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  INTRODUCTION 
 Mucous membranes line various body cavities and 
 structures that are connected or exposed to the exter-
nal environment, such as the respiratory, gastrointestinal 
(GI) and reproductive tracts as well as structures such 
as the eyes, nose and mouth. A mucosal drug delivery 
 system delivers drugs across the mucosa for both local 
and systemic therapeutic effects. Mucosal drug delivery 
is used to increase bioavailability and therapeutic effi cacy 
of drugs both locally and systemically. One of the most 
fundamental problems is how to overcome the protective 
barrier functions of the mucosa. Clearly, this requires 
understanding of the characteristics of the mucosa, the 
principles and mechanisms of the mucosal drug delivery 
process, as well as the properties of the dosage form itself 
that will overcome these barriers while allowing the drug 
to achieve optimum performance in its target environ-
ment. This chapter is designed to

      1.      Provide an overview of the structure and permeability 
properties of the mucous membranes.  

     2.      Examine the main principles and mechanisms of 
mucosal drug delivery, including strategies to enhance 
mucosal drug delivery mechanisms.  

     3.      Discuss examples of mucosal drug delivery systems.   

    MUCOUS LAYER 
 The main functions of the mucous membrane include 
absorption, secretion, lubrication, entrapment of for-
eign substances and antibacterial action ( Ross, Romrell, 
and Kaye, 1995 ). Some mucous membranes are highly 
specialized for their function, as in the case of the mem-
branes lining the GI tract, especially in the region of the 
small intestine, which have characteristics that adapt 
them for effi cient absorption. Some mucous membranes 
are secretory, with secretions that are either watery in 
consistency or more viscous. Watery mucus is secreted 
by serous cells and contains numerous active enzymes. 
These enzymes aid in the metabolic activities of the 
body, such as digestion. A more highly viscous mucus is 
secreted by mucous cells with lubrication as their  primary 
function. In the respiratory tract, for example, the viscid 
mucus helps to trap foreign particles and remove them 
from the body. Particles here include drug and drug-
containing nanoparticles. Depending on its physiological 
location, the mucous membrane may vary in structure, 
but all mucous membranes can be considered to comprise 

several layers: a mucous layer, an epithelial layer covered 
by the mucous layer, a basement membrane that anchors 
the epithelium to underlying  tissue layers, and a connec-
tive tissue layer (lamina propria) ( Smart, 2005 ). 

 Mucus is continuously secreted by cells located in the 
epithelial layer or specialized glands adjacent to tissues. 
The resulting mucous layer either forms a gel layer that 
adheres to the epithelial layer or is present as a suspended 
form adjacent to the epithelial layer. The thickness of 
the mucous layer varies on different mucosal surfaces. 
For example, in the human GI tract, the mucous layer 
is thickest in the stomach (50 – 450  μ m) ( Kerss, Allen, 
et al., 1982 ) and colon (110 – 160  μ m); in contrast, in the 
oral cavity, the thickness of the mucous layer is less than 
1  μ m (   Sonju, Christen, et al., 1974 ). The thickness of the 
mucous layer is dependent upon the balance between the 
rate of secretion and the rate of degradation and shed-
ding. On some mucosal surfaces, the mucous secretion 
is so rapid that it is very diffi cult for particles to diffuse 
through the mucous layer against the “upstream” motion 
of mucous secretion ( Cone, 2009 ). On the other hand, 
the barrier motion of thinner mucous layers are predomi-
nately due to degradation and shedding, where the par-
ticles bound to the mucus are cleared before transport 
across the mucous layer. 

 The major components of mucus are mucin glycopro-
teins, lipids, inorganic salts and water, which comprise 
more than 95% of the total mucus weight ( Marriott and 
Gregory, 1990 ). Mucin fi bers are the structural units 
of mucus. In general, there are two distinct families of 
mucin molecules: cell-associated mucins and gel-forming 
mucins ( Cone, 2005 ). Cell-associated mucins are anchored 
to the cell surface through a transmembrane domain 
and range from 100 to 500 nm in length. Gel-forming 
mucins (or secreted mucins) are formed from mucin 
monomers linked end-to-end by disulfi de bonds, 
and therefore are much longer and can be up to sev-
eral microns in length ( Carlstedt and Sheehan, 1984 ). 
Regardless of the type of mucin molecule, there are 
several common characteristics of mucin fi bers. Each 
mucin fi ber is similar to a fl exible string with a densely 
coated layer of short glycans on the surface ( Cone, 
2009 ). These short glycans interact with mucin by 
forming O-linkages to the threonine and serine resi-
dues in the proline, threonine, serine domains of the 
mucin protein. Many of the glycans terminate in a neg-
atively charged carboxyl group, which makes the gly-
cosylated region highly hydrophilic. In addition, many 
negatively charged sulfate-bearing glycans are N-linked 
to the ends of the mucin monomers, further adding to 
the hydrophilic nature of the mucin. These glycosyl-
ated and highly hydrophilic regions are interspersed 
by “naked” relatively hydrophobic protein regions 
that fold into globular beads and stabilize themselves 
by forming numerous disulfi de bonds. In mucous gels, 
each mucin overlaps and entangles with on the order of 
10 – 100 other mucins ( Figure II.5.16.1       ).  
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  PRINCIPLES OF MUCOSAL DRUG 
DELIVERY 

  Mechanisms of Mucosal Drug Delivery 

 In mucosal drug delivery, the ability of the drug par-
ticles to cross the mucosal membrane barriers is criti-
cal to achieving the desired therapeutic effect in the 
body. Although mucous membranes vary in struc-
ture and function, the basic modes of drug transport 
mechanisms are common to all mucosal drug delivery 
throughout the body ( Chien, 1995 ). In order for a drug 
particle to reach the capillaries present in the lamina 
propria, it must  successfully traverse several mucosal 
barriers. 

 The basic mechanism of transport in the mucous layer 
is diffusion. Early views of mucous layer diffusion held 
that small molecules diffuse readily through the mucous 
layer, but macromolecules such as globular proteins were 
assumed to be unable to penetrate this layer ( Cone, 2009 ). 
However, more recent investigations demonstrated that 
a number of macromolecules also rapidly diffuse through 
the mucous layer. Important experiments by the Saltzman 
and Cone research groups showed that soluble globular 
proteins diffuse freely through human cervicovaginal 
mucus, while secreted antibodies such as IgM are only 
slightly slowed by the same mucus ( Saltzman, Radomsky, 
et al., 1994 ). Studies conducted by Olmsted et al. 
( Olmsted, Padgett, et al., 2001 ) substantiated the claim 
that viruses with a diameter of 30 nm should be able 
to diffuse through the cervicovaginal mucus unhindered. 
Furthermore, they showed that Norwalk virus (38 nm) 
and human papilloma virus (55 nm) penetrated the 
mucous layer at diffusion rates approximately equal to 
that in water. These results demonstrate that particles 
with a range of sizes are capable of diffusing through 
the low viscosity pores within the viscoelastic mucous 
layer matrix (also see  Lai et al., 2007 ;  Lai, Wang, and 
Hanes, 2009 ). However, due to the restriction set by the 
size of the mucous pores, not all particles are capable of 
diffusing through the matrix. Olmsted et al. also estab-
lished that the herpes simplex virus with a diameter of 
approximately 180 nm was almost completely unable 
to cross the mucous layer. This is in accordance with 

the obstruction scaling model ( Amsden, 1999 ), which 
estimated the average mucous pore size to be around 
100 nm. 

 The diffusion of particles through the mucous matrix 
is not merely determined by their particle size compara-
tive to the mucous matrix pore size. There are also other 
factors that may facilitate or inhibit the diffusion of these 
particles. Recent works show that antibodies may have 
a secretory component that makes them slightly muco-
phillic ( Corthesy and Kraehenbuhl, 1999 , pp. 93 – 111). 
This characteristic facilitates the transport of antibodies 
across the mucous layer by forming weak bonds between 
the antibodies and the mucin fi bers. Furthermore, 
 scientists have observed that capsid viruslike particles 
diffuse freely through the mucous matrix, but polysty-
rene spheres of similar sizes are trapped by the mucus. 
This phenomenon is explained by the fact that, although 
the polystyrene spheres have a diameter smaller than the 
mucous pores, they form hydrophobic interactions with 
the hydrophobic regions on the mucin fi bers. In addition, 
charge – charge interactions between the particles and the 
mucin fi bers also play an important role in determining 
the diffusivity of substances across the mucous layer. 
As we can see, diffusion of particles through the mucous 
matrix is by no means a simple process that only involves 
an unequal distribution (concentration gradient) of par-
ticles across a barrier, which we traditionally tend to 
associate diffusion with. Transport across the epithelium 
has been described elsewhere as transport across cell 
layers, and will not be dealt with in this section.  

  Barriers to Mucosal Drug Delivery 

 One of the most fundamental problems encountered in 
mucosal drug delivery is poor bioavailability due to the 
numerous barriers the drug must overcome to reach the 
blood stream. In summary, a barrier can be classifi ed as a 
physicochemical barrier or a metabolic barrier (  Rathbone 
and Tucker, 1993 ). Physicochemical barriers stem from the 
structure and properties of the various mucosal membrane 
layers, while metabolic barriers arise due to the presence 
of active enzymes in the mucosal membrane environment. 

 The mucous layer is a critical barrier in mucosal drug 
delivery ( Cone, 2009 ;  Hanes and Demeester, 2009 ). In 
order to penetrate across the mucous layer, a particle 
must avoid the rapid mucus clearance and adhesion to 
mucin fi bers. This is no easy feat. Mucus is continuously 
secreted, then shed and discarded, or digested and recy-
cled. The continuous secretion of mucus means that a par-
ticle must migrate “upstream” against the mucus fl ow in 
order to reach the epithelium. In addition, in some places 
the mucus is shed and cleared at such a rapid rate that 
particles are engulfed and removed before having suffi -
cient time to diffuse through the mucous layer. This is 
especially the case in the eyes, where the shedding of the 
tear fi lm occurs within a matter of seconds. Besides the 
dynamic properties of the mucus, the chemical properties 
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 FIGURE II.5.16.1        A basic unit of the mucin structure. Multiple 
basic units are linked to form a monomer mucin molecule, and the 
monomers are in turn linked by disulfi de bonds to make polymeric 
structure of mucin.    
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of the mucin fi bers also contribute toward the barrier 
functions of the mucous layer. Mucin fi bers contain neg-
atively charged and therefore highly hydrophilic regions 
interspersed with hydrophobic domains. By conforming 
to the surface of an incoming particle, a mucin fi ber can 
form multiple, low-affi nity hydrophobic and/or hydro-
philic ionic or H-bonds with this particle. Although these 
bonds are easily broken, their number is such that, at 
any given time, one or more of these types of bonds will 
“link” the particle to the fi ber. The effect is especially 
important for relatively large hydrophobic molecules, 
which can simultaneously form many such low-affi nity 
bonds with mucus. Relatively small hydrophobic mol-
ecules are less prone to be trapped by the mucous matrix, 
because they can only bind to mucin fi bers monovalently. 
Furthermore, positively charged molecules bind tightly to 
mucin fi bers via ionic interactions with the large number 
of negatively charged glycans. When the concentration 
of such positively charged particles is high, the mucous 
gel can collapse, causing the formation of large channels 
within the mucous layer. This phenomenon can actually 
be utilized to enhance mucosal layer permeability. 

 The metabolic barriers to mucosal drug delivery 
mainly refer to the degradation of particles by active 
enzymes in the mucosal membrane environment. In 
part, these metabolic barriers evolved out of the body’s 
defense mechanism, which permits the body to degrade 
foreign substances that may be potentially harmful. 
However, this defense mechanism may also function 
against the successful delivery of useful drug particles. 
During the mucosal permeation process, there are several 
main locations that the drug particles may be subjected 
to premature metabolism: (1) the lumen of the route of 
delivery, prior to making contact with the mucous layer; 
(2) on the surface of the mucosal layer; or (3) within the 
mucosal membrane environment. The effect of metabo-
lism is especially detrimental to the delivery of peptide 
and protein drugs, which are susceptible to various 
 peptidases present in the mucosal membrane. These 
 peptidases inactivate the peptide and protein drugs by 
cleaving the peptide bonds, acting as a form of presys-
temic fi rst-pass effect. The types of molecules subject to 
degradation and the extent of degradation are depen-
dent upon the specifi c mucosa. For example, a study 
conducted by Yamamoto et al. indicated that proteo-
lytic degradation of insulin and proinsulin in the rabbit 
mucous membrane is consistently high in the rectum and 
consistently low in the vagina, but in the nose and mouth 
the degree of proteolytic activity differs with the peptides 
( Yamamoto, Hayakawa, et al., 1990 ).  

  General Strategies to Enhance Mucosal 
Drug Delivery 

 In order to enhance delivery of drugs and drug particles 
across the mucosal membrane, drug transport, absorp-
tion and eventual bioavailability all need to be improved. 

In order to realize this goal, the drug molecules and 
nanoparticles must overcome the physicochemical and 
metabolic barriers described in the previous section. 
In order to facilitate this, it is often necessary to utilize 
additional compounds in combination with the drug 
molecules to enhance mucosal membrane penetration. 
Currently, there are two main approaches, one involves 
the usage of permeation enhancers and the other employs 
compounds that act as mucoadhesives.  

  Permeation Enhancers  .     Permeation enhancers are 
compounds that can increase the permeability of the 
mucosal membrane and/or ability of the drug compound 
to cross the membrane, thereby increasing the absorp-
tion and bioavailability of the drug molecule ( Shen and 
Lin, 1994 ). Depending on the mechanisms of action, per-
meation enhancers can be further divided into the fol-
lowing groups: (1) compounds that enhance permeation 
by altering the permeability of the membrane; (2) com-
pounds that enhance permeation by altering the proper-
ties of the drug itself; and (3) compounds that can inhibit 
the enzymatic degradation of drug molecules in the 
mucosal environment ( Robinson and Yang, 1999 ;  Shen 
and Lin, 1994 ). Examples of each class of enhancers are 
listed in  Table II.5.16.1     . In general, permeation enhanc-
ers are designed to alter the tight junctions and cell mem-
branes, and thus their effects are nonspecifi c. Not only 
the drug molecules but also any molecules present adja-
cent to the permeation enhancer will be absorbed, mak-
ing this approach rather undesirable.  
  Mucoadhesives  .     Another strategy that has been the 
subject of greater interest than permeation enhancers is 
the use of mucoadhesive compounds. Mucoadhesives 
are compounds that prolong the contact between drug 
and mucosal membrane at the site of action (localized 
delivery) or at the site of absorption (systemic delivery). 
One of the primary advantages associated with muco-
adhesives is the lengthening of the contact time, which 
provides drug particles with a longer time to diffuse 
across the mucous layer. Another major advantage is the 
strong interaction between drug and mucous layer forms 
a local barrier that prevents the metabolic activities of 
the nearby enzymes from degrading the drug particles 
( Makhlof, Werle, et al., 2008 ). 

 Currently, there are six general theories that have 
been adapted to explain the mechanism of mucoadhe-
sion ( Smart, 2005 ). They are the electronic theory, the 
wetting theory, the adsorption theory, the diffusion 
theory, the mechanical theory and the fracture theory. 
However, due to the relative complexity of this pro-
cess, no single theory can completely and satisfactorily 

     In order to enhance delivery of drugs and drug particles across 
the mucosal membrane, drug transport, absorption and eventual 
 bioavailability all need to be improved. Currently, there are two 
main approaches, one involves the usage of permeation enhanc-
ers and the other employs compounds that act as mucoadhesives.    
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explain this phenomenon, and we have to conclude that 
the mechanism of mucoadhesion is probably due to some 
combination of the six theories. Regardless of the specifi c 
basis for each theory, the general consensus is that there 
are two major stages in the mucoadhesion process ( Wu, 
1982 ): the contact stage and the consolidation stage. In 
the contact stage, wetting occurs between the mucoadhe-
sive material and the mucus. In the consolidation stage, 
various interactions occur to consolidate and strengthen 
the adhesive interaction, leading to a prolonged contact 
time. 

 A number of polymeric materials have been shown to 
display mucoadhesive properties ( Table II.5.16.2     ). The 
most widely investigated groups of mucoadhesive mate-
rials are poly(acrylates) and chitosan ( Makhlof, Werle, 
et al., 2008 ). Recently, new materials that allow speci-
fi city or prolonged and strengthened contact have also 
been investigated. Examples of these new materials are 

thiolated polymers, polyethylene glycol (PEG), polox-
amer gels, dihydroxyphenylalanine and lectins.    

  MUCOSAL DRUG DELIVERY SYSTEMS 
 While the concepts presented thus far can be applied to 
all mucosal drug delivery systems, it is important to real-
ize that each route of mucosal drug delivery system has 
unique physiological characteristics that may change the 
specifi c formulation strategy used to deliver drugs via 
that particular route. In the following section, we will 
examine the major mucosal drug delivery systems in 
more detail, with particular emphasis on the appropriate 
strategies and materials used for each route of the muco-
sal delivery system. 

  Nasal 

 The principle location for nasal drug penetration is in the 
respiratory region of the nasal passage. The respiratory 
region is highly vascularized, with a dense network of fenes-
trated capillaries in the lamina propria. The nasal mucosa is 
generally considered to be penetrable for small molecules, 
while larger molecules may need the help of permeation 
enhancers to cross ( Worakul and Robinson, 2002 ). Enzy-
matic activity in the nasal mucosa is low compared to other 
mucosal membranes in the body ( Sarkar, 1992 ). However, 
the rapid rate of mucociliary clearance presents a major 
barrier to mucosal delivery in the nasal passage. 

 One approach to prolong absorption is to increase the 
viscosity of the dosage form. However, highly viscous 

     TABLE I I .5.16.1             Summary of Common 
Permeation Enhancers Used 
in Mucosal Drug Delivery      

   Permeation Enhancers Mechanism of Action  

  Ionic Surfactants Decrease viscosity of membrane by 
        Sodium deoxycholate       •      Extracting membrane proteins 

and lipids    
        Sodium taurodeoxycholate        •      Fluidizing the membrane    
        Sodium glycocholate        •      Disrupting associated glyco-

proteins in mucous layer    
        Sodium lauryl sulfate  
        Sodium laurate  
 Chelating and complexing 

agents
Alter tight junctions, increasing 

paracellular transport 
        EDTA, cytochalasin, 

citric acid
 

 Fatty acids and derivatives 
        Oleic acid, lauric acid, 

sodium caprate, 
 acylcarnitines

       •      Change epithelial cell mem-
brane molecular arrangement    

        Mono(di)glycerides        •      Alter tight junctions, increas-
ing paracellular transport    

 Salicylate and analogs 
        Sodium salicylate        •      Increase solubility and 

 dissolution of drug    
        3-Methoxysalicylate        •      Calcium chelating    
        5-Methoxysalicylate        •      Interact with membrane 

proteins    
 Others 
        Cationic polymers Ion – ion interaction with mucous 

membrane, inducing opening 
of tight junctions 

        Poly- L -arginine, chitosan  
        Aminated gelatins  
        Poly(acrylates), 

 polycarbophil, carbomers
Mucoadhesive, inhibit enzymatic 

activity 
        Glycyrrhetinic acid Inhibit leucine aminopeptidase 
        Azone Increase membrane fl uidization  

  EDTA, ethylenediaminetetraacetic acid.  

     TABLE I I .5.16.2             Common Mucoadhesive 
Polymers Used in Mucosal 
Drug Delivery      

   Mucoadhesive 
Polymers Mechanism of Action  

  Poly(acrylates) Interact with the mucus via physical 
chain entanglement accompanied by 
hydrogen bonding 

 Chitosan and 
derivatives

       •      Form hydrogen bonds  
     •      Cationic nature allows interaction 

with negatively charged mucus    
 Thiolated polymers  
       Chitosan conjugates 

with TGA, TBA, TEA, 
or glutathione

       •      Form disulfi de bonds with thiol 
groups on the cysteine-rich domains 
of mucin fi bers  

     •      Ionic interactions with mucous 
substrate    

        PAA conjugates 
with glutathione or 
cysteine

       •      Hydrophobic interactions with 
mucous substrate    

 Other polymers  
       Hyaluronic acid, CMC, 

HPMC and PEG

Physical entanglement, ionic 
interactions  

  TGA, thioglycolic acid; TBA, thiobutylamidine; TEA, thioethylamidine; PAA, 
poly(acrylic acid); CMC, carboxymethyl cellulose; HPMC, hydroxypropyl-
methyl cellulose.  
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formulations are diffi cult to administer. Thermogelling 
systems were introduced as a way to circumvent this 
problem. These systems have low viscosity at room tem-
perature, but can form a viscous gel at body temperature. 
Some examples are Poloxamer 407 solution ( Juhasz, 
Lenaerts, and Ong, 1990 ), ethyl (hydroxyethyl) cellulose 
combined with small amounts of sodium dodecyl sulfate 
in water ( Pereswetoff-Morath, Bjurstrom, et al., 1996 ) 
and gellan gum (Gelrite). 

 Another approach to sustain drug release at the site 
of administration and avoid rapid mucociliary clearance 
is the use of bioadhesives and bioadhesive microspheres. 
An early study by Nagai et al. ( Nagai, Nishimoto, 
Nambu, Sozuki, and Sekine, 1984 ) demonstrated that 
the bioavailability of freeze-dried powder form of insu-
lin combined with Carbopol 943 (Carbopol ®  is a lightly 
cross-linked polyacrylic acid) was equivalent to the par-
enteral administration of insulin solutions of three times 
the dose. In another study, Morimoto et al. ( Morimoto, 
Tabata, et al., 1987 ) developed a nasal delivery system 
for nifedipine using a mixture of the drug, PEG 400 and 
Carbopol 941 as mucoadhesives. The results showed that 
a relatively high plasma drug concentration was achieved 
and maintained. Nakamura et al. ( Nakamura, Ohta, 
et al., 1996 ) experimented on several different mucoad-
hesives in the nose. Their study demonstrated that xan-
than gum had the longest residence time, followed by 
tamarind gum, hydroxypropyl cellulose (HPC) and poly-
vinyl alcohol. Microspheres not only have increased resi-
dence times through strong adhesive interactions with the 
mucous layer, but also can widen the tight junctions tem-
porarily ( Pereswetoff-Morath, 1998 ). Illum et al. ( Davis, 
Illum, et al., 1987 ) showed that the half-life clearance 
of the starch microspheres was approximately 240 min 
compared to 15 min for control formulations of liquids 
and powders. A study conducted by Witschi and Mrsny 
( Witschi and Mrsny, 1999 ) found that protein trans-
port across Calu-3 cells (a type of cell line derived from 
human respiratory tract epithelial cells) was increased by 
using Carbopol and chitosan microparticles.  

  Buccal 

 Buccal drug delivery is the administration of drugs 
through the mucosa lining the insides of the cheeks. The 
buccal mucosa is relatively thick and dense, with multiple 
layers of cells in the epithelium, which decrease the per-
meability of the mucosa considerably. It is also diffi cult 
to keep the formulation in place due to both the huge 
amount of saliva that is secreted and the refl ex action 
of swallowing. What’s more, we have to also take into 
consideration the abundance of enzymes present in the 
oral cavity, which can enzymatically degrade the drug 
particles. 

 Strategies to enhance the absorption of buccal-delivered 
drugs have been studied extensively in the past. In a 
promising study for buccal drug administration, Nagai 

was able to formulate a small, double-layered tablet, 
with an upper layer of lactose and a lower layer of muco-
adhesives containing HPC and Carbopol 934P (CP). 
There have been numerous other studies that explore the 
use of other mucoadhesives besides just HPC and CP. 
Robinson et al. ( Robinson, Longer, et al., 1987 ) were 
able to design a buccal patch using polycarbophil (poly-
carbophil is a synthetic polymer of polyacrylic acid cross-
linked with divinyl glycol). This patch was tested in dogs 
and found to remain in place while eating and drinking. 
More recently, buccal adhesive tablets of metronidazole 
were formulated using CP, hydroxypropylmethyl cellu-
lose and sodium carboxymethyl cellulose as mucoadhe-
sives ( Ahuja, Khar, et al., 1998 ). These tablets were held 
in place in the buccal cavity for 6 h and released metroni-
dazole continuously. Other materials that have also been 
experimented on for enhancing buccal delivery include 
hydroxyethyl cellulose ( Anders and Merkle, 1989 ), poly-
vinylpyrrolidone, sodium alginate ( Remunan-Lopez, 
Portero, et al., 1998 ) and gellan gum.  

  Ophthalmic 

 Any ocular administration of drugs is countered by 
the refl ex tear and blinking action, which will quickly 
remove the drugs from the site of contact, resulting in 
poor bioavailability of the drugs and inadequate thera-
peutic effect. Therefore, the main challenge in ophthal-
mic drug delivery is to retain the drug for a suffi ciently 
long period of time on the ocular mucosa. The appropri-
ate strategy is to choose a vehicle for the drug that will 
retard ocular drug elimination and increase the amount 
of contact time. Examples of such vehicles are gels, 
nano- and microparticles and polymer matrices ( Sintzel, 
Bernatchez, et al., 1996 ). 

 Gels or viscous solutions have been extensively inves-
tigated for their use in ophthalmic drug delivery. Most of 
these gels are prepared from hydrophilic polymers, which 
prolong the corneal residence time; consequently, drug 
bioavailability is improved. The most widely used hydro-
philic polymers for gels or viscous solutions are semi-
synthetic derivatives of cellulose and poly(vinyl alcohol). 
Other viscosifi ers include many natural or semisynthetic 
polysaccharides such as dextran, xanthan and gellan 
gum, as well as synthetic polymers such as polyacrylates, 
especially poly(acrylic acid). Another mucoadhesive that 
is often used to increase vehicle contact time with the 
corneal surface is hyaluronic acid. 

 Since the administration of highly viscous drug formu-
lations is an important issue that needs to be considered, in 
situ gelling systems have been developed that allow a solu-
tion with a relatively low viscosity at room temperature 
to become more viscous at temperatures approaching that 
of the eye. The polymers that have been successfully used 
in such systems are Pluronics ®  and Tetronics ®  ( Vadnere, 
Amidon, et al., 1984 ). Other types of in situ gelling sys-
tems that depend on the change in chemical environment 
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when contacting the eye utilize polymers such as cellulose 
acetophthalate latex ( Gurny, Boye, and Ibrahim, 1985 ) 
and the gellan derivative Gelrite. 

 Micro- and nanoparticles have demonstrated the 
ability to improve corneal contact time. The commonly 
used materials for microspheres are poly(lactic acid), 
poly(glycolic acid), their copolymers as well as natural 
polymers such as albumin or gelatin ( Sintzel, Bernatchez, 
et al., 1996 ). The materials most often used for the for-
mulation of nanospheres are polyalkylcyanoacrylates, 
polycaprolactones and copolymers of lactic and glycolic 
acids ( Sintzel, Bernatchez, et al., 1996 ).  

  Pulmonary 

 The primary site of pulmonary drug absorption is within 
the alveoli. The delivery of drugs via the pulmonary 
mucosal route is often met with a variety of diffi culties. 
The major barriers are represented by the geometry of 
the pulmonary tract, mucociliary clearance, pulmonary 
enzymes as well as macrophage activities ( Worakul and 
Robinson, 2002 ). The geometry of the pulmonary tract 
presents a problem for the targeting of drug molecules to 
site of absorption and could cause particles to impact or 
deposit prematurely on the upper respiratory tract, where 
they are likely to be engulfed by mucus and removed. 
Within the lung, there is a diverse population of enzymes 
such as amine oxidase, reductases and esterases, which 
can metabolize the drugs ( Cohen, 1990 ). Although cilia 
and mucus are absent in the alveoli, there are numer-
ous macrophages that are capable of engulfi ng insoluble 
foreign substances and transporting them to the ciliated 
epithelium for clearance ( Florence and Attwood, 1998 ). 

 One general approach to solve these problems is to 
design particles with low mass density (porous) and large 
diameters (10 – 15  μ m), using biodegradable polymers 
or lipophilic carriers to prevent enzymatic metabolism 
of the drug or carrier system ( Edwards, Hanes, et al., 
1997 ). Grenha et al. produced a new pulmonary drug 
delivery system through the complexation of chitosan-
tripolyphosphate nanoparticles with phospholipids and 
microencapsulating these complexes by spray-drying 
with mannitol ( Grenha, Remunan-Lopez, et al., 2008 ). 
The resulting microspheres had adequate characteris-
tics for delivery to the deep lung. Kawashima modifi ed 
the surface of powders by using (hydroxypropyl-meth-
ylcellulose)phthalate, which dramatically improved the 
inhalation properties of the powders compared with the 
original unaltered formulation ( Kawashima, Serigano, 
et al., 1998 ). Ben-Jebria et al. ( Ben-Jebria, Chen, et al., 
1999 ) utilized dipalmitoylphosphatidylcholine as lipo-
philic carrier to sustain bronchodilation in the lungs. 
They found that the inhalation of large porous particles 
inhibited bronchoconstriction more than three times lon-
ger than small porous particles. 

 Another approach is to enhance the retention time 
within the lungs. One method that has been extensively 

studied is the entrapment of drug particles in liposomes. 
Taylor et al. ( Taylor, Taylor, et al., 1989 ) studied the effect 
of sodium cromoglycate inhaled   as a solution or encap-
sulated in dipalmitoylphosphatidylcholine-cholesterol 
liposomes and found that the encapsulated drug displayed 
longer retention times within the lung. In another experi-
ment, cytosine arabinoside in free or liposome-encapsu-
lated form was given to rats via intratracheal instillation 
( Juliano and McCullough, 1980 ). The encapsulated form 
prolonged the effect of the drug in the lung. Mucoadhe-
sives have also been used. Tahara et al. successfully pre-
pared poly(lactide-co-glycolide) nanospheres and modifi ed 
the nanosurface with chitosan to improve mucosal peptide 
administration ( Tahara, Yamamoto, et al., 2007 ).  

  Gastrointestinal 

    Due to the limited absorption surface area and blood 
supply in surrounding tissues of the stomach, most of the 
drugs delivered via the gastric route have been for local 
effects within the stomach. The acidic environment in the 
stomach and the presence of enzymes such as pepsin can 
be detrimental to the stability of the drug particles deliv-
ered to the stomach. In addition, peristaltic contractions 
within the stomach greatly affect the ability of the drug 
to adhere to the mucosa lining for effi cient drug delivery. 
However, despite these diffi culties, progress has been 
made toward stabilizing the formulation at acidic pH 
values and prolonging the gastric residence time using a 
variety of methods. 

 There are typically three types of methods to prolong 
gastric retention ( Conway, 2005 ). The fi rst is through 
the design of a fl oating system, which utilizes the fl oating 
behavior of substances in the gastric fl uid. Multiple-unit 
divided systems such as microspheres have been exten-
sively studied. Polymers often used in this type of for-
mulation include casein-gelatin ( Bulgarelli, Forni, et al., 
2000 ), acrylic polymers such as Eudragits ( Lee, Park, 
et al., 1999 ) and alginates ( Murata, Sasaki, et al., 2000 ). 
A second approach is the use of mucoadhesive systems. 
Akiyama et al. ( Akiyama, Nagahara, et al., 1995 ) pre-
pared microspheres of CP dispersion in polyglycerol 
esters of fatty acid (PGEF) that prolonged GI transit time 
by adhering to the gastric or upper intestinal mucosa. 
Nagahara et al. ( Nagahara, Akiyama, et al., 1998 ) tested 
this system for the anti- Helicobacter pylori  effect of amox-
icillin and found that the amount of the drug left in the 

     The oral route of drug administration is still by far the most popular 
delivery route due to its relative ease of administration and high 
patient compliance. However, oral dosage forms commonly en-
counter several problems that can infl uence their absorption from 
the GI tract. These problems include (1) the variations in pH as 
drug particles travel through the GI tract; (2) the profusion and 
huge variety of enzymes that are present in the GI tract; and (3) the 
complex and diverse absorptive surfaces throughout the GI tract.    
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stomach of Mongolian gerbils was approximately three 
times higher than that of the drug in 0.5% methylcellu-
lose suspension. This effect was attributed to the increase 
in adhesion due to the CP-PGEF system. Chitosan, one 
of the most widely investigated mucoadhesives for gas-
tric delivery, has produced results that show improved 
adhesion and sustained release of drugs in the stomach 
( Sugimoto, Yoshida, et al., 1998 ) and so have studies 
involving microencapsulation with combinations of poly-
carbophil and Carbopol. Finally, the third approach to 
prolong gastric mucosal retention time is the employment 
of swelling systems, which mainly include the family of 
polymeric hydrogels. Some examples of these hydro-
gels are chitosan-poly(acrylic acid) hydrogel, chitosan-
poly( N -isopropylacrylamide) stimuli-responsive hydrogel 
and (acrylamide-co-acrylic acid) hydrogel (Chen, Blevins, 
et al., 1998;  de la Torre, Enobakhare, et al., 2003 ). 

 It is important to point out that these bioadhesive sys-
tems for intestinal mucosal delivery are nonspecifi c. Target-
ing a particular area on a mucosal surface is very diffi cult, 
but recent advances have been made using lectin. Lectins 
are proteins capable of interacting specifi cally with epithe-
lial cells by binding with sugar residues on the surface of 
the cells ( Pusztai, Bardocz, and Ewen, 1999 ). In two sepa-
rate studies,  Lehr, Bouwstra, et al. (1992)  and  Naisbett 
and Woodley (1994)  found that tomato lectin binds spe-
cifi cally to the small intestine in vitro. Thus, bioadhesive 
systems are sometimes formulated by grafting lectins onto 
the surface of microspheres, nanospheres and liposomes.  

  Vaginal 

 One of the key features of the vaginal mucosa is that 
its thickness varies with the menstrual cycle, which is 
regulated by fl uctuations in hormonal levels. Estrogen 
increases the mucosal thickness and the amount of endo-
cervical fl uid while decreasing the viscosity of the fl uid. 
Progesterone increases the amount of glycogen and fl uid 
secretion from the epithelium as well as the viscosity of 
the fl uid. These cyclic changes affect the absorption of 
drug particles in different ways. For example, Okada 
et al. investigated the effect of the estrus cycle on vagi-
nal absorption of insulin, phenolsulfonaphthalein and 
salicylic acid in rats ( Okada, Yashiki, et al., 1983 ). They 
concluded that the estrus cycle has more effect on hydro-
philic compounds than on hydrophobic compounds. 
This must be taken into consideration when formulat-
ing drugs for vaginal mucosal delivery. Another factor 
is the presence of enzymes such as  β -glucuronidase, acid 
phophatase, phosphoamidase and various proteases in 
the vaginal mucosa. These enzymes could potentially 
degrade the drugs designed for vaginal mucosal delivery. 

 Vaginal delivery systems typically suffer from short resi-
dence times. Robinson and Bologna presented a possible 
solution to this problem by using a vaginal delivery sys-
tem consisting of Polycarbophil ®  ( Robinson and  Bologna, 
1993 ). This system was able to remain on the vaginal tissue 

for 3 – 4 days. Lee and Chien ( Lee and Chien, 1996 ) used 
CP as a gel base and combined nonoxynol 9 with a che-
lating agent (ethylenediaminetetraacetic acid). This vagi-
nal drug delivery platform demonstrated a longer contact 
time with the vaginal mucosa. Another formula made from 
Nonoxynol 9 coprecipitated with polyvinylpyrrolidone 
with or without iodine was incorporated into bilayer tab-
lets or hard gelatin capsules. These systems were able to 
release their contents rapidly and sustained drug levels for 
at least 4 h ( Digenis, Nosek, et al., 1999 ). The longer resi-
dence time on the vaginal mucus is especially important for 
delivery of microbicides. Kiser et al. used hydroxyethylcel-
lulose gel to deliver tenofovir and to block HIV from pen-
etrating the vaginal mucus ( Kiser et al. 2012 ). In a recent 
research by Albertini et al., the lipid – hydrophilic matrix 
Gelucire 53/10 was used as a carrier for the antifungal drug 
econazole nitrate along with several other mucoadhesive 
polymers such as chitosan, sodium carboxymethyl cel-
lulose and poloxamers (Lutrol F68 and F127) ( Albertini, 
Passerini, et al., 2009 ). It was found that the poloxamers –
 matrix combination best improved the bioavailability of 
the low-bioavailable drug and its mucoadhesive strength. 
Other formulations that were found capable of enhancing 
vaginal mucosal delivery include microspheres of hyal-
uronic acid esters ( Richardson, Whetstone, et al., 1996 ) 
and liposomes incorporated into polyacrylamide gel ( Jain, 
Singh, et al., 1997 ).   

  CONCLUSIONS 
 This chapter presents an overview of mucosal drug deliv-
ery and includes descriptions of the structure and com-
position of the mucosal membrane, the mechanisms of 
transport, the barriers drug particles may face, strategies 
to overcome these barriers, and some specifi c mucosal 
drug delivery systems. However, our current knowledge 
of this fi eld is still far from being suffi cient and many 
areas are yet to be understood. Although mucosal drug 
delivery offers a number of advantages over traditional 
routes of delivery (such as parenteral delivery), there are 
still many challenges facing us in designing an effective 
mucosal drug delivery system.    
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  INTRODUCTION 
 Hydrogels have been studied for more than a 100 years, 
initially as colloidal systems; however, systematic studies 
on the biological use of hydrogels began in 1960 with 
the introduction of poly(hydroxyethyl methacrylate) 
gels by Wichterle and Lim ( Wichterle and Lim, 1960 ). 
Since then, the number of publications on hydrogels per 
year increased gradually until 1990, when the number 
began to grow exponentially. Currently, the number of 

publications on hydrogels per year is close to 4000. This 
is partly due to the introduction of smart hydrogels (also 
called intelligent hydrogels) that have been an essential 
tool in the development of advanced biomaterials and 
drug delivery systems (DDS). 

 Ordinary hydrogels are those that swell by absorbing a 
large amount of water and shrink (or deswell) as the water 
is removed. “Smart” hydrogels are those that have the abil-
ity to undergo sharp structural changes in response to small 
changes in environmental stimuli, such as temperature 
and pH. The structural changes include not only swelling/
deswelling, but also sol – gel phase transition, degradation, 
and shape transformation. The environmental stimuli can 
be divided into three categories: physical, chemical, and 
biological. Individual stimuli and polymers that react to 
the stimuli are listed in  Table II.5.16.1     . The four major 
areas of applications of smart hydrogels are controlled drug 
delivery, tissue engineering, bioseparations, and biosensor/
bioimaging ( Bayer and Peppas, 2008 ;  Qiu and Park, 2001 ; 


