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Abstract: Hydrogels are a promising and attractive option as polymeric gel networks, which have
immensely fascinated researchers across the globe because of their outstanding characteristics such as
elevated swellability, the permeability of oxygen at a high rate, good biocompatibility, easy loading,
and drug release. Hydrogels have been extensively used for several purposes in the biomedical sector
using versatile polymers of synthetic and natural origin. This review focuses on functional polymeric
materials for the fabrication of hydrogels, evaluation of different parameters of biocompatibility and
stability, and their application as carriers for drugs delivery, tissue engineering and other therapeutic
purposes. The outcome of various studies on the use of hydrogels in different segments and how
they have been appropriately altered in numerous ways to attain the desired targeted delivery of
therapeutic agents is summarized. Patents and clinical trials conducted on hydrogel-based products,
along with scale-up translation, are also mentioned in detail. Finally, the potential of the hydrogel
in the biomedical sector is discussed, along with its further possibilities for improvement for the
development of sophisticated smart hydrogels with pivotal biomedical functions.

Keywords: hydrogels; drug delivery; therapeutic interventions; clinical trials; translation; biomedical
perspectives; contact lenses; wound management; tissue engineering

1. Introduction

Over the previous decades, researchers across the globe have focused on formulating
advanced systems of drug delivery that can optimize conventional medicinal agents in
terms of clinical safety, efficacy, and easier administration. Delivery systems that provide
drug release in a controlled manner have major advantages over traditional dosage types,
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such as reduced side effects and dosing frequency, along with increased patient compli-
ance [1]. Substantial improvements have been carried out for the development of successful
systems of drug delivery that are ideal to accomplish a desired pharmacokinetic profile [2].
Hydrogels are three-dimensional (3D) water-swollen crosslinked hydrophilic networks
with water retaining capacity, which can withstand dissolving in water or other biological
fluids [3–5]. Hydrogels have a high-water content that helps them in mimicking the natural
tissue environment. The water absorption in hydrogels is activated by functional groups
of a hydrophilic nature such as hydroxyl, amino, and carboxyl groups in the backbone
of polymer chains [6–8]. The interaction of naturally occurring polymers and synthetic
polymers delivers hydrophilic and biodegradable chemically constructed gels with more
adequate mechanical strength than physically synthesized counterparts [9,10]. Various
synthetic and natural polymers involved in the hydrogel formation include poly-(vinyl
alcohol), poly-(2-hydroxyethyl methacrylate) (HEMA), poly-(N-isopropyl-2-crylamide),
chitosan, hyaluronic acid, gelatin, and sodium alginate [11,12]. Synthetic polymers are
those materials that are the outcome of a laboratory process, whereas natural polymers
are derived from natural sources. Hydrogel has the capacity to absorb water in a large
amount and convert it into a completely swollen state. Its absorption is almost (10 to 20)
times its dry weight, therefore they are also called super absorbent hydrogels [13]. The
first documented crosslinked HEMA hydrogel was formulated by Wichterle and Lim in
1960 [14]. Hydrogel synthesis is possible in numerous physical forms such as nanoparticles,
films, microparticles, coating, and slabs [15,16]. The smooth and flexible characteristics
of hydrogels have the advantage of minimizing inflammation in nearby tissues [17]. The
porous network structure is a prerequisite for drug loading and release of bioactive agents.
Various factors such as hydrogel attraction to the aqueous conditions under which they
have become swollen and crosslinking agent density in the gel matrix control the porosity
of the structure. Furthermore, the porous hydrogel structure enables efficient bioactive
agent loading in the gel matrix and the drug release at a controlled rate, depending on the
diffusion coefficient of minuscule or big molecules [14].

The classification of hydrogel network structures on the basis of pore size includes
macroporous, nonporous, and microporous [18]. Macroporous hydrogels have a large
pore size in the range of 0.1 to 1 µm, and the drug release from these hydrogels occurs
via a diffusion coefficient mechanism. Nonporous hydrogels possess macromolecular
characteristics with a size range of 10–100 Å, similar to mesh-like constructs produced as a
result of monomer or polymer chain crosslinking and drug release via a diffusion coefficient
mechanism [19–21]. In the case of the microporous hydrogel, the size of pores normally
-scales between 100–1000 Å, and drug release from microporous hydrogels occurs via
convection and diffusion [14,22]. The crosslinking in hydrogels is of two types comprising
physical and chemical crosslinking. Numerous methods involved in physical crosslinking
of hydrogels are crystallization [23], hydrogen bonding [24,25], host–guest interaction [26],
hydrophobic interaction [27,28] and ionic interaction [29–31]. On the other hand, hydrogel
formulations that are chemically crosslinked have covalent or ionic bonds among the
polymer chains [32,33], and their preparation occurs by techniques such as polymerization
through irradiation, [34–36], copolymerization [37,38], click chemistry, dynamic covalent
chemistry and enzymatic crosslinking [39,40].

The biocompatibility of hydrogels has been proved from use in various areas such as
an exogenic barrier in the peritoneum and as contact lenses [41–43]. Hydrogels provide
massive social and economic benefits and reveal significant potential in the biomaterial
sphere of research, application and production [44,45]. Due to the swelling properties
of the hydrogel, its washing is easy for eliminating unreacted content or uncrosslinked
polymers [46]. Synthetic hydrogels have progressed throughout the previous twenty
years in their higher strength, extended service life, and more water imbibing ability [47].
Synthetically synthesized polymers generally possess well-defined structures that can be
adjusted to produce customized functionality and degradability [48,49]. Hydrogels can
be prepared from both synthetic and natural polymers; however, sometimes hydrogels
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can be synthesized by using synthetic polymers because they demonstrate stability under
conditions of sharp and heavy temperature variations [13]. This manuscript discusses the
hydrogel as a drug delivery system with its preparation methods and various polymers for
fabrication aspects. Evaluation parameters are also described in addition to its drug delivery
approaches for several disorders. Patents, clinical trial data, and scale-up considerations
for translation on hydrogel are also stated in the current manuscript, along with potential
applications in the biomedical sector.

2. Preparation Methodology

Hydrogels are three-dimensional water-swollen crosslinked hydrophilic networks
with water retaining capacity and which withstand dissolving in water or other biological
fluids [50] (Figure 1). Hydrogel crosslinking techniques can be divided into methods of
physical and chemical crosslinking. The types of crosslinkages will determine the hydrogel
characteristics physicochemically. Various methods for the preparation of hydrogels are
discussed in the subsequent section.
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Figure 1. Hydrogel structural chemistry [50].

2.1. Physical Crosslinking

This method involves crosslinking via physical interactions, for instance crystalliza-
tion, ionic interaction, hydrophobic interaction, or hydrogen bonding (Figure 2). These
techniques are achieved by freeze-thaw, cooling or heating of polymer solutions, selection
of cationic and anionic polymers and pH reduction [51]. The benefits associated with
crosslinking by physical means are that no supplementary chemical crosslinkers are needed
for hydrogel fabrication, thereby avoiding the toxicity caused by additional crosslinkers.
The semipermanent crosslinked points will help in stabilizing the 3D network and pre-
vent the hydrogel from dissolving. For the hydrogel formation by physical crosslinking,
numerous techniques have been explored.
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2.1.1. Hydrogen Bonding among Chains

Hydrogen bonding is a weak interaction that performs a vital role in the hydrogel
preparation. In reaction to pH, solvent, or temperature change, the complex degradation
and restoration of hydrogen bonds take place. The protonation of carboxylic acid groups
is the reason behind the formation of hydrogen bonds [50]. Zhao et al. formulated a
poly (N-vinylpyrrolidone)/gallic acid (PVP/GA) self-healable composite hydrogel using
hydrogen bonding. The designed hydrogel depicted outstanding self-healing action and
can be employed in body movement monitoring equipment and wearable biosensors [52].

2.1.2. Ionic Interaction

The ionic interaction is a technique for hydrogel formation in which crosslinking in
polymers can be carried out through the addition of di- or tri-valent counter ions. This
approach is based on the theory of gelling of a polyelectrolyte solution with multivalent
opposite charge ions [53]. A chitosan derivative-based hydrogel designed using ionic
interactions was investigated by Yuan et al. These hydrogels were fabricated in a 2-
hydroxypropyltrimethyl ammonium chloride chitosan (HACC) solution through acrylic
acid (AAc) polymerization. The PAAc/HACC hydrogels demonstrated higher mechanical
strength and a stronger capacity for self-healing due to the dynamic ionic interaction [54].

2.1.3. Crystallization

Crystallization is another technique of physical crosslinking that is carried out using
the freeze–thaw method; for instance, poly (vinyl alcohol) (PVA) hydrogels are fabricated
by this method. The gel of mechanically lower strength is formed after storing aqueous
PVA solutions at room temperature. Interestingly, the formation of solid elastic gel occurs
when aqueous solutions of PVA go through a freezing–thawing cycle. The molecular
weight and concentration of PVA, number of freezing cycles, temperature, and duration
are the factors affecting the properties of the gel [55]. The composite hydrogel of curdlan
(CD)/polyvinyl alcohol (PVA) was designed using a freeze–thaw process described by Ding
et al. The composite hydrogel, though being remarkably ductile, had greater mechanical
strength, and good cytocompatibility. As a scaffold, established porous biohydrogels could
provide an optimal cell growth environment and can also be employed further in soft tissue
engineering applications [56].
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2.1.4. Hydrophobic Interactions

Self-assembly of amphiphilic nature polymers into gel occurs in the aqueous solu-
tion through hydrophobic interactions, as a result of discordancy of hydrophobic and
hydrophilic moieties thermodynamically. Hydrophobic interactions employed for hydro-
gel fabrication act mainly via two approaches. Firstly, micelles are utilized as a crosslinker
and then micelles are loaded with drugs of hydrophobic nature while serving as crosslink-
ing points [57]. A hydrophobically modified gelatin (HMG) hydrogel was fabricated
with dissolving HMG into dimethyl sulfoxide by Takei et al. HMG hydrogel loaded with
basic fibroblast growth factor stimulated neovascularization. Results revealed that as
a carrier, the HMG hydrogel has considerable potential for drugs of hydrophobic and
hydrophilic nature [58]. Jiang et al. prepared thermogel for melanoma using poly [(R)-3-
hydroxybutyrate-(R)-3-hydroxyhexanoate] (PHBHx) functionalized with poly (ethylene gly-
col) and polypropylene glycol (PPG) oligomers to form PHBHx incorporated polyurethanes
(PHxEP) loaded with docetaxel (DTX). DTX-incorporated thermogel exhibited an improved
anti-melanoma effect. The findings suggested that the designed thermogel could be a
promising carrier for long-term anticancer medication delivery [59].

2.1.5. Crosslinking via Host-Guest Interactions

The host–guest interaction is a vital crosslinking technique for hydrogel production
amid the numerous noncovalent interactions. Host–guest inclusion can be facilitated using
numerous noncovalent interactions, such as hydrophobic interactions, hydrogen bonding,
van der Waals, and electrostatics [60,61]. Moreover, interactions between the host and the
guest can be reversed, with only one host and one guest. Polymers can be incorporated
in a simple and reversible fashion via host–guest inclusion, facilitating the formation of
hydrogels. Typically, a molecule having a larger cavity volume is called host, for instance,
calixarenes (Cas), cyclodextrins (CDs), and crown ethers cucurbiturils (CBs). On the other
hand, guests possessing complementary shapes can interact with the hosts [62,63]. In
solutions of aqueous nature, interactions of host-guest are usually mediated through guest
molecules of hydrophobic nature encapsulated in hydrophobic cavities. Among numerous
host molecules, CDs are common due to their hydrophilic surface on the outside and
hydrophobic cavity on the inside. For instance, PEG can help to form host–guest complexes
with cyclodextrin, and it can also crosslink to form bigger aggregates or threads between a
sequence of CD molecules [64].

It has been concluded that physically crosslinked hydrogels due to various advan-
tages such as their safe and non-toxic ature are widely used in drug delivery and tissue
engineering applications. However, properly addressing some issues, such as weaker bond
formation and lower degrees of crosslinking, will help in designing advanced hydrogels
with better efficiency.

2.2. Chemical Crosslinking

This type of crosslinking causes the formation of covalent bonds between polymer
chains, which produces a permanent hydrogel network. Chemical crosslinking is prevalent
because it can deliver better mechanical strength hydrogels [65]. Techniques mentioned in
the following segment explain the synthesis of hydrogels via chemical crosslinking.

2.2.1. Click Chemistry Reaction

This is a bio-conjugation type reaction in which substrates react with specific biomolecules;
hence, they denote stereo-specificity of the hydrogel formation reactions. In many ap-
plications, click reactions join a biomolecule and a reporter molecule to form a product
as a hydrogel. The click chemistry reaction is a Diels alder-type cycloaddition reaction,
which involves the reactions between the electron-rich dienes and dienophiles. Nowadays,
different types of dienes and dienophiles with furan rings are used to provide a range
of hydrogel formations. These types of reactions have advantages of providing products
without the undesired side product formation [66].
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2.2.2. Schiff Base Approaches

The Schiff base is the imine linkage intermediates formed from the reactions between
aldehydes and amino groups. The Schiff bases are utilized in the hydrogel formation
through the uncoupling and recoupling imine linkages, resulting in advantageous self-
healing property. The polymeric hydrogel formed by the self-crosslinking reaction between
alginate dialdehyde groups (ADA) and the acrylamide-modified chitin amino groups
(AMC) depicts that the self-healing property depends on the concentration of the substrate
molar ratios and the neighboring pH [67]. The novel injectable hydrogel is formed by the
Schiff bases reactions between an aldehyde and hydrazine functional moieties, for example,
hyaluronic acid (HA-CHO) as aldehyde and hydrazide-modified poly (γ-glutamic acid) (γ-
PGA-ADH). These types of hydrogels have advantages of mechanical and biocompatibility
properties [68].

2.2.3. Oxime Crosslink Method

The oxime is formed through a chemical reaction with an aminooxy type group, such
as hydroxylamine functional groups, with different types of aldehyde or ketone moieties.
This reaction is chemoselective, reacts selectively, and can be performed in the presence
of various functional groups of substrates. This oxime bond formed shows enhanced
hydrolytic stability and is more stable than the hydrazine bonds [69]. There are reports that
the self-healing property of the oxime-functional hydrogels shows changeable gel-to-sol
transition through the oxime functional group interchanged with other groups, and the
reaction requires acidic conditions. The synthesis of oxime hydrogel is performed between
the keto-functional P (DMA-stat-AA) and difunctional alkoxyamines with the property of
reversible gel-to-sol transition polymer solutions [70].

2.2.4. Michael Type Addition Reaction

Michael addition is a reaction involving nucleophiles (which act as a donor) and
activated electrophiles such as olefins or alkynes (which act as an acceptor), which form
new carbon-carbon bonds. In the hydrogel formation, the Michael addition type reaction
is performed between the thiol functional group-containing polymers and activated α,β-
unsaturated carbonyl polymers in the basic medium. The chitosan-based hydrogel formed
from the Michael addition type reaction, in which the thiolated chitosan polymers react
with the poly (ethylene glycol) diacrylate (PEGDA), show higher mechanical strength. The
reaction between the dithiothreitol (DTT) and glycidyl methacrylate derivatized dextran
(Dex-GMA) in the presence of phosphate buffer is an example of Michael addition type
hydrogel [71,72].

2.2.5. Enzymatic Crosslinking

Enzymatic crosslinking is an efficient technique for hydrogel fabrication in the pres-
ence of mild conditions and is better for avoiding unintended side reactions due to organic
solvents or photo-initiators. However, it is costly, and the specificity of the substrate restricts
its application. An acyl-transfer reaction between the glutamine residue group γ-carbonyl
and the lysine residue group ε-amino is catalyzed by microbial transglutaminase [73–75].
Enzymatically crosslinked hydrogels comprising silk fibroin SF substituted with tyramine
SF- SF-TA or gelatin G-TA were investigated by Hasturk et al. Both G-TA and SF-TA sub-
stantially enhanced gelation kinetics, increased tensile strength, and prolonged enzymatic
degradation. These results clearly indicate that biocompatible hydrogel formulations can
be employed in cell delivery and tissue engineering [76].

2.2.6. Radiation Crosslinking

Radiation is a safe alternative for hydrogel fabrication, conducted using high-energy
radiations such as γ-irradiation and ultraviolet (UV) light irradiation. Conversion of inert
groups to active groups or unsaturated bond polymerization may be initiated due to
the production of radicals on polymer chains after radiation and exposure. This method
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is free from additives and sterilization, and gel formation occurs concurrently [77]. A
radiation crosslinking technique was employed to fabricate carboxymethyl hyaluronic acid
(CMHA) hydrogels by Relleve et al. CMHA hydrogels demonstrated good swelling and
biocompatibility, which might open an extensive application range of hydrogels processed
by radiation [78].

2.2.7. Hydrogel Crosslinking by Dynamic Covalent Chemistry

The use of a dynamic covalent chemistry approach for crosslinking is particularly
fascinating since it helps in hydrogel formation with the same viscoelastic properties as
those found in human tissues. Dynamic covalent bonds are chemical bonds of reversible
nature that can reform and split into time scales, relevant for cell-based matrix remodeling.
Products that are in a state of dynamic equilibrium with their reactants are included in the
category of dynamic covalent chemical bonds. Boronic ester, for example, is a compound
with dynamic covalent connections that offers a lot of potential for producing self-healing
hydrogels. Materials formed using covalent links are more stable than physical networks,
and dynamic covalent bonding is capable of producing a material with mechanical proper-
ties of the physical network, which imitates the features of soft tissues in a better manner.
Dynamic covalent chemistry can be used as an auxiliary to create viscoelastic materials
that relax and deform in the presence of stress to help cellular activities such as spreading,
proliferation, and differentiation [79].

From these research observations, it is evident that chemically crosslinked hydrogels
are known for their increased stability under physiological settings, good mechanical
qualities, and tuneable degradation behavior. However, comprehensive research efforts
should be made to minimize the cellular toxicity of chemical crosslinkers in order to design
hydrogels for wider biomedical applications.

3. Polymers Employed in Hydrogel Fabrication

Novel delivery techniques have been developed as a result of advances in polymer
science. The development of polymers with unique properties has occurred from the
introduction of novel polymers. Polymers are crucial in the evolution of drug delivery
technology over long periods because of their potential to provide therapeutic agents in
a controlled manner along with the tunable release of both hydrophilic and hydropho-
bic drugs [80–82]. Widely used polymers in hydrogel fabrication are mentioned in the
following section.

3.1. Polyvinylpyrrolidone

This is a polymer with aqueous solubility produced from N-vinylpyrrolidone monomer
through a process of radical polymerization. It is also named povidone or polyvidone.
Polyvinylpyrrolidine (PVP) is nontoxic, biocompatible, and has a complex affinity for both
hydrophilic and hydrophobic drugs [83–85]. PVP is employed widely in hydrogel formu-
lations. Grafting of crotonic acid (CrA) with PVP resulted in a pH-responsive hydrogel
that showed low release in acidic pH and better-prolonged release in neutral pH, indicat-
ing the feasibility of using this hydrogel as a potential drug carrier for targeted release
in the intestinal medium [86]. Highly elastic and superabsorbent hydrogels fabricated
with collagen-(PVP)-poly (acrylic acid) (PAA)-poly (ethylene oxide) (PEO) demonstrated
superabsorbent ability in simulated biological buffers and deionized water. The hydrogel
was maintained in conditions simulating both the pH of the healthy skin and an infected
wound for more than 50 h [87].

3.2. Polyethylene Glycol

Polyethylene glycol (PEG) is a polyester of synthetic origin, soluble in water. Due to
the biodegradable and biocompatible nature of PEG, it has been employed more frequently
for hydrogel preparation. Hydrogels formed using PEG have shown huge biomedical
potential as matrices for controlled release of therapeutics or as scaffolds for facilitating the
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regeneration of tissues [88]. For prolonged action of celecoxib in joints, hydrogels have been
designed using poly (caprolactone-co-lactide) (PCLA)-PEG-PCLA triblock copolymers by
Petit et al. Findings demonstrated that the hybrid crosslinked hydrogel exhibited slower
release in addition to lessened burst release of celecoxib, and this drug was found in
the synovial fluid for two months. It can be concluded from findings that this newly
designed hydrogel system displayed substantial promise as a platform for further progress
in delivery via intra-articular route [89]. PEG hydrogel was designed by encapsulating
collagen into it via the photopolymerization method. The formed hydrogel demonstrated
an understanding of cell motility dynamics [90]. Hydrogel formulated using chitosan and
maleic terminated polyethylene glycol (PEG-MA) displayed a porous structure with an
excellent swelling ratio and biocompatibility. Hydrogel depicted faster-wound closure,
and, therefore, has the potential to heal wounds [91].

3.3. Polyvinyl Alcohol

This is a synthetic polymeric material with high aqueous solubility and is biologi-
cally degradable. This polymer can be prepared by the hydrolysis of polyvinyl acetate
and is among the most important class of synthetic polymers used in nutraceutical and
medical applications [92]. Polyvinyl alcohol (PVA) is a widely used polymeric material in
hydrogel formation that has use in drug delivery, cell encapsulation, and wound dressings.
PVA/citric acid (CA)/Ag nanoparticles (NPs) fabricated hydrogel loaded with ciprofloxacin
were developed by Sabzi et al. Hydrogels prolonged ciprofloxacin release, and PVA matrix
incorporated with ciprofloxacin, Ag NPs, and CA delivered an effectual antibacterial action
towards microorganisms such as Escherichia coli and Staphylococcus aureus. For protracted
antibiotic treatment, it has been revealed that formulated hydrogels can prove to be a
beneficial material [93].

3.4. Poly (Acrylic Acid)

This is a synthetic anionic polymer of acrylic acid [94]. Hydrogels of poly (acrylic acid)
(PAA) and polymethacrylic acid (PMA) for insulin delivery in a controlled manner were
formulated by Mallawarachchi et al. Results stated that PAA hydrogels are beneficial as a
delivery system for regulated drug release [95]. A nanocomposite hydrogel of polymers
gelatin (Ge)-g-poly (acrylic acid-co-acrylamide) and montmorillonite (MMT)-clay- with
vitamin B12 showed controlled release of vitamin B12 in artificial gastric fluid (AGF) and
artificial intestinal fluid (AIF). In AGF, the release was 42%, and in AIF, the total release
was 80% over 6 h [96].

3.5. Poly-N-Isopropyl-Acrylamide

A thermoresponsive polymeric material which has been extremely explored for hy-
drogel formulation is poly (N-isopropyl-acrylamide) (PNIPAM), considered as a potential
candidate for biomedical applications [97]. Well-designed poly(N-isopropyl-acrylamide)/
mesoporous silica nanoparticles (MSN) composite hydrogels reveal that the addition of
MSN leads to improved network structure with enhanced drug loading capability. Com-
posite hydrogels demonstrated temperature-activated release of drugs and enormous
potential for drug transportation [98]. Fabricated injectable hydrogels of poly (N-isopropyl-
acrylamide) and carboxymethyl chitosan, i.e., poly (CMCS-g-NIPAAm) encapsulated with
5-fluorouracil, displayed cytocompatibility and maximum release in acidic pH and regu-
lated cytotoxic capacity in depot form. Observations inferred that the prepared formulation
has the potential of intratumoral and systemic controlled drug delivery properties [99].

3.6. Polyurethane

Polyurethane (PU) is a synthetically produced polymer, comprising organic units
joined by carbamate links. Hydrogels fabricated by polyurethane and chitosan for the re-
lease of 5-fluoro uracil demonstrated controlled drug delivery [100]. PU hydrogels showed
excellent self-healing capability, higher mechanical strength, and greater stretching tough-
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ness [101]. Chitosan-polyurethane hydrogel membrane (HPUC), designed by Viezzer et al.,
showed minimal cytotoxicity and better healing action on wounds when employed with
mononuclear bone marrow fraction cells. Results indicated that the HPUC is an ideal
candidate for wound healing [102].

3.7. Hyaluronic Acid

Hyaluronic acid (HA), also named hyaluronan, is an anionic, nonsulfated glycosamino-
glycan present in various parts of eyes, skin, and connective tissues [103]. It mainly func-
tions by retaining water for keeping our tissues moist and well lubricated. A paclitaxel
(PLX)-loaded hydrogel was developed using HA and cationized reduced graphene oxide
(rGO) sheets by Patil et al. The formulation displayed offered sustained release of PLX and
HA resistance was elevated significantly with sheet incorporation, and it showed improved
biocompatibility of cationized rGO [104]. The thermo-sensitive in situ gelling formulation
based on ketoconazole (KCL) and poly (N-isopropylacrylamide)/hyaluronic acid was em-
ployed in the fabrication of the hydrogel. Experimental outcomes stated that KCL release
from gels was moderate and without burst effects in addition to preventing Candida albicans
growth. Hence, from the results, it can be concluded that this newly designed hydrogel
formulation for the eye could prolong the duration of residence and control the release of
the drug [105].

3.8. Chitosan

This is a polymer containing randomly disseminated β-linked D-glucosamine and
N-acetyl-D-glucosamine units. It has numerous applications in the biomedical sector
because of its inertness, biocompatibility, degradability, and ease of chemical modifica-
tion [106]. Montmorillonite-loaded pH-responsive and magnetic κ-carrageenan/chitosan
hydrogels were fabricated by Jafari et al. for determining the release of sunitinib as a
drug. The designed hydrogels were prepared via ionic crosslinking in the presence of
magnetic montmorillonite (mMMt) nanoplatelets. Results depicted that mMMt addition
resulted in a change in the microstructure of hydrogels along with elevated drug loading
efficiency of nanocomposite hydrogels. The in vitro release data showed sustained release
of sunitinib. The fabricated hydrogel showed a higher capacity for loading of a drug, and
subsequent pH-sensitive drug release could be used in protracted cancer treatment with
fewer adverse effects. Hence, it can be concluded that the designed hydrogel has enormous
potential in drug delivery as a carrier [107]. Adalimumab-loaded hydrogel eye drops com-
prising β-glycerophosphate and low-deacetylated chitosan have been fabricated. Results
demonstrated that adalimumab-incorporated hydrogel eye drops were highly effective in
comparison to the free drug both in clinical efficiency and permeation rate. This strategy is
considered clinically beneficial for ophthalmic medication [108].

3.9. Gelatin

This is a highly biocompatible natural polymer obtained from collagen hydrolysis [109].
Formulated gelatin hydrogel conjugated with 5-aminopyrazole (5-AP/G) and loaded with
the drug 5-fluorouracil (5-FU) demonstrated drug release in a predictable manner under
rectal conditions with remarkable cytotoxicity. Results suggested that hydrogel for rectal
administration of 5-FU could be employed in the future for rectal cancer therapy [110].
Gelatin (Gel)/PVA hydrogels were loaded with methotrexate (MTX) for colon targeted
delivery. These findings reveal that the produced Gel/PVA hydrogels can be potential
carriers for MTX delivery to the colon in a controlled manner [111].

3.10. Sodium Alginate

Sodium alginate (SA), a natural polymeric material comprising residues of 1,4-linked-
β-D-mannuronic acid and α-L-guluronic acid, has exceptional biocompatibility, immuno-
genicity, non-toxicity, and biodegradability, making it an outstanding polymer for drug
delivery [112]. Hydrogels formulated using SA are also beneficial for the release of drugs
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and biologically active molecules in a controlled manner. The hydrogel of SA/polyvinyl
alcohol in combination, encapsulated with rosuvastatin-loaded chitosan (CS) nanoparticles,
has been fabricated. Observations showed that SA:PVA ratio of 7:3 and 3 wt % of drug-
loaded CS nanoparticles resulted in optimal mechanical strength of hydrogel film, and the
entire loaded drug was released within 24 h [113]. Various studies reported in the literature
confirm that the designed hydrogels, owing to their inherent properties, could be utilized
as a potential carrier for delivery of various therapeutic agents safely and effectively.

The last few decades have been a boon for research innovation in polymer therapeutics,
as it facilitated innocuous and efficacious delivery of bioactive agents for treating a wide
range of medical disorders. Biodegradable and bio-reducible polymers are an admirable
and outstanding option for hydrogel fabrication. In the future, combining synthetic and
natural polymers will deliver a new paradigm for producing an effective hydrogel drug
delivery system.

4. Evaluation Parameters

Evaluation is an extensively considered parameter after formulation, and there are
various techniques for hydrogel evaluation (Figure 3). Some popular techniques utilized in
the evaluation aspects are portrayed in the following section.
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4.1. Gelation Time

Gelation time relates to the amount of time it takes for a polymer formulation in the
liquid form to transform into a gel. The hydrogel exhibits in situ gelation phenomena
through ionic crosslinking or after temperature or pH alteration. Determination of a sol-gel
transition period via a technique of inverted tube is well known [114]. For this analysis,
tubes holding solutions of discrete concentrations in final form can be equilibrated at
37◦C, and at varying time periods while the tubes are inverted. The duration during
which the flow was not seen in gel is considered as the time of gelation [115]. The sol-gel
phase transition behavior of hydrogels can be also investigated by rheometry. In order to
obtain sophisticated hydrogels with desired mechanical, physicochemical and functional
attributes, the study of sol-gel transition with sensitive rheological method is also needed.

4.2. Porosity

Porosity is a significant parameter in hydrogel evaluation. Here, for measuring the
porosity, the technique of solvent replacement is well recognized by the scientific com-
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munity. Pores in the hydrogel matrix help in loading drugs in huge amounts and simul-
taneously aid in increasing the release rate of drugs. This method starts with weighing
the hydrogel discs, before placing them entirely in pure ethanol. Discs are separated from
the ethanol after an approximate duration and dabbed by means of blotting paper for
extracting excess ethanol lying on the disc surface, then again weighed. The equation for %
porosity calculation is given as

Porosity (%) =
W2 − W1

ρV
× 100

where W2 and W1 represent the weight of hydrogel discs after placing in absolute ethanol,
respectively, ρ is ethanol density, and V is hydrogel volume [116].

4.3. Swelling

Swelling is an ongoing transformation phase from an unsolvated glass or partially
rubbery condition to a relaxed rubbery zone. Through this analysis, water absorption in
the hydrogel is measured by weighing the samples initially, followed by putting them in
5 mL phosphate-buffered saline (PBS) solution (pH 7.4) at 37 ◦C for a duration of 24 h and,
finally, samples are dried. The absorption of water is calculated based on the following
equation [114,117].

Swelling (%) =
Ms − Md

Md
× 100

where Ms and Md represent the mass of swollen and dried discs, respectively.

4.4. Water Vapor Transition Rate

The water vapor transition rate (WVTR) is also an important hydrogel evaluation
method that indicates the permeability of a hydrogel sample to water vapor. The hydrogel
intended for the healing of wounds should not exhibit high or low values of WVTR; the
wound would get dehydrated or inflamed. The analysis is carried out by cutting hydrogel
film individually in the shape of a square with a thickness of 3 mm and a diameter of
40 mm. Subsequently, the film is mounted on the Falcone pipe as a cap having a diameter
of 35 mm and a pipe containing distilled water of 25 mL volume. The entire device can be
transferred into a fully isolated chamber, with stable humidity and temperature (35% and
35 ◦C) for one day [118,119]. The WVTR is calculated using the following equation:

Water vapor transition rate =
∆W

∆T × A
mgh−1cm−2

where ∆W/∆T is the amount of water gain per unit time of moisture transfer, and A is the
area exposed to the water surface in cm2.

4.5. Rheological Properties

Rheological evaluation of hydrogel delivers significant facts about distortion in ma-
terials when subjected to external forces. Rheological evaluation is generally carried out
employing a rheometer having a gap among plates usually of 1 mm in parallel plate ge-
ometry (diameter 25 mm) cell. However, rheometer plate gap may vary depending on
characteristics of a particular material. Other geometrical plates (cone plates) can also be
employed for rheological characterization of hydrogel. Hydrogel is sliced into a cylindrical
form, the elastic modulus (G’) and viscous module (G”) is recorded at a constant strain of
1 percent and 0.5 percent over a frequency range of 0.1–100 rad/s, for which they are in the
linear viscosity range [120,121].

4.6. Tensiometry or Tensile Tests

This test is employed for calculating numerous hydrogel properties using tensile
force, for instance, the young’s modulus, tensile strength, and yield strength. The tensile
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force is applied amid two grips of the material, which can then be obtained by measuring
the applied force and hydrogel elongation/elasticity from the stress-strain graph. For
evaluating viscoelastic hydrogel properties, the stress relaxation and material elongation
parameters are utilized [122]. The mechanical properties of hydrogels are determined by
using the compression test. This test involves putting hydrogel material between the plates
and applying pressure on the surface of the hydrogel by compressing the plates. It is then
possible to measure the mechanical properties theoretically, and the compression distance
along with the pressure is also employed to measure the properties [123].

It was concluded that the aforementioned evaluation parameters play vital roles in
estimating the performance of hydrogel. Evaluation parameters have a significant impact
on a product’s processability and final attributes.

5. Hydrogel Drug Delivery Systems in Various Disorders

Hydrogels act as a promising carrier for the delivery of drugs as they protect various
bioactive agents from hostile conditions of the body and therefore have attained great
interest of researchers (Table 1).

Table 1. Hydrogel loaded with various active ingredients.

Therapeutically Active
Substances/Drugs Polymers/ Monomers Method/Mechanism Inference References

Adipose stem cells Hyaluronic acid Ultraviolet irradiation

Promising carrier for
stem cell delivery in

wound repair and skin
tissue engineering

[124]

Vancomycin Agarose Hydrogen bonding
Potential candidate for

healing of infected
wounds

[125]

Catechol Chitosan Covalent bonding
Designed system

utilized successfully for
buccal drug delivery

[126]

Diacerein Polyethylene glycol Hydrophobic
interactions

Hydrogel successfully
repaired spinal cord

injury
[127]

Heparin Poloxamer 407 Cold method

Delivery system
provided release in

controlled manner and
can be employed for
nerve regeneration

[128]

The most common method of releasing the drug or molecules from the hydrogels
is passive diffusion [129,130]. In terms of the release behavior of therapeutic agents, the
hydrophilic nature of a hydrogel distinguishes it from non-hydrophilic polymer matrices.
Drug release mechanisms from hydrogels can be classified as diffusion controlled, swelling
controlled and chemically controlled. Diffusion-controlled behavior is the most widely
applicable mechanism to characterize the drug release from hydrogels. The mesh size of a
hydrogel matrix influences the diffusion of drug out of the matrix of the gel. The degree of
crosslinking, chemical structure of components, type, and intensity of the external stimuli
also alter the drug diffusion out of a hydrogel matrix. If diffusion of a drug is substantially
faster than the distention of a hydrogel, the swelling-controlled mechanism plays an
important role in release behavior study. Furthermore, chemical reactions occurring within
the gel matrix dictate chemically controlled release. There are three important functions of
hydrogels, i.e., controlled release rate, drug storage region, and drug release drive, which
maintain the effective release of the entrapped drug into the body after administration.
With this, by altering the gel structure with different stimuli i.e., temperature, electric field,
pH, and ionic strength, the release of a drug can also be controlled easily (Figure 4). Though
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the delivery of a lipophilic drug through hydrogel is difficult due to non-uniformity, poor
solubility, limited in vivo stability, and dissolution problems, it can be improved to some
extent by enhancing solubility, stability, and bioactivity so that the release of a drug can
occur in a controlled or sustained manner [41,130]. Moreover, hydrogels can also mask the
bitter taste and odor of medications, and no systemic toxicity is seen in hydrogel-based
delivery systems [41,130]. Hydrogel drug delivery approaches for various disorders are
discussed in the subsequent section.
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5.1. Hydrogel for Conjunctivitis

Conjunctivitis is an eye disorder that causes conjunctival vessel dilation that results in
edema and hyperemia of the conjunctiva, usually with associated discharge. Conjunctivitis
affects a large segment of the population of United States annually [131]. A hydrogel
formulated using chitosan and poloxamer 407 with model drugs (i.e., neomycin sulfate
and betamethasone sodium phosphate) demonstrated no eye irritation in rabbits. It was
revealed from various experimental findings that a prepared hydrogel formulation can
be employed as a substitute to traditional eye drops for providing extended therapy for
conjunctivitis treatment [132]. DNA/poly (lactic-co-glycolic acid) (PLGA) hybrid hydrogel
(HDNA) loaded dexamethasone (DEX) was designed for allergic conjunctivitis. These
hybrid HDNA hydrogels showed biodegradability and biocompatibility along with sig-
nificantly increased DEX retention. Hydrogel mediated the progressive DEX release in
eye cells and tissues. Therefore, HDNA-based ophthalmic treatment methods enable new
paradigms to treat different eye disorders [133].

5.2. Hydrogel for Psoriasis

A common skin problem is psoriasis, which affects around 3% of people world-
wide [134]. A crosslinked interpenetrating polymer network (IPN) hydrogel of luteolin
drug was fabricated using hyaluronic acid (HA) and poly (N-isopropylacrylamide) (PNI-
PAM). HA/PNIPAM IPN hydrogel provided efficient luteolin delivery to the dermis and
epidermis, and no toxicity was seen in the results. It can be concluded from the findings
that IPN hydrogels can be fabricated for transdermal delivery of luteolin for skin relief in
psoriasis [135]. The prepared tacrolimus (TAC)-loaded composite hydrogel for psoriasis
lesions depicted local tolerance with no immediate toxicity signs after repetitive adminis-
tration in mice topically with substantial enhancement in the in vivo features. It has been
found from evaluation results through the imiquimod-induced psoriasis model that skin
delivery of TAC hydrogel composite is twice as strong as its commercial formulations [136].

5.3. Hydrogel for Rheumatoid Arthritis

Rheumatoid arthritis is an autoimmune disorder responsible for joint swelling and car-
tilage damage [137]. Betamethasone encapsulated hydrogels designed using tyramine mod-
ified gellan gum conjugated with silk fibroin (Ty-GG/SF) for treating rheumatoid arthritis
showed better resistance against enzymatic degradation and liberated betamethasone in a
controlled manner. Study outcomes disclosed that betamethasone-encapsulated Ty-GG/SF
hydrogels are better therapeutically than the drug alone. Hence, this approach is beneficial
in terms of therapeutic effectiveness compared to conventional drug usage in rheumatoid
arthritis therapy [138]. A methotrexate (MTX) and indomethacin (IND) loaded temperature-
sensitive hydrogel (D-NGel) incorporated with nanoparticles (D-NPs) for arthritis was
developed by Yin et al. and in vivo activity was carried out on collagen-induced arthritis
rats. Prepared D-NGel slowly released drugs for up to 72 h in the joint fluid. D-NGel
successfully decreased swelling in joints and bone deterioration. Findings showed D-NGel
potential for prolonged co-delivery of IND and MTX for synergetic rheumatoid arthritis
treatment, addressing symptoms of rheumatoid arthritis and its root causes [139].

5.4. Hydrogel for Breast Cancer

Breast cancer is a highly prevalent form of cancer that is the second largest cause
of mortality [140]. Nanocomposite hydrogel loaded with capecitabine was formulated
by Taleblou and co-workers using polyvinyl alcohol and montmorillonite. Outcomes
confirmed augmented anti-cancer action of the capecitabine-incorporated nanocomposite
hydrogel. In vivo evaluation results on BALB/c mice showed that nanocomposite hydrogel
significantly reduced tumor growth and improved effectiveness against cancer cells. Hence,
the formulation can be employed to release the anti-cancer drugs in a controlled manner
with greater therapeutic action [141]. A hydrogel nanocarrier was designed for injecting
at the tumor site of BALB/c mice through the co-assembly of tailor-made hexapeptide
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and doxorubicin. The outcomes clearly indicated that hydrogel prolonged the release
of the drug, which eventually led to a decrease in cancer reoccurrence. Therefore, this
targeted chemotherapy technique denotes a potential adjuvant therapeutic approach for
the recurrence of breast cancer [142].

5.5. Hydrogel for Alzheimer

Alzheimer’s disease (AD) is a debilitating brain disorder with a higher mortality rate
among older adults with no effective treatment [143,144]. Hydrogel formulations for AD
were formed using thiolated chitosan with liposomal donepezil HCl (LDH) and evaluated
on rabbits. The mean brain content of the drug was augmented by liposomal hydrogel
compared to oral DH tablets. Another study indicated that the formed formulation is
efficient for delivery of DH via nasal route and could be employed for AD treatment [145].
Fabricated in situ hydrogels (ISG) loaded with timosaponin BII were formulated by which
inducible nitric oxide synthase gets reduced in the brain, and tested on C57BL/6J mice.
Hence, the formulated hydrogel can be a better alternative for preventing AD [146].

5.6. Hydrogel for Diabetes

Diabetes has been a rapidly increasing global disorder over the last three decades [147].
Hydrogel-based systems are now being investigated in diabetes in the form of injectable hy-
drogel. These hydrogels loaded with lixisenatide (Lixi) for type 2 diabetes mellitus (T2DM)
using poly (ε-caprolactone-co-glycolic acid)-poly (ethylene glycol)-poly (ε-caprolactone-co-
glycolic acid) and poly (D,L-lactic acid-glycolic acid)-poly (ethylene glycol)-poly (D,L-lactic
acid-co-glycolic acid) were evaluated on diabetic db/db mice. The combined hydrogel dis-
played prolonged Lixi drug release, and after three consecutive administrations, it escalated
the level of plasma insulin besides reduced glycosylated hemoglobin. Outcomes indicated
that the Lixi loaded combined hydrogel is a promising approach for T2DM treatment [148],
and the chitosan/dialdehyde starch derivatives (CS/SB-DAS-VPBA) with zwitterionic
dialdehyde starch-based micelles (SB-DAS-VPBA) were produced. The micelle-hydrogel
loaded with insulin and nattokinase was fabricated by Wen et al. In vitro results showed
that the micelle-hydrogel delivered insulin properly and offered a strong thrombolytic
action. Therefore, the formed system can also be used as a forum for treating complications
of diabetes [149].

5.7. Hydrogel for Fungal Infections

Superficial fungal infections have increased worldwide and affect numerous body
parts such as the skin, vagina, hair, buccal cavity, and nails [150,151]. A hydrogel system was
designed for the anti-fungal drug ketoconazole (KZ), comprising solid lipid nanoparticles
(SLNs) as well as SLN-containing hydrogel (KZ-SLN-H) for oral and topical KZ delivery
on male albino Wistar rats. Findings showed drug release in a sustained manner besides
improved permeability. Outcomes clearly stated that SLN and SLN-H formulations might
also be viewed as effective vehicles for the delivery of KZ orally and topically to ameliorate
control over systemic and topical fungal infections [152]. A luliconazole nanocrystal
(LNC) integrated hydrogel formulation was prepared for fungal infections by Kumar et al.
Findings demonstrated that drug retention from LNC hydrogel (N-GEL) was highest and
highly efficient in fungus eradication. Thus, this novel approach of incorporating LNC with
hydrogel resulted in enhanced action and improved dermal intake of drugs with low water
solubility [153]. Nystatin nano-capsular hydrogel was fabricated with nanoprecipitation
technique using polycaprolactone, squalene, and span 60, the developed formulation was
tested on male albino rats. The formulated hydrogel showed higher encapsulation efficiency
in comparison to the marketed formulation with a substantial lessening of the fungal count
and candidal infection abolition. It is evident from findings that nanocapsular hydrogel is
an efficient approach in treating topical candidiasis [154].
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5.8. Hydrogel for Trichomonas Vaginalis Infections

Trichomonas vaginalis is a global, curable non-viral sexually transmitted infection [155].
A thermoresponsive hydrogel has been fabricated with auranofin (AF)-loaded nanoparticles
(NP) for intravaginal administration. AF-NP composite hydrogel displayed drug release
in a sustained manner besides outstanding NP retention with increased levels of AF
locally in mice. AF-NP gel delivered intravaginally outshines oral AF in eradicating
trichomonad infection with no local or systemic toxicity. Thus, results show the potential
of this hydrogel formulation for vaginal infections topically [156]. Indole-3-carbinol (I3C)
hydrogel comprising I3 C-loaded nanocapsules was fabricated for trichomoniasis treatment.
Nanocapsules of Eudragit® RS100 and rosehip oil containing I3C (NC-I3C) were formulated
via interfacial deposition of preformed polymer technique. A hydrogel formulation for
vaginal administration was designed (HG-NC-I3C) via thickening the NC-I3C with gellan
gum. Results illustrated these formulations were non-irritating and promoted the release
of I3C in a controlled manner. The designed HG-NC-I3C therefore emerged as a potential
treatment strategy for trichomoniasis by vaginal administration [157].

5.9. Hydrogel for Tuberculosis

Tuberculosis (TB) is a chronic disease that primarily affects the lungs but can spread to
various body organs such as the kidney, brain, spine, or intestine [158]. For transdermal
delivery of drugs such as rifampicin, ethambutol, isoniazid, and pyrazinamide, hydrogel-
forming microneedle (MN) arrays were formulated. Findings of solute diffusion revealed
that the physiochemical characteristics and functional groups of each drug influenced drug
penetration across the swollen hydrogel membrane. Outcomes also displayed the flexibility
of hydrogel formulations to provide MN arrays with a TB drug regimen. Therefore, this
can be a promising approach for supplying large doses of TB medicines [159]. Hydrogels
are also performing admirably well in administering first- and second-line anti-tubercular
medication regimens.

Research investigations reported in the literature confirmed that hydrogel strategies
can play a pivotal role in managing several disorders. Hydrogels with customizable
structural and functional features attained through modifying methods of synthesis have
a lot of potential as nanocarriers for achieving site-specific drug delivery. In recent years,
hydrogels demonstrated their potential for developing future tailored nanomedicine to
treat infectious disorders. Despite the fact that hydrogels have been successfully used to
treat various diseases, major efforts should be made towards designing and preparation of
smart hydrogels in the nano-domain with encouraging features and simplicity of processing
in order to produce therapies for target diseases. Furthermore, dynamic hydrogels are
paving the way for new translational possibilities, and good progress is also being made in
bringing biomaterials to new and acceptable level of promising hydrogel technologies.

6. Recent Patents, Clinical Trials and Scale-Up Considerations for Translation

The increasing number of patents and clinical trials on hydrogels show their popularity
among researchers, and marketed formulations also suggest their success on the commercial
scale [160]. Patent data are considered a vital information platform for the discovery of
development in technical growth and huge prospects (Table 2).
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Table 2. Recent patents on hydrogels.

Patent No Title Highlights Date
and Reference

US20210023121A1
Thrombin-responsive

hydrogels and devices for
auto-anticoagulant regulation

Compounds, compositions, devices,
and methods for

auto-anticoagulation regulation.
Further disclosed methods for

treating or preventing thrombosis

28 January2021
[161]

US20200206030A1 High-precision drug delivery
by dual-domain ocular device

Nanocomposite ocular device
provided controlled and sustained

release of the drug

2 July 2020
[162]

US20200214882A1
Treating conditions caused by

abnormal growth of
pathogens in body cavities

The invention based on cooling or
temperature reducing treatment
device to cure vaginal infections,

including vulvovaginal candidiasis
(VVC), bacterial vaginosis (BV), and

to reduce biofilms

9 July 2020
[163]

US20200214886A1
Programmable therapeutic

agent delivery from eye
mounted device

Systems and methods for
on-demand delivery of a

therapeutic agent from an eye
mounted device

9 July 2020
[164]

US20200214887A1 Eye mounted device for
therapeutic agent release

Devices and systems for targeted
and controlled delivery of a

therapeutic agent to a treatment site
of an eye

9 July 2020
[165]

US20200215136A1 Medication dispensing system

Method disclosed for providing
treatment with cannabis to treat

insomnia, anxiety, or seizure,
among others

9 July 2020
[166]

US20200215194A1
Apoptosis inhibitor

formulations for prevention of
hearing loss

Formulation for sustained release of
an apoptosis inhibitor in the inner

ear to protect from hearing loss,
especially due to exposure to

chemotherapy with drugs such as
cisplatin

9 July 2020
[167]

US20200282062A1 Medication

Method of treating seizure,
insomnia, or anxiety includes

administering, via a patch, pill,
lotion, mist, or hydrogel to humans

10 September 2020
[168]

US20200316052A1 Ophthalmic composition

Methods of arresting or preventing
myopia development by

administering to an eye of an
individual an effective amount of

an ophthalmic composition

27 September 2020
[169]

US20200330380A1

Biocompatible organogel
matrices for intraoperative

preparation of a drug delivery
depot

Disclosure directed to an organogel
drug depot for use in delivering an
active agent to a surgical site, such

as an orthopedic implant site

22 October 2020
[170]

Patent analysis is an extensively employed tool for evaluation of current technological
advances besides providing prediction of emergent technologies [171,172]. Technology
execution is also clinically essential for validating concepts and preclinical experiments
carried out in animal models [173]. Clinical investigation not only provides detailed
information of treatment results but also demonstrates key details such as a patient’s health
and the related therapy levels and risks of a specific treatment [174]. In order to discuss
the results in a more practical and precise manner, clinicians and scientists now apply
mathematical formulas, statistical techniques, and resource expenditure evaluation [175].
The clinical studies carried out so far portray enticing results in the field of hydrogels and
could encourage scientists to perform research on modern approaches (Table 3).
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Table 3. Clinical trials on hydrogels.

Condition Hydrogel Clinical Trial Number Status Reference

Osteoarthritis, knee
pain Hydrogel injection NCT04061733 Recruiting [176]

Ruptured aneurysm Second-generation hydrogel coils NCT03252314 Recruiting [177]

Wound infection, surgical Pico® negative pressure dressing, Aquacel Surgical®

hydrogel dressing
NCT04265612 Recruiting [178]

Refractive error-myopia
bilateral

Hioxifilcon A standard hydrogel contact lens with
hyaluronic acid (HA) NCT04671108 Recruiting [179]

Wound healing 3% sodium pentaborate pentahydrate NCT02241811 Recruiting [180]
Mucositis oral,

head and neck cancer MucoLox, sodium bicarbonate NCT03461354 Recruiting [181]

hypervascular tumors Instylla HES, TAE or cTACE NCT04523350 Recruiting [182]
osteoarthritis, knee PAAG-OA, Synvisc-One NCT04045431 Recruiting [183]

myopia OxyAqua, Si-Hy NCT03139201 Completed [184]
Cancer of the prostate PEG hydrogel (SpaceOAR) NCT02212548 Completed [185]

Cerebral aneurysm Hydro coil embolic system, control (bare platinum
coils) NCT01407952 Completed [186]

Astigmatism verofilcon atoric contact lenses NCT04464044 Completed [187]
Knee osteoarthritis PVA hydrogel, Synvisk-One® NCT04693104 Completed [188]
Bladder carcinoma Polyethylene glycol hydrogel NCT03125226 Completed [189]

Myopia Somofilcon A,
Omafilcon A-Proclear (PC) NCT03098745 Completed [190]

Ametropia Methafilcon A toric contact lenses,
fanfilcon A toric contact lenses NCT03835221 Completed [191]

Intracranial aneurysm
subarachnoid hemorrhage

Hydrogel coil,
Bare platinum coil NCT01516658 Completed [192]

Overall, in order to evaluate the clinical effectiveness of various new therapeutic
options and to convert the technology from lab to market, further research is also needed.
Hydrogel scale-up and production for commercialization is still a challenging process.
Despite the critical nature of scalable production in bringing hydrogel technologies into
the clinic, this topic is less addressed in the literature. The reason behind this might be
an overall absence of interest in these topics, limited interaction among academic and
industry partners, or insufficiency of research finance may make it difficult for academic
organizations to investigate scaled-up production. All of these factors more than likely
contribute to the paucity of research into improving the process engineering of these
biomaterials [193]. Various manufacturing and regulatory aspects that must be considered
while fabricating hydrogels with translation in mind are briefly outlined here. On the
basis of the application, hydrogels are considered as a drug, device, or biologic by the
United States FDA. The fastest and most budget regulatory path would be a device having
510 (k) designation [194]. Devices get faster approval (about 5 years), but if the therapeutic
agents or cells are delivered by hydrogel, it is generally categorized as a combination
product that requires an approval timespan of 7–10 years in addition to USD 50–300 million
for production and analysis [195]. Mainly, hydrogel fabrication is carried out in smaller
batches for preclinical testing, but the production at a larger scale and processes ought to
be designed as well as optimized through good manufacturing processes (GMP) before
authorization and commercialization [196].

Hydrogel manufacturing must be conducted safely on a kiloton scale for widespread
use. Even when going from small to large animal preclinical investigations, the significant
issue of scaling up should not be overlooked. Scaling and manufacturing procedures may
be affected by the chemical components of the hydrogel. If chemical moieties in hydrogels
degrade over time as a result of processes such as hydrolysis, correct storage and formula-
tion processes must be anticipated and accounted for. Individual hydrogel components
may provide specific regulatory issues, particularly as biologicals and nanotechnology
become more integrated into next-generation formulations. Although the benefits of incor-
porating nanoparticles in hydrogel formulations are obviously noticeable in the preclinical
data, nanomedicines have historically been challenging for translating into the clinic [197].
Furthermore, most preclinical hydrogels are designed using biopolymers such as collagen,
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alginate, or cellulose, but these biopolymers frequently display batch-to-batch variance,
which can make it difficult to meet stringent quality control measures. Apart from generat-
ing individual hydrogel components, hydrogels that involve defined macroscale design
can be challenging to generate on greater scales. One of the most difficult aspects of scaling
hydrogel products is preserving sterility, which is mandatory for commercialization. Be-
cause of the higher amount of water in hydrogels, typical sterilization processes such as
autoclaving are difficult or impossible to use without destroying the product. Sterilization
of components and processes prior to hydration is the only feasible option. However,
the steps involved in the sterilization process need to be carried out under an aseptic
environment, which is a significant process hurdle. Filtration, radiation (gamma rays and
e-beams), and heating operations are all examples of sterilizing techniques; at least one
of these procedures must be compatible/non-destructive for the numerous components
of a novel hydrogel therapy. There are plenty of other translation hazards and challenges
that can be identified initially in the design process. Additionally, hydrogel formation that
occurs via effortless mixing technique and self-assembly possibly will have a benefit in the
course of scaled-up production [198]. The majority of biomedical materials research focuses
on clinical translation, and the area has gathered publications that meticulously detail
the therapeutic efficacy and processes of innovative biomaterials such as hydrogels. En-
hanced transparency present in biomaterial production capabilities could highlight current
constraints, uplifting their significance and enabling research and funding to address them.

7. Potential Applications of Hydrogel in the Biomedical Sector

Hydrogels are versatile products with wide and multifunctional applications in the
biomedical sector. The upsurge of hydrogel technologies has created substantial contribu-
tions in biomedical applications that influence day-to-day life. Hydrogels, for example,
have created a new class of optically adjustable soft materials in the form of soft contact
lenses, making one of the most apparent helps to modern life. Hydrogel dressings are
excellent for wound repair as they expedite the healing process by delivering moist and hos-
pitable conditions for wounds through which easy breathing of the wound is possible with
proper draining of exudate. Furthermore, these dressings are more comfortable and have a
cooling effect. Hydrogels for tissue engineering purposes must have sufficient pore size to
accept living cells, or they may be designed to dissolve or disintegrate over time, releasing
growth factors and aiding in pore creation for living cells to enter and proliferate [199].

7.1. Contact Lenses

Contact lenses, a transparent or colored thin film, are widely used worldwide for better
appearance, correcting refractive errors, less restriction, aesthetic reasons, and for the treat-
ment of various diseases. These lenses can be hard or soft based on elastic behavior [200].
Many researchers have prepared hydrogels as contact lenses using natural as well as syn-
thetic polymers loaded with antibiotics (Figure 5) [201]. Formulations of hydrogels have
been designed using 2-methacryloyloxyethyl phosphorylcholine polymer as a crosslinking
bioinspired agent with silicone to modify the surface of silicone and prepare a soft gel
layer. The prepared formulation was found to have excellent lubricity, hydrophilicity, and
flexibility due to a higher captive bubble contact angle. In addition to this, the coefficient
of friction was reduced and the interaction force of protein deposition was lowered. All
these properties of hydrogel contact lenses make it an excellent ocular formulation for the
treatment of various diseases [202]. A combination of two different classes of drugs, such
as an antibiotic (moxifloxacin hydrochloride) and anti-inflammatory (diclofenac sodium),
were utilized with silicone and other natural polymers such as hyaluronate, alginate, and
poly-lysine to prepare contact lens hydrogel. Molecular imprinting led to modifications in
the release property of the formulation with non-toxicity, no ocular irritancy, and reduced
cellular adhesion [203]. Various new observations in the reported literature reveal that
hydrogel contact lenses have benefits because of their desirable features such as oxygen
permeability, tunability, or flexibility. These contact lenses have the potential to be de-
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veloped as an effective platform to overcome the limitation associated with conventional
therapy. Varied impediments still remain to be solved pertaining to more efficacy, safety,
and comfort in order to achieve successful and convenient ophthalmic hydrogels.
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7.2. Wound Dressings

A wound is a break or a defect that can occur due to any trauma or other physiological
condition. It can be classified into acute or chronic wound categories based on healing
duration [204,205]. Hydrogels are one of the moist dressings (Figure 6) and debriding agents
for wound care. The moisture donor effect of hydrogels increases collagenase production
and helps autolytic debridement to the granulating cavity and necrotic wounds [206].
Antibacterial drug-loaded aramid nanofiber (ANFs) hydrogels as a wound dressing have
good water content, and high water retention ability (after incubating at RH 30% for
8 h), along with outstanding mechanical properties and high water adsorption properties.
Besides these characteristics, antibacterial and anti-infective ANFs hydrogels were found
to be non-cytotoxic and possess good hemolytic potential [207].
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Chitosan (CA) conjugated with L-arginine, benzaldehyde group functionalized poly
(ethylene glycol) (CHO-PEG-CHO), and polydopamine nanoparticles (pDA-NPs) were
utilized for the formation of CA-pDA hydrogels. The hydrogels displayed good biocompat-
ibility and adhesion with porous architecture and self-healing properties. Results revealed
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that integration of pDA-NPs help in prompt wound repair. Furthermore, CA-pDA hy-
drogels expedited healing action with minimized scar formation. The designed system
could have immense potential in the clinic as wound dressings [208]. Multifunctional
poly (citrate-glycol-siloxane)-based (PCGS) molecular hybrid hydrogel was developed by
Cheng et al. The polymeric-based hydrogel showed better antibacterial, mechanical, and
cytocompatibility properties against severe wounds. In vivo study confirmed effective
wound healing activity for treating multidrug-resistant bacterial infection [209]. Gelatin
methacrylate (GelMA) hybrid hydrogels were synthesized using lipopeptide surfactant
(SF). The obtained hydrogels were effective for type I diabetic wounds and promoted
angiogenesis via regulating macrophage polarization [210]. Additionally, the designed
hydrogels by Shanmugapriya et al. conjugated with epidermal growth factor receptor
showed good biocompatibility and cell proliferative property towards the targeted cells, but
also displayed great ability to improve partial thickness in gastric ulcer healing and prevent
scar formation [211]. A hydrogel using aldehyde functionalized sodium alginate with
the help of Schiff base reaction and carboxymethyl chitosan (CS) was designed by Xuan
et al. Short nanofibers of carboxymethyl-functionalized polymethyl methacrylate (PMAA)
were made from sodium hydroxide-treated polymethyl methacrylate nanofibers and added
to a CS solution. The nanofiber hydrogels depicted excellent self-healing action and sig-
nificantly facilitated wound healing [212]. Injectable hydrogels are the other important
hydrogel category that are very advantageous for skin tissue engineering, but due to their
incompatibility of required hair follicle formation or induced infection, the antibacterial
hydrogel was designed using Ag29 nanoclusters, mangiferin, and chitosan molecules for
wound healing. The developed hydrogel depicted adequate swelling, decent injectability,
superior biocompatibility, good degradability, and the regeneration of capillary vessels
for wound healing [213]. Therefore, hydrogels have been found to have a positive impact
on wound dressings because of excellent features such as great biocompatibility, high
moisture retention, and activation of immune cells to accelerate wound healing. Recent
advancements in hydrogel synthesis have enabled scientists to produce suitable wound
dressing materials and ultimately better tissue regeneration. Despite substantial progress,
more attention should be paid to the manufacturing aspects of hydrogels using innovative
chemical and physical crosslinking, or a combination of the two, to better mimic in vivo
dynamic behavior.

7.3. Tissue Engineering

Hydrogels are extensively used as agents for filling space in the tissue engineer-
ing area, as drug or bioactive substance delivery vehicles [214,215]. The formulated
hydrogel of hyaluronic acid-tyramine (HA-Tyr) with silk-fibroin loaded with anabolic
and anti-inflammatory drugs exhibited more sustained release behavior, which is essen-
tial for osteoarthritic joint treatment [216]. Researchers have developed a gelatin-graft-
polyaniline/periodate-oxidized alginate hydrogel using polyethyleneimine with superior
properties. The prepared injectable electroconductive hydrogels can also be approached
for neural tissue engineering due to their advantageous properties such as cell adhe-
sion and cell proliferation [217]. A UV irradiation method was adopted to prepare the
non-swellable polymeric hydrogels by Ding et al. Injectable pentenyl chitosan hydrogels
produced via N-acylation reaction was found to be hydrophobic, non-cytotoxic, and with
no side effects, which made them favorable as a smart biomaterial and for biological tissue
engineering [218]. Hydrogel scaffolds of chitosan (CS) and regenerated cellulose (rCL)
nanofibers were prepared with unique porous morphology. The regeneration of cellu-
lose acetate derivative via deacetylation technique shows high compressive strength. The
rCL/CS scaffolds represent enhanced proliferation with osteogenic differentiation ability,
biomineralization, and pre-osteoblast cell (MC3T3-E1) viability. All these potential applica-
tions of hydrogel scaffolds make it a prominent formulation for bone tissue engineering
(Figure 7) [219]. Similarly, 3D printed hybrid scaffolds have been designed, comprised of
alginate, gelatin, and carbon nanofibers. The hybrid composite scaffolds were chemically
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and mechanically better. Additions of nanofibers were found profitable for cellular prolif-
eration and osteogenic differentiation. Therefore, the designed formulation possesses the
potential for bone tissue engineering [220].
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A recombinant human collagen and carboxymethyl chitosan mixture produced the soft
hydrogel scaffolds by crosslinking-induced gelation technique. The fabricated hydrogels
displayed strong biocompatibility with no cytotoxicity [221]. Other natural polysaccharides
impregnated hydrogels such as silk fibroin (SF) and graphene oxide (GO) added hydrogels
were also found suitable for bone tissue engineering. The hydrogels were prepared by
enzyme-catalyzed crosslinking of SF and GO and then characterized fully. Moreover, bone
marrow stromal cells (BMSCs) were encapsulated, which also proved the capability of
BMSCs to differentiate and proliferate. Therefore, such an injectable BMSC hydrogel is
considered a choice in the field of bone tissue engineering [222]. The composition of poly
(γ-glutamic acid) (γ-PGA) and Fe3+ ligand double network hydrogel promoted BMSC
proliferation and repair cartilage defect [223]. Fabrication of a gradient hydrogel scaffold
via the moving photomask, with the help of poly (γ-glutamic acid) and chondroitin sulfate,
was conducted by Liu et al [224]. The hydrogel displayed huge toughness and strength
properties in addition to showing higher cell compatibility. Findings of in vitro stem cell
differentiation depicted that light duration directly impacted the differentiation extent of
stem cells, indicating that the designed hydrogel scaffold has the potential of simulating
the function of natural cartilage, and therefore it can be employed for cartilage tissue
engineering [224]. Several newer findings confirmed that designed hydrogels, owing to
their inherent and fascinating characteristics, could be employed significantly for tissue
engineering. Hydrogel scaffolds appear to signify an attractive strategy with unique
observations in cartilage tissue engineering, bone tissue engineering, and similar. Hence, it
has been concluded that hydrogels employed in the tissue engineering area must meet a
number of design criteria to replicate the extracellular matrix and subsequently to function
appropriately and promote the formation of new tissue. These hydrogels should present
an innovative architecture for cellular proliferation. The design strategy must include
both mechanical and physicochemical parameters along with consideration of biological
performance. In addition, when producing hydrogel scaffolds for tissue engineering,
factors such as accessibility and commercial viability should also be considered. Therefore,
advancement in hydrogel platforms for versatile tissue engineering applications appears to
represent a significant technology with ample fascinating opportunities. Consequently, it
can be clearly concluded from all the scientific studies that hydrogels or their scaffolds are
promising materials for tissue engineering applications.
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8. Conclusions and Future Prospects

Over the last few decades, hydrogels have captured a lot of attention of researchers
worldwide and are being extensively investigated as unique drug delivery systems. Signifi-
cant advancements of hydrogels in site-specific delivery have been enormous due to their
ease of modification with various polymeric materials and targeting ligands that result in
tailored properties optimal for drug delivery. Hydrogels provide an encouraging platform
for the delivery of useful therapeutic agents in various disorders including eye infection,
cancer, rheumatoid arthritis, and fungal infections. Furthermore, novel designed hydrogels
also display enhanced mechanical strength, therefore improving on flaws of traditional
hydrogels and increasing the potential role of smart hydrogels in some concerns, such
as the controlled swelling rate of hydrogels, while increasing their mechanical character-
istics, matching the dimension requirements of tissues besides organs. Biocompatibility
enhancement is also required for achieving simulation of the extracellular matrix structure
and functions in hydrogels. Hydrogel degradation rate should be adjustable to match
tissue-specific mechanical characteristics in addition to regeneration requirements, and to
produce the complex structural and functional components required to behave as organ
substitutes, hydrogels need to be coupled with different efficacious materials. Despite the
fact that numerous formulations of hydrogels are used clinically, there is still scope and
opportunities for further perfection and effectiveness. Progress in biomaterials has also
broadened the hydrogel range intended for drug delivery in a controlled manner. The
hydrogels may become outstanding drug delivery vehicles with slight modifications to
the existing ones, surpassing the drawbacks and current constraints of several traditional
delivery forms and delivering drugs efficiently for various diseases. Ongoing research will
eventually address drawbacks, leading to a pioneering new paradigm in drug delivery,
bioengineering, and advances in tissue replacement, in addition to regeneration.
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