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Oral delivery of peptides and proteins remains an attractive alternative to parenteral delivery and has
challenged various attempts at delivery development. Incorporation of new tools into the delivery
systems that can raise membrane permeability of macromolecules is essential to attain high oral
bioavailability that is acceptable in clinical applications. In developing oral protein delivery systems
with high bioavailability, three practical approaches might be most helpful: (1) modification of the
physicochemical properties of macromolecules; (2) addition of novel function to macromolecules; or (3)
use of improved delivery carriers. Clearly, it is essential that these approaches maintain the biological

activity of the proteins.

Peptides and proteins have become the drugs of choice for the
treatment of numerous diseases as a result of their incredible
selectivity and their ability to provide effective and potent action
[1]. In general, they cause fewer side effects and have great poten-
tial to cure diseases, rather than merely treat their symptoms. A
wide variety of peptide and protein drugs is now produced on a
commercial scale as a result of advances in the biotechnology field
[1-3]. The past decade saw an increased interest in formulating and
delivering biological drugs for a range of diseases with significant
unmet medical need. Unlike conventional small molecular drugs,
clinical development of these types of drug will not be possible
without some sort of sophisticated pharmaceutical technology.

Administering drugs orally is by far the most widely used route
of administration, although it is generally not feasible for peptide
and protein drugs. The main reasons for the low oral bioavail-
ability of biologicals are presystemic enzymatic degradation and
poor penetration of the intestinal membrane [4,5]. Much has been
learned in the past few decades about macromolecular drug
absorption from the gastrointestinal (GI) tract, including the
barriers that restrict GI absorption. Various strategies have been
pursued to overcome such barriers and to develop safe and effec-
tive oral delivery systems for proteins [3-5].
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The oral route for peptide and protein administration continues
to present a significant challenge and represents a focus for many
pharmaceutical researchers. However, we believe that only further
research into delivery systems can make it possible for the oral
route to represent a viable route of administration for peptide and
protein drugs, improving convenience for, and compliance from
patients who would benefit from these drugs.

Intestinal transport and issues in the oral delivery
system of biologicals

Most therapeutic peptides and proteins are hydrophilic, with LogP
values <0. Thus, they would not be expected to follow the trans-
cellular route of absorption through passive diffusion [6]. The
dimensions of the paracellular space lie between 10 and
30-50A, and the paracellular route is not an option for macromo-
lecular absorption because it is restricted to relatively small hydro-
philic molecules that can fit in these spaces [7]. In the case of one of
the most widely prescribed protein drugs, insulin, evidence of a
paracellular route of absorption was not shown by either morpho-
cytochemical or biochemical analyses [8]. It was demonstrated that
insulin adsorbed to the apical membrane and was internalized by
certain types of endocytosis [9]. Some proteins have been shown to
be actively transported across the epithelial lining of the small
intestine in membrane-bound vesicles after binding to cell-surface
receptors or binding sites [10]. However, only a tiny fraction is
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released at the basolateral membrane and secreted into the
interstitial space in an intact form. Although, interestingly, there
is evidence that significant quantities of peptides and proteins
(enough to demonstrate a pharmacologic effect) can be absorbed
if they are protected from proteolytic enzymes in the GI tract
[11,12].

To increase the oral bioavailability of biologicals, a strategy
involving permeation enhancement or protease inhibitors as
additives could be effective, and could provide higher reproducible
bioavailability. Although such approaches can be very successful
in the laboratory [3,13], they still represent a challenge for wide-
spread acceptance by clinicians and regulatory bodies. The use of
enzyme inhibitors in long-term therapy remains questionable
because of possible absorption of unwanted proteins, disturbance
of the digestion of nutritive proteins and stimulation of protease
secretion as a result of feedback regulation [3].

A strategy for modulating tight-junction permeability to
increase paracellular transport of drug molecules has been studied
[14,15]. In fact, the Zonula Occludens toxin [15,16], chitosan [17],
thiolated polymers [18] and Pz-peptide [19] all demonstrate a
powerful capacity to increase macromolecular drug absorption.
However, potentially, such a strategy is not without safety con-
cerns. Once tight junctions have been opened, transport is
enhanced not only for drugs, but also for potentially toxic or
unwanted molecules present in the GI tract [13,14]. Because many
biologicals are used for the treatment of chronic conditions, the
long-term implications of unwanted protein absorption could
represent a source of concern.

What is the most practical approach?

Even without functional modification of intestinal epithelial cell
physiology or proteolytic enzyme activity, it is possible to increase
bioavailability to some extent using pharmaceutical technologies.
Such approaches involve protection from pepsin digestion in the
stomach by enteric coating, rapid drug release in the duodenum to
provide a higher concentration at the epithelial surface, temporary
decrease of local pH in the small intestine, adhesion to the mucous
membrane and colon targeting. These are all effective steps in
increasing macromolecular drug absorption. Combination effect
of these approaches has been demonstrated by the development of
multifunctional smart polymers that are equipped with sharp pH-
dependent drug release, Ca**-deprivation ability and mucoadhe-
sive characteristics [20]. Smart polymer microparticles offer the
advantages of decreasing the previously mentioned barriers for the
absorption of biologicals. Indeed, these systems showed very high,
~10%, pharmacological availability of insulin following oral
administration [21]. However, this value seems to represent the
upper limit of bioavailability and it is not possible to exceed it, as
long as macromolecules released in the GI tract are exposed
directly to proteolytic enzymes.

Mucoadhesive delivery systems adhere to the mucous gel layer
covering mucosal membranes. Such systems are expected to pro-
long the residence time at the local site of absorption and to
increase the concentration gradient between delivery system
and intestinal membrane. As a result, numerous mucoadhesive
delivery systems have been proposed. The delivery systems are
thought to be effective in enhancing the intestinal absorption of
biologicals vulnerable to proteolytic enzymes [22,23]. Indeed, the

approach can minimize presystemic metabolism of peptide and
protein drugs in transit between the delivery system and the
membrane through the action of luminal proteases. However,
proteases in the mucus or glycocalyx and brush border membrane
create strong metabolic barriers [24].

Drug absorption from the GI tract might vary according to age,
diet and disease state. Therefore, it is probably wise to avoid
developing protein-delivery systems when they exhibit a narrow
therapeutic window, unless their low bioavailability values can be
improved. For example, absorption of unexpectedly large quan-
tities of insulin from poorly developed oral insulin-delivery sys-
tems might result in death. Therefore, it is essential to produce an
oral dosage form that has reasonable, consistent and predictable
bioavailability. The desirable values of pharmacologically accep-
table bioavailability vary and are a matter of debate. Some phar-
maceutical companies are willing to introduce protein-delivery
formulations with bioavailability as low as 10%. However, for oral
insulin delivery, a much higher value might be necessary. Inter and
intra variation in bioavailability should be minimal.

It is clear that there will be only limited success from strategies
directed at overcoming the enzymatic barrier alone. Unless one
can increase the membrane permeability of biologicals, it is unli-
kely that high oral bioavailability can be achieved. To develop an
oral delivery system with high bioavailability for biologicals it will
be necessary to consider (1) modification of a physicochemical
property (lipophilicity and enzyme susceptibility) of the macro-
molecules; (2) the addition of novel functionality (e.g. receptor
recognition or cell permeability) to macromolecules; or (3) the use
of a delivery carrier system. A combination of these approaches
might also lead to a successful solution. Of course, it is desirable
that the attempts do not affect the integrity of the tight junctions
of the intestinal epithelium or other membrane bilayers while
maintaining the biological activity of biologicals.

Modifying the physicochemical nature of
macromolecules

GI epithelial cell membranes strictly limit the penetration of
peptides and proteins. A minimum level of lipophilicity is needed
for the molecules to partition into epithelial cell membrane and to
be absorbed transcellularly [6]. Furthermore, in the case of biolo-
gicals, enzyme resistance is required so that a reasonable amount is
absorbed. Structural modification of biologicals provides several
opportunities to improve not only membrane permeability, but
also proteolytic stability.

For example, the strategy of producing prodrugs [25,26] and
analogs [27] of biologicals might protect them from degradation
by proteases and other enzymes present in the GI tract. Lipidiza-
tion, which is the covalent conjugation of a hydrophobic moiety
or the noncovalent interaction with a hydrophobic compound,
can increase the lipophilicity of peptide and protein molecules
[28,29], whereas conjugation with polyethylene glycol (PEG)
improves solubility and offers protection from enzymatic degra-
dation [30,31]. These modifications can be used to optimize the
pharmacokinetic properties of the macromolecules, but care must
always be taken not to reduce their biological efficacy. To over-
come the issue of low biological activity of lipidized macromole-
cules, a reversible lipidization technique has recently been
developed to ensure the regeneration of active polypeptides from
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their lipid conjugates following oral absorption [32]. Several
therapeutic peptide drugs have been lipidized using this technol-
ogy, and modified macromolecules exhibited an increase in
epithelial absorption and GI stability.

Covalent and noncovalent drug modifications for increasing
membrane permeability are currently employed by two compa-
nies, the Nobex Corporation (NC, USA) and Emisphere Technol-
ogies (Tarrytown, NY, USA). Nobex has modified recombinant
human insulin at lysine-29 on the p-chain by covalently binding
a hydrophilic PEG chain and a lipophilic alkyl chain. Clinical trials
with type 1 and type 2 diabetic patients have demonstrated initial
efficacy, but low bioavailability (estimated at 5%) continues to be a
problem [33]. Emisphere’s eligen™ technology makes use of small
hydrophobic organic compounds that interact noncovalently
with macromolecules, increasing their lipophilicity and enhan-
cing absorption [29]. Using this technology, several macromole-
cules have been delivered orally, safely and effectively, in humans.
However, in addition to the low-bioavailability issue, another
potential problem of Emisphere’s strategy is the requirement of
a large amount of the delivery agent in a dose [34].

Adding novel functionality to macromolecules
Potential use of endogenous cellular transport systems
Introduction of novel functionality to peptides and proteins using
transport-carrier molecules that are recognized by endogenous
cellular-transport systems in the GI tract might represent a more
practical and safer strategy for increasing intestinal absorption of
peptides and proteins. In fact, this is a method that has been
undertaken by numerous investigators and companies to achieve
improved bioavailability. However, no such systems are available
commercially as yet. The associated transport mechanisms are
membrane transporters and receptor-mediated endocytosis, recog-
nizing and internalizing specific ligands attached to macromole-
cules. For example, by attaching a drug to a dipeptide that is
recognized by a peptide-influx transporter, its oral absorption
can be increased [35]. Efflux transporters such as P-gp might
contribute significantly to the poor bioavailability of certain drugs,
including peptides [36]. Therefore, treatment with P-gp inhibitors
could possibly improve the oral absorption of P-gp substrates, and
such a drug-delivery strategy has been recently discussed [36].
However, in general, membrane transporters are limited to trans-
porting relatively small drugs. By contrast, receptor-mediated
endocytotic systems do not seem to be limited with regard to
the size of the drug transported across the cell. Receptor-recogniz-
able ligands, such as lectins, toxins, viral haemagglutinins, inva-
sins, transferrin, and vitamins (Vitamin B;, [VB;,], folate,
riboflavin and biotin), can be tethered to a drug substance to
improve the specificity of the intracellular delivery systems to
specific target cells [37-39].

It has been demonstrated that receptor-mediated endocytosis
of VB, could be used for oral delivery of peptides and proteins
[37]. Transferrin is also useful as a carrier for oral delivery of
protein drugs such as insulin and granulocyte colony-stimulat-
ing factor (G-CSF). Recently, through recombinant DNA tech-
nology, Bai et al. [40] elegantly produced a functionally active G-
CSF-transferrin fusion protein and demonstrated that its biolo-
gical activity following oral administration to mice was similar
to that of subcutaneous G-CSF administration. There are high

expectations that this new recombinant fusion protein technol-
ogy will be useful for the future development of orally effective
biologicals.

Prospects for using cell-penetrating peptides (CPPs)

During the past decade, a class of short peptides, such as TAT (48—
60), penetratin and oligoarginine, have been used to internalize
different bioactive compounds into cells [41,42]. These CPPs were
found to enable the delivery of small molecules, macromolecules,
liposomes and nanoparticles into cells or tissues by chemically
hybridizing with target materials. Some of the carriers, peptides
and proteins delivered by CPPs are shown in Table 1.

The CPPs deliver their cargoes into the cytoplasm by directly
perturbing the lipid bilayer structure of the cell membrane or by
endocytosis [41,42]. With regard to the toxic effects of CPPs, it has
been reported that penetratin caused very little disturbance to
membranes, whereas TAT appeared to cause practically no harm to
cell membranes [42]. Toxicity and undesirable side effects have not
been detected in most in vivo applications of CPPs [42,43]. There-
fore, these methods are expected to become powerful tools for
overcoming the low permeability of biologicals through epithelial
cell membranes, which is the greatest barrier to macromolecular
oral drug delivery.

Although there is only limited information about their effects
on the membrane permeability of macromolecular drugs, it has
been reported that insulin transport across Caco-2 cells was dra-
matically increased by conjugation of insulin with TAT [44]. The
CPP strategy is based on a nonspecific delivery mechanism; how-
ever, the increased targeting ability of CPPs is also proposed [45].
So far, CPP strategy research lacks sufficient numbers of in vivo
studies that could demonstrate their therapeutic potential. More
efficacy and safety data are definitely needed to develop this
delivery system towards market availability.

Using particulate delivery carrier systems
Most oral delivery strategies for biologicals are based on systems
equipped to protect against enzymatic degradation and provide
high transfer of drugs across the epithelium mucosa. Particulate
carrier systems meet these requirements. They protect fragile
macromolecules against enzymatic degradation in the harsh
environment of the GI tract. Certain particles can be taken up
by epithelial cells or the lymphoid tissues in Peyer’s patches
without employing additional penetration enhancers. So far, poly-
meric drug delivery systems based on hydrogels, nanoparticles,
microspheres, and lipid-based drug delivery systems (e.g. micro-
emulsions, liposomes, and solid lipid nanoparticles) have been
developed and employed for oral macromolecular drug delivery.
Of the particulate carrier systems, lipid-based particles generally
do not entrap hydrophilic macromolecular drugs with high effi-
ciency. In addition, they have low stability in the GI tract. Con-
ventional liposomes and microemulsions have not met with much
success in the mucosal delivery of hydrophilic macromolecular
drugs. Although fusogenic liposomes that are equipped with the
envelope glycoprotein of Sendai virus [46] or liposomes that are
coated with a mucoadhesive polymer [47] showed significant
improvement of hydrophilic macromolecular drug absorption
from the intestine, overall, solid particles appear to be better than
lipid-based particles for oral delivery.
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TABLE 1

Examples of systems delivered by various cell-penetrating peptides (CPPs)

Systems CPP

Application/cell type Ref

Particulate carriers

Magnetic nanoparticles Tat In vitro/hematopoietic and neutral progenitor cells [58]
Gold nanoparticles Tat In vitro/Hela cells, 3T3/NIH cells, HepG2 cells [59]
Dendrimers Tat In vitro/NIH 3T3 MDR cells [60]
Liposome Tat In vitro/BT20, LLC and H9C2 cells [61], [61-63]
in vitro/various cancer cells [62],
in vitro/tumour and dendritic cells [63]
Liposome Penetratin In vitro/various cancer cells [62]
Liposome Antennapedia In vitro/tumour and dendritic cells [63]
Peptides and proteins
Beta-galactosidase, Rnase A, Horseradish peroxidase, Tat In vitro/Hela cells, in vivo/BALB/c mice [64]
Domain Il of pseudomonas exotoxin A
Peptide derived from the VHL tumour suppressor Tat In vitro/RCC786-0 cells, [65]
in vivo/Harlan Sprague Dawley nude mice
p53 11 Poly-arginine peptides In vitro/cancer cells [66]
Insulin Tat In vitro permeation/Caco-2 cells [44]
p16-derived synthetic peptide Antennapedia In vivo/BALB/c nu/nu mice [67]
Antibody Tat In vitro/3T3-L1 cells [68]
Green fluorescent protein hCT(9-32) In vitro/bovine nasal mucosa [69]

Oral nanoscale carriers

Peyer’s patches are follicles of lymphoid tissue covered by a
specialized epithelium containing M cells [48]. These M cells are
responsible for particle uptake, and surface charge and size of
particles are the important factors governing the uptake of parti-
culates by the M cells [49]. In general, nanoscale dimensions
favour transport of particles across the mucosal epithelium. Desai
et al. demonstrated that 100 nm poly(lactic-co-glycolic acid)
(PLGA) particles diffused throughout the submucosal layers,
whereas 10 pm particles were predominantly localized on the
epithelial lining of the tissues [50]. Taken together, nanoscale
carriers composed of biocompatible polymers are thought to be
promising for the development of an oral delivery system for
macromolecules. Representative nanoscale oral polymer carriers

employed for oral peptide and protein drug delivery are shown in
Table 2. Indeed, these nanocarriers show pharmacological effects
of the incorporated biologicals following oral administration in
vivo. The potential of chitosan nanoparticles for oral peptide
administration has been recently reported by several researchers,
as shown in Table 2. Insulin-loaded chitosan nanoparticles admi-
nistered orally to diabetic rats reduced their glucose levels to a
normal range for more than several hours [51,52].

However, chitosan-coated nanoparticles clearly reduced the
transepithelial resistance of a Caco-2 cell monolayer [17,53].
Therefore, their potential use for clinical applications is question-
able. To target the epithelium and provide a greater uptake of
particles, the surface of carriers has been linked to ligands. Nano-
particles with VB, or lectins attached to their surface have been

TABLE 2

Oral nanoparticle (NP) drug carrier®

Carrier Drug Size (nm) Animal Outcome Ref
Poly(isobutylcyanoacrylate) NP Insulin 220 STZ-induced diabetic rat Long-lasting strong hypoglycemic response  [70]
Chitosan NP Insulin 250-400 Alloxan-induced diabetic rat Pharmacological availabilityb was 14.9% [51]
Chitosan NP Insulin 269, 339 STZ-induced diabetic rat Pharmacological availability® was 3.2-5.1%  [52]
Chitosan-coated lipid NP sCT 537.0 Rat Long-lasting hypocalcemic response [17]
Chitosan-coated PLGA NP Elcatonin 650 Rat Long-lasting hypocalcemic response [71]
PLGA NP sCT 171.9-315.1 Rat Bioavailability of sCT was ~0.4% [72]
Poly(N-isopropyl acrylamide) NP sCT 148-895 Rat Hypocalcemic response [73]
Nanocubicle Insulin 220 STZ-induced diabetic rat Strong hypoglycemic effect [74]
Acrylic-based copolymer NP Insulin 200 (pH 2)-2000 (pH 6) STZ-induced diabetic rat Significant reduction of serum glucose [75]

@ Abbreviations: PLGA, poly(lactic-co-glycolic acid); sCT, salmon calcitonin; STZ, streptozotocin.
® Pharmacological availability of peroral chitosan-insulin nanoparticles was determined based on the extent of hypoglycemic response relative to subcutaneous [51] or peritoneal [52]
insulin injection.
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shown to be absorbed through the receptor-mediated endocytosis
pathway [37]. However, as Florence pointed out, we should con-
sider issues in relation to nanoparticle ligand-receptor interac-
tions, such as the possibility of the hydrolytic loss of ligands and
particle aggregation preventing access to the ligands [54].

In recent years, polymeric micelles have received growing atten-
tion as functional nanomaterials [S5]. Polymeric micelles are
formed through the self-assembly of amphiphilic block copoly-
mers in an aqueous environment. They have a nanoscopic, core/
shell structure in which the hydrophobic core acts as a micro-
reservoir for the encapsulation of hydrophobic drugs. Among
them, polyion complex micelles can entrap biomacromolecules
such as enzymes and DNA, and might attain increased stability
against various environmental factors by the micellar structure
[56]. Recently, it has been shown that the polymer micelles cross
the intestinal barrier after oral administration [57], therefore, the
polymeric micellar systems might also be useful for the oral
delivery of macromolecules.

Several issues remain to be resolved for the success of nanopar-
ticle-mediated delivery of biologicals: the low-incorporation effi-
ciency of hydrophilic drugs; precise control of drug release; and
avoidance of particle aggregation. These problems must be solved
before we can attain an efficient and reliable uptake via the oral
route that allows a therapeutic response. In addition, the possible
accumulation of nondegradable particles in tissues might lead
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