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ABSTRACT With continuing advances in biotechnology and
genetic engineering, there has been a dramatic increase in the
availability of new biomacromolecules, such as peptides and
proteins that have the potential to ameliorate the symptoms of
many poorly-treated diseases. Although most of these macromo-
lecular therapeutics exhibit high potency, their large molecular
mass, susceptibility to enzymatic degradation, immunogenicity
and tendency to undergo aggregation, adsorption, and denatur-
ation have limited their ability to be administered via the traditional
oral route. As a result, alternative noninvasive routes have been
investigated for the systemic delivery of these macromolecules,
one of which is the buccal mucosa. The buccal mucosa offers a
number of advantages over the oral route, making it attractive for
the delivery of peptides and proteins. However, the buccal mu-
cosa still exhibits some permeability-limiting properties, and there-
fore various methods have been explored to enhance the delivery
of macromolecules via this route, including the use of chemical
penetration enhancers, physical methods, particulate systems and
mucoadhesive formulations. The incorporation of anti-aggregating
agents in buccal formulations also appears to show promise in
other mucosal delivery systems, but has not yet been considered
for buccal mucosal drug delivery. This review provides an update
on recent approaches that have shown promise in enhancing the

buccal mucosal transport of macromolecules, with a major focus
on proteins and peptides.
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INTRODUCTION

For many years, the lack of industrial manufacturing processes
for peptides and proteins had limited their use and availability
as therapeutic agents [1]. However, with modern advances in
the fields of biotechnology and genetic engineering, as well as
the development of sophisticated delivery technologies, the
potential for clinical use of various biomacromolecular thera-
peutic agents is becoming a reality [2–4]. Widely-used
biomacromolecules include monoclonal antibodies for the
treatment of cancer and autoimmune diseases, vaccines for
immunization against hepatitis A and/or B, insulin for the
treatment of diabetes, human growth hormone for supple-
mentation in hormone deficiency, interferon α for the treat-
ment of hepatitis B and/or C [5] and peginesatin for the
treatment of anemia in dialysis patients with chronic kidney
disease [6].

While oral administration of such peptides and proteins
would be the most conventional and patient-friendly approach
for their delivery, intestinal absorption of these macromolecules
is generally limited by their hydrophilic characteristics and
large molecular mass. Moreover, other common properties of
these macromolecules such as susceptibility to proteolytic deg-
radation, a short plasma half-life, immunogenicity, and their
tendency to undergo aggregation, adsorption, and denatur-
ation are also limiting factors preventing the oral delivery of
peptides and proteins for treatment of various diseases [7, 8].

Given the limitations associated with oral delivery, paren-
teral administration (e.g. intravenous or subcutaneous delivery)
has consequently been the traditional route for delivering these
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macromolecules [5, 9]. However, disadvantages such as dis-
comfort at the site of injection, inconvenience associated with
storage and administration, and poor patient compliance have
often limited the parenteral route for delivering such macro-
molecules [10]. Various alternative routes of delivery have
therefore been explored for suchmolecules, including the nasal,
vaginal, transdermal and pulmonary routes, but limitations
associated with each route may prevent their acceptability for
certain therapeutics [11]. While nasal delivery is an attractive
route because of the ease of administration, adverse effects
including rhinitis and rhinorrhea, often induced by excipients
(such as absorption enhancers and surfactants), may render this
route of administration unacceptable for certain molecules
[12]. Moreover, long term nasal administration may compro-
mise the integrity of the nasal mucosa, and there are reports
suggesting untoward effects of penetration enhancers on
mucociliary activity [13, 14]. While intravaginal delivery of
peptides has been attempted, it is characterized by poor and
variable bioavailability, which has been associated with formu-
lation factors, vaginal physiology, age of the patient and alter-
ations occurring through the menstrual cycle [15]. Moreover,
formulations to be administered via the intravaginal route may
exhibit low retention to the vaginal epithelium and induce local
irritation, negatively affecting patient compliance [16]. While
the transdermal route has the advantages of ease of access and
the availability of a large surface area, irritation at the site of
application and the visibility of the formulation (such as
patches) can often limit patient acceptability of this route of
delivery [17]. The pulmonary route offers a large and highly
absorptive surface area (80–120 m2), extensive vascularization
and low thickness of the alveolar epithelium, which contribute
to a rapid onset of pharmacological action [18]. However, the
presence of drug-metabolizing enzymes and alveolar macro-
phages may limit the pulmonary absorption of peptides and
proteins [5, 18]. Moreover, long-term application may cause
irritation and irreversible lung damage [5], and many patients
have difficulty using inhaler devices correctly, often resulting in
suboptimal therapy [19]. Thus, while each of these routes can
be potentially exploited for the delivery of macromolecular
therapeutics, potential disadvantages associated with each of
them can limit their usefulness for the systemic delivery of these
agents.

Over the last two decades, considerable attention has been
devoted to the buccal mucosa as an alternative route for drug
administration because of its excellent accessibility and phys-
ical robustness, as well as the avoidance of intestinal and
hepatic metabolism, which is particularly favorable for pep-
tide and protein delivery [20, 21]. Unlike the skin, the human
buccal mucosa consists of 40 to 50 layers of non-keratinized
cells, which makes it a more permeable membrane, and is
particularly important for the systemic delivery of hydrophilic
biomacromolecules such as peptides and proteins [22]. The
accessibility of the buccal mucosa favors the administration of

formulations at this site, and, in the event of adverse reactions,
formulations can be easily and quickly removed (an option not
possible with oral or pulmonary delivery). In addition, buccal
and sublingual regions have low enzymatic activity, with en-
zymes such as trypsin, chymotrypsin and pepsin (which are
present in the gastric and intestinal fluids) being largely absent
in the oral mucosa [23]. This specific property of the buccal
mucosa is particularly favorable for peptide and protein de-
livery given their susceptibility to enzymatic degradation,
which is a very common reason for their poor oral absorption
[24]. Furthermore, the buccal mucosa is a well-vascularized
tissue, from which blood vessels drain directly into the jugular
vein. Therefore, molecules that are able to penetrate the
buccal mucosal epithelium are likely to be delivered rapidly
into the systemic circulation, avoiding the hepatic first pass
effect [25]. It should also be noted that, particularly for
sustained-release mucoadhesive devices, cellular turnover
time in the buccal mucosa is slower (4–14 days) than in the
gastrointestinal tract, allowing formulations to adhere to the
buccal mucosa for relatively longer periods of time [26]. The
relatively high permeability of the buccal mucosa translates
into a lower required dose of macromolecule, thus reducing
the cost of goods and limiting the potential for undesirable side
effects associated with higher doses. Despite these advantages,
the buccal mucosa has a low surface area available for molec-
ular absorption (relative to the gastrointestinal mucosa), and
the constant flow of saliva can reduce the transport of macro-
molecules across the buccal mucosa through clearing such
molecules into the throat. In addition, molecules with a strong
taste are not desirable for buccal delivery and therefore taste
issues must be considered prior to application [22]. Although
some of these limitations may not be controlled, the benefits
associated with buccal mucosal administration outweigh the
limitations, making it a promising route for the administration
of macromolecular therapeutics, such as peptides and
proteins.

Given that peptides and proteins are generally larger than
most conventional drugs (with molecular masses ranging from
600 to 100,000 Da) [27], the inherent barrier nature of the
buccal mucosa still represents a challenge, and various en-
hancement strategies are often required to ensure a suitable
absorption profile is achieved. The first attempts to use the
buccal mucosa for insulin delivery, for example, were made as
early as 1925. Given the limited permeability of insulin across
this membrane, several attempts have beenmade since then to
improve buccal absorption by, for example, adding chemical
enhancers or by modifying the physicochemical properties of
the peptide. After multiple attempts at improving buccal
delivery of this protein, a buccal system for this protein
(Oral-lyn®) has been developed by Generex Biotech, for the
treatment of both Type 1 and Type 2 diabetes mellitus
[28–30]. This product consists of a liquid formulation of
mixed micelles containing insulin and specific chemical
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penetration enhancers, which encapsulate and protect this
peptide, as well as assisting its permeability across the buccal
membrane [31, 32]. This successful example highlights the
importance of understanding the physiology of the mem-
brane, the factors limiting permeability and the exploitation
of various enhancement strategies in achieving successful buc-
cal delivery.

The addition of chemical penetration enhancers such as
surfactants, fatty acids and chitosan in formulations is the
most common approach to enhance the delivery of peptides
across the buccal mucosa, although minimal increases in
absorption may be achieved and histological damage can
be observed with these enhancers [30, 33]. Subsequently,
new approaches to improve the buccal mucosal delivery of
macromolecules have been exploited, including chemical
modification, physical methods (such as iontophoresis), and
the incorporation of particulate systems and anti-
aggregating agents. The purpose of this review is to provide
an update on recent approaches that have been successfully
employed to improve the buccal delivery of macromole-
cules, particularly peptides and proteins. We also highlight
some approaches that have shown promise for the delivery
of macromolecules across other membranes, but are yet to
be exploited for buccal mucosal delivery.

STRUCTURE AND PHYSIOLOGY OF THE BUCCAL
MUCOSA

By understanding the structure and physiology of the buccal
mucosa, rational approaches to optimize the permeability of
macromolecules across this biological membrane will be pos-
sible. The oral cavity comprises the lips, cheek, tongue, gingi-
va, hard palate, soft palate and floor of the mouth [24]. While
each of these regions has its own physiological role to support
mastication, speaking and eating, the sublingual (under the

tongue and on the floor of the mouth) and buccal (located on
the inner lining of the cheek) mucosae are the most important
for the purposes of drug andmacromolecular drug delivery, as
they are the most permeable of the oral mucosal membranes
[34]. Both the sublingual and buccal mucosae are non-
keratinized (Fig. 1A), providing flexibility and elasticity neces-
sary for mastication and speech processes [35]. On the other
hand, keratinized mucosa, which includes the hard palate and
gingiva (Fig. 1B), is present in regions of the oral cavity
subjected to physical or chemical stress and is therefore more
resistant to abrasion [36]. Non-keratinized and keratinized
mucosae not only occupy different sites within the oral cavity,
but also differ in their intercellular lipid composition. The
intercellular spaces of the keratinizedmucosae contain neutral
lipids such as ceramides and acylceramides, whereas the in-
tercellular spaces of the non-keratinized mucosae lack
acylceramides and only have small amounts of ceramides
[37] and neutral but polar lipids, mainly cholesterol sulfate
and glucosylceramides [38].

In addition to the differences inintercellular lipids between
these two types of mucosae, the way in which the lipids are
packed differs between non-keratinized and keratinized tissue.
The intercellular lipids of the keratinized tissue are in an
ordered, lamellar state, which hinders the ability of molecules
diffusing through the intercellular (paracellular) space [39,
40]. In contrast, the intercellular lipids of the non-
keratinized mucosa are in a more amorphous state, with
occasional short stacks of lipid lamellae [39], which offer less
hindrance to the diffusivity of molecules. This difference in the
packing order of the intercellular lipids is important, as it
suggests that most molecules permeate the buccal mucosa
via the paracellular rather than the transcellular route
(Fig. 2) [41]. While both routes may coexist for all drugs, it is
the route with the least penetration resistance that is usually
preferred [42]. It is suggested that hydrophilic compounds
such as peptides and proteins permeate the buccal mucosa

Fig. 1 Structure of the non-keratinized (a) and keratinized (b)stratified squamous epithelium lining different regions of the oral cavity. This structure includes
mucus layer (I), stratum corneum (II), stratified squamous epithelium (III), basement membrane (IV) and submucosa (V), which contain blood vessels through
which any absorbed compounds are delivered to the systemic circulation. Modified from [44] with permission.
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via the paracellular route as they are more soluble in the
aqueous fluids filling the intercellular spaces [43]. Given
that the intercellular lipids forming the paracellular space
of non-keratinized mucosa would provide less resistance
than those of keratinized tissue, peptide and protein ab-
sorption is therefore likely to occur at a faster rate through
non-keratinized tissue (i.e. buccal and sublingual mucosa)
than keratinized tissue.

For the reasons mentioned above, the buccal and sublin-
gual mucosae are the most attractive sites within the oral
cavity to be exploited for systemic macromolecular delivery.
While the sublingual mucosa is thinner, it is more commonly
used for the systemic administration of small molecular weight
drugs requiring an immediate pharmacological effect (e.g.
glyceryl trinitrate) [34]. Given the thicker nature of the buccal
mucosa, this membrane is more appropriately exploited for
therapeutics where a slower onset, but longer duration of
action is desired. As shown in Fig. 1a, the buccal mucosa is
composed of a stratified squamous epithelium, a basement
membrane, and underlying connective tissue. The epithelium
consists of 40–50 cell layers (500–600 μm thickness), which
migrate from the basal layer to the superficial layer, and
protect the underlying tissue against fluid loss and entry of
potentially harmful environmental agents. As indicated above,
the barrier nature of the buccal mucosa is imparted by the
intercellular lipids [44], which are released by membrane-
coating granules of the superficial epithelial cells [35]. Once
a molecule has permeated through the intercellular spaces of
the buccal mucosa (the most likely route for peptides and
proteins), it then enters into the connective tissue, which is
separated from the epithelium by a lamina propria and con-
tains a network of capillaries that deliver material into the

systemic circulation [26]. While the intercellular lipids are
considered the major barrier to buccal mucosal absorption
[44, 45], additional barriers such as saliva and mucus, and to
some extent enzymatic activity, have the potential to minimize
the ability of a molecule to permeate the buccal mucosa.

Saliva and Mucus

Saliva is secreted by three major salivary glands (parotid,
submaxillary and sublingual) and minor salivary or buccal
glands [46]. The parotid and submaxillary glands produce
non-viscous aqueous secretions, whereas the sublingual glands
produce mainly viscous saliva with limited enzymatic activity
[24]. The pH of the saliva is slightly acidic (6.6) during the
rested state and increases to 7.4 when stimulated due to an
increase in the bicarbonate ion concentration [47]. Saliva
mainly consists of water (95–99% per weight), enzymes, inor-
ganic salts, lipids, and glycoproteins (which are referred to as
mucins). MG1, a high molecular weight mucin composed of
disulfide-linked subunits, is able to adhere to the surface of the
oral epithelium, representing another penetration barrier, the
mucus layer [48] (Fig. 1). Saliva not only lubricates the oral
cavity, assisting in processes such as swallowing and speaking,
but it also helps to maintain the integrity of the hard tissues of
the teeth. Saliva also allows carbohydrate digestion and regu-
lates oral microbial flora by maintaining the oral pH and
enzyme activity [49]. From a drug delivery perspective, saliva
may facilitate the removal of drugs from the site of absorption,
thereby limiting the absorption of a desired therapeutic agent
unless an administered formulation can be retained [50, 51].
This limitation may be overcome by using bioadhesive for-
mulations that are able to prolong adhesion to the mucosal

PARACELLULAR   TRANSCELLULAR

Fig. 2 The two potential transport
pathways (paracellular and
transcellular) that molecules could
utilize when permeating the buccal
mucosa.
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surface and maximize the drug concentration gradient, lead-
ing to increased bioavailability [52]. While the presence of
saliva can potentially increase the clearance of molecules from
the oral cavity, it also provides a water rich environment that
can be favourable for dissolution of molecules released from
delivery systems, benefiting drug absorption across the buccal
mucosa [24].

Enzymatic Activity

The membranes of the oral cavity exhibit less enzymatic
activity than the gastrointestinal tract [24, 26],making the
oral cavity more suitable for the delivery of peptides and
proteins, which are typicallysusceptible to enzymatic deg-
radation. However, the metabolic capacity of the oral
cavity cannot be ignored as a number of peptides have
been shown to be degraded in the presence of buccal
tissue homogenates, including insulin and proinsulin
[53], enkephalin analogues [54], thyrotropin releasing
hormone [55], calcitonin [56] and substance P [57]. Giv-
en that these studies were undertaken with buccal tissue
homogenates, it is not clear whether the enzymes respon-
sible for the peptide and protein degradation were intra-
cellular or extracellular. Although the incubation of pep-
tides in mucosal tissue homogenates has been used to
characterize proteolytic activity [58], this is not able to
discriminate cytosolic, membrane-bound and intercellular
proteolytic activities, leading to inconclusive results [59].
If the enzymes are present intracellularly, and given that
peptides and proteins are likely to traverse the buccal
mucosa via the paracellular route, it is possible that in-
tracellular enzymes do not affect the overall absorption
process of peptides and proteins. For example, it has been
reported that a small percentage of oligopeptides escape
hydrolytic processes in the buccal mucosa, resulting in
appreciable absorption into the blood, as the oligopeptide
is transported via the paracellular route and has limited
interaction with intracellular hydrolytic enzymes [60].
Furthermore, insulin and enkephalin, which are predom-
inantly transported via the paracellular pathway, may
escape extensive metabolism because the proteolytic ac-
tivity against these substrates is primarily cytosolic [27]. In
contrast, there are various studies suggesting that enzymes
such as aminopeptidases, carboxypeptidases, phospha-
tases, carbohydrases, esterases and endopeptidases within
the oral cavity can limit the buccal bioavailability of
macromolecules because these molecules may be convert-
ed into inactive forms [53, 54, 61, 62]. As a result, specific
enzyme inhibitors may be considered to overcome this
potential barrier when attempting to optimize the delivery
of certain peptides and proteins across the buccal mucosa.

The activities of aminopeptidase and esterase in buccal
mucosal tissues have also been evaluated in different animal

models (rat, rabbit, guinea pig, and dog), using L-leucine-β-
naphthylamide as a substrate [63]. Although most buccal
permeability studies have been carried out in porcine buccal
mucosa, this membrane model was not considered in this
analysis. For aminopeptidase activity, the relative activity
ranking was dog < rat < guinea-pig < rabbit, whereas for
the esterase activity the ranking was guinea-pig < rat < rabbit.
In view of these differences, animal models should be carefully
selected when predicting the buccal transport of peptides and
proteins.

Since enzymes are selective for their substrates and can
be differentially distributed in regions of the buccal mu-
cosa (mucus, epithelium, connective tissue), studies should
be performed to identify where a peptide or protein of
interest is most sensitive to degradation. In this way, more
targeted formulation approaches can be efficiently applied
to minimize the possibility of degradation of the peptide
or protein. For example, it is suggested that insulin is
mainly degraded by intracellular cytosolic-bound prote-
ases, given that aprotinin (a serine protease inhibitor) did
not affect the overall permeability of insulin (in line with
the assumption that insulin and other peptides and pro-
teins would traverse the buccal mucosa via the
paracellular route) [64, 65]. Furthermore, no proteolysis
of insulin was observed when it was applied to the surface
of porcine buccal mucosa, suggesting that enzymes re-
sponsible for insulin degradation are not present on the
buccal mucosal surface, and are therefore likely to
beintracellular [65]. Such knowledge can guide the type
of buccal formulation used in insulin delivery, and the
lack of surface enzymes suggests that a bioadhesive buccal
formulation would be suitable to deliver insulin. Indeed,
there are various examples demonstrating appreciable
bioavailability/permeability of insulin when administered in
a mucoadhesive formulation [66–68]. In another study, the
location of dipeptidyl peptidase IV activity was determined
by assessing endomorphin-1 (ENI) stability in full-
thickness buccal epithelium and partial-thicknessbuccal
epithelium [69]. Superficial layers of the epithelium had
been scraped off and removed by surgical blades for
preparing the partial-thicknessbuccal epithelium. ENI
was more unstable in the presence of full-thicknessbuccal
mucosal epithelium (14 vs. 58% intact drug detected after
24 h in experiments with full- and partial-thicknessbuccal
epithelium, respectively), which suggests that the enzyme
responsible for the metabolism of ENI is located in the
superficial layers of the buccal epithelium layer. In the
presence of diprotin-A, a potent inhibitor of dipeptidyl
peptidase IV [70], the buccal stability of ENI in full
thickness buccal mucosal epithelium was significantly en-
hanced (23 vs. 71% of the peptide remaining intact after
6 h) [69]. Therefore, dipeptidyl peptidase IV was found to
be responsible for ENI degradation.
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APPROACHES FOR ENHANCING PEPTIDE
AND PROTEIN BUCCAL TRANSPORT

With an understanding of the physiological factors affecting
the buccal mucosal transport of peptides and proteins, it has
been possible to design various approaches to overcome the
barriers and enhance the buccal mucosal delivery of these
macromolecules. These include the use of chemical modifica-
tion, chemical penetration enhancers, pH modulation, ionto-
phoresis and various particulate and mucoadhesive formula-
tions, which will be highlighted in the following sections.

Chemical Modification

Because of their polarity and size, peptides are very poorly
transported across biological membranes, which are generally
lipophilic in nature. As a result, various chemical modifica-
tions have been explored to improve the biopharmaceutical
properties of peptides and proteins, to assist in enhancing their
inherent buccal permeability, as well as increasing their resis-
tance towards enzymatic degradation [71]. Overall, the
chemically modified derivatives are suggested to be cleaved
in the systemic circulation and/or target tissue, resulting in the
delivery of the free active peptide at its site of action following
absorption [72].

One commonly used chemical modification approach for
general enhancement of peptide absorption is the introduc-
tion of acyl chains to the N- terminal positions of peptides and
proteins, which has led to increased lipophilicity and im-
proved stability [73, 74]. With respect to buccal absorption,
acylation of a dipeptide (Trp-Leu) has been achieved by
covalent attachment of myristic acid to the terminal amino
group (Myr-Trp-Leu) [71]. Using an in vitro modified Franz
diffusion model, the acylated peptide displayed greater affinity
to porcine buccal epithelium and greater accumulation in the
tissue (with 80% of the modified peptide detected in the
buccal mucosa), although surprisingly this modification re-
duced the overall permeability of the peptide in the receptor
chamber. In contrast, the non-acylated peptide had lower
retention in the buccal mucosa (between 3 and 4%) with
55% of the dipeptide being detected in the receptor chamber.
These findings suggest that the N-terminal acylation is not
effective in enhancing the buccal absorption of this peptide, at
least in vitro and over this experimental period of 24 h, and
thatthe enhanced tissue retention could be attributed to either
increased interaction with the lipophilic domains of the buccal
mucosa, enhanced stability within the buccal mucosa, or a
combination of both processes. Whether this modification
leads to increased buccal absorption over a prolonged period
of time in vivo remains to be assessed; however, the enhanced
tissue retention may result in a slower release of this peptide
into the plasma over time. Therefore, without further studies
on this approach, N-terminal acylation should not be

discounted as a potential mechanism to enhance buccal ab-
sorption of peptides in vivo.

Thyrotropin-releasing hormone (TRH) has been investi-
gated as a model peptide for buccal absorption in various
delivery systems [75, 76]. TRH has been modified by N-
acylation of the imidazole group of its histidine residue with
chloroformates to improve its lipophilicity and thereby protect
it against rapid enzymatic inactivation in the systemic circu-
lation [77]. TRH is rapidly hydrolyzed in human plasma by a
TRH-specific pyroglutamyl aminopeptidase, although N-
alkoxycarbonyl derivatives have been shown to be more resis-
tant to cleavage, suggesting that increased plasma levels are
probably due to its higher lipophilicity and therefore perme-
ability through the tissue [78]. Thus, modifications aimed at
increasing the lipophilicity of macromolecules may be consid-
ered as relevant approaches to enhance buccal mucosal ab-
sorption of these peptides.

Chemical Penetration Enhancers

Given that absorption through biological barriers is often
limited by the structural elements that provide a physiological
barrier, it is often necessary to employ chemical penetration
enhancers to overcome these barriers to result in appreciable
absorption. There have been multiple studies assessing the
impact of chemical penetration enhancers on buccal mucosal
absorption of both small and large molecules, and the possible
mechanisms for their enhancing effects include (i) increasing
the partitioning of molecules into the buccal mucosal epithe-
lium, (ii) extracting the buccal mucosal intercellular lipids, (iii)
interacting with buccal mucosal epithelial protein domains,
and/or (iv) increasing the retention of molecules at the buccal
mucosal surface [27, 44]. Hassan et al. (2010) [79] have also
proposed that penetration enhancers are able to alter mucus
rheology by reducing its viscosity, and to increase the solubility
of the permeants, but limited research has been performed in
this area to confirm such mechanisms. The commonly used
and evaluated penetration enhancers for increasing peptide
and protein buccal delivery include surfactants and bile salts,
fatty acids and polymers such as chitosan, which will be
described in the following sections [80]. Particular attention
has been devoted to polymers since they may be considered
safer and are generally assumed not to be absorbed into the
systemic circulation from the buccal mucosa. Furthermore,
they may not only improve the permeability profile of mole-
cules but they may exhibit mucoadhesive properties, inhibit
the activity of peptidases, or exhibit antimicrobial action [81],
and, as such, have been referred to as “multifunctional poly-
mers”. Chitosan is one of the more extensively studied of these
materials [81].

One of the major concerns in applying chemical penetra-
tion enhancers is their potential toxicity to the buccal mucosa,
although the buccal mucosa has been suggested to rapidly
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recover after removal of certain enhancers [82, 83]. It remains
unclear as to whether the beneficial effects of enhancers (and
potential irritation) are transient, and so it is essential to select
the appropriate type and concentration of enhancer in order
to minimize irritation of the mucosal membranes, but still
induce an enhancing effect [84]. It is also recommended that
the effects of chemical enhancers on epithelial damage, local
irritation, long term toxicity (recovery kinetics) and enhanced
permeability of pathogenic microorganisms be carefully con-
sidered prior to their selection for buccal transport studies
[85]. If the buccal mucosa is significantly damaged by an
enhancer, recovery of barrier function may result from tissue
turnover or other self-repairingmechanisms, and this could be
a slow process. Conversely, the recovery process may be much
faster if the enhancer only transiently alters tissue structure
[82]. Therefore, an in-depth morphological and/or toxi-
cological profiling of enhancers should be undertaken prior
to advancing such enhancers into the clinic for potential
use in enhancing buccal mucosal delivery of peptides and
proteins.

Surfactants and Bile Salts

There are a number of studies demonstrating the beneficial
effects of surfactants and bile salts on the buccal mucosal
absorption of macromolecules, including peptide and protein
therapeutics (Table I). Although some authors have suggested
that surfactants cause removal of the superficial cell layers
[86–88], thereby affecting the barrier properties of the buccal
mucosa, a greater body of evidence suggests that intercellular
lipid extraction is the main mechanism by which these agents
enhance buccal permeability [44, 89, 90]. This lipid-
solubilizing effect generally modifies paracellular transport of
agents, although transcellular transport has been suggested to
also be increased (when lipids from the cell membranes are
extracted) if high concentrations of surfactant are present [91,
92]. For example, Hoogstraate (1996) [93] observed in in vitro
experiments using porcine buccal mucosa that 10mM sodium
glycodeoxycholate (SDGC) was able to enhance the flux of
fluorescein isothiocyanate–dextran (a hydrophilic macromol-
ecule having a molecular mass comparable to that of thera-
peutic peptides) only through the paracellular route. Howev-
er, higher concentrations (100 mM SDGC) enhanced perme-
ability of this macromolecule through both the paracellular
and transcellular pathways.

However, it should be noted that higher concentrations of
surfactant may not always necessarily correlate with improved
buccal absorption. Physico-chemical features such as the log P
and charge of the macromolecule should also be taken into
account when considering surfactants or bile salts for buccal
absorption studies. For example, the impact of different con-
centrations of SDGC at 1, 2, and 5% on the buccal mucosal
absorption of calcitonin has been assessed, with 1% being

found to be the optimal concentration [33]. It was suggested
that, because calcitonin is transported via the paracellular
pathway (due to an effect of its strongly positive charge), it is
unlikely that high surfactant concentration (and therefore
involvement of transcellular permeation) would have an im-
pact on such a strongly charged entity. Although Nicolazzo
et al. (2004) [86] have considered small molecules in their
studies, they also suggest that the effect of surfactants on
buccal absorption is governed not only by surfactant concen-
tration, but also the physicochemical properties of the
permeant. For example, while sodium dodecyl sulfate (SDS)
increased the porcine buccal penetration of the hydrophilic
marker caffeine (probably through increased paracellular dif-
fusion), SDS either had no impact on the absorption of the
lipophilic steroid estradiol, or in fact reduced estradiol absorp-
tion at concentrations of SDS above its critical micellar con-
centration. This result was associated with micellar solubiliza-
tion of the lipophilic estradiol, which would decrease the
concentration of free estradiol available for absorption – an
effect that would not have occurred for the hydrophilic caf-
feine. As peptides are generally hydrophilic, it is expected that
such micellar solubilization would not occur with increasing
concentrations of surfactant. However, for those with limited
aqueous solubility, a reduction in buccal permeability might
be expected with higher concentrations of surfactant and bile
salt, and therefore, when assessing the impact of such agents
on macromolecular transport, various concentrations of these
enhancers should be assessed.

In addition to the micellar solubilization and lipid-
solubilizing effects of bile salts and surfactants, bile salts may
also cause inhibitory effects on buccal membrane peptidases,
which would contribute indirectly to improving buccal ab-
sorption. Dihydroxy bile salts (sodium deoxychocolate, sodi-
um glycodeoxycholate, sodium taurodeoxycholate, sodium
chenodeoxycholate, sodium glycochenodeoxycholate, sodium
taurochenodeoxycholate) have been shown to reduce degra-
dation rates of calcitonin in rat oral mucosa homogenate
(from 14 h−1/mg protein to 2 h−1/mg protein) [56]. In
addition, sodium glycocholate (SGC) is reported to inhibit
the proteolytic degradation of insulin 5-fold in homogenates
of rabbit buccal mucosa [53]. The selection of new absorption
enhancer candidates for macromolecules should consider this
aspect, as enhancing the buccal delivery and preventing deg-
radation are both crucial, particularly for peptides and
proteins.

It is often necessary to utilise high concentration of synthet-
ic surfactant or bile salts to provide appreciable enhancement
in macromolecular buccal absorption, but such concentra-
tions may result in mucosal irritation. For this reason, some
researchers have turned to natural surfactants to overcome
this limitation. Lysalbinic acid, a non-ionic surfactant obtain-
ed from alkaline hydrolysis of albumin, has successfully en-
hanced the buccal absorption of α-interferon and insulin
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Table I Effects of Surfactants and Bile Salts on the Buccal Mucosal Permeability of Macromolecules

Macromolecule Surfactant or bile salt Model Outcome Reference

Buserelin Sodium glycodeoxycholate
(SGDC)

Buccal delivery devices were
administered to pigs in vivo

Co-administration of SGDC
(0.45%) increased the
absolute buccal bioavailability
from 1.0% to 5.3%

[171]

Calcitonin (CT) Sodium deoxyglycocholate
(SDGC)

In vitro permeation with excised
porcine buccal mucosa

Flux of CT increased 18-fold in
the presence of SDGC

[33]

Endomorphin-1 (ENI) Sodium glycocholate (GC) and
sodium taurocholate (TC)

In vitro permeation with excised
porcine buccal mucosa

GC and TCwere not effective in
enhancing the permeation of
ENI

[69]

Fluorescein isothiocyanate
(FITC)-labeled dextrans

(4,10 and 20 kDa)

Sodium glycodeoxycholate
(SGDC), sodium taurodeoxycholate
(STDC), sodium glycocholate

(SGC) and sodium taurocholate
(STC)

In vitro permeation with excised
porcine buccal mucosa

A maximal enhancement of
approximately 2,000-fold was
obtained for lower molecular
weight dextran (4 kDa) after
treatment with SGDC.

No significant differences in the
degree of permeation
enhancement was observed
between these four bile salts

[93]

Fluorescein isothiocyanate
(FITC)-labeled dextran
(4 kDa)

Sodium glycodeoxycholate (SGDC) Buccal delivery devices were
administered to pigs in vivo

Co-administration of 10 mM
SGDC increased the
absolute bioavailability of
4 kDa dextran from 1.8% to
12.7%

[172]

Insulin Laureth-9 (L9) Insulin solution was
administered to rats in vivo

The hypoglycemic response of
insulin increased from 3.6 to
27.2% in the presence of L9

[64]

Laureth-9 (L9), polysorbate 20
(Tween 20), PEG laurate, propylene
glycol laurate, sorbitan laurate,
glyceryl monolaurate, octoxynol-9,
sodium dodecyl sulfate (SDS),
sodium glycocholate (SGC),
sodium deoxycholate (SDC),
sodium laurate (SL), sodium
lauryl sulfate (SLS)

Administration of solutions to
rats in vivo

In the absence of an absorption
enhancer, buccal insulin was
less than 4% as effective as
i.m. insulin. Bile salts (SGC
and SDC), SL, SLS and L9
were the most effective
(efficacy relative to i.m.
insulin>20%)

[173]

Sodium cholate (SC), sodium
aurocholate (STC),
lysophosphatidylcholine (LPC)

Buccal administration of insulin in
anesthetized dogs in vivo

Glucose back permeation flux
remained unchanged for SC
and it decreased by 80% 5–
8 h after exposure to STC
and LPC (>hypoglycemic
effect)

[82]

Brij-35, sodium taurocholate (STC),
sodium lauryl sulfate (SLS),
sodium deoxycholate (SDC)

Application of solution
formulation to rabbits in vivo

Brij 35 resulted in the greatest
hypoglycemic effect of insulin,
followed by STC, SLC, and
SDC

[174]

Octylglucoside and
dodecylmaltoside

Buccal administration of solution
formulation to rats in vivo

The hypoglycemic effect
increased from 1% (control)
to 20 and 30% in the pres-
ence of octylglucoside and
dodecylmaltoside,
respectively

[175]

Soybean lecithin Application to rabbits and rats
in vivo

Blood glucose levels decreased
significantly in diabetic rabbits
(54%) and rats (60%) after
buccal administration with
soybean lecithin

[67]

Lysalbinic acid In vitro permeation with excised
hamster cheek pouch

Lysalbinic acid increased buccal
permeability of FITC–insulin
5-fold

[94]

α-interferon Sodium taurocholate (STC), Tween
80 and sodium dodecyl sulfate
(SDS)

Application of buccal preparation
to rats in vivo

Buccal bioavailability increased
18-, 6- and 8-fold with the

[176]
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through hamster cheek mucosa. Co-administration of 1 and
5% lysalbinic acid resulted in 5- and 9-fold increases, respec-
tively, in the buccal permeability of α-interferon [94]. Fur-
thermore, 0.3% of this surfactant was able to increase the
buccal permeability of insulin 5-fold through hamster cheek
pouch [94]. While promising, these results should be extrap-
olated to human buccal mucosal absorption with caution due
to the fact that the hamster mucosa is keratinized [95], where-
as that of humans is non-keratinized [96]. Furthermore, po-
tential buccal mucosal-irritating effects of lysalbinic acid have
not been investigated, and the mechanism by which this
natural surfactant increases macromolecular transport has
not been fully characterized, albeit intercellular lipid solubili-
zation has been proposed as one mechanism [94]. Therefore,
while this natural surfactant may offer some potential benefit
in enhancingmacromolecular buccal absorption, further stud-
ies on its impact on the absorption of peptides and proteins
and irritation on a non-keratinized buccal mucosa (e.g. por-
cine buccal mucosa, or preferably, human buccal mucosa)
would be required.

Fatty Acids

Fatty acids have been shown to increase the buccal ab-
sorption of insulin [97], [D-Ala2, D-Leu5]enkephalin [98]
and ergotamine tartrate [99]. Although the mechanism of
penetration enhancement of fatty acids on buccal absorp-
tion has not been fully elucidated, it is suggested that fatty
acids decrease the lipid packing in buccal epithelial cells
[100]. Factors such as fatty acid chain length of the

triglyceride, the degree of saturation and the volume of
lipid administered have been shown to influence oral
absorption [101] and could also potentially affect buccal
delivery, and should be considered during development of
buccal formulations.

Oleic acid, one of the most widely investigated fatty acids,
has been incorporated into the cubic phase of glyceryl
monooleate (GMO) to improve the in vitro buccal permeability
of [D-Ala2, D-Leu5]enkephalin, an opioid peptide with anal-
gesic properties [98].When incorporated in the cubic phase of
GMO alone, oleic acid had limited permeability enhancing
effects, whereas a significant enhancing effect was observed
with the addition of PEG 200 (enhancement ratios ranging
from 1.15 to 3.99 depending on the PEG concentration). The
addition of PEG 200 also increased the in vitro release of oleic
acid from the formulation up to 7-fold. In another study, the
effect of oleic acid on the buccal permeability of ergotamine
tartrate (molecular mass 1,313 Da), also known as peptide-
type ergot alkaloid, was investigated and compared with that
of cod-liver oil extract (CLOE) using a keratinized epithelial-
free membrane of hamster cheek pouch mucosa [99]. Pre-
treatment with CLOE provided 8- and 2-fold higher perme-
ability flux and solubility, respectively. Although pretreatment
with oleic acid increased the permeation of ET approximately
2-fold, this enhancing effect was approximately 3-fold lower
than that of CLOE. Given that the effect of each fatty acid
(eicosapentaenoic acid, docosahexaenoic acid, palmitic acid,
oleic acid) on the permeation flux of ET was significantly
lower than that of CLOE, a synergistic action of the major
fatty acids was proposed by the authors.

Table I (continued)

Macromolecule Surfactant or bile salt Model Outcome Reference

addition of STC, Tween 80
and SDS, respectively

Lysalbinic acid In vitro permeation with excised
hamster cheek pouch

Lysalbinic acid increased α-
interferon transport 6–9 fold

[94]

Luteinizing hormone
releasing hormone
(LHRH)

Sodium taurodeoxycholate
(STDC), sodium deoxycholate
(SDC) and sodium cholate (SC)

Bilayer mucoadhesive devices
were administered to beagle
dogs in vivo

The following rank order was
observed for relative buccal
bioavailability: SDC>SC>
STDC (237, 151 and 84%,
respectively)

[120]

Pituitary adenylate cyclase-
activating polypeptide
(PACAP)

Sodium deoxycholate
(SDC), cetrimide

In vitro permeation with excised
porcine buccal mucosa

Buccal permeation
enhancement of PACAP was
18.6-and 46.5-fold in the
presence of SDC and
cetrimide, respectively

[177]

Recombinant human basic
fibroblast growth
factor (rhbFGF)

Sodium glycocholate (SGC) In vitro permeation with excised
rabbit buccal mucosa

Flux of rhbFGF increased 2.3-
fold with the addition of SGC

[178]

Phosphorothioate antisense
oligonucleotide (ISIS 3082)

Sodium glycocholate (SGC) In vitro permeation with excised
porcine buccal mucosa

Co-administration of 10 mM
SGC increased the buccal
permeability of ISIS 3082
17-fold

[179]

*Studies in which macromolecule has been tested alone (no enhancer) were not considered in this analysis.
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While fluorescence polarization studies have suggested that
oleic acid strongly reduces the lipid packing in both the
hydrophobic and the polar head-group region of the non-
keratinized buccal epithelial cell bilayer [100], Coutel-Egros
et al. [102] have suggested that it may improve the permeabil-
ity of compounds by increasing their partitioning into the
tissue, although there is little evidence to support this hypoth-
esis. Several experiments have been performed to explain the
mechanism of the effect of oleic acid on the transdermal
permeation [103], but the results from these studies should
not be extrapolated to the buccal mucosa given that the lipid
composition and packing are quite different between human
skin and buccal mucosa.

Other fatty acids have also been employed to enhance the
buccal delivery of peptides. Unsaturated fatty acids (oleic,
eicosapentaenoic and docosahexaenoic acid) were added in-
dividually into Pluronic F-127 (PF-127) gels in order to max-
imize the absorption of insulin following buccal administra-
tion to Wistar rats [97]. Despite the presence of unsaturated
fatty acid actually decreasing insulin release from the gel, a
higher buccal bioavailability of insulin was observed in the
presence of these fatty acids (with oleic acid increasing the
bioavailability to 15.9%). The enhanced absorption of insulin
in the presence of these fatty acids was therefore probably not
due to an increase in the free fraction of insulin available for
absorption, and more likely due to an effect of the fatty acids
on the mucosal tissue. Given that the buccal administration of
PF-127 gels without unsaturated fatty acids resulted in a
negligible bioavailability for insulin (1%), the enhancer effect
observed in the presence of these fatty acids is probably also
not associated with mucoadhesive properties of the PF-127 gel
or increased residence time at the site of absorption. There-
fore, while the exact mechanism by which fatty acids increase
buccal absorption is not fully characterized, examples of their
enhancing effects on peptide and protein buccal absorption
have been reported, suggesting they could play an important
role in assisting the buccal delivery of otherwise impermeable
macromolecules.

Chitosan

Chitosan is a biodegradable and biocompatible polysaccha-
ride which has been widely used in pharmaceutical formula-
tions [104]. Recently, it has also been employed in
transmucosal drug delivery devices due to its bioadhesive
properties, which result from the cationic charge of the pri-
mary amino groups interacting with the negative functional
groups of mucus or epithelial cells [105]. It is more likely that,
in the buccal mucosa, the mucoadhesive properties of chitosan
enhance the residence time of permeants at the surface of the
membrane, allowing for enhanced bioavailability. To further
enhance the mucoadhesive properties of this polymer, addi-
tional chemical modifications have also been undertaken at its

two hydroxyl groups (primary or secondary) and one primary
amine group [104]. Moreover, chitosan has been combined
with 5-methyl-pyrrolididone, a well-known skin permeation
enhancer, improving the permeation enhancing properties of
this polymer as well as drug release [106].

Several types of chitosan are commercially available, dif-
fering in the molecular mass, degree of deacetylation and
presence of free or substituted amino groups (chitosan base
or chitosan salt). Chitosan hydrochloride and chitosan gluta-
mate are the two most widely used salts [81]. The effect of
different concentrations of chitosan glutamate (ranging from 1
to 100 μg mL−1) on the buccal permeability of fluorescein
isothiocyanate labeled dextrans (FD) of different molecular
mass (4, 10 and 20 kDa) has been evaluated in TR146 cells,
an in vitro model of the human buccal epithelium [107]. The
most effective concentration of chitosan glutamate observed to
increase FD buccal absorption was 20 μg mL−1 (which in-
creased the permeability coefficient values 2.9-, 1.8- and 1.7-
fold for FD4, FD10 and FD20, respectively). For chitosan
concentrations higher than 20 μg mL−1, the solutions become
more viscous, and diffusion of the macromolecules was hin-
dered. This again demonstrates the importance of utilizing
multiple concentrations of particular enhancers when
attempting to improve the buccal mucosal absorption of mac-
romolecules, as higher concentrations do not always correlate
with enhanced permeability.

Since chitosan is only soluble in acidic solutions (pH below
6.5), which is required to ensure protonation of the primary
amine, there are limitations to its use for delivery in physio-
logical systems. An elegant way to impart new properties to
chitosan is through chemical modification of the chain, gen-
erally by grafting of functional groups, without modification of
the initial skeleton [104]. Sandri et al. [108] subjected two
different chitosans (molecular mass of 1,460 and 580 kDa) to
methylation reactions obtaining two series of three trimethyl
chitosan (TMC) derivatives and evaluated the influence of
different quaternization degree (4, 35 and 90%) on buccal
permeability of FD4. FD4 was selected as a model because it
has a molecular weight comparable with that of peptides.
The TMC derived from the lower MW chitosan and
characterized by the highest degree of quaternization pre-
sented the best mucoadhesive and penetration enhance-
ment properties (with the amount of FD4 permeating
porcine buccal mucosa being approximately 8-fold higher
compared to the control after 6 h at pH 6.4). This exper-
iment was conducted at pH 6.4 because the trimethylation
of chitosan did not present any change in its penetration
enhancement properties when an aqueous medium was
selected. Therefore, these TMCs are likely to be the most
appropriate chitosans for improving the buccal bioavail-
ability of hydrophilic molecules and biomacromolecules
such as peptides and proteins. In another study, the same
researchers investigated the mechanism responsible for the
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penetration enhancing effects of TMC hydrochloride and
suggested that it involved a repackaging of the epithelial
cells up to the basal membrane and a partial disarrange-
ment of desmosomes [109].

Thiolated chitosans have also been developed to im-
prove buccal permeability via immobilization of thiol
groups on the primary amino groups of chitosan [110].
These thiolated chitosans have numerous advantages over
unmodified chitosan, such as significantly improved
mucoadhesive and permeation-enhancing properties since
thiol groups are able to form disulfide bonds with cysteine-
rich subdomains of mucus glycoproteins [111, 112]. For
example, the mucoadhesive properties to porcine buccal
mucosa of a chitosan-4-thio-butylamidine conjugate were
shown to be 140-fold greater than unmodified chitosan
[113]. Moreover, because of the ability of thiomers to bind
divalent metal ions such as zinc ions, these polymers may
inhibit zinc-dependent proteases such as carboxypepti-
dases A and B, as well as most membrane-bound pepti-
dases [114]. The strong adhesive properties of thiolated
chitosans render them highly appropriate excipients in
controlled drug release dosage forms [113]. With this in
mind, Langoth et al. exploited thiolated chitosans to en-
hance the bioavailability of pituitary adenylate cyclase-
activating polypeptide (PACAP) [115]. A buccal bioavail-
ability of approximately 1% was obtained in pigs following
buccal application of PACAP delivery systems consisting of
thiolated chitosan, whereas no PACAP was detected in the
plasma of pigs in the absence of thiolated chitosan. In
addition, the authors suggest that cationic therapeutic pep-
tides should be embedded in a cationic or nonionic
mucoadhesive polymer such as thiolated chitosans because
incorporation in anionic polymers may retard peptide re-
lease due to strong ionic interactions between the peptide
and the polymeric network [115]. Therefore, formulation
scientists should also consider the matrix in which peptides
and proteins are formulated, so as to not only enhance
permeability but ensure that release of the peptide is not
hindered.

pH Modulation

Modulation of pH can affect the buccal delivery of peptides
and proteins via two potential mechanisms: through ensuring
the peptide is in an unionized form to maximize permeability
or through enhancing stability. The control of pH is critical for
the successful buccal delivery of ionizable compounds [116,
117]; as with all other biological membranes, maximal per-
meability occurs at the pH at which macromolecules are
predominantly in the unionized form [118]. pH modifiers
can be included in formulations to temporarily modulate the
microenvironment at the application site, improving not only
buccal absorption [50] but also stability against enzymatic

degradation given that various enzyme-catalyzed degradation
processes are pH-dependent [119]. Acidic and basic pHmod-
ifiers have been added into luteinizing hormone releasing
hormone (LHRH)-loadedmucoadhesive formulations to eval-
uate the effect of pH on buccal absorption in Beagle dogs
[120]. It was demonstrated that the protonation of the pep-
tide’s histidine in the acid pH formulation resulted in a higher
plasma profile and greater bioavailability (Cmax and bioavail-
ability were, respectively, 3.1 and 2.6 higher than those of
formulation without pH modifier), although higher mucosal
irritation response was also observed. Similarly, at a higher
pH where the histidine was in a non-protonated form, the
buccal absorption of this peptide was dramatically reduced.
These simple studies demonstrate that the pH-partition hy-
pothesis is also relevant for macromolecular drug delivery,
although the issues of tissue irritation with pH modification
should always be considered.

In addition to modifying the extent of ionization of
permeating molecule, alterations to pH can also impact
on the beneficial effects of excipients. Polymers are often
used to prepare mucoadhesive formulations for buccal
delivery and they can be ionized to different extents de-
pending on the pH, which may affect the strength of
mucoadhesion and subsequently the buccal permeability
of the formulated macromolecule. Polycarbophil®,
a polyacrylic acid cross linked with divinyl glycol, is one
such polymer that has been used to prepare mucoadhesive
formulations for improvement of buccal transport of low
molecular weight drugs. Studies have demonstrated that at
a pH higher than the pKa of polyacryl ic ac id,
polycarbophil tends to absorb water up to 100–800 times
its weight, which compromises the adhesive interactions
between the buccal mucosa and the mucoadhesive formu-
lations prepared by polyacrylic acid [121]. Therefore, pH
control strategies may affect not only the ionization state of
the macromolecule and its inherent permeability across the
buccal mucosa, but also the state of the polymers used to
prepare the matrix. Such factors should be considered by
the formulation scientist so as to not jeopardize
mucoadhesion, and therefore residence time of the macro-
molecule on the mucosa.

Another aspect to be considered with respect to pH
changes is the ionization state of epithelial or mucus
proteins, which may also play an important role in the
buccal transport of peptides and proteins. At physiological
pH or at a pH above the isoelectric point (pI), epithelial
structures (due to their sialic acid and sulfate residues) are
negatively charged and can interact with positively-
charged solutes [27]. This could therefore assist in the
absorption of positively-charged peptides and proteins,
but minimize the absorption of negatively-charged pep-
tides and proteins. Modifying the pH could therefore
affect these interactions, potentially compromising the
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overall buccal absorption of positively-charged peptides
and proteins.

Iontophoresis

Recently, iontophoresis has been used to improve delivery of
molecules across biological barriers, particularly the skin [122,
123]. Iontophoresis is a non-invasive and patient-friendly
method that enables hydrophilic charged molecules to pene-
trate through biological barriers to achieve both local and
systemic effects [123]. Iontophoresis enhances the rate of
movement of ionic compounds across membranes by an ex-
ternally applied electric potential [124]. The iontophoretic
system consists of a donor solution containing the drug in its
ionized form and a receptor solution separated by a limiting
membrane, in this case buccal mucosa, where a voltage is
generated by connecting an anode and cathode to a voltage
source that supplies direct constant electric current. The cir-
cuit is completed as the ions carry the current through the
tissue barrier. Similar to the skin, the buccal membrane has a
net negative charge, facilitating the delivery of positively-
charged compounds [125]. This method therefore has poten-
tial to be applied to buccal delivery systems of drugs with poor
penetration properties, particularly proteins, peptides and
oligonucleotides [126].

Molecular transport during iontophoresis can be attributed
to three component mechanisms: (enhanced) passive diffusion,
electromigration and convective solvent flow, also called elec-
troosmosis [123]. Epithelial proteins from buccal mucosa are
negatively charged at physiological pH and may act as a
cation-selective ion-exchange membrane [127]. As a conse-
quence, under the influence of an electric field, a convective
solvent flow is generated in the anode-to-cathode direction.
Assuming that each phenomenon is independent, the total
flux of a molecule during iontophoresis can be described as the
sum of the fluxes resulting from those three processes de-
scribed above [123].

Results from in vitro transbuccal experiments using ionto-
phoresis suggest that the total drug flux is related to the
current density applied and the initial donor concentration
under the influence of competitive ions [22]. Previous trans-
dermal studies have considered that a level of electrical cur-
rent of approximately 0.5 mA is physiologically acceptable,
although Guy suggests a reduction in these levels for buccal
mucosa given its lower barrier properties compared to skin
[128]. While iontophoresis has been effective in delivering
macromolecules through the skin [126], iontophoretic param-
eters should be considered carefully as this technique can
negatively affect physicochemical stability of macromolecules
[129]. For example, 65% of thyrotropin-releasing hormone
has been reported to degrade when a current value of 0.5 mA
was applied [130]. Therefore, studies monitoring peptide
stability should be carried out until appropriate iontophoretic

parameters are identified, including the orientation of the
electrode. Depending on the charge of the macromolecule,
the electrode orientation for successful iontophoretic delivery
may be cathode-to-anode (anodal) or anode-to-cathode
(cathodal) [131]. The selection of appropriate electrodes is
also highly relevant in order to avoid tissue irritation, reduc-
tion in drug stability and variations in release of the drug. Ag/
AgCl active electrodes are commonly selected because inac-
tive electrodes such as carbon or platinum induce proton
production, which may lead to the above-mentioned issues
[132].

The enhancing effect of iontophoresis has been investigat-
ed for the buccal mucosal delivery of four model macromo-
lecular compounds (dextrans – 3 and 10 kDa, bovine serum
albumin – 64 kDa and parvalbumin – 12 kDa) [133]. The
effect of parameters such as electrode polarity, pH of the
donor solution and different levels of electric current on buccal
absorption was also evaluated. Dextrans and parvalbumin
were successfully delivered across porcine buccal mucosa after
an anodal pulsed electrical stimulation (cathode to anode
orientation). The enhancement in flux following application
of iontophoresis ranged from 32 to 38-fold for dextrans and
36-fold for parvalbumin. It was reported that iontophoretic
delivery was approximately 37 times faster than passive diffu-
sion. These results clearly support the use of a physical tech-
nique to efficiently deliver peptides and proteins through the
buccal mucosa. However, the iontophoretic delivery of pep-
tides with a pI between 4 and 7 has been challenging. As the
peptide becomes uncharged, the iontophoretic force will no
longer apply; alternatively, as the peptide cations permeate
the tissue, their concentration will decrease and at some point
will be neutralized by the higher pH values, leading to the
precipitation of peptide [134, 135]. There also might be a
molecular size cut off for the beneficial effects of iontophoresis.
For example, iontophoresis was shown to have no effect on
bovine serum albumin (molecular mass 66 kDa), whereas it
had a 36-fold enhancing effect on parvalbumin (molecular
mass 12 kDa) [133].

Given that macromolecules in solution are not readily
amenable to incorporation into iontophoretic devices, semi-
solid formulations such as hydrogels may be required. These
dosage forms should present optimal mechanical properties,
appropriate electro-conductivity, bioadhesion and viscoelastic
properties. In this context, three macromolecular model com-
pounds (3 and 10 kDa dextrans and 12 kDa parvalbumin)
were incorporated into polymeric hydrogel delivery systems
based on poly(vinyl alcohol) (PVA), hydroxypropyl methyl-
cellulose (HPMC) and PVA/HPMC binary systems, which
were subjected to iontophoresis [136]. The iontophoresis was
included with the aim of enhancing the release of these
permeants from hydrogels and their subsequent transfer
through the buccal mucosa. Enhancement ratio (ER) values
for each of the three sandwich systems (hydrogel and buccal
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mucosa) were significantly higher than for the buccal mucosa
alone. ERs for parvalbumin were lower than those obtained for
the two dextrans (47.0–54.6 vs. 32.7–39.5), which may be relat-
ed to its higher molecular weight, while ERs for 10 kDa dextran
were lower than those obtained for 3 kDa dextran. The three
hydrogel systems enhanced iontophoretic delivery for each of
the three permeants, suggesting that hydrogels have potential as
delivery vehicles for exploiting iontophoretic enhancement.

The combination of chemical penetration enhancers and
iontophoresis has also been reported recently [33]. In this
study, the in vitro delivery of salmon calcitonin through porcine
buccal mucosa was evaluated. In the presence of iontophoresis
alone, the buccal absorption of calcitonin was 66-fold higher
than in the absence of iontophoresis. The combination of
iontophoresis and chemical enhancers (5% sodium
deoxyglycocholate in 10% ethanol) further enhanced the
transbuccal delivery of calcitonin 165-fold, demonstrating that
the combination of iontophoresis and chemical penetration
enhancers is a viable approach for enhancing peptide and
protein buccal delivery. The synergistic effect has been attrib-
uted to enhancement of the interaction with polar intercellular
lipids from bile salts, which then improves the effectiveness of
iontophoresis because it enhances drug delivery mainly
through the paracellular pathway, and calcitonin is primarily
absorbed by this route [33]. More importantly, the combina-
tion of chemical penetration enhancers and iontophoresis
would not be more complicated than the processes required
to set up iontophoresis alone (with the latter likely to be the
limiting factor in the clinical utility of this enhancement ap-
proach) [137].

In future studies exploring the potential of this technique, it is
suggested that different parameters should be evaluated simul-
taneously in order to optimize the effect of iontophoresis on the
buccal absorption of macromolecules; these include the compo-
sition of formulation (drug concentration, pH of donor solution,
presence of co-ion, ionic strength), physicochemical properties of
permeant (molecular weight, lipophilicity, charge) and experi-
mental conditions (current density and profile, duration of treat-
ment, electrode material and polarity of electrodes) [138].

Novel Formulation Approaches

Particulate Systems/Delivery Vectors

Particulate systems such as emulsions, liposomes, micro- and
nanoparticles have been widely used and remain a promising
approach for buccal delivery of macromolecules. The design
and development of colloidal systems, which are very fine solid
particles (typically ranging from 10 nm to 10 μm) suspended
in a fluid phase, can help to overcome limitations of macro-
molecular buccal transport such as poor stability, low
bioavailability and the associated short half-lives of pep-
tides and proteins [139].

Among the hydrophilic polymers studied, chitosan appears
to be the most suitable polymer given that it is able to retain
the peptide in the buccal mucosa, as described above. For
example, insulin-loaded chitosan-ethylenediaminetetraacetic
acid hydrogel films exhibited a mucoadhesive force over
17,000 N/m2 which remained for 4 h in a simulated oral
cavity. This approach resulted in a pronounced hypoglycemic
effect following buccal administration to healthy rats, leading
to a 17% pharmacological availability (which is obtained by
comparing areas above the glucose reduction–time curve be-
tween oral and subcutaneous administration) when compared
to a subcutaneous insulin injection [140].

Alternatively, the use of alginates and poloxamers (both
hydrophilic) as encapsulation materials also represents a
promising approach to overcome those restrictions (poor sta-
bility, low bioavailability and the associated short half-lives of
peptides and proteins). Such materials are able to swell sub-
stantially and retain significant fractions of water in their
structure without dissolving, which can lead to the formation
of hydrogels [141]. Due to their high biocompatible and
hydrophilic nature, hydrogels offer a preferable environment
for peptide and protein formulation and have been shown to
stabilize the complex structure of proteins [142, 143].

Although more hydrophobic polymers have been prefer-
entially selected to increase the affinity to lipid bilayers, this
could potentially lead to precipitation of proteins during stor-
age or under specific physiological conditions due to differ-
ences in the polarity of proteins and carriers and physiological
medium [144]. Thus, the addition of surfactants to increase
the affinity between protein and polymer or the incorporation
of peptides and proteins in hydrophilic polymers such as
polyethylene glycol, chitosan, alginates and poloxamers may
be alternatively used [141]. With the recognition of the role of
surfactants in increasing the affinity between proteins and
polymers, lecithin and propanediol encapsulated in nano-
structured systems have been utilized in an attempt to improve
the buccal delivery of insulin in rabbits [145]. The average
bioavailability of insulin-loaded nanoparticle systems was
18.3% (buccal delivery versus subcutaneous injection), indicat-
ing that this system may be promising for the buccal delivery
of insulin and other proteins.

Diblock copolymers composed of a poly(D,L-lactide) (PLA)
core with a hydrophilic chain of poly(ethylene glycol) (PEG)
have also been considered for the delivery of peptides and
proteins through the buccal mucosa. Nanoparticle systems
coated with PEG have been designed to increase the stability
of insulin when in contact with physiological fluids and pro-
vide a controlled release [139]. Moreover, it is well established
that PEG has a mucoadhesion-promoting effect [146]. Al-
though Giovino et al. have suggested that nanoparticles coated
with PEG can provide controlled buccal delivery of proteins
based on in vitro release experiments, buccal transport studies
from optimized systems were not carried out [139]. In another
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study, biodegradable and redox-responsive complex systems
have been prepared for the transmucosal delivery of proteins
and peptides. Insulin-loaded chitosan/poly (L-aspartic acid)
submicron capsules prepared using the layer-by-layer tech-
nique were shown to release the peptide from these systems
when exposed to different levels of glutathione [147]. This
system has shown acceptable biocompatibility (cell viability
was above 90%) and mucoadhesive properties (adsorbed mu-
cin up to 48.1 μg/mg submicron capsules), extending the
residence time after mucosal administration. Despite these
in vitro release studies, the buccal absorption of insulin from
these novel particulate systems has not been investigated, but
remains an interesting field to explore.

The combination of particulate systems and bile salts has
been assessed to determine whether this leads to improved
buccal delivery of macromolecules. Phospholipid deformable
vesicles (transfersomes) with and without sodium deoxycholate
have been prepared by reverse phase evaporation methods
and their impact on the delivery of encapsulated insulin across
the buccal mucosa assessed [148]. While differences in the
in vivo buccal permeability of insulin were not observed be-
tween vesicles with and without surfactant, the relative phar-
macological bioavailability and the relative buccal bioavail-
ability after delivery of the insulin-deformable vesicles to rab-
bits were 15.6 and 19.8%, respectively (compared to subcuta-
neous administration of insulin solution). This effect was sig-
nificantly higher than with conventional insulin vesicles, blank
deformable vesicles and insulin mixture groups. It has been
suggested that transfersomes may respond to external stresses
by rapid shape transformations requiring low energy, allowing
them to deliver macromolecules across barriers. Given that
these systems allow for significant interaction with the buccal
mucosa, their use for buccal delivery of other peptides and
proteins might be considered in the future [148].

Immobilized Drug Delivery Systems

In view of the fact that aqueous suspensions and solutions do
not provide high retention of drugs at the buccal mucosa due
to continuous dilution by salivary flow, particles have been
immobilized in buccal films or other solid systems. The buccal
mucosa is a very suitable region for bioadhesive systems be-
cause of its smooth and relatively immobile surface as well as
its easy accessibility [42].

Mucoadhesive systems are essential to maintain an inti-
mate and prolonged contact of the formulation at the
absorption site, resulting in continual absorption of thera-
peutic into the systemic circulation [24]. The process of
mucoadhesion consists of two main steps: the contact step
(wetting) followed by the consolidation step (the establish-
ment of the adhesive interactions). While the first step of
this process is characterized by an intimate contact be-
tween the mucoadhesive and mucous membrane, various

physicochemical interactions may occur in the second step
to consolidate and strengthen the adhesive joint, leading to
prolonged adhesion [149, 150]. The relative importance of
each step will depend on the individual application. If
the formulation is exposed to significant dislodging stresses
such as mouth movements and strong or prolonged adhe-
sion is required, a second consolidation step should be
ensured [151]. Given that peptide and protein therapeutics
generally result in low bioavailability, both steps need to be
opt imized so tha t they may lead to enhanced
mucoadhesion. It is also desirable that the polymers
employed are able to inhibit key proteolytic enzymes.

Two theories may be considered to explain the consolida-
tion stage, the diffusion theory and dehydration theory, which
are not applicable for highly hydrated dosage forms. Accord-
ing to the diffusion theory, the mucoadhesive molecules and
the glycoproteins of the mucus mutually interact by means of
interpenetration of their chains and the formation of second-
ary interactions [151]. For this to occur, the mucoadhesive
device should present features favoring both chemical and
mechanical interactions. In general, bioadhesive strength in-
creases with the molecular weight, mucoadhesive polymer
concentration, presence of hydrogen bond-forming groups
(hydroxyl, carboxyl, amines and amides), chain flexibility,
positively or negatively charged groups and reduced cross-
linking density [152]. Physiological factors such as saliva se-
cretion, food intake, local pH, and turnover of themucus layer
also strongly affect bioadhesion [42]. According to the dehy-
dration theory, materials that are able to readily form gels in
an aqueous medium when placed in contact with the mucus
can lead to dehydration due to an osmotic pressure difference
[151, 153]. Therefore, this concentration gradient draws wa-
ter into the formulation until an osmotic balance is achieved,
leading to the mixture of formulation and mucus. It is the
water motion that consolidates the adhesive bond, and not the
interpenetration of macromolecular chains [151]. Once this
stage is understood, it is possible to select suitable polymers or
other materials for preparing new formulations mucoadhesive
according to its application.

Solid bioadhesive dosage forms are generally more conve-
nient for the patient than gels and ointments [154], and solid
systems typically offer greater drug stability and improved
residence time at the buccal mucosa, potentially offering
improved buccal mucosal absorption [155]. The design of
buccal dosage forms, particularly films, patches and tablets
may include (i) single-layer devices from which the drug is
released multidirectionally, (ii) devices presenting an upper
impermeable layer that minimizes the loss of drug into the
oral cavity and prevents degradation of drug by salivary
enzymes, or (iii) unidirectional release devices, from which
drug loss is minimal since the drug is released only from the
side adjacent to the buccal mucosa [42]. Buccal tablets have
been the most commercially available dosage form for buccal
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mucosal delivery, but the lack of physical flexibility has led to
poor patient compliance for long-term and repeated dose, and
other alternatives have been studied. Mucoadhesive buccal
films share some of these disadvantages, but because of their
small size and thickness, and their flexibility, they result in
improved patient compliance [156].

In addition to traditional solid mucoadhesive forms, solid
systems such as resorbable polymeric wafers and sponges have
been proposed recently to deliver macromolecules through
the buccal mucosa [157, 158]. However, there are limited
examples of their use for the delivery of peptides and proteins
across the buccal mucosa. Unlike semi-solid polymer gels,
wafers can maintain their swollen gel structure for a longer
period and therefore exhibit a longer residence time [159].
Because of their porous nature and higher surface area, they
are able to contain higher amounts of drug compared to the
thin and continuous solvent cast equivalent [160]. Polymeric
wafers are usually prepared by freeze-drying techniques, and
such wafers may provide an extended shelf life of the active

permeant at room temperature offering more stable
products that are suitable for storage at room temperature
[158]. Given their advantages, research into the applicability
of these systems for peptide and protein delivery should be
considered.

Portero et al. [157] have also suggested the use of chitosan
sponges as carriers of macromolecules in buccal systems. As
insulin-loaded bilayered tablets presented poor release behav-
ior (5% of the peptide being released over 10 h), which was
attributed to the limited diffusivity of the insulin through
compact matrixes, this group produced flexible sponges by
the casting/freeze-drying technique, which presented a very
porous structure and resulted in significantly faster in vitro
release profiles. As would have become apparent from the
previous paragraphs, there have been many suggestions of
novel delivery devices for buccal mucosal delivery of peptides
such as wafers and sponges, but these have not yet translated
into in vitro or in vivo studies justifying their potential. Signifi-
cant research into their applicability for actually delivering

Table II Advantages and Disadvantages of the Approaches to Enhance the Buccal Permeability of Macromolecules

Approach Advantages Limitations

Chemical modification - Improved lipophilicity to increase permeability
- Improved lipophilicity to minimize enzymatic degradation
- Increased uptake into buccal mucosa potentially leading to
controlled release into the systemic circulation

- Modified peptides and proteins may be chemically unstable
– Problems with storage or shelf-life
- Modified peptides and proteins may not be
pharmacologically active

- If conversion of the modified peptide or protein is enzyme
dependent, high inter-patient variability may be observed

Chemical enhancers - The possibility to combine different chemical enhancers
reducing their concentration and enhancing the buccal
absorption by different mechanisms

- Potential reduction in enzymatic degradation

- May increase the absorption of xenobiotics.
- May lead to membrane damage

pH modulation - Potential to modulate the buccal delivery of ionizable peptides
and proteins.

- Potential to reduce enzymatic degradation
- Potential to positively impact on mucoadhesive activity of excipients

- The difficulty in finding an optimal pH for both
peptide and protein stability without mucosal irritation

- Potential to negatively impact on mucoadhesive activity
of excipients

Iontophoresis - Potential to control the release kinetics by adjusting the
electrical parameters.

- High degree of programmability - therapy can be tailored
to match the patient’s requirements (blood levels of peptide
or protein)

- Potential for irritation and pain on application of the electric
current.

- Accessibility and costs
- May be restricted to compounds that can be formulated in
their ionic form

- Charged species may also be affected by an ionic
competition

Particulates systems/
delivery vectors

- May provide a sustained release
- May minimize chemical and enzymatic stability
- The potential to add components with mucoadhesive properties

- Stability problems, particularly with liposomes
- Incompatibility between hydrophobic polymers and
peptides

Immobilized drug delivery
systems

- Potential to maintain an intimate and prolonged contact of the
formulation at the absorption site

- Devices can present a unidirectional or multidirectional release
according to intended use.

- Systems (eg. polymeric wafers) can be prepared by freeze-drying
technique, overcoming limitations associated with peptide
and protein formulation

- Complex formulation approaches may be expensive
- Rigid solid systems may result in low patient compliance

Anti-aggregating agents - Prevention of in vivo protein aggregation and therefore inactive
protein state

- Potential combination chemical enhancers, maximizing
enhancement in buccal absorption

- Low in vitro-in vivo correlation regarding this phenomenon
(complex to predict this phenomenon in vivo)
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macromolecular therapeutics should therefore be the focus of
pharmaceutical and formulation scientists focusing on buccal
mucosal delivery, if the potential of the buccal mucosa as an
alternative site of delivery is to be recognized.

Addition of Anti-Aggregating Agents

Although the addition of anti-aggregating agents in buccal
formulations seems promising for improving the buccal ab-
sorption of macromolecules, its effectiveness has not yet been
assessed. The addition of anti-aggregating agents would be an
indirect approach to reduce or avoid physico-chemical insta-
bility of macromolecules (self-aggregation phenomena, a com-
mon process for some peptides [161]), which could lead to
precipitation and thus a reduction in buccal absorption.Many
soluble proteins have been converted into insoluble fibrils due
to self-aggregation phenomena occurring at the intermolecu-
lar level under particular solvents, temperature and pH con-
ditions [161]. Nonspecific forces, such as hydrogen bonding
could also contribute to this protein self-assembly [162].
Moreover, the lipid bilayer has been suggested to provide an
environment in which the aggregated state of polypeptide
chains appear to be more thermodynamically favorable than
their monomeric forms [163]. In fact, protein aggregation has
been recognized as a major reason for instability that can then
impact on protein function in vitro and in vivo and result in toxic
adverse events [164]. Overlooking the experimental and phys-
iological conditions that accelerate the self-association of these
macromolecules may lead to a reduction of their absorption in
different biological membranes such as the buccal mucosa.
Indeed, this self-association behavior has been reported for the
two peptides most commonly tested in buccal transport ex-
periments – calcitonin and insulin. Calcitonin has shown a
tendency to aggregate in aqueous solutions and to form long,
thin fibrillar aggregates, resulting in viscous and turbid disper-
sions easily detected by microscopic techniques [165]. In vitro
insulin fibrillation occurs quite rapidly, particularly at low pH,
high temperature, high ionic strength and on hydrophobic
surfaces [164]. Thus, additives or co-solvents that prevent
protein aggregation could be employed in order to stabilize
macromolecules such as insulin and calcitonin in buccal per-
meability studies. Compounds that can either prevent
unfolding of the native protein or sequester partially folded
aggregation-competent intermediates have been effective in
increasing the stability of native insulin [166, 167]. Carbohy-
drates and glycerols as well as low molecular weight com-
pounds such as ectoine, trehalose, and citrulline have been
shown to enhance the stability of insulin [166] through pref-
erential exclusion of these co-solutes from the protein surface
and subsequent enhancement of hydrophobic interactions
within the native structure [168, 169]. Lecithins, cyclodex-
trins, and polymeric surfactants reduce insulin aggregation by
binding to hydrophobic interfaces or hydrophobic insulin

domains [167, 170]. Therefore, applying these compounds
has the potential to prevent protein aggregation, potentially
optimizing the macromolecular buccal delivery.

SUMMARY

Physical, chemical and formulation techniques have been
applied to improve the buccal transport of peptides and
proteins through the paracellular route, each with its particu-
lar advantages and limitations (as shown in Table II). When
attempting novel approaches to enhance the buccal mucosal
permeability of peptides and proteins, the particular physical
and chemical characteristics of eachmacromolecule should be
considered, as well as the impact of the enhancement process
on the macromolecule itself and the potential for toxicity or
tissue damage. To achieve optimal buccal penetration of
peptides and proteins, it appears that a combination of various
approaches that are able to enhance the stability, solubility
and permeability of peptides and proteins is most suitable.
Given the desirable characteristics of the buccal mucosa rela-
tive to the gastrointestinal tract and other biological mem-
branes, exploiting this route with appropriate enhancement
strategies has the potential to result in therapeutic systemic
concentrations of otherwise poorly permeable macromole-
cules, overcoming the current limitations associated with pep-
tide and protein delivery.
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