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Abstract

BACKGROUND: Several injectable hydrogels have been developed extensively for a broad range of biomedical appli-
cations. Injectable hydrogels forming in situ through the change in external stimuli have the distinct properties of easy
management and minimal invasiveness, and thus provide the advantage of bypassing surgical procedures for administration
resulting in better patient compliance.

METHODS: The injectable in situ-forming hydrogels can be formed irreversibly or reversibly under physiological
stimuli. Among several external stimuli that induce formation of hydrogels in situ, in this review, we focused on the
electrostatic interactions as the most simple and interesting stimulus.

RESULTS: Currently, numerous polyelectrolytes have been reported as potential electrostatically interactive in situ-
forming hydrogels. In this review, a comprehensive overview of the rapidly developing electrostatically interactive in situ-
forming hydrogels, which are produced by various anionic and cationic polyelectrolytes such as chitosan, celluloses, and
alginates, has been outlined and summarized. Further, their biomedical applications have also been discussed.
CONCLUSION: The review concludes with perspectives on the future of electrostatically interactive in situ-forming
hydrogels.
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1 Introduction

Several hydrogels have been developed extensively for a
broad range of biomedical applications [1-5]. Most of the
Ji Young Seo, Bong Lee and Taec Woong Kang are equal first authors.  hydrogels are composed of hydrophilic materials to form
3-dimensional networks. The 3-dimensional hydrogel net-
works can be prepared through chemical or physical cross-
linking. The hydrogels can generally absorb a large amount
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Recently, biomedical applications of in situ-forming
hydrogels have been extensively investigated by hydrogel
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temperature and then become in situ hydrogels at body
temperature.

These hydrogel formulations have an advantage of easy
preparation by incorporating several biological factors,
such as various cells and growth factors, by simple mixing.
Additionally, in situ-forming hydrogel formulations can be
easily injected by minimal invasiveness using syringe, and
thus, provide the advantage of bypassing surgical proce-
dures for administration resulting in better patient
compliance.

The in situ-forming hydrogels can be formed irre-
versibly or reversibly under physiological stimuli [11-14].
The irreversible in situ-forming hydrogels are prepared by
irreversible chemical reactions between functional groups
on hydrogels and externally added materials. Meanwhile,
reversible hydrogels are prepared by reversible physical
stimuli such as temperature, light, electricity, pressure, and
sound or reversible interaction between specific functional
groups.

In situ-forming hydrogels to respond to temperature
among several reversible physical stimuli fall into two
main categories: hydrophobic and electrostatic interactions.
The formation of reversible in situ-forming hydrogels
through hydrophobic interactions between hydrophobic
molecules is alternative to irreversible in situ-forming
hydrogels. One drawback of in situ-forming hydrogels via
hydrophobic interactions is the difficulty in preparing the
materials as an aqueous solution.

Meanwhile, an electrostatic interaction between charges
on certain materials can also create reversible in sifu-
forming hydrogels [15-18]. The electrostatic materials can
be easily prepared as an aqueous solution. The electrostatic
material alone without materials of different ionic species
allow solution under physiological conditions. The mixing
with different ionic materials can easily induce the for-
mation of hydrogel via reversible electrostatic interaction
between oppositely charged ionic materials under physio-
logical conditions (Fig. 1).

This concept is considered in the selection or design of
various biomaterials for the formation of electrostatically
interactive in situ-forming hydrogels [19-22]. Here, we
present a comprehensive and detailed overview of elec-
trostatically interactive in situ-forming hydrogels. We
firstly discuss the concept of electrostatically interactive
in situ-forming hydrogels, followed by the discussion on
potential candidate materials for forming hydrogels and
their applications in the biomedical field. Finally, a per-
spective about future uses of electrostatically interactive
in situ-forming hydrogels has been discussed.
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2 Electrostatically interactive in situ-forming
hydrogels: concept and mechanism

In the electrostatically interactive in situ-forming hydro-
gels, certain materials at room temperature show little or no
electrostatic interaction, resulting in the formation of
homogeneous solutions. However, with the increase in
temperature, electrostatic interaction of certain materials
can either form a coacervate or a complex [23]. Hence, the
electrostatic interaction should increase to produce viscous
and macroscopical hydrogel at body temperature. How-
ever, if the electrostatic interaction is too strong, precipi-
tation of certain materials can occur.

Based on this concept, an electrostatic interaction
between cationic and anionic electric charges is one of the
simple and primary driving forces in the formation of
electrostatically interactive in situ-forming hydrogels.
Hence, to induce electrostatic interaction, certain materials
must be ionized or should bear electric charges, then only
electrostatic interactions between opposing charges on
certain materials will create reproducible ionic cross-
linking.

The formation of electrostatic interactions is influenced
by several factors [24]. The properties of electrostatic
interactions in the mixture of certain materials can depend
primarily on the amount of interactions or ratios between
opposite charges.

Firstly, the overall charges in hydrogel network struc-
tures can be affected by the molecular weight. Single
molecules as electrolytes have one or few electric charges.
Meanwhile the ionic polymers as polyelectrolytes are
polymerized by monomeric molecules with electric char-
ges. Thus, polyelectrolytes with high molecular weights
have large amount of electric charges. The extent of an
electrostatic interaction depends significantly on gross
densities of electric charges in the polyelectrolytes. The
higher the molecular weight of the polyelectrolytes, the
higher is the gross charge density, thus the higher the
strength of the electrostatic interaction.

Secondly, the electrostatic interaction can be affected by
the mobility or flexibility of polyelectrolyte materials. High
flexibility can increase the mobility resulting in the increased
probability of electrostatic interaction. However, high flex-
ibility can weaken the hydrogel due to the fast mobility of
polyelectrolyte backbones. Consequently, the extent of
electrostatic interaction depends significantly on the appro-
priate mobility or flexibility of the polyelectrolytes.

Additionally, since pH changes allow a change in
electric charges of polyelectrolytes, the electrostatically
interactive in situ-forming hydrogels are affected by pH.
The extent of an electrostatic interaction offset reinforces
electrostatic interaction in polyelectrolytes according to pH
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Fig. 1 Schematic
representative image of
electrostatically interactive P P=e
injectable hydrogels via

electrostatic interactions

between anionic (e.g. ®
carboxylmethyl cellulose) and
cationic (e.g. chitosan)
polyelectrolytes. (Image was
drawn by Y.B.J. and H.J.J. in
the Adobe Photoshop 7.0
software)

CMC+Chitosan

changes under physiological conditions. Thus, there is an
optimal pH at which electrostatic interactions allow the
formation of the strongest electrostatically interactive
in situ-forming hydrogels.

Consequently, the properties of electrostatically inter-
active in situ-forming hydrogels can offset and reinforce by
control of the charge density, mobility or pH changes under
physiological conditions.

3 Materials for electrostatically interactive in situ-
forming hydrogels

Recent studies have shown that electrostatically interactive
in situ-forming hydrogels are produced by various anionic
and cationic polyelectrolytes, such as chitosan, celluloses,
and alginates, which are well known to form these hydro-
gels and are described in the sections below.

3.1 Chitosan

Chitin is one of the most popular natural polymers derived
from the protective shells of crustaceans. Through alkaline
deacetylation of chitin, amine group is added on chitin,
forming chitosan; chitosan is available commercially. As
deacetylation ratios are above approximately 50%, chitosan
becomes soluble by protonation under acidic conditions.
Chitosan chains are linear polysaccharides with primary
aliphatic amines. Protonated chitosan acts as a pseudonat-
ural cationic polymer in acidic media. The primary
ammonium salts on the chitosan chains exhibit properties
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of typical cationic polyelectrolyte. The ionizable primary
ammonium salts on chitosan show the positive zeta
potentials [25].

The cationic chitosan polyelectrolyte can interact suit-
ably with anionic materials to produce electrostatically
interactive hydrogels. The electrostatically interactive
hydrogels can be obtained in various shapes and forms
such as gels, powders, beads, films, tablets, capsules,
microspheres, microparticles, sponges, nanofibrils, or tex-
tile fibers [26-29].

The cationic chitosan polyelectrolyte can interact elec-
trostatically with anionic materials, such as electrolytes
including carboxylate salts and phosphate salts with mono
or multi anionic groups, and polyelectrolytes including
anionic polysaccharides and synthetic anionic polymers
with multi anionic groups.

If little or no electrostatic interaction occurs between
chitosan and anionic materials at room temperature, their
mixture forms a solution. If proper electrostatic interaction
occurs at the body temperature, the solution can form
electrostatically interactive in situ-forming chitosan
hydrogel.

The property of the electrostatic interactions between
cationic chitosan polyelectrolyte and anionic materials
depends on the density, strength and ratios of ionic charge,
and is influenced by solvent, pH, and temperature, as well
as the extent of deacetylation and concentration of chitosan
[30-33]. The anionic electrolytes freely diffuse throughout
the cationic chitosan polyelectrolyte to rapidly form or
destroy electrostatic cross-linking. Meanwhile, anionic
polyelectrolytes slowly diffuse throughout the cationic
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chitosan polyelectrolyte to slowly form electrostatically
interactive in situ-forming chitosan hydrogel, resulting in
relatively strong electrostatic cross-linking.

Consequently, the properties of the formed electrostati-
cally interactive in situ-forming chitosan hydrogel depend
on the charge density, molecular weight, pH and mixing
ratios between the anionic and cationic chitosan
polyelectrolyte.

The formulation of cationic chitosan polyelectrolytes
with anionic polyelectrolytes can be prepared as solution to
permit easy incorporation of several biological factors and
cells, and then injected at target tissue sites using syringe,
resulting in the formation of electrostatically interactive
in situ-forming chitosan hydrogel. The formed electro-
statically interactive in situ-forming chitosan hydrogel
shows high interconnected network structures to foster
cells and tissues at target sites. The degradation of elec-
trostatically interactive in situ-forming chitosan hydrogel
occurs mainly through ion exchange by in vivo anionic
biological materials or enzyme action [34, 35].

3.2 Cellulose derivatives

Celluloses are polysaccharides consisting of a linear chain
of several hundred to thousands of glucose units. Cellu-
loses are the most abundant organic biopolymers derived
from green plants, many forms of algae, and oomycetes.
Thus, they are considered less toxic, biodegradable, envi-
ronmental-friendly raw biomaterials, and commercially
available products.

Carboxymethyl cellulose (CMC) contains carboxylic
acid (COOH) groups bound to some of the hydroxyl groups
of the cellulose backbone. CMC has been widely used in
biomedical and pharmaceutical applications. The car-
boxylic acid on a conformationally semi-rigid CMC can act
as anion group and thus may interact electrostatically with
cations [36-39].

Several polyelectrolytes with cationic groups, such as
polyethyleneimine, poly(vinyl amine), and chitosan, can
interact suitably with CMC resulting in the formation of
electrostatically interactive in situ-forming CMC hydrogel
[40—42]. In addition, several metal cations such as silver,
aluminum, lead, iron, and copper have been used to form
electrostatically interactive in situ-forming CMC hydrogel
[43, 44].

The electrostatic interactions between anionic CMC and
cationic polyelectrolytes are also affected by the ionic
strength, molecular weight, chemical compositions and
their mixing ratios.

@ Springer

3.3 Alginate

Alginates, which are derived from brown algae, are one of
the most studied and broadly used materials for many
biomedical applications. Additionally, alginates are bio-
compatible, less toxic, and have relatively low cost as
commercially available products. Alginates are linear
polysaccharide copolymers with anionic carboxyl groups,
which are usually replaced by the monovalent sodium
cations.

Anionic alginate polyelectrolyte can interact electro-
statically with electrolytes of divalent cations such as cal-
cium, strontium, and barium, or multivalent cations to form
an egg-box structure via the anionic stacking on guluronic
groups [45-47]. Among divalent cations, magnesium ions
do not induce electrostatic interaction.

The formation rate of electrostatically interactive in situ-
forming alginate hydrogel depends on alginate concentra-
tion and cation type [48]. The gelation by divalent cations
is a significant factor in manipulation of the strength of
electrostatically interactive in situ-forming alginate
hydrogel [49]. Calcium chloride is the most common
divalent cation to rapidly form electrostatic cross-linking.
However, rapid hydrogelation by calcium chloride causes
weak mechanical integrity in irregular structures. Addi-
tionally, calcium chloride has high solubility in aqueous
solutions and thus is difficult to use during controlled
gelation. Calcium sulfate and calcium carbonate have
lower water solubilities and thus can slow hydrogelation,
resulting in the high mechanical integrity and uniform
structures of electrostatically interactive in situ-forming
alginate hydrogel [50].

Furthermore, alginate can interact electrostatically with
polyelectrolytes such as chitosan, pectin, and ethyl cellu-
lose to form electrostatically interactive in situ-forming
alginate hydrogel [51, 52]. The electrostatic hydrogelation
is affected by mobility of the polyelectrolytes. The slow
electrostatic interaction between alginate and polyelec-
trolytes forms relative strong electrostatic cross-linking.

3.4 Other electrostatically interactive in situ-
forming hydrogels

Polyampholytes, with both cationic and anionic repeat
groups, which are called zwitterionic groups, can electro-
statically interact or repel. There are typical polyam-
pholytes  with  phosphobetaine, sulfobetaine, and
carboxybetaine as zwitterionic groups [53-55]. The
polyampholyte solutions can make electrostatically inter-
active in situ-forming hydrogels. The electrostatic inter-
actions  between  cationic- and  anionic-inside
polyampholytes are affected by the native properties and
concentration of the zwitterionic groups.
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4 Electrostatically interactive in situ-forming
hydrogels: biomedical application

Some electrostatically interactive in situ-forming hydrogels
can be utilized in drug delivery systems to sustain thera-
peutic drug release to treat some diseases.

Cancer is one of the most aggressive diseases leading to
death. Most patients undergo surgery initially for removal
of cancerous tissues and then are treated with chemother-
apeutic agents. The treatment with chemotherapeutic
agents has several disadvantages such as poor distribution
to the target tumor sites and several toxic side effects,
resulting in the nonspecific distribution to healthy normal
tissues. Meanwhile, intratumoral injection of chemothera-
peutic agents can achieve a high local concentration of the
chemotherapeutic agents at the target tumor site with no or
minimal distribution to healthy normal tissues [S6-58]. The
electrostatically interactive in sifu-forming hydrogel for-
mulation with chemotherapeutic agents is expected to be
easily injected through a syringe needle.

The formulations for intratumoral injection can be prepared
easily by mixing of chemotherapeutic agents with electro-
statically interactive in situ-forming hydrogel and injected
directly into the tumor of xenografted animals (Fig. 2).
Intratumoral injection of hydrogel formulation with the
chemotherapeutic agents forms a depot at the target tumor site.
Thus, the electrostatically formed hydrogel depot with
chemotherapeutic agents can achieve a high local concentra-
tion inside the target tumor and thus improve efficacy, reduce
systemic concentration of the chemotherapeutic agents, and
decrease the incidence of side effects compared with tradi-
tional administration of the chemotherapeutic agents.

Rheumatoid arthritis (RA) is a chronic inflammatory
disease with a complex multifactorial pathogenesis and a
long-lasting, progressive, and irreversible autoimmune
disorder in articular joints and bone, resulting in the pro-
gressive destruction of articular joints. Several RA drugs are
used to slow RA progression and prevent or reduce joint
damage. However, the repeat administration of RA drugs
has shown adverse effects for gastrointestinal, hematolog-
ical, pulmonary, and hepatic toxicity. Thus, the intra-ar-
ticular injection of RA drugs can minimize adverse and side
effects by maximizing local anti-inflammatory effects at the
injected articular joint site with no or little distribution to
healthy normal tissues [59]. The intra-articular injection of
the RA drug alone shows comparably rapid clearance of the
RA drug at the injected synovial location.

Meanwhile, the electrostatically interactive in situ-
forming hydrogel formulation with RA drugs is expected to
easily produce depots in the articular joint through a syr-
inge needle (Fig. 3) The intra-articular injection of for-
mulation with RA drugs successfully provides the RA drug
depot at the target articular joint. The formed electrostati-
cally interactive in situ-forming hydrogel depots show the
long-lasting release of RA drugs in the target articular
joint. Thus, RA animals injected intra-articularly with the
electrostatically interactive in situ-forming hydrogel for-
mulation and RA drugs suppress TNF-o and IL-1fB
expression in the articular knee joint [60-62].

Diabetes mellitus, characterized by hyperglycemia, is a
worldwide public health disease. Especially patients with
type 1 diabetes have been treated by regular subcutaneous
insulin injection. This treatment procedure is quite incon-
venient, painful, and with low patient compliance.
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Fig. 2 Schematic representative image for intratumoral injections of electrostatically interactive injectable hydrogels. (Image was drawn by

Y.B.J. and H.J.J. in the Adobe Photoshop 7.0 software)
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Fig. 3 Schematic representative image for intra-articular injection of electrostatically interactive injectable hydrogels. (Image was drawn by

Y.B.J. and H.J.J. in the Adobe Photoshop 7.0 software)

Additionally, alternative routes such as dermal, rectal,
ocular, oral, nasal, and pulmonary methods have been
developed, but show low bioavailability of insulin [63].
Meanwhile, electrostatically interactive in situ-forming
hydrogel formulation with insulin is expected to easily
produce depots after injection through a syringe needle
[64—66]. The depots are able to sustain insulin in response
to blood glucose levels.

Electrostatically interactive in situ-forming hydrogels
can be utilized in tissue engineering. They can easily
incorporate various cells and biological factors, such as
growth factors, by simple mixing [67]. The electrostatically
interactive in situ-forming hydrogel formulation with cells
is expected to easily produce hydrogel scaffolds after
injection through a syringe needle.

One of the main concerns in the formed hydrogel scaf-
folds is the long-term survival of the loaded cells in the
injected host site. Most of the electrostatically interactive
in situ-forming hydrogels show a three-dimensional inter-
connected structure to support growth of the loaded cells to
form tissue, and enable the diffusion of nutrients and
growth factors inside hydrogel scaffolds.

Currently, basic and preclinical researches of electro-
statically interactive in situ-forming hydrogels using vari-
ous cells, like stem cells, have been developed for the
treatment of damaged or diseased tissue in animal models
for bone and cartilage regeneration and vascular autografts.
Although a number of electrostatically interactive in situ-
forming hydrogels are evaluated, the clinical research must
continue to elucidate the appropriate tissue development
inside the hydrogel scaffold.
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Despite the potential biomedical applications for these
electrostatically interactive in situ-forming hydrogels, quality
assurances of various polyelectrolytes are required to fully
expand their in vivo biomedical application. Additionally, it is
noteworthy to say that the mechanical property and
biodegradability of electrostatically interactive in situ-forming
hydrogels should reflect features of the extracellular matrices
under physiological conditions. The mechanical strength and
biodegradability are very important when electrostatically
interactive in situ-forming hydrogels are applied as drug
depot or scaffold. The degradation rate of drug depot or
scaffold needs to be correlated with maintaining of mechan-
ical strength during the appropriate time frame to sustain drug
release or guide the neo-tissue formation in damaged or dis-
eased tissue. The in vivo degradation of electrostatically
interactive in situ-forming hydrogels depends on the charge
density, molecular weight, pH and mixing ratios between the
anionic and cationic polyelectrolytes. Thus the electrostati-
cally interactive in situ-forming hydrogels designed to in vivo
persist from few days to few months are a better option for
biomedical application.

5 Summary and outlook of electrostatically
interactive in situ-forming hydrogels

Research on electrostatically interactive in situ-forming
hydrogels is increasingly gaining attention for biomedical
applications. Presently, these hydrogels have been success-
fully applied in animal models. The important research for
enabling human applications must focus on easy handing,
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sterilization, injectability, and in vivo depot formation rate of
electrostatically interactive in situ-forming hydrogels. Fur-
thermore, the human applicable goals for the development of
these hydrogels minimize immune response. Thus, ideal
electrostatically interactive in situ-forming hydrogels must
induce transplant tolerance or minimal side effects. Addi-
tionally, detailed and accurate investigation of these hydro-
gels is needed in the clinically applicable issues such as
immune response, host tissue integration, and target tissue
regeneration. Ultimately, researchers in various fields such as
pharmaceutical, material sciences, and biotechnology must
put in a united effort to develop and realize the electrostati-
cally interactive in situ-forming hydrogels.
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