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Abstract

Hydrogels have existed for more than half century, providing one of the earliest
records of crosslinked hydroxyethyl methacrylate (HEMA) hydrogels. Today,
hydrogels still fascinate material scientists and biomedical researchers and great
strides have been made in terms of their formulations and applications. As a
class of material, hydrogels are unique, they consist of a self-supporting, water-
swollen three-dimensional (3D) viscoelastic network which permits the diffusion
and attachment of molecules and cells. However, hydrogels have recently drawn
great attention for use in a wide variety of biomedical applications such as cell
therapeutics, wound healing, cartilage/bone regeneration and the sustained
release of drugs. This is due to their biocompatibility and the similarity of their
physical properties to natural tissue. This review aims to give an overview of the
historic and the recent design concept of hydrogels and their several applications
based on the old and the most recent publications in this field.

Keywords: Hydrogel; Applications; Proteomics; Wound healing; Tissue engineering;

L'Hocine Yahia’,

Lukas Gritsch'?,

Federico Leonardo Motta'?,
Soumia Chirani3and

Silvia Faré?

1 Laboratoire d’innovation et d’analyse de
Bioperformance, Ecole polytechnique,
Université de Montréal, Montréal,
Quebec, Canada

2 Dipartimento di Chimica, Materiali
ed Ingegneria Chimica "G. Natta",
Politecnico di Milano, Edificio 6, piazza L.
da Vinci 32, 20133 Milano (ltaly)

3 Laboratoire de Chimie Organique,
Physique et macromeléculaire,
Département de pharmacie, Faculté de
médecine, Université Djilali Liabés, Sidi
Bel-Abbeés, Algeria

Drug delivery; Vaccine; injectable hydrogel

Corresponding author: L'Hocine Yahia

Received: September 01, 2015; Accepted: September 20, 2015; Published: October

02, 2015

Introduction

Hydrogels are polymeric matrixes that swell but don’t dissolve
(in the short term) in water [1]. The swelling properties are due
to the high thermodynamical affinity that this class of materials
has for the solvent itself. In the past years this characteristic,
coupled with a high versatility and a high tunability of material’s
properties, lead to deep research and exploitation of hydrogels.
These networks establish equilibrium with the liquid and
temperature of their surroundings for shape and mechanical
strength. Variations in the concentration, structure and/or
functionality of the monomer and/or cross-linker used in such
gels can change the structure. Indeed, many new gel-form
materials, with a plethora of aims were developed and tested in
different fields of engineering (e.g. environmental, electronics,
biomedical), biotechnology and other disciplines.

This phenomenon can be appreciated by analyzing the number of
articles on the topic: doing a quick query for the word “hydrogel”
on PubMed it is easy to see the clear exponential tendency in the
number of articles (Figure 1). This is a general trend shared by any
kind of scientific publication that is, moreover, underestimated
because of the inability of any database to capture the whole
scientific literature. This phenomenon is considered not consistent
by many academic personalities and, surely, generates concerns
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about the absence of a real correlation between publishing rates
and knowledge [2]. Nevertheless, it is possible to assert that, even
if this course of events is not evidence, it is at least a clue of the
growing interest of the scientific community on the hydrogel topic.

Smart hydrogel systems with various chemically and structurally
responsive moieties exhibit responsiveness to external stimuli
including temperature, pH, ionic concentration, light, magnetic
fields, electrical fields and chemicals. Polymers with multiple
responsive properties have also been developed elegantly
combining two or more stimuli-responsive mechanisms. Smart
polymer hydrogels change their structural and volume phase
transition as a response to external stimuli resulting in an
enormous potential for scientific observations and for various
advanced technological applications.
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Figure 1 Histogram showing the increase in publications related to the keyword“hydrogel” during the past 45 years. A proper
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Hydrogels can be classified into two distinct categories, the
natural and the synthetic hydrogels. Natural hydrogels include
collagen, fibrin, hyaluronic acid, matrigel, and derivatives of
natural materials such as chitosan, alginate and skill fibers. They
remain the most physiological hydrogels as they are components
of the extracellular matrix (ECM) in vivo. Two main drawbacks of
natural hydrogels, however, make their final microstructures and
properties difficult to control reproducibly between experiments.
First, the fine details of their mechanical properties and their
dependence on polymerization or gelation conditions are often
poorly understood. Second, due to their natural origin (bovine
fibrinogen, rat tail collagen... their composition may vary from
one batch to another.

In contrast, synthetic hydrogels such as poly (ethylene glycol)
diacrylate, poly(acryl amide), poly(vinyl alcohol) are more
reproducible, although their final structure can also depend on
polymerization conditions in a subtle way, so that a rigorous
control of the preparation protocol, including temperature and
environment control, may be necessary. Generally speaking,
synthetic hydrogels offer more flexibility for tuning chemical
composition and mechanical properties; users can, for example
vary the concentration or molecular weight of the precursor, or
alter the percentage of crosslinkers. They can also be selected or
tuned to be hydrolysable or biodegradable over variable periods
of time.

Hydrogels may be chemically stable or they may degrade and
eventually disintegrate and dissolve. They are called «reversible»
or «physical» gels when the networks are held together by
molecular entanglements, and/or secondary forces including
ionic, H-bonding or hydrophobic forces (Figure 2) [3]. Physical
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hydrogels are not homogeneous, since clusters of molecular
entanglements, or hydrophobically-or ionically-associated
domains, can create in homogeneities. Free chain ends or chain
loops also represent transient network defects in physical gels.

When a polyelectrolyte is combined with a multivalent ion of the
opposite charge, it may form a physical hydrogel known as an
ionotropic hydrogel, calcium alginate is an example of this type
of hydrogel. Hydrogels are called “permanent” or “chemical”
gels when they are covalently-cross linked networks (Figure 3).
The synthetic hydrogels of Wichterle and Lim were based on
copolymerization of HEMA with the crosslinker EGDMA. Chemical
hydrogels may also be generated by crosslinking of water-
soluble polymers, or by conversion of hydrophobic polymers to
hydrophilic polymers plus crosslinking is not necessary. In some
cases, depending on the solvent composition, temperature and
solids concentration during gel formation, phase separation can
occur, and water-filled voids or macropores can form. In chemical
gels, free chains ends represent gel network “defects” which do
not contribute to the elasticity of the network. Other network
defects are chain loops and entanglements, which also do not
contribute to the permanent network elasticity.

In many applications, a functional additive is blended into a
polymer matrix to enhance its properties. However, when the
polymer and functional additive are applied to a surface, the
functional molecule may be easily lost. In favorable cases, it
may be possible to incorporate the additive directly into the
polymer as a comonomer. In recent study, a functionalized
polymer has been obtained through the combination of linking
a photodynamic, antimicrobial dye, Rose Bengal, to vinyl benzyl
chloride via etherification and then polymerizing this into a
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Figure 3 SDS-PAGE migration for separation of proteins mixture [87].
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water-soluble polymer using chain growth copolymerization [4].
The amount of unincorporated dye was determined using dialysis
in buffer solution at pH = 7,4. When Rose Bengal was first reacted
with vinyl benzyl chloride before polymerization, it was found
that it was nearly 100% incorporated into the copolymer.

Review
History

The word “hydrogel”, according to Lee, Kwon and Park, dates back
toan article published in 1894. Anyway, the material described
there was not a hydrogel as we describe it today; it was indeed a
colloidal gel made with inorganic salts. Is yet remarkable to notice
how the history of the term itself is consistently long [5]. Anyhow,
the first crosslinked network material that appeared in literature
and has been described by its typical hydrogel properties, one for
all the high water affinity, was a polyhydroxyethylmethacrylate
(pHEMA) hydrogel developed much later, in 1960, with the
ambitious goal of using them in permanent contact applications
with human tissues, hydrogels are in fact the first materials

© Under License of Creative Commons Attribution 3.0 License

developed for uses inside the patient [6,7]. Since then the number
of studies about hydrogels for biomedical applications began to
rise, especially from the decade of 70's [5]. The aims and goals
and the number of materials changed and enlarged constantly
over the years. As suggested by Buwalda et al. [8], the history of
hydrogels can be divided in three main blocks.

A hydrogel’s first generation that comprises a wide range of
crosslinking procedures involving the chemical modifications of
a monomer or polymer with an initiator. The general aim is to
develop material with high swelling, good mechanical properties
and relatively simple rationale.

Then, starting in the seventies, a different concept of hydrogel
grew inimportance: a second generation of materials capable of a
response to specific stimuli, such as variations in temperature, pH
or concentration of specific molecules in solution. These specific
stimuli can be exploited to trigger likewise specific events, for
example the polymerization of the material, a drug delivery or an
in situ pore formation [9].

Finally, a third generation of hydrogels focusing on the
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investigation and development of stereo complexed materials
(e.g. PEG-PLA interaction) [10,11] hydrogels cross linked by other
physical interactions (e.g. cyclodextrines) [12,13].

This progress in hydrogel’s science is quickly leading to an
increasing interest in the development of the so called “smart
hydrogels”, polymeric matrixes with a wide spectrum of
tunable properties and trigger stimuli. The topic is theoretically
inexhaustible and the possible applications, the engineering
and medical devices that can be obtained from it are above any
imagination.

Since the pioneering work of Wichterle and Lim in 1960 on
crosslinked hydrogels [7], and because of their hydrophilic
character and potential to be biocompatible, hydrogels have been
of great interest to biomaterial scientists for many years [14-16].

The important and influential work of Lim and Sun in 1980 [17]
demonstrated the successful application of calcium alginate
microcapsules for cell encapsulation. Later in the 1980s, Yannas
and coworkers [18] incorporated natural polymers such as
collagen and shark cartilage into hydrogels for use as artificial
burn dressings. Hydrogels based on both natural and synthetic
polymers have continued to be of interest for encapsulation
of cells [19] and most recently such hydrogels have become
especially attractive to the new field of “tissue engineering” as
matrices for repairing and regenerating a wide variety of tissues
and organs [20].

Physical and chemical properties

Despite much progress, a fundamental understanding of gel
properties is not yet sufficient for a rational design of novel gel
systems. For such designs, it is important to know how solute
molecules interact with the gel, in particular, how they partition
between the gel phase and the surrounding liquid phase.
Partitioning depends on two major effects: size exclusion and
molecular attraction/repulsion.

Swelling: Hydrogels are cross-linked polymer networks swollen
in a liquid medium. The imbibed liquid serves as a selective
filter to allow free diffusion of some solute molecules, while the
polymer network serves as a matrix to hold the liquid together.
Hydrogels may absorb from 10-20% (an arbitrary lower limit) up
to thousands of times their dry weight in water.

The character of the water in a hydrogel can determine the
overall permeation of nutrients into and cellular products out
of the gel. When a dry hydrogel begins to absorb water, the
first water molecules entering the matrix will hydrate the most
polar, hydrophilic groups, leading to primary bound water. As
the polar groups are hydrated, the network swells, and exposes
hydrophobic groups, which also interact with water molecules,
leading to hydrophobically-bound water, or secondary bound
water. Primary and secondary bound water are often combined
and simply called the total bound water. After the polar and
hydrophobic sites have interacted with and bound water
molecules, the network will imbibe additional water, due to
the osmotic driving force of the network chains towards infinite
dilution. This additional swelling is opposed by the covalent or
physical crosslink, leading to an elastic network retraction force.
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Thus, the hydrogel will reach an equilibrium swelling level. The
additional swelling water that is imbibed after the ionic, polar
and hydrophobic groups become saturated with bound water is
called free water or bulk water, and is assumed to fill the space
between the network chains, and/or the center of larger pores,
macropores or voids. As the network swells, if the network chains
or crosslink are degradable, the gel will begin to disintegrate and
dissolve, at a rate depending on its composition.

There are a number of methods used by researchers to estimate
the relative amounts of free and bound water, as fractions of the
total water content. All of them are controversial, since there is
proton NMR evidence that the interchange of water molecules
between the so-called bound and free states is extremely rapid,
perhaps as fast as one H,0 molecule every 10°s. The three major
methods used to characterize water in hydrogels are based on
the use of small molecular probes, DSC and NMR. When probe
molecules are used, the labeled probe solution is equilibrated
with the hydrogel, and the concentration of the probe molecule
in the gel at equilibrium is measured. Assuming that only the
free water in the gel can dissolve the probe solute, one can
calculate the free water content from the amount of the imbibed
probe molecule and the known (measured) probe molecule
concentration in the external solution. Then the bound water is
obtained by difference of the measured total water content of
the hydrogel and the calculated free water content.

The use of DSC is based on the assumption that only the free
water may be frozen, so it is assumed that the endotherm
measured when warming the frozen gel represents the melting of
the free water, and that value will yield the amount of free water
in the HG sample being tested. Then the bound water is obtained
by difference of the measured total water content of the HG test
specimen, and the calculated free water content.

In another formulation, swelling is the property to absorb
water and retain it for a relative long time. It can be evaluated
by measuring the dry weight and the swollen-state weight
and computing either a ponderal variation (water uptake) or a
volume of adsorbed solvent (both the quantities are considered
as percentages).

WU - swollen weight — dry weight <100 [1]
dry weight
VAS = swollen weight — dry weight %100 [2]

water density
As simple as it may seem, the evaluation of swelling is the
principal assay to be performed on hydrogel samples, as it can
be a measure for many of their properties: crosslinking degree,
mechanical properties, degradation rate and so on. For many
gels, the evaluation of swelling and swollen state stability is
the simplest, cheapest and surest way to discriminate between
crosslinked gels and the not crosslinked original polymer [21].

Mechanical properties

The mechanical properties can vary and be tuned depending on
the purpose of the material. It is possible to obtain a gel with
higher stiffness increasing the crosslinking degree or lowering it
by heating the material. The changes in mechanical properties
link to a wide range of variables and causes and different analysis

This Article is Available in: www.jbiomeds.com



must be made according to the material, the conditions and the
aim of the study. For example, while gelatin show a noticeable
increase in Young Modulus through crosslinking [22], silk fibroin
has a very high Young Modulus, but after the revitalization it
will decrease [23]. These properties (young modulus, Poisson
modulus, storage and loss moduli, tand) can be evaluated by
a Dynamic Mechanical Analysis (DMA) device or a rheometer,
according to the thousands of techniques available on the market
that will be no further discussed here [24,25].

It’s important to note that in a hydrogel, the Young Modulus is
the results of the union between water and gel matrix. If we
have to seeds osteoblast cells we will need a more stiff material
than if we culture adipocyte, the same rationale is valid for the
development of a heterogeneous prosthetic device, for example
substitute for the intervertebral disc.

Porosity and permeation: Pores may be formed in hydrogels by
phase separation during synthesis, or they may exist as smaller
pores within the network. The average pore size, the pore size
distribution, and the pore interconnections are important factors
of a hydrogel matrix that are often difficult to quantify, and are
usually included together in the parameter called « tortuosity
». The effective diffusion path length across a HG film barrier
is estimated by the film thickness times the ratio of the pore
volume fraction divided by the tortuosity. These factors, in turn,
are most influenced by the composition and crosslink density of
the hydrogel polymer network.

Labeled molecular probes of a range of molecular weights (MWs)
or molecular sizes are used to probe pore sizes in hydrogels [26].

Pore-size distributions of hydrogels are strongly affected by three
factors:

Concentration of the chemical cross-links of the polymer
strands. That concentration is determined by the initial
ratio of cross-linker to monomer.

Concentration of the physical entanglements of the
polymer strands. That concentration is determined by the
initial concentration of all polymerizable monomers in the
aqueous solution.

Net charge of the polyelectrolyte hydrogel. That charge
is determined by the initial concentration of the cationic
and/or anionic monomer.

These three factors can be quantified using the composition of
the hydrogel, that is, by the nominal concentrations of monomer

and cross-linker:

%T

_ weight of monomer + weight of x — crosslinker [3]
total volume

0,

_ weight of x — crosslinker [ 4]
weight of monomer + weight of x — crosslinker

The porous structure of a hydrogel is also affected by the

properties of the surrounding solution, especially by dissolved

ionic solutes (Donnan effects) and by dissolved uncharged solutes

which partition unevenly between the gel phase and the solution

phase (Osmotic effects).

For rational design of hydrogels, it is useful to know the pore-size
distribution depends on the hydrogel characterization commonly

© Under License of Creative Commons Attribution 3.0 License
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expressed by %C and %T.

Most techniques used to investigate the porosity of hydrogels
are limited because they require the pore solvent and/or
temperature to be altered, causing the gel to shrink, swell or
require mathematical manipulation and assumption, which may
introduce unwanted artifacts.

Porosity is a morphological feature of a material that can be
simply described as the presence of void cavity inside the bulk. It
is useful to control the porosity in many devices for a wide variety
of applications, such as optimal cell migration in hydrogel-based
scaffolds or tunable lode/release of macromolecules.

Vpore

POVOSity(%) :ﬁ‘
+

bulk pore

100 [5]

In a sample, pores can show different morphologies: they can
be closed, open as a blind end or interconnected, again divided
in cavities and throats. These porosities can had been studied
and evaluated in papers in the past decades using a various
spectrum of techniques. First of all, porosity can be evaluated by
theoretical methods, such as unit cube analysis, mass technique,
Archimedes method, liquid displacement method. These analysis
are commonly coupled with optical and electronic microscopy.

Other interesting techniques are the mercury porosimetry, based
on Washburn’s equation, with the inconvenience of being a
destructive assay, the gas pycnometry, the gas adsorption (that
can be issued using different procedures such as small quantity
adsorption, monolayer and multilayer adsorption), liquid
extrusion porosity, an assay that permits to evaluated sample’s
permeability too, capillary flow porosity, again a test based on
Washburn’s equation. Furthermore another important assay is
the Micro-CT, also called X-ray Microtomography, a relative new
imaging technique, simply described as a non-destructive high-
resolution radiography, capable of qualitative and quantitative
assays on samples and evaluation of their pore interconnections.
Between the quantitative assays that can be performed, micro-CT
can give information on average pore size, pore size distribution,
pore interconnection, struts/walls thickness and anisotropy/
isotropy of the sample (in the sense of presence/absence of
preferential orientation of the pores). It is yet, nowadays, an
expensive technique both in term of money and time [27,28].

Microscopy techniques can be used in thousands of different
assays involving hydrogels. They are both involved in qualitative
and quantitative tests, from simple morphological assessing of
material’s properties to more complex biocompatibility assays.

Briefly, by microscopy techniques topography and surface
morphology can be assessed. These techniques can be divided
in many classes, by increasing magnification power: optical
microscopy (OM), stereo microscopy (SM), electron microscopy
(SEM and TEM), tunneling microscopy (STM), atomic force
microscopy (AFM) [29].

Crosslinking: Crosslinking is not properly a property of hydrogels,
while itis more of a cause of all the other properties of the material
itself. The crosslinking degree can be correlated to basically every
characteristic of a hydrogel. The nature of the crosslinking can
vary a lot. Indeed, the hydrogel’s network can be obtained in
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many different ways. The processes can be divided into two big
categories: first of all the so called physical crosslinking that occurs,
for example thanks to hydrophobic interactions between chains,
ionic interactions between a polyanionand a polycation (complex
coacervation) or ionic interactions between a polyanion and
multivalent cations (ionotropic hydrogel). The second category
comprises the chemical bound gels. The crosslinking can occur
by ultraviolet irradiation, heating or chemical crosslinking via
crosslinker with a huge ensemble of reactions, such as Michael’s
reaction, Michaelis-Arbuzov reaction, nucleophile addition and
so on [30].

By controlling the degree of crosslinking is possible to tune
the property of the material and optimize it for many different
applications getting theoretically, in this way, a wide spectrum of
applications starting from the same original polymer [33,34].

Applications: From the Lab to the Market

Hydrogels are widely used in the area of electrophoresis, bio-
separations, proteomic, chromatography, tissue engineering...
etc. They are well-known in foods and medicines as absorbents
in disposable diapers, as filters for water purification and as
separation materials for chromatography and electrophoresis.
They are also of interest for controlled drug release and for
concentration of dilute solutions of macromolecules [35].

Domestic uses

It’s not mandatory for life changing inventions to be high-tech
devices with out-of-sight ambitions. Sometimes the simplest
expedient can lead to a bigger progress than expensive and
futuristic technologies. This is true for hydrogels, too. This class of
materials has plenty of domestic usages that exploit their ability
of loading, retaining and releasing fluids to significantly improve
everyday life.

Diapers: Aninteresting application of hydrogel’s thermodynamical
affinity for water, as not fancy as it can be, is the production of
super-adsorbent diapers with the property of being dry even after
a considerable adsorption of fluids. This is due to, as previously
said, the nature of hydrogel’s water adsorption: these materials
don’tactas sponges, unstably trapping liquids into their pores, but
instead they retain water (or, sometimes, other solvents) in while
if they are carrying considerable quantities of water at the same
time. The development of hydrogel-containing diapers, most of
them loaded with different formulations of sodium polyacrylate
[36-38], in the past two decades cut down on a huge number
of dermatological conditions related to a prolonged contact
with wet tissues. Nevertheless many health concern aroseon
the massive usage of disposable diapers: =95% of nappies in
western countries are disposable ones and opinions about cloth
nappies are still conflicting [39]. Indeed, many chemicals used in
the production of such products, like scents, leak-proof materials
and super-adsorbent polymers, seem to be key elements for the
development of many conditions, from chronic diaper rash and
asthma, to more serious problems such as male infertility or even
testicular cancer. Furthermore, disposable diapers, since they are
used in huge quantity, create a notable environmental issue since
it’s not easy to dispose of them [40]. However, this is a topic that,
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as far as interesting and important, goes beyond the purpose of
our review.

Watering beads for plants: Another simple application of
hydrogels consists in rough powders of polyacrylamide or
potassium polyacrylatematrix sold with a huge range of names
(Plant-Gel, Super Crystals, Water-Gel Crystals) and used as long
term reservoir of water for plant growth in gardening, domestic
and sometimes industrial horticulture. On the opposite side as
the one of diaper’s hydrogel, these materials are optimized for
their ability of releasing water, instead of the ability of retaining
it. The sustained release of many diverse species is, indeed, one
of the main strength of hydrogels on the market, from gardening
to genetic engineering. However, even if companies producing
such crystals are promoting their practicality and versatility, in
the last years the scientific community is questioning about their
real utility. As Chalker-Scott from Washington State University
pointed out in her publications on the topic, since the commonly
used watering crystals are made out of non-renewable materials,
whose monomers can be toxic (e.g. acrylamide), the potential
risks of their usage are way higher than the benefits of water
storage and controlled release that can, in addition, be obtained
in many other ways with lower environmental impact [41].

Perfume delivery: During the nineties patents describing volatile
species delivery technologies started to grow in number. In
particular, the most significant patented inventions in the field
seem to be issued by Procter&Gamble, processing the fragrances
into cyclodextrin complexes [42-44].

The general aim was to develop devices capable of slowly dispense
fragrances to the surroundings in the long-term and replace the
classic salt-based (sodium dodecylbenzenesulphonate) tablets
with new, more practical and, let’s say it, fancier house care
solutions. The role of hydrogels in the process revolves around,
once again, their swelling properties that can be exploited in
materials “wherein release of a perfume smell is triggered by
dynamic swelling force of the polymer when the polymer is
wetted” [43]. These devices release volatile particles thanks to
osmotic diffusion of the specie from the swollen hydrogel to new
water in the environment.

Cosmetics: Cosmetic industry is a market constantly increasing
in dimension and product offer. One of the reasons of this
behavior is related to the long path to approval necessary for
medical devices, medical procedures, drugs or biomolecules, in
order to make allowed to be sold on the market. So, while on the
other hand, the cosmetic market requires less time and money
expenses for the approval of a product, it is common to test new
inventions and devices in cosmetics before and in more risky
clinical applications.

For a product to be approved in cosmetics, the most important
parameter to be assessed is Primary Irritation Index (Pll). This
index is simple to obtained and exist both for skin and eyes,
indeed for each level of PII corresponds a determinate effect
[45,46]. Considering that the majority of hydrogels used in
this field are suitable for cells culture and for other biomedical
applications, is not surprising that their Irritation Index is among
the lowest. Thus, with a relatively small investment, companies

This Article is Available in: www.jbiomeds.com



are able tolaunch on the market new cosmetic products based on
hydrogels, such as so called “beauty masks”.

Usually made with engineered collagen (Masqueology™
by SEPHORA USA Inc., BioCollagen Cosmeceuticals by
NOVOSTRATA UK Ltd.), hyaluronic acid (SEPHORA USA Inc.), or
polyvinylpyrrolidone (Pecogel®), these masks claim to hydrate
the skin, restore its elasticity and promote anti-aging actions
[47]. Pecogel by Phoenix Chemicals Inc., is a wide selection of
hydrogels, based on polyvinylpyrrolidone, with differences in
composition and/or crosslinking method. Pecogels are suitable
for cosmetic purposes, such as sunscreen cream or mascara [48].
Furthermore, in some of the commercially available compounds
such as Hydro Gel Face Masks by Fruit & Passion Boutiques Inc.,
the moisturizing action of these organic polymeric gels is coupled
with more complex drug-delivery systems developed to release
of biomolecules like vitamin C or B3.

The cosmetic industry is on the cutting edge of hydrogels,
indeed a pH-Sensitive material P(MAA-co-EGMA) has been
developed for release of cosmetics drugs like arbutin,
adenosine, and niacinamide, well knowing molecules for wrinkle
treatment and for skin-whitening [49]. This hydrogels change is
permeability responding to the pH changes: At pH 4.0 it holds
the pharmaceuticals inside the matrix, when in contact with
skin, at pH 6 and above, the permeability rise and the drugs
will delivered. The authors said that this behavior is due by the
ionization/deionization of MAA carboxylic groups.

Plastic Surgery

From their first development into the scientific research field,
hydrogel where seen as good materials for application in contact
with the human body because of their extracellular matrix-like
(ECM-like) properties [7,50]. This is the main reason why attempts
were made to introduce hydrogels like new materials for plastic
reconstruction.

On this path, for many years, Hyaluronic Acid (HA) was thought
like the panacea for every pain [51]. Is not surprising, considered
this, that HA has been studied to be applied in tissue filling
applications. One notable company operating in the field is
Macrolane™.

Starting in 2008, Macrolane’s treatments and products were
specifically studied to enhance breast size and shape and offer
a more biocompatible alternative to standard and aggressive
silicone prosthesis. Anyhow, soon the scientific community
started to point out the controversial behavior of these
procedures in latter mammographies: briefly, HA worked as a
shielding agent, appearing as denser tissue, and consequently
ruining the outcome of the exam. Thus nowadays Macrolane™
is used for diversely situated filling with the exception of breasts.
The compound is injected inside the body with a syringe and let
it gels restoring the volume. This procedure started to receive
criticisms by the scientific community, but yet at the moment
there is still not a sufficient amount of publications investigating
the properties and possible risks of the gel, concerns started
to rise in particular about the long term side effects of this
treatment and more specifically about HA's role in cancer control
and development [52,53].

© Under License of Creative Commons Attribution 3.0 License
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Another promising use of hydrogelsis bulking agents for treatment
of urinary incontinence: smart injectable gels can be involved in
clinical procedures where these materials can be used to tighten
the urethral channel and reduce patient’s incontinence. With
such a simple solution it is possible to erase or at least reduce
a consistent social handicap and help patients to hold a normal
life [54]. An example of product used in this field is Bulkamid® by
Contura International, a polyacrylamide hydrogel is a commercial
product developed to help women with incontinence narrowing
the conduct. There are few motive for the incontinence,
and an exhaustive classification is made by Lose et al. where
they subdivide each class, Bladder / Urethra incontinent, in
overactivity / underactivity, in their work they wrote that bulk
injectable systems are promising to improve urethral coaptation.
Problematics like infections and body response have been
evaluated. In a sample composed by 130 women researchers
have found 10 patients with infections, 5 with injection site pain,
2 with incontinence and only 1 with injection site laceration.

Immunotherapy and vaccine

A nanovector composed of peptide-based nanofibrous hydrogel
can condense DNA to result in strong immune responses against
HIV. HIV infection is presently incurable and has led to more
than 30 million deaths [55]. Traditional, vaccines such as live or
attenuated viruses are ineffective and pose potential risks [56].
As a consequence, safe alternatives such as DNA vaccines have
attracted great attention, they are easily degraded by DNases
and lysosomes, and injected naked DNA plasmids are poorly
distributed and inefficiently expressed; thus, DNA vaccines can
only induce modest humoral and cellular immune reponses
[57]. As such, DNA vaccines must be injected with a delivery
system to enhance the immune responses. Different synthetic
delivery systems have been constructed including polymers
[58], liposomes [59] and nano- or microparticles [60]. Some
disadvantages limit their further usage, such as toxicity, small
amount of antigen loading and decreased biological activity of
DNA during complex preparation.

Nanofibers provide anideal platform [61]. Another platform suited
for DNA delivery is based on hydrogel because of its high loading
capacity, mild working conditions, and good biocompatibility
[62]. Supramolecular hydrogel is a kind of hydrogel composed
of nanofibers formed by the self-assembly of small molecules
(molecular weight usually <2000) in aqueous solutions [63].
They can quickly respond to various external stimuli as: pH,
temperature, ionic concentration or addition of enzymes.

Recently, peptide-based delivery system emerged as an
alternative means to efficiently introduce genes or drugs into cells
both in-vitro and in-vivo [64]. Some enzyme-triggered peptide-
based nanofibrous hydrogels are useful for the entrapment of
drug molecules without reducing their activity because that they
can work in mild conditions [65]. They are also biocompatible and
have well-defined structures.

Nap-GFFY (Naphthalene acetic acid-Glycine phenylalanine
tyrosine) was demonstrated as a short peptide to construct
gelators of nanofibrous hydrogel. This nanovector can strongly
activate both humoral and cellular immune responses to a
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balanced level rarely reported, which is crucial for HIV prevention
and therapy. In addition, this hydrogel shows good biosafety
in-vitro and in-vivo. Such hydrogel have a critical nanofibrous
structure for the dramatically improved immune responses
compared to existing materials. The reason of this high efficiency
is that this nanovector can condense DNA, promote DNA
transfection, and enhance gene expression in-vitro. Furthermore,
it shows promising biocompatibility and no obvious toxicity.
This peptide-based nanofibroushydrogel used as a HIV DNA
nanovector can open the doors for effective vaccination based on
peptide-based nanofibroushydrogels [66].

Environmental applications

Over past the years, nations gradually started to care about
environmental issues and pollution. Many governments decided
to opt for greener and safer for the environment policies. Water
pollution is one of the biggest issues afflicting especially poor
areas of Africa, Asia and South America. Thanks to their affinity
for water, hydrogels might be used in two different ways to treat
water source.

First the matrix can be used as a holder for purifying
microorganism. Many interesting studies, on this particular path,
were developed by encapsulating microorganisms inside diverse
carrier materials [67]. Chlorella and Spirulina are the most
used ones. These microorganisms are already used to remove
pollutants chemicals from water resources. The idea is to keep
the bacteria inside the network and consequently protect and
control the bacteria-colturewhile cleaning the site of depuration.
Both synthetic and natural hydrogels were been used. The best
working hydrogels in literature appear to be Alginate derived [67]
or alternatively carrageenan and agar [68].

A second interesting way to solve the problem of pollutants is to
modify the hydrogels to let them seize and keep the pollutant
inside the networks. Many authors have tried this way to seize
metal ions: the group of Irani has sent to publish a paper in which
they discuss a new composite hydrogel for Pbl(ll) removal. Briefly,
they created a polyethylene-g-poly (acrylic acid)-co-starch/
OMMT (LLDPE-g-PAA-co-starch/OMMT) hydrogel composite,
using it like an adsorbent pollutant (Pb(ll)) remover. They put the
hydrogel in a solution containing lead acetate and then measured
the adsorption with an Atomic Absorption Spectrometer (AAS);
after that they did a de-absorption phase and repeat for several
cycles. The electrostatic attractions, ion exchange and chelation
are possible explanation for the metal adsorption happened
during the experiments. They reported that the equilibrium
adsorption data of the hydrogel was consistent with Langmuir
isotherm and the 430mg/g adsorption capacity was in line with
other common adsorbents [69,70].

Another feasible way to achieve an interesting water filtering is
explained in a paper by Yan et al., where the group performed
etherification and consequent functionalization of chitosan
beads in order to obtain carboxymethilated chitosan with an
enhanced adsorption of metal ions. This has been proven to
improve selective adsorption of specific ions like Cu(ll), Pu(ll) and
Mg(ll) [70]. It is interesting properties that can be exploited in
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dye removal application and that has been demonstrate to be
possible by magnetical doping of hydrogel microspheres with
interpenetrated network (IPN) structures [71].

Hydrogels could be either used like a probe to detect heavy
metal ions like in the work by Wang et al. [72]. Moreover, other
application of polyacrylamide gels is a flood control device called
WATER GEL BAG® and produced by TaiHei Co., Ltd.

One of the biggest environmental problems currently hard
to solve is for sure the loss of oil in seas and in other water
sources. In the past years the quantity of oil substance dispersed
into the hydrosphere around the world is risen dramatically.
Food processing, hydrocarbons industry, refining process have
increased the risk of pollution. It was discovered that effluents
receiving wastewaters from industry have 40.000 mg/L oil
concentration [73].

Different kind of depolluting system have been attempted like
bentonite organically [74,75], palygorskite [76], a magnesium
aluminum phyllosilicate, and activated carbon. In a study dated
2010 authors attempted to develop a hydrogel to retain water
with oil-pollutant molecules [77]. They claim a very promising
hydrogel is chitosan thanks to a high presence of amino groups
and hydrogen that can react with vinyl monomers. Authors
explained use of polyacrylamide grafted on the polysaccharides
rises the capability to attract and hold solid particles which remain
in suspension in water, called flocculants. The higher crosslinking
degree, the lower the retaining capability. This is due to a smaller
distance between two nodes in the matrix network. Reducing
this distance, the swelling degree will decrease. Furthermore the
initial concentration of wasted oil in the environment is another
fundamental parameter because of its property of affecting the
adsorption kinetic. In fact a higher concentration corresponds to
faster swelling kinetics.

Bacterial culture

As already discuss for the environmental applications section,
hydrogels can hold inside their matrix a significant number
of microorganism for purification of water, for production of
biomolecules, or for simple culture of bacteria by themselves.

Indeed, agar is famous as the golden standard substrate for
bacterial culture in biotechnological applications [78]. Since it is
indigestible by a great number of bacteria and microorganism,
it provides a perfect environment for their culture on a solid
substrate [79]. Different kinds of agar are been studied, each
with a potential use for likewise different kinds of bacterial.
Between them brucella agar, columbi agar, schaedler agar, or
trypicasesoy agar are the most common. None of these gels
hassuperior results compared to the others, instead everyone is
suitable for different applications in reason of their different pros
and their cons [80,81].

Electrophoresis and proteomic

Gel electrophoresis currently represents one of the most
standard techniques for protein separation. In addition to the
most commonly employed polyacrylamide crosslinked hydrogels,

This Article is Available in: www.jbiomeds.com



acrylamide agarose copolymers have been proposed as promising
systems for separation matrices in two-dimensional (2-D)
electrophoresis, because of the good resolution of both high and
low molecular mass proteins made possible by careful control
and optimization of the hydrogel pore structure. As a matter of
fact, a thorough understanding of the nature of the hydrogel pore
structure as well as of the parameters by which it is influenced is
crucial for the design of hydrogel systems with optimal sieving
properties.

What is the proteomics? The term proteomics was first coined
in 1995 [82], Proteomics is the study of the proteome, and is the
large-scale study of proteins, particularly their structures and
functions, in a given type of cell or organism, at a given time,
under defined conditions, to make an analogy with genomics,
the study of the genome. The proteome is the entire set of
proteins, produced or modified by an organism or system. This
varies with time and distinct requirements, or stresses, that a
cell or organism undergoes. Proteomics is an interdisciplinary
domain formed on the basis of the research and development of
the Human Genome Project. While proteomics generally refers
to the large-scale experimental analysis of proteins, it is often
specifically used for protein purification and mass spectrometry.

In the field of proteomics, the ability to detect a large number
of proteins in a single analysis represents a key issue to achieve
fast and efficient operation [83]. In this context, the combined
use of 2-D gel electrophoresis coupled with mass spectrometry
has allowed enormous advances during last few decades and
has become nowadays one of standard approaches for proteins
separation and identification (Figure 3) [84,85].

Among the materials used for 2-D gel electrophoresis,
polyacrylamide crosslinked hydrogels have been extensively
investigated in the literature [86], because their tunable mesh
size porosity appears to be ideal for separating proteins and
DNA samples. Typically acrylamide concentrations higher than
5% are used to form the separation matrix, with the acrylamide
concentration being selected to maximize resolution of the range
of proteins of interest. Lower acrylamide concentrations are
necessary when resolution of large high molecular mass (HMM)
proteins (>500kDa) is sought, however at the expense of poor
mechanical stability of the gel matrix that often yields difficulties
in handling these media [74]. Other polymeric systems alternative
to polyacrylamide gels have also been proposed as separation
matrices for 2-D electrophoresis including agarose, modified
polyacrylamide gels and acrylamide-agarose copolymers [87-89].
In particular, the advantages of the acrylamide-agarose system
mainly lay in the possibility of improving the resolution of large
HMM proteins without compromising the resolution of low
molecular mass proteins, partly due to the optimal average pore
size of these materials.

Indeed, the electrophoresis migration process through the
polymeric gel matrix is driven by the interactions between the
protein fragments and the porous network of the gel, causing the
quality of protein resolution to be highly dependent on different
structural parameters characteristic of the gel matrix [90]. Among
these, mean gel pore size, pore size distribution and stiffness of
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the gel play a crucial role. In order to achieve improved separation
performance in 2-D electrophoresis applications, it is therefore
essential to understand the specific nature of the pore structure
of the gel and the parameters through which this pore structure
can be controlled and manipulated [91,92]. In particular, it is of
great interest to investigate structure-property relation-ships
of these hydrogels in the attempt to optimize their functional
performance.

A wide large range of hydrogel chemical compositions was
studied and their effect on structural and functional properties of
the hydrogel was elucidated. By employing dynamic rheological
tests and creep-recovery tests, a correlation was found between
the rheological response of these hydrogels and their sieving
properties.

More specifically, the evaluation of the crosslinking density by
means of dynamic tests and the use of viscoelastic models for
determining the resistance of non-permanent crosslinks to
move in the network systems shed light on the pore structure
of the hydrogel matrix and helped to clarify its influence on the
electrophoretic separation performance. The mechanical stability
of the crosslinked hydrogels was also investigated by means of
tensile tests and correlated with the crosslinking density of the
gel matrix.

Interpenetrating Polymer Networks (IPN)

Interpenetrating polymer networks (IPNs) hydrogels have
gained great attention in the last decades, mainly due to their
biomedical applications. IPNs are alloys of crosslinked polymers,
at least one of them being synthetized and/or cross-linked within
the immediate presence of the other, without any covalent bonds
between them, which cannot be separated unless chemical
bongs are broken [93]. The combination of the polymers must
effectively produce an advanced multicomponent polymeric
system, with a new profile [94]. According to the chemistry of
preparation, IPN hydrogels can be classified in:

i- Simultaneous IPN: When the precursors of both networks
are mixed and the two networks are synthesized at the
same time by independent, non-interfering routs such as
chain and stepwise polymerization [95].

ii- Sequential IPN: Typically performed by swelling of a single-
network hydrogel into a solution containing the mixture
of monomer, initiator and activator, with or without a
crosslinker. If a crosslinker is present, fully IPN result, while
in the absence of a crosslinker, a network having linear
polymers embedded within the first network is formed
(semi-IPN) [96].

When a linear polymer, either synthetic or biopolymer, is
entrapped in a matrix, forming thus a semi-IPN hydrogel, fully-
IPN can be prepared after that by a selective crosslinking of the
linear polymer chains [97,98].

Even if it is still a challenging task, the synthesis of ion imprinted
IPN hydrogels constitutes a promising direction in increasing the
selectivity of this novel types of sorbents, which is expected to
receive much attention in the future.



Tissue Engineering (TE) Applications

Hydrogels are three dimensional polymer scaffolds used in several
applications of tissue engineering. A particularly important group
of techniques is the so called in-vivo tissue regeneration. In this
case, a patient’s own cells are combined with the polymer, and
held in-vitro until ready to be implanted. The hydrogel acts as
a natural extra-cellular matrix that subsequently promotes cell
proliferation and tissue re-growth. The pseudo-extra-cellular
matrix, comprised of growth factors, metabolites and other
materials, brings cells together and controls tissue structure with
the ultimate goal of replacing the natural tissue that was lost or
damaged.

When parts of the whole of certain tissues or organs fail, there
are several options for treatment, including repair, replacement
with a synthetic or natural substitute, or regeneration. The
figure below shows how tissue or organ injury, disease or failure
has evolved to reach the field of tissue engineering. Tissue
repair or replacement with a synthetic substitute is limited to
those situations where surgical methods and implants have
achieved success. Although implants have been a reasonably
successful option, tissue engineering holds out great promise for
regeneration of the failed tissue. The first option of the diseased
or injured organs is extracorporeal treatment, in which blood is
circulated through polymeric membrane exchange devices. These
devices are usually passive exchange systems, but more recently
experimental systems may contain entrapped or encapsulated
cells from other human or animal sources. Those latter systems
are called bio-artificial or bio-hybrid organs. Total replacement
of the diseased or malfunctioning organ or tissue with a natural
substitute requires transplantation of an acceptable, healthy
substitute, and there is a limited supply of such organs and tissues.
Thus, tissue engineering holds out great promise for regeneration
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of organs (Figure 4). Hydrogels have become increasingly studied
as matrices for tissue engineering [85].

Hydrogels designed for use as tissue engineering scaffolds may
contain pores large enough to accommodate living cells, or they
may be designed to dissolve or degrade away, releasing growth
factors and creating pores into which living cells may penetrate
and proliferate. Table 1 lists parameters and properties of
hydrogels for these applications.

One significant advantage of hydrogels as tissue engineering
matrices vs. more hydrophobic alternatives such as PLGA is the
ease with which one may covalently incorporate cell membrane
receptor peptide ligands, in order to stimulate adhesion,
spreading and growth of cells within the hydrogel matrix.
However, a significant disadvantage of hydrogels is their low
mechanical strength, posing significant difficulties in handling
[99]. Sterilization issues are also very challenging. It is clear that
there are both significant advantages and disadvantages to the
use of hydrogels in tissue engineering, and the latter will need to
be overcome before hydrogels will become practical and useful in
this exciting field (Table 2).

It should be noted that a gel used as a tissue engineering matrix
may never be dried, but the total water in the gel is still comprised
of bound and free water.

Langer has described tissue engineering as an interdisciplinary
field that applies the principles of engineering and the life

Table 1 Highlight on important properties and characteristics of
hydrogels for tissue engineering.

Type of Molecular Composition of Important
Hydrogel structures Hydrogel properties
* Degradability
* Injectability
¢ Mechanical
strength
* Ease of
handling
* Natural - e a
surface/volume
i polymers and ratio (sheets
* Linear polymers their derivatives ; ’
cylinders,
* Block copolymers . synthetic spheres)
« Physical « Graft copolymers ~ Polymers « Closed/open
e Chemical

* Combinations
of natural
and synthetic
polymers

* Interpenetrating BOES

networks (IPNs) « Water content

* Polyblends and character

¢ Chemical
modification
(e.g. having
attached cell
adhesion
ligands)

* Addition ofcells
and/or drugs

« Sterilizability
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Table 2 Important advantages and disadvantages of hydrogels as matrices
for tissue engineering.

Advantages Disadvantages

* Agueous environment can
protect cells and fragile
drugs (peptides, proteins,
oligonucleotides, DNA)

* Good transport of nutrient to
cells and products from cells

* May be easily modified with
cell adhesion ligands

* Can be injected in-vivo as
a liquid that gels at body
temperature

* Usually biocompatible

* Can be hard to handle

* Usually mechanically weak

* May be difficult to load drugs and
cells and then crosslink in-vitro as a
prefabricated matrix

* May be difficult to sterilize

sciences to the development of biological substitutes that
restore, maintain, or improve tissue function [100]. This field
is currently advancing rapidly, combining progress in biology
and technology, and has raised many hopes in several areas of
biology and medicine. First and foremost it has a strong potential
as an application in regenerative medicine, for developing life-
like replacement tissues and organs. But it also has an important
role to play in fundamental biological research; it allows users
to reproduce physiological micro-environments more closely in
in-vitro settings than traditional culture methods, offering a way
to bridge the gap between in-vivo experiments and conventional
in-vitro studies. On a more operational side, the development
of new in-vitro models based on human cells has raises the
possibility of tackling many of the obstacles that currently hinder
pharmaceutical research and drug development. Engineered
tissues could reduce the limitations related to the transposition of
findings from one organism to another, alleviate ethical problems
related to animal testing, increase standardization, and allow
more thorough studies of toxicity, metabolism and life cycle of
putative drugs before entering clinical testing, this could, in turn,
reduce the duration, cost failure rate and risk of clinical trials.

In vivo, the formation of organs and tissues is based on the
coordination in time and space of cell differentiation, polarity,
shape, division and death. This coordination relies on the cellular
integration of signals from microenvironment, mainly consisting
of the extracellular matrix (ECM), and intercellular communication
[101]. The transduction of a typical combination of these factors
coupled to specific cytoplasmic components can induce the three
progressive steps in differentiation. First, stem cells are specified
towards a certain fate, then they shift from a specified state to a
determined state, in which the cell fate cannot be reversed, and
finally reach their differentiated state.

The main challenge of tissue engineering is to reconstitute in-vitro
an environment that induces the differentiation of cells and their
organization in an ordered functional tissue. The cell substrate
is of particular importance, since in-vivo the extracellular space
is occupied by the ECM. The chemical composition of the ECM
and the resulting mechanical properties are both important
aspects, as the transduction of both chemical and physical signals
via cellular adhesion molecules affects cell shape, polarization,
migration and differentiation [102]. Furthermore, the ECM
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topography orients tissue polarity and the morphogenesis of new
organs.

Molecular hydrogels hold big potential for cells culture and tissue
engineering; peptide-based molecular hydrogels, especially those
of long peptides, could provide suitable environments for cell
growth, division and differentiation. Zhang group and the Stupp
group have demonstrated that peptide-based hydrogels could
guide the differentiation of stem cells [103]. The challenge in this
field was a method to separate cells from gels post-culture such
as using short-peptide-based molecular hydrogels formed by
biocompatible methods for 3D cell culture, stem cell controlled
differentiation and cell delivery [104]. Responsive molecular
hydrogels for the recovery of cells post-culture were also studied
[105].

Collagen is the most abundant protein mammals, making up
about 30% of the overall body protein content. In order to mimic
collagen nanofibers, a serial of short peptides bearing collagen
repeating tripeptide of Gly-Xaa-4-Hyp (GXO, X was Lys (K), Glu (E),
Ser (S), Ala (A), or Pro (P)) was synthesized [106].

There are two main bottlenecks right now in tissue engineering.
The first one is correlated with the possibility of obtaining, in-vitro,
developed vascular tissue [107,108]. In second instance, once a
pseudo-physiological angiogenesis is achieved, the ambitious aim
is to create engineered whole organs [109]. First attempts in this
direction where made by printing 3D organ-like structures with
ECM and cells, or by decellularization and seeding.

Under these circumstances, hydrogels are usually studied as
temporary substitutes of the extracellular matrix (ECM) because
of comparable physico-chemical properties, such as stiffness
and hydrophilicity [51]. Hydrogels used as scaffold in TE must
be biocompatible and elicit the smallest response by the body.
This is a very complicated problem, indeed, for the culture of
eukaryotic cells implies a lot of precautions. Cells morphology,
metabolism and overall phenotype are directly correlated with
the signals they receive, first of all from the physical and chemicals
properties of substrate.

The micro and nanostructure, the porosity and the stiffness of the
surfaces are all important signals for the cells (topography and
mechanical properties) [109]. A very important phenomenon, for
instance, is the contact guidance, introduced by Weiss in 1934
[110], for which cells aligns to the shape and the microstructure
of a given surface. Especially for some kind of cell culture (e.g.
myocytes), this phenomena is crucial for the creation of new
working tissue [111,112]. Hydrogels for TE must be developed
attempting to fit this necessity.

For the purpose, different materials have been investigated.
Actually research is focused mainly on degradable scaffold to
allow cell migration while the matrix degenerates. Researches
demonstrated the importance of engineered degradation on
non-degradable scaffolds by viability test [113,114]. These
hydrogels can be divided by the origin of the polymer they are
made of: either if it is natural or synthetic. In the present article
the attention will be focused on natural derived hydrogels

Dextran: Dextran is natural polysaccharide obtained from the
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digestion of amylopectin. Low molecular weight dextran is been
used like a plasma expander thanks to the relatively inert and non-
toxic behavior of this polysaccharide [115]. The most interesting
characteristic of dextranareits protein rejection properties, the
so called non-fouling [99], coupled with great biocompatibility
due to its glycocalyx mimic behavior [100]. This property is
useful to create an ECM-like hydrogels for tissue engineering,
for instance, Yunxiao and collaborators created a copolymer
between methacrylate-aldehyde-bifunctionalized dextran (DEX-
MA-AD) and gelatin B. This material was obtained by ultraviolet
(UV)-crosslinking between a methacrylate groups on Dex-MA-AD
and the aldehyde groups, allowing the inclusion of gelatin in the
matrix that granting enzymatically degradation and cell adhesive
properties. Researchers demonstrate that this kind of hydrogels
could promote adhesion of vascular endothelial cells [116,117].

Gelatin: Gelatin is the denatured form of collagen, one of
the major component of ECM. Collagen however carries
immunogenicity problems due to the presence of antigens from
the original tissue. Gelatin is a protein materials with a long a
helix with a high content in glycine (=25%) [118]. Gelatin exist
in two different form, processed in acid solution (type A, usually
porcine) or in alkali solution (type B, usually bovine) [119]. In its
natural form is quickly dissolved in water, but it can be crosslinked
to obtain a hydrogel with higher mechanical properties and
degradation rate.

The crosslinking can be performed in many different ways, from
the physical side we could use UV reticulation or the chain
polarity. From the chemical one is very common to polymerize,
with enzymes too, the chains with a bound on the side groups
of amino acids. Lysine and Glutamic Acid are the most employed
for it.

Thanks to his similarity to the natural ECM, many compounds
were been developed with gelatin-coating or included element.
Chitosan-gelatin, fibroin-gelatin, alginate-gelatin, dextran-
gelatin are very common. Das and collaborators attempted to
create a fibroin-gelatin biomaterial for bioprinting cells-laden in
a 3D tissue constructs. They developed two kinds of hydrogels.
One crosslinked by sonication, the other crosslinked using
tyrosinase enzyme. The results showed that sonication-gelatin-
fibroin hydrogel shown better osteogenic differentiation while
tyrosinased-gelatin-fibroin supported better chondrogenic and
adipogenic differentiation [120].

Chitosan: Chitosan is a polysaccharides from chitin of the
crustacean skeleton. It is composed by the repetition of
N-glucosamine units. A crucial index to assess chitosan’s
properties is the degree of acetylation, defined as the number
of amine in the material. For instance, it is proved that chitosan
could decrease the adsorption of protein and the binding of
bacteria [121]. Actually it is yet not clear how this materials
could been attached by cells. Some studies report a first period in
which chitosan repelled cell adhesion, and a second in which cells
starts to bind to it. There is no a uniformity in results about this
refractory-period, anyhow it can be exploited to seed different
kind of cells. For example, Tao Jang et al. published a study in
which they used photo polymerization on chitosan in order to
deposit cells between the chitosan patterns. They suggest that
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after the refractory-period, while cells are disposing in no-
chitosan coated regions, it is possible to seeds another type of
cells for the development of a more complex system [122].

In another study chitosan has been coupled with gelatin to create
an in-situ gel for cell seeding and/or drug delivery. In particular
the group evaluated the difference in crosslinking by two different
enzyme [123].

Hyaluronic acid: Hyaluronic Acid — HA is a Glycosaminoglycan
GAG enclosed in the natural ECM, core of the material is a
polysaccharide with high affinity for water. Usually, to increase
the mechanical properties of this biomaterial, a covalent cross-
linking between chains is done. Tezel& Fredrickson have reported
that a too high degree of modification and cross-linking could
influence the biocompatibility property of the material [124].

In vivo HA can have different molecular weights. Low and
high molecular weight HA cause an opposite cells behavior
[125]. HA macromolecules shown an anti-inflammatory,
immunosuppressive properties and blocks angiogenesis, while
cleaved small fragments induce the opposite behavior, enabling
endothelial cells migration and angiogenesis [126,127]. Indeed,
low molecular weight HA have been correlated with some
cancers, like prostatic one [125,128].

HA hydrogels were obtained in order to exploit the angiogenic
power of the molecule during the degradation of a material.
Kisiel’s group, for example, crosslinked HA with protease-
degradable peptides and added cell adhesion ligands to improve
the cell spreading on the material [129].

Onanotherhand, Shu et Al. tried to mimic the ECM copolymerizing
HA and gelatin. They added a thiol group to the Hyaluronan, in
this way they were able to crosslinked modified-Hyaluronan with
modified-Gelatin by disulfide bonds [130].

Pectin: Another polysaccharides used in tissue engineering
hydrogels is pectin. It is obtained from cells walls after a low
pH, high temperature processing. Unfortunately, until now,
researchers have not reached the goal to standardize this product
in an economically sustainable way [131].

Based on its esterification degree pectin is classified from low
methoxyl to high methoxyl. Tuning this property changes the
mechanical behavior of the material. Reticulation can occur by
lowering pH to obtain physical gel, or using divalent or trivalent
ions to obtain water-insoluble gel [35,132].

In the tissue engineering field, pectin seems very interesting
because of its promotion of nucleation of mineral phase when
immersed in a specific biological solution [131,133].

Alginate: Derived from brown algae, alginate is a polysaccharide
composed of beta-D-mannuronic acid and alfa-L-gluronic acid.
Its reticulation can alsooccurby divalent cations (Ca%, Fe%, Ba*')
[134].

In tissue engineering alginate can be used as an immunoisolation
barrier [117]. Alginate scaffold for the regeneration of annulus
fibrosus are also been developed. This hydrogels have shape-
memory capability, are cytocompatible and supports proliferation
and metabolic activity [135]. Moreover, alginate hydrogels were
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used to reduce liver cells death [136] and with silk-fibroin as a
substrate for stem cells culture [137].

Culture of organs-on-chips

Recent trends towards the development of in-vitro multicellular
systems with definite architectures, or “organs on chips”
are studied. First, the chemical composition and mechanical
properties of the scaffold have to be consistent with the
anatomical environment in-vivo. In this perspective, the
flourishing interest in hydrogels as cellular substrates has
highlighted the main parameters directing cell differentiation
that need to be recapitulated in artificial matrix. Another scaffold
requirementisto act as a template to guide tissue morphogenesis.
Therefore specific micro-fabrication techniques are required to
spatially pattern the environment at microscale. 2D patterning
is particularly efficient for organizing planar polarized cell types
such as endothelial cells or neurons. However, most organs are
characterized by specific sub units organized in three dimensions
at the cellular level. The production of such 3D patterns in-
vitro is necessary for cells to fully differentiate, assemble and
coordinate to form a coherent micro-tissue. These physiological
microstructures are often integrated in micro-fluidic devices
whose controlled environments provide the cell culture with
more like-life conditions that traditional cell culture method.
Such systems have a wide range of applications, for fundamental
research, as tools to accelerate drug development and testing,
and finally, for regenerative medicine.

The in-vivo extra-cellular matrix (ECM) consists mainly of collagen
fibers, elastin fibers, glycoproteins and polysaccharides. It acts
as a mechanical support to the cells it surrounds and plays
an important role in cell shape, cell polarity, cell migration,
resistance to external forces, and signal transduction. The
primary focus of tissue engineering is to achieve an in-vivo-like
cellular environment, by developing in-vitro artificial ECM. In
regenerative medicine applications, such scaffolds could either
be directly introduced into an injured organ in order to induce
in-vivo genesis, or first seeded with cells in-vitro and then
transplanted once those cells have differentiated. For in-vitro
research and testing applications, they are generally directly
used as a substrate. In all cases, the artificial structures need to
recapitulate the in-vivo environment signals responsible for cell
differentiation into the desired tissue.

Biomaterial scaffolds are essentially made of hydrogels. Based
on their ability to retain water by swelling, they mimic the high
water content of the extracellular matrix [138]. Cell adhesion
ligands must be present in hydrogels to allow cells to adhere,
spread, migrate and proliferate. There is a large variety of
adhesion molecules, such as laminin and its derivatives [138],
fibronectin [139] and collagen [140]. It is therefore crucial to
select the adhesion molecules for which the seeded cell type
has the largest affinity to make adhesion effective. Natural
hydrogels are bioactive and usually provide native adhesion
sites. Conversely, synthetic hydrogels are inert, since their carbon
skeleton presents no adhesion molecules or endogenous factors
inducing proliferation and cell differentiation.

To enrich their potential as bioactive materials, synthetic

© Under License of Creative Commons Attribution 3.0 License

2015

Vol.4 No. 2:13

Journal of Biomedical Sciences

ISSN 2254-609X

hydrogels are generally supplemented with adhesion molecules
[141], either by covalent grafting, adsorption or electrostatic
interaction. Adhesion molecules can be grafted after hydrogel
polymerization, or added to the pre-polymerized mixture and
either physically trapped or chemically incorporated during
polymerization. Finally, in the case of photo-activated materials
such as PEGDA, adhesion molecules can be chemically modified
to covalently attach to the hydrogel backbone. The grafting of
PEG polymer has been thoroughly described in the review of Zhu
etal. [142].

Culture of cells is very demanding area. It deals with living cells
that are highly sensitive to their surrounding environment. It
also depends strongly on differentiation, a delicate, complex
and still only partly understood phenomenon. It thus requires
the development of increasingly sophisticated technologies.
Although the use of hydrogels as physiological substrates to
replace the in-vivo ECM is globally accepted, all parameters must
be carefully manipulated to avoid additional unwanted signals.
The search for optimal artificial matrices has led to the invention
of dynamic hydrogels that can be tuned to reproduce the in-vivo
micro-environment, which is permanently renewed and crossed
by various signals.

Despite these major improvements, challenges remain. Until
now, a physiological substrate alone is, in most cases, insufficient
to induce cells to assemble into a multicellular entity and
coordinate their activity to form a functional tissue. Additional
hydrogel structuring at micrometer scale is necessary. In many
cases, a unique association of physiological substrate coupled to a
3D structure replicating the physical constraints perceived by the
cells in-vivo will be needed to induce in-vitro the differentiation of
cells into a functional tissue.

Nonetheless, the vast majority of these“organs on chips™are
mostly static, while in-vivo cells are often subjected to mechanical
deformations associated with the organ’s function. Furthermore,
the biochemical environment can vary in time depending on the
physiology of the entire organism. These physical and chemical
stimuli generally affect the differentiation and self-organization of
cells into functional tissues and are thus crucial to mimic. Tissue
engineering therefore needs to move beyond 3D culture to
achieve “4 dimensional structures” that encompass the temporal
dimension of organ function as well as it spatial ones. Combining
the 3D micro-structured tissues and the dynamic stimuli appears
to be the next to reach in micro-organ engineering.

Bone regeneration

This work gives a general view on the use of hydrogels as
scaffold for bone regeneration, with special emphasis on
injectable systems, membranes for guided bone regeneration,
biofunctionalization and biomimetic mineralization.

Alginate hydrogel has been shown to be a useful tool for producing
bone and cartilage tissues [142]. It is very biocompatible in
humans and peptides can also be covalently coupled to the
molecules. Alginate is a naturally occurring polymer found in kelp
(seaweed) that is commonly used in gel formation.

The regeneration of large bone defects caused by trauma

13



or disease remains a significant clinical problem. Although
osteoinductive growth factors such as bone morphogenetic
proteins have entered clinics, transplantation or autologous bone
remains the gold standard to treat bone defects. The effective
treatment of bone defects by protein therapeutics in humans
requires quantities that exceed the physiological doses by
several orders of magnitude. This not only results in very high
treatment costs but also bears considerable risks for adverse
side effects. There issues have motivated the development of
biomaterials technologies allowing to better control bimolecular
delivery from the solid phase. Importantly, a relatively narrow
therapeutic window of growth factor dose is expected to lead to
regeneration, whereas too low or too high growth factor doses
will most likely lead to severe side effects, as shown in animal
models [143]. Since for the generation of constant growth
factor levels, multiple injections or even continuous infusion
of high doses would be necessary, alternative routes involving
biologically inspired growth factor delivery are sought. In an
ideal situation, the localized delivery of growth factors should
present physiologically relevant doses and preserve its activity
for prolonged periods of time. Moreover, carrier materials
should facilitate the communication with cells of the host so as
to be actively involved in the process of regeneration. Synthetic
hydrogels, highly swollen three-dimensional (3D) networks
of macromolecules, have emerged as powerful candidate
biomaterials to fulfill these requirements [144]. Hydrogels for
growth factor delivery applications have either been generated
from natural derived biomolecules such as alginate, collagen, and
fibrin or from synthetic polymers employing chemical or physical
crosslinking reactions [145].

For growth factor administration, the growth factor can either be
freely embedded in the hydrogel or bound to it. In the former
approach growth factor release is driven by passive diffusion
or coupled to material degradation. Release kinetics can be
varied by altering material degradation rate or by changing
growth factor quantity. To allow covalent tethering to synthetic
or biologically derived hydrogels, GF were chemically modified
or genetically engineered to contain functional groups such as
thiols, acrylates, azides, ... An example of growth factor delivery
from fibrin hydrogels to regenerate bone tissue was reported by
Hubbell and co-workers [146].

Recently, a fibrin scaffold possessing integrin-binding sites
adjacent to growth factor-binding sites to obtain synergistic
effects was used to regenerate bone [147]. For this purpose a
trifunctional peptide was created consisting of an N-terminal
Gln sequence for covalent incorporation into fibrin matrices, the
major integrin binding domain of fibronectin (FN 1119-10) and at
the C-terminus another domain of fibronectin (FN 11112-14) to bind
various growth factors. Since FN 11112-14 binds growth factors from
different families it allows for straightforward delivery of multiple
growth factors. By delivering BMP-2 and PDGF-BB, two growth
factors known to induce bone formation and previously shown to
bind to FN I1112-14, the authors tested for improved growth factor
efficiency in ectopic positions in nude mice and calvarial critical
size defects in rats. By using growth factor concentrations that
didn’t show any in-vivo effects when delivered in empty fibrin
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matrices, they were able to demonstrate that the FN 1119-10/12-
14 functionalized matrices enhanced growth factor-induced bone
formation and recruitment of bone forming progenitor cells. Due
to the enhanced growth factor signaling, concentrations could be
dramatically reduced and bone tissue deposition was observed
with much lower doses than elsewhere reported, showing
promise for the use of such implants in clinical applications.

In another study a novel photo-cross-linkable chitosan—lactide-
fibrinogen (CLF) hydrogel was developed and characterized and
they also evaluate the efficacy of bone morphogenetic protein-2
(BMP-2) containing a CLF hydrogel for osteogenesis in-vitro and
in-vivo. Radiography, microcomputed tomography and histology
confirmed that the BMP-2 containing CLF hydrogels prompted
neo-osteogenesis and accelerated healing of the defects in a
dose-dependent manner. Thus the CLF hydrogel is a promising
delivery system of growth factors for bone regeneration [148].

A photo-cured hyaluronic acid (HA) hydrogels were designed and
prepared containing an osteogenesis-inducting growth factor,
GDF-5 (growth and differentiation factors 5). Those hydrogels
were prepared and confirmed to have controlled GDF-5 release
profiles. Cytotoxicity and cell viability suggest that GDF-5loaded
HA hydrogel has proper biocompatibility for use as a scaffold
which can induce osteogenesis. Moreover, the HA hydrogel
showed improved osteogenesis in both in-vitro tests, the results
from these tests show that the HA hydrogel can be used as a
scaffold for bone tissue regeneration [149]. Gelatin hydrogels
were also used for bone regeneration at both the critical-sized
bone defect.

Cardiac applications

In the last decade, advancements have been made towards
developing injectable hydrogels[179] for the purpose of cardiac
repair. Hydrogel injections alone have been shown to attenuate
the decline in cardiac function and left ventricular remodeling
typically seen after myocardial infarction in both large and small
animal models. Furthermore, hydrogels have also been shown
to improve cell retention when co-injected for cellular cardio-
myoplasty and to prolong release of therapeutics when used as
a delivery vehicle. This chapter will review the basics of hydrogel
properties and discuss recent studies of hydrogels alone and in
conjunction with cells or therapeutics for cardiac repair.

Dental applications

Pulpregenerationtherapyisimportantto overcomethelimitations
of conventional therapy to induce reparative dentinogenesis.
Presently, dentists have no choice but to remove the whole dental
pulp with an endodontic procedure when a dentin defect with
pulp exposure reaches a critical size resulting in an irreversible
pulp condition. To overcome this limitation, it is considered
important to develop pulp regeneration therapy as well as clarify
the mechanisms of pulp wound healing. Pulp wound healing and
regeneration have common processes, and results of a number of
studies have indicated that pulp wound healing consists of initial
inductions of apoptosis of damaged pulp cells [134],followed
by reactionary dentinogenesis by surviving odontoblasts and
reparative dentinogenesis by odontoblast-like cells [150,151].
Reactionary or reparative dentin is formed toward the residual
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dental pulp, however, not in the area in which the dentin-pulp
complex has been lost. To achieve the regeneration of the dentin-
pulp complex, induction of appropriate pulp wound healing and
formation of new dentin in dentin defects are essential, and a few
studies have reported vital pulp therapies to form new dentin in
defects [152].

Fibroblast growth factor-2 (FGF-2), which is normally stored in
the extracellular matrix and released by enzymatic degradation
of extracellular matrix molecules, plays a role in physiologic
conditions such as enamel and dentin formation of the tooth
germ [153], as well as pathologic conditions [154]. It was
previously demonstrated that a gradual and continual release of
biologically active FGF-2 was achieved by in-vivo biodegradation
of gelatin hydrogels that incorporated FGF-2 [155]. Furthermore,
a controlled release of FGF-2 from gelatin hydrogels induced
neovascularization and regeneration of several tissues, including
bone [156], periodontal tissues [157], and others [158].

Wound healing applications

Wound healing is the promise of a new way to heal damaged
skin tissue with high biocompatible and bioactive materials. Skin
burned, diabetic ulcer, are problems that at the state of the art
are very expensive to treat. Prosthetic-tissue engineered skin are
been made, unfortunately they are not ready-to-use; they are
expensive and have many needs that are not always matched
by patients. Theoretically, in wound healing applications a
crucial parameter to assess is the wound contraction that can be
evaluated in this way, remembering that A  is the original burn
wound area, and A is the burn wound area at the time of biopsy:

Wound Contraction[%] = 4 =4 -100

Many systems has been studied, with or without chemicals to aid
the skin regeneration. Hyaluronic-acid and gelatin are both two
promising materials for the aim because of their natural presence
inside human ECM of the skin tissues. Moreover, in literature can
be found healing systems made from cellulose [159], alginate-
chitosan copolymers [160], chitosan-gelatin-honey copolymers
[161] and new biphasic gelatin-silk [162]. Most of the products
already on the market use a combination of selected materials
and proper seeding of cells from various origins (allogenic or
autogenic), for instance we cite to applications of HYAFF™
esterified hyaluronic acid [163], both produced by FIDIA Ltd.:
LaserskinAutograft®, made of a HA-membrane with keratinocytes,
and Hyalo-graft 3D™ made with HA, but with fibroblasts added.

Drug delivery applications

By drug delivery we intend the whole ensemble of procedures,
devices and techniques to avoid the problems of standard
delivery of medicals, first of all the burst release and quick decay
of the effects of the drug overtime, especially for short half-life
pharmaceuticals [164].

Hydrogels, and smart hydrogels in particular, can be a very
interesting solution in reaching a sustained and targeted release
of pharmaceuticals, both increasing the effect of the drug itself
and lowering side effects at the same time [165].

Silk Fibroin, protein-based biomaterial with high Young Modulus
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(1-10GPa) obtained processing the silk from various insects, like
spider or silk worm (Bombyx Mori). The silk fiber is composed
by fibroin and sericine. This second protein is correlated with
inflammatory reactions when coupled with fibroin. To obtain a
pure fibroin wire, silk is boiled in alkaline solution at 120° C for at
least 1 hour. Solubilization and regeneration is necessary for use
this biomaterial for tissue engineering, like scaffolding. Usually
the fibroin is processed in a solution of LiBr [166,167], in a ternary
solvent composed by Calcium Chloride / Ethanol / Water to break
fiber to fiber bond [168] or by SDS [168,169]. This allows the
casting of the polymer and the consequent creation of different
structure for geometrical complexity.

In 2011 Chinmoy et Al. used silk fibroin from Bombyx Mori and
from NathereaMylitta to create a 3D scaffold for cardiac tissue
engineering. Results showed that metabolic cell response,
cardiomyocytes growth and the number of junction between
cells for AntheraeaMylitta fibroin are very similar to fibronectin
ones. They concluded that silk fibroin from AM enables an
efficient attachment of cells without affecting their response to
extracellular stimuli.

Hydrogels as soft contact lenses

Contact lenses are one of the reasons why hydrogels where
developed in the first place. They come with many different
features and procedures of usage. In particular, soft contact
lenses with a short turnover are the ones for which hydrogel
are mostly useful. The most used polymer exploited to produce
soft-contact lenses is silicone, under hydrogel form, thanks to its
permeability for oxygen.

Despite the high microbial keratitis risk for a prolonged wear time,
which subsists for most of ophthalmic applications in this field,
extended wear time of silicone hydrogel lenses are five times safer
than other conventional hydrogels for what concern infections
[170,171]. Only about 5% of drugs administrated by eye drops are
bioavailable, and currently eye drops account for more than 90%
of all ophthalmic formulations. The bioavailability of ophthalmic
drugs can be improved by a soft contact lens-based ophthalmic
drug delivery system. Several polymeric hydrogels have been
investigated for soft contact lens-based ophthalmic drug delivery
systems: (i) Polymeric hydrogels for conventional contact lens to
absorb and release ophthalmic drugs; (ii) Polymeric hydrogels
for piggyback contact lens combining with a drug plate or drug
or drug solution; (iii) Surface-modified polymeric hydrogels to
immobilize drugs on the surface of contact lenses; (iv)Polymeric
hydrogels for inclusion of drugs in a colloidal structure dispersed
in the lens; (v) lon ligand-containing polymeric hydrogels; (vi)
molecularly imprinted polymeric hydrogels which provide the
contact lens with a high affinity and selectivity for a given drug.

The success of the therapy of eye ailments with ophthalmic drugs
strongly depends on achieving sufficient drug concentration on
the cornea for a sufficient period of time, but the typical delivery
of drugs by eye drops which currently account for more than 90%
of all ophthalmic formulations is very inefficient and in some
instances leads to serious side effects [172]. Upon instillation in
the eye, the drug mixes with the fluid present in the tear film
and has a short residence time of approximately 2 minutes in the
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film. Only about 5% of the drug is absorbed into the cornea and
the remaining either gets absorbed in the conjunctiva or flows
through the upper and the lower canaliculi into the lacrimal sac
[173]. The drug containing tear fluid is carried from the lacrimal
sac into the nasolacrimal duct. The nasolacrimal duct empties
into the nasal cavity, where the drug is then absorbed into the
bloodstream. This absorption leads to drug wastage, and more
importantly, the presence of certain drugs in the bloodstream
leads to undesirable side effects. Furthermore, the application
of ophthalmic drugs by eye drops results in a rapid variation in
the drug delivery rates to the cornea and this limits the efficacy
of the therapeutic system [174]. In addition, dosage through eye
drops is inconsistent and difficult to regulate, as most of the drug
is released in an initial burst of concentration [175]. To increase
the residence time of the drug in the eye, thereby reducing
wastage and minimizing side effects, a number of researchers
have proposed using contact lenses for ophthalmic drug delivery.
It has been shown that in the presence of a lens, ophthalmic
drugs have a much longer residence time in the post-lens tear
film, compared with 2 minutes in the case of topical application
as eye drops [176]. The longer residence time will result in higher
drug flux through the cornea and reduce the drug inflow into
the nasolacrimal sac, thus reducing drug absorption into the
bloodstream. Several methods have been proposed to make
ophthalmic drugs deliverable by soft contact lens.

The silicone hydrogel lenses can be designed to release
ophthalmic drugs for an extended period varying from 10 days
to a few months. The transport of timolol and DX in the silicone
gels is diffusion limited, but the release profiles are complex
particularly for dexamethasone which is the evidence of complex
microstructure of the gels. The silicone hydrogels may also be
suitable for other drug delivery applications such as puncta
plugs, ophthacaoils, retinal implants, transdermal patches, wound
healing patches, etc.

Injectable hydrogels

The desire and need to minimize traditional open surgeries and
in light of the challenges along with the traditional intravenous
administration of chemotherapeutics for example [177],
injectable hydrogel-drug system emerges as a powerful tool
for noninvasive and in-situ controlled-release of drugs. Such
application could also reduce the healthcare expenses and
improve the recovery time for the patients. Minimal invasive
procedures using endoscopes, catheters and needles have been
developed considerably in the last few decades. In the field of
tissue engineering and regenerative medicine, there is a need for
advancement over the conventional scaffolds and pre-formed
hydrogels. In this scenario, injectable hydrogels have gained
wider appreciation among the researches, as they can be used
in minimally invasive surgical procedures. Injectable gels with
their ease of handling, complete filling the defect area and good
permeability have emerged as promising biomaterials (Figure 5).

Basing on their origin, two kinds of biodegradable polymers are
used for preparation of injectable hydrogels: naturally derived
and synthetic polymers. Naturally derived polymers such as
polysaccharides (cellulose, chitosan, hyaluronic acid, chondroitin
sulfate, dextran sulfate, alginate, pectin, etc.), proteins (collagen,
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gelatin, heparin, fibrin, etc.) and synthetic polymers like
polypeptides, polyesters, polyphosphazenes, etc. are widely
used [178,179]. In comparison with synthetic polymers, most but
not all naturally derived polymers are expected to have better
interaction with cells along with increased cell proliferation and
differentiation [180]. On the other hand, synthetic polymers
possess tunable mechanical properties and degradation profile.

Mutually, exclusive advantages of these polymers have motivated
the researchers to investigate combinatorial systems of synthetic
and naturally derived polymers, thereby improvising the
properties of injectable hydrogels [181]. Injectable hydrogels
are prepared using various physical and chemical crosslinking
methods as shown in Figure 6 [182].

Particle migration, poor shape definition and/or rapid resorption
limit the success of current urethral bulking agents. The use of
injectable agents to augment urethral tissue function is now
common practice because they facilitate minimally invasive
delivery of the bulking agent and provide the advantage of low
cost and low patient morbidity. The procedure can be performed
in an outpatient setting with the patient under local anesthesia.
Current therapies using cross-linked collagen, autologous fat
or carbon coated beads have provided acceptable cure rates
[183]. However, complications or limitations of the treatments
include the need for repeat injections, allergic reactions, material
resorption and particle migration. Several newly applied materials,
including calcium hydroxyapatite and materials consisting of
natural or synthetic polymers appear to be efficacious as current
therapies but extensive long-term data are still unavailable [184].

Recent clinical trials as well as previous animal studies
demonstrated that transplantation of autologous chondrocytes
suspended in a polymericalginate hydrogel produced encouraging
results and suggested that injectable alginate hydrogels may have
potential use as bulking agents [185]. Covalently cross-linked
alginate hydrogels provide a versatile system with potential as
an injectable bulking agent. The shape memory characteristics
of these materials facilitated the minimally invasive delivery of a
bulking construct in a predefined three-dimensional macroporous
form, which minimized migration or leakage of the material from
the puncture site and ensured integration with host tissue. The
hydrogels are easy to prepare and can be stored dehydrated at
room temperature, required no specialized injection equipment
and can be delivered by a single injection. Such hydrogels have
the potential to fulfill many requirements for an optimal urethral
or other soft tissue bulking agent.

Injectable hyaluronicacid MRI provides the possibility to monitor
the hydrogel and shape of the materials correctly by only H-MRI.
There are many very promising studies involving hydrogels and
imaging techniques. In one of them, by Yang X. and collaborators,
an injectable hyaluronic acid hydrogel has been modified with
fluorine-19 and subsequently tested. The authors claim its high
potential in many clinical applications since, besides it being
biocompatible and easily injectable, it can moreover be tracked
with minimal invasive manners [186].

This Article is Available in: www.jbiomeds.com
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Figure 5 Advantages of injectable hydrogels over conventional scaffolds [179].

N

Figure 6 Schematic showing different techniques to prepare hydrogels .

/

Applications in electronics

The use of hydrogels as matrixes in electronics is very promising
considering the high tunability and precision of capacitors with
hydrogel dielectrics. By changing the polymer and the solution
carried it is possible to build high-performant cheap capacitors.

These Hydrogel electrolytes can be composed by organic
polymers. According to Choudhury et al. [187], poly(ethylene
oxide), potassium poly(acrylate), poly(vinyl alcohol) and gelatin
areamong the most promising materials forthe purpose. However,
organic polymer seem to show lower properties compared to
the ones of inorganic hydrogels. Many authors affirm the more
interesting characteristic of silica hydrogel compared to standard
polymer hydrogels, nevertheless, opinions are still divided on the
subject.

© Under License of Creative Commons Attribution 3.0 License

Conclusions

Inthis review we provide a historical overview of the developments
in hydrogel research from simple networks to smart materials.
Hydrogels are widely present in everyday products though their
potential has not been fully explored yet. These materials already
have a well-established role in contact lenses, hygiene products
and wound dressing markets but commercial hydrogel products
in tissue engineering and drug delivery are still limited. Many
hydrogel-based drug delivery devices and scaffold shave been
designed, studied and in some cases even patented, however
not many have reached the market. More progress is expected in
these two areas. Limited commercial products with hydrogels in
drug delivery and tissue engineering are related to some extent
to their high production costs.
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There are numerous patents on hydrogels but only a few reached
the market, hydrogels are used for producing contact lenses,
hygiene products and wound dressings. Other commercial uses
of hydrogels are in drug delivery and tissue engineering.

More developments are expected in drug delivery and tissue
engineering, high production costs of hydrogels are limiting their
further commercialization.

Over the past decades, significant progress has been made in
the field of hydrogels as functional biomaterials. Biomedical
application of hydrogels was initially hindered by the toxicity
of crosslinking agents and limitations of hydrogel formation
under physiological conditions. Emerging knowledge in polymer
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chemistry and increased understanding of biological processes
resulted in the design of versatile materials and minimally invasive
therapies. Hydrogel matrices comprise a wide range of natural
and synthetic polymers held together by a variety of physical or
chemical crosslinks. With their capacity to embed pharmaceutical
agents in their hydrophilic crosslinked network, hydrogels form
promising materials for controlled drug release and tissue
engineering. Despite all their beneficial properties, there are still

several challenges to overcome for clinical translation.
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