions are linked to an oligosaccharide
chain11. Most of these oligosaccharide chains terminate with
fucose, sialic acid, and sulfate esters of galactose and N-
acetylglucosamine12.

Below the mucosa is the glycocalyx, a filamentous glycoprotein
network that is anchored to the microvilli. The thickness of the
glycocalyx ranges from 400 nm up to 500 nm13,14. The glycocalyx
is anchored to the brush border of microvilli, the projections of the
apical side of intestinal enterocytes. The brush border has mostly
digestive and absorptive functions. Enzymes responsible for
peptide and saccharide digestion and membrane transporters that
facilitate absorption of small molecules such as glucose are closely
associated with microvilli.

In addition to columnar epithelial cells, mucus-secreting goblet
cells, M cells, and enteroendocrine cells are found in the cell lining
of the small intestine. M cells are part of Peyer's patches which are
found throughout the cell lining of the lower small intestine. These
structures appear as thickened portions of the cell lining and
contain lymphocytes, macrophages, and dendritic cells. Peyer's
patches have distinctly different properties than surrounding
tissues and have been used as specific targets for vaccine
delivery applications.
3.2. Absorption mechanisms

As shown in Fig. 3, molecules that diffuse across the mucosa and
the glycocalyx must cross the intestinal epithelium before entering
the bloodstream. In order for absorption to take place, nutrients
and even pathogens must penetrate the mucosa, which can be
compared to an unstirred water layer. After passing through the
mucus layer, a drug must cross through the glycocalyx, and reach
the epithelial layer. Transport across the epithelium can occur by
either a paracellular route, between cells, or a transcellular route,
across cells.

In paracellular transport, the molecule may simply diffuse
between the tight junctions of adjacent cells. Typically, paracel-
lular transport is controlled by the permeability of the tight
junctions between neighboring epithelial cells. It has been
shown that the permeability of the tight junctions is dependent
on divalent cations such as Ca2þ and Mg2þ. As the concentration
of divalent cations decreases, the permeability of the tight
junctions increases.

In contrast, transcellular transport allows transport through the
cell. In order for molecules to transport across the intestinal
epithelium by transcellular mechanisms, the molecule must cross
the cell membrane. Permeation across the epithelium of the
intestinal lining is bi-directional allowing for absorption and
exorption. However, flow in the intestine favors absorption
rather than exorption8. The intestinal wall can be compared to a
semi-permeable porous lipid membrane. Water and polar small



Figure 3 Pathways for therapeutic drug absorption via the oral route. (A) Protein therapeutic entering the bloodstream via the transcellular
pathway (passing through epithelial cells). (B) By altering or disrupting the tight junctions, proteins are able to transport to the bloodstream via the
paracellular pathway (in between adjacent cells). (C) Proteins may also enter the bloodstream via transcytosis or cell receptor mediated
endocytosis. There is significant literature currently studying this pathway of entry. (D) By entering the M cells of the Peyer's patches, protein may
be absorbed into the lymphatic system. Here, antigens can interact with antigen presenting cells (e.g., macrophages and dendritic cells), which are
critical for elicitation of protective immunity.
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molecules can transport easily whereas hydrophilic molecules
cannot pass as easily.

There are several mechanisms by which molecules can transport
across the intestinal epithelial lining. For molecules that can easily
pass through lipid membrane, diffusion is the primary mechanism
of diffusion, which can be described by Fick's law. However,
protein drugs are large, often hydrophilic macromolecules that
cannot easily diffuse across a cell membrane.

Several forms of carrier-mediated transport can occur to
facilitate the transport of more polar, hydrophilic molecules.
Facilitated diffusion, sometimes referred to as facilitated transport
Figure 4 Permeability of protein and peptide therapeutics through the inte
across the intestinal epithelial barrier, described by the equation J ¼ P(CD

diffusion (J) is amount per unit time and surface area as a function of the
sides of the transport barrier (CD and CR). (B, C) Permeability of various
epithelium (Reprinted from Ref. 16 with permission).
or facilitated passive transport, involves an integral membrane
protein which allows the passage of molecules across the cell
membrane without an energy expenditure at the cellular level.
Counter transport is similar to facilitated diffusion in that a carrier
protein is involved. However, in counter transport, the transport of
one molecule from the luminal side of the membrane is coupled
with facilitated transport of a second molecule in the opposite
direction. Active transport allows facilitated passage of molecules
across the cell membrane but requires energy. Generally, active
transport moves a molecule against a gradient.
stinal epithelium. (A) Schematic diagram of therapeutic drug diffusion
–CR) (Reprinted from Ref. 15 with permission). The therapeutic drug
permeability coefficient (P) and the therapeutic concentration on both
molecular weight species through a Caco-2 cell model gastrointestinal
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Pinocytosis is another mechanism by which molecules may cross
the apical side of intestinal epithelium. Pinocytosis allows transport of
molecules by formation of an invagination in cell membrane. The
invagination engulfs nearby molecules and then breaks off the cell
membrane forming a vesicle. The vesicle enters the cytoplasm and
can empty its contents or can fuse with the opposite side of the cell
membrane and empty its contents. Although this is a promising
mechanism for transport of large molecules, the regulatory mechan-
isms of pinocytotic transport are not well understood.
4. Approaches to oral protein and peptide delivery

An oral formulation for a protein and peptide drug must preserve
the drug's structure, protect the drug from proteolysis, and allow
for the drug to be absorbed into the bloodstream. A variety of
approaches to oral protein delivery have been proposed to meet
these needs. Of these, there are several predominant strategies for
oral protein delivery: co-administering additional compounds for
altering the physiology of the GI tract, modifying the drug, and
delivering the drug using a carrier. The key advantages and major
challenges of each approach are summarized in Table 1.

The large size of protein drugs on the order of 10 to 100 kDa
limits their ability to diffuse across GI tract tissues, as shown in
Fig. 4. The permeability of the intestinal epithelium has been
shown to be lowest in the colon and highest in the upper small
intestine. Even in the upper small intestine, where the intestinal
epithelium is most permeable and over 90% of nutrients are
absorbed, protein drug absorption is still low in comparison to
smaller molecular weight drug counterparts.

4.1. Permeation enhancers

The co-administration of compounds which alter conditions in the
GI tract has been investigated for improvement of protein
bioavailability. Permeation enhancers typically enhance intestinal
permeability by disrupting the epithelium's tight junctions. A
variety of permeation enhancers have been studied including
surfactants, fatty acids, medium chain glycerides (usually mono-
glycerides and diglycerides of caprylic and capric acid), steroidal
detergents, acylcarnitines and alkanoylcholines, N-acetylated-α-
amino acids and N-acetylated non-α-amino acids, and chitosans
and other mucoadhesive polymers17.

Permeation enhancers have been studied as excipients in oral
protein formulations in a number of studies to allow passage of
these large drugs across the epithelium. For example, oral delivery
of the nonapeptide leuprolide was shown to increase 4-fold in
bioavailability with the addition of sodium salicylate as a
permeation enhancer18. The effect of tetradecylmaltoside (TDM)
on the intestinal absorption of low molecular weight heparins
increased bioavailability19. The presence of trimethyl chitosan
(TMC) in gas empowered drug delivery systems was shown to
improve insulin absorption in rabbits20.

Fetih et al.21 compared the effects of several permeation
enhancers on carboxyfluorescein oral delivery at different sites
of the intestine. Their studies showed the greatest effect of
permeation enhancers on the colonic delivery. In addition, they
found that N-dodecyl-β-D-maltopyranoside had the greatest effect
on absorption in the colon.

While permeation enhancers have been shown to improve oral
protein bioavailability22, they have also been shown to damage the
intestinal epithelium. This damage has been suggested to be
reversible but only after the removal of the permeation enhan-
cer22,23. Yang et al.19 showed that the effect of the permeation
enhancer TDM on transepithelial electrical resistance of mono-
layers of C2BBe1 (a Caco-2 clone) was dependent on the
concentration of the permeation enhancer but full recovery took
nearly 30 h after removal. The disruption of tight junctions and
damage to the epithelium associated with permeation enhancers
may also diminish the immunoprotective function of the intestinal
epithelium in preventing pathogen entry.
4.2. Protease inhibitors

The use of protease inhibitors to reduce degradation of protein
drugs in the GI tract has also been investigated. Because protease
inhibitors can reduce enzymatic degradation of protein drugs,
protease inhibitors have been used to improve bioavailability and
by maintaining the bioactivity of more of the drug. If more
bioactive protein drug is available for absorption, a higher
bioavailability can be achieved.

A number of studies have shown that protease inhibitors affect
bioavailability and protein degradation. For example, Aoki et al.9

demonstrated that protease inhibitors effectively reduced the activity
of a variety of enzymes linked to protein drug degradation. Other
studies have confirmed the effects of protease inhibitors on bioavail-
ability in vivo. Morishita et al.24 studied the effects of several protease
inhibitors on insulin delivery in the small intestine. They observed an
improved hypoglycemic effect over insulin controls indicating a
greater the absorption of active insulin in the presence of protease
inhibitor. In contrast, Yamamoto et al.25 only observed a noticeable
effect of protease inhibitor on insulin delivery in the large intestine
and not the small intestine. They cited variability in enzyme presence
and activity between the small and large intestine for the discrepancy
between their findings and literature. They also hypothesized that a
key difference in experimental methods between the studies in which
the lumen was washed I one study and not washed in the other as a
contributing factor in the two studies.

The use of protease inhibitors to improve oral protein formula-
tions has several main drawbacks. First, the variability in the
performance based on enzyme quantity and activity raises serious
concerns over predictable dosing and patient-to-patient variability
in absorption. The long-term effects of continued exposure to
protease inhibitors, which may include changes to food digestion,
have not been fully investigated.
4.3. Conjugation of protein and peptide drugs

Carriers such as poly(ethylene glycol) (PEG) or a transporter
molecule, have been used to impart enhanced properties to the
protein drug. The conjugation of PEG to a protein drug through
the process of PEGylation can lead to improved resistance to
degradation as well as an extended half-life in the bloodstream.
PEG is relatively resistant to protein binding and hence may
impart enzyme-resistant properties to a protein drug through
conjugation. In general, it is thought that the hydrophilicity of
PEG causes water molecules to be closely associated with the
polymer forming a hydration layer. This hydration layer acts as a
barrier and interferes with protein adsorption. For example, PEG-
insulin conjugates have been developed for oral delivery applica-
tions to improve enzyme resistance of insulin. Tuesca et al.26

demonstrated in vivo bioactivity of PEG-insulin conjugates and a



Table 1 Summary of common approaches to enable oral protein and peptide delivery.

Approaches to oral
protein and peptide
delivery

Common example Advantage Major challenge

Permeation enhancers Surfactants, fatty acids, medium chain
glycerides, steroidal detergents,
acylcarnitines and alkanoylcholines,
N-acetylated-a-amino acids and
N-acetylated non-a-amino acids,
chitosans

• Enhanced intestinal
permeability by disrupting
the epithelium’s tight
junctions

• Relatively easy
co-administration

• Potential to damage the intestinal
epithelium

• Diminished immunoprotective function
of the intestinal epithelium in
preventing pathogen entry

Protease inhibitors Serpin, aprotinin and soybean trypsin
inhibitors, camostat mesilate,
chromostatin, ovomucoids, polymer
inhibitor conjugates (such as
carboxymethyl cellulose-elastinal)

• Reduced degradation of
protein drugs in the
GI tract

• Maintained stability and
bioactivity of more of
the drug.

• Variability in enzyme presence and
activity between the small and large
intestine

• Concerns over predictable dosing and
patient-to-patient variability in
absorption

• Long term effects to food digestion have
not been fully investigated (enzyme
deficiency)

Conjugation of protein
and peptide drugs

PEG, transferrin, vitamin B-12,
FcRn receptor molecules

• Improved resistance to
degradation

• Extended half-life in the
bloodstream

• Potential for cell
receptormediated transport

• With large conjugates such as PEG,
increased size may inhibit transcellular
transport

• Long term effects of chronic
administration still need to be
evaluated (effect on nutrient
adsorption)

Enteric coatings Eudragit® systems, hypromellose
phthalate

• Protect the protein drug from
degradation in the stomach

• Controlled release (pH
triggered)

• Do not facilitate the absorption process
• Need to use protease inhibitors and

permeation enhancers in conjunction

Degradable polymer
matrices

Poly(lactide-co-glycolide), poly(epsilon-
caprolactone)

• Protect the protein drug from
degradation in the stomach

• Controlled release (enzyme
or pH triggered)

• Enhanced stability over
noncrosslinked systems

• Variability in enzyme presence and
activity between the small and large
intestine

• Drug diffusion out of the carrier is
dependent on the extent of degradation
and susceptible to patient-to-patient
variability

• Need to characterize of the effect of
degradation products on the GI tract

Mucoadhesive carriers PEG-grafted polymers, thiomers,
chitosan, lectin, sodium alginate,
pectin, cellulose derivatives

• Protect the protein drug from
degradation in the stomach

• Prolonged residence time of
carriers at the site of
absorption (increase in
drug bioavailabilty)

• Increased drug concentration
gradient at the epithelial
barrier

• Limited diffusion of the protein drug out
of the carrier, which typically
necessitates a degradable or
envrionmentally responsive
component

• Concerns over adhesion and localization
of delivery systems within a specific
GI-segment, ideally where the drug
has its ‘absorption window’

Complexation
hydrogel carriers

Poly(methacrylic acid-g-ethylene glycol),
poly(methacrylic acid-co-N-vinyl
pyrrolidone), poly((methacrylic
acid-co-N-vinyl pyrrolidone)
-g-ethylene glycol), poly
(itaconic acid-co-N-vinyl
pyrrolidone)

• Protect the protein drug from
degradation in the stomach

• Controlled release
(pH triggered)

• Enhanced stability over
noncrosslinked systems

• Amenable for co-delivery of
permeation enhancers, etc.

• Amenable for conjugation
with or inclusion of
mucoadhesive tethers

• Potential for variation in fasted and fed
states
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prolonged circulation time in comparison to insulin after intrave-
nous administration.

The modification of protein drugs by conjugation to transporter
molecules has been investigated in order to improve protein
absorption. In this method, the protein drug is conjugated to
molecules absorbed via receptor-mediated endocytosis. The con-
jugation of the transporter molecule and the protein drug allows
for absorption of the protein drug by the same absorption pathway
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as the transporter molecule. For example, transporter molecules of
transferrin and vitamin B-12 have been investigated for conjuga-
tion to protein drugs. Vitamin B-12 has been used to form
conjugates with granulocyte-colony stimulating factor, erythro-
poietin27, leutinizing hormone28, and insulin29. It has been shown
that these conjugates transport across Caco-2 cell layers using the
vitamin B-12 absorption pathway27. Orally administered B-12-
insulin conjugates in the diabetic rat model had a 4.7-fold greater
decrease in the area under the blood glucose curve in comparison
to orally administered insulin indicating that B-12 conjugation
improved oral bioavailability of active insulin29.

Conjugation to transferrin has also been used to improve
transport. The transferrin molecule typically transports iron across
the intestinal epithelium via receptor-mediated endocytosis. Con-
jugates of insulin and transferrin have been shown to improve drug
transport in comparison to native insulin in intestinal epithelial cell
models30,31. Insulin-transferrin conjugation was also shown to
have increased transport over insulin in a mucus-producing co-
culture model of Caco-2 and HT29-MTX cells32. These studies
have suggested that the ability for transferrin to be uptaken by the
transferrin receptor is imparted to the conjugate by competitive
inhibition experiments30,31.

With the administration of protein-transporter conjugates, the
long-term effects of chronic administration still need to be
evaluated. Furthermore, the effects of administering additional
transferrin and vitamin B-12 on iron absorption and vitamin B-12
absorption, respectively, have not been investigated. Transferrin
and vitamin B-12 facilitated transport mechanisms could also
affect cell signaling but have not yet been investigated.
4.4. Enteric coatings

Protein drugs have also been encapsulated in polymeric matrices
of two kinds: enteric coatings and polymer networks. The main
advantage of using a polymer coating or matrix to encapsulate a
protein drug is to protect the protein drug from degradation in the
stomach. Enteric coatings, such as the Eudragit® systems, are non-
crosslinked polymers that dissolve to release the drug. Typically,
enteric coatings dissolve at a neutral pH to allow protection of the
drug in the stomach at low pH. Because dissolution of the coating
occurs at specific pH values, coatings can be selected such that
release occurs in one segment of the small intestine.

One of the distinct disadvantages of this strategy is that enteric
coatings can only improve the amount of bioactive protein drugs
available for absorption but do not facilitate the absorption process.
As a result, protease inhibitors and permeation enhancers have been
used in conjunction with enteric coatings to achieve improved
pharmacological availabilities23,33,34. A strategy combining an enteric
coating and either a protease inhibitor or a permeation enhancer raises
additional concerns over long-term safety.
4.5. Polymeric carriers for oral protein delivery

In order to maintain bioactivity but also improve absorption,
polymeric carriers have been developed. A variety of designs have
been studied including degradable matrices, thiomers, and envir-
onmentally responsive polymer networks. Typically, the protein
drug is entrapped in the polymer network, and release is controlled
by diffusion. Diffusion of proteins through a polymer network is
strongly dependent on the mesh size (ξ) of the polymer network,
the hydrodynamic radius of the protein, and the strength of
polymer-drug interactions.
4.5.1. Degradable carriers
In the case of degradable polymers, drug diffusion out of the
carrier is dependent on the extent of degradation. For the oral
delivery of protein drugs, degradable carriers can limit release
prior to degradation but allow for increased release with degrada-
tion. The ideal degradable system would remain intact in the
stomach and start degrading in either the small or large intestine.
Degradation products from breakdown of the carrier may interact
with GI tissue, be absorbed, or be excreted. Characterization of the
effect of degradation products on the GI tract is a critical challenge
to oral delivery using degradable carriers.

A variety of degradable carriers have been investigated for oral
protein delivery. Of the most widely studied degradable polymer
carriers is poly(lactide-co-glycolide), or PLGA. For example, PEG-
coated PLGA nanoparticles were shown to deliver intact tetanus
toxoid orally35. Insulin delivery from PLGA particles co-loaded with
insulin and magnetite nanoparticles were shown to decrease blood
glucose levels even though bioavailabilities were less than 2%36.
PLGA was also used to deliver an insulin-sodium oleate complex
orally generating a decrease in blood glucose37. In another study,
PLGA particles with and without an enteric coating of hypromellose
phthalate achieved bioavailabilities of 6.27% and 3.68%38. Oral
formulations composed of PLGA–COOH with olive oil filler were
used to orally deliver glucagon-like peptide-1. This formulation had a
positive effect after an oral glucose challenge39. These studies
demonstrated that a variety of PLGA-based particles effectively
deliver pharmacologically active protein drugs via the oral route.

Another degradable polymer carrier that has been studied
extensively in drug delivery applications is poly(ε-caprolactone)
yet there are few studies that demonstrate oral protein delivery
in vivo. Poly(ε-caprolactone)/Eudragit nanoparticles were shown
to decrease blood glucose levels after oral delivery of either aspart-
insulin40 and insulin41. For the insulin delivery system, the
bioavailability of insulin was calculated to be 13%41.
4.5.2. Mucoadhesive delivery
One strategy for improving oral delivery of challenging molecules,
such as proteins, is the use of mucoadhesive drug carriers.
Mucoadhesion is a form of bioadhesion that involves a mucus
substrate. The use of mucoadhesive carriers to interact with mucus
at the site of absorption was proposed to prolong the residence
time of carriers at the site of absorption. Extension of the residence
time would allow for an increase in drug bioavailabilty.

There are five main theories that describe the mechanisms of
bioadhesion. Often, adhesion is described as a combination of
these mechanisms. The electronic theory of adhesion involves the
transfer of electrons between the polymer and the tissue. The
adjacent electrons form a double layer of charge at the interface
causing adhesion between the two materials based on charge
attraction. Adsorption theory describes adhesion as occurring
based on secondary forces such as hydrogen bonding van der
Waals forces. Unlike electronic theory and adsorption theory, the
theory of wettability typically describes a system in which one
substrate is a liquid and the other substrate is a solid. Wettability
describes adhesion based on the ability of the liquid to spread on
the surface of the solid. Chain interpenetration theory describes the
mechanism of adhesion between polymer gels and tissue. Polymer
chains can diffuse across the interface. These interpenetrating



Figure 5 Complexation behavior of P(MAA-g-EG) hydrogels. In acidic conditions, P(MAA-g-EG) hydrogels are in a collapsed state with a
small mesh size due to hydrogen bonding between carboxylic acid groups and etheric groups. At neutral pH, deprotonation of the carboxylic acid
groups leads to electrostatic and steric repulsions which causes swelling and increases the mesh size of the polymer network.
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polymer chains anchor the two substrates together causing adhe-
sion between the polymer and biological substrate.
4.5.3. Mucoadhesive hydrogel carriers
Specifically engineered carriers with the ability to form interac-
tions with the intestinal environment have made improvements in
oral drug delivery. For example, carriers have been designed to
exhibit mucoadhesive interactions with the intestinal lining. These
interactions are believed to enhance the residence time of the
carrier in the intestine so that there is a greater period of time for
controlled release at the intestinal lining where absorption takes
place. Improving the residence time of the carrier and extending
the time period over which release can occur in the small intestine
is desirable, because protein drug released beyond the small
intestine, in the colon for example, has a lower absorption and
can result in a lower overall bioavailability of the drug.

Surface decoration of the carrier has been suggested as a means
to enhance cellular interactions between the carrier and the
intestine by forming mucoadhesive interactions. Synthetic poly-
mers such as PEG have been used to promote mucoadhesion by
interpenetration of PEG chains into the mucosa. The ability of
PEG tethers to promote adhesive-like behavior by chain inter-
penetration into the mucosa has been confirmed both experimen-
tally and theoretically34,42,43. Additionally, PEG chains have been
used in other drug delivery applications for protecting drug
delivery systems from immune recognition and shielding drugs
from enzymatic degradation44,45.

While the mechanism behind mucoadhesion of PEG tethers is
due to penetration of the PEG chains into the mucosa and
interactions between PEG chains and the mucosa, other systems
have been studied that can form more specific interactions. For
example, polymer carriers have been decorated with lectins, which
are proteins that bind specific carbohydrates, in order to bind to
carbohydrate residues found on mucus glycoproteins. The decora-
tion of wheat germ agglutinin onto P(MAA-g-EG) microspheres
was shown to improve the bioavailability of orally delivered
insulin46. Likewise, this concept of binding components of the
mucosa has been applied to forming covalent interactions. Thiol
groups have been added to carriers to form thiomers that can form
covalent bonds between thiol groups of the carrier and cysteine
groups in mucus glycoproteins47. In vivo studies on the oral delivery
of insulin showed that thiolated polymers reduced the blood glucose
more than non-thiolated polymers48.

Chitosan-based drug delivery systems are some of the most
studied systems for oral delivery of macromolecules and are the
subject of several extensive reviews49,50. One of the prevailing
reasons that chitosan has been the focus of so many studies is
chitosan's ability to interact with intestinal mucus through charge
attraction. Oral delivery of insulin using chitosan nanoparticles
achieved a pharmacological activity ranging from 14% to 15.6%51.
Lower pharmacological availabilities were observed for oral
delivery using nanoparticles composed of a chitosan shell and
alginate core. However, insulin pharmacological activity was
higher when delivered using the nanoparticles (3.4% and 6.8%)
in comparison to free insulin (1.6%)52. Pharmacological availabil-
ities as high as 5.4% were obtained from insulin oral delivery
using carriers of nanoparticles composed of dextran sulfate/
chitosan53. Calcitonin oral delivery was also demonstrated using
liposomes composed of protease inhibitor-chitosan conjugates54.
4.5.4. Complexation hydrogels
For controlled release of orally delivered protein drugs, hydrogels
have become attractive candidates for carrier design. Hydrogels are
crosslinked, three-dimensional networks composed of hydrophilic
polymers. Hydrogels have the ability to swell and imbibe water.
Hydrogels are water insoluble and typically exhibit good biocom-
patibility. One of the unique properties of hydrogels is that
hydrogels can be tailored to swell in response to various stimuli
including pH, ionic strength, electric field, and temperature.
Control of swelling is synonymous with control of diffusion into
and out of the hydrogel network.

Control of diffusion processes of a carrier material allows for
temporal and even spatial control of the release of protein drugs.
This ability to tailor hydrogels is particularly advantageous for oral
protein delivery. For oral delivery of protein drugs, release of the
protein drug should be minimal in the stomach where degradation
is likely to occur. Drug release in the intestine at the absorption
site will allow for the maximal amount of active drug to be
available for absorption. As shown in Fig. 5, hydrogels with pH-
dependent swelling can be used to release the protein drug based
on the increase in pH between the stomach and the intestine based
on complexation behavior.
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To use this pH transition from the stomach to the small intestine as
a trigger for release, anionic complexation hydrogels have been
developed which rely on the complexation properties of the cross-
linked polymeric carrier to control release. Anionic complexation
hydrogels, such as poly(methacrylic acid-grafted-ethylene glycol) (P
(MAA-g-EG)), are composed of a methacrylic acid (MAA) backbone
and grafts of PEG. In acidic conditions, the carboxylic acid residues
of MAA are protonated and form hydrogen bonds with the etheric
groups of PEG (cite Lowman). Hydrogen bonds between adjacent
polymer chains form physical crosslinks causing the polymer to be in
a collapsed state. As a result, diffusion into and out of the polymer
network is limited. An entrapped protein drug is shielded from
degradation, and release is prevented in the stomach. The physical
crosslinks formed by the hydrogen bonding breaks down in the more
neutral pH values of the small intestine. With an increase in pH, the
carboxylic acids become deprotonated. Deprotonation causes hydro-
gen bonding to break down. Meanwhile, steric repulsions between
polymer chains cause the polymer network to relax, and the polymer
mesh size to increase. With this process comes macroscopic swelling.
The protein drug is allowed to diffuse out of the polymer network and
release in the small intestine.

P(MAA-g-EG) hydrogels were developed by Peppas and co-
workers and have been investigated for oral delivery. Peppas et al.
have demonstrated successful loading of a number of protein drugs
including insulin, calcitonin55,56, growth hormone56, interferon-beta55,
and chemotherapeutics. These hydrogels effectively protect protein
drugs in acidic conditions and from proteolytic degradation57. The
ability of P(MAA-g-EG) to retain protein drugs and shield them from
proteolytic degradation allows for delivery of bioactive drug. Control
of release based on the pH change from the stomach to the small
intestine allows for site-specific delivery of the payload.

In addition to protecting the bioactivity of protein drugs,
P(MAA-g-EG) carriers have been shown to improve absorption
of insulin. The ability to improve absorption stems from the ability
of these carriers to interact with intestinal mucosa as well as
interact with the tight junctions of enterocytes. The mechanism of
mucoadhesion of P(MAA-g-EG) is that of chain interpenetration
where PEG diffuse into the mucosa. The ability to interact with the
intestinal mucosa has been shown to be dependent on the size of
the particles and the composition of the polymer. Prolonging the
residence time of the carrier allows for an extended time period for
the drug to release from the carrier and to be absorbed. One of the
other benefits of mucoadhesive delivery systems is a reduction in
the path length towards absorption.

The ability of P(MAA-g-EG) carriers to influence paracellular
transport is largely based on experimental evidence from in vitro
studies. Confocal studies on insulin transport across Caco-2
monolayers showed that insulin transport was predominantly
paracellular58. P(MAA-g-EG) carriers can reversibly open tight
junctions by chelating Ca2þ. Since tight junction proteins are
dependent on Ca2þ, the junctions loosen with depletion of Ca2þ

concentrations. Studies by Peppas and co-workers have shown the
recovery of tight junction integrity using transepithelial electrical
resistance (TEER)59.

In vivo, P(MAA-g-EG) systems have improved bioavailability
over orally administered insulin. The hypoglycemic effect of orally
delivered insulin from P(MAA-g-EG) was first studied by Lowman
et al.60 Oral insulin bioavailability from these systems was found to
be 3.40% in healthy rats and 2.44% in diabetic rats for a 25 IU/kg
dose. Higher bioavailabilities of 12.8% were observed in optimized
system61. The size of P(MAA-g-EG) microparticles was shown to
affect drug bioavailability with smaller particles performing better61.
5. Polysaccharides in drug delivery to impart targeting
characteristics

Carbohydrates are the most abundant natural biomaterials, more
abundant than nucleic acids and peptides. They form polymers
with a number of repeat units including monosaccharides, dis-
accharides, oligosaccharides, and polysaccharides. Carbohydrates
decorate a variety of molecules to form glycolipids, glycosami-
noglycans, glycoproteins, and proteoglycans. Additionally, they
are important components of many other biomolecules including
ribonucleic acid (RNA) and deoxyribonucleic acid (DNA).
Because of their integration into so many biomolecules, carbohy-
drates play essential roles in cellular communication, inflamma-
tion, infection, development, and disease62–65.

While the goals of genomics and proteomics, which look at the
biological information ‘stored’ in the genetic code of organisms and
the amino acid sequences of proteins, are familiar, glycomics is a
much more recent topic in biotechnology. Glycomics seeks to
understand glycans as bioinformatics molecules65–67. Researchers
theorize that the coding capacity of polysaccharides is far greater than
that of nucleic acids and amino acids because of the numerous ways
that polysaccharides can form glycosidic bonds with one another and
the different isomers these molecules may assume62,63,65,67. There is a
tremendous amount of information to be gained from polysaccharide
sequences and their interactions with proteins and nucleic acids64.
Glycomics seeks to understand the role that polysaccharides play in
cellular processes for advancing biotechnology.

Many fields within biotechnology stand to gain enormous
rewards from glycomics research. More information on polysac-
charides' roles in cell signaling, development, inflammation, and
disease states is anticipated to be generated by glycomics. The
applications of this knowledge in drug delivery and tissue
engineering are innumerable.
5.1. The role of carbohydrates in adhesion

Carbohydrate interactions are typically weak63,68–70. However,
multivalent interactions where multiple saccharides are involved
enhance these interactions71–74. Two phenomena are at play in
multivalent carbohydrate interactions: chelate effect where multiple
interactions occur after an initial interaction and ligand-induced
protein clustering63,71,75. These properties and effects of carbohy-
drate interactions with other biomolecules make polysaccharide
versatile biomaterials. With recent advances in glycomics, the
critical roles of carbohydrates in physiology are becoming even
more apparent.

Cellular processes of adhesion and recognition are often
mediated by carbohydrate-carbohydrate and carbohydrate-pro-
tein interactions76. Single carbohydrate-carbohydrate interac-
tions are considered weak interactions. Of the few studies that
have quantified these, carbohydrate-carbohydrate interactions
have been shown to have dissociation constants (Kd) of 1 × 10-4

mol/L77. However, the adhesion forces of glycan-glycan inter-
actions are considerably strong with 190–310 pN adhesion
forces which are in the range of antibody-antigen interactions
(244 pN)76. It is generally thought that the strength of
carbohydrate interactions increases with multivalency as more
carbohydrate interactions occur in close proximity78. For
example, monovalent carbohydrate-protein interactions have
affinities of Ka = 103 to 104 L/mol and increase 2 to 6 fold
with multivalency75.
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5.2. Lectins and carbohydrates

Advances in carbohydrate research have largely been driven by the
use of lectins. Lectins are proteins with affinities for specific
saccharide residues. Many proteins classified as lectins are found
decorating cell surfaces and are involved in many cell-carbohy-
drate interactions. Studies have shown that selectins, a subclass of
lectins, mediate lymphocyte rolling and adhesion79. In addition,
lectins have been shown to play a role in cancer cell migration80,81.

Because of their specificity for saccharide units, lectins have
also been used to study the roles of carbohydrates in biology. One
of the primary uses of lectins has been to understand glycosylation
patterns. Labeled lectins have been used for imaging carbohydrates
in cellular matrices, on the surface of cells, and intracellularly.
Recent microarray technology has been used to develop lectin
microarrays. These powerful new tools require only small amounts
of carbohydrate ligands and can be used for quantitative, simulta-
neous detection of different carbohydrates. These new tools have
used to study the cell surface glycome of bacteria and mammalian
cells82,83.

5.3. Carbohydrates in drug delivery

5.3.1. Carrier systems
Chitosan has been used in several successful drug delivery studies
with one of the most important being gene therapy delivery
systems84–87. Chitosan has the distinct advantage to complex with
DNA because of its positive charge and DNA's negative charge.
Roy et al.88 developed chitosan nanoparticles to deliver gene
therapy-based vaccines. Chitosan particles containing a genetic
vaccine (against peanut allergy) were orally administered to mice.
In sensitization studies, the resulting anaphylaxis of vaccinated
mice with the chitosan drug delivery system was much lower than
samples which were vaccinated with only the gene (without the
chitosan carrier) and controls that were not vaccinated at all88. Roy
et al.88 showed promising results that chitosan drug delivery
systems can successfully deliver gene-based therapies orally. Senel
et al.89 examined chitosan for protein drug delivery across buccal
mucosa. Their results suggested that chitosan enhanced the
permeability of transforming growth factor-β89. Janes et al.90

outline several other drugs that chitosan was used as a carrier
for. These included bovine serum albumin and insulin.

Alginates have been studied for drug delivery as well91.
Bouhadir et al.92 oxidized sodium aliginate to form a new
monomer. They were able to engineer this polysaccharide delivery
system to release three different model drugs in a controlled
fashion via three different mechanisms of release: diffusion, ionic
dissociation, degradation of a covalent bond92. Alginate has been
used to release a variety of proteins as well including but not
limited to fibroblast growth factor, bovine serum albumin, nerve
growth factor, and interleukin-293.

While this is just a miniscule sampling of the research on
carbohydrate-based drug carriers, several reviews discuss poly-
saccharide drug delivery systems including amylose, dextran, and
pectin in more detail94,95.

5.3.2. Targeted delivery
Lectin–carbohydrate interactions are beginning to be exploited for
targeted drug delivery. The strength of their interactions with
carbohydrates increases significantly with multivalency as outlined
earlier in the paper. Both lectins and their polysaccharide
counterparts may be used for targeting and adhesion96. In
designing these targeting modalities for drug delivery systems,
carbohydrates may be used to target lectins or vice versa. The
exciting research into drug polysaccharide targeting systems shows
promise for transforming drug delivery.

Several lectin-mediated drug delivery systems have been
developed that use lectins to target specific tissues and sys-
tems96,97. Umamaheshwari et al.98 demonstrated that lectin-mod-
ified nanoparticles could be used to prevent H. pylori infection of
human stomach cells. Lectins have been used to target drug
delivery to epithelial M-cells and Caco-2 cells46,59,99–101. Wood
et al.101 used wheat germ agglutinin (a lectin) to target an insulin
complexation hydrogel drug delivery system to carbohydrate
residues found in intestinal mucosa. Results showed enhanced
permeability towards insulin transport and indicated that wheat
germ agglutinin led to improved bioavailability of insulin.

Xu et al.102 also investigated lectin-mediated oral delivery of
insulin. In addition to wheat germ agglutinin, Xu et al. also
investigated tomato lectin and Ulex europaeus agglutinin 1
(UEA1). Liposomes were modified with lectins and loaded with
insulin. In vivo drug delivery studies showed that lectins increased
insulin delivery over controls. Of the lectin modifications exam-
ined by Xu et al.102, wheat germ agglutinin performed the best.

Delivery of imaging modalities to cancer via lectins has been
investigated by Hama et al.103,104. Hama et al. showed that avidin
conjugated-BODIPY could be used to bind asialo-receptors on
cancer cell lines and used fluorescence emission to detect
cancerous cells. Nine different cancer cell lines were observed:
ovarian, colon, pancreatic, gastric, breast, and prostate. Images
were observed in each culture. Therefore, Hama et al. showed
that lectins may be used to target cancer cells for delivery ima-
ging systems.

Drug delivery systems that use carbohydrates to target a drug
delivery system have also been studied105–107. Cho et al.107 have
investigated galactose containing particles to target the asialogly-
coprotein receptors (containing a lectin domain) on hepatic cells.
Their research investigated poly(L-lactic acid) particles coated with
polystyrene and galactose for targeted drug delivery of trans-
retinoic acid.

Another team of researchers investigated lectin-ligand chemis-
try as a means to deliver anti-inflammatory drugs to the blood
vessel lining by targeting P-selectin which plays a significant role
in blood vessel inflammation108. P-selectin is expressed by
endothelial cells and supports neutrophil rolling mediated by
Sialyl-Lewisx (sLex), a sialylated and fucosylated carbohydrate.
These drug delivery systems were designed to mimic this
neutrophil rolling to deliver anti-inflammatory drugs. PLGA
microparticles were synthesized and decorated with sLex through
avidin-biotin chemistry108. Laminar flow studies showed that drug
delivery system supported rolling on P-selectin coated surfaces
and that it was dependent on the density of carbohydrates on the
PLGA microspheres108. This study took an innovative approach to
anti-inflammatory drug delivery systems and indicates that carbo-
hydrate-decorated drug delivery systems may be used to target
lectins on cell surfaces in other therapies as well. Both systems
described used carbohydrates to target lectins on cell surfaces for
cell-specific drug delivery.
5.3.3. Other polysaccharide-related targeting strategies
Bertozzi et al.109,110 have proposed an innovative strategy for drug
delivery using polysaccharides. They have used polysaccharides to
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selectively modify cell surfaces so that these modified cells may be
targeted by drug delivery systems. They utilized natural oligosac-
charide (metabolism and) synthesis to incorporate a ketone
containing N-levulinoyl mannosamine into sialic acids on cell
surfaces instead of the N-acetylmannosamine. Biotin was then
bound to these ketone groups on sialic acid, and Avidin-coupled
toxins were used to target and kill the cells that were biotiny-
lated109. They suggested that their methodology for engineering
the cell surface for drug targeting may be further developed to
selectively target tumor cells which tend to express high levels of
sialic acid.
5.4. Carbohydrate-mediated adhesion in the intestine

Studies have shown that carbohydrates are involved in adhesion
processes involving both carbohydrates and proteins, and that
many occur at the intestinal wall. For example, many bacteria that
colonize the small intestine rely on polysaccharides on their
surfaces for adhesion to the intestinal wall. Gram-negative
bacteria, which are often pathogenic, adhere to the mucosa with
lipolysaccharides (LPS) found on their membranes. While LPS
interacts strongly with the intestinal wall, LPS have been shown to
be immunogenic111–113.

O-linked polysaccharides are known to play roles in cellular
adhesion especially in cancer114. Studies have suggested that
O-linked polysaccharides can serve as ligands for cell binding
via selectins, but to our knowledge, there are no studies linking
this class of polysaccharides to adhesive interactions with the
intestinal wall114.

Teichoic acids are polysaccharides found in the cell wall of
Gram-positive bacteria (often non-pathogenic). Research has
shown that teichoic acid is involved in the adhesion of bacteria
to stomach epithelial cells. A more recent study investigating a
Caco-2 model showed that lipoteichoic acids of Lactobacillus
johnsii strain La1 were involved in adhesion to the intestinal
epithelial cell model114. Several studies have investigated the role
of teichoic acid in septic shock and immune responses highlighting
that the bacterial source is a determining factor in immunogeni-
city115–117.

The presence of hyaluronic acid in the extracellular matrix and
the expression of hyaluronic acid on a wide variety of cell types
make hyaluronic acid an attractive candidate for in vivo applica-
tions. Hyaluronic acid has been shown to be a suitable tissue
engineering construct for intestinal epithelial cells118. Because
intestinal epithelial cells adhered to the hyaluronic acid substrate,
hyaluronic acid may be a good candidate for facilitating carrier
interactions with the intestinal wall. It is important to note that
hyaluronic acid served as a substrate for Caco-2 cells, meaning
that the basolateral side of the polarized cells adhered well to
hyaluronic acid.

Drug delivery systems of pectin, which contains polygalacturo-
nic acid, have been investigated for ocular and colonic deliv-
ery119,120. In addition, rheological studies have shown that
pectin can interact with mucin121. These interactions depended
on mucin concentration but also on the degree of esterification of
pectin121.

Galectins, a type of lectin, have affinities for β-galactosides and
are expressed on the apical side of the intestinal epithelium. To the
best of our knowledge, the ability of β-galactosides to interact with
the intestinal epithelium in a receptor-ligand fashion has not yet
been investigated. However, galectin-3 is expressed on the apical
side of intestinal epithelial cells and has been shown to bind
glycosaminoglycans containing β-galactose122–125.

Dextran and pullulan are neutral polysaccharides composed of
glucose units. These polysaccharides have been used in a variety
of drug delivery applications. Dextran is especially well character-
ized for in vivo applications and is considered non-immunogenic.
These polysaccharides are not considered to be strongly
mucoadhesive. However, they are typically long, mostly
linear, hydrophilic chains. Their structure would allow for the
tethers of dextran and pullulan to diffuse into the mucosa and
promote carrier interactions with the intestinal wall via chain
interpenetration.
6. Recent studies in therapeutic protein and peptide delivery

Since the development of the first oral delivery systems (capsules
and nanoparticles) for oral delivery of insulin in diabetic patients,
Peppas et al.59,126–128 have further developed the oral delivery
technology and applied it to a number of other applications of oral
and transmucosal delivery of therapeutic agents. More recently,
new platforms for the oral delivery of "high isoelectric point
drugs" have been studied extensively. Such drugs include a
number of well-known therapeutic agents, especially Humira for
the treatment of Crohn's disease129–131.

More specifically, Koetting et al.129,130 have developed a new
generation of oral delivery systems for delivery of calcitonin for
possible treatment of osteoporosis in postmenopausal women. The
authors synthesized pH-responsive hydrogels of itaconic acid (IA)
copolymerized with N-vinyl pyrrolidone (NVP) or poly(ethylene
glycol) methacrylate, designated P(IA-co-NVP) or P(IA-g-PEG),
respectively. In pH-dependent swelling studies, the carriers dis-
played favorable swelling characteristics for delivery in the small
intestine, achieving up to 10 times greater swelling ratios within a
therapeutic time frame than previously studied P(MAA-g-EG) or P
(MAA-co-NVP) hydrogels. Using in vitro loading and release
studies, it was shown that the carriers were capable of delivering
therapeutic levels of calcitonin, although methacrylic acid-based
hydrogels exhibit greater overall release. Finally, it was demon-
strated that improved delivery of calcitonin could be achieved via
from simple optimization of the protein loading solution. Utilizing
solutions of reduced ionic strength allows for up to 100%
improvement in the fraction of loaded drug that is released and
up to a 16-fold improvement in drug delivered per unit weight of
polymer vehicle. Further, the authors demonstrated that up to
170% improvement can be obtained in the in vitro delivery
capability of the high pI protein salmon calcitonin (sCT) resulting
from use of itaconic acid as the pH-responsive moiety.

Two additional proteins have been evaluated: anti-TNF-α
monoclonal antibody (MAb) and growth hormone (GH)131–133.
Besides their therapeutic relevance for the treatment of rheumatoid
arthritis and growth hormone deficiency, respectively, these
proteins have been selected because they exhibit a completely
different window of stability, and have different size, solubility
and isoelectric points than insulin. The hydrogel chemistries were
rationally designed tailored to the specific protein properties. A
reformulation of hydrogels was necessary to incorporate N-vinyl
pyrrolidone (NVP), (P((MAA-co-NVP)-g-EG)) for the delivery of
GH, and both P(MAA-g-EG) and P(MAA-co-NVP) hydrogels
were synthesized using different crosslinkers were evaluated for
the release and stability of the high molecular weight anti-TNF-α
MAb.



Figure 6 Dynamic weight swellg ratio, q, of P(MAA-g-EG) (A) and P(MAA-co-NVP) (B) disks with varying crosslinker composition
(PEGDMA-400, TEGDMA, and PEGDMA-1000), in DMGA/sodium hydroxide buffers (Reprinted from Ref. 131 with permission).

Figure 7 The secondary and tertiary structure of anti-TNF-α Ab
released from P(MAA-g-EG) and P(MAA-co-NVP) microparticles
(Reprinted from Ref. 131 with permission). (A) Changes in secondary
structure from unencapsulated protein were monitored using circular
dichroism spectroscopy. (B) Changes in tertiary structure from
unencapsulated protein were monitored using fluorescence
spectroscopy.
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Polymer disks were prepared by UV-initiated free radical
solution polymerization, and crushed and sieved into microparti-
cles of 50–150 μm in diameter. Dynamic and equilibrium pH
swelling studies were completed to determine the behavior of the
compositions in gastric and intestinal conditions. For the delivery
of anti-TNF-α MAb, Fig. 6 illustrates the dynamic swelling
behavior of both P(MAA-g-EG) and P(MAA-co-NVP) hydrogels
synthesized using different crosslinkers (PEGDMA-400,
TEGDMA, and PEGDMA-1000)131. All hydrogel formulations
demonstrated an increase in the volume swelling ratio with an
increase in pH, and the presence of EG dramatically increased the
swelling potential of the system as compared to P(MAA-co-NVP)
compositions. Additionally, incorporation of crosslinkers with
increased length and hydrophilicity led to a significantly increased
hydrogel swelling ratio in both the P(MAA-g-EG) and P(MAA-co-
NVP) formulations. Further, a detailed evaluation on protein
structure and in vitro bioactivity was performed in order to
determine any instability caused by encapsulation and release
from hydrogel microparticles. The primary, secondary, and tertiary
structure of anti-TNF-α Ab was evaluated using SDS-PAGE,
circular dichroism, and fluorescence spectroscopy. The biological
function of the released anti- TNF-α was determined by measuring
the neutralizing ability to the cytotoxic effect of TNF-α MAb in
L929 cells. As shown in Fig. 7, a slight change in the tertiary
structure (i.e., decrease in fluorescence intensity) of anti-TNF-α Ab
was observed when released from P(MAA-co-NVP) hydrogels131.

More recently, Horava et al.134–136 completed pioneering new
work on the development of one of the first oral delivery systems
for hemophiliac factor IX (FIX), an agent whose absence from the
blood is a main cause of Hemophilia B. The pH-responsive
microcarrier system is an anionic complexation hydrogel com-
prised of a copolymer of methacrylic acid and poly(ethylene
glycol) dimethacrylate (PEGDMA). This polymer network is
physically crosslinked with an ethylene glycol-containing agent.
Therapeutically relevant protein, FIX, is encapsulated in the
hydrogel post polymerization. Due to the pH-responsive swelling
of the hydrogel, the microcarrier protects the protein from the
harsh environment of the stomach and releases the protein in the
small intestine, which is the desired site of absorption. The mesh
size of the P(MAA-g-EG) system was tailored for the loading and
release of FIX by crosslinking with poly(ethylene glycol) dimetha-
crylate of increasing molecular weight (MW¼400, MW¼600, or
MW¼1000). The MW 1000 PEGDMA crosslinking agent has a
longer chain length, allowing for a significantly larger mesh size
when compared to the MW 400 (78.9 7 5.1 Å vs. 103.3 7 5.2 Å).
Increasing the PEGDMA length led to improved loading and
protection of active FIX protein in simulated in vitro conditions.
Further, the authors demonstrated enhanced in vitro intestinal
absorption of FIX and showed that the presence of particles
increased FIX permeability.

Peppas et al.137–148 have developed a new generation of
therapeutic formulations that can be used for the release of siRNA
and microRNAs. Here, the authors designed a two-stage, multi-
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component delivery system of a hydrogel nanoparticle encapsu-
lated within a microparticle. The particles were designed to have
an inverse pH-responsive behavior to first allow the cargo to
safely traverse the harsh environment of the GI tract through an
anionic pH-responsive microparticle, and subsequently facilitate
intracellular delivery of the siRNA payload through a cationic
pH-responsive nanogel that exploits the natural pH gradient found
during endosomal trafficking. Such systems show value in treating
Crohn's disease, ulcerative colitis, and celiac disease. This plat-
form technology has also applicability in designing a new
generation of oral delivery vaccines149,150. The two-stage delivery
holds can effectively address a few challenges in addition to those
generally associated with oral delivery—including that protein
antigens are not highly immunogenic and require both spatial and
temporal presentation of the antigens to the immune system.
Further, Schoener et al.151–154 have studied oral delivery syst-
ems for chemotherapeutic agents for treatment of certain types
of cancers.
7. Conclusions and future perspective

With the completion of the human genome project and advances in
protein engineering, therapeutic proteins and peptides are poised to
become more widely used for disease treatment. Protein drugs,
such as insulin, hemophilia factors VIII and VIIII, calcitonin,
growth hormone, and interferon-β, have traditionally been admi-
nistered by injection because of their large molecular weights and
the dependence of their bioactivity on structure.

While parenteral administration has been an effective route,
alternative routes of administration are of interest to increase
patient adherence, reduce waste, and eliminate adverse effects
associated with repeated injections. As described in this review,
the oral administration of protein drugs has major challenges. The
activity of the protein drug must be maintained in the GI tract, and
therapeutic levels of the active drug must make their way into the
bloodstream leading to a therapeutic bioavailability. To meet these
challenges, an oral delivery system must protect the drug in the
stomach from proteolytic enzymes and acid but allow absorption
of the drug in either the small or large intestine. The target site of
absorption is the small intestine which is typically preferred for
absorption of hydrophilic proteins due to a more permeable
epithelium than the colon.

Co-administration of certain molecules in formulations, such as
permeation enhancers and protease inhibitors, has improved the
ability to orally deliver therapeutic proteins and peptides. How-
ever, there are still significant challenges associated with the
approaches. Permeation enhancers do not protect the therapeutic
from the harsh conditions of the GI tract and, thus, may result in
significant therapeutic degradation before intestinal absorption.
The use of protease inhibitors to alter conditions in the GI tract
carries significant concerns, such as the long-term effects of
continuous exposure and patient-to-patient variability in
absorption.

Anionic complexation hydrogels demonstrate pH-responsive
swelling behavior and have shown potential for use in such an
oral protein and peptide formulation. Poly(methacrylic acid-
grafted-ethylene glycol), P(MAA-g-EG), gels are particularly
suited for oral protein delivery because they have the ability to
swell dependent on pH allowing for drug release to be triggered by
a change in pH. In more acidic environments, diffusion into and
out of P(MAA-g-EG) gels is limited due to physical crosslinks
composed of hydrogen bonds between methacrylic acid and
ethylene glycol. In the neutral conditions of the small intestine P
(MAA-g-EG) gels swell allowing for diffusion of entrapped drugs
out of the gel. These properties allow for protection of the protein
in the stomach but release in the small intestine.

In the case of oral delivery, the bioactivity of the therapeutic
must not only be preserved in the GI tract, but sufficient absorption
of the drug into the bloodstream must take place. A promising
strategy to further improve bioavailability is to enhance the
interactions between oral delivery carriers and the intestinal wall.
A biomimetic approach based on the mediation of carbohydrates
and polysaccharides in many adhesion and recognition processes
has shown potential to improve the interactions. Improved inter-
actions between the carrier and the intestinal wall will increase the
residence time of the carrier allowing more time for the protein
drug to release at the site of absorption. A better understanding of
these mechanisms as well as other muscus-penetrating strategies
will help in the design and development of the next generation of
intelligent biocompatible carriers for peptide and protein delivery.
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