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Abstract
Hydrogels are a network of crosslinked polymers which can hold a huge amount of water in their matrix. These might be soft, 
flexible, and porous resembling living tissues. The incorporation of different biocompatible materials and nanostructures into 
the hydrogels has led to emergence of multifunctional hydrogels with advanced properties. There are broad applications of 
hydrogels such as tissue culture, drug delivery, tissue engineering, implantation, water purification, and dressings. Besides 
these, it can be utilized in the field of medical surgery, in biosensors, targeted drug delivery, and drug release. Similarly, 
hyaluronic acid hydrogels have vast applications in biomedicines such as cell delivery, drug delivery, molecule delivery, 
micropatterning in cellular biology for tissue engineering, diagnosis and screening of diseases, tissue repair and stem cell 
microencapsulation in case of inflammation, angiogenesis, and other biological developmental processes. The properties like 
swellability, de-swellability, biodegradability, biocompatibility, and inert nature of the hydrogels in contact with body fluids, 
blood, and tissues make its tremendous application in the field of modern biomedicines nowadays. Various modifications 
in hydrogel formulations have widened their therapeutic applicability. These include 3D printing, conjugation, thiolation, 
multiple anchoring, and reduction. Various hydrogel formulations are also capable of dual drug delivery, dental surgery, 
medicinal implants, bone diseases, and gene and stem cells delivery. The presented review summarizes the unique proper-
ties of hydrogels along with their methods of preparation and significant biomedical applications as well as different types 
of commercial products available in the market and the regulatory guidance.
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Introduction

Hydrogels are the system of complex network of crosslinked 
polymers which can hold a huge amount of fluid in their 
matrix [1–3]. These can be prepared by physical or chemi-
cal crosslinking of either natural or synthetic polymers and 
sometimes by crosslinked clusters of colloids [4–13]. Due 
to ability of water absorption, these might be soft, flexible, 

and porous resembling like living tissue and behave like 
the extracellular matrix components providing a favorable 
environment for the survival as well as growth of cells [2, 
14, 15]. The concentration of polymer in the hydrogel can 
be directly related with the mechanical characteristics of it 
and lowers the biocompatibility and biodegradability which 
limits the biomedical application of hydrogels [16–18]. The 
properties like swellability, de-swellability, biodegradability, 
biocompatibility, and inert nature of the hydrogels in contact 
with body fluids, blood, and tissues make its tremendous 
application in the field of modern biomedicines nowadays 
[2, 15, 19–28]. The hydrogels have numerous applications 
such as 3D cell culture, drug delivery, wound dressings, tis-
sue engineering, medical surgery, biosensing [2, 15, 29–31], 
and likewise as cell delivery, molecule delivery, micropat-
terning in cellular biology for tissue engineering, diagno-
sis and screening of diseases, tissue repair and stem cell 
microencapsulation in case of inflammation, angiogenesis 
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and other biological developmental process [32–37], pre-
vention of medical device–related pressure ulcers [38] as 
well as in the construction of sensors [39–44]. These are 
widely used for the purification of water [45, 46]. Hydrogels 
that have broad applications in biomedical field incorporate 
natural, synthetic, and natural/synthetic polymers composite 
hydrogels [47–51].

Chemical Modifications in Hydrogels

Natural polysaccharide’s poor mechanical strength, low 
elasticity, quick breakability, and brittleness prevent natural 
hydrogels from being used biologically. Chitosan is widely 
employed in the creation of hydrogels for the engineering 
of biomaterials since it naturally possesses biological quali-
ties like antioxidant, antibacterial, and anti-inflammatory 
activity [52–54]. Jafari et al. (2022) developed chitosan-
based hydrogels via a method of enzyme (horseradish per-
oxidase)–mediated crosslinking and phenolated polyelectro-
lyte complexation between chitosan and alginate so as to 
increase 3D printing ability. The phenolic compounds were 
introduced for conjugation in the chitosan and alginate using 
3-(4-hydroxyphenyl) propionic acid and tyramine respec-
tively. Then, the hydrogels were prepared firstly by enzyme-
mediated crosslinking using hydrogen peroxide to activate 
enzyme horseradish peroxidase and secondly by phenolated 
polyelectrolyte complexation of different concentrations 
of phenolated chitosan and tyramine conjugated alginate 
as shown in Fig. 1. The developed hydrogels showed the 
increase in toughness, loss modulus, moldability, flexibility, 

and dynamic viscosity as well as excellent 3D printing prop-
erty [55].

Hewawasam et al. (2022) modify the human dECM 
(decellularized extracellular matrix) chemically via thiola-
tion, i.e., reacting traut’s reagent (2-iminothiolane hydro-
chloride) with free amines of human dECM in the 3 mM 
EDTA for 1 h at room temperature. Then, the PEGαMA 
(poly(ethylene glycol)-alpha methacrylate) synthesized 
by reaction between poly-(ethylene glycol)-hydroxyl and 
sodium hydride following stirring for 30 min at room tem-
perature followed by dropwise addition of ethyl 2-(bro-
momethyl)acrylate, stirring for 48 h at room temperature, 
quenching with 1 N acetic acid, filtration through celite-545, 
and purification by precipitation with diethyl ether and dialy-
sis was reacted with thiolated human dECM and dithiothrei-
tol (DTT) crosslinker in a base-catalyzed Micheal addition 
reaction to construct hybrid hydrogels. They demonstrated 
that the developed hydrogel containing human dECM pro-
motes investigation of dynamic mechanosensing and allows 
researchers to examine the dynamic cell-matrix interactions 
that sustain fibrotic disorders by controlling and decoupling 
the biochemical changes that take place during fibrotic 
pathogenesis from the consequent increases in stiffness [56].

For cartilage tissue engineering, stable host tissue inte-
gration of hydrogel implants is crucial. One of the biggest 
hurdles is creating hydrogels with high adhesive strength, 
stability, and regeneration capacity. Chen et al. (2021) 
chemically modified the hyaluronic acid hydrogels with 
aldehyde groups and methacrylate on the polysaccharide 
backbone via the mechanisms of multiple anchoring. At 
first, hyaluronic acid (HA) was reacted with sodium perio-
date for specified time period and inactivated the unreacted 

Fig. 1  Formation of hydrogel by 
phenolated polyelectrolyte com-
plexation followed by enzyme-
mediated crosslinking
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periodate for 1 h with the addition of ethylene glycol fol-
lowed by dialysis to prepare aldehyde-modified hyaluronic 
acid (AHA). Then, HA or AHA (1 g in 100 mL) was intro-
duced for reaction with 1 mL methacrylate for 12 h at a pH 
of 8–8.5 using ice bath followed by dialysis for 2 days and 
freeze drying to synthesize methacrylated hyaluronic acid 
(HAMA) and methacrylated aldehyde-modified hyaluronic 
acid (AHAMA). Now the HAMA or AHAMA dissolved in 
3% phosphate buffer saline solution with 0.1% 2-hydroxy-4′-
(2-hydroxyethoxy)-2-methylpropiophenone (photoinitiator) 
was exposed with 365 nm UV light for 5 min to develop 
hydrogel. They demonstrated that the developed hydrogel 
significantly improved cartilage regeneration after 4 and 
12 weeks of post-implantation in AHAMA groups respec-
tively and hence AHAMA hydrogel is a favorable adhesive 
biomaterial for clinical cartilage regeneration [57].

Chemical modification of graphene (Gr) has been dem-
onstrated as a potential approach to address the low gas 
sensitivity of virgin graphene (Gr). However, the current 
approach of chemical functionalization requires the use 
of hazardous substances, raising the risk to public safety 
(Table I). Wu et al. (2020) developed a grapheme hydrogel 
by chemical modification for the detection of  NH3 and  NO2. 
The vitamin C (0.2 g) was mixed with 20 mL aqueous solu-
tion of grapheme oxide of concentration 2 mg/mL by stirring 
for 10 min and heating for 1 h at 95°C without stirring fol-
lowed by washing with deionized water to prepare vitamin C 
modified reduced graphene hydrogel as a biosensor for  NH3 

and  NO2. They described that the developed sensor displays 
exceptional selectivity, linearity, and a broad detection range 
[58]. The chemical modification is shown in Fig. 2.

Composite for Bone Defects

The clinical treatment of bone defects is a tedious and 
complex task. Zhang et al. (2023) developed a scaffold of 
3D-printed polycaprolactone incorporating biodegradable 
mesoporous silica nanoparticles containing the small molec-
ular drug fingolimod. They prepared the vancomycin-loaded 
hydrogel from aldehyde hyaluronic acid and carboxymethyl 
chitosan using the Schiff base reaction, which filled the pores 
of the 3D-printed scaffold and produced bifunctional com-
posite scaffold. The author demonstrated that the composite 
scaffold had vancomycin concentration–dependent antimi-
crobial activity and the fingolimod-loaded composite scaf-
fold had significant angiogenic and osteogenic activity in in 
vitro study. The rat femoral defect model infected with bac-
teria showed that the dual drug composite had better effect 
in both bone regeneration and infection control [59].

Treatment of bone defect in osteoporosis is considered a 
complicated challenge since the site of injury has inflamma-
tion and reactive oxygen species such as hydrogen peroxide. 
Chen et al. (2022) developed a composite hydrogel with 
manganese dioxide–coated calcium phosphate microsphere 
loaded with fibroblast activating protein inhibitor in which 

Table I  Summary of Some Chemical Modifications in Hydrogels

Modification techniques Materials Purpose Ref

Conjugation followed by complexation Chitosan, alginate, tyramine, and 3-(4-hydroxy-
phenyl) propionic acid

To increase 3D printability [55]

Thiolation Traut’s reagent (2-iminothiolane hydrochlo-
ride), free amines of human dECM, and 
3 mM EDTA

To construct hybrid hydrogels [56]

Multiple anchoring mechanism Hyaluronic acid, sodium periodate, ethylene 
glycol, and methacrylate

To facilitate adhesion to host tissues for enhanc-
ing cartilage regeneration

[57]

Reduction reaction Vitamin C and graphene oxide To generate vitamin c–modified grapheme 
hydrogel for the detection of  NH3 and  NO2

[58]

Fig. 2  Different types of chemi-
cal modifications in hydrogel
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the continual release of fibroblast activating protein inhibi-
tor is employed to control the immunological response and 
bone development, and  MnO2 is intended to function as an 
advanced army to remove  H2O2 and produce oxygen. The 
author described that the hydrogel effectively reduced the 
reactive oxygen species and healed the inflammation. Fur-
ther, the hydrogel increased the osteogenesis and inhibited 
osteoclast genesis and ultimately treated the osteoporotic 
bone defects [60].

Moderate hyperthermia has beneficial healing effect for 
the bone defects. So, Wang et al. (2022) prepared a favora-
ble hydrogel composite to generate hyperthermia at the site 
of bone defects via embedding arginine-glycine-aspartate-
coated, core-shell-structured magnetic iron oxide nano-
particles in the agarose. This hydrogel composite showed 
significant tissue penetration and produced hyperthermic 
temperature of 41–42°C promoting the osteogenic differen-
tiation and biomineralization of pre-osteoblasts [61].

Biomaterials are necessary to localize cells to the defect 
and promote osteogenic differentiation, which is essential for 
treatments based on cells to be effective as an alternative to 
autologous bone grafts. Ingavle et al. (2019) developed an 
advanced hydrogel composite via entrapping mesenchymal 
stromal cells (MSCs) based on natural polymers, alginate 
and hyaluronate containing biomineralized polymeric micro-
spheres (Table II). The author used repair in sheep bone 
defect model. In comparison to acellular gels or untreated 
defects, defects treated with MSCs implanted in composite 
gels showed a considerable increase in blood vessel density, 
osteoid formation, and bone formation after 12 weeks of 
implantation [62].

Bone Materials (Calcium Phosphate)

In orthopedics, bone abnormalities brought on by trauma, 
tumors, congenital malformations, or inflammations are 
quite prevalent. Xu et al. (2023) prepared a biphasic cal-
cium phosphate–acrylated methacrylate gelatin composite 

gel and demonstrated that in vitro study for osteogenic activ-
ity showed enhanced osteogenesis of bone marrow mesen-
chymal stem cells and the in vivo study by rat skull defect 
model for bone repair activity showed new bone formation 
in rat skull defect model [63].

One of the most incapacitating effects of aging is osteopo-
rosis, and osteoporotic fractures and a higher risk of recur-
rent fractures result in significant impairment and fatalities, 
demonstrating the importance of both local fracture heal-
ing and early anti-osteoporosis therapy. Wang et al. (2023) 
developed a tough hydrogel loaded with calcium phosphate 
cement and injectable through the interactions between 
inorganic biological scaffolds (calcium phosphate cement) 
and organic osteogenic molecules (gelatin methacryloyl 
and N-Hydroxyethyl acrylamide) called one-pot process. 
The author demonstrated that the developed composite gel 
showed enhanced osteogenesis activity [64].

Osteosarcoma is considered the most common primary 
malignant tumor of the bone and clinical treatment of it is 
a complex task. Marti et al. (2023) developed a composite 
from robocasted calcium phosphate cement infiltrated with 
plasma‐treated gelatin-alginate hydrogel and demonstrated 
that the in vitro study showed the significant selective osteo-
sarcoma cells’ killing ability and the in vivo study showed 
excellent anticancer and bone regenerating activity [65].

Chronopoulou et al. (2020) developed an injectable bio-
mimetic composite material which was based on peptidic 
hydrogel (tripeptides) and calcium phosphates via reverse 
hydrolysis in which cell adhesion was promoted by Arg-
Gly-Asp-grafted chitosan. The author demonstrated that the 
developed composite hydrogel had mimicking effect on the 
chemical composition of natural bone tissue (Table III) [66].

Bioglass

The development material of side effect free and complete 
recovery for the treatment of oral submucous fibrosis is a 
major subject of concern nowadays. Considering this prob-
lem, Guo et al. (2023) developed an injectable sodium 

Table II  Summary of Different Types of Hydrogel Composites for Bone Defects

Technique of com-
posite development

Composite material Purpose Ref

Schiff base reaction Mesoporous silica nanoparticles, fingolimod, vanco-
mycin, aldehyde hyaluronic acid, and carboxymethyl 
chitosan

To prepare 3D-printed bifunctional composite scaffold 
for repairing infected bone defects

[59]

Coating Manganese dioxide, calcium phosphate, fibroblast acti-
vating protein inhibitor

To improve the immune response for repair of osteoporo-
tic bone defects

[60]

Embedding Arg-Gly-Asp-coated magnetic iron oxide, agarose To promote the osteogenic differentiation and biominer-
alization of pre-osteoblasts

[61]

Entrapment Mesenchymal stromal cells, alginate, and hyaluronate 
containing biomineralized polymeric microspheres

To promote osteogenesis and bone repair [62]
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hyaluronate/45S5 bioglass composite hydrogel which 
showed that the composite hydrogel significantly relieved 
mucosal pallor and restricted mouth opening in oral sub-
mucous fibrosis induced with arecoline in rats involving the 
mechanism of inhibition of collagen deposition and inflam-
mation as well as promotion of angiogenesis and epithelial 
regeneration with very least side effects [67].

To overcome the problems of tedious and complex clini-
cal treatment, Sadeghian et al. (2023) prepared a dentin 
extracellular matrix–loaded gelatin methacrylate-5% bioac-
tive glass hydrogel and found that in vitro study showed 
improved dental pulp regeneration activity [68].

To overcome the problems of repairing large bone inju-
ries, Manoochhri et al. (2022) prepared chitosan/alginate/
strontium-doped bioglass composite scaffolds using freeze 
drying method and found the scaffold with more cell dif-
ferentiation efficiency for repairing major bone injuries [69].

The implanted biomaterials following surgery should 
combine the functions of both tumor therapy and bone 
regeneration to address tumor-related irregular bone 
deformities. To achieve this requirement, Yang et al. (2021) 
developed double crosslinking injectable composite hydro-
gels on the basis of furan-sodium alginate/bis-maleimide-
polyethylene glycol/copper-doped bioactive glass-ceramic 
microspheres using Diels-Alder reaction and ionic crosslink-
ing. The author demonstrated that the composite hydrogel 
showed outstanding photothermal effects and destroyed most 

tumor cells after in vitro study and in mice (Table IV); it had 
inhibited tumor growth [70].

3D Printing

Pea protein hydrogel’s enhanced mechanical and 3D print-
ing capabilities aid in the creation of novel plant-based gel 
products. Wang et al. (2023) developed a method forming 
pea protein–hydroxypropyl starch interpenetrating network 
hydrogels by changing pH to regulate the structure, 3D 
printing characteristics, and strength of the hydrogels. They 
demonstrated that the pH affected the gelation process of 
pea protein–hydroxypropyl starch hydrogels and found that 
gel inks at pH 3 produced 3D-printed items with outstand-
ing structural fidelity and integrity at 60°C which could be 
applied in food industry [71].

For three-dimensional cell culture, hydrogel is an 
appropriate material since it has high water content and 
can more closely resemble a natural extracellular matrix. 
Hao et al. (2023) carried out the study to test the impact of 
3D-printed porous structures on the osteogenic differentia-
tion of BMSCs (bone marrow mesenchymal stem cells) 
within hydrogel scaffolds via creating porous hydrogel 
scaffolds (gelatin-sodium alginate-laponite/BMSCs) with 
medium pore sizes (100–1000  µm) using 3D printing 
technology and using porous hydrogel scaffolds with-
out pores and non-printed hydrogel scaffolds as controls. 

Table III  Summary of Bone Material (Calcium Phosphate) in Hydrogel

Composite material Purpose Ref

Calcium phosphate, acrylated methacrylate gelatin Enhancement of osteogenesis and bone defects repair [63]
Calcium phosphate cement, gelatin methacryloyl, and N-Hydroxyethyl 

acrylamide
Enhancement of osteogenesis in bone defects [64]

Robocasted calcium phosphate cement, and gelatin-alginate hydrogel Increasing the anticancer and bone regenerating activity [65]
Tripeptides and calcium phosphates, Arg-Gly-Asp-grafted chitosan To produce mimicking effect on the chemical composition of 

natural bone tissue
[66]

Table IV  Summary of Different Types of Bioglass Hydrogel Composites

Techniques 
of composite 
development

Composite material Purpose Ref

Sodium hyaluronate and 45S5 bioglass Promotion of angiogenesis and epithelial regeneration in 
mucosal pallor and oral submucous fibrosis

[67]

Dentin extracellular matrix–loaded gelatin methacrylate and 
5% bioactive glass

Improvement of dental pulp regeneration [68]

Freeze drying Chitosan, alginate, and strontium-doped bioglass Increasing cell differentiation efficiency for repairing major 
bone injuries

[69]

Diels–Alder 
reaction 
and ionic 
crosslinking

Furan, sodium alginate, bis-maleimide, polyethylene glycol, 
and copper-doped bioactive glass-ceramic microspheres

Destruction of tumor cells and inhibiting tumor growth in 
bone defects

[70]
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They demonstrated that when compared to the non-porous 
groups, the osteogenic differentiation of BMSCs in the 
structured porous hydrogels was significantly greater in in 
vitro study and following ectopic implantation in the pos-
terior gluteal muscle punch, the structured porous hydro-
gel showed ectopic osteogenesis and reasonably excellent 
mineralization. They concluded that the method based on 
3D printing offers an easy method for making hydrogels 
with intermediate pore shapes [72].

Tailored nutrition and medicine have recently gained 
popularity as a way to alter target agent dosage and enable 
tailored treatment by altering the geometries of printed 
gels. Emir et al. (2022) firstly used photoinitiator and ribo-
flavin in precursor resin for the stereolithogaphy printing 
of poly (ethylene glycol) dimethacrylate–based hydrogels 
embedded with oleuropein via the use of UV-induced 
polymerization with varying shapes. The author dem-
onstrated that the printed 3D gels had good printability, 
physical properties, physicochemical properties, and drug 
release property and concluded that it could contribute to 
the food and pharmaceutical industries in order to design 
personalized oleuropein dosages utilizing the stereolithog-
raphy printing with controlled release through the manipu-
lation of geometry only [73].

Tough hydrogels must be transformed into complex 
topologies in order to be used as structural components. 
Dong et al. (2022) used the digital light processing print-
ing technique to develop tough hydrogel architectures via 
the use of aqueous precursor; commercial photoinitia-
tor, acrylic acid, and zirconium ion readily formed tough 
metallosupramolecular hydrogel in the influence of digi-
tal light due to the formation of complexes of carboxyl-
zirconium ion in situ. The author described that encoding 
structure gradients with grayscale digital light while print-
ing allowed for the gel to change shape due to swelling 
and the mechanical properties of printed hydrogel were 
enhanced by incubation in water because of pH variation 
and co-ordination complex rearrangement (Table V). They 
demonstrated that the printed gels were used for devising 

an impact absorption element or highly sensitive pressure 
gels [74].

Gels for Dental Surgeries and Implants

Various dental conditions that cannot be treated through 
regular measures alone are addressed with dental surgeries 
by the dental professionals. Modern dentistry, which aims 
to address complicated dental diseases and restore oral 
health, includes dental surgery and implants as essential 
components [75]. Extraction of teeth, installation of den-
tal implants, corrective jaw surgery, bone grafting, and the 
management of oral diseases are all procedures included in 
dental surgery. Dental implants, on the other hand, are arti-
ficial tooth roots that are surgically inserted into the jawbone 
to act as a secure base for dental restorations [76]. They 
are manufactured of biocompatible materials. Evaluation, 
implant insertion, healing and integration, abutment place-
ment, and crown implantation are all steps in the dental 
implant process. Dental implants have many advantages, 
including as better dental health, improved looks, and long-
term durability. To choose the best course of treatment and 
guarantee positive results, speaking with a dental expert is 
essential. Hydrogel polymers have utilizations in various 
regenerative medicines [77].

Struillou et al. (2013) employed hydrogels and biphasic 
calcium phosphate to address peri-implant problems of the 
dehiscence kind in a dog model. They investigated three 
biomaterials, i.e., BCP alone, HPMC/BCP material in a 
putty, and BCP covered by Si-HPMC, a polymer barrier. 
At 3 months, defects filled with HPMC/BCP or Si HPMC/
BCP considerably outperformed spontaneous healing in the 
control (P = 0.032 and P = 0.046, respectively) and outper-
formed BCP alone in terms of new bone production. Fresh 
bone formation was additionally observed in indirect con-
tact with the implant site in each of the three groups who 
received BCP. The inclusion of HPMC to the BCP gran-
ules may have enhanced the initial stability of the material 

Table V  Summarized 3D Printing Techniques of Hydrogels

Techniques of composite development Composite material Purpose Ref

3D printing of hydrogel prepared by chang-
ing pH

Pea protein and hydroxypropyl starch Regulating the structure, 3D printing charac-
teristics, and strength of the hydrogels

[71]

3D printing after mixing of composite 
materials

Gelatin, sodium alginate, laponite and 
BMSCs

Improvement of osteogenic differentiation 
of bone marrow mesenchymal stem cells 
(BMSCs) and mineralization

[72]

Stereolithogaphy printing Photoinitiator, riboflavin, poly (ethylene 
glycol) dimethacrylate embedded with 
oleuropein

Improving 3D printability, physicochemical 
properties, and drug release property

[73]

Digital light processing printing Commercial photoinitiator, acrylic acid, and 
zirconium ion

Devising an impact absorption element or 
highly sensitive pressure gels

[74]
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within the blood clot in these significant and complex osse-
ous abnormalities. In periodontology and implantology, the 
composite MBCP/putty appears to be an effective bone-graft 
material for complex defects, but the Si-HPMC hydrogel can 
also act as an occlusive film that covers the BCP, potentially 
improving the longevity of the granules in the defective area 
[78].

Another study supported the idea that, rather than using 
ginger extract directly, implant coating can successfully 
prolong the release of ginger fraction by loading the ginger 
fraction in the gelatin methacryloyl (GelMA) hydrogel. The 
outer surface was altered by pre-calcification and anodiza-
tion prior to covering the ginger-loaded hydrogel to create 
a super-hydrophilic surface with the formation of titanium 
dioxide  (TiO2) and hydroxyapatite. The functional ginger 
hydrogel’s coating properties (adhesion and homogeneity) 
were improved, and the Ti surface’s bioactivity in simu-
lated body fluid (SBF) was increased thanks to the changed 
surface. The ginger hydrogel increased the effectiveness of 
ginger loading and continually released the essential com-
ponents in ginger, which had a synergistic effect on the 
reduction of bacterial adhesion and a rise in osteogenesis 
surrounding the Ti surface. [79].

It was also shown that acellular self-assembling peptide 
hydrogels may produce extracellular matrix mimicking 
designs that direct in vivo tissue deposition and neo vascu-
lature growth. In a large animal (canine) orthotopic model, 
the therapeutic potential of an angiogenic hydrogel to restore 
vascularized pulp-like soft tissue was investigated. Neural 
filaments, blood vessels, and an odontoblast-like layer close 
to dentinal tubules are only a few examples of the major 
characteristics of native pulp that the regenerated soft tissue 
replicates. In a canine pulpectomy model, the hydrogel’s 
material properties are similar to those of natural tooth pulp, 
and the material promotes excellent bio-integration and soft 
tissue regeneration (Table VI). As useful acellular biomate-
rials, supramolecular peptide hydrogels hold considerable 
potential for enhancing our tissue engineering tools [80].

Drug Delivery in Hydrogels

Polymeric nanoparticles are nanosized particles composed 
of biodegradable polymers that can be used for drug deliv-
ery, imaging, diagnosis, and therapy of various diseases [81, 
82]. One of the applications of polymeric nanoparticles is 
targeting bone cancer, which is a malignant growth of bone 
tissue that can be primary or metastatic [82]. Bone cancer is 
a challenging disease to treat due to its complex microenvi-
ronment, poor vascularization, drug resistance, and metas-
tasis [83].

One of the strategies to improve the efficacy of bone 
cancer therapy is to use polymeric nanoparticles that can Ta
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specifically target the bone tissue and deliver the anti-
cancer agents to the tumor site. This can be achieved by 
modifying the surface of the nanoparticles with bone-
targeting ligands, such as bisphosphonates, tetracyclines, 
hydroxyapatite-binding peptides, bone morphogenetic 
proteins, and integrin-binding peptides [81, 84]. These 
ligands can bind to the bone matrix or the receptors on 
the bone cells and increase the accumulation and retention 
of the nanoparticles in the bone tissue [84].

Another strategy is to use polymeric nanoparticles that 
can target the mitochondria of the cancer cells, which are 
the organelles responsible for energy production, apop-
tosis regulation, and oxidative stress generation [85, 86]. 
Mitochondria-targeted nanoparticles can induce mitochon-
drial dysfunction, oxidative stress, apoptosis, and necrosis 
in the cancer cells, leading to their death. Mitochondria-
targeted nanoparticles can be designed by incorporating 
mitochondria-penetrating peptides, lipophilic cations, or 
photosensitizers into the nanoparticles [87–89].

Polymeric nanoparticles can be incorporated into gel 
formulations for topical or transdermal delivery of drugs 
to treat bone cancer. Gel formulations are semisolid sys-
tems that can adhere to the skin surface and provide sus-
tained release of drugs. Gel formulations can also enhance 
the permeability of drugs through the skin layers and 
improve their bioavailability [90]. Polymeric nanoparticles 
can be incorporated into gel formulations by using gel-
forming excipients, such as Carbopol, alginate, chitosan, 
or cellulose derivatives. Polymeric nanoparticle gel for-
mulations can offer advantages such as improved stability, 
reduced irritation, controlled release, and targeted delivery 

of drugs for bone cancer therapy [90, 91]. The strategy 
for dual drug delivery using hydrogels is shown in Fig. 3.

Some examples of polymeric nanoparticle gel formula-
tions for bone cancer therapy are:

A Gel-Mps composite system was created by Cao et al. 
for the in situ treatment of osteosarcoma. Gel@Col-Mps@
Dox/Pio serves a number of purposes, including the con-
tinuous inhibition of tumor growth and recurrence by stable 
drug release from microspheres, targeted penetration of the 
disintegrating tumor extracellular matrix, and synergistic 
drug delivery. The sequential administration of collagenase 
and therapeutic medicines (doxorubicin and pioglitazone) to 
osteosarcoma tumors creates a pathway for drug penetration 
by breaking down the extracellular matrix. Doxorubicin, a 
cancer treatment medicine, causes DNA damage and tumor 
cell death, and pioglitazone, a cancer treatment drug, works 
synergistically to treat cancer by diminishing the stemness of 
osteosarcoma stem cells, overriding P-gp-mediated doxoru-
bicin resistance, regaining the cancer’s sensitivity to chemo-
therapy, and lessening metastasis and invasiveness [92].

In order to achieve local chemodynamic therapy (CDT)/
photothermal therapy (PTT) with doxorubicin-encapsulated 
iron-gallic acid (FeGA-DOX) nanoparticles (NPs) and ena-
ble osteosarcoma tumor suppression in mice, Ying et al. 
created a unique method employing injectable agarose (AG) 
hydrogels. The FeGA-DOX NPs release a lot of heat when 
exposed to a near-infrared (NIR) wavelength laser, which 
causes cell apoptosis by hyperthermia. While this is happen-
ing, a local temperature increase may encourage the release 
of FeGA-DOX into the tumor. It is widely known that doxo-
rubicin can encourage the production of  H2O2, which FeGA 

Fig. 3  General process of drug 
delivery through hydrogels
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can then use in a Fenton reaction in an acidic environment 
to produce reactive oxygen species (ROS). With the help of 
FeGA-DOX + AG therapy, the synergistic effect of CDT/
PTT was thus realized. The approach overcomes the draw-
back of a single CDT or PTT and demonstrated exceptional 
therapeutic effects in mice with osteosarcoma tumors with 
acceptable biocompatibility results. Since this  H2O2 self-
sufficient AG-encapsulated FeGA-DOX can combine the 
benefit of CDT/PTT, this unique technique has the potential 
to be used in clinical settings [93].

Wu et al. (2018) used a gelatin methacryloyl (GelMA) 
hydrogel to photo crosslink gemcitabine (GEM) hydrochlo-
ride–loaded liposomes to assess its efficacy for osteosarcoma 
ablation. The hydrogel released GEM over the course of 
4 days in vitro, according to the investigators, in a controlled 
and sustained manner (Table VII). In addition, the hydrogel 
showed in vivo osteosarcoma inhibition in BALB/c MG-63 
carrying mice [94].

Hydrogels for Cutaneous Applications

A three-dimensional network of hydrophilic polymers 
known as a hydrogel is capable of absorbing and holding 
huge volumes of water or biological fluids. They have a long 
history of usage in cutaneous applications such cosmetics, 
medication administration, tissue engineering, and wound 
dressing [95, 96].

Liposomes (LS) are nanocarriers that are largely made 
of cholesterol and phospholipids [97]. Sexually transmitted 
infections are brought on by Chlamydia trachomatis. Oral 
azithromycin and doxycycline, both of which have possible 
side effects, are the available treatments. Jraholmen et al. 

[98] employed a natural chitosan (CHI) hydrogel infused 
with the polyphenol Resveratrol (RVT) LS to successfully 
cure C. trachomatis while minimizing side effects. To maxi-
mize the potential therapeutic benefit of RVT, they employed 
LS as the main release media and CHI hydrogel as an addi-
tional media. Since LS do not interact with vaginal flora 
and RVT reduces biofilm formation, these nanocarriers are 
favored for topical therapy. Chitosan hydrogel also suc-
cessfully prevents the growth of vaginal biofilms. RVT was 
discovered to increase in solubility in LS preparation, offer 
sustained action, and improve chemical stability, allowing 
for medical applications. Additionally, RVT’s ability to bind 
to microorganisms is enhanced in the LS formulation, lead-
ing to a more effective antimicrobial effect even at low dos-
ages. Nitric oxide, which is the main free radical responsible 
for inflammation, was shown in the study to be inhibited 
by RVT-LS in CHI hydrogel. The addition of RVT-LS to 
the CHI hydrogel delivery system enhanced RVT’s anti-
chlamydial performance at lower doses and brought atten-
tion to the need for an efficient delivery system.

A vitamin C–loaded self-double-emulsifying drug deliv-
ery system (SDEDDS) was made by Wang Q et al. [99] 
before being mixed with a xanthan gum (XG) hydrogel. 
After being incorporated into hydrogels, vitamin C–loaded 
SDEDDS demonstrated higher physical potency, indicating 
that the shell is better able to preserve vitamin C against 
deterioration, particularly from ionization solution and oxy-
gen exposure. Due to XG’s bio adhesive properties, adding 
vitamin C to SEDDS-based hydrogels enhances the amount 
of vitamin C that permeates into the skin. Even better vita-
min C–controlled release from the SDEDDS formulation 
may be possible thanks to the oil vesicle’s protective layer. 
The distribution and permeability of vitamin C within the 

Table VII  Applications of Hydrogels for Dual Drug Delivery with Their Observations

Sl. No Materials used Type Observation Reference

1 K7M2-Luc cells, f-collagenase, piogl-
itazone, doxorubicin

Gel-Mps composite system Doxorubicin, a cancer treatment medi-
cine, causes DNA damage and tumor 
cell death, and pioglitazone, a cancer 
treatment drug, works synergistically 
to treat cancer by diminishing the 
stemness of osteosarcoma stem cells, 
overriding P-gp-mediated doxorubicin 
resistance, regaining the cancer’s 
sensitivity to chemotherapy, and less-
ening metastasis and invasiveness

[92]

2 Doxorubicin-encapsulated iron-gallic 
acid, agarose

Injectable agarose (AG) hydrogels Since the  H2O2 self-sufficient AG-
encapsulated FeGA-DOX can 
combine the benefit of CDT/PTT, this 
unique technique has the potential to 
be used in clinical settings

[93]

3 Gemcitabine (GEM) hydrochloride, 
gelatin methacryloyl

Crosslinked gemcitabine hydrochlo-
ride–loaded liposomes with a gelatin 
methacryloyl hydrogel

The hydrogel showed in vivo osteosar-
coma inhibition in BALB/c MG-63 
carrying mice

[94]
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skin may be significantly increased by encapsulating it in 
hydrogels, SDEDDS, or perhaps both. Overall, skin pen-
etration will be significantly improved by SDEDDS coupled 
with XG hydrogels that have vitamin C added [99].

Research on polymeric microparticles (MP) as a helpful 
and new carrier for the prolonged and controlled release of 
powerful pharmaceuticals has been extensive. In order to 
treat chronic wounds, medications must typically be given 
over a longer period of time at regular intervals. The fre-
quency of injection may be reduced while maintaining medi-
cation concentration at the site of a wound with long-term 
sustained release therapy. Yasasvini S et al. [100] developed 
simvastatin (SIM) CHI-MP and added it to polyvinyl alcohol 
(PVA) hydrogels to enhance wound healing activity consid-
ering this information. Ninety-two percent of the SIM in the 
2.5 mg dosage of the 5% PVA hydrogel was released after 
7 days. This SIM release from 5% PVA was related to the 
swelling index. Low dosages (2.5 mg) had a larger swelling 
index value when compared to SIM concentrations of 5 and 
10. The in vivo wound healing experiment demonstrated that 
SIM delivered in a regulated way causes ongoing wound 
healing. According to the results above, the combination of 
APIs in the MP formulation combined with hydrogels may 
be the optimum for releasing the APIs over time and suc-
cessfully promoting topical wound healing.

Hydrogels for Gene Delivery

Gene delivery is the process of introducing foreign genetic 
material into cells for therapeutic purposes. It can be used 
to treat various diseases such as cancer, genetic disorders, 

or infections by modulating the expression of specific genes. 
Incorporating cyclodextrins or other supramolecular hosts 
to form inclusion complexes with DNA vectors and enhance 
their loading and release [101].

Cyclodextrin-based hydrogels for gene delivery. Cyclo-
dextrins are cyclic oligosaccharides that can form inclusion 
complexes with various guest molecules, such as drugs, pro-
teins, and nucleic acids. Cyclodextrin-based hydrogels are 
formed by crosslinking cyclodextrins with guest molecules 
via supramolecular interactions. Cyclodextrin-based hydro-
gels can encapsulate or conjugate various genes, such as 
plasmid DNA (pDNA), small interfering RNA (siRNA), and 
messenger RNA (mRNA), within their network. Cyclodex-
trin-based hydrogels can protect the genes from degradation 
and release them in a controlled manner. Cyclodextrin-based 
hydrogels can also enhance the gene transfection efficiency 
by facilitating the endosomal escape and nuclear entry of 
genes [102].

Weiss et al. used an alginate-based hydrogel loaded with 
pDNA encoding for BMP-2 (pDNA-BMP-2) to study the 
effectiveness of bone formation. Goat multipotent stromal 
cells (gMSCs) and ceramic granules were mixed and injected 
intramuscularly into goats. This DNA delivery system’s 
transfection of cells resulted in sustained BMP-2 expres-
sion for 16 weeks, encouraging osteogenic differentiation 
and subsequent bone production. When pDNA-BMP-2 was 
administered via gelatin-based hydrogels to treat a mouse 
calvarial bone deficiency, a similar pattern was shown [103].

Local DNA delivery via a hydrogel scaffold would 
expand the uses of gene therapy for cancer treatment and 
tissue regeneration. Lei Y et al. (2011) developed hyalu-
ronic acid and fibrin hydrogels with concentrated and unag-
gregated polyplexes (DNA/cationic polymer nanoparticles) 

Table VIII  Application of Hydrogels in Cutaneous and Gene Delivery

Sl. No Materials used Type Observation References

Application in cutaneous delivery
 1 Resveratrol RVT-LS (resveratrol-liposome) Enhanced RVT's anti-chlamydial performance at lower 

doses
[98]

 2 Vitamin C, Xanthum Gum Vitamin C–loaded self-double-
emulsifying drug delivery 
system

Significant improvement in skin penetration by SDEDDS 
coupled with XG hydrogels that have vitamin C added

[99]

 3 Polyvinyl alcohol, simvastatin Polymeric microparticles Optimum releasing effect of the APIs over time and suc-
cessfully promoting topical wound healing

[100]

Applications in gene delivery
 4 Cyclodextrin Hydrogels for gene delivery Cyclodextrin-based hydrogels enhanced gene transfec-

tion efficiency by facilitating the endosomal escape and 
nuclear entry of genes

[102]

 5 Alginate Alginate-based hydrogel 
loaded with pDNA encoding 
for BMP-2

Encouraged osteogenic differentiations and subsequent 
bone production

[103]

 6 Fibrin hydrogel Chorionic chick embryo model Able to deliver genes in vivo [104]
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through caged nanoparticle encapsulation (CnE) and found 
that the developed hydrogels showed ability to deliver genes 
in vivo (Table VIII) [104].

Hydrogels for Stem Cell Delivery

Undifferentiated cells called stem cells have the capacity 
to differentiate into a variety of cell types and repair dam-
aged tissues. Stem cell therapy is a promising strategy for 
the treatment of various diseases, such as cardiovascular 
diseases, diabetes, and neurodegenerative disorders. How-
ever, stem cell therapy faces several challenges, such as 
low survival rate, poor engraftment, immune rejection, and 
ethical issues [105, 106].

Alginate hydrogels for stem cell microencapsulation. 
Alginate is a polymer generated naturally from brown 
algae that may crosslink with divalent cations, such as 
calcium, to form hydrogels. Alginate hydrogels are bio-
compatible, biodegradable, and easy to prepare. Alginate 
hydrogels have been used to encapsulate various types of 
stem cells, such as embryonic stem cells (ESCs), mesen-
chymal stem cells (MSCs), induced pluripotent stem cells 
(iPSCs), and neural stem cells (NSCs). Alginate hydro-
gels can protect the encapsulated stem cells from mechani-
cal stress, immune attack, and oxidative stress. Alginate 
hydrogels can also modulate the stem cell differentiation 
by incorporating different bioactive molecules or by vary-
ing the gel stiffness [107].

Gelatin hydrogels for stem cell microencapsulation. 
Gelatin is a natural protein derived from collagen that 
can form hydrogels by physical or chemical crosslink-
ing methods. Gelatin hydrogels are biocompatible, 

biodegradable, and have similar amino acid composition 
to the ECM. Gelatin hydrogels have been used to encap-
sulate various types of stem cells, such as MSCs, ESCs, 
iPSCs, and hematopoietic stem cells (HSCs). Gelatin 
hydrogels can enhance the stem cell attachment, prolif-
eration, and differentiation by providing integrin-binding 
sites and growth factor–binding sites. Gelatin hydrogels 
can also be modified with various functional groups or 
nanoparticles to improve their mechanical strength, stabil-
ity, and responsiveness [108].

Polyethylene glycol (PEG) hydrogels for stem cell micro-
encapsulation. PEG is a synthetic polymer that can form 
hydrogels by photo-polymerization or chemical crosslinking 
methods. PEG hydrogels are biocompatible, non-immuno-
genic, and non-degradable. PEG hydrogels have been used 
to encapsulate various types of stem cells, such as ESCs, 
MSCs, iPSCs, and HSCs. PEG hydrogels can provide a 
three-dimensional (3D) environment for the encapsulated 
stem cells and prevent their aggregation or leakage. PEG 
hydrogels can also be tailored to have different mechanical 
properties, degradation rates, and stimuli responsiveness 
by varying the molecular weight, crosslinking density, and 
functionalization of PEG [109]. Strategy for stem cell deliv-
ery utilizing hydrogel is presented in Fig. 4.

Commercial products of hydrogels are tabulated in 
Table IX.

Regulatory Aspects of Hydrogels

The variety of basic components used to create hydrogel 
scaffolds makes regulatory approval and arrangement diffi-
cult. According to Sect. 201(g) of the FD&C Act, hydrogels 

Fig. 4  General process of stem 
cell delivery by hydrogels
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are categorized as “devices” as opposed to “drugs,” which 
have more specific classifications. In addition, the majority of 
hydrogel-based products, with a few notable exceptions, must 
go through further FDA assessment of a 510(k) pre-market 
notification filing in order to get legal marketing rights in the 
USA, which requires lengthy regulatory approval. However, 
hydrogels are classified as medical device class III under the 
new European regulations, and as such, they must be taken 
into account at every stage of the hydrogel’s lifetime, from 
material and machine certification to scale up. The Coun-
cil Directives 90/385/EEC and 93/42/EEC have specific 
obligations, as stated in Commission Regulation (EU) No. 
722/2012 of August 8, 2012. In order to maintain a high level 
of safety and health protection against the possibility of trans-
mitting animal spongiform encephalopathies, the regulation 
governing active implantable medical devices and medical 
devices made with animal tissues was adopted. The regu-
lation also takes into account the fact that Class III active 
implantable medical devices and other medical devices are 
subject to conformity assessment procedures prior to being 
marketed or put into service, which necessitates the adoption 
of more specific requirements pertaining to risk management. 
On May 26, 2017, two new European Health Products Regu-
lations went into effect. The first one, the Medical Devices 
Regulation (EU) 2017/745, which amends Directive 2001/83/
EC and its derived rules and repeals Council Directives 
90/385/EEC and 93/42/EEC, is in effect as of May 26, 2020. 
The second one, Regulation (EU) 2017/746 of in vitro medi-
cal devices, which takes effect on May 26, 2022, repeals both 
Directive 98/78/EC and Commission Decision 2010/227/EU. 
These new rules represent a necessary shift in the medical 
device industry and will require strict requirements from all 
market participants, which increases product transparency 
and traceability assurances and further promotes safety and 
dependability [114–116].

Conclusion

Hydrogels are the crosslinked polymer network system 
widely applied in the field of biomedicine with very least 
side effects and least cost. These have been used for the 
treatment of bone cancer, bone fracture, and tissue defects 
as well as for tissue culture, drug delivery, stem cell deliv-
ery, etc. In summary, hydrogels offer a versatile platform 
for drug delivery with unique features such as biocompat-
ibility, sustained release, and stimuli-responsive behavior. 
These characteristics make them valuable in various bio-
medical applications, ranging from localized drug deliv-
ery to tissue engineering and diagnostic imaging. Ongoing 
research continues to explore new ways to optimize hydro-
gel formulations for specific therapeutic purposes, pav-
ing the way for innovative drug delivery strategies in the 
future. The improvement in the hydrogels development is 
required so as to minimize rejection due to immune sensi-
tivity, problem in biodegradability and stability issues, etc.
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