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Abstract: Nowadays, there are still numerous challenges for well-known biomedical applications,
such as tissue engineering (TE), wound healing and controlled drug delivery, which must be faced
and solved. Hydrogels have been proposed as excellent candidates for these applications, as they
have promising properties for the mentioned applications, including biocompatibility, biodegradability,
great absorption capacity and tunable mechanical properties. However, depending on the material
or the manufacturing method, the resulting hydrogel may not be up to the specific task for which it
is designed, thus there are different approaches proposed to enhance hydrogel performance for the
requirements of the application in question. The main purpose of this review article was to summarize
the most recent trends of hydrogel technology, going through the most used polymeric materials and the
most popular hydrogel synthesis methods in recent years, including different strategies of enhancing
hydrogels’ properties, such as cross-linking and the manufacture of composite hydrogels. In addition,

the secondary objective of this review was to briefly discuss other novel applications of hydrogels

ﬁ':,e‘f'a‘tf;’sr that have been proposed in the past few years which have drawn a lot of attention.
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1. Introduction

In recent years, humanity has witnessed exponential growth in different areas within

Academic Editor: Marco

Sangermano

Received: 20 June 2022

the biomedical field, such as controlled wound healing, drug delivery and tissue engineer-
ing (TE), among others. For example, the demand and availability of tissues and organs
for transplantation or regeneration of damaged tissues has become a significant issue [1].
TE is a multidisciplinary field that combines methods and principles of engineering and
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life sciences for the development of these biomaterials, which are excellent biological sub-
stitutes with the ability to maintain, restore or improve the function of target tissues [2].
Thus, TE relies on the design and development of scaffolds, which are highly porous 3D
structures that can accelerate the regeneration of damaged tissues and organs by providing
an optimal environment for cell growth and differentiation [3,4].

These scaffolds must be biocompatible and nontoxic to the organs and tissues in the
body. They are usually loaded with cells, growth factors and drugs, as they can establish
a synergistic combination, significantly improving cell retention rates in the local tissue;
they also serve as carriers for growth factors and drugs. Moreover, scaffolds must also
meet the mechanical requirements of the treated region once implanted [5-7]. Another
requirement that must be met by scaffolds is their progressive biodegradation during the
cell regeneration process while the new tissue is being formed [8]. The biodegradability of
scaffolds allows avoiding the need to remove the material afterwards and prevents possible
side effects that could arise from residues left in the body. Therefore, scaffolds must have
some specific physicochemical and mechanical properties to achieve cell diffusion and 3D
tissue formation [9].
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Specifically, the extracellular matrix (ECM) has always been in the spotlight of many
researchers in scaffold fabrication, due to its high biological compatibility and biodegrad-
ability. The ECM mainly consists of a combination of some proteins, polysaccharides and
glycosaminoglycans. This complex mixture offers adequate biochemical and mechanical
support to the surrounding cells, and it controls their performance in the regeneration
process [9,10]. However, although TE has been considered a promising strategy to provide
biological substitutes that can mimic the ECM, there are still important obstacles to over-
come, such as the lack of specific materials for scaffold development and new procedures
that enable the processing of delicate polymers such as proteins [11,12]. In this way, hydro-
gels have been extensively used in these biomedical research fields to overcome the main
difficulties, as they can mimic many features of the native cellular microenvironment, due
to their suitable properties for this purpose, e.g., their outstanding water retention capacity
and flexibility [13-16].

Hydrogels are polymeric materials with a characteristic hydrophilic structure that
enables the storage of large amounts of water and biological fluids in their 3D network.
Hydrogels have interesting biomimetic properties, such as remarkable flexibility, softness,
superior absorption capacity in their swollen state, nontoxicity, biocompatibility, biodegrad-
ability and tunable mechanical properties [17-19]. Due to these properties, hydrogels
stand out for some specific biomedical applications compared to other nanomaterials (e.g.,
nanoparticles, nanofibers, thin films, etc.). Some advantages of hydrogels involve that they
are usually biocompatible and capable of being injected in vivo as a liquid that gels at body
temperature. In addition, they offer good transport of nutrients to cells and products from
cells and their aqueous environment have the ability to protect cells and fragile drugs [20].
The reason behind the great water absorption capacity of these systems is the high content
of functional hydrophilic groups contained in the polymer used as raw material. Moreover,
their resistance to dissolution is due to the cross-linking structure generated between the
polymer chains [16,21]. In addition, for hydrogel synthesis, the incorporation of a cross-
linking agent is important to achieve a better structuring due to its ability to form new
polymeric chains within the structure through a large variety of reactions between different
polymeric molecules or fibrous proteins [22]. It is worth mentioning that any variation in
monomer/polymer concentrations, structure or functionality, as well as the cross-linking
agent used in the process, can significantly modify the structure, thus they must be adapted
to the intrinsic features of the requested specific application [23,24].

Typically, hydrogels can be classified using two different categories, depending on the
nature of the bond between the polymeric molecules that constitute the framework, namely:
physically or chemically cross-linked hydrogels [25]. The manufacture method is another
key factor for the development of each type of hydrogel system [26]. The structuring of
physically cross-linked hydrogels mainly depends on weak and temporary interactions,
such as molecular entanglements, ionic bonds, hydrophobic forces and hydrogen bonds,
which are reversible and can be altered by environmental (physical) changes (e.g., tem-
perature and pH) and do not produce any modification in the chemical structure [27-29].
Chemically cross-linked hydrogels are characterized by permanent and strong interactions
between their polymeric chains, as they are connected by covalent bonds [30,31].

In addition to biomedical applications, hydrogels are also very appealing for many
applications, such as self-assembly and catalysis, among others [32]. However, in this re-
view article, the goal was to contextualize the current situation and challenges for hydrogel
engineering for biomedical applications, as well as to compile the current trends in this field,
with the premise that novel hydrogels with stronger and more stable properties are still
needed and remain an important direction for research [33]. As was previously mentioned
for TE, due to their properties and their ability to mimic ECM properties, hydrogels are
suitable candidates for many biomedical applications, such as controlled drug release and
wound healing, which are among the most well-known possible applications where hydro-
gels are posed as a promising solution [34-37]. Therefore, the objective of this review was to
update and summarize current trends in applications and advances in hydrogel science, by



Polymers 2022, 14, 3023 3 of 30

means of the most used materials and synthesis methods for hydrogel manufacture, as well as
different strengthening strategies, such as compositional modifications, different cross-linking
techniques and hybridization. An overview of this purpose is depicted in Figure 1.
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Figure 1. General perspective of the present and recent trends of hydrogels research in the
biomedical field.

2. Materials

As was previously mentioned, hydrophilic polymers (natural and synthetic) are the
most suitable materials for hydrogel manufacture. These polymers are characterized by
containing polar functional groups, such as carboxyl, hydroxyl and amino groups, which
make them swell (by water absorption), or water soluble [1,21,38]. The most used materials
for the design and manufacture of hydrogels, along with their experimental stage and
cell viability (to assess the biocompatibility of the systems based on these polymers) are
summarized in Table 1.

Table 1. Summary of studies carried out with different synthetic and natural polymers.

Type of
Polymer

Experimental Cell Viability
Stage (%)

In vitro (human),
pHEMA in vivo (mice >80 [39-45]
and porcine)
In vitro (human),
PVA in vivo (mice) Ex >88 [46-52]
vivo (porcine)
In vitro (human),

PEG in vivo (mice) Ex >80 [53-58]
vivo (porcine)
In vitro (human),
pNIPAAmM . . >90 [59-61]

ex vivo (porcine)

PNVCL In vitro (human) >85 [62-65]

Main Polymer References

Synthetic
Polymers
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Table 1. Cont.

Type of

Polymer Main Polymer

Experimental
Stage

Cell Viability
(%)

References

Collagen (COL)

Gelatin (GEL)

Polidopamine
(PDA)

Elastin (EL)
Natural
Polymers
Chitosan (CTS)

Hyaluronic Acid
(HA)

In vitro (human),
in vivo (mice) Ex
vivo (human)
In vitro (human),
in vivo (mice) Ex
vivo (mice)

In vitro (human),
in vivo (mice) Ex
vivo (human)
In vitro (human),
in vivo (mice) Ex
vivo (porcine)
In vitro (human),
in vivo (mice) Ex
vivo (human)
In vitro (human),
in vivo (mice) Ex
vivo (human)

>80

>90

>80

>80

>80

>80

[66-73]

[74-82]

[83-89]

[90-96]

[97-104]

[104-110]

In vitro (human),
in vivo (mice) Ex
vivo (porcine
and canine)

In vitro (human),
in vivo (mice) Ex >75

vivo (porcine)

Alginate (ALG) >85 [111-117]

Cellulose (CEL) [118-126]

Therefore, in this section, some of the most used materials for hydrogel fabrication will
be described along with their advantages and drawbacks, as well as some of the current
approaches proposed for each one in order to obtain novel hydrogels with stronger and
more stable properties that may achieve eye-catching in vivo results.

2.1. Synthetic Polymers

Synthetic materials have very interesting properties for hydrogel applications in
biomedicine, such as good controllability and excellent mechanical properties. However,
the main problem with synthetic materials is that they lack the ability to induce the gener-
ation of new tissues quickly and effectively after being implanted, as well as the lack of
antimicrobial activity [127]. Herein, the most used synthetic polymers will be described,
presenting their advantages, drawbacks and their approaches to overcoming these chal-
lenges.

Poly (2-hydroxyethyl methacrylate) (pHEMA). pHEMA is a thermoplastic material
that is not enzymatically degraded or hydrolyzed by acidic or alkaline solutions. pHEMA
hydrogels are inexpensive, have excellent biocompatibility, non-biodegradability, high
water content capacity, low thrombogenicity, cytocompatibility, abundant copolymer pos-
sibilities, soft materials with excellent temperature stability, acid and alkaline hydrolysis
resistance, tunable mechanical properties and an optically transparent hydrophilic poly-
mer that is desirable for various biomedical applications [39,40,128]. However, single
pHEMA-based hydrogels have little commercial application; thus, numerous studies have
been conducted to modify pHEMA structure with the aim of improving its properties, for
example, using cross-linking agents such as ethylene glycol dimethacrylate (EGDMA) [41]
and tetra(ethylene glycol) diacrylate (TEGDA) [42,43] to enhance its mechanical properties,
or 3-cyclodextrin-hyaluronan (3-CDcrHA) to reduce tear protein absorption in a contact
lens [129]. Another approach is to copolymerize pHEMA with other polymers, commonly
with polyacrylamide (PAA) [130] or ethylene glycol dimethacrylate (EGDMA) [40] to im-
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prove its mechanical properties, poly (ethylene glycole) diacrylate (PEGDA) to improve
host biosensors or enhance its water absorption capacity [131], glycidyl methacrylate
(GMA) [132] to facilitate cell attachment and proliferation, or 2-methacryloyloxyethyl
phosphorylcholine (MPC) [133] to improve the water content retention and anti-biofouling
properties. Moreover, other possibilities to improve pHEMA-based hydrogels’ performance
for biomedical applications include the formation of composites, e.g., pPHEMA with boric
acid (BA), with interesting applications as soft contact lens material, as reported by Ulu
et al. (2018) [134], or the formation of IPNs with gelatin to enhance biological properties
for in vitro and in vivo performance [135]. Related to the biological properties of pHEMA-
based hydrogels, Wang et al. (2022) reported the obtention of mechanically robust and
biocompatible pHEMA-based hydrogels, combining pHEMA with maleic acid units (MA)
and Fe®*, to suppress phase separation of pHEMA chains from aqueous solution and thus
obtain a more homogeneous structure. These hydrogels were tested in vivo on 6 SD rats
(12 weeks old), embedding samples subcutaneously and on porcine auricular cartilage
replacement experiments. In addition, cell viability was evaluated by in vitro assays, obtain-
ing results between 79-85% after 24 h cultures of each system, with no significant variations
among them [44]. Kim et al. (2019) proposed the formation of a non-swellable and cytocom-
patible interpenetrated polymer network (IPN) between chemically cross-linked pHEMA
and ionically cross-linked alginate, obtaining a synergistic effect that enhanced stiffness
and toughness. Live/dead assay showed 99% cell viability over a period of 60 days [45].

Poly-vinyl alcohol (PVA). PVA is another interesting candidate for designing hydro-
gels for TE. It is a well-known hydrophilic polymer with remarkable biocompatibility [136].
Furthermore, PVA-based hydrogels are widely used in wound healing systems and oph-
thalmologic applications [137]. These are harmless, sterile and biocompatible, and they can
absorb water efficiently [138,139]. However, it has been proved by Pan et al. that single
PVA hydrogels do not efficiently support cell proliferation and lack antibacterial activity
and elasticity [46]. Using cross-linking agents and combining PVA with natural polymers
to improve their biological properties are current trends [46-49,138]. As to biological fea-
tures, PVA-based hydrogels containing diphlorethohydroxycarmalol (DPHC) have been
developed by Kim et al. (2020) for wound healing applications, whose in vitro and in vivo
evaluation on ICR mice demonstrated interesting antimicrobial properties against S. aureus
and P. aeruginosa [50]. On the other hand, Tummala et al. assessed the biocompatibility of
PVA hydrogels reinforced with cellulose nanocrystals (CNCs) for ophthalmic applications,
first on ex vivo porcine cornea [51] and subsequently on in vitro assays with human corneal
cells [52], with promising results.

Poly (ethylene glycol) (PEG). PEG-based hydrogels have been promising candidates
for biomedical applications in recent decades mainly due to their biocompatibility [53,140].
Moreover, their mechanical properties and chemical composition can be regulated, which
allows easily controlling the architecture of the scaffolds, making PEG an interesting ma-
terial for biomedical applications [141]. However, the main drawbacks of single PEG
are its bio-inert nature, low antimicrobial abilities and severe volume expansion, thus it
cannot provide a completely favorable environment to support cell adhesion and tissue
formation, hindering its potential for biomedical applications [55,142]. Similar approaches
such as pHEMA have been carried out to overcome these drawbacks and improve their
performance for biomedical applications; for example, using cross-linking agents such as
diacrylate [55] or pentaerythritol tetrakis (3-mercaptopropionate) (PETMP) [143], which
enhance its mechanical properties. Nevertheless, the most recurrent strategy is copoly-
merization. There are several studies of PEG copolymerized with poly-vinyl pyrrolidone
(PVP) [144], poly (e-caprolactone) (PCL) [56,57], PLA [145,146] or different cellulose deriva-
tives [147-149] to improve their performance for various biomedical applications. In this
sense, Chen et al. (2022) developed an injectable PEG hydrogel with integrated lysozyme
fibrils that implemented antiswelling and antibacterial capacities. In vitro tests with L929
cells and blood revealed that cell viability slightly decreased from 110-120% on the first
day of culture to approximately 100-115% on the third day. In addition, in vivo tests with
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SD rats were carried out with promising results, posing this PEG-based hydrogel as an
excellent candidate for biomedical applications [54]. In fact, Zhang et al. (2022) used this
biomaterial for ophthalmic applications, testing it in vitro with corneal epithelial cells and
ex vivo with cadaveric porcine eyes, resulting in promising candidates with remarkable
wound healing properties after eyes surgeries [150]. In this line, Liu et al. (2021) evaluated
the antibacterial performance of several injectable PEG-based hydrogels for promoting
wound healing. In vitro assays with HaCAT cells showed that cell viability was maintained
in the range of 80-100% for three weeks, reaching approximately 85% in the first week,
subsequently increasing to 100% after the second week and lastly decreasing to 80%. Ad-
ditionally, in vivo (SD rats) results revealed that these PEG-based hydrogels were able to
promote wound healing whether gentamicin (a common antibiotic) was loaded or not [58].

Poly (N-isopropylacrylamide) (pNIPAAm). This polymer is the most investigated
thermo-sensitive polymer [59]. According to the literature, pNIPAAm has an approximate
32 °C lower critical solution temperature (LCST) in water. This means that this polymer in
solid state could dissolve into the solution once the temperature decreases below the LCST,
exhibiting a thermo-reversible phase transition. Thus, copolymers derived from pNIPAAm
have drawn massive attention in the study of the so-called “smart” materials or “smart” hy-
drogels for various biomedical applications, such as drug and gene delivery, enzyme and cell
immobilization or biosensors [60]. Christiani et al. (2021) embedded alginate microparticles to
tune the properties of an in situ formed hydrogel of a pNIPAAm copolymer for intervertebral
disc replacement and repair. This formulation enhanced initial injectability, mechanical perfor-
mance and bioadhesive interactions. In addition, cell viability calculated from in vitro assays
of human adipose-derived mesenchymal stem cells (ADSMSCs) was obtained in the range of
90-100% with and without microparticles embedded. In vivo experiments were carried
out on ex vivo porcine lumbar spines (5-6 months) with composite hydrogels, offering
excellent results, as composites were able to resist expulsion under tension-compression
and lateral bending when implanted [61].

Poly (N-vinylcaprolactam) (PNVCL). PNVCL is a biocompatible thermo-responsive
synthetic polymer. It is a temperature-sensitive polymer with a LCST around 33 °C in
water. Furthermore, lineal and/or branched PNVCL-based polymers are more susceptible
to non-solubilization. On the other hand, cross-linked polymers go from a hydrated to a
dehydrated state. It is worth mentioning that the LCST of PNVCL can be precisely tuned up
and down by copolymerization with other monomers, such as N-vinylpyrrolidone [62,151].
Despite the difficulty of controlling the polymerization and copolymerization of PNVCL,
compared with other thermo-sensitive polymers, PNVCL-based polymers have gained con-
siderable attention in several biomedical areas, such as drug delivery systems, antibiotics,
TE, and diagnostics and imaging, due to their biocompatibility, thermo-responsiveness and
water-soluble behavior below the LCST [62-64]. However, there is not much information on
the biological characterization of PNVCL-based hydrogels. Durkut et al. (2020) characterized
in vitro performance of a PNVCL-g-Alg-NH, copolymer with cytotoxicity and hemocom-
patibility assays, culturing human dermal fibroblast. Cell viability increased from ~85% to
approximately 95% when aminated alginate proportion was diluted from 1/1 to 1/4 [65].
Further research is necessary to carry out in vivo investigation.

In conclusion, synthetic polymers have been widely used for decades due to their
remarkable mechanical properties and their interesting capacity to modify their structure
to improve their biomedical performance. The main drawback of these materials is that
even though some of these polymers are biocompatible, such as PVA and PEG, synthetic
polymers are still characterized by their limited biological properties once implanted in
the human body. To improve these features, for example, cell viability, as shown in Table 1,
the main approach is to combine synthetic polymers with natural polymers or molecules
that can improve cell viability or other biological properties including biocompatibility, cell
differentiation, or reduce presumable toxic side effects. Thus, apart from this hybridization
approach, the current trend that has been followed by researchers since the beginning of the
millennium approximately is the replacement of these materials with polymers obtained
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from natural sources, as depicted in Figure 2, mainly owing to their significantly better
biological properties, though their application in the biomedical field still involves several
challenges, as will be discussed in the next subsection.
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Figure 2. Evolution of the number of publications related to “natural polymers” and “hydrogels”.
Data obtained from Scopus.

2.2. Natural Polymers

Biopolymers are usually derived from plants and animals [152,153]. These poly-
mers have multiple functions within the body, e.g., the creation of tissues and providing
molecules such as signals for the human endocrine system, among others [152,154]. There-
fore, natural sources represent an ideal perspective for hydrogel fabrication, due to their
well-known biological properties, although these materials are often limited due to the
difficulty of their synthesis and process, as well as their poor stability and mechanical
properties, which still remain the most challenging features of this materials [1,155,156].
The most common examples of biopolymers include polypeptides and polysaccharides
(PSAs), as well as nucleic acids, which constitute DNA and RNA [152,157].

In addition, there is a current growing trend towards the use of bacteria-derived poly-
mers to compete with conventional polymeric materials used for biomedical applications,
due to their interesting biodegradability and biocompatibility. The production of these
bacteria-derived polymers, which is based on bacterial fermentation by wild type or genetic
engineered strains, has become a feasible and promising alternative due to its low cost.
Microbial biopolymers include polysaccharides (hyaluronic acid, dextran and bacterial
cellulose), polyamides (poly-y-glutamic acid (PGA), poly-1-Lysine (PL)), polyesters (poly-3-
hydroxybutyrate (PHB), PLA, PCL) and polyphosphates. These biodegradable, nontoxic,
non-immunogenic and biocompatible characteristics of microbial polymers are the main
reasons for them being considered as ideal candidates for biomedical applications, along
with their cost-competitive processing, as was previously mentioned [158].

2.2.1. Protein-Based Hydrogels

The advantages of hydrogels based on pure proteins are the simplicity of the synthesis
process and the attainment of relatively uniform network structures, along with excellent
biocompatibility [159]. However, there are some disadvantages that must be taken into
account, for example, the difficulty of protein extraction and the high cost of these pro-
cesses [160,161]. There are still lots of challenges that must be overcome for these types of
hydrogels in order to achieve successful biomedical performances, such as understand-
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ing the structure and how it can change during the hydrogel synthesis process or once
implanted within the body, complex high-scale production of protein-based hydrogels,
solvents and cross-linking agents commonly used that can affect cell viability and cause
cytotoxicity, designing of coiled coils as smart hydrogels or the limitation of adequate
properties for specifical applications, such as the lack of electrical properties for heart tissue
regeneration after myocardial infarction, which remains tremendously challenging [162].
Therefore, the most widely studied protein-based hydrogels are discussed.

Collagen (COL). COL represents 30% of protein content in vertebrate organisms [163].
It is the most abundant protein of the ECM, whose triple-helix structure provides great
tensile strength [66,164]. There are different types of COL (type L, II, III, IV and V, among
others) present depending on their function in the body [165]. Thus, due to its abundance in
nature, availability (porcine, bovine and marine), biodegradability and biocompatibility and
excellent cell viability values (>80%), COL is an optimal candidate for hydrogel manufacture
for wound healing [66,71], TE [67,72], drug delivery [68] and ophthalmic applications [73].
Nevertheless, even though ex vivo assays with COL-based hydrogels have been carried out
with human skin models [71], more in vivo experiments are necessary to characterize COL-
based hydrogels for other applications, for example, bone tissue engineering [72]. Another
advantage of COL is the possibility and capability to form gels by thermal condensation.
However, their limited stability and mechanical properties hinder their performance as
hydrogels, as they tend to degrade when cultured with cells [67]. This drawback can be
overcome by cross-linking or blending processes. Gronlien et al. (2022) have reported that a
COL-based hydrogel photo-cross-linked with lumichrome, a compound resulting from the
photodegradation of riboflavin (vitamin B2) when irradiated in acidic and neutral solutions,
which is more photostable than riboflavin, exhibited higher elasticity and thermal stability,
along with an improved water storage capacity [69]. In addition, Mahou et al. (2018)
developed hydrogels based on a COL—alginate blend. Comparing these to pure COL gels,
COL—alginate gels were stiffer, which delayed their collagenase-caused degradation [70].

Gelatin (GEL). GEL is a derivative (a partially hydrolyzed form) of COL. The prop-
erties of GEL strongly depend on the processing of COL, its molecular weight and its
isoelectric point. Obtaining GEL from COL requires breaking the bonds that stabilize the
structure from a pre-treatment by means of acids, bases or enzymes. In this sense, type
A GEL (isoelectric point 8-9) is obtained after an acid treatment of COL, and type B GEL
(isoelectric point 4-5) is obtained with an alkaline treatment [74,152]. The amines present
in the lysine side chains help the GEL to adhere to the carboxyl groups of the tissue surface
molecules [75]. GEL hydrogels have been demonstrated to be advantageous due to their
self-healing capacity, and have been used in injections for therapeutic purposes [76,152].
GEL has been proposed as an interesting alternative in hydrogel applications, since it
overcomes several disadvantages of its parent compound, i.e., COL. For example, bare
COL hydrogels may induce adverse immunological responses, along with a lack of me-
chanical and thermal stability [152,166]. For these reasons, as well as its abundance and
availability, GEL has been extensively investigated for biomedical applications, although
several approaches have been proposed to enhance its properties, for example, hybridizing
with other polymers [77,78,167,168], cross-linking strategies [169,170] and chemical modifi-
cation [79,80,171]. As to biological performances, GEL-based hydrogels have resulted in
excellent candidates for biomedical applications since they have remarkable biocompati-
bility (>90%) and durability once implanted in the body, not only maintaining their cell
viability, but even increasing after 7 days, as reported by Liu et al. (2022). Moreover, on the
basis of good biocompatibility, the hybrid hydrogel was proven to exert a sufficient ability
to promote cartilage regeneration by in vitro three-dimensional (3D) culture of adipose-
derived stromal cells (rASCs) and in vivo articular cartilage defect repair on 6 weeks-old
SD rats [79].

Polydopamine (PDA). PDA is a biopolymer that results from the oxidation and poly-
merization of dopamine, an analog compound of L-3,4-dihydroxyphenylalanine (DOPA),
which is obtained from secreted marine mussel adhesive proteins by post-translational
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modification of tyrosine [83,84]. Moreover, another advantage of PDA is that it can be
produced simply and cheaply without toxic solvents [85]. PDA provides key advantages
for biomedical applications, since it is hydrophilic and capable of functionalizing different
substrates [83]. Moreover, it has low cytotoxicity, excellent biocompatibility (>80%) and
enhances cell adhesion and proliferation [172]. PDA-based hydrogels have been tested
in vitro (with human renal epithelial cells, 293T) and in vivo with female mice for ster-
ilization and wound healing applications, as reported by Gan et al. (2022), exhibiting
excellent wound healing ability with minimal toxicity, thus indicating its great potential
for use in wound dressings. [86]. Plus, ex vivo experiments have been carried out with
human skin models for wound healing applications by O’Connor et al. (2020) with excellent
results [87]. However, PDA-based hydrogels still need thorough research to improve their
properties [88,89].

Elastin (EL). Elastin is an essential functional component of the dermal ECM and
has demonstrated benefits in skin wound repair [90,173]. EL has superior mechanical
resistance and structural stability in vivo [91]. The main function of elastin is to endow
rubber-like elasticity to most of the body tissues. It has also been characterized as a highly
insoluble polymer with remarkable cellular attachment, which enables cell growth and
differentiation. Due to this highly cross-linked structure of elastin, tissues can undergo
high deformation [91,174,175]. For these reasons, EL-based hydrogels have been posed as a
prime biomaterial, with better mechanical properties than most biopolymeric hydrogels
and good biocompatibility (>80%), although further research is required to optimize elastin-
based hydrogels’ in vivo performance [92,94,95]. Unal et al. (2021) developed a hybrid
GelMA /elastin-based composite hydrogel that showed excellent biodegradation ability
in vivo when implanted subcutaneously in a murine animal model, as well as remark-
able biocompatibility and mechanical properties with potential for vascular applications,
specifically for endovascular anastomosis [94].

Thus, some of the most well-known protein materials such as COL, GEL and elastin
have been described and, comparing these three materials, it can be concluded that COL is
the most limited protein for hydrogel fabrication due to the strong influence of gelation
conditions and poor physicomechanical features, especially compared to cross-linked COL-
based hydrogels and GEL, because of GEL being the partially denatured structure of COL,
which leads to an increase of the random coil content, favoring the structure for gelation.
Nevertheless, GEL presents a poor thermomechanical demeanor, so structure modification
and functionalization are necessary to obtain hydrogels with considerable properties for
biomedical applications. On the other hand, elastin can be a very efficient biomaterial, due
to its unique structure and stability. However, elastin still needs further research to improve
it properties once introduced in the body [162,176].

There are lots of biopolymers that have not been mentioned, such as serum albu-
min [177], keratin [178], resilin [179] or silk [180], that have been thoroughly researched for
hydrogel production for biomedical applications. This is mainly due to the fact that these
materials share the same main drawbacks, which are basically the difficulty of large-scale
production of these hydrogels and their poor mechanical properties [161,162]. Therefore,
the current trends in protein-based hydrogels in order to overcome the challenges previ-
ously mentioned are to achieve stronger and more stable hydrogels by means of modifying
these protein structures through cross-linking and functionalization strategies, decreasing
the side effect of the toxic solvents and cross-linking agents, or to implement alternative
ones that do not harm biological properties of the resulting hydrogels, and research new al-
ternative proteins such as PDA from marine mussel to obtain novel protein-based hydrogels
with different and promising properties for biomedical applications.

2.2.2. Polysaccharide-Based (PSA) Hydrogels

PSAs are made up of a wide variety of different monosaccharide units that are co-
valently bonded via glycosidic bonds [181]. PSAs are important in the development of
various plants, microorganisms and animals as framework constituents and energy sup-
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pliers. In addition, glycans also play a key role in some cell functions, such as adhesion
and other cellular interactions, differentiation and signaling [182,183]. PSAs have proven
to be excellent candidates for hydrogel manufacture due to their high stability and low
cytotoxicity; they are usually more stable than proteins, since they are resistant at high
temperature [152]. Moreover, the modification and functionalization of PSAs through
different approaches is possible due to their structural diversity, which allows regulating
the properties of PSA-based hydrogels, expanding their scope and making them even more
interesting [182].

Still, there are several challenges that need to be overcome regarding polysaccharide-
based hydrogels, such as directing hydrogel synthesis to greener methods employing
low-energy consumption procedures and less hazardous solvents. Moreover, producing
intelligent polysaccharide-based hydrogels for drug management, such as anti-cancer
drugs, is still challenging. Plus, controlled biodegradation of polysaccharide-based hy-
drogels should undergo more in vivo investigation. As mentioned before, modifying
polysaccharide-based hydrogels usually results in unique characteristics, such as higher
elasticity and stretchability, and this results in the possibility of developing novel promising
applications, such as smart hydrogels, flexible electronic devices, magnetic-responsive hy-
drogels and solid-state hydrogels [184,185]. Herein, some of the most used polysaccharides
used for hydrogel engineering will be described.

Chitosan (CTS). CTS is obtained from partial deacetylation by strong, high-temperature
alkali treatment of chitin, which is one of the most abundant natural amino polysaccha-
rides in the world [97]. It is composed of repetitive and randomly distributed units of
N-acetyl-D-glucosamine and D-glucosamine connected by 3-(1,4) linkages [186]. CTS is
also one of the most versatile biopolymers due to the ease and prospect of carrying out an
extensive variety of modifications on its structure and, consequently, on its properties. Most
of the CTS properties, such as its degradation rate and its physicochemical and biological
properties, strongly depend on its molecular weight and its degree of deacetylation. More-
over, CTS-based hydrogels strongly depend on the processing conditions (pH, gelation
temperature, concentration) [98]. Thus, CTS has been thoroughly studied for hydrogel
manufacture, due to its structure, versatility and properties, such as good biocompatibil-
ity (>80%) [104], biodegradability, low toxicity and mucoadhesiveness, in addition to its
anti-inflammatory, antibacterial, antifungal and wound-healing abilities [187]. Moreover,
in vivo experiment results confirm the ability of CTS-based hydrogels to accelerate tissue
regeneration to reduce inflammation and facilitate wound healing [102,103]. Current trends
in CTS-based hydrogels for biomedical applications focus on the improvement of CTS per-
formance and properties, from cross-linking strategies [99-101,188] to blending [189-191]
and functionalization of CTS structure [192,193].

Hyaluronic acid (HA). This is a very well-known versatile biopolymer in the biomedical
field, due to its sterling biodegradability, bioactivity, biocompatibility, non-thrombogenicity
and non-immunogenicity. HA is a glycosaminoglycan present in the ECM of most tissues,
most predominantly present in cartilage and ocular tissues [105,106]. It has a linear anionic
polysaccharide, which consists of the repetition of N-acetyl-3-D-glucosamine and 3-D-
glucuronic acid units [105]. In addition, as HA structural and physicochemical properties
strongly depend on its molecular weight (Mw), HA-based hydrogels” properties can be
easily modified to meet the specific application requirements. Some properties of HA can
be modified by increasing its molecular weight or its concentration in aqueous solutions,
which increases its pseudo-gelling and viscosity, due to chain entanglement and the for-
mation of extensive hydrogen bonds (intra- and inter-molecularly) [106]. Nevertheless,
HA exhibits an extremely rapid degradation rate, along with poor mechanical properties,
hindering its potential use for some biomedical applications, such as TE. To overcome these
drawbacks, numerous strategies have been proposed, for example, functionalization or
cross-linking, with the aim of enhancing HA-based hydrogels’ stability and physicochemi-
cal properties [107]. Regarding biological properties, Long et al. (2022) performed in vitro
biocompatibility studies with mouse fibroblast L.929 cells, showing excellent biocompati-
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bility (>90% cell viability for the tested hydrogels) and in vivo experiments with SD rats
on an injectable multifunctional hydrogel based on dopamine-grafted hyaluronic acid and
phenylboric acid-grafted methylcellulose. The obtained results revealed the great potential
of the prepared system to significantly accelerate chronic wound repair [109].

Alginate (ALG). This is a commonly used biopolymer, based on a polysaccharide
obtained from brown algae [111]. Its chemical structure is mainly composed of two different
units, namely x-L-guluronic acid and 3-D-mannuronic acid, connected by 1,4-glycosidic
bonds [112]. Alginate is an abundant and available biopolymer that displays several
interesting features, as it has remarkable biocompatibility, good porosity, great water
retention capacity and tunable viscosity, which makes it a material particularly well-suited
to biomedical approaches [111,113]. Alginates can form ionic gels due to ion exchange
between the monovalent ion in the alginate solution and polyvalent cations [112]. However,
as it has been proved that ionically cross-linked hydrogels degrade via ion exchange
processes, involving ion loss, alginate may not be the most suitable biopolymer, as these
processes usually cause uncontrolled dissolution of the polymeric network [194]. Alginates
are commonly combined with other polymers to implement a synergistic effect in order
to enhance their mechanical and biological performance as single polymers [195]. One
example is the ALG-fibrinogen-based composite hydrogels developed by Soleimanpour
et al. (2022) for skin wound healing. Results revealed that the synthesized system had
excellent properties for wound healing applications due to its adequate mechanical features
and biocompatibility. In addition, in vivo experiments on Winstar rat models showed that
the fabricated biocomposite hydrogel could present an appropriate antibacterial effect and
efficiency for chronic wound treatment [114].

Cellulose (CEL). Cellulose is obtained by D-type glucose polymerization. This monosac-
charide comes from plants and bacteria. Cellulose-based hydrogels are a promising adsor-
bent biomaterial and present several advantages compared to other conventional synthetic
adsorbents, due to their low cost and high abundance, considerable biocompatibility,
biodegradability, nontoxicity, good thermal/chemical stability and excellent adsorption ca-
pacity. However, the main inconvenience of cellulose is that it cannot be used in its natural
form like other biopolymers due to the abundance of hydroxyl groups; however, thanks to
those groups, as well as other hydrophilic functional groups, namely carboxyl and aldehyde
groups, it can be functionalized through several chemical reactions to form cellulose-based
hydrogels [118-120]. Hu et al. (2022) developed an aminocelullose-dialdehyde xylan
composite hydrogel with silver (Ag), synthesized via green method by Schiff-base reaction
cross-linking, followed by an immersion step in silver nitrate solution, which exhibited
excellent antibacterial properties against E. coli and promising wound healing perfor-
mance [121]. On the other hand, Huang et al. (2022) developed a photo-cross-linked
hydrogel from HA methacrylate and CMC methacrylate. The HA /CMC hydrogel had
good biodegradability, biocompatibility (>80% cell viability for 3T3 fibroblasts in vitro
cultured for 24 h) and mechanical properties. In vivo experiments demonstrated that these
hydrogels can act properly as dural substitutes to repair dural defects in rabbits [126].

To sum up, polysaccharides are very good candidates for hydrogel production as they
own several interesting features such as availability, abundance and low cost obtention,
as well as excellent versatility and biological properties. However, polysaccharide-based
hydrogels still present some improvable characteristics, such as the lack of antimicrobial
activity and insufficient mechanical properties for hard-tissue engineering, among other
applications [196]. Therefore, further research should be carried out in order to implement
green synthesis procedures with nontoxic solvents not to harm the biological properties of
the resulting hydrogels and exploring new functionalization, combination and cross-linking
approaches seem mandatory to improve their properties and make them more suitable for
biomedical applications including drug delivery, smart hydrogels, injectable hydrogels,
tissue engineering and wound healing.

After considering all the characteristics and possibilities of the indicated synthetic and
natural polymers, it is remarkable that there has been a significant advance in hydrogel
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engineering in the past two decades [197]. However, new challenges and applications have
arisen and modern hydrogel investigation needs to search for possible solutions to adapt
all the progress achieved to the new challenges [198]. Among all these possibilities, the
hybridization of both natural and synthetic polymers to form hydrogels is the most common
procedure, as it combines the advantages of each polymer type, offsetting drawbacks of
single polymer-based hydrogels and providing suitable biological activity as well as better
mechanical and biological properties [1].

3. Synthesis of Hydrogels

As we commented in the Introduction, there are different methods to obtain hydrogels.
A hydrogel is generally obtained by synthesis through the hydrolysis and condensation of
the chosen precursors, causing the creation of a solid nanostructured network [199]. In this
sense, for the synthesis of the hydrogel, most of the studies focus primarily on physical
and chemical cross-linking methods (Figure 3), and the current challenges by means of
synthesis procedures are oriented to obtain structures with higher cross-linking density for
specific applications such as limbal stem cells [200] or hard-tissue engineering [201] and
the use of green alternative procedures, solvents and cross-linking agents to assess efficient
hydrogel synthesis without impairing biological properties such as biocompatibility and
cytotoxicity [202-204].
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Figure 3. Schematic overview of the different physical and chemical cross-linking methods of
synthesis of hydrogels.

3.1. Physical Cross-Linked Hydrogels

When the liquid phase changes to a gel due to an environmental change (pH, temper-
ature, mixing of two components or ionic concentration) the hydrogels formed are known
as physical hydrogels [205]. Their main interest lies in the absence of cross-linking agents
in the synthesis. Figure 4 shows schematically the formation of physically cross-linked
networks, specifying the interaction that constitutes the mentioned structures for each of
the four types of cross-links that generate physical hydrogels, as depicted in Figure 3 [206].

Hydrogen bonding. This cross-linking method is based on the formation of hydrogen
bonds between the polymeric chains to form a nanostructured network [207]. However,
Jing et al. (2022) showed that this type of bond has a strong dependence on the pH of
the gel. In their study, they obtained pH-responsive alginate/chitosan hydrogels whose
properties may be tuned depending on the pH of the solution [208].

Amphiphilic grafts and block polymers. This group is formed by molecules with the
ability to self-assemble in aqueous solutions to form hydrogels and polymeric micelles, in
which the hydrophobic part of the polymer is concentrated. Interestingly, block polymer-
based hydrogels can also be formed via crystallization, as is shown by Castillo and Miiller
(2009) in their study about the use of crystallization to produce a block copolymer material



Polymers 2022, 14, 3023

13 of 30

with good hydrophilicity and suitable mechanical and physical properties to be used as
potential biomaterials [209].
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Figure 4. Formation of physically cross-linked hydrogels by (A) hydrogen bonding, (B) amphiphilic
grafts and block polymers, (C) ionic interactions and (D) protein interactions.

Ionic interactions. Hydrogel formation is favored by the presence of ions to form
the internal network [210]. This method is normally carried out at room temperature and
physiological pH. The resulting hydrogels are nontoxic, do not cause skin irritation, are
easily extensible and have adequate adhesion strength to be applied as a polymeric film on
the skin [211].

Protein interactions. This cross-linking method is based on the use of genetically
modified proteins or through antigen—antibody interactions. The former is produced by
modifying the peptide sequence, enabling the control of the hydrogels” physicochemical
properties. On the other hand, the addition of a free antigen as a cross-linking agent
generates a slight swelling of the hydrogel due to the replacement of the antigen bound
to the polymer, generating the release of antibodies together with a decrease in the cross-
linking density [212].

3.2. Chemical Cross-Linked Hydrogels

Chemical cross-linking is an irreversible process, where covalent bonds can be induced
by the methods described below [15]. This type of hydrogel is of special interest thanks to
their good mechanical resistance after cross-linking. For these hydrogels, there are mainly
five ways to promote chemical cross-linking (Figure 3), whose specific interactions and
conditions for the formation of the cross-linked structures are represented in Figure 5 [206].
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Figure 5. Formation of chemically cross-linked hydrogels by (A) enzymatic reactions, (B) chemical
reaction promoted by a cross-linking agent, (C) high-energy radiation, (D) free-radical polymerization
and (E) click reactions.

Enzymatic reactions. Enzymatic cross-linking requires the use of enzymes as reactants in
order to reduce the potential toxicity of the chemical reagents traditionally used [213]. For this
reason, there is a controversy, since some authors have considered enzymatic cross-linking as a
third cross-linking method, whereas other researchers include it as a specific type of chemical
cross-linking. This type of cross-linking is generally carried out with biopolymers. Therefore,
the formation of hydrogels can be favored by the presence of enzymes that act as additives to
generate new bonds between the polymer chains [214]. In this line, transglutaminase is the
most used enzyme to carry out this type of cross-linking [215].

Reaction of complementary chemical groups. These hydrogels are formed by the use
of agents that generate secondary reactions to promote cross-linking of the hydrogel. This
group includes aldehydes and those additives that promote condensation reactions [216].

High energy radiation. This cross-linking method is promoted by the use of gamma
radiation or an electron beam. Recent studies have combined this cross-linking method with
enzymes to produce a chemical gelling of hydrogels obtained with macromolecules [217].

Free-radical polymerization. The manufacture of hydrogels following this route
requires the use of synthetic, semi-synthetic or natural hydrophilic polymers [218]. It is also
necessary to use enzymes as catalysts to favor the reaction [219] or, most commonly, free
radical initiators, which are compounds that can generate free radicals by different stimuli.
Temperature, UV irradiation, oxidation, microwave irradiation and gamma radiation have
been used to induce radical generation [220].

Click reactions. This term describes a type of rapid, spontaneous, versatile and
extremely selective reactions that do not lead to the formation of secondary products and
result in high yields of heteroatom-linked molecular systems with high efficiency in a wide
variety of mild reaction conditions [221]. The “click chemistry” approach allows a wide
variety of synthetic strategies to accomplish the cross-linking and chemical functionalization
of hydrogels with tailored properties. Several well-known reactions, which can be classified
into three groups, comply with the “click chemistry” approach for hydrogel manufacture.
These three groups include: (1) copper-free click reactions, such as Diels-Alder (DA),
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strain-promoted azide-alkyne cycloaddition (SPAAC), oxime-forming reactions and radical
mediated thiol-ene; (2) copper-catalyzed azide-alkyne cycloaddition (Cu-AAC), and (3)
pseudo click reactions, which include aldehyde-hydrazide reactions (Schiff-base reactions)
and thiol-Michael addition [176].

In this section, different synthesis procedures have been discussed for hydrogel man-
ufacturing, leading to mainly two types of cross-linked structures, namely physical and
chemical cross-linking. The main difference between these two cross-linking approaches is
the formation or not of covalent bonds, respectively, in the resulting structure [222]. Thus,
physically cross-linked hydrogels have some advantages, such as remarkable versatility
and the absence of chemical compounds to attain the desired cross-linked structure, which
commonly harms fundamental properties such as biocompatibility or causes toxicity prob-
lems once implanted within the body [205]. Nevertheless, as described previously, the
main drawback of these methods is the reversible demeanor that they present and the
strong dependence on environmental parameters such as pH or temperature, which leads
to unstable properties. This is the main challenge for the physically cross-linked hydrogel,
though they still represent a very interesting strategy to reinforce hydrogels’ structure [21].

On the other hand, chemical cross-linking methods stand out for the better stability
and mechanical properties of the synthesized hydrogels, rather than physically cross-linked
ones, due to the formation of covalent bonds. However, most of the compounds used to
induce secondary reactions or to form free radicals, as well as common reagents for some
click reactions are presumably toxic and negatively affect biological properties and induce
cytotoxicity issues [223]. Therefore, the main challenge of these procedures would be to
move towards the implementation of the abovementioned green alternative compounds
to induce complementary group reactions or free radical initiators that do not harm the
biological properties of the resulting systems [224,225]. In addition, further research to
obtain specific enzymes would be another interesting approach to attain chemically cross-
linked structures avoiding the use of toxic compounds [226,227].

The combination of cross-linking procedures and materials is apparently the best
solution to obtain adequate hydrogel systems for biomedical applications [228]. Not only
combining polymers, but also including other materials and further cross-linking stages
could be beneficial in order to obtain suitable hydrogels for more specific and demanding
biomedical applications. This statement will be discussed in the following section.

4. Hybrid Hydrogel Composites

To obtain desirable performances for biomedical applications, one of the most in-
vestigated approaches is the development of multicomponent composite hydrogels to
gain distinct properties and functionalities [229]. Composite hydrogels result from the
combination of different types of inorganic, organic and polymeric materials to achieve the
synergistic effect of those materials for specific applications [25]. A wide number of inor-
ganic and organic compounds, such as metallic or metal oxide nanoparticles, carbon-based,
ceramic and polymeric materials, have been combined within hydrogel networks to attain
a composite with tailored functionalities [229].

Composite hydrogels that include metal nanoparticles (NPs) and metal oxides are one
of the most studied trends for the development of biomaterials, since these materials have
beneficial properties, such as their ability to respond to physical stimuli (electrical, magnetic
and light) and good antimicrobial activity [230]. Metallic nanoparticles mainly include
noble metals such as silver (Ag) [231], gold (Au) [232] and platinum (Pt) [233], whereas
metal oxide nanoparticles include titania (TiO,) [234], iron oxide (Fe304, Fep,O3) [235],
zirconia (ZrO;,) [236], alumina (Al,O3) [237] and zinc oxide (ZnO) [238]. The incorpora-
tion of noble metal NPs has indeed added advantageous functionality to hydrogels for
biomedical applications. However, there are still several challenges that this technology
must overcome, such as concerns about the cytotoxic effect of the metal NPs, because
the mechanism has yet not been completely understood and the interaction of NPs with
cells remains controversial. In addition, NP-hydrogel composites also present a critical
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challenge as massive uncontrolled release of NPs from the scaffold could take place once
implanted in the body, causing undesired toxicity or other adverse effects, not only directly
on implanted cells, but also translocated to other organs [239].

On the other hand, metal oxide NP hydrogel composites have been developed for their
ferromagnetic and semiconducting properties. These types of hydrogels own the capacity
to stimulate under a magnetic field and thus respond, suggesting that further research
could lead to devices exhibiting human-like actuation for drug delivery and microfluidic
valve control, though this investigation path still demands further research [240].

Composite hydrogels with ceramic materials are usually based on the incorporation
of ceramic nanoparticles and nanotubes within hydrogel networks, designed especially for
bone TE. These fillers can improve mechanical and biological characteristics of hydrogels.
The main challenge when designing these nanocomposite hydrogels is the need to integrate
the ceramic nanoparticles within the structure in order to achieve a multi-components
network, as two-components systems are not able to incorporate multiple functionalities.
Besides, further research on understanding the interactions between polymeric chains
and nanoparticles at different length scales is imperative [241]. Among inorganic ceramic
compounds, hydroxyapatite (Cayo(PO4)s(OH),, HAp) is the most studied as it constitutes
the largest portion of inorganic components in human bones and is typically used as a
bone substitute. HAp can improve the percentage of local Ca?*, which can increase the
proliferation of osteoblasts and promote the growth and differentiation of mesenchymal
stem cells [242-244]. Hofmann et al. (2022) processed a new composite 2-hydroxyethyl
methacrylate (HEMA)/ gelatin/poly(3-amino ester) (PBAE) 3D scaffold with incorporated
nHAp. This combination resulted in superior mechanical and functional properties, due to
synergetic effects that also enhanced the interactions with biological species [242]. Regard-
ing the addition of ceramic nanotubes, there is a recent trend of incorporating naturally
occurring hollow nanotubes as a reinforcing agent in polymer composites, significantly
improving mechanical properties such as stiffness and flexibility while maintaining good
cytocompatibility and cell adhesion [245,246]. Among them, halloysite nanotubes (HNTs)
are the most commonly reported ceramic nanotubes for this purpose, along with carbon
nanotubes (CNTs), but these ones will be commented on later. The main reason is that
HNTs are composed of hydrous aluminosilicate with a native tubular structure that can
be easily obtained from natural resources. Along with its biocompatibility with human
body, HNTs has been proposed as an interesting, valuable and low-cost alternative for
bone tissue engineering applications [245,247]. Huang et al. (2019) reported the successful
incorporation of HNTs into a GelMA hydrogel by photopolymerization process and that
HNTs addition increased the mechanical performance and the capability to support cell
adhesion and proliferation of human dental pulp stem cells [246]. In addition, another
advantage of HNTs is the possibility of functionalization to further improve their perfor-
mance as biomaterials, as reported by Naumenko et al. (2021), who modified HNTs with
forskolin, a unique structurally complex labdane-type triterpenoid obtained from the plant
Coleus forskohlii, belonging to the group of so-called small molecules, to obtain a new
osteoconductive smart polymeric scaffold with improved osteodifferentiation [248].

Another type of hydrogel composite with ceramic material is the introduction of bioactive
ceramic fillers or bioactive glasses into the structure of hydrogels. Dos Santos et al. (2021)
studied the incorporation of HA into a CTS-biosilicate composite, increasing its water content
capacity and cell cytocompatibility, with potential for dermal wound healing application [249].

Other materials that are of great interest in biomedical applications are those based
on carbon (carbon-based nanomaterials, CBNs). Their interest comes from their unique
physical and chemical properties, including structural, mechanical, electrical, optical and
thermal properties. These special properties have allowed the development of new possible
applications, as these carbon-based materials are combined with hydrogels to develop
smart hydrogel systems, such as multifunctional photo-responsive hydrogels, though due
to the novelty of these technologies, it is still necessary to carry out more studies to de-
termine the toxicity of these systems to surrounding tissues, controlling biodegradation
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and research for a deep understanding of their photothermal mechanisms and proper-
ties [250]. Therefore, CBNs, such as graphene oxide (GO), CNTs and graphene quantum
dots (GQDs) have been extensively studied in biomedical applications [251,252]. Guilbaud
et al. (2022) studied hydrogels based on short homopeptides (Boc-a-diphenylalanine and
Boc-a-dityrosine) containing light-responsive nanomaterials (CNTs and GO), which offered
interesting results for the development of promising systems for controlled on-demand
drug release applications [253]. Park et al. (2022) investigated the design and manufac-
ture of three types of hybrid poly(NIPAAm-co-BBVIm) (pNIBBIm) and CTS hydrogels
with incorporated CNTs for smart drug delivery systems, with remarkable thermal and
electrical responsive properties that enabled the development of an excellent controllable
and switchable drug delivery platform for biomedical approaches [254]. Kim et al. (2021)
synthesized chemically flexible and mechanically tough PAA hydrogels using GQDs as a
photo-initiator and confirmed that the unique photochemical properties of GQDs triggered
the efficient cross-linking process of acrylamide monomers, enhancing their mechanical
resistance and swelling behavior [255]. Finally, Mamidi et al. synthesized carbon nano-
onions to reinforce ultra-high molecular weight polyethylene (UHMWPE) [256] and gelatin
hydrogels [257,258].

Among composite hydrogels based on polymers, the incorporation of interpenetrating
secondary networks with the aim to improve the properties of polymeric and biopolymeric
hydrogels has posed a revolution in polymer and hydrogel science and, thus, the main
research line in this field. Interpenetrating polymer networks (IPN) are the combination of
independent, yet interdigitating polymer networks at the molecular level [259]. According
to the preparation parameters, IPN hydrogels can be classified as: (i) simultaneous IPN,
when the precursors of both networks are mixed, resulting in the formation of the two
networks at the same time, or (ii) sequential IPN, typically performed by swelling a single-
network hydrogel into a solution containing the mixture of monomer, initiator and activator,
with or without cross-linking agent. With respect to their structures, IPN hydrogels can
be classified as: (i) IPNs or full-IPNs, which are polymer matrices composed of two cross-
linked networks interconnected on a molecular scale, or (ii) semi-IPNs, which are matrices
consisting of only one cross-linked network, in which the linear or branched polymer
penetrates the network [260].

The main difference between IPN hydrogels and conventional composite hydrogels is
that networks conforming an IPN system cannot be separated without cleaving crosslinks.
IPN hydrogels may be preferred over polymer blends due to their improved mechanical
strength, controlled swelling behavior and efficient drug loading capacity [259,261]. One of
the most used biopolymers for IPN formation is CTS, as reported by Dragan et al. (2020) [262],
although there have been a large number of research papers based on IPN hydrogels synthe-
sized with different synthetic and natural polymers, such as COL [263-265], GEL [266-268],
alginate [267,269,270], polyurethane [264,265,270], PVA [268,271], PEG [272,273] and poly
(aspartic acid) [274], among other candidate polymers. In this sense, there is a wide range
of possibilities by means of materials and synthesis procedures that can be used for IPNs
formation, owing to their outstanding physicochemical properties. Nevertheless, more
research has to be accomplished in order to understand properly the sorption and transport
mechanisms and more in vivo studies should be carried out to assess IPN’s biological
properties and implement them for biomedical application. In fact, IPN systems present
remarkable properties for drug delivery systems [275].

In conclusion, the incorporation of different materials within the structure of hydrogels
opened the path for new research lines for the development of different hydrogel appli-
cations due to the introduction of new properties such as thermal, electric and magnetic
response capacities, as well as significantly improving some well-known properties such as
antibacterial activity when metal NPs were incorporated, or mechanical properties in the
case of metal oxide and ceramic NPs or when another polymeric network was introduced
during IPN formation. These novel capacities of hydrogels will lead to future investiga-
tions of the extension of the range of applications, as well as improving their performance
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for other popular biomedical lines such as tissue engineering, wound healing and drug
delivery. Nevertheless, in this section, several challenges have been discussed for each
composite system, indicating that there is still much more investigation work to carry out
in order to attain large-scale commercial application of these novel technologies.

5. Applications of Hydrogels and Future Perspectives

The research field of hydrogels is evolving and gaining recognition over the years.
Figure 6 shows the evolution of the number of publications concerning hydrogels since
2002. As can be observed, the evolution follows an exponential trend, especially from 2018.
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Figure 6. Evolution of the number of publications related to hydrogels. Data obtained from Scopus.

This growing evolution is based on the versatility of hydrogels, which lies in the fact
that their properties and, therefore, their possible applications can be modified depending
on the type of cross-linking (physical or chemical), nature of the polymer, cross-linking
agent, combination with other materials, and size of the system (hydrogels, microgels,
nanogels, etc.), among other characteristics. For instance, their structure (high content in
water), degradation and release capacity make them suitable candidates as water reservoirs
in agriculture or horticulture for those areas where there is a shortage of water for crop
irrigation [276]. However, their main physical and biopharmaceutical characteristics such
as swelling, mucoadhesiveness and the particularities of the release of the drugs housed
inside them make them potential candidates in numerous biomedical applications, such as
systems for wound dressing, the controlled release of drugs, TE, contact lenses and hygiene
products [277,278].

Currently, there are many different approaches to the manufacture and design of
hydrogel systems for diverse applications, in addition to those previously mentioned,
whose main purpose is to enhance hydrogels’ properties for better performance. As was
previously discussed, due to the poor mechanical properties of traditional hydrogels, as well
as their low stability and inability to completely replicate important aspects of the cellular
microenvironment, they cannot be easily applied in biomedicine. As was mentioned in the
previous section, the incorporation of IPN has raised as an excellent solution to overcome
these limitations [259]. Nevertheless, there are other composite approaches that can meet
these requirements. For example, the incorporation of bioactive glasses to form composite
hydrogels has been highly studied due to the bioactivity, biocompatibility and osteogenic
effects that could be conferred to these materials [229].

Other perspectives focus on the research of several new material sources [158] or
novel applications. In this sense, bioprinting has experienced great development in recent
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years [279]. In this field, hydrogels are widely used as bioinks to manufacture scaffolds
for the regeneration of complex tissue structures [280]. In this way, the properties of
hydrogels (such as their porosity and viscosity) make them the ideal material for this type
of applications, since they allow housing cells and they can flow and give rise to the specific
previously designed scaffold. Nevertheless, there are still several limitations that must be
taken into account, especially for bioinks, which should own unique properties such as
structural stability, cell growth promotion and a degradation rate consistent with tissue
regeneration and they must be incorporated with cells. In addition, they should also be
compatible with printers for rapid prototyping with high precision. Currently, bioinks have
been limited in their ability to meet all of these needs, and a desirable bioink has yet to
be identified. Moreover, other challenges of this field are the management of the sterile
surgical field and time during the bioprinting process of the constructs as it may take longer
to develop 3D constructs than cells” survival time and it is difficult to maintain sterility
during the operative process, as well as other limitations, including in vivo performance
within the body and ethical issues that must be overcome [281,282].

The development of the so-called smart hydrogels as functional materials has been
a revolution in this field of study, concerning responsive materials known as stimuli-
responsive hydrogels. In response to external stimuli, these smart hydrogels can undergo
structural and volume phase transitions, providing enormous potential for multidimen-
sional technological applications. Generally, smart hydrogels consist of absorbent to su-
perabsorbent materials that can react to any subtle environmental changes such as pH,
temperature, electric field, ionic strength, chemical species and biological condition [25].
Even though smart hydrogels are a promising guideline to develop novel technologies,
there is still much more work that must be carried out, especially for in vivo functional
studies, which are only dedicated to animals. From a future perspective, there is another
issue that these technologies must overcome, as contemporary hydrogels are mainly de-
signed for a single purpose, but in practical biomedical applications, more work needs to
be done [185,283].

In addition, hydrogels have proved to be a novel tool for developing the biomimetic
lure-and-kill approach for pest management, as they can satisfy multiple needs simultane-
ously. Some attractive issues of this approach are the potential for applicability to several
pest species, along with its cost-competitiveness. Moreover, it is already technically feasible,
since all the technologies necessary to design and synthesize materials with these specific
properties are already available on the market. Nevertheless, this novel application is still
in its infancy and needs thorough research, as developing a new pest control approach
requires a multidisciplinary process and strong interaction among different research areas.
In fact, one of the possible limitations could be finding specific behavioral patterns in
insects and quantifying their driver parameters, as well as designing the hydrogel with
adequate properties for each case [284].

6. Conclusions

In this review article, authors have intended to contextualize the state-of-art of hy-
drogel science for biomedical applications. As a concluding remark, there has been an
enormous development in hydrogel engineering in the past few years, as thorough research
work has been done to discover new materials with interesting properties for hydrogel
fabrication and combinations with other more well-known ones to improve hydrogels
properties. New strategies have been developed by means of synthesis and cross-linking
procedures and the incorporation of different materials such as metallic and non-metallic
NPs or secondary interpenetrated polymeric networks to implement novel functionalities
and substantially improve physicochemical and biological properties. Due to these new
approaches, new applications have arisen. However, there are still too many challenges
that hydrogels must overcome in all disciplines, as discussed throughout this review, which
can be summarized in two main issues, regardless of the application that they would
be designed for, namely the need for more in vivo investigation to know how the new
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approaches and devices interact with animals and, subsequently, in human bodies once
implanted, as well as the need to develop novel efficient and environmentally friendly meth-
ods toward synthesizing hydrogels, avoiding the use of toxic solvents and cross-linking
agents that would harm biocompatibility and other biological properties.
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