
REVIEW
www.mbs-journal.de

Crosslinking Trends in Multicomponent Hydrogels for
Biomedical Applications

Jagan Mohan Dodda,* Mina Ghafouri Azar, and Rotimi Sadiku

Multicomponent-based hydrogels are well established candidates for
biomedical applications. However, certain aspects of multicomponent
systems, e.g., crosslinking, structural binding, network formation,
proteins/drug incorporation, etc., are challenging aspects to modern
biomedical research. The types of crosslinking and network formation are
crucial for the effective combination of multiple component systems. The
creation of a complex system in the overall structure and the crosslinking
efficiency of different polymeric chains in an organized fashion are crucially
important, especially when the materials are for biomedical applications.
Therefore, the engineering of hydrogel has to be, succinctly understood,
carefully formulated, and expertly designed. The different crosslinking
methods in use, hydrogen bonding, electrostatic interaction, coordination
bonding, and self-assembly. The formations of double, triple, and multiple
networks, are well established. A systematic study of the crosslinking
mechanisms in multicomponent systems, in terms of the crosslinking types,
network formation, intramolecular bonds between different structural units,
and their potentials for biomedical applications, is lacking and therefore,
these aspects require investigations. To this end, the present review, focuses
on the recent advances in areas of the physical, chemical, and enzymatic
crosslinking methods that are often, employed for the designing of
multicomponent hydrogels.

1. Introduction

Hydrogels are highly hydrated, 3D, cross-linked polymer net-
works that are increasingly, finding usage in biomedical appli-
cations, such as drug delivery, injectates, antimicrobials, biosen-
sors, medical devices, tissue engineering, and bio-actuators. An
adult human body contains ≈60% of water and the properties of
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hydrogels, such as swelling, stretching, soft-
ness, insolubility, etc., are considered as
beneficial for current biomedical research.
Hydrogel came into light with the es-
tablishment of the first synthetic hydro-
gels on crosslinked hydroxyethylmethacry-
late (HEMA) by Wichterle and Lim[1] in
1954. In 1980, Lim and Sun demonstrated
the successful application of calcium algi-
nate microcapsules for cell encapsulation[2]

and later on, Gin and co-workers utilized
them for rat implantation.[3] The pres-
ence of hydrophilic functionalities (such
as –OH, –NH2, –COOH, and –SO3H)
in the polymer chain and crosslink net-
works, governs the water absorption ca-
pacity, insolubility and mechanical prop-
erties of hydrogels.[4–8] Due to their eco-
friendly characteristics of preparation (by
natural polymer, such as starch, chitosan,
agarose, etc.) and their excellent biocom-
patibility characters, allow these soft mate-
rials to be engineered in order to mimic
the native tissues and be integrated with
other materials (e.g., nanomaterials, ceram-
ics, etc.) in order to produce composites
suitable for organs of the human body.[9–12]

Over the years, the progress in hydrogel
synthesis has undergone many transitions and currently, signif-
icant attention is focused on hydrogels in order to derive eco-
friendly hydrogels by the use of naturally-occurring polysaccha-
rides or biocompatible polymers, considering the key issues that
are, related to biodegradability and environmental protection.

Conventionally, hydrogels are prepared in two ways: a) via a 3D
polymerization or b) by direct crosslinking of hydrophilic poly-
mers (Figure 1b). In the 3D polymerization route, the hydrophilic
monomers (e.g., acrylates and vinyl monomers) are polymerized
with multifunctional cross-linking agents in order to form the
hydrogels of the required structures. However, the gels obtained
may contain a substantial amount of residual monomers and
hence, they need to be purified thoroughly in order to remove
any unreacted/residual monomers.[13] The purification is usually
performed by extraction into excess water and can take-up sev-
eral weeks to be completed.[14,15] Many researchers have reported
the use of additional procedures in order to obtain the maximum
possible monomer conversion via the 3D polymerization route
and consequently, employ the post-polymerization curing tech-
niques by thermal or irradiation of resultant products.[16,17] Alter-
nately, non-toxic monomers/macromer (e.g., polyethylene glycol

Macromol. Biosci. 2021, 2100232 © 2021 Wiley-VCH GmbH2100232 (1 of 20)

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmabi.202100232&domain=pdf&date_stamp=2021-10-19


www.advancedsciencenews.com www.mbs-journal.de

Figure 1. a) Synthesis of bioactive acryl-PEG-peptide. Formation of cell adhesive PEG-RGDS. The amine-reactive PEG derivate reacts with peptide (RGDS)
at N-terminus, forming PEG chain extension with the peptide. Subsequently, the peptide is grafted into the hydrogel matrix during the crosslinking process
and b) synthesis of injectable MAC-NIPAM hydrogel: scheme demonstrating the synthesis of injectable hydrogels under physiological conditions by free
radical co-polymerization of MAC and NIPAM in presence of MBA (crosslinking agent), APS, and TEMED (redox initiators).

dimethacrylate) or water soluble polymers (e.g., poly(acrylic acid),
poly(vinyl alcohol), polyethylene glycol) or some polysaccharide
can be utilized for the hydrogel preparation, without the need
for any purification. For example, poly(ethylene glycol) diacrylate
(PEGDA)-based hydrogels have been extensively used in regen-
erative engineering applications due to its ability to encapsulate
cells, resist protein absorption, control bioactive ligands, and su-
perior mechanical properties. In order to render cell adhesion,
peptide ligands, for example, RGDS (arginine-glycine-aspartic
acid-serine) have been incorporated into the PEGDA hydrogel
by using an amine reacted PEG derivative. The amine-reactive
PEG derivative, that is, acrylate-PEG-succinimidyl valerate (an
N-hydroxysuccinimide ester group) reacts with RGDS by amine
substitution, to form acryl-PEG-RGDS hydrogel (Figure 1a). The
effective crosslinking act between RGDS and PEGDA, created
strong bonding between the RGDS and the internal receptors on
the cell incorporated in PEGDA hydrogels, resulting in good cell
adhesion.[18]

For a direct crosslinking, the polymerization is usually ini-
tiated by free-radical generating-compounds, for example, ben-
zoyl peroxide, 2, 2-azo-isobutyronitrile, and ammonium perox-
odisulphate (APS) or by means of ultraviolet, gamma, or elec-
tron beam radiation.[19] Free radical polymerization is the most
preferred technique for preparing hydrogel, since the polymer
is shaped by sequential addition of free radical groups, which
act as templates for the structural designing of hydrogel. For
example, injectable collagen hydrogels have been successfully
produced under physiological conditions by the free radical
copolymerization of methacrylated type-I collagen (MAC) and
N-isopropyl acrylamide (NIPAM), while APS and N, N,N,N-
tetramethylethylenediamine (TEMED) were used as redox ini-

tiators and N,N-methylenebis(acrylamide) (MBA) as crosslink-
ing agent (Figure 1b). The hydrogels showed sustained release
of bovine serum albumin (BSA) and vitamin E succinate over 2
weeks, indicating its suitability for the delivery of drug molecules
and proteins.[20]

A wide range of polymers of natural and synthetic origins are
used for the fabrication of hydrogels, however, multicomponent
formulations with sufficient engineerability that has wide appli-
cability and proven specific applications are required for current
biomedical needs (Figure 2). Natural polymers mainly include
polysaccharides and proteins obtained from plant and animal
sources. In 1989, Yannas and co-workers,[21] prepared a hydro-
gel by using collagen and shark cartilage for use in wound dress-
ings. Later, these biocompatible hydrogels were extensively used
in tissue engineering for the development of matrices for cell
growth and reframing organs of various tissues.[22–25] For the past
few decades, natural polymers are gradually being overtaken by
synthetic polymers, which possess high water absorption, high
gel strength, and longer sustainability.[26,27] These polymers are
chemically stronger when compared to their natural polymer
counterparts.

Synthetic polymers with chemical linkages have controlled
structures, process flexibility, high chemical purity, and resis-
tance to hydrolytic and oxidative degradation with no immuno-
logical restrictions. These polymers have the ability to modu-
late their mechanical properties and biological inertness that
needed to be tailored in order to apply them in the medi-
cal fields, such as suture materials, medical implants, dialy-
sis tubes, fracture fixation devices, etc.[28–31] Most synthetic hy-
drogels are often prepared from hydrophilic polymers, such
as polyhydroxyethylmethacrylate,[32–34] derivatives of polyacry-
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Figure 2. Preparation of IPN hydrogels. The IPN synthesis method can be divided into sequential (swelling of first network in a secondary monomer)
and simultaneous (crosslinking of first and second networks). The type of monomer/polymer and the crosslinking strategy used for each network, effects
the interactions among networks within IPN hydrogel. Different approaches of physical crosslink (top right, in green) include ionic crosslinking (e.g.,
chitosan, alginate, guar gum, hyaluronic acid, etc.), helix-coil transition (e.g., carrageenan, agarose, gelatin), hydrogen bonding (e.g., cellulose, starch,
dextran), and guest-host interactions among biopolymers. Crosslinking agents, such as glutaraldehyde, genipin, or carbodiimide are also used for direct
crosslinking of polymers. The biopolymers can also be chemically-modified with functional groups for covalent crosslinking (bottom in pink), such as,
hydrazone, Diels-Alder, disulfide linkage, and free radical polymerization (e.g., methacrylates).
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lamide (PAM),[35,36] poly(vinyl alcohol) (PVA),[37,38] polyacrylic
acid,[39,40] poly(ethylene glycol) (PEG),[41,42] etc. Lately, synthetic
polymer was combined with natural polymers to enhance the bi-
ological and mechanical properties of resulting hydrogels, such
as chitosan/PEG, agarose-PAM, agarose/polydopamine hydro-
gel, chitosan/PAM hydrogel, and chitosan-PVA.[43–48]

In recent years, the medical field has attracted projects towards
the formulations of innovative hybrid-hydrogels with a synergis-
tic combination of natural and biocompatible synthetic polymers,
with the aim to protect the environment from harmful chemi-
cals and reduce production-costs, which indirectly affect human
life. Since hydrogels are used in a range of biomedical applica-
tions, such as: tissue engineering,[49] wound healing,[50,51] drug
carriers,[52] cancer treatments,[53,54] etc., the gels produced, usu-
ally come directly into contact with tissues, blood vessels, internal
organs, and as such, can affect the human body in many ways.
Often, it can be difficult to employ these hydrogels directly in
the human body, especially when the formation, properties and
the degradation protocols of these materials have not been prop-
erly understood. If these issues are not addressed appropriately,
it may result in serious side-effects in future. In order to over-
come these drawbacks, modern health care instruments (such
as electronic sensors, actuators,[55] injectable devices,[56] wear-
able electronics,[57] artificial muscles,[58] and electronic skin[59])
have implemented the use of multicomponent hydrogels to in-
vestigate the internal behavior of tissues/cells from the external
devices.

Conductive hydrogel is composed of a unique combination of
a conductive network and nonconductive hydrogel matrix that
can be tuned for use in bioelectronics devices. The fabrication
of stretchable conducting hydrogel with high conductivity and
robust mechanical properties is still considered as a great chal-
lenge due to the relatively weak interactions among conductive
material and polymer networks in an aqueous environment. Al-
though there are many studies on the physically-crosslinked con-
ductive hydrogel with different interaction structures,[60,61] the
crosslinked hydrogels have relatively large elongation, resulting
in viscoelastic deformation during the electromechanical per-
formance. Hence, many research groups are currently focusing
on developing an elastic conductive hydrogel, for example, hy-
brid crosslinking and double networking hydrogels in order to
enhance the mechanical properties of the hydrogels.[62–64] The
properties of the conducting hydrogel vary, depending on the
type of conductive filler, crosslinking, and the components in-
volved in structuring a hydrogel matrix.[65] For practical applica-
tion, the conductive gels need to be biocompatible and mechan-
ically strong with good flexibility in order to resist high stress–
strains created by the movement of internal tissues/cells of
humans.

In the present review, the most recent (in the last 2 years)
progress in crosslinking techniques, employed for the fabrica-
tion of multicomponent-based hydrogels for biomedical needs
are, summarized. Crosslinking strategies, such as sequential, si-
multaneous, self-crosslinking, and network formation by phys-
ical/chemical bonding in multicomponent systems are dis-
cussed. The utilization of these multicomponent hydrogels in
the biomedical field and the procedures employed to improve the
mechanical stability and biocompatibility of hydrogels, are other
major aspects of the current review.

2. Crosslinking Strategies

The formation of hydrogel is a complex process, which needs
a better understanding of the basic chemistry among the poly-
meric constituents and their crosslinking networks. The physical
properties of hydrogels are, significantly altered by the addition
of crosslinks between polymer chains. Moreover, other character-
istic features, such as polymer concentration, molecular weight,
chain rigidity, and crosslink density can be altered in order to
achieve hydrogel with the desired properties.[66–70]

Hydrogels have several unique characteristics that are compa-
rable with extracellular matrix (ECM) that conditions cell geom-
etry and thus, they have the potential for cell proliferation and
migration during tissue regeneration and wound healing. The
stabilization of encapsulated and transplanted cells, require the
controlled release of drugs and they exhibit minimal mechanical
irritation to the surrounding tissue. Hydrogels have a high wa-
ter absorption capability, high degree of flexibility, and they are
a stimuli-responsive, soft structure, network structure and their
close resemblance to living tissues makes them an ideal candi-
date for implantation, as they introduce low levels of foreign el-
ements into the body and allow high diffusivity of biomolecules.
The biocompatibility of hydrogels (derived from naturally occur-
ring polymers, e.g., agarose, chitosan, hyaluronan, gelatin, algi-
nate, etc.) is well reported and the latest technologies (e.g., opti-
cal projection lithography, bioprinting, microfluidics, and biopat-
terning) provide the methods to design scaffold with intricate
structures for various biomedical applications.[71–74] However, the
construction of functional tissues, still remains a challenge, since
it relies on many parameters, which include polymer structure,
cell-biomaterial interactions, encapsulated materials, etc. Thus,
the designed material must offer properties (i.e., good mechan-
ical strength, stability, and biocompatibility) that lead to cellular
function in a natural manner. The hydrogel offers distinct advan-
tages when they are utilized for developing scaffolds for tissue en-
gineering, their physico-chemical properties, mechanical proper-
ties, cell encapsulation, drug delivery, etc., can easily be modified.

Multicomponent reactions (MCR) have received immense at-
tention in polysaccharide chemistry. This is due to their increased
usage in the biomedical sector, which not only results in creating
green technology, but also produces the diversity of their prod-
ucts by combining polysaccharides with biocompatible polymers
of different chemical structures. The multicomponent systems
provide an opportunity to exploit the inherent advantages of the
individual component as well as the collective effect, as a conse-
quence of their mutual interactions. MCR reactions usually in-
clude, at least, three components reaction containing amide, car-
bonyl, hydroxyl, or carboxylic acid groups in the polymer chain.
These multicomponent reactions are useful for designing more
complex structures, for enhanced modularity and offering con-
trol of the self-assembly.[75–77] Despite these developments, it is
still a challenge to predict the properties of multicomponent
assembly from predesigned molecular architecture and there-
fore, requires an in-depth investigation in order to produce eco-
friendly multicomponent species for biomedical applications.

Presently, there is significant interest to design hydrogels of
multicomponent polymers, based on sequential or simultane-
ous crosslinking to formulate interpenetrating polymer networks
(IPNs), as shown in Figure 2. These networks are formed at
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Figure 3. a) Scheme of formation of CHI/ACHI hydrogel from chitosan and aldehyde chitosan and b) schematic representation of the sequential
crosslinking in CHI/ACHI/PA hydrogel.

the molecular level, by the fusion of independent, yet inter-
locking polymer networks.[78–80] Sequential crosslinking com-
prises of a multistep process. The primary network is formed
by the crosslinking of monomers by physical or chemical in-
teractions, followed by a secondary network, which is formed
by the polymerization/reaction of the monomers. On the other
hand and contrary to this method, simultaneous crosslinking
involves a single step process, where direct independent routes
are, employed to form an IPN hydrogel, by performing the mix-
ing of monomers and the crosslinking agent. Recently, Chen
et al. [81] produced HA-collagen hydrogel by creating simultane-
ous IPN of independently crosslinked HA and collagen, with-
out chemical bonding between the two networks. However, this
process may sometimes lead to the entanglement of monomers
or create undesired chemical interactions amongst the networks
and this may have an adverse effect on their mechanicalbrk
properties.[81,82]

2.1. Sequential Crosslinking

Recently, Wang et al.[83] successfully employed the sequential
crosslinking method to synthesize two layered injectable hydro-
gels by a two-step reaction. In the first step, chitosan (CHI) was
oxidized to aldehyde-chitosan in order to fabricate CHI/aldehyde-
chitosan first layer (Figure 3a). In order to formulate the sec-
ond layer, phytic acid was used as a sequential cross-linker,
which reacts with the –NH2 groups of CHI/aldehyde chitosan
to form the subsequent layer of CHI/ACHI/PA hydrogel (Fig-
ure 3b). The mechanical properties of hydrogel were, enhanced
after crosslinking with PA. The mechanical properties of the hy-
drogels were tested by dynamic time-sweep and frequency-sweep
experiments. It was observed that aldehyde played a crucial role
in the gelation process. The modulus of CHI/ACHI hydrogels in-
creased with increasing frequency due the crosslink between the
aldehyde groups with amino groups of the chitosan. The high-
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Figure 4. Artificial extracellular matrix (aECM) hydrogel formed by sequential ionic and covalent crosslink: a) CaCO3 nanoparticles (in red) are incorpo-
rated into collagen (in purple) to attain a uniform suspension (at 4 °C), b) an alginate polymer solution was added to the collagen-CaCO3 mixture at a
neutral pH, (4 °C) and c) in the third step, after the addition of glucono delta-lactone, the mixture was cast in order to form a quick gel at 37 °C. Aligate
(containing norbornene [Nb] and tetrazine [Tz]) and self-assembled collagen fibers combine to form an interpenetrating network hydrogel. Alginate (in
grey) crosslinks with blocks of glucuronic acid residues to form divalent cations, such as Ca2+ (in red circles), Nb, and Tz provide secondary covalent
crosslinks.

est modulus recorded for CHI/ACHI was ≈80 Pa. In the case of
CHI/ACHI/PA, the modulus increased with increasing PA con-
centration and reaction time. The phosphate ions of PA reacted
with the amino groups of the CHI/ACHI hydrogel, via a sequen-
tial crosslinking process, resulting in an increase of the modu-
lus to ≈5000 Pa. Additionally, the two-layered structure, displayed
a promising antibacterial activity required for biological applica-
tions.

The strategy was redesigned by Mooney and co-workers.[84]

This was achieved the by sequential ionic and covalent crosslink-
ing in order to develop the collagen-alginate based artificial ex-
tracellular matrix hydrogels. The ionic crosslinking of alginate
was applied to alter the crosslinking density and mechanical
properties of matrix, while covalent crosslinking was introduced
by the incorporation of functionalized alginate containing nor-
bornene (Nb) and tetrazine (Tz). Prior to crosslinking, calcium
carbonate nanoparticles were homogeneously distributed into
polymer solution in order to initiate ionic crosslinking. Further-
more, the rate of crosslinking was optimized by varying the ratios
of Nb–Tz. The sequence of timescales, between ionic and cova-
lent crosslinks allowed collagen self-assembly to formulate a fib-
rillar architecture of the native extracellular matrix. The unique
architecture of a collagen-alginate hydrogel enabled the forma-
tion of tuneable stiffness and viscoelastic properties that are re-
quired to regulate cell functions (Figure 4).

Guo et al.[85] employed a similar approach to fabricate s double
crosslinking hydrogel by sequential hydrogel bonding, covalent
crosslinking, and electrostatic interactions among hyaluronic
acid (HA) and poly-L-lysine (PLL). The hydrophilic groups of
PLL interacted with HA to form hydrogen bonds. For chemi-
cal crosslinking, DMTMM (4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-

methylmorpholinium chloride) solution was used to activate the
carboxyl group of HA chains in order to form an amide link-
age amongst the polymer end groups. Subsequently, the single
crosslinked (SC) gel was immersed in NaCl solution in order to
create electrostatic interaction (Figure 5a). It was observed that
the introduction of electrostatic interactions enhanced the me-
chanical properties of the hydrogels. The formation of a double
network (DN) hydrogel with sequential crosslinking is present in
Figure 5a,b.

2.2. Simultaneous Crosslinking

Simultaneous crosslinking was successfully, implemented in a
multicomponent system consisting of polysaccharides or bio-
compatible synthetic polymers. Lewandowska-Łańcucka et al.,[86]

developed multicomponent injectable hydrogels, based on col-
lagen, chitosan, and hyaluronic acid. The amino functionalized
silica particles were incorporated into the tri-component ma-
trix of collagen, chitosan, and hyaluronic acid and crosslinked
with genipin to form a stable hydrogel (Figure 6). The design-
ing strategy of these gels was proven to be innovative, as it
restricted phase separation of mineral particles that is crucial
for in-vivo applications (especially in bone tissue engineering).
Mata et al.[87,88] investigated the different crosslinking strate-
gies in order to improve the strength and structural integrity of
self-assembling systems. They used synthetic (succinimidyl car-
boxymethyl ester, poly (ethylene glycol) ether tetrasuccinimidyl
glutarate and glutaraldehyde) and natural (genipin) crosslink-
ing agents to stabilize biopolymer-peptide of self-assembling
systems. It was concluded that genipin exhibited a high de-
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Figure 5. a) Schematic demonstration for the fabrication of double crosslinked hydrogel by hydrogen bonds, covalent crosslink and electrostatic
interactions. b) Crosslinking reaction between poly-L-lysine and hyaluronic acid in the presence of DMTMM (4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride). Adapted with permission.[85] Copyright 2021, Elsevier.

gree of resistance in a physiological environment and im-
proved the stability and with a high degree of compatibility
when compared to all the other crosslinking agents. The au-
thors suggested genipin as a promising crosslinking agent for
improving the stability of self-assembling materials for tissue
engineering.

Recently, multicomponent-based antibacterial hydrogels were
developed by using aluminum (III) (Al3+s) ions, carboxymethyl
chitosan nanoparticles, and polyacrylic acid (PAA) via simulta-
neous triple physical crosslinking.[89] The aluminum ions and
chitosan nanoparticles crosslinked with PAA via hydrogen, coor-
dination, and electrostatic bonds, as shown in Figure 7. The ho-
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Figure 6. Scheme for the preparation of multicomponent hydrogel via the simultaneous crosslinking. The hydrogels were prepared with amino-
functionalized silica particles, covalently attached to the matrix containing collagen (A), chitosan (B), and hyaluronic acid (C). The genipin solution
in the phosphate buffer was used as the crosslinking agent.

mogenous distribution of nanoparticles and the synergy of multi-
ple bonds (coordination, hydrogen, and electrostatic interactions)
through the dual crosslinking centers (Al3+ and CMCS nanopar-
ticles), created numerous mediated interactions of network,
which efficiently improved the mechanical properties of the hy-
drogels produced (fracture strength of ≈190.9 KPa and elonga-
tion of ≈1930%). Self-healing properties were also observed in
these hydrogels, displaying good resistance under harsh envi-
ronmental conditions. Additionally, the physical crosslinking in
the hydrogels contribute some benefits to recycle them via an
ecofriendly route.

Despite their many advantages, these polysaccharides also suf-
fer from certain drawbacks, such as low mechanical properties,
vague chemical compositions, wide molecular weight distribu-
tion, and limited control over physiochemical properties. In or-
der to enhance the mechanical performance, it is essential to de-
sign the hydrogels with better homogeneity and integrate a suf-
ficient energy dissipation mechanism in the networks.[90] Multi-
ple strategies have been, implemented, for example, double net-
work, nanocomposite (NC), side ring, etc. Xu et al.,[91] reported
a distinct approach by constructing a hydrogel by the conjoined
network formed by the sharing of linkages of two or three net-
works (Figure 8). CHI-gelatin and sodium phytate were electro-
statically crosslinked in order to formulate a biogenic conjugated
network. Sodium phytate with phosphate groups interacted with
the amino groups of CHI/gelatin in order to form two individual
networks (Figure 8A,B) and also combined these two networks by
connecting them with the amino groups of chitosan and gelatin

simultaneously, in order to form a conjoined network. The con-
jugation of these networks resulted in an equal energy dissipa-
tion mechanism and these conjoined networks were linked to ef-
fectively, distribute the stress in chitosan-gelatin-phytate system
(Figure 8C).

Recently, Panpinit et al.[92] employed the IPN strategy
for developing multicomponent hydrogel films from poly(2-
hydroxyethyl methacrylate-co-acrylamide) (poly(HEMA-co-AM)),
PVA and CHI. The primary networks of PVA/CHI were
crosslinked with glutaraldehyde (Figure 9a), while the secondary
step resulted in the formation of poly(HEMA-co-AM). The sec-
ondary networks interpenetrated into the primary networks
of PVA/CHI and finally, chemically crosslinked by ethylene
glycol dimethacrylate in order to produce the poly(HEMA-co-
AM)/PVA/CHI IPN hydrogel (Figure 9b). The films developed,
showed high mechanical properties with promising antibacterial
activity, with a potential application for use in wound dressing.

Recently, Javanbakht et al.[93] reported a new approach for mul-
ticomponent reactions (MCR) by crosslinking carboxymethylcel-
lulose (CMC) via a bioactive carboxamide skeleton for drug de-
livery. The efficiency of the crosslinking on the properties of
hydrogel, was studied by modifying the reactant ratios, prepa-
ration conditions, and other parameters. The reactants, namely
benzaldehyde, ethylenediamine, cyclohexyl isocyanide, and CMC
were stirred at 60 °C for 12 h. The crosslinking mechanism is
shown in Figure 10. The crosslinking and functionalization of
CMC was performed using Ugi/Passerini MCRs.[94–97] It was ob-
served that the formation of carboxamide-skeletons during the
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Figure 7. The proposed scheme for the synthesis of triple-physically crosslinked PAA-Al3+-CMCs hydrogel using Al3+ both with CMCS nanoparticles and
PAA main chains. The formation a triple-crosslinking network is formed between Al3+, CMCS nanoparticles, and PAA chains through hydrogen bond (in
green), coordination bond (in yellow), and electrostatic interactions (in red).

Figure 8. Fabrication of conjoined network hydrogel composed of chitosan, gelatin, and phytate. A) First, a network of chitosan was formed, which
effectively consumes energy by the bond rupture and B) the second network of gelatin with similar energy consumption like the first network. C) The two
networks of CHI and gelatin (in sodium phytate solution), entangled with each other to form conjoined-network, which effectively, dissipates stress in
the hydrogel. Sodium phytate can interact with amino groups of chitosan/gelatin to form individual networks, also interacts with amino groups of both
(chitosan and gelatin) simultaneously, in order to form conjoined network.

crosslinking of CMC, enhanced the bioavailability of CMC multi-
component hydrogels. The hydrogel developed, exhibited a con-
trolled delivery of gentamicin and showed antibacterial activity
towards S. aureus and E. coli.

3. Other Crosslinking Strategies

Despite the many advantages, the multicomponent systems with
different crosslinking mechanisms still have serious disadvan-
tages that severely constrain their usage. Some of the demerits
include: a) they release chemical by-products; b) low adhesion;
c) some crosslinkers are irritant, allergenic, or toxic; and d) large
scale optimization problems, etc. The toxicity of the crosslink-
ing agent is one of the major hurdles in the use of these poly-
mers as injectables, polymer scaffolds, tissue engineering, and

drug release systems. The regularly used crosslinking agents,
such as glutaraldehyde, polyepoxides, and isocyanates, are highly
toxic and susceptible to percolate out into the body after poly-
mer degradation.[98] The solution to reduce these limitations is
to design a self-crosslinking or dual crosslinking system. Liter-
ature suggests that self-crosslinking can be induced since the
method does not require any external crosslinking agent. Exam-
ples are, the oxidation of polysaccharides,[99,100] self-crosslinking
of oxidized alginate and gelatin for preparing biodegradable
polymer scaffold,[101] and self-crosslinked gelatin for controlled
release.[102] Others are self-crosslinked hyaluronic acid hydrogels
as injectable scaffolds for tissue engineering and cell therapy,[103]

injectable hydrogel from alginate dialdehyde and gelatin for the
treatment of meniscal repair,[104] the oxidized alginate-gelatin hy-
drogel for cartilage regeneration,[105] etc. Such strategies can re-
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Figure 9. Synthesis of poly(HEMA-co-AM)/PVA/CS hydrogel. a) CS/PVA
network: chitosan and PVA were separately dissolved (1% acetic acid)
for 24 h. Subsequently, glutaraldehyde (a crosslinker) was added to the
mixed solution and crosslinking reaction was carried out at 50 °C in order
to form primary network of CS/PVA solution. b) Formation of a second
poly(HEMA-co-AM)/PVA/CS network: HEMA, AM, EGDMA (crosslinker),
TMEDA, and APS (initiators) were added to the primary network of CS/PVA
solution and stirred at 50 °C for 24 h in order to form the second network
of poly(HEMA-co-AM) polymers, interpenetrated in the primary network.
Adapted with permission.[92] Copyright 2020, Elsevier.

solve the present difficulties encountered by the application of
polysaccharides and their nanoparticles for biomedical applica-
tions. However, self-crosslinked hydrogels are inherently limited
by low mechanical properties and rapid degradation. In order to
overcome these limitations, self-crosslinking is combined with
physical crosslinking to form a dual-crosslinking system. This
has been an effective method to control the injectability, degra-
dation behavior, self-healing features, and mechanical strength.

Recently, Maiti et al.[100] applied a dual crosslinking strategy
by the synergistic combination of physical and self-crosslinking
mechanisms in order to synthesize a tricomponent hydrogel
based on chitosan, gelatin, and guar gum/oxidized guar gum and
crosslinked by 𝛽-glycerophosphate and sodium bicarbonate. The
resultant tri-component structure led to the formation of differ-
ent types of interactive bonds; for instance, chitosan interacted
with gelatin via the C–O bond formation, 𝛽-glycerophosphate in-
teracted with chitosan units by ionic bond, gelatin interacted with
guar gum by C–N bond formation and oxidized guar gum by
the amide bond formation. Furthermore, it was revealed that the
carbonyl group of the oxidized guar gum was engaged in self-
crosslinking with gelatin. The mechanism is schematically pre-
sented in Figure 11.

Türk et al.[106] employed the self-crosslinking approach to
develop a multicomponent injectable hydrogel by combining
nitrogen-doped carbon quantum dots (NCQD), doxorubicin
(Dox), and hydroxyapatite (HA) for use in cancer treatment. The
hydrogels were fabricated by uniting them via the Schiff base and
forming inter-connecting bonds (ionic and H-bonds) among the
tricomponents, as shown in Figure 12. The NCQDs/Dox/HA hy-
drogels developed, demonstrated an in-situ gelation, injectability,
and effective drug release. The self-crosslinking confines the use
of extra crosslinking agents for binding and thereby, guards the
release of any types of harmful by products.

Gao et al.[107] prepared self-crosslinked injectable hydrogels by
using Dulbecco’s modified eagle’s medium (DMEM), induced
phenylboronic acid (PBA) modified with hyaluronic acid (by
conjugating PBA and diol on HA). The presence of reversible
phenylboronic acid esters provided sufficient injectability and
self-healing properties. The phenylboronic acid binds to o-diols
in tissues, diffuse internally from the tissue, forming a topologi-
cal structure and the crosslinking of HA-phenylboronic acid, sta-
bilized the topological structure. Due to this crosslinking effect,
the gel exhibited a unique shear-dependent and reversible gel–sol
transition,[108] with shear thinning phenomenon of the hydrogel
that can be fluidized through the gel–sol under shear stress dur-
ing the injection process and then the gel can be easily inserted
at the wound site. The secondary network was created by incor-
porating PEG or photo-crosslinking to enhance the mechanical
stabilities of the hydrogel. The resultant gels formed uniform net-
works and displayed good adhesion to tissues due to the phenyl-
boronic acid linkage to o-diols, the self-crosslinking of HA-PBA,
and the hydrogen bonding in phenylboronic acid (Figure 13).

Issues are often raised when these polysaccharides are inter-
connected with cells/tissue for biomedical applications. Hydro-
gels often lack strong adhesion with the adjacent tissues, pos-
ing a big challenge for the medical research domains. In order to
overcome this challenge, one distinctive attempt was reported by
Derkus et al.[109] The group designed multicomponent hydrogels
(MCHs) by the self-assembly of hyaluronic acid with peptide am-
phiphiles (PAs) in order to stimulate osteogenesis and angiogen-
esis, via an enzymatic crosslinking for bone extracellular matrix.
HA was modified with tyramine (HA-Tyr) and amphiphiles were
modified to support cell adhesion (RGDS-PA), endothelial vas-
cular organization (Angio-PA), and osteoblastic differentiation
(Osteo-PA). In order to enable the multicomponent self-assembly
to function adequately, HA-Tyr was reacted with the negatively
charged Osteo-PVA and RGDS-PA and subsequently, with the
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Figure 10. Preparation of CMC-MCC hydrogel and the crosslinking of CMC by the MCR strategy. Adapted with permission.[93] Copyright 2020, Elsevier.

positively charged Angio-PA. The hydrogels developed were suc-
cessful to stimulate cell adhesion in 2D and 3D setups (Figure
14a,b).

Recently, Nguyen et al.[110] also reported an innovative strat-
egy by interconnecting small interfering RNA (siRNA) to dextran
(DEX) hydrogel in order to regulate the effective siRNA delivery
for its potential application in tissue regeneration and therapeu-
tics. DEX-MAES containing ester linkages were photopolymer-
ized in order to form a covalently bonded siRNA-DEX-MAES hy-
drogel. Once the ester groups between siRNA and DEX hydrogel
are degraded, the si-RNA, having the –COOH group, is decou-
pled from the hydrogels and can be dispersed out (Figure 15).
The covalently bonded siRNA to DEX hydrogel is advantageous
to control the release of the RNA within the hydrogel with a mini-
mum amount of early burst release. The sRNA released from the

hydrogel was mainly governed by the hydrolytic degradation link-
ages between RNA and DEX hydrogel, independently from the
RNA diffusion or bulk degradation. The scheme provided a new
approach for regulating nucleic acid delivery via covalent bonds
with hydrogels and governs the cellular gene expression, which
is a current requirement in biomedical sectors.

There was some degree of curiosity that was generated towards
the use of multicomponent, low-molecular weight gels (LMWGs)
or supramolecular gels for a wide range of biomedical applica-
tions. Adams et al.[111,112] have reported a significant amount of
work on the development of multicomponent LMWGs and low
molecular weight gelators.[76,113] These gels are typically formed
by the self-assembly of small molecules into 1D structures that
crosslink to form a network that is capable of immobilizing the
solvent. Many efforts have been made to regulate the properties
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Figure 11. Preparation of chitosan-gelatin-guar gum hydrogel and schematic representation of interactive bonds in the tri-component hydrogel.

of these gels via the molecular engineering of a different set of
substrates in order to use them in biomedical researches.[114–116]

Of recent, the Adams group proposed a different approach to pre-
pare LMWGs that showed a pH-responsive behavior, involving a
strong hydrogen bonding among the components that were per-
mitted to maintain the gel phase for a wide pH range. The mul-
ticomponent hydrogel was composed of two opposite ionizable
pendant groups on the different components and it exhibited dif-
ferent phase behaviors and hence, permitted access to two differ-
ent gel states, both at acidic and basic pHs. They also reported
that the programming between the pH-dependent gel states, was
possible by the introduction of an autocatalytic urease–urea reac-
tion, with controlled properties.[117]

In order to improve the properties of LMWGs, many strategies
have been applied to combine it with a polymer gelator (PG) and
form hybrid gels in order to maintain the sensitivity of LMWG
with the toughness of PG network. Smith et al.,[118] demonstrated
the first patterned multi-domain gel by combining a LMWG
(1,3:2,4-dibenzylidene-D-sorbitol-dicarboxylic acid) and a photo-
inducible polymer gelator (poly(ethylene glycol) dimethacrylate)
(PEGDM). One domain contained LMWG, while the patterned
region had both the LMWG and polymer gelator networks. The
properties varied with regard to the diffusion of small molecules
and the gelator networks that can regulate the diffusion rates in
order to obtain systems efficiency over controlled release. The
materials have found applications in controlled drug release sys-
tems and in the development of patterned scaffolds in tissue
engineering.[119] In recent work, the same group employed a dif-

ferent strategy by replacing PEGDM with alginate (PG) in order
to formulate a control over the LMWG assembly.[120] The intro-
duction of alginate, elevated the thermal and rheological proper-
ties of the gels and additionally the mechanical properties were
tunable based on the alginate concentration.

4. Crosslinking in Conductive Hydrogels

Conductive hydrogels (CH) have recently gained increased
attention in the medical field due to their applications in
bioelectronics,[121] actuators,[55,122] energy storage devices,[123,124]

wearable sensors,[125,126] etc. There are mainly two methods for
the preparation of these hydrogels, namely: a) by reinforcement
of conductive material; and b) by direct polymerization with the
designed hydrogel matrix. The conductivity, mechanical, and bi-
ological properties of CHs, are strongly, influenced by the types
of conducting material (such as: carbon nanotubes,[127,128] ions,
graphene oxide, [129,130] and metallic nanoparticles[131,132]), the
particle size, crosslinking method, and the network structures
(single/double/triple). The physically crosslinked conductive hy-
drogels with different structural polymers/inorganic materials,
have been widely investigated[60,61] and found to have low tensile
properties and tend to deteriorate after a relatively large elonga-
tion, resulting in the deformation or rupture of hydrogels. Hence,
researchers are focusing more towards developing flexible CHs
in order to overcome the hydrogel deformation issues.

He et al.[133] proposed a multicomponent conductive hydro-
gel system by combining MXene-cellulose nanocrystals (CNCs),
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Figure 12. Schematic illustration for the synthesis of NCQDs/Dox/HA hydrogel, formed by self-crosslinking chemical interactions and activated tumor
cells release mechanism. HA containing hydroxyl group and having different binding sites, for example, negatively charged phosphate regions and
positively charged calcium region on its surface, can penetrate the cell membrane. NCQD (in green) reacts with HA (in grey) and Dox (in red), forming
hydrogen bonding and ionic interactions. Adapted with permission.[106] Copyright 2021, Elsevier.

Figure 13. Scheme for the synthesis of PEG double crosslinked hydrogel. The single crosslinked hydrogel of HA-MA-PBA was formed by the reaction
between PBA group and the hydroxyl group of HA-MA under the guidance of DMEM. In the second step, PEG double crosslinked hydrogels were obtained
by the conjugation of HA-MA-PBA and m-PEG-sulfhydryl by photocrosslinking (UV irradiation). Adapted with permission.[107] Copyright 2021, Elsevier.
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Figure 14. Synthesis of peptide amphiphiles: a) chemical structures of each component used for the gel preparation, angio-PA, RGDS-PA, osteo-PA and
HA-tyr. b) Demonstration of 2D and 3D extracellular matrix of multicomponent hydrogels. The numbers in the brackets indicate the order in which they
were added for the gel formation. Adapted with permission.[109] Copyright 2020, Elsevier.
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Figure 15. Schematic representation of: A) DEX-MAES, B) siRNA conjugation to DEX-MAES, and C) hydrogel formation (photocrosslinking), siRNA
release upon hydrolytic degradation. Adapted from[110] Copyright 2019, The Authors, some rights reserved; exclusive licensee American Association for
the Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).

Figure 16. Illustration of the preparation of conductive MXene-CNC-TG-PAM hydrogel. MXene-CNC nanocomposites were incorporated into TG-PAM
composites to obtain double network MXene-CNC-TG-PAM hydrogel with ionic TG and covalent PAM network.

tamarind gum (TG), and polyacrylamide (PAM) (Figure 16). The
procedure involved the preparation of MXene-CNC suspension
(by sonication) in order to form primary network, followed by the
addition of acrylamide, aluminum chloride, N, N′-methylenebis
acrylamide (crosslinker), and UV light as initiator. The mixed
suspension was exposed to UV light in order to form the dou-
ble network structure. The hydrogels developed were tough and
ultra-stretchable (≈2000% strain). These improved characteris-
tics were due to formation of double network structure formed
by the assimilation of tamarind gum, ionically crosslinked net-
works, and PAM. In addition, owing to the presence of MX-
ene and mobile ions, the hydrogels exhibited high sensitivity
(gauge factor = 5.23) and multiple sensations,[134] such as pres-
sure, strain humidity, and temperature, which are important for
practical applications.

Zhang et al.[135] modified the above method by a simple im-
mersion technique in order to develop tri-component ionic hy-
drogels based on polyacrylic acid, graphene oxide-Fe+3 and chi-
tosan. The first network was formed by the free radical poly-
merization of acrylic acid, graphene oxide, and chitosan by us-
ing Fe+3 as the crosslinking agent. The ionic bonds between
Fe+3 and C=O groups of polyacrylic acid and graphene oxide
formed the primary network, while crosslinked chitosan chains
entanglements, resulted in the secondary network. The hydro-
gels developed, exhibited high sensitivity and ultra-high tensile
properties (≈2.7 MPa) with excellent conductivity (≈13.8 Sm−1).
The technique was further modified by Wang et al.[136] in order
to extend its use in biomedical ionic sensors. They introduced
the hydrogel-network constrained-polymerization technique in
order to fabricate a semi-interpenetrating ionic conductive hydro-
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Figure 17. Synthesis of PHA/gelatin/glycerol conductive hydrogel. a) Gelatine, HA, KCl, and HA were added with water and glycerol in a reactor, stirred
at 60 °C for 1 h (under N2 atmosphere), b) solution was injected into a glass mold and stored at 4 °C for 1 h, and c) photoinitiated polymerization was
conducted under UV light (wavelength 365 nm) for 1 h, to obtain PHA/gelatin/glycerol conductive hydrogel.

gel composed of a covalently crosslinked network, intermolecular
hydrogen bonding, and electrostatic interactions between PAA-
random poly(1-butyl-3-vinylimidazole tetrafluoroborate) and the
scattered polyethylene oxide network. The hydrogels showed
high stretchability (≈300%), compression (≈85%), and displayed
fast recovery upon release of external force thereby enabling their
use in biomedical ionic sensors.

So far, the conductive hydrogels discussed above are signif-
icantly utilized in the medical field due to their biocompati-
bility, intrinsic flexibility, good conductivity, and self-recovery.
However, these gels tend to freeze inevitably at sub-zero tem-
peratures, leading to a gradual decline in their mechanical
and electrical properties. In order to overcome these draw-
backs, Yang et al.[63] developed the freezing tolerant supramolec-
ular conductive hydrogels composed of poly(N-hydroxymethyl
acrylamide) (PHA), gelatin, and glycerol, via a one-pot synthe-
sis. The unique combination was formulated around the in-
teractions between gelatin and PHA network in order to cre-
ate a double network PHA/gelatin/glycerol conductive hydro-
gel. Gelatin forms the physical crosslinked network due to a
triple-helix structure by heating and cooling processes, while
PHA chains form the self-crosslink (photopolymerization), as
well as its interaction with gelatin (Figure 17). The hydrogels
exhibited anti-freezing resistance, high tensile strength, fast
self-recovery, and outstanding fatigue resistance and high ionic
conductivity.

Among the group of conjugated polymers, poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
has emerged as the most promising material for electrochem-
ical device applications. It provides a promising interface with
biological tissues for sensing and stimulation, owing to their fa-
vorable electrical and mechanical properties. Doped PEDOT:PSS
has been explored for electrodes thermoelectrics and biosens-
ing. While existing methods mostly blend PEDOT:PSS with
other compositions, for example, non-conductive polymers, the
blending can compromise the resultant hydrogels’ mechanical
or electrical properties. Lately, PEDOT:PSS has also emerged
as an efficient NIR photothermal therapy agent due to its high

photothermal conversion efficiency, exceptional photostability,
and good biocompatibility.[137]

Recently, Lu et al.[138] synthesized pure PEDOT:PSS hydrogels
via the interconnected networks of PEDOT:PSS nanofibrils by
simple mixing of volatile dimethyl sulfoxide into an aqueous so-
lution of PEDOT:PSS, followed by dry-annealing and rehydra-
tion. The gels exhibited high electrical conductivity, stretchabil-
ity, superior mechanical properties, and tunable swelling prop-
erties in wet physiological environments. In another interesting
study, Lim and co-workers[139] developed a flexible PEDOT:PSS-
based sensor that can measure the amount of salt ions in sweat
released from human body. Abedi et al.[140] reported the fabrica-
tion of chitosan scaffolds that contained PEDOT:PSS by electro-
spinning, for application in cardiac tissue engineering. The au-
thors observed that by increasing the PEDOT:PSS content, up to
1 wt%, resulted in, 30–40% reduction of fiber diameter and in-
crease in electrical conductivity by 100 fold.

More recently, our group[141] reported a simple and cost-
effective method of synthesizing conductive triple network hy-
drogels by using agarose, PVA, PAM, and PEDOT:PSS. The one-
pot synthesis of hydrogel (Ag-PAM-PVA) involved the physical-
chemical crosslinking of a unique combination of hydrogen-
bonded agarose, combined with chemically-crosslinked PAM
and PVA network. Agarose formed the primary network at room
temperature by the physical crosslinking route, while the solu-
tion was chemically crosslinked by UV-polymerization in order
to form the second PAM network and later cured in order to form
the third PVA network, as shown in Figure 18. Later on, a sim-
ple mixing of PEDOT:PSS suspension with the precursor solu-
tion of the polymer matrices, permitted the ease of incorporation
of PEDOT:PSS into the Ag-PAM-PVA polymer matrix and thus,
a simple fabrication of conductive hydrogels was achieved. The
proposed crosslinked triple network provided a solution for me-
chanical strength issues that are related to the practical usage of
these hydrogels for advanced biomedical applications.

The tensile and compression properties of hydrogels were en-
hanced at low PEDOT:PSS concentration, that is, at 0.0325 and
0.065 wt% and these properties, declined at higher concentra-

Macromol. Biosci. 2021, 2100232 © 2021 Wiley-VCH GmbH2100232 (16 of 20)



www.advancedsciencenews.com www.mbs-journal.de

Figure 18. a) Preparation of triple network hydrogels (agarose single network, Ag-PAM double network, and Ag-PAM-PVA triple network), b) photograph
of hydrogels with different concentration of PEDOT:PSS, and c) conductive hydrogel of triple network structure with schematic illustration.

tions. The PEDOT:PSS incorporation had a strong effect on the
swelling capacity, which deteriorated progressively from 216% to
155%, when the concentration was increased from 0% to 0.26%.
The structural unity, which was created between the three net-
works, tended to collapse with the addition of higher concentra-
tion of PEDOT:PSS. The results established the fact that uniting
three networks resulted in tough and flexible conductive hydro-
gels with better properties compared to single and double net-
work hydrogels.

5. Conclusion and Perspective

This review has highlighted the current (<3 years) crosslinking
strategies that have been adopted in the development of multi-
component hydrogel systems for biomedical applications. The
influence of crosslinking on polysaccharides, the combination of
natural and synthetic polymers and multiple components have
been succinctly, discussed. Various approaches that are related
to crosslinking (sequential and simultaneous), networks (sin-
gle, double, and triple network), have been highlighted and the
chemistries of multicomponent systems, have been reviewed in
details by considering their usage in various medical and tissue
engineering aspects. Multicomponent-based conducting hydro-
gels (dopant PEDOT:PSS) that are widely used in biosensors, ac-
tuators, medical devices, and tissue engineering, have also been
highlighted. The efficiency of the conductivity of the hydrogels in
question and their applications, depend on the structural bond-
ing and stability between the dopant and the designed polymer
matrix. The optimizations of the conductivities and the tensile
properties of hydrogels are critical for the envisaged practical ap-
plications. These applications are mainly focused on soft robotics
and soft human tissues that mimic muscles, tendons, and skin,

which require high mechanical strength. Different crosslinking
strategies have been adopted to formulate multicomponent hy-
drogels, yet it is still difficult to concretely, specify a particular
strategy that can be adopted, universally. Primarily, it depends
on the characteristic features of the individual components, their
chemical structure, properties, bonding ability, and their biocom-
patibility, which have direct effects and the possible attendant
consequences on the resultant hydrogels. Therefore, the unifi-
cation of such a complex system requires more research and
hence, by considering the domain of biomedical research, nat-
ural polymers are the promising candidates. Hence, the design-
ing of appropriate multicomponent hydrogels/films with com-
plete polysaccharides or natural polymers, is a new challenge in
biomedical research that must be critically, engaged. The pres-
ence of different functionalities in multicomponent systems, pro-
vides innovate opportunities that can enable the design of new
hydrogels/films for emerging biomedical applications.
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