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Abstract
The goal of this critical review is to provide a critical analysis of the chain dynamics responsible for
the action of micro- and nanoparticles of mucoadhesive biomaterials. The objective of using
bioadhesive controlled drug delivery devices is to prolong their residence at a specific site of delivery,
thus enhancing the drug absorption process. These mucoadhesive devices can protect the drug during
the absorption process in addition to protecting it on its route to the delivery site. The major emphasis
of recent research on mucoadhesive biomaterials has been on the use of adhesion promoters, which
would enhance the adhesion between synthetic polymers and mucus. The use of adhesion promoters
such as linear or tethered polymer chains is a natural result of the diffusional characteristics of
adhesion. Mucoadhesion depends largely on the structure of the synthetic polymer gels used in
controlled release applications.
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1. Introduction
1.1 General Concepts of Mucoadhesion

Mucus is a viscous and heterogeneous biological product that coats many epithelial surfaces
[1]. Mucus-secreting cells are widely spread in different locations in the body, including the
nasal, ocular, buccal area, and the gastrointestinal, reproductive and respiratory tracts.

Mainly, the mucus serves as a lubricant to minimize shear stresses and as a protection barrier
against harmful substances. However, mucus can perform other important functions [2–5].
Goblet cells located in the epithelium are unicellular mucus-secreting glands.
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Mucus is stored in large granules in the goblet cell and can be released by exocytosis or
exfoliation of the whole cell [6]. Mucus granules are mainly store in the apical side of the goblet
cell, which results in the characteristic balloon shape of these cells. Although the secretion of
mucus can vary depending on age, sex, body location and health condition, the average mucus
turnover is approximately 6 hours [2]. Goblet cells experience two types of granules exocytosis:
basal secretion, which is characterized by a low level, continuous and unregulated secretion,
and stimulated secretion, which is a regulated exocytosis of granules in response to extracellular
stimuli.

The stimulated pathway can dramatically increase the mucus secretion [7]. In pathological
conditions, secretion of mucus can considerably vary. For example, in ulceration or
inflammation, the intestinal mucous layer is thinner [8]. In physiological conditions, it has been
observed that the mucous layer on the gastric and duodenal epithelial surfaces has a thickness
between 5 and 200 μm in the rat, to twice this variation in the human [9].

Mucus consists mainly of water (up to 95% weight), inorganic salts (about 1% weight),
carbohydrates and lipids (less than 1%) and glycoproteins (no more than 5% weight). Mucus
glycoproteins are also called mucins and consist of a protein core with branched
oligosaccharide chains attached over 63% of its length [2]. Approximately 80% by weight of
the glycoprotein consists of oligosaccharides, which make the mucin more hydrosoluble and
also protects the protein core from proteolytic degradation.

Mucins are responsible of the gel-like properties of the mucus [2]. Glycoprotein concentrations
determine the cohesion of the mucus. When a critical mucin concentration is achieved, the
hydrodynamic volumes of the molecules start overlapping and a gel is formed.

The main amino acids in the branched protein blocks are serine and threonine, which are linked
to the oligosaccharide chains by O-glycosidic bonds. The sugar residues composing the
oligosaccharide side chains are galactose, fucose, N-acetylglusocamine, N-
acetylgalactosamine and sialic acid. Generally the oligosaccharide chain is linked to the protein
core through an ether bond between the −1 position hydroxyl group from the N-
acetylgalactosamine and the hydroxyl group from the serine or threonine amino acids [10].
Oligosaccharide chains are normally 2 to 19 residues long and often fucose, sialic acid, sulfate
esters of galactose and N-acetylglusocamine are the terminal groups [11]. Opposite to the rich
serine and threonine branched blocks, the unbranched blocks of the protein core have a normal
amino acids composition [10].

Mucin glycoproteins exhibit molecular weights between 0.5 to 40 × 106 Da, although the
average MW is 1.8 × 106 Da [2]. They consist of 4 to 6 subunits linked together [12]. Mucin
subunits are joined together through disulfide bonds between the cysteine residues present in
the non-glycosylated areas of the protein core [4]. Intermolecular interactions have also been
detected between mucin molecules. They are believed to be non-covalent, being the hydrogen-
bonding, hydrophobic interactions and physical entanglement the main intermolecular
interactions. Figure 1 shows a scheme of the mucus layer covering the epithelial surface. Goblet
cells and mucin glycoproteins are also shown.

1.2 Mechanisms involved in mucoadhesion
Mucoadhesion can be defined as the phenomenon of the attachment of natural or synthetic
polymers to a mucosal surface. In order to develop and/or improve mucoadhesive materials,
it is essential to understand the forces and mechanisms that lead to an effective bond between
a polymer and a mucous layer. Yet, the mechanisms of mucoadhesion are not completely clear.
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In general, it is agreed that the process involved in the mucoadhesion phenomenon can be
described in three steps: First of all, the wetting and swelling of the polymer should allow an
intimate contact with the tissue, secondly interpenetration of the polymer chains and
entanglement between the polymer and the mucin chains should be attained and finally, the
formation of weak chemical bonds should be possible [13,14]. Certain polymeric hydrogels
can exhibit mucoadhesive properties. Some of the characteristics that have shown to increase
hydrogel mucoadhesive properties include: the presence of a high amount of hydrogen bonding
chemical groups, such as hydroxyls and carboxyls, anionic surface charges, high polymer
molecular weight, high polymer chain flexibility and surface tensions that will induce
spreading into the mucus layer [15].

There exist three main types of interactions between a polymer and the mucous layer: physical
or mechanical bonds, secondary chemical bonds and covalent chemical bonds. [16–19].

Physical bonds imply the entanglement of mucin glycoproteins with the polymer chains, and
the interpenetration of the mucin chains in the polymer matrix. This interpenetration of
macromolecules will depend on the respective chain flexibility and diffusion coefficients.
[15].

Secondary chemical interactions include ionic bonds, van der Waals interactions and hydrogen
bonding. Hydrogen bonding is probably the most important secondary chemical interaction in
mucoadhesion. Some of the functional groups that form hydrogen bonds are hydroxyls,
carboxyls, sulfate and amino groups. For this reason, polymers such as poly(vinyl alcohol),
poly(acrylic acid), poly(hydroxyalkyl methacrylate) have shown good mucoadhesive
properties in the past. Even these types of forces are weak; numerous interaction sites lead to
strong mucoadhesion [15].

Covalent bonds are attained by the chemical reaction of the polymer and the substrate. Even
this type of bond is permanent, the necessity of such type of system should be evaluated since
both the mucus turnover and the epithelial desquamation would result in the detachment and
loose of the polymer from the tissue anyway.

1.3 Theories on mucoadhesion
To date, no individual theory has been accepted to explain mucoadhesion as a phenomenon
occurring via one singular mechanism. However, several theories have been developed and
are used to describe the complex phenomenon of mucoadhesion. Some of these theories are
founded on physical interactions while some others are based on chemical interactions. Here,
a brief description of the predominant theories on mucoadhesion is given.

The electronic theory assumes that the mucoadhesive polymer and the mucin glycoproteins
have different electronic structures, resulting in the formation of a double layer of electrical
charge at the interface. Attraction across the electrical double layer leads to adhesion of the
two surfaces [20].

According to the adsorption theory, the formation of a successful mucoadhesive bond is the
result of van der Waals forces and hydrogen bonds [21].

The wetting theory is mainly applied in semisolid and liquid mucoadhesive systems and relates
the ability of a mucoadhesive polymer to spread over a tissue. This theory uses surface tensions
at the interfaces to calculate the spreading coefficient, which is an indicative parameter of the
mucoadhesion properties of the polymer [22].
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The fracture theory examines the force involved in the separation of the polymer surface and
the biological surface after adhesion. This force is related to the mucoadhesive capabilities of
the polymer evaluated [16].

Finally, the diffusion theory is based on the diffusion and interpenetration of macromolecular
chains. When the mucoadhesive polymer is brought in contact with the mucous layer, the
concentration gradient at the interface provokes the spontaneous diffusion of the polymer
chains into the mucus and the glycoprotein chains of the mucus into the polymeric matrix.
Depending on the chain concentration gradient and the diffusion coefficient of the
macromolecules through the polymeric matrix, the diffusion rate will vary. [23].

1.4 Methods of analysis of mucoadhesion
Since the early 1980’s, a vast variety of methods to evaluate the potential mucoadhesive
properties of new polymeric materials has been developed. The diversity in physical forms of
the mucoadhesive devices invented led to the generation of a wide variety of techniques for
mucoadhesion evaluation.

A large number of methods found in the literature are based on the measurement of the force
necessary to separate a mucoadhesive material from a biological membrane. Peel, shear and
tensile forces can be determined depending on the direction in which the mucoadhesive
material is detached from the biological surface.

Peel forces are measured when evaluating mucoadhesive devices for buccal or transdermal
applications. Within the shear strength tests, the Wilhelmy plate method developed by Smart
al. [24,25], is one of the most remarkable methods. In this method, a glass plate coated with
the mucoadhesive material to be tested is submerged in a mucin solution. A microbalance
connected to the plate measures the forces due to surface tension on the plate as the system
containing the mucin solution is pulled away from the mucoadhesive material. This force
measured is related to the wettability of the mucin on the polymer surface and corresponds to
the adhesive force between the mucoadhesive polymer and the mucin glycoprotein.

Tensile tests have been widely used for the evaluation of a large diversity of mucoadhesive
devices. For example, Ponchel et al. [26] analyzed the tensile force required to separate a
mucoadhesive tablet from animal mucosa. This force is then used to calculate the work of
adhesion. This parameter has been extensively used as a good indicator of the mucoadhesive
properties of a material and is calculated by the integration of the force vs. displacement curve
obtained in the tensile experiments.

Other notable mucoadhesion techniques include the method developed by Robinson et al.
[27,28] where human epithelial cells are labeled with fluorescent probes and placed in contact
with a mucoadhesive polymer. The interaction between the epithelial cell membrane and the
polymer is investigated. More recently, other methods used to examine the molecular
interactions at cell surfaces include the force microscopy techniques [29,30].

Mikos and Peppas [31] invented the flow channel method in which a mucoadhesive polymer
particle is placed on a mucus surface in a Plexiglas ® channel. A laminar flow of air is directed
over the microparticle and photographs are taken to analyze the static and dynamic behavior
of the polymer particle. Other techniques used for the evaluation of mucoadhesive particles
include the electrobalance method [32] and contact angle measurements [33].

The falling film technique developed by Ho et al. [34] is also a remarkably simple method for
the evaluation of mucoadhesive particles. In this method, spherical latex particles are coated
with a mucoadhesive material and are suspended in a buffer solution of a known concentration.
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The particle solution is then pumped over a rat small intestine cut lengthwise and placed in a
cylindrical channel. The eluted solution is collected and remaining particles in the solution are
counted. The portion of particles that remained adhered in the mucosal tissue is an indication
of the mucoadhesive properties of the material tested.

Staining methods have also been developed for the evaluation of mucoadhesive polymers. A
colloidal gold staining technique was developed by Park [35], where mucin-gold conjugates
interacted with a hydrogel surface resulting in a red coloration. More recently, a direct staining
method to evaluate the attachment of a polymer to human buccal cells has been proposed
[36].

Hassan and Gallo [37] reported the rheological method for mucoadhesion evaluation. This
method is based on the idea that when a mucoadhesive polymer is mixed with mucin, there is
a synergistic increase in viscosity. However the contradictory results obtained in some
experiments suggest that this method should not be used as a single technique to evaluate
mucoadhesion [38,39].

Other techniques used to study the interaction between mucoadhesive polymers and mucin
glycoproteins has been done by Huang et al. [40] with the use of the surface force apparatus
(SFA). The SFA measures the magnitude and distance dependence of the molecular force
acting between two surfaces, with resolutions of the measured force up to 10 nN and distances
up to 1 •.

Some in vivo methods to assess mucoadhesion properties of polymers include the gamma
scintigraphy [41–43] and the use of radioisotopes to measure the gastrointestinal transit of the
mucoadhesive device [44,45].

2 Mucoadhesive Hydrogels As Drug Delivery Devices
2.1 Design of new mucoadhesive biomaterials

The interest in developing mucoadhesive drug delivery systems has its origins in the early
1980s when Nagai et al. [46] developed an innovative adhesive tablet for the local treatment
of aphthae. Also, they showed that the use of a mucoadhesive polymer increased peptide’s
bioavailability when administrated nasally [47].

Some of the pioneering work also includes the development of mucoadhesive ointments based
on polyacrylic acid [48] and poly(methyl methacrylate) [49]. Most of this initial work on
mucoadhesion was done by use of conventional polymers and in the form of tablets [26],
powders [50,43] or films [25]. The satisfactory results obtained during the development of
these early mucoadhesive formulations suggested that the field of mucoadhesion should be
furthered studied. The advantageous properties that mucoadhesive devices brought in contrast
to conventional drug release systems should be undoubtedly exploited.

To date, a wide variety of mucoadhesive biomaterials have been used for the development of
new pharmaceutical devices, including synthetic and natural polymers. The majority of the
current synthetic mucoadhesive polymers are polyacrylic acid and cellulose derivatives. Some
of the polyacrylic acid derivative polymers are Carbopol, polycarbophil, polyacrylic acid,
polyacrylates, poly(methyl vinylether-co-methacrylic) acid, poly(2-hydroxyethyl
methacrylate), polymethacrylate, poly(alkyl cyanoacrylate), poly(isohexyl cyanoacrylate) and
poly(isobutyl cyanoacrylate). Some cellulose derivative polymers are carboxymethyl
cellulose, hydroxyethyl cellulose, hydroxypropyl cellulose, sodium carboxymethyl cellulose,
methyl cellulose and methyl hydroxyl ethyl cellulose. Additionally, semi-natural
mucoadhesive polymers include chitosan, and some gums such as guar, xanthan, gellan
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carrageenan, pectin and alginate. Some other synthetic mucoadhesive polymers include poly
(N-vinyl pyrrolidone) and poly(vinyl alcohol) [51].

Current mucoadhesive polymers can be improved by molecularly modifying their chemical
structures. One of these examples is the work of Bernkop-Schürch et al. [52]. They propose
the use of thiol groups in polymers to increase mucoadhesion. They showed that polycarbophil-
cysteine conjugates exhibited high mucoadhesion due to the formation of disulfide bonds with
the cysteine-rich domains in mucins.

Other novel modifications have been the use of lectins. Lectins are proteins with the property
of binding to carbohydrates with significant specificity. Lectin-conjugated polymers are known
as the second generation of mucoadhesive since they are designed to specifically bind to
receptors on the epithelial cells. This is the reason why these types of polymers are also called
cytoadhesives. Although this property brings an advantage over mucoadhesive polymers, we
cannot forget that the polymer will have to diffuse through the whole mucus layer before
reaching the epithelial cells membrane. As mention before, one of the roles of this mucus layer
is to act as a shield to protect the cells underneath. Also, in some body locations the mucus
coat can have a thickness up to 400 μm. Then, cytoadhesive polymers should not only have
the ability to specifically bind the cell membrane but also should be capable of diffusing across
the entire mucus layer to find the epithelial surface.

Currently, some of the other molecular modifications that are being introduced in
mucoadhesive polymers are based on the diffusion theory. Voyutskii proposed the diffusion
theory of adhesion between rubbery polymers in 1963 [23]. According to this theory, when
two rubbery polymers are brought to intimate contact, the polymer chains have enough mobility
to diffuse across the initial interface due to a chemical potential gradient. In the case of a
polymer-mucus system, the polymer chains diffuse and interpenetrate into the mucus and the
mucin glycoproteins into the mucoadhesive polymer.

Peppas and collaborators [53] were the first ones to introduce the interdiffusion theory in the
mucoadhesion field. They suggested that an increase in chain interpenetration could lead to an
increase of mucoadhesion. Jabbari et al. [54] studied the mucin interpenetration at the poly
[acrylic acid]/mucin interface using ATR/FTIR spectroscopy. The results demonstrated that
the concentration of mucin inside the poly(acrylic acid) polymer increased over the time. Based
on the chain interpenetration as a mechanism of mucoadhesion enhancement, Peppas and
coworkers [55–57] proposed the use of adhesive promoters to enhance chain interpenetration
and consequently increase polymer mucoadhesion. There are two ways of introducing adhesion
promoters in a polymer: to load free polymer chains in the matrix or to graft the chains on the
polymer surface.

Figure 2 shows a scheme of free polymer chains loaded in a hydrogel matrix and polymer
chains grafted on the backbone of a hydrogel, as adhesion promoters. After intimate contact
between the mucus layer and a mucoadhesive device loaded with free adhesion promoters, the
concentration gradient across the interface provokes the diffusion of the chains. Then,
formation of effective interactions at the interface occurs, such as physical entanglements and
hydrogen bonds [5].

Peppas et al. [55–57] used a theoretical analysis to study the interpenetration of free chains in
mucoadhesion. They concluded that the mobility of the diffused chains depended on the chain
length and gel volume fraction.

Experimental observations were carried out by DeAscentis et al [58] when the addition of free
poly(ethylene glycol) (PEG) chains as adhesion promoters, in crosslinked poly(2-hydroxethyl
methacrylate) particles resulted in an increase in the mucoadhesive properties of the polymer.
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They explained this observation as a consequence of the free PEG chains penetration across
the interface.

Sahlin and Peppas [59] used the near-field FTIR microscopy to study the diffusion of free PEG
chains through a poly(acrylic acid) hydrogel. In 1997 [60], they confirmed the mucoadhesion
enhancement properties of linear PEG chains by interpenetration in hydrogels.

Tethered polymer chains can also be used as adhesion promoters. Tethers have one of their
ends chemically attached to the hydrogel surface and leave the other free, available for diffusion
and interpenetration. When the hydrogel system gets into intimate contact with the mucus
surface, the concentration gradient provokes the diffusion of the grafted chains across the
interface. The covalent bond between the adhesion promoter chains and the backbone hydrogel
structure prevents the lost of these chains. The adhesion promoter polymer chains may
penetrate into the mucus and act as a bridge between the tissue and the mucoadhesive device.
In other fields, the idea of surface-anchored polymers has been also used [61,62].

Huang et al. [63] studied the gel-gel adhesion by tethered polymers using the single-chain
mean-field (SCMF) theory. The theoretical results obtained provided guidelines for the design
of new biomaterials with tethered polymer chains. Later, direct measurements of the
interactions between PEG tether chains and mucin glycoproteins were evaluated using the
surface force apparatus. [45]. Their results showed that, the use of PEG tethered structures
could be very beneficial for the future design of new mucoadhesive drug delivery systems.

2.2 Hydrogels as mucoadhesive drug delivery systems
Mucoadhesive polymers can be classified as water soluble or water insoluble systems. Water
soluble mucoadhesive polymers are normally linear or random polymeric materials which
dissolve in water. Their residence time depends on their water dissolution rate. Water insoluble
polymer networks are generally swellable networks that present a crosslinked chemical
structure. The residence time of water insoluble mucoadhesive biomaterials depends on the
mucus turnover or cell desquamation.

Hydrogels are three-dimensional, insoluble polymer network that swell in water and
physiological fluids. They are composed of hydrophilic homopolymers or copolymers [64].
The crosslinks present in the chemical structure prevents their dissolution and confers them a
characteristic physical integrity. Hydrogels have been extensively used in the medical and
pharmaceutical fields since they resemble natural tissue more than any other type of synthetic
biomaterial. They have a high water content and rubbery nature, which makes them
biocompatible [65,66]. Hydrogels have been used as contact lenses, membranes for biosensors,
materials for artificial skin, linings for artificial hearts and drug delivery systems [67–72].

The network structure of a hydrogel will determine its properties as a drug delivery device.
There are three main parameters that characterize the hydrogels network structure:

• The volume fraction in the swollen state, ν2,S
• The molecular weight of the polymer chain between two neighboring crosslinking

points. 
• The corresponding mesh size, ξ

The polymer volume fraction in the swollen state is a measure of the amount of fluid absorbed
and retained by the hydrogel. The molecular weight between crosslinks is a measure of the
degree of crosslinking of the polymer. Since the polymerization is a random process, only
average values of  can be calculated. The mesh size provides a measure of the distance
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between consecutive junctions or crosslinks. It offers a measure of the space available between
the macromolecular chains for drug diffusion.

Hydrogels can be classified as neutral or ionic depending on the type of charges in their pendant
groups. Hydrogels are also capable of exhibiting a swelling behavior depending on the
surrounding environment.

Physiologically responsive hydrogels have gained enormous attention in the last years [73,
74]. Some of the factors that affect the swelling behavior of this type of hydrogels are the pH,
ionic strength, temperature, and electromagnetic radiation (Figure 3). pH-Sensitive hydrogels,
with swelling behavior and tri-dimensional configuration dependent on the pH of the external
environment, contain acidic or basic pendant groups. Changes in surrounding pH and ionic
strength result in specific chemical groups’ ionization and consequent changes in hydrogels
structure. These properties are very advantageous when designing drug delivery devices since
the drug can be released at specific body locations and protected from certain hostile body
environments.

Complexation hydrogels have been previously studied as very promising controlled release
devices for drugs and proteins [75–77]. This type of hydrogels is characterized by the
association of chemical groups belonging to different polymer chains. Hydrogen bonding,
among others, is one of the interactions responsible of these chemical associations between
macromolecular chains [78–80].

Numerous monomers have been used for the synthesis of hydrogel biomaterials for
pharmaceutical applications. Researchers are able to design many hydrogel structures by the
use and combination of different monomers. Some of the monomers that have been commonly
used for the synthesis of hydrogels for medical and pharmaceutical applications are detailed
in table 2.1.

It is appreciable that many different hydrogel structures exhibiting a wide range of different
physical and chemical characteristics could be possibly synthesized. Over the years, the
practice of using “off-the-shelf” polymeric materials designed for use in consumer applications
and adapted for medical purposes has been substitute by the molecular design of specific
biomaterials for concrete drug delivery purposes. Some of the hydrogel polymers that can be
used in controlled drug delivery are shown in table 2.2.

Mucoadhesive hydrogels are able to interact with the mucus and attach to mucosal surfaces,
resulting in a prolonged residence time of the mucoadhesive drug release device in the body.
As discussed in the previous sections, specific hydrogel chemical compositions and structures
will determine the mucoadhesive properties of the biomaterial.

2.3 Drug release mechanisms from mucoadhesive hydrogels
Mucoadhesive hydrogels can be successfully used for the delivery of therapeutic agents since
they are able to provide desirable drug release rates and localize and maintain the
pharmaceutical device to a specific location in the body for a prolonged period of time. These
are significant advantages over traditional pharmaceutical devices.

The study of the release of a drug over the time is crucial information in the drug delivery field.
The usage of mathematical models when designing new pharmaceutical formulations as well
as for the analysis of the experimental results is essential [81]. Most of the theoretical models
to study the drug delivery phenomenon are based on basic diffusion equations. Different
categories of controlled drug release systems exist since drug release can occur following
different types of mechanisms [82]:
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-Diffusion-controlled drug delivery systems

-Chemically-controlled drug delivery systems

-Swelling-controlled drug delivery systems

In this section, each of these systems will be discussed. Also, since diffusion plays an important
role in all of them, a brief review regarding the fundamentals on diffusion is given.

Fundamentals of diffusion—The release of a drug from a mucoadhesive hydrogel involves
the movement of the drug molecules through the bulk of the polymer. This phenomenon is
known as diffusion and can be explained by mass transport fundamentals. From a macroscopic
point of view, Fick’s laws of diffusion can explain the movement of drug molecules from the
hydrogel matrix to the external environment. Equations (1) and (2) present Fick’s first and
second law of diffusion, respectively. These are one-dimensional forms of Fick’s laws [83].

(1)

(2)

In these equations, the concentration and mass flux are designated as C and J, respectively.
D is the diffusion coefficient. The independent variables of position and time are designated
as x and t, respectively.

First Fick’s law of diffusion, Eq. (1), is used when we are at steady state or when the drug
concentration within the diffusion volume does not change with respect to time. That would
be the case of a zero order drug release. When steady state has not been reached, or when the
concentration within the diffusion volume changes with respect to time, Fick’s second law of
diffusion, Eq. (2) needs to be used to describe the diffusional process.

Diffusion-controlled drug delivery systems—There exist two different types of
diffusion-controlled systems: the monolithic devices and the reservoir devices. In monolithic
devices the drug is intimately mixed with the polymer which has rate-controlling properties.
The drug can then be dissolved or dispersed in the polymer, resulting in two different types of
monolithic systems. Therapeutic agents released from monolithic delivery systems do not
follow zero order kinetics, although they provide a prolonged drug release.

In reservoir devices the drug is contained in a core which is surrounded by a rate-controlling
polymeric membrane. Drug transport from the core through the external polymer membrane
occurs by dissolution at one interface of the membrane and diffusion driven by a gradient in
thermodynamic activity. Drug transport can be described by Fick’s first law (Eq. 1). If the
thermodynamic activity of the drug in the reservoir remains constant and infinite sink
conditions are maintained, the drug release rate will be constant and can be predicted since it
depends on the membrane permeability and device configuration. Then, drug release will be
independent of time, and zero order kinetics can be achieved.

Fick’s first law can be restated to calculate drug release rates from planar devices, as shown
in Eq. 3
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(3)

In this equation, Mt is the amount of drug released and dMt/dt is the release rate at time t. A is
the total surface area of the planar device, K is the distribution coefficient, ΔC is the difference
in concentration between the solutions on each side of the membrane, and ℓ is the diffusion
distance.

In a same manner, drug release rates from cylindrical delivery devices, with internal and
external radii r0 and r1 and height h, can be calculated from the following restated Fick’s first
law, as shown in Eq. 4

(4)

Drug release rates from spherical delivery devices can be also studied using the restated Fick’s
first law shown in Eq. 5

(5)

From these equations, it is observable that drug release can be controlled by the geometry of
the delivery system. Also, depending on the thickness of the membrane, the concentration
difference of the drug across the membrane, the thermodynamic characteristics of the systems
through the partition coefficient and the structure of the polymer via the drug diffusion
coefficient, drug release can be modeled.

Chemically-controlled drug delivery systems—There are two different types of
chemically-controlled drug delivery systems depending on the mechanisms that control the
release of the therapeutic agent.

In pendant chain systems, the drug is covalently attached to a polymer backbone. The bond
between the drug and the polymer is labile and can be broken by hydrolysis or enzymatic
degradation.

In erodible drug delivery systems the release of the drug is controlled by the dissolution or
degradation of the polymer. Contrary to pendant chain systems, the drug diffuses from erodible
systems. Depending on whether diffusion or polymer degradation controls the release rate, the
drug is released following different mechanisms. If erosion of the polymer is much slower than
the diffusion of the drug through the polymer, then drug release can be treated as a diffusion-
controlled drug delivery system. If the diffusion of the drug from the polymer matrix is very
slow, then polymer degradation or erosion is the rate-controlling step. Two different types of
erodible polymers can be found: hydrophilic erodible polymers and hydrophilic erodible
polymers.

Hydrophilic erodible polymers are completely permeated by water and they undergo a bulk
erosion process. Erosion throughout the polymer matrix takes place.
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Hydrophobic erodible polymers can experience bulk erosion or surface erosion. In bulk
erosion, degradation occurs throughout the bulk of the polymer and generally the analysis of
the drug release kinetics is complex since it comprises erosion and diffusion.

Swelling-controlled drug delivery systems—In this type of drug delivery systems, the
influx of water in the hydrophilic polymer matrix and consequent swelling of the system
controls the release of the drug. The drug is initially homogeneously dispersed in the glassy
polymer matrix. Glassy polymers are essentially impermeable and the drug is then immobilized
in the matrix. No possible drug diffusion from the glassy polymer can take place. When the
polymer gets in contact with water or biological fluids the polymer matrix begin to swell and
the swollen rubbery phase appears. The two phases are observed: the inner glassy phase and
the external rubbery phase. Drug molecules are able to diffuse out through the rubbery phase
(See Figure 4). Then, the velocity and position of the rubbery front controls the drug release
rate. In swelling-controlled devices, the drug can be released following two different
mechanisms: Diffusion and polymer chain relaxation, which occurs at the glassy-rubbery
interface. Ritger and Peppas [84,85] proposed a simple equation to determine the relative
importance of diffusion and macromolecular relaxation on the overall drug delivery process.
Eq. 6

(6)

In this equation, Mt and M are the amounts of drug released at time t and at equilibrium,
respectively. k is a proportionality constant and n is the diffusional exponent.

Ritger and Peppas [84,85] introduced this exponential equation to describe the drug release
behavior from polymeric matrixes and analysis of the Fickian and non-Fickian diffusional
behavior in relation to the value of the exponent n was performed. Diffusional exponent values
for planar, cylindrical and spherical drug release systems were related to the mechanism of
release. Their results are displayed in Table 3

3. P(AA-g-EG) Hydrogels as Promising Mucoadhesive Drug Carriers
Poly(acrylic acid) grafted with poly(ethylene glycol) copolymers, designated as P(AA-g-EG),
are pH-responsive hydrogels, composed of an ionic network that swells in response to changes
in pH of the environment. These types of hydrogels, and analogous copolymers synthesized
with poly(methacrylic acid), have been studied in our group as advantageous carriers for the
delivery of a wide range of drugs and proteins [75–77]. They are cataloged as complexation
hydrogels [78,80].

At pH values under the pKa of the acrylic acid, the ether group in the poly(ethylene glycol)
(PEG) chain is able to form a hydrogen bond with the carboxylic group of the acrylic acid
molecule. In this situation, the hydrogel presents a “collapsed” conformation, and drug
diffusion through the network is difficult. As the pH gets more basic, ionization of the
carboxylic groups occurs, and consequently the hydrogen bond between the PEG chains and
the PAA backbone breaks up. Decomplexation and swelling of the network occurs in these
conditions due to interchain electrostatic repulsion. In this situation, drugs or proteins contained
in the hydrogel network can easily diffuse out of the network. Figure 5 shows the pH-responsive
behavior of the P(AA-g-EG) hydrogels. Owing to these characteristics, drugs or proteins
contained in the hydrogel network can be delivered at specific sites in the body, depending on
the pH.

Serra et al. Page 11

Eur J Pharm Biopharm. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In addition, such hydrogel systems exhibited the ability of inhibiting enzymatic activity, given
their capability to chelate calcium [86]. This is a very beneficial feature overall for the delivery
of peptides and proteins, which undergo complete enzymatic degradation when orally
administrated.

Along with these properties, it has also been shown that such hydrogel systems have the
capability of increasing the intestinal absorption of macromolecules by the reversible opening
of the tight junctions between the intestinal cells [77,87–89]. This property was found to be
very valuable for the oral administration and absorption of proteins.

Adhesion to mucous tissues has been also a very important characteristic attributed to these
copolymeric hydrogels, allowing the maintenance of the drug carrier to a specific location in
the body for an extended period of time [90,91].

Therefore, the indubitable benefits that the P(AA-g-EG) hydrogels can bring to the controlled
drug delivery field are the motivation for the ongoing research based on these systems.

4. Conclusions
In this paper, we analyzed the idea that polymer chains tethered on hydrogel surfaces may have
important applications in drug delivery fields, such as mucoadhesion promotion and site-
specific drug targeting. The advantage of tethered structures is the ability to modify the surface
properties of hydrogel systems, which is important for bioadhesion and site-specific targeting,
while its bulk properties remain unaffected which can be optimized separately for controlled
release.

The idea of using bioadhesive materials in contact with mucosal surfaces, as a strategy to
improve the efficacy of therapeutic treatments, has been of great interest in the pharmaceutical
field since the early developments in mucoadhesion. The main advantages that mucoadhesive
drug release devices bring to the controlled release field are the maintenance of the delivery
device to a specific location in the body for an extended period of time. These features are able
to provide higher efficiency of local and systemic therapies. In topical treatments, the
mucoadhesive pharmaceutical formulation is able to remain in contact with the biophase for a
prolonged time.

For example, mucoadhesion of formulations topically applied to the buccal or ocular areas
where there exists a constant physical stress and wash out effects helps avoid the displacement
of the pharmaceutical device, thus increasing drugs efficacy. When the mucoadhesive
formulation is intended for systemic use, the extended period of time in which the device
remains in contact with the mucosal absorptive membrane results, in most of the cases, to an
increased drug bioavailability.

Among different mucoadhesive polymers, poly(acrylic acid) has been shown to exhibit very
good mucoadhesive properties. Based on this polymer, chemical industries have developed
excipients such us Carbopol® or Noveon®, widely used in the pharmaceutical, food and
personal care industries. However, the evolution in the chemical and biomedical engineering
areas has allowed the personalized synthesis of polymeric biomaterials with specific, desired
properties. For example, we expect that modification of poly(acrylic acid) or poly(methacrylic
acid)-based polymers will provide superior carriers for drug and protein delivery.

The use of adhesion promoters in order to increase interpenetration of macromolecules and
enhance mucoadhesion is another promising approach.
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Figure 1.
Mucus layer on epithelial surface. Goblet cells produce, store and secrete mucus. Mucin
glycoproteins consist of a protein core with oligosaccharide side chains over their length.

Serra et al. Page 17

Eur J Pharm Biopharm. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Schematic representation of polymer chains incorporated in hydrogel matrixes as adhesion
promoters. Polymer chains can be grafted onto the hydrogel backbone or freely added in the
hydrogel network.
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Figure 3.
Physiologically responsive hydrogel. Swelling and release of the drug occurs under certain
external stimuli.
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Figure 4.
Swelling-controlled drug delivery system. When the glassy hydrogel gets in contact with water,
the polymer matrix begin to swell and the rubbery phase appears. Drug molecules are able to
diffuse out through the rubbery phase.
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Figure 5.
Graphic illustration of the pH-responsive behavior of P(AA-g-EG) hydrogels.
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Table 1
Monomers commonly used in the synthesis of hydrogels for medical and pharmaceutical applications [66]

Monomer abbreviation Monomer

HEMA Hydroxyethyl methacrylate

HEEMA Hydroxyethoxyethyl methacrylate

HDEEMA Hydroxydiethoxyethyl methacrylate

MEMA Methoxyethyl methacrylate

MEEMA Methoxyethoxyethyl methacrylate

MDEEMA Methoxydiethoxyethyl methacrylate

EGDMA Ethylene glycol dimethacrylate

NVP N-vinyl-2-pyrrolidone

NIPAAm N-isopropyl AAm

VAc Vinyl acetate

AA Acrylic acid

MAA Methacrylic acid

HPMA N-(2-hydroxypropyl) methacrylamide

EG Ethylene glycol

PEGA PEG acrylate

PEGMA PEG methacrylate

PEGDA PEG diacrylate

PEGDMA PEG dimethacrylate
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Table 2
Common hydrogels used in the pharmaceutical field for the preparation of controlled drug delivery systems [65]

Hydrogel polymer Type of hydrogel

Poly(glycolic acid) (PGA) Biodegradable Hydrogels

Poly(lactic acid) (PLA)

PLA-PGA

PLA-PEG

Chitosan

Dextran

Dextran-PEG

Polycyanoacrylates

Fumaric acid-PEG

Non-Biodegradable Hydrogels

Poly(hydroxyethyl methacrylate) (PHEMA) Neutral

Poly(vinyl alcohol) (PVA)

Poly(N-vinyl pyrrolidone) (PNVP)

Poly(ethylene-co-vinyl acetate) (PEVAc)

Poly(acrylamide) (PAAm) pH-Responsive

Poly(acrylic acid) (PAA)

Poly(methacrylic acid) (PMAA)

Poly(diethylaminoetyl methacrylate) (PDEAEMA)

Poly(dimethylaminoethyl methacrylate) (PDMAEMA)

Poly(methacrylic acid-grafted-poly(ethylene glycol) (P(MAA-g-EG)) Complexing hydrogels

Poly(acrylic acid-grafted-poly(ethylene glycol) (P(AA-g-EG))

Poly(N-isopropyl acrylamide) (PNIPAAm) Temperature-sensitive

PNIPAAm/PAA pH/Temperature-sensitive

PNIPAAm/PMAA

Eur J Pharm Biopharm. Author manuscript; available in PMC 2010 March 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Serra et al. Page 24

Table 3
Values of diffusional exponent, n, and related drug release mechanism from various controlled released devices [84]

Diffusional exponent, n

Drug release mechanismThin film Cylindrical sample Spherical sample

0.5 0.45 0.43 Fickian diffusion

0.5<n<1.0 0.45<n<1.0 0.43<n<1.0 Anomalous transport

1.0 1.0 1.0 Case II transport (Zero-order release)
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