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ABSTRACT

The development of novel drug delivery systems is an essential step toward controlled site-specific administration of
therapeutics within the body. It is desirable for delivery vehicles to be introduced into the body through minimally inva-
sive means and, these vehicles should be capable of releasing drug to their intended location at a controlled rate. Fur-
thermore, it is desirable to develop drug delivery systems that are capable of in vivo to suffer degradation and to deliver
the drug completely, avoiding the need to surgically remove the vehicle at the end of its useful lifetime. Hydrogels are
of particular interest for drug delivery applications due to their ability to address these needs in addition to their good
biocompatibility, tunable network structure to control the diffusion of drugs and, tunable affinity for drugs. However,
hydrogels are also limited for drug delivery applications due to the often quick elution of drug from their highly swollen
polymer matrices as well as the difficulty inherent in the injection of macroscopic hydrogels into the body. This paper
presents an overview to the advances in hydrogels based drug delivery. Different types of hydrogels can be used for
drug delivery to specific sites in the gastrointestinal tract ranging from the ora cavity to the colon. These novel sys-
tems exhibit a range of several peculiar properties which make them attractive as controlled drug release formulations.
Moreover, such materials are biocompatible and can be formulated to give controlled, pulsed, and triggered drug release

profilesin avariety of tissues.
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1. Introduction

Natural polymers are derived from renewable resources
widely distributed in nature [1]. These materials exhibit a
large diversity of structures, different physiological func-
tions and, may offer a variety of potential applicationsin
the field of tissue engineering due to their various prop-
erties, such as pseudoplastic behavior, gelation ability,
water binding capacity and biodegradability. Many of
these polymers form hydrogels that can respond to ex-
ternal stimuli. Hydrogels resemble natural living tissue
more than any other class of synthetic biomaterials due to
their high water content and soft consistency which is
similar to natural tissue [2]. Furthermore, the high water
content of these materials contribute to their biocompati-
bility and can be used as contact lenses, linings for artifi-
cia hearts, materials for artificial skin, membranes for
biosensors and drug delivery devices[2-10].

Hydrogels are polymeric materials that do not dissolve
in water at physiological conditions. However, they swell
considerably in agueous medium [11] and demonstrate
extraordinary capacity (>20%) for imbibe water into their
network structure. Gels that exhibit a phase transition in
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response to change in external conditions such as pH,
ionic strength, temperature and, electric currents are
known as “stimuli-responsive” or “smart” gels [12]. Be-
ing insoluble, these three-dimensional hydrophilic net-
works can retain alarge amount of water that contributes
to their good blood compatibility and maintains a certain
degree of structural integrity and elasticity [13]. This
phenomenon can be explained by the presence of hydro-
philic functional groups in their structure, such as -OH,
-COOH, -CONHj,, and -SO3H, capable of absorbing wa-
ter without undergoing dissolution. Despite these many
advantageous properties, hydrogels also have severa
limitations. The low tensile strength of many hydrogels
limits their use in load-bearing applications and can re-
sult in the premature dissolution or flow away of the hy-
drogel from atargeted local site [14]. However, this limi-
tation may not be important in some typical drug delivery
applications (e.g. subcutaneous injection). In the case of
hydrophobic drugs, the quantity and homogeneity of
drug loading into the hydrogel may be limited. On the
other hand, the high water content and large pore sizes of
the most hydrogels often result in relatively rapid drug
release, over afew hoursto afew days.
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186 Modular Hydrogels for Drug Delivery

The present review addresses recent important re-
search developments, which have focused in hydrogel
systems. Actualy, the literature is exhaustive on general
aspects about hydrogels. However, the article intends to
concentrate on the hydrogel applications that are respon-
sive to pH and temperature with particular emphasis on
the drug delivery. Each of the next issues intends to
summarize the practical use of hydrogel-based drug de-
livery therapiesfor clinical use.

2. Characterization and Network Structure

Hydrogels can be designed to have some specifications,
such as swelling and mechanical characteristics, justify-
ing their variety of biomedical applications, from contact
lenses to controlled-release drug delivery and tissue en-
gineering [15,16]. They can be prepared from natural and
synthetic polymer materials [17] and classified using
various criteria depending on their preparation method
and physicochemical properties (Table 1). Natura poly-
mers, such as proteins [18], polysaccharides [19], and
deoxyribonucleic acids (DNAS) are cross-linked by ei-
ther physical or chemical bonds, and synthetic hydrogels
can be easily prepared by cross-linking polymerization of
synthetic monomers [20]. In addition, natural polymers
can be combined with synthetic polymers to obtain dif-
ferent properties in the same hydrogel [21]. For example,
the biodegradable property of natural polymers has been
combined with several functionalities of synthetic poly-
mers to give new functional hydrogels [22,23]. Numer-
ous monomers and cross-linking agents have been used
for the synthesis of hydrogels with wide range of chemi-
cal compositions [24].

Hydrogels, particularly, those intended for application
in drug delivery and biomedical purposes are required to
have acceptable biodegradability and biocompatibility,
relevant requisites on the development of novel synthesis
and cross-linking methods to design the desired products.
Thus, a great variety of cross-linking approaches have
been developed to prepare hydrogels for each particular
application [41]. In the polymeric network, hydrophilic
domains are present, which are hydrated in an aqueous
environment, creating the hydrogel structure. As the term
“network” implies cross-link, thiskind of linkage have to
be present to avoid dissolution of the hydrophilic poly-
mer chains into the agueous phase. A great variety of
chemical and physical methods to establish cross-linking
have been used to prepare hydrogels [41]. In chemically
cross-linked gels, covaent bonds are present between
different polymer chains. In physically cross-linked gels,
dissolution is prevented by physical interactions, which
exist between different polymer chains. The network
structure of a hydrogel will determine its properties as a
drug delivery device.
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Table 1. Hydrogels classification.

Classification Contents Ref.
. » Natura
Origin . Synthetic [17]
Ionic charge e Neutra
(based on the * Anionic .
nature of the e Cdtionic [25-27]
pendent groups) *«  Ampholytic
« Low swelling
Water content .« Medium swelling
or degree iah swelli [28]
of swelling * High swelling
e Superabsorbent
Nework L erporoe
Structure P [29,30]
(Porosity) * Macroporous
e Superporous
¢ Amorphous
e Semicrystaline
«  Hydrogen bonded
Network structures
morphology e Super molecular [31.32]
structures
e Hydrocolloidal
agregates
e Chemicad
Cross-linking (or covalent) 3]
method e Physica
(or noncovalent)
Component *  Homopolymer
(based on the *  Copolymer (34]
method of e Multipolymer
preparation) * Interpenetrating
Function (based * Biodegradable
on the_ _ or_Non_-bl odegradable [33,35,36]
organization of e Stimuli responsive
the monomers) ¢ Superabsorbent
« Diffusion controlled
release systems
Mechanism : %Nggy(;)ggg led
controlling «  Chemically controlled [14,37-40]
the drug release
release systems
*  Environment
responsive systems.

Generdly, hydrogels are characterized for their mor-
phology, swelling properties and elasticity [39]. Mor-
phology is indicative of their porous structure. Swelling
determines the release mechanism of the drug from the
swollen polymeric mass while elasticity affects the me-
chanical strength of the network and determines the sta-
bility of these drug carriers [37]. Table 2 highlights some
of the important methods to prepare and measure hy-
drogels and some crucia characterization parameters.

3. Responsive Hydrogels

Over the last thirty years, researches have dedicated
much attention to the so called “stimuli-responsive’ or
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Table 2. Hydrogels preparation and characterization pa-
rameters.

Preparation Characterization Techniques of
P Parameter measurement
¢ Quasi-dlastic
laser-light scattering;
|sostatic ultra Morphology/ : l\E/:ectron mICroscopy: .
; . ercury morosimetry;
high pressure Network pore R L
- . ubber elasticity
(IUHP) size Measurements;
«  Equilibrium swelling
experiments.
Use of cross « Dimensiona changes
linkers with time;
¢ Aqueous medium or
Degree of medium specific pH;
Use of water swelling ¢ Volume or mass
and critical degree of swelling;
conditions of «  Equilibrium water
drying content.
Crosslinkin ¢ Ultimate compressive
Use of gelling "9 strength, changein
and mechanical o
agents polymer solubility
strength I
with time.
¢« Membrane
permeability,
Useof «  Controlled strength
nucleophilic experiments,
substitutio «  Nuclear magnetic
reaction resonance (NMR),
Drug diffusion ~ «  Fourier transform
infrared (FTIR)
Spectroscopy,
«  Scanning electron
microscopy (SEM),
Useof *  Quasi-elastic laser
irradiation and light scattering.

freeze thawing
Drug ¢ FTIR microscopy,

distribution ¢ SEM

“environment-sensitive’” polymers. This kind of poly-
mers are the ability to answer concerning to small physic-
cal or chemical stimuli. Hydrogels can exhibit dramatic
changes in their swelling behavior, network structure,
permeability or mechanical strength in response to dif-
ferent internal or externa stimuli [42]. Figure 1 shows
various stimuli that have been explored for modulating
drug delivery. Externa stimuli are produced with the
help of different stimuli-generating devices, whereas
internal stimuli are produced within the body to control
the structural changes in the polymer network and to ex-
hibit the desired drug release [43]. Most of the time drug
release is observed during the swelling of the hydrogel.
However, a few instances drug release was observed
during syneresis of the hydrogel as a result of a squeeze-
ing mechanism [44].

Such systems are evidently attractive for biotechnol-
ogy and medicine studies [24,45-49]. Versatile stim-
uli-sensitive controlled release systems can be fabricated,
provided that the hydrogels are well designed to change
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Figure 1. Representation of hydrogels stimuli responsive
swelling.

their configuration in response to these stimuli based on
amost infinitely available mechanisms [50]. Typical ex-
amples of environmental-sensitive hydrogels are listed in
Table 3.

For a polymer system to become “ sensitive’, (i.e. capa
ble of responding strongly to slight changes provided
from the external medium), a first-order phase transition,
accompanied by a sharp decrease in the specific volume
of their macromolecules must occur. The theoretical
foundations of such processes were stated by Flory and
collaborators [51].

One of the main conditions for the manifestation of the
critical phenomena in the swollen polymer networks or
linear macromolecules is the presence of “poor” solvent
[52]. In such solvent, the forces of attraction between the
segments of the polymer chain may overcome the repul-
sion forces associated with the excluded volume, which
leads to the collapse of the polymer chain [45].

The responsive hydrogels are highly sensitive to
changes in the environment and have been used in sev-
eral applications, such as biosensors [46,53-55], superab-
sorbent polymers [56-58], site-specific drug delivery sys-
tems [46,53,54,59-69], emerging nanoscale technologies
[70-77] and tissue engineering [16,78-89]. Other impor-
tant area for the use of polyelectrolytic hydrogels is bio-
and mucoadhesive drug delivery systems [90-92]. Re-
sponsive hydrogels are unique concerning many different
mechanisms for drug release and a lot of many different
types of release systems based on these materials are
formulated. For instance, in most cases drug release oc-
curs when the gel is highly swollen or swelling and is
typically controlled by the rate of swelling, the drug dif-
fusion, or a coupling of swelling and diffusion.

Other interesting characteristic of many responsive
hydrogels is that the mechanism causing the network
structural changes can be entirely reversible. This be-
havior is depicted in Figure 2 for a pH- or tempera-
ture-responsive hydrogels. The ability of these systemsto
exhibit rapid changes in their swelling behavior and pore
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Table 3. Various environmental stimuli used for triggering drug release from responsive hydrogels.
Env;mmsntal Mechanism Applications Polymers References
Competition between . .
Temperature hydrophobic interaction Onloff dmg re.lease’ PNIPAAM; [93-100]
: squeezing device. PDEAAM
and hydrogen bonding.
Reversible swelling or Actuator, artificial
Electrical signal ~ deswelling in the presence muscle, on/ off méfﬁe,:trd ytes [101-104]
of electrical field. drug release.
Temperature change via
the incorporated Optical switches, Conolymer of
Light photosensitive molecules; ophthalmic POy [55,105-108]
) SRR ) . PNIPAAM
_ dissociation into ion pairs drug delivery.
§ by UV irradiation.
5 Controlled drug
Applied magnetic field causes delivery while the
Magnetic fields ~ porein gel and swelling magnetic particles, ;V&c:l,&ogﬁlqymer [109-114]
followed by drug release. used formedical
therapy.
Ultrasonic Temperature increase causes .
irradiation release of drug. Drug delivery. EVAh (115-118]
Change in concentration of Biosensor for glucose,
lonic strength ionsinside the gel causes used for medical Nonionic PNIPAAmM [119-121]
swelling and release of drug. therapy.
lonization of polymer chain
Pl upon pH chgnge; pH change pH—depefzdent oral PAA. PDEAEM, [52,121-125]
K] causes swelling drug delivery.
g and release of drug.
o
@) Formation of charge-transfer :
Chemical agents ~ complex causes swelling and Controlled drug delivery. Chitosan -PEO, [62,119,126,127]
polyelectrolytes
release of drug.
pH change causes by glucose
oxidase; reversible interaction EVAc; pH-sensitive
Glucose between glucose-contai ning Selﬁregulated insulin hydrogels; _ [27,36,128-133]
= polymers and Concanavalin delivery. Concanavalin
2 A; reversible sol-gel A-grafted polymers.
5 transformation.
]
.% Modulated drug release
Competition between in the presence of a Semi-IPN with
Antigen polymer-grafted antigen specific antigen; sensor grafted antibodies [48,134,135]
and free antigen. for immunoassay and or antigens.

antigen.

Note: PNIPAAmM = poly(N-isopropylacrylamide); PDEAAmM = poly(N,N -diethylacrylamide); PHEMA = poly(2-hydroxyethyl methacryate); EVAc = ethyl-
ene-co-vinyl acetate; EVAh = ethylene-co-vinyl acohol; PEO = polyethylene oxide; IPN = interpenetrating network.

structure in response to changes in environmental condi-
tions lend to these materials favorable characteristics as
carriers for delivery of bioactive agents, including pep-
tides and proteins. This type of behavior may allow these
materials to serve as self-regulated and pulsatile drug
delivery systems.

4. Applications of Hydrogelsin Drug
Delivery

Hydrogels have been extremely useful in biomedical and
pharmaceutical applications due to their unique swelling
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properties and their structure. Based on their functional-
ities, these biomaterials can be an excellent candidate for
controlled drug release systems, bioadhesive or targe-
table devices and, self-regulated release formulations.
According to the delivery administration, hydrogel-based
devices can be used for oral, nasal, ocular, rectal, vaginal,
epidermal and subcutaneous applications [50,137].
Controlled-release or controlled-delivery systems are
intended to provide the drug at a predetermined temporal
and/or spatial way within the body to fulfill the specific
therapeutic needs. Hydrogels, among the different con-
trolled-release systems exploited so far, have particular
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Figure 2. Swollen temperature- and pH-sensitive hydrogels
may exhibit an abrupt change from the expanded (left) to
the collapsed (syneresed) state (center) and then back to the
expanded state (right), adapted from [136].

properties which make them to be potentially considered

as one of the ideal future controlled-release systems.

There are two major categories of hydrogel based deliv-

ery systems: 1) time-controlled systems and 2) stimuli-

induced release systems [40,138]. Sensitive hydrogel
systems are developed to deliver their content(s) in re-
sponse to a fluctuating condition in a way that desirably
coincides with the physiological requirements at the right
time and proper place [40]. Despite the huge attraction
centered towards the novel drug delivery systems based
on the environment-sensitive hydrogels in the past and
current times, these systems have disadvantages of their
own. The most considerable drawback of stimuli-sensi-
tive hydrogels is their significantly slow response time,
with the easiest way to achieve fast-acting responsive-
ness being to develop thinner and smaller hydrogels
which, in turn, bring about fragility and loss of mechan-
ca strength in the polymer network and the hydrogel

deviceitself [48].

Controlled drug delivery can be used to achieve some
objectives. That is:

* Sustained constant concentration of therapeutically
active compounds in the blood with minimum fluc-
tuations;

* Predictable and reproducible release rates over along
period of time;

* Protection of bioactive compounds having a very
short half-time;

* Elimination of side-effects, waste of drug and fre-
guent dosing;

» Optimized therapy and better patient compliance;

» Solution for drug stability problems.

Hydrogels have a unique characteristics combination
that makes them useful in drug delivery applications.
Due to their hydrophilicity, hydrogels can imbibe large
amounts of water (>90%, w/v). Therefore, the molecular
release mechanisms from hydrogels are very different
from hydrophobic polymers. Both simple and sophisti-
cated models have been previously developed to predict
the release of adrug from a hydrogel device as afunction
of time. These models are based on the rate limiting step
for controlled release and are therefore categorized as
follows[136]:

Copyright © 2012 SciRes.

1) Diffusion-controlled systems:

Matrix (monolithic systems)

Reservoir (membrane systems)

2) Swelling-controlled systems:

Solvent-activated systems

Osmotically controlled systems

3) Chemically controlled systems:

Bioerodible and biodegradable systems

Pendent chain systems

Diffusion-controlled is the most widely applicable
mechanism for describing drug release from hydrogels.
This property can be described by Fick’s law, according
with Equations (1) and (2) [139],

de
oc %
a P [a_J @

Assuming a binary system, ¢, ¢, J, and D represent the
time, the solute concentration, mass flux and the diffu-
sion mutual differential coefficient, respectively.

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 ex-
ternal polymer membrane occurs by dissolution at one
interface of the membrane and diffusion driven by a gra-
dient in thermodynamic activity. Drug transport can be
described by Fick’sfirst law. If the activity of the drug in
the reservoir remains constant and infinite sink condi-
tions are maintained, the drug release rate may be con-
tinued to be constant and can be predicted since it de-
pends on the membrane permeability and device con-
figuration. Then, drug release will be independent of
time and, zero-order kinetics can be achieved. Drug dif-
fusivities is generally determined empirically or estimated
a priori using free volume, hydrodynamic or obstruct-
tion-based theories [140].

Swelling-controlled release occurs when diffusion of
drug is faster than hydrogel swelling. The modeling of
this mechanism usualy involves moving boundary con-
ditions where molecules are released at the interface of
rubbery and glassy phases of swollen hydrogels [141].
The release of many small molecule drugs from hy-
droxypropyl methylcellulose (HPMC) hydrogel tablets is
commonly modeled using this mechanism [141,142]. In
swelling-controlled devices, the drug can be released
following two different mechanisms: diffusion and re-
laxation of polymer chains, which occur at the glassy-
rubbery interface. Ritger and Peppas [143,144] proposed
a simple equation to determine the relative importance of
diffusion and macromolecular relaxation on the overal
drug delivery process,
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M_ and M_ are the amounts of drug released at
time ¢ and at the equilibrium, respectively. & is a propor-
tionality constant and » is the diffusional exponent.

Ritger and Peppas [143,144] introduced this exponent-
tial eguation to describe the drug release behavior from
polymeric matrixes and, analysis of the Fickian and non-
Fickian diffusional behavior relative to the value of the
exponent n was performed. Diffusional exponent values
for planar, cylindrical and spherical drug release systems
were related with the mechanism of delivery.

Chemically-controlled release is used to describe drug
release determined by reactions occurring within a deliv-
ery matrix. The most common reactions that occur within
hydrogel delivery systems are cleavage of polymer chains
via hydrolytic or enzymatic degradation or reversible/
irreversible reactions occurring between the polymer net-
work and the drug released [145]. Under certain condi-
tions, the surface or bulk erosion of hydrogels will con-
trol the rate of drug release. Alternatively, if drug-bind-
ing moieties are incorporated in the hydrogels, the bind-
ing equilibrium can determine the drug release rate.
Chemically-controlled release can be further categorized
according to the type of chemical reaction occurring dur-
ing drug release. Generally, the delivery of encapsulated
or tethered drugs can occur through the degradation of
pendant chains or during surface-erosion or bulk-degra-
dation of the polymer backbone [40Q]. 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

Ocular cavity

¢ Hydrogel contact lents

¢ Tthermosensitive hydrogels
¢ Bioadhesive systems

Subcutaneous
¢ Injectable hydrogels
e Tthermosensitive hydrogels

Small intestine
e Hydrotropic hydrogels
e pH-sensitive hydrogels
Vaginal/rectal

*  Mucoadhesive systems fl
*  pH-sensitive hydrogels

\Ya

I
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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 process. 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 and hydrophobic [136]. Hydrophilic
erodible polymers are completely permeated by water
and they undergo a bulk erosion process. Erosion takes
place throughout the polymer matrix. Hydrophobic erod-
ible polymers can experience bulk 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 diffu-
sion [136].

In all routes of drug administration, oral administration
has been considered to be most convenient, and hence
the majority of dosage forms are designed for oral drug
delivery. Different types of hydrogels can be used for
delivery of drugs to certain areas in the gastrointestinal
tract ranging from the oral cavity to the colon, as shown
inFigure3.

The next section summarizes the applications of hy-
drogels in different routes of administration, including its
challenges and current status of development.

4.1. Oral Administration

Ora drug delivery is the most desirable and preferred
method of therapeutic agents administration. In addition,

<«———Oral cavity
e Tablet superdisintegrants
¢ Mucoadhesive hydrogels

Stomach

e pH-sensitive hydrogels
Mucoadhesive systems
Superporous hydrogels

Gastric retention devices
Gadtric floating systems

Largeintestine
e Tablet superdisintegrants
*  Mucoadhesive hydrogels

Figure 3. Tissue localization of hydrogel-based drug delivery systems, adapted from [20].
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the oral therapy is generally considered as the first strat-
egy investigated in the discovery and development of
new drug entities and pharmaceutical formulations, mainly
because the patient acceptance, the convenience in ad-
ministration, and the cost-effective manufacturing proc-
ess. Oral drug delivery using controllable hydrogels has
attracted considerable attention in the past 20 years due
its enormous market potential [146].

In oral administration, hydrogels can deliver drugs to
four major specific sites: mouth, stomach, small intestine
and colon. By controlling their swelling properties or
mucoadhesive characteristics in the presence of a hio-
logical fluid, hydrogels can be a useful carrier to release
drugs in a controlled manner at these desired sites. Fur-
thermore, the mucoadhesive hydrogels offer an attractive
property for drug targeting at certain specific regions,
leading to a locally increased drug concentration and,
consequently, enhancing the drug absorption at the re-
lease site [20,50].

The application of mucoadhesive hydrogels in buccal
drug delivery seems to have some advantages like arapid
drug action, the absence of hepatic first-pass metabolism
and the absence of drug degradation in the gastrointesti-
nal tract due the low pH values [147,148]. For maximum
benefit from drug delivery buccal bioadhesive hydrogels
were developed. They can be prepared using different
polymers namely hydroxyethylcellulose (HEC), hy-
droxypropylcelulose (HPC), polyvinylpyrrolidone (PVP),
and poly(vinyl alcohol) [149], or mixtures of different
polymers, such as HPC, hydroxypropylmethylcellulose
(HPMC), karaya gum and polyethylene glycol (PEG)
400 [146], or HPC and Carbopol 934 [150].

4.2. Ocular Route

The ocular route is mainly used for the local treatment of
eye pathologies. Many physiological constraints prevent
a desired drug delivery to the eye due to its protective
mechanisms, such as effective tear drainage, blinking and
low permesability of the cornea. Therefore, conventional
eyedrops containing a drug solution tend to be eliminated
rapidly from the eye, and drugs administered exhibit lim-
ited absorption, leading to poor ophthalmic bioavailabil-
ity (2% - 10%). Additionally, their short retention timein
the local of action often results in a frequent dosing
regimen to achieve the therapeutic efficacy for a suffi-
ciently long duration. These challenges have motivated
researchers to develop drug delivery systemsto provide a
prolonged ocular residence time of drugs [151].

The following types of mucoadhesive formulations
have been evaluated for ocular drug delivery: viscous
liquids (suspensions and ointments), hydrogels and, sol-
ids (inserts). Certain dosage forms, such as suspensions
and ointments, can be retained in the eye, athough these

Copyright © 2012 SciRes.

formulations sometimes give to the patients an unpleas-
ant feeling because of the solid and semi-solid character-
istics. Due to their elastic properties, hydrogels can aso
represent an ocular drainage-resistant device. In particu-
lar, in-situ hydrogels are attractive as an ocular drug de-
livery system because of their facility in dosing as alig-
uid and, their long-term retention property as a gel after
dosing. Hui and Robinson [152] introduced hydrogels
consisting of crosslinked PAA for ocular delivery of
progesterone in rabbits. These preparations increased
progesterone concentration in the aqueous humor four
times over aqueous suspensions. Cohen and collaborators
[153] developed an in situ gel system of aginate with
high guluronic acid content for ophthalmic delivery of
pilocarpine. This system significantly extended the dura-
tion of the pressure-reducing effect of pilocarpine. Carl-
fors [154] investigated the rheological properties of the
deacetylated gellan gum. These gels upon ingtillation in
the eye due to the presence of cations and, the high rate
of the sol/gel transition results in a long precornea con-
tact time. An approach for ocular inserts was presented
by Chetoni and collaborators [155]. In this study, cylin-
drical devices for oxytetracycline were developed using
mixtures of silicone clastomer and grafted on the surface
of the inserts with an interpenetrating mucoadhesive
polymeric network of PAA or PMAA. The ocular reten-
tion of IPN-grafted inserts was significantly higher than
the ungrafted ones. An in vivo study using rabbits showed
a prolonged release of oxytetracycline from the inserts
for several days.

4.3. Nasal Route

The nasal route of drug administration is the most suit-
able aternative of drug delivery for poorly absorbable
compounds such as peptide and proteins. The nasal epi-
thelium exhibits relatively high permesbility and, only
two cell layers separate the nasal lumen from the dense
blood-vessel network in the lamina propria. The respire-
tory epithelium covered by a mucus layer is the major
lining of the human nasal cavity and is essentia in the
clearance of mucus by the mucociliary system [156].
Several structural mucoadhesive polymers were tested
for their ability to retard the nasal mucociliary clearance
in rats [157]. The clearance was measured using micro-
spheres labeled with a fluorescent marker incorporated
into the formulation. The clearance rate of each polymer
gel was found to be lower than the control microsphere
suspension, resulting in an increased residence time of
the gel formulations in the nasal cavity. Ilium and col-
laborators [158] evaluated chitosan solutions as delivery
platforms for nasal administration of insulin to rats and
sheep. They reported a concentration-dependent absorp-
tion-enhancing effect with minimal histological changes
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of the nasal mucosa. Nakamura and collaborators [159]
described a microparticulated dosage form of budesonide,
consisting of bioadhesive and pH-dependent graft co-
polymers of PMAA and PEG, resulting in an increase
and constant plasma levels of budesonide for 8 h after
nasal administration in rabbits.

4.4, Transdermal Route

The transdermal route has been considered as a possible
site for the systemic delivery of drugs. The benefits of
transdermal drug delivery systems include ease of appli-
cation and delivery, sustained and steady drug release,
reduced systemic side effects, avoidance of drug degra-
dation in the Gl tract and first-pass hepatic metabolism.
Furthermore, swollen hydrogels with high water content
can provide a better feeling for the skin compared with
conventional ointments and patches. Versatile hydrogel-
based devices for transdermal delivery have been pro-
posed. Sun and collaborators [160] prepared composite
membranes comprising of cross-linked poly (hydroxyethyl-
methacrylate) (PHEMA) with a non-woven polyester sup-
port. Depending on the preparation conditions, the com-
posite membranes could be tailored to give a permeation
flux ranging from 4 to 68 mg/cm? per h for nitroglycerin.
Gayet and Fortier [161] reported the use of the (bovine
serum abumin) BSA-PEG hydrogels containing high
water content over 96% as controlled release devices in
the field of wound dressing. However, skin acts as a bar-
rier to foreign substances, preventing the entrance of the
majority of drugs. Therefore, researchers have been de-
veloped several electrically assisted methods to enhance
the drug permestion across the skin, including electropo-
ration, ionophoresis, sonophoresis and, laser irradiation
[162-164].

5. Conclusions and Future Trends

Actually, there are enough scientific evidences for the
potentiality of hydrogels in the delivery of drug mole-
culesto adesired site by triggering the release through an
external stimulus such as temperature, pH, glucose or
light. These systems being biocompatible and biode-
gradable in nature have been used in the development of
nanobiotechnological products and have excellent appli-
cations in the field of controlled drug delivery as well.
This is the reason because these turn-able biomedical
devices are gaining attention as intelligent drug carrier
systems.

In fact, the design and synthesis of environment-sen-
sitive hydrogels has significant potential in future bio-
medical and nanotechnology applications. The success of
these materias relies on the development of novel mate-
rials that can address specific biologica and medical
challenges. This development will occur through the syn-

Copyright © 2012 SciRes.

thesis of new polymers or by modification of natural
polymers. Hydrogels being used for cartilage or tissue
engineering should be capable to providing mechanical
properties as well as the molecular signals that are pre-
sent in the native or regenerative organ. Finally, advance-
ing the knowledge and the use of hydrogels and sensitive
polymers for nanotechnology is an important area with
significant potential that remains to be fully investiga
tion.

Finally, it is possible to conclude that many significant
recent advances in biomaterials occur at the interface of
clinical medicine, materials science and engineering.
This aspect creates opportunities and training programs
for individual cross-disciplinary research and the en-
gaged in these areas can significant accelerate the ad-
vance of biomaterials and create new applications for
these materials in medicine.
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