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Abstract: Injectable hydrogels have gained popularity for their controlled release, targeted delivery,
and enhanced mechanical properties. They hold promise in cardiac regeneration, joint diseases, post-
operative analgesia, and ocular disorder treatment. Hydrogels enriched with nano-hydroxyapatite
show potential in bone regeneration, addressing challenges of bone defects, osteoporosis, and tumor-
associated regeneration. In wound management and cancer therapy, they enable controlled release,
accelerated wound closure, and targeted drug delivery. Injectable hydrogels also find applica-
tions in ischemic brain injury, tissue regeneration, cardiovascular diseases, and personalized cancer
immunotherapy. This manuscript highlights the versatility and potential of injectable hydrogel
nanocomposites in biomedical research. Moreover, it includes a perspective section that explores
future prospects, emphasizes interdisciplinary collaboration, and underscores the promising future
potential of injectable hydrogel nanocomposites in biomedical research and applications.

Keywords: injectable hydrogel nanocomposites; biomedical applications; controlled release; tissue
engineering; therapeutic outcomes

1. Introduction

Injectable hydrogel systems have witnessed noteworthy progress in recent years
within the realm of biomedical applications. These biomaterials present a multitude of
advantages, including controlled release, targeted delivery, and enhanced mechanical
properties [1]. Their potential has been demonstrated in various therapeutic areas, such as
cardiac regeneration [1], joint diseases [2], postoperative analgesia [3], and the treatment
of ocular disorders [4]. Particularly in the field of tissue engineering, hydrogels play a
vital role by promoting crucial aspects such as cell viability, adhesion, differentiation, and
host integration [5]. By mimicking the native extracellular matrix in bone and cartilage
tissue engineering, hydrogels provide a biocompatible and regenerative environment [5].
Notably, injectable hydrogels enriched with nano-hydroxyapatite have shown promise in
bone regeneration [6]. Additionally, collagen-based hydrogels, carboxymethyl-chitosan
gels, gelatin, and nano-hydroxyapatite exhibit potential for bone tissue engineering [7,8].

Addressing the clinical challenges associated with bone defects, osteoporosis, and
tumor-related bone regeneration represents a significant aspect of injectable hydrogel sys-
tems. These biomaterials enhance bone formation and repair by promoting osteogenic
differentiation, angiogenesis, and controlled release of bioactive molecules [9-27]. Various
composite biomaterials and injectable hydrogels, such as the RADA16 peptide hydro-
gel with calcium sulfate/nano-hydroxyapatite cement and the GelMA-HAMA /nHAP
composite hydrogel, have demonstrated efficacy in bone healing and regeneration [9,11].
Furthermore, injectable hydrogels incorporating bio-responsive drug-loaded nanoparticles
exhibit dual functions and hold promise for targeted delivery, tumor suppression, and bone
regeneration [17,18].

Injectable hydrogel systems also find application in wound management and therapy,
as they facilitate controlled release of bioactive substances, accelerated wound closure, and
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tissue regeneration. The incorporation of nanoparticles further enhances their antibacterial
activity and bioactivity, advancing the field of wound care [28,29].

In cancer therapy, injectable hydrogel systems offer promising solutions for targeted
drug delivery, chemo-photothermal therapy, and combination therapies. These hydrogels’
versatility, controlled-release capabilities, and biocompatibility render them ideal platforms
for enhancing therapeutic outcomes [30-39]. By delivering therapeutic agents and enabling
targeted treatments, injectable hydrogels have the potential to significantly advance cancer
therapy and improve patient outcomes [40,41].

In addition to their aforementioned applications, injectable hydrogel systems hold
great potential in several other areas of biomedical research. These include ischemic brain
injury, tissue regeneration, cardiovascular diseases, and personalized cancer immunother-
apy [42-45]. Notably, in the treatment of ischemic brain injury, injectable hydrogels have
demonstrated the ability to facilitate neuronal proliferation, angiogenesis, and tissue re-
generation, offering promising therapeutic prospects [42]. Similarly, in the realm of cardio-
vascular diseases, hydrogels combined with stem cells, nanoparticles, or genetic material
have shown promise in improving cardiac function and promoting tissue regeneration [44].
Moreover, the integration of nanotechnology and biomaterials in injectable hydrogels has
enabled the development of personalized cancer immunotherapy approaches, allowing for
targeted and effective treatment modalities [46-50].

Recent studies have also focused on the development of injectable hydrogels for car-
tilage regeneration [51-53]. These hydrogels have shown the capacity to promote cell
migration, chondrogenesis, and the expression of cartilage-specific genes, presenting po-
tential solutions for cartilage tissue engineering. Furthermore, functionalization strategies
such as kartogenin (KGN)-conjugated nanoparticles and chondroitin sulfate nanoparticles
have been employed to enhance the regenerative capabilities of these hydrogels [51,52]. Ad-
ditionally, the incorporation of nanocrystalline hydroxyapatite has been found to support
cell viability and differentiation, further advancing the field of cartilage regeneration [53].
These recent advancements hold promise for improved therapies and treatments in various
cartilage-related conditions.

This manuscript provides an overview of the recent advancements and applications
of injectable hydrogel nanocomposites in various biomedical fields. It explores their crucial
role in drug delivery, tissue engineering, bone regeneration, wound management, and
cancer therapy, highlighting the significant contributions these biomaterials make to the
advancement of biomedical research and clinical practice.

2. Drug Delivery

Over the past few years, hydrogel-based drug delivery systems have made significant
strides in providing targeted and controlled release of drugs, thereby holding great potential
for enhancing therapeutic outcomes in diverse medical conditions [1]. Hydrogels, with
their wide range of properties and synthesis routes, play a crucial role in the realm of
controlled drug delivery, rendering them suitable carriers in the field of medicine [54]. For
instance, injectable nano-enabled thermogels have demonstrated promise in achieving
controlled release of anti-angiogenic peptides for the treatment of ocular disorders, offering
extended-release capabilities and biocompatibility [4].

Cardiac regeneration following myocardial infarction (MI) poses challenges due to
limited regenerative capacity and scar formation [1]. Tissue engineering approaches,
encompassing nano-carriers, controlled release matrices, injectable hydrogels, and cardiac
patches, have shown promise in addressing this issue [1]. Similarly, improved drug delivery
strategies are required for joint diseases such as osteoarthritis and rheumatoid arthritis.
Advanced drug delivery systems, including nano- and microcarriers, have been developed
to enhance efficacy and minimize side effects in these conditions [2]. Specific nano-drug
delivery systems have been devised for postoperative analgesia, resulting in improved pain
relief and better postoperative outcomes [3]. Innovative approaches, such as maleimide-
functionalized polyethylene glycol hydrogels loaded with nanoparticles, exhibit potential
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in preventing cartilage degradation and inhibiting osteophyte formation in the treatment
of post-traumatic osteoarthritis [55].

Researchers have explored various drug delivery systems, yielding promising results.
For instance, nano hybrid silk hydrogel systems have been developed for localized and
targeted delivery of anticancer drugs, demonstrating slow and sustained release as well as
active targeting of cancer cells [40]. pH- and temperature-responsive hydrogels incorporat-
ing chondroitin sulfate nanogels have exhibited selective binding to lung carcinoma cells
and effective inhibition of cancer cell growth [41]. Injectable hydrogel systems equipped
with tumor-targeting nano-micelles and glutathione-responsive drug release have demon-
strated significant tumor growth inhibition and enhanced antitumor efficacy [56]. These
examples underscore the potential of hydrogel-based drug delivery systems in the realm of
cancer treatment.

Moreover, hydrogel systems have shown promise in the domain of intravaginal
drug delivery for gynecological drugs, contributing to improved drug solubility and
distribution [57]. Intravesical liposome-in-gel systems have been developed to enhance
drug retention in the bladder while reducing systemic levels, presenting a promising
approach for intravesical applications [58]. Similarly, liposome-in-gel-paclitaxel systems
have been investigated for regional delivery in chemoradiotherapy, resulting in increased
cytotoxicity and reduction in tumor volume [59].

In recent studies, researchers have delved into the exploration of injectable ther-
mosensitive photothermal-network hydrogels capable of near-infrared (NIR)-triggered
drug delivery and synergistic photothermal-chemotherapy, showcasing remarkable effi-
cacy in tumor eradication [60]. Additionally, smart and biomimetic 3D- and 4D-printed
composite hydrogels have been investigated for their potential in tissue engineering and
controlled drug release, offering versatile applications in the field [61]. Ultrasoft polymeric
DNA networks (pDNets) with variable crystallinities have been developed as a means
of controlled release of anticancer drugs, enabling efficient localized drug delivery and
demonstrating significant antitumor efficacy [62]. Moreover, injectable thermoresponsive
hydrogels based on graft copolymers have been synthesized to facilitate controlled drug de-
livery and promote bone cell growth, thus holding promise for applications in regenerative
medicine [63]. Furthermore, injectable and degradable polysaccharide-based hydrogels
embedded with nanoparticles have exhibited potential in drug delivery and bone tissue
engineering endeavors [64].

Smart stimuli-responsive injectable gels and hydrogels have emerged as highly promis-
ing tools in the realm of drug delivery and tissue engineering [65]. These systems have
shown considerable potential in delivering protein therapeutics for chronic and autoim-
mune diseases, exemplified by their successful administration of insulin for patients with
conditions such as type 1 diabetes mellitus [66]. Moreover, pH-sensitive drug release sys-
tems utilizing folic-acid-conjugated graphene oxide have demonstrated targeted delivery
of doxorubicin (DOX) in breast cancer therapy. These systems exhibit pH-responsive drug
release, enhanced cytotoxicity in vitro, and significant reduction in tumor volume in animal
studies, thereby showcasing their potential as effective treatment modalities [67].

Injectable hydrogel-based drug delivery systems have also yielded promising results in
various medical applications. For instance, hydrogel nanomaterials employed in continuous
subcutaneous insulin infusion (CSII) have shown improvements in blood glucose control
and reduced therapeutic time in pediatric patients with type 1 diabetes mellitus [68].
Nanocomposite hydrogels have been investigated for their potential in promoting the
healing of diabetic ulcers, capitalizing on their high drug loading capacity and stability,
thus offering valuable therapeutic avenues [69]. Disease-responsive drug delivery systems
have garnered attention for their improved targeting capabilities and controlled release
profiles, contributing to advancements in the field of personalized medicine [70].

Researchers have made notable advancements in the development of injectable hydro-
gels with diverse properties and functionalities. For instance, an injectable, self-healing,
and pH-responsive nanocomposite hydrogel has been devised, displaying potential ap-
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plications in cancer therapy, wound healing, and infection treatment, thereby presenting
a versatile platform for various medical interventions [71]. Similarly, an injectable liquid
metal nanoflake hydrogel has been designed to enhance postsurgical tumor recurrence
suppression, displaying long-term antitumor effects while mitigating systemic toxicity [72].
Furthermore, a bio-inspired fluorescent nano-injectable hydrogel with sequential drug
release capabilities has been proposed, offering potential applications in visualization and
dual drug delivery, thus opening new avenues for therapeutic interventions [73]. Lastly, an
injectable micromotor@hydrogel drug delivery system has been developed for antibacterial
therapy, exhibiting antibacterial effects and enhanced activity near bacteria without the
need for exogenous hydrogen peroxide, showcasing its potential in combating bacterial
infections [74].

Other research studies have concentrated on specific therapeutic domains, aiming to
address specific medical needs. To facilitate angiogenic drug delivery, a nano polydopamine
(PDA) crosslinked thiol-functionalized hyaluronic acid (HA) hydrogel has been developed,
showcasing an injectable nature and sustained drug release capabilities [75]. For the repair
of spinal cord injuries (SCI), drug delivery systems have been optimized utilizing sustained-
release microspheres loaded with melatonin (Mel) and Laponite hydrogels, enabling stable
and prolonged release for neural function restoration [76].

In the localized treatment of non-small cell lung cancer (NSCLC), an injectable ther-
mosensitive hydrogel composed of the amphiphilic triblock copolymer poly(d, l-lactide)-
poly(ethylene glycol)-poly(d, l-lactide) loaded with erlotinib-loaded hollow mesoporous
silica nanoparticles (ERT@HMSNs/ gel) has exhibited promising outcomes (Figure 1) [77].
This investigation involved determining the sol-to-gel transition temperature, which corre-
sponds to the body temperature, as well as evaluating in vitro drug release from HMSNs
with or without the gel. Moreover, an in vivo comparative study of different ERT formula-
tions and the commercially available drug Tarceva was conducted using NSCLC xenograft
models (Figure 2). The findings revealed that the ERT-loaded HMSNs/gel system displays
substantial potential as an in-situ treatment approach for NSCLC, offering prolonged drug
retention along with efficacy and safety. Similarly, an injectable silk fibroin nanofiber hy-
drogel for vancomycin delivery has demonstrated exceptional antibacterial properties and
biocompatibility [78].

Polysaccharide-based nanoscale drug delivery systems have garnered significant
attention within the field of tissue engineering due to their potential applications. These
systems leverage the unique properties of polysaccharides to mimic the extracellular
matrix and modulate cellular functions [79]. A recent perspective article discussed the
clinical relevance and future prospects of an injectable hydrogel and nanoparticle system
designed for microRNA (miR) delivery to the heart, emphasizing its potential in cardiac
therapy [80]. In another study, researchers explored a composite hydrogel incorporating
P24 peptide-loaded microspheres and nano-hydroxyapatite, demonstrating promising
outcomes for bone regeneration in tissue engineering [81]. Similarly, a thermosensitive
injectable hydrogel based on PLGA-PEG-PLGA copolymer, integrated with hydroxyapatite
particles, showcased controlled release of calcium cations, thus exhibiting potential for
calcium delivery in bone regeneration [82].

Silica microparticles encapsulating triptorelin acetate formed an injectable depot with
sustained release characteristics, exhibiting pharmacodynamic effects comparable to those
of commercially available products [83]. The controlled release of bone morphogenetic
protein-2 (BMP-2) from a three-dimensional tissue-engineered nano-scaffold resulted in
significant ectopic bone formation, further underscoring its potential for tissue regen-
eration [84]. A multifunctional sustainable delivery system for calcitriol, employing a
thermosensitive hydrogel, nano-hydroxyapatite, and calcitriol-loaded micelles, stimulated
osteogenesis and bone regeneration both in vitro and in vivo, displaying low cytotoxicity
and an appropriate degradation rate [85]. Additionally, a thermosensitive micellar hydrogel
composed of PELT triblock copolymer exhibited potential as an injectable nanomedicine
reservoir and platform for co-delivery of therapeutic agents [86]. Lastly, a macroscale
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thermosensitive micellar-hydrogel depot demonstrated sustained drug release, stable im-
mobilization of radioisotopes, and enhanced antitumor effects, thus offering a promising

approach for combined chemoradiotherapy [87].
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Figure 1. Schematic representation of ERT@HMSNSs/ gel composite to treat NSCLC. Hollow meso-
porous silica nanoparticles (HMSNSs) act as a carrier for encapsulating erlotinib, aiming to enhance
its therapeutic efficacy and mitigate drug-related toxicity. To endure homogeneity and stability of
the injectable matrix, PLEL added to the ERT@HMSNSs solution. The evaluation included assessing
transition from sol to gel phase and the sustained release of the drug. Adopted with permission [77].

In the realm of drug delivery systems, innovative approaches have been explored,
such as a cell-penetrable nano-polyplex hydrogel system that enables localized siRNA
delivery, thereby facilitating long-term and site-specific gene silencing through a single
injection [88]. Furthermore, a moldable and biodegradable colloidal nano-network was
developed for the protection and localized delivery of antimicrobial peptides, highlighting
its potential in preserving bioactivity and effectively eliminating bacteria [89].

Efforts to promote neuroregeneration following traumatic spinal cord injury have
been a major focus in therapeutic delivery strategies. Injectable hydrogel-based systems
and scaffold architectures have demonstrated promising results in facilitating neuroregen-
eration [90]. Graphene oxide (GO) has been extensively investigated as a nanofiller in
self-assembling peptide hydrogels for intervertebral disc repair, exhibiting mechanical prop-
erties akin to those of the nucleus pulposus while supporting cell viability [91]. Alginate
nanohydrogels loaded with bone morphogenetic protein-2 (BMP-2) have been proposed as

a controlled release system to enhance osteoblastic growth and differentiation [92].
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Figure 2. (A) Reversible sol-gel phase transition of ERT@HMSNs/gel composite; (B) In vitro drug
release profile; (C) In vivo antitumor efficiency of different ERT formulations and Terceva on NSCLC
xenograft models. (a) NS; (b) ERT@HMSN:Ss; (c—e) different concentrations of ERT@HMSNSs/ gel (25,
50, and 100 mg/kg); (f-h) different concentrations of marketed drug Tarceva (25, 50, and 100 mg/kg).
(D) The tumor growth curves of each group. (E) Body weight changes of mice as a function of
time in each group. All quantitative data are given as mean £ SD (n = 5). “*” mean p < 0.05 and
“**”mean p < 0.01. Adopted with permission [77].

In the realm of antioxidant therapy, a hydrogel delivery system incorporating cur-
cumin into oligo-conjugated linoleic acid vesicles (OCLAVs) and a chitosan (CS) hydrogel
demonstrated sustained release of curcumin over a span of 96 h, accompanied by enhanced
antioxidant activity [93]. Similarly, a study focused on an injectable hydrogel composed of
chitosan, collagen, hydroxypropyl-gamma-cyclodextrin, and polyethylene glycol, which
showcased a two-step forming process and controlled release of bioactive substances [94].
These findings underscore the potential of hydrogel systems in antioxidant therapy, offering
prolonged release and improved therapeutic effects.

Advances in the field of bone regeneration have led to the synthesis of poly(phosphazene)
hydrogels with specific release rates, demonstrating their efficacy in promoting bone
regeneration [95]. Additionally, a noteworthy development is the injectable hydrogel
depot system that employs sustained release of exendin 4 (Ex-4) for the treatment of type
2 diabetes mellitus [96]. These studies exemplify the versatility of hydrogel-based systems
in controlled release and their potential in bone regeneration and diabetes treatment.

Enhancing the mechanical properties of injectable hydrogels has been a significant
focus in the context of bone regeneration. The incorporation of nano-hydroxyapatite or
strontium hydroxyapatite, along with dopamine modification, has been shown to augment
the mechanical properties of alginate-based hydrogels [97]. Furthermore, the injectable
bone regeneration composite (IBRC), which facilitates controlled release of recombinant
human bone morphogenetic protein-2 (thBMP-2), has demonstrated potential for clinical
applications in bone defect repair [98]. These advancements underscore the promise of
injectable hydrogel systems in the realms of bone regeneration and tissue engineering.

In the pursuit of improved drug delivery, nanoparticle-based systems have been ex-
plored for the enhanced delivery of nitric oxide (NO) in cancer treatment [99]. Injectable
nano-apatite scaffolds, capable of delivering osteogenic cells and growth factors, have
exhibited promise in promoting bone regeneration [100]. Moreover, injectable quadruple-
functional hydrogels have demonstrated enhanced tumor targeting and significant reduc-
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tion in tumor volume through sustained targeting and combined therapy approaches [101].
Additionally, the development of a multiple magnetic hyperthermia (MHT)-mediated
release system utilizing an injectable, thermosensitive polymeric hydrogel has proven
effective in combination cancer therapy [102]. These studies shed light on the potential of
injectable hydrogel systems in cancer therapy, bone regeneration, and controlled release of
therapeutic agents.

Overall, the ongoing advancements in hydrogel-based systems continue to drive
innovation in the field of drug delivery, providing versatile platforms for controlled release,
targeted delivery, and improved therapeutic outcomes in various biomedical applications.
These advancements pave the way for enhanced patient care and treatment outcomes.
Table 1 provides an overview of the injectable hydrogel materials employed primarily in

drug delivery systems.

Table 1. Different hydrogel materials used for drug delivery.

Hydrogel Composition Outcomes Ref
Polyurethane hydrogel and Injectable hybrid formulations based on polyurethane hydrogel and Cu-MBGs
copper-substituted bioactive enable simultaneous localized co-delivery of functional ions and drugs with [103]
mesoporous glasses (Cu-MBGs) sustained release profiles and tunable residence time at the pathological site.
Dexmedetomidine-loaded Injectable nano-drug delivery system combined with Dexmedetomidine for
nano-hvdrogel thoracic paravertebral block significantly relieved pain, improved sleep quality, [3]
yarog and reduced the need for remedial analgesia and side effects after thoracic surgery.
Nano-thermogel system of
polyethylene glycol-
plo lzgf F;ggf;?f:gggﬁﬂﬁiﬂi Controlled release of p11 peptide achieved with nano-thermogel system, showing [4]
&Y . S potential for effective treatment of ocular disorders characterized by angiogenesis.
with poly(lactic-co-glycolic acid)
(PLGA) nanoparticles loaded
pl1 peptide
Hybrid silk hydrogel with Hybrid silk hydrogel with carbon nanotubes enables localized, targeted, and [40]
carbon nanotubes on-demand delivery of anticancer drugs, reducing systemic side effects.
pH- and
i;?fj;:g;if;?gi;iﬁi Chondroitin sulfate nanogels incorporated into pH- and temperature-responsive [41]
glycol)-poly(beta-aminoester hydrogels deliver cisplatin selectively to cancer cells, improving targeted therapy.
urethane)
. U.rothehurr}—adherer?t, Liposome-in-gel system enhances drug penetration and adhesion in the bladder,
ion-triggered liposome-in-gel . . . . . - [58]
system showing prolonged drug retention and potential use in intravesical applications.
Composite liposome-in-gel Liposome-in-gel system delivers radiosensitizer paclitaxel to tumor site,
svs tzm ( ell}; n hvdro efi,’) enhancing the effect of concurrent radiotherapy and improving tumor volume [59]
y & yerog reduction and animal survival.
maleimigzilfzigcrilonahze d PEG-4MAL hydrogel acted as a mechanical pillow to protect the knee joint, inhibit
polyethylene glycol cartilage degradation, and prevent osteophyte formation in an in vivo [55]
(PEG-4MAL) hydrogel system load-induced osteoarthritis mouse model.
Injectable hydrogel (amphiphilic The injectable hydrogel system sustainedly released tumor-targeting
polymers) system with nano-micelles, which exhibited GSH-responsive drug release behavior, leading to [56]
tumor-targeting nano-micelles enhanced antitumor efficiency and improved bioavailability of the drug.
The thermosensitive photothermal-network hydrogel demonstrated high
Injectable thermosensitive photothermal conversion efficiency, reversible gel-sol transition, and on-demand [60]

photothermal-network hydrogel

drug release, enabling effective near-infrared-triggered
photothermal-chemotherapy for breast cancer treatment.
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Table 1. Cont.
Hydrogel Composition Outcomes Ref.
. Ultrasoft self-supporting polymerized DNA networks with variable crystallinities
Ultrasoft polymerl‘c DNA showed tunable mechanical properties, pH-responsive drug release, and
networks of variable .. . . 1 [62]
crvstallinities crystallinity-dependent antitumor efficacy, providing a favorable
y microenvironment for demand-localized drug delivery.
Injectable thermoresponsive hydroxypropyl guar-graft-poly(N-vinylcaprolactam)
5 . (HPG-g-PNVCL) hydrogel and its composite with nano-hydroxyapatite (n-HA)
theilrlr?(?;e};)af)iiigelft?iif ol showed biocompatibility, thermoreversibility, slow drug release, and supported [63]
P yarog osteoblastic cell growth, making them potential scaffolds for bone tissue
engineering.
. . Injectable and degradable polysaccharide-based hydrogels integrated with
h In]ectable. polysaccharlde. hydroxyapatite and calcium carbonate show controlled gelation, enhanced
ydrogel with hydroxyapatite hanical . ined d ) b 1 . d [64]
and calcium carbonate mechanical properties, sustained drug release, antibacterial properties, an
self-healing capabilities, making them promising for bone regeneration.
nanonigigzlz lip?ﬁilfzg;ﬁ/[ with Continuous subcutaneous insulin infusion (CSII) showed better blood glucose
CS. APS and cross-linked with control and lower incidence of hypoglycemia compared with multiple daily [68]
’ PEGDMA) injections (MDI) in children with type 1 diabetes mellitus (T1IDM).
Injectable liquid metal The LM-doxorubicin nanoflake hydrogel with pH-triggered drug release shows [72]
nanoflake hydrogel enhanced therapeutic efficacy in preventing postoperative tumor relapse.
Bio-inspired fluorescent
nano-injectable hydrogel
prepared by copolymerization The injectable hydrogel with a phase-separated structure enables sequential
of N-isopropylacrylamide release of different drugs and exhibits fluorescence characteristics, making it [73]
NIPAM) and acrylic suitable for dual drug delivery and imaging.
y 8 y gmng
functionalized nucleobase
(adenine)
Iniectable The micromotor@hydrogel drug delivery system protects micromotors and
micromotor é@h drogel svstem enables sustained release of erythromycin, exhibiting excellent antibacterial effect [74]
cromotorEhydrogel syste for the treatment of bacterial infections.
. The hydrogel, crosslinked using polydopamine nanoparticles, shows good
Nano po} ydopamme . injectability, mechanical stability, sustained drug release, and enhanced
crosslinked thiol-functionalized . . A . . . [75]
hvaluronic acid hvdrogel endothelial cell behavior, making it suitable for angiogenic drug delivery and
4 yarog tissue engineering.
p(()llv}]i(gg)lﬁg i%ggeoél(‘:;:}l‘d) The injectable micro-gel compound and nano-PM compound based on
melatonin(Mel) + Laponite sustained-release microspheres provide stable and prolonged drug release, repair [76]
P neural function, and reduce biomaterial loss for the treatment of spinal cord injury.
hydrogels
Injectable thermosensitive
hydrogel
(poly(d,l-lactide)-poly(ethylene  The injectable ERT@HMSNs/gel composite provides sustained release of erlotinib,
glycol)-poly(d,l- improves efficacy against NSCLC, and demonstrates an impressive balance [77]
lactide))containing between antitumor efficacy and systemic safety.
erlotinib-loaded hollow
mesoporous silica nanoparticles
The injectable silk fibroin nanofiber hydrogel, prepared using a dissolving
Injectable PEG-induced silk technique and PEG, exhibits fast gelation, amorphous structure, and superior 78]

nanofiber hydrogel

antibacterial properties, making it suitable for vancomycin delivery in tissue
engineering.

Injectable hydrogel and
nanoparticle system

The injectable hydrogel-nanoparticle system provides a promising approach for
delivering microRNAs to cardiac tissue, improving cardiac function after
myocardial infarction.

[80]
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Table 1. Cont.

Hydrogel Composition Outcomes Ref.
Sustained delivery system
incorporating P24-loaded PLGA  The composite hydrogel with sustained P24 peptide release enhances bone tissue
microspheres and regeneration and shows potential for improving bone defect treatment in tissue [81]
nano-hydroxyapatite in engineering.
composite hydrogel
Injectable hydrogel The hydrogel modified with nano- and core-shell hydroxyapatite particles enables
(PLGA-PEG-PLGA) modified controlled release of calcium cations, offering potential applications in bone [82]
with hydroxyapatite particles regeneration.
Injectable thermo—sens.ltlve The injectable hydrogel, combined with folic acid-conjugated graphene oxide
hydrogel (hyaluronic ) . . .
; ¢ (GOFA) nano-carrier, provides controlled and targeted intratumoral delivery of [67]
acid-chitosan-g-poly(N- ..
. . doxorubicin for breast cancer therapy.
isopropylacrylamide)
The silica-triptorelin acetate depot demonstrates sustained release of triptorelin,
Silica-triptorelin acetate depot ~ comparable to Pamorelin(R), and maintains equivalent pharmacodynamic effects [83]
with lower Cax values, offering potential for prolonged therapeutic effects.
Injectable 3-D nano-scaffold M1x1r'1g peptldg—armohlphlle (PA) with BMP—?T formed a transparént hyd}‘ogel that
hydrogel induced significant ectopic bone formation, offering potential for tissue [84]
Y regeneration.
Multi-functional calcitriol
delivery system for osteoporotic  pry; 1 A pEG pDLLA hydrogel integrated with HA-D and PCL-PEG-NH2 micelles
bone regeneration based on . o . .
. enabled sustained release of calcitriol, promoting osteogenesis and bone [85]
poly(D, L-lactide)-poly(ethylene regeneration both in vitro and in vivo
glycol)-poly(D, L-lactide) & '
hydrogel
FRET-enabled monitoring of
thermosensitive micellar
hydrogel assembly
(poly(eps11'0n—caprola.ct0ne—co— PECT triblock copolymer facilitated hydrogel formation and sustained release of
1,4,8-trioxa[4.6]spiro-9- . . L. . . .
micelles, allowing precise imaging of the fate of macro biodegradable materials [86]
undecanone)-b-poly(ethylene . . .
: and potential for co-delivery of therapeutic agents.
glycol)-b-poly(epsilon-
caprolactone-co-1,4,8-
trioxa[4.6]spiro-9-undecanone)
triblock copolymer.
Thermosensitive micellar Injectable MHg depot composed of PECT micelles immobilized DOX and
hydrogel (PECT triblock I-131-HA, enabling localized delivery, sustained release, and enhanced antitumor [87]
copolymer) effect with reduced side effects.
Cell penetrable nano-polyplex Protamlr.le—con]ugated poly(organo—ph.osph.azene) hydrogel forms after injection,
releasing nano-polyplexes for effective siRNA delivery and long-term gene [88]
hydrogel o .
silencing on target site.
. Colloidal nano-network made of chitosan and dextran sulfate encapsulates PA-13
Biopolymer nano-network o ) . L . . .
. antimicrobial peptide, protecting it from degradation, and delivers it locally, [89]
(Chitosan and dextran sulfate) AR Lo, . . . ..
eliminating bacteria without impacting bioactivity.
Graphene oxide-containing GO-reinforced peptide hydrogels promote high cell viability and metabolic
self-assembling peptide hybrid  activity, showing potential as injectable scaffolds for in vivo delivery of nucleus [91]
hydrogels pulposus cells.
BMP-2@ANH system promotes proliferation and differentiation of human bone
Alginate nanohydrogels marrow stromal cells into osteoblasts, offering a potential method for facilitating [92]
stem cell differentiation in vivo.
Nano-hybrid oligopeptide Topical delivery of docetaxel using DTX-CTs/Gel inhibited post-surgical tumor [104]

hydrogel

recurrence and enhanced cell death, showing promise for cancer therapy.
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Table 1. Cont.
Hydrogel Composition Outcomes Ref.
Chitosan-incorporated fattv acid Curcumin-loaded OCLAVs-CS hydrogel effectively reduced burst release,
Vesiclesphy drogel y exhibited enhanced antioxidant activity, and can serve as an injectable or 3D [93]

printable drug delivery system.

Injectable two-step forming

hydrogel (chitosan, collagen,

hydroxypropyl-gamma-

cyclodextrin and polyethylene

glycol)

Hydrogel composed of chitosan, collagen, hydroxypropyl-gamma-cyclodextrin,
and polyethylene glycol exhibited controlled release properties, adaptability for [94]
minimally invasive implantation, and support for cell proliferation.

Injectable poly(phosphazene)
hydrogels with different anionic

sidechains

Tunable hydrogel systems with optimized physical properties and BMP-2 release
rates were identified, enabling effective bone regeneration in a critical-sized [95]
calvarial defect model.

Injectable hydrogel depot

system using Exendin 4 (Ex-4)

interactive and

complex-forming polymeric

ionic nanoparticles

The hydrogel system demonstrated prolonged release of Exendin 4 (Ex-4), offering
potential as a long-term effective and reproducible treatment for type 2 diabetes [96]
mellitus.

Two-in-one injectable

micelleplex-loaded thermogel

system composed with

The novel nanoparticle-hydrogel system enabled prolonged release of pPDNA

polymerization of poly(ethylene = micelleplexes, indicating its potential for sustained gene delivery applications. [105]
glycol), poly(propylene glycol),
and poly(3-hydroxybutyrate)

Injectable alginate-based

hydrogel cross-linked via the
regulated release of divalent
ions from the hydrolysis of

D-glucono-delta-lactone

The hydrogel exhibited improved mechanical properties through the slow release
of divalent ions from D-glucono-delta-lactone, making it suitable for bone tissue [97]
engineering applications.

Injectable bone regeneration

composite (IBRC) with The controlled release of rhBMP-2 from IBRC promoted bone formation,
nano-hydroxyapatite/collagen L . . . o L [98]
. . . highlighting its potential as a bone defect repair material for clinical applications.
particles in an alginate hydrogel
carrier

Moldable/injectable calcium

phosphate cement (CPC)
composite scaffolds

Strong, macroporous CPC scaffolds were developed, suitable for bone
regeneration, cell delivery, and growth factor release, with potential applications [100]
in dental, craniofacial, and orthopedic reconstructions.

Injectable and

quadruple-functional hydrogel

(folate/polyethylenimine-
conjugated
poly(organophosphazene)
polymer) encapsulated with
siRNA and Au-Fe3;Oy
nanoparticles

The hydrogel-based delivery method improved tumor targeting efficiency
compared with intravenous delivery, enabling sustained release, passive targeting, [101]
active targeting, and magnetic targeting for enhanced therapeutic effects.

Injectable thermosensitive
polymeric hydrogel of
poly(organophosphazene)
combined with

superparamagnetic iron oxide

nanoparticles

The designed injectable hydrogel allowed controlled release of TRAIL/SPION
nanocomplex under hyperthermia, resulting in enhanced cytotoxicity against [102]
TRAIL-resistant cancer cells and significant tumor reduction in vivo.

Abbreviations: PNIPAAM, Poly(N-isopropylacrylamide); PEGDMA, Polyethylene glycol dimethacrylate; nHA,
nano-hydroxyapatite; PLGA, poly(lactide-co-glycolide); PEG, poly(ethylene glycol); FRET, Fluorescence resonance
energy transfer; PECT, poly(epsilon-caprolactone-co-1,4,8-trioxa[4.6]spiro-9-undecanone)-poly(ethyleneglycol)-
poly(epsilon-caprolactone-co-1,4,8-trioxa[4.6]spiro-9-undecanone).
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Injectable hydrogel systems have emerged as a highly promising platform for drug
delivery, demonstrating notable advantages in achieving localized and sustained release,
thereby facilitating targeted therapy. This feat is accomplished through the implementa-
tion of various strategies, such as the utilization of functional ions, nanomaterials, and
responsive systems, which collectively contribute to the achievement of controlled release
profiles. Furthermore, the integration of hybrid formulations, nanogels, liposome-in-gel
systems, and thermo-responsive hydrogels effectively ensures prolonged drug release.
Exciting prospects are also observed in combination therapies, where the amalgamation of
drug delivery systems with complementary agents exhibits synergistic effects, promising
enhanced therapeutic outcomes. In the specific context of bone tissue regeneration, hydro-
gels play a pivotal role by incorporating bioactive components such as peptides, calcium
cations, micelles, and growth factors, thereby promoting osteogenesis and bone formation.
Moreover, the tunability of mechanical properties in hydrogels facilitates cell proliferation
and provides an adaptable environment for tissue engineering applications.

3. Tissue Engineering

In recent years, significant advancements have been made in the field of tissue en-
gineering, particularly in the development of functional hydrogel-based constructs for
tissue regeneration. Researchers have leveraged advancements in nano-based 3D and 4D
scaffolds, stem cells, and biomaterial innovations to achieve promising results in various
applications, including bone and cartilage tissue engineering [5]. Notably, electrospun
nanofibrous scaffolds and hydrogel scaffolds that emulate the native extracellular matrix
have substantially improved cell viability, adhesion, differentiation, and host integration
in these areas [5]. Furthermore, aligned conductive core-shell biomimetic scaffolds have
emerged as potential tools for peripheral nerve tissue regeneration [106].

In the realm of bone regeneration, injectable thermosensitive hydrogels enriched
with nano-hydroxyapatite have demonstrated potential as biocompatible alternatives [6].
Researchers have tackled challenges associated with natural hydrogels by developing
efficient encapsulation systems employing bivalent cobalt-doped nano-hydroxyapatite and
gum tragacanth for bone tissue engineering [107]. Additionally, injectable collagen-based
hydrogels with controlled mechanical properties have shown promise in bone regeneration
applications [7].

The biocompatibility and immune response of injectable collagen/nano-hydroxyapatite
(Col/nHA) hydrogels have been investigated for hard tissue engineering [108]. Injectable
gels composed of carboxymethyl-chitosan, gelatin, and nano-hydroxyapatite have also
demonstrated potential in bone tissue engineering [8]. Similarly, hydrogel constructs in-
corporating chondroitin sulfate nanoparticles and nano-hydroxyapatite have exhibited
superior properties for osteochondral regeneration [109]. Hydrogels have also been recog-
nized as promising vehicles for cardiac tissue regeneration, offering minimally invasive
administration and effective delivery of therapeutic agents [110].

Polymeric scaffolds, including hydrogels with nano-additives, have emerged as so-
lutions to address limitations in bone/cartilage and neural tissue engineering [111]. For
instance, the addition of zirconium oxide nanoparticles to alginate-gelatin hydrogels has
enhanced their mechanical properties and regulation of biodegradation, rendering them
suitable for cartilage tissue engineering [112]. Injectable alginate-O-carboxymethyl chi-
tosan/nano fibrin composite hydrogels have been developed for adipose tissue engineering,
supporting stem cell proliferation and differentiation [113]. Carrageenan nanocomposite
hydrogels incorporating whitlockite nanoparticles and an angiogenic drug have also shown
promise for bone tissue engineering [114].

Poly(ethylene glycol)-poly(epsilon-caprolactone)-poly(ethylene glycol) nanocompos-
ites with nano-hydroxyapatite demonstrate thermoresponsivity and favorable gelation
properties, making them viable options for orthopedic tissue engineering [115]. Improv-
ing the mechanical strength and bioactivity of chitosan/collagen hydrogels through the
integration of functionalized single-wall carbon nanotubes holds promise for bone regener-
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ation [116]. Composite hydrogels incorporating nano-hydroxyapatite, glycol chitosan, and
hyaluronic acid present porous structures and cytocompatibility, making them attractive
for bone tissue engineering [117]. Similarly, a composite hydrogel combining laponite
nanoparticles and silated hydroxypropylmethyl cellulose exhibits improved mechanical
properties and cytocompatibility for cartilage tissue engineering [118]. Additionally, a
biohydrogel incorporating nano SIM@ZIF-8 demonstrates osteogenic differentiation and
lipid-lowering abilities, offering potential for bone repair [119].

In the field of tissue engineering, researchers have developed innovative approaches
for fabricating injectable hydrogels with diverse applications [120-128]. One notewor-
thy example is an osteogenic hydrogel composed of gelatin-methacryloyl pre-polymer
(GelMA) and nano silicate (SN) (Figure 3A). This hydrogel has shown promising results
in in vitro studies on SDF-1« release and in vivo studies on a rat calvaria defect model
(Figure 3B,C) [120]. The GelMA-SN-SDF-1ac hydrogel exhibits injectability, controlled
release of SDF-1a, and the ability to stimulate mesenchymal stem cell migration and
expression of osteogenic-related biomarkers.
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Figure 3. (A) Schematic presentation of GeIMA-SN-SDF-1« hydrogel fabrication; (B) In vitro study of
release profile of SDF-1o from GelMA-SDF-1a and GelMA-SN- SDF-1« and (C) Micro-CT scanning
results of the bone healing of calvaria defects rats treated with GelMA, GeIMA-SN, GeIMA-SDF-1«,
and GelMA-SN-SDF-1« hydrogel for 6 weeks. Adopted with permission [120].

The field of regenerative medicine has witnessed notable advancements in nanoengi-
neered biomimetic hydrogels, particularly in the realm of 3D printing. These hydrogels
exhibit improved mechanical properties and create an interactive environment that fa-
cilitates favorable outcomes in tissue regeneration [121]. Furthermore, the utilization of
mineralized heparin-gelatin nanoparticles has shown promise in bone tissue engineering,
serving as versatile fillers or multifunctional devices for nanotherapeutic approaches [122].

In the context of hair follicle tissue engineering, the application of GeIMA /chitosan-
microcarriers loaded with platelet-rich plasma and dermal papilla cells has yielded encour-
aging results, promoting hair follicle growth and vascularization to enable hair regener-
ation [123]. Injectable hydrogel composites based on polysaccharides and incorporating
nano-hydroxyapatite have been developed as scaffolds for bone tissue engineering, ex-
hibiting remarkable efficacy in bone repair [124]. Similarly, bioactive glass nanoparticle-
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reinforced injectable hydrogels composed of PEG and pNVC copolymers have demon-
strated improved properties and enhanced osteogenesis, positioning them as suitable
grafting materials for orthopedic reconstructive surgeries [125]. Additionally, an injectable
hydrogel composed of collagen fibrils and a glycol-chitosan matrix has been tailored to ad-
dress the unique challenges of mechanically strained tissues in soft tissue engineering [126].

Researchers have underscored the significance of integrating stem cells, nanotechnol-
ogy, and biomaterial innovations in the development of functional hydrogel-based con-
structs for tissue regeneration [127]. Notably, visible-light-mediated nano-biomineralization
has emerged as a rapid fabrication method for customizable biomineralized tough hydro-
gels, exhibiting enhanced mechanical and biological properties. These hydrogels hold great
promise for applications in skin repair and bone regeneration [128].

The collective efforts in hydrogel development offer significant potential for advancing
the field of tissue engineering and regenerative medicine. For a comprehensive overview
of the hydrogel materials utilized in tissue engineering, please refer to Table 2.

Table 2. Different hydrogel materials used for tissue engineering.

Hydrogel Composition Outcomes Ref.
Core-shell scaffold based on
aligned conductive nanofiber ~ Aligned nanofiber yarns within a hydrogel scaffold induce neurite alignment and
yarns (NFYs) within a extension, promoting the alignment and elongation of nerve cells, offering [106]
methacrylated gelatin (GelMA) potential for nerve tissue engineering applications.
hydrogel
In SI.t u forming thermosensitive The prepared hydrogel formulation with risedronate and nano-hydroxyapatite
chitosan-glycerol phosphate howed ined d 1 h d 1l proliferati lkali
hydrogel loaded with showed sustained drug release, enhanced Saos-2 cell proliferation, alkaline [6]
ye phosphatase activity, and calcium deposition, making it a promising option for
risedronate and - . .
. bone tissue engineering.
nano-hydroxyapatite
Protein-based hydrogels Investlgatlpg the nano-/ micro-structure apd composition of protem—b.ase.d
. : hydrogels derived from natural tissues is crucial for their widespread use in tissue [129]
derived from natural tissues . . . .
engineering and regenerative medicine.
Calcium alginate-gum The hydrogels exhibited enhanced swelling, degradation, diffusion, long-term
tragacanth hydrogels Sy o . . .
. . viability of encapsulated cells, osteogenic differentiation, and angiogenic [107]
incorporated with cobalt-doped : . . . . . . o
. properties, making them suitable for bone tissue engineering applications.
nano-hydroxyapatite
Optimization of the hydrogel composition showed that using high concentrations
Chemically crosslinked of crosslinking agent and adjusting the hyaluronic acid content resulted in
collagen/chitosan/hyaluronic hydrogels with compact structure, good mechanical properties, prolonged [7]
acid hydrogels degradation profile, and suitable biocompatibility for bone regeneration
applications.
. PCL-PEG-PCL-Col/nHA hydrogels showed successful integration of collagen and
Injectable nano-hydroxyapatite, delayed biodegradation rate, no prominent
PCL-PEG-PCL-Col/nHA . ydroxyapatite, detayec 8 rate, nop [108]
hydrogels pro-inflammatory response, and increased expression of CD31 and IL-10,
y indicating biocompatibility for hard tissue regeneration.
Enzymatically crosslinked The er}zymatlcal]y crosslinked m]e.ctable gels exhﬂ?lted r1.g1d1’fy, ad]ustab.le
CMC/ gelatin/nHAp injectable crosslinking degree and strength, increased pore sizes with higher gelatin 8]
ols concentration, and support for osteoblast cell proliferation and differentiation,
& making them suitable for in situ bone tissue engineering applications.
Injectable semi-interpenetrating The gradient hydrogel construct demonstrated mineralized subchondral and
network hydrogel with chondral zones, higher osteoblast proliferation in the subchondral zone, porous
chondroitin sulfate structure with gradient interface, layer-specific retention of cells, and in vivo [109]

nanoparticles (ChS-NP)s and
nanohydroxyapatite (nHA)

osteochondral regeneration with hyaline cartilage formation and subchondral
bone integration.
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Table 2. Cont.
Hydrogel Composition Outcomes Ref.
Alginate dialdehyde-gelatin Incorppratlon of Zer nanopar?lcles into algmatg—gelatm hydroggls'eghances
. . . mechanical and chemical properties. Nanocomposite hydrogels exhibit improved
scaffolds with zirconium oxide . . . . S [112]
. swelling behavior, controlled biodegradation, cell viability, and attachment,
nanoparticles . . . . .
making them suitable for cartilage tissue regeneration.
Alginate-O-carboxymethyl Alginate/O-CMC hydrogel blend demonstrated superior properties for tissue
chitosan/nano fibrin composite engineering applications, supporting the survival, adhesion, proliferation, and [113]
hydrogels differentiation of adipose-derived stem cells.
. Carrageenan nanocomposite hydrogel incorporated with whitlockite
Injectable carrageenan . . . . . .
. nanoparticles and an angiogenic drug promoted osteogenesis and angiogenesis [114]
nanocomposite hydrogel A . : . . .
in vitro, showing potential for bone tissue engineering.
Injectable thermosensitive
hydrogel made of poly(ethylene h itive hvd 1 . hibited d th e
lycol)-poly(epsilon- Thermosensitive hydrogel nanocomposites exhibited good thermosensitivity,
&Y injectability, and 3D network structure, making them promising for injectable [115]
caprolactone)-poly(ethylene orthopedic tissue engineerin,
glycol) (PECE) and P & &
nanohydroxyapatite (n-HA)
Chltosan/col.l agen hyd.r ogels Integration of COOH-SWCNTs into chitosan and collagen hydrogels increased
nano-engineered with . L . . . .
. : . mechanical strength, bioactivity, and potential for bone tissue engineering and [116]
functionalized single-wall : -
regenerative medicine.
carbon nanotubes
Nang-hydroxyap atlt?/gl}.]COI Composite hydrogel exhibited porous structure, enzymatic degradation, and
chitosan/hyaluronic acid cytocompatibility, making it suitable for bone tissue engineering applications [117]
composite hydrogel y P ¥ & & &4app '

Laponite Incorporation of laponites into silated hydroxypropylmethyl cellulose hydrogel
nanoparticle-associated silated resulted in an interpenetrating network that improved mechanical properties [118]
hydroxypropylmethyl cellulose ~ without compromising cytocompatibility, oxygen diffusion, or chondrogenic cell

hydrogel functionality.

Nano SIM@ZIF-8-modified
injectable high-intensity
biohydrogel composed of nSZPS hydrogel stimulates osteogenic differentiation, inhibits adipogenic
composed of poly (ethylene . - o . . .
. differentiation, exhibits excellent injectability, mechanical strength, and promotes [119]
glycol) diacrylate (PEGDA) and L .. . .
. . bone regeneration in hyperlipidemic microenvironments.
sodium alginate (SA) + nano
simvastatin-laden zeolitic
imidazolate framework-8
Nano-silicate-reinforced and GelMA-SN-SDF-1alpha hydrogel demonstrates injectability, controlled release of
SDEF-1alpha-loaded SDEF-1alpha, MSC migration and homing, and excellent bone regeneration ability [120]
gelatin-methacryloyl hydrogel in critical-sized calvaria defects.
Succinylated gelatin
cross-linked with aldehyde
heparin formed nanoparticles, These nanoparticles may enhance the mechanical properties of injectable [122]
which were mineralized with hydrogels for bone regeneration.
hydroxyapatite (mineralized
heparin-gelatin nanoparticles)
Injectable platelet-rich plasma Gelatin methacryloyl (GeIMA) and chitosan hydrogels were used to prepare
(PRP)/cell-laden scalable interpenetrating network GelMA /chitosan-microcarriers (IGMs) loaded [123]
microcarrier /hydrogel with PRP and dermal papilla cells (DPCs). The composite system promoted DPC “
composite system viability, hair inducibility, and hair follicle regeneration.
. . N-carboxyethyl chitosan (NCEC) and oxidized dextran (ODex) were cross-linked
Polysaccharide-based injectable via Schiff base linkage to form an injectable hydrogel. The hydrogel, composited
hydrogel compositing & ) yaroge. yerogel P [124]

nano-hydroxyapatite

with nano-hydroxyapatite (nHAP), exhibited interconnected porous structure and
showed excellent bone repair effect in vivo.
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Table 2. Cont.

Hydrogel Composition

Outcomes Ref.

Bioactive glass
nanoparticle-incorporated
triblock copolymeric injectable
hydrogel

Injectable hydrogel with bioactive glass nanoparticles showed good gelling and
injectability properties, excellent swelling properties, enhanced bone cell
proliferation, ALP activity, and apatite mineralization for accelerated in vitro
osteogenesis.

[125]

Nano-fibrillar hybrid injectable
hydrogel with heterotypic
collagen fibrils

Injectable hydrogel with semi-interpenetrating networks of heterotypic collagen
fibrils in a glycol-chitosan matrix showed nano-fibrillar porous structure, [126]
mechanical stability, prolonged half-life, and support for cell implantation.

Visible-light-mediated
nano-biomineralization of
customizable tough hydrogels

Rapid preparation of biomineralized tough hydrogels with improved mechanical
and biological properties under visible light irradiation, suitable for customizable [128]
skin repair and bone regeneration.

Abbreviations: PCL-PEG-PCL-Col/nHA, Poly(e-caprolactone)-poly(ethylene glycol)-poly(e-caprolactone)/
collagen /nano-hydroxyapatite; CMC, carboxymethyl-chitosan; SDF-1alpha stromal cell-derived factor-1 alpha.

These studies underscore the versatility and potential of hydrogels in tissue engineer-
ing and regenerative medicine. By customizing the composition, structure, and properties of
hydrogels, researchers can design materials that promote cell alignment, controlled release
of bioactive substances, integration of nanoparticles, and interpenetrating network struc-
tures, all of which contribute to their suitability for various tissue engineering applications.

4. Bone Repair

In recent years, considerable research endeavors have been devoted to the advance-
ment of biomaterials tailored specifically for bone regeneration purposes. The primary
objective of these biomaterials is to promote bone formation and address various bone de-
fects, thereby offering potential solutions for a wide range of clinical applications. Among
the emerging avenues in this field, composite biomaterials and injectable hydrogels have
garnered significant attention.

Composite biomaterials, such as the combination of RADA16 peptide hydrogel with
porous calcium sulfate/nano-hydroxyapatite (CaSO4/HA) cement, have emerged as a
promising approach. Notably, this particular composite has demonstrated improved
osteogenic differentiation and enhanced bone formation in femoral condyle defects [9].
Another notable study developed an injectable hydrogel for craniofacial bone regeneration,
incorporating bioglass or whitlockite nanoparticles with FGF-18 into a chitin-PLGA hydro-
gel. This hydrogel exhibited sustained release of FGF-18, resulting in near-complete bone
regeneration in craniofacial bone defects [10].

The development of injectable hydrogels has also shown promise as a viable strategy
for bone regeneration. For instance, a GeIMA-HAMA /nHAP composite hydrogel encapsu-
lating human-urine-derived stem cell exosomes (USCEXOs) exhibited controlled-release
properties, fostering osteogenesis and angiogenesis in vitro, while significantly enhancing
cranial bone defect repair in a rat model [11]. Additionally, injectable bone regeneration
composites composed of nano-hydroxyapatite/collagen (nHAC) particles within an algi-
nate hydrogel carrier demonstrated controllable degradation, biocompatibility, and great
potential for bone repair and tissue engineering [12].

Noteworthy advancements in the realm of biomaterials for bone regeneration also
encompass injectable hydrogels with dual functionality. One particular study focused on
tumor microenvironment-modulated hydrogels (IME), which incorporated bio-responsive
drug-loaded mesoporous bioactive glass nanoparticles (MTX-ss-MBGN), gelatin, and
oxidized chondroitin sulfate (OCS) for the treatment of tumor-associated bone defects
(Figure 4A). The injected Gel/OCS solution, along with MTX-ss-MBGN, rapidly formed
a TME-modulated hydrogel, facilitating sustained drug-responsive release with targeted
delivery to tumor cells through the depletion of protons and glutathione (GSH). Figure 4B,C
depict the hydrogel formation process and the dual responsiveness, highlighting the con-
trolled release capability of MTX-ss-MBGN GO hydrogels. Moreover, this hydrogel facili-
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tated bone regeneration by transitioning into regenerative scaffolds (Figure 4D), effectively
preventing tumor recurrence [17]. Similarly, an injectable hydrogel utilizing cisplatin and
polydopamine-decorated nano-hydroxyapatite demonstrated tumor ablation, suppression

of tumor growth, and improved adhesion and proliferation of bone mesenchymal stem
cells [18].
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Figure 4. (A) Schematic representation of the synthesized injectable TME-modulated MTX-ss-MBGN
GO hydrogels showing residual tumor apoptosis, restoring chemotherapy sensitivity and promot-
ing bone regeneration for postoperative tumor-associated bone defect closed-loop management;
(B) Observation study of hydrogels; (C) In vitro drug release study to confirm controlled release
capability of MTX-ss-MBGN GO hydrogels under tumor-mimicking environment; (D) Micro-CT
image of calvarial defect repair at 4 or 8 weeks under different treatments on healthy SD rats. Adopted
with permission [17].

Recent scientific investigations have placed significant emphasis on the advancement
of injectable gel systems and hydrogel composites designed for bone regeneration, with the
aim of addressing a wide range of clinical applications. Noteworthy examples include the
utilization of chitin-CaSOg4-nano-fibrin gel and a double cross-linked hydrogel consisting of
gelatin, alginate dialdehyde, calcium ions, and nano-sized hydroxyapatite. These composite
hydrogels have demonstrated improved angiogenesis, osteogenesis, and efficacy in bone
defect repair [21,23].

Furthermore, the development of injectable hydrogel systems specifically tailored
for bone regeneration has garnered considerable attention in research endeavors. One
such system involves the incorporation of controlled-release microspheres of bone morpho-
genetic protein 2 (BMP-2) and 17 beta-estradiol within a composite hydrogel, showcasing
uniform discharge and promising outcomes in tissue regeneration [24]. In another study,
chitin nano-whiskers (CNWs) were integrated into a chitosan/beta-glycerophosphate dis-
odium salt (CS/GP) hydrogel, resulting in enhanced mechanical properties, improved
biocompatibility, and a controlled drug release rate [25].

Moreover, an injectable nano-composite hydrogel for bone regeneration was devel-
oped by facilitating the in-situ growth of calcium phosphate (CaP) nanoparticles. This
approach exhibited superior mechanical properties, enhanced cell adhesion, osteodiffer-
entiation, and noteworthy advancements in bone formation in vivo [26]. Similarly, an
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injectable bone regeneration composite (IBRC) employing a calcium alginate hydrogel ma-
trix carrying nano-hydroxyapatite/collagen particles demonstrated structural homogeneity,
histocompatibility, and bone healing capabilities [27].

The potential of injectable hydrogels in promoting bone formation, enhancing bone
architecture, and addressing bone-related conditions has been substantiated by various
studies. For instance, a rabbit-based investigation utilized a biomimetic/osteoinductive
injectable hydrogel comprising hyaluronan and nano-hydroxyapatite crystals, leading to
substantial improvements in bone density and architecture [130]. Another study compared
the osteogenic potential of two injectable hydrogels, namely, demineralized dentin matrix
(DDM) hydrogel and nano-hydroxyapatite (n-HA), with the DDM hydrogel demonstrating
promising outcomes in promoting collagen-I gene expression and alkaline phosphatase
activity [131]. Additionally, an injectable hydrogel based on gellan gum (GG) loaded with
chlorhexidine (CHX) and nano-hydroxyapatite (nHA) exhibited a three-dimensional poly-
meric network, remarkable biocompatibility, and notable osteogenic properties, effectively
inhibiting bacterial growth and presenting a potential treatment option for infectious bone
defects [132]. A comprehensive summary of the hydrogel materials employed in tissue
engineering can be found in Table 3.

Table 3. Different hydrogel materials used for bone repair and osteogenesis.

Hydrogel Composition Outcomes Ref.
RADAI16 peptide hydrogel
filled with porous calcium Controlled and sustainable release of bFGF for more than 32 days from
sulfate/nano-hydroxyapatite RADA16/CaSO4/HA composite biomaterial, leading to enhanced osteogenic [9]
(CaSO4/HA) composite differentiation in vitro and improved bone formation in vivo.
biomaterial
Injectable chitin-PLGA hydrogel
containing bioglass CGnWHF (nWH + FGF-18 containing CG) showed the highest osteogenic
nanoparticles (nBG) or potential and near-complete bone regeneration in critical-sized defect region [10]
whitlockite nanoparticles (n"WH)  compared to other groups, indicating its potential for craniofacial bone defects.
with FGF-18
GelMA-HAMA /nHAP
composite hydrogel with Composite hydrogel with controlled release of USCEXOs promotes osteogenesis [11]
human-urine-derived stem cell and angiogenesis, enhancing bone regeneration in vivo.
exosomes
Injectable bone regeneration
composite (IBR.C) with IBRC exhibited controllable degradability and biocompatibility, making it a
nano-hydroxyapatite/collagen romising material for bone repair and tissue engineerin, [12]
(nHAC) particles in alginate P & P & &
hydrogel carrier
poly
(Cla P;ﬁl)?czn?z;pzzgi?ﬁs;l f Hydrogels showed successful integration of Gel and nHA, lacked inflammation, [13]
glycolpoyicap and exhibited biocompatibility without toxic effects in in vivo conditions. .
gelatin and
nano-hydroxyapatite
nano-hydroxyapatite hybrid
methylcellulose hydrogel Addition of nHA to MC hydrogel enhances cell survival, osteogenic [14]

carrying bone mesenchymal
stem cells

differentiation, and remediation efficiency in vivo.

Thermo-sensitive
PEG-PCL-PEG
copolymer/collagen/n-HA
hydrogel composite

Composite hydrogel exhibits thermosensitivity, biocompatibility, and better

performance in guided bone regeneration compared to self-healing processes. [15]
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Table 3. Cont.
Hydrogel Composition Outcomes Ref.
Injectable polysaccharide . .
hydrogel-loaded Hydrogel /hydroxyapatite composite scaffold enhances new bone area and [16]
Y . alveolar ridge promotion, while promoting soft tissue healing.
nano-hydroxyapatite
TME-modulated hydrogel Hydrogel interferes with tumor microenvironment, overcomes cancer resistance, [17]
(MBGN/Gel/OCS) and promotes sustained drug release and osteogenesis.
Injectable hydrogel containing
cisplatin (DDP) and o . . .
. Exhibits dual functions of tumor therapy and bone regeneration, effectively
polydopamine-decorated . . ] . [18]
. ablating tumor cells and inducing bone regeneration.
nano-hydroxyapatite
(DDP/PDA/nHA)
nght-cured. hyaluronic acid Enhance mechanical properties and osteogenic potential, promising for bone
composite hydrogels regeneration applications 1]
(nano-HA / chitosan) & PP ’
Nanocellulose reinforced
alginate hydrogel(AC) that
carried beta-tricalcium ETAC Show enhanced cytocompatibility, accelerated bone regeneration, and
phosphate (beta-TCP) . ) : [20]
. . improved healing quality compared to TAC and AC beads.
nano-powder and liver-derived
extracellular matrix (ECM) from
porcine
Chitin-CaSO4-nFibrin gel Demonstrates improved rheology, angloggr.11c potential, and osteo-regeneration [21]
compared to chitin control.
ap . . Exhibits injectability, thixotropy, and osteodifferentiation potential, supporting
Sillk-hydroxyapatite composite improved osteogenesis and bone defect healing. [22]
nHA@Gel/ADA hydrogel with
gelatin, alginate dialdehyde, Promotes efficient repair of critical-size skull bone defects and supports [23]
CaZ*, borax, and nano-sized macrophage-BMSC crosstalk.
hydroxyapatite
Composite hydrogel system
incorporating PLGA-BMP-2 and Shows controlled release, refilling of bone defects, and regeneration in [24]
PLA-17 beta-estradiol osteoporotic rats.
microspheres in a hydrogel core
Injectable hydrogel with
chitosan/beta- S . . . . s
gcerophoshars sty Ao sed st proerte selaton ped, nd compatbiy
(CS/GP) and chitin & & PP :
nano-whiskers (CNWs)
PDH/mICPN hydrogel
composed of DMAEMA’ Self-assembles in situ, demonstrating enhanced mechanical strength, cell adhesion,
HEMA, CaP nanoparticles and osteodifferentiation for bone regeneration [26]
(ICPNs), and poly-L-glutamic & '
acid (PGA)
Injectable bone regeneration
composite (IBRC) with calcium . . s e
alginate hydrogel matrix Demonstrates structural homogeneity, good biocompatibility, and the ability to [27]

carrying
nano-hydroxyapatite/collagen

promote bone healing.

Biomimetic/osteoinductive
injectable hyaluronan-based
hydrogel loaded with
nano-hydroxyapatite crystals
(Hya/HA)

Shows potential for enhancing bone architecture, with an osteoinductive effect and
improved bone density and architecture in the rabbit distal femur.

[130]
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Table 3. Cont.

Hydrogel Composition

Outcomes Ref.

Demineralized dentin matrix
hydrogel (DDMH)

Exhibits a porous structure and supports viability and differentiation of BMMSCs,
with potential for promoting bone formation. A 50% concentration of DDMH [131]
shows promising results.

Gellan gum (GG)-based

injectable hydrogel loaded with

chlorhexidine (CHX) and
nanohydroxyapatite (nHA)

Demonstrates superior biocompatibility, mechanical strength, osteogenic
properties, and antibacterial effect against E. faecalis. Shows potential for treating [132]
infectious bone defects.

Abbreviations: GeIMA-HAMA /nHAP, Gelatin-methacrylate-Hyaluronic acid methacrylate/nano-hydroxyapatite;
PEG-PCL-PEG, poly(ethylene glycol)-poly(e-caprolactone)-poly(ethylene glycol); TME, Tumor microenvironment;
MBGN/Gel/OCS, modulated hydrogel composed of bio-responsive drug-loaded mesoporous bioactive glass
nanoparticles/gelatin/oxidized chondroitin sulfate; DMAEMA, dimethylaminoethyl methacrylate; HEMA,
2-hydroxyethyl methacrylate.

These studies underscore the potential of hydrogels in bone tissue engineering and
regeneration. By leveraging controlled-release mechanisms, ensuring biocompatibility
and tissue integration, enhancing mechanical properties, and addressing specific clinical
challenges such as bone defects and infections, hydrogels hold promise as materials for
promoting bone healing, regeneration, and broader tissue engineering applications.

5. Wound Healing

Considerable advancements have been made in the realm of hydrogel-based materials
for wound healing and therapy. These versatile hydrogels have garnered significant
attention in the context of wound dressings due to their ability to address multiple aspects
of wound management. A comprehensive review conducted in this domain highlights
the numerous benefits associated with hydrogel dressings, including moisture retention,
protective qualities, exudate absorption, as well as anti-inflammatory and antibacterial
properties [133]. The review also delves into the feasibility and future trends concerning
hydrogel dressing development, encompassing diverse preparation materials, cross-linking
methods, and hydrogel types.

In a particular study, researchers explored the incorporation of catechol-modified
quaternized chitosan (QCS-C) within a poly(d,l-lactide)-poly(ethylene glycol)-poly(d,1-
lactide) (PLEL) hydrogel. This integration resulted in improved tissue adhesion and a
reduced gelation temperature. Moreover, the inclusion of nano-scaled bioactive glass (nBG)
further augmented angiogenesis and accelerated wound healing [134].

Chitosan-carboxymethyl cellulose (CMC)-based hydrogels loaded with nano-curcumin
exhibited controlled release properties, cytocompatibility, and facilitated tissue regenera-
tion, making them well-suited for diabetic wound repair [135].

A noteworthy study in the field involves the development of a black nano-titania
thermogel, wherein nanosized black titania nanoparticles were integrated into a chitosan
matrix. This composition highlighted simultaneous photothermal and photodynamic
therapy effects. Furthermore, it supported normal skin cell functions and promoted the
regeneration of skin tissue, thereby facilitating the healing of cutaneous tumor-induced
wounds [136].

Regarding antibacterial activity and wound healing, an injectable silver-gelatin-cellulose
hydrogel dressing, incorporated with silver nanoparticles, exhibited enhanced wound-
healing properties, particularly in the context of infant nursing care [137]. Additionally, a
berberine-modified ZnO nano-colloid hydrogel demonstrated exceptional moisturizing
capabilities, anti-inflammatory effects, and notable wound healing abilities, positioning it
as a promising candidate for diabetic wound healing [138]. Another intriguing hydrogel
formulation involved the encapsulation of Ag-decorated polydopamine nanoparticles
within a cationic guar gum hydrogel, exhibiting high photothermal conversion efficiency
and potent antibacterial properties, thereby presenting a potential solution for wound
healing and combatting bacterial infections [139].
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Considerable advancements have been achieved in the realm of hydrogel-based mate-
rials specifically designed for wound-healing applications. Notably, the incorporation of
nanoparticles has emerged as a valuable approach for enhancing the properties of these
hydrogels. For instance, an alginate nanocomposite hydrogel incorporating nano-sized cal-
cium fluoride particles has demonstrated enhanced bioactivity and antibacterial properties.
This hydrogel formulation effectively promotes fibroblast cell proliferation, facilitates cell
migration, and accelerates the process of wound healing [28].

Gellan gum methacrylate and laponite nanocomposite hydrogels have also exhibited
notable improvements in mechanical properties and swelling behavior. These hydrogels
hold potential as carriers for therapeutic agents, making them well-suited for the treatment
of chronic infections in burn wounds [29]. In another study, researchers introduced an
injectable nano-composite hydrogel composed of curcumin, N,O-carboxymethyl chitosan,
and oxidized alginate. This hydrogel formulation demonstrates controlled release behavior
and expedites wound healing in vivo, positioning it as a highly promising material for
wound dressings [140].

Furthermore, a multifunctionalized injectable hydrogel, known as COA hydrogel,
has garnered attention for its exceptional wound-repair capabilities. Comprising oxidized
alginate/carboxymethyl chitosan (KA hydrogel) integrated with keratin nanoparticles (Ker
NPs) and nanosized-EGCG covered with silver nanoparticles (AE NPs), this hydrogel
displays promising outcomes. It promotes epithelization, scavenges radicals, and exhibits
significant improvements in wound healing, as substantiated by an increase in epidermis
thickness [141]. Please refer to Figure 5 for an illustration of the multifunctionalized
injectable hydrogel (COA hydrogel) and Figure 6 for visual evidence of its efficacy in
promoting wound healing.

A COONa COA hydrogel
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Figure 5. (A,B) Schematic representation of COA hydrogel fabrication and functionalization for
wound repair. Adopted with permission [141].

An exemplary instance involves the utilization of an injectable hydrogel system
that combines methacryloxylated silk fibroin, metformin-loaded mesoporous silica mi-
crospheres, and silver nanoparticles. This nano-dressing exhibits remarkable immunomod-
ulatory effects, effectively inhibits bacterial growth, enhances fibroblast migration, and
promotes angiogenesis. Consequently, it emerges as a highly promising solution for the
treatment of diabetic wounds [142].
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Figure 6. Images and quantitative antioxidant capacity of (A,B) ABTS and (C,D) DPPH radical
scavenging assay of EG and AE NPs. (E) Photographs of the wound area of rats treated with or
without KA hydrogel at different times. (F) Statistical results of wound area at different times where
the wound area for KA hydrogel is 34% decreased than control group at day 7. Adopted with
permission [141].

Injectable hydrogel dressings also show great potential for surgical applications. For
instance, a hydrogel adhesive possessing rapid adhesion and anti-swelling properties holds
promise for achieving prompt hemostasis and wound sealing [143]. Furthermore, a sodium
alginate-based injectable hydrogel dressing, cross-linked with gallic acid-functionalized
silver nanoparticles, exhibits sustained antimicrobial activity, reduces the inflammatory
response, and accelerates wound healing in infected wounds [144].

Numerous novel injectable hydrogel dressings have been developed with outstanding
antibacterial properties and enhanced wound-healing capabilities. These include injectable
hydrogels incorporating Ag-doped Mo2C-derived polyoxometalate nanoparticles, fusiform-
like zinc oxide nanorods, and mce-like Au-CuS heterostructural nanoparticles [145-147].

In a separate study, the therapeutic potential of an injectable hydrogel composed
of nano-sized suspended formulations of human fibroblast-derived matrix (sFDM) is
explored. This hydrogel demonstrates excellent biocompatibility, mechanical stability,
and regenerative effects, effectively promoting wound healing, neovessel formation, and
reducing necrosis and fibrosis in preclinical models [148].

The development of multifunctional hydrogels incorporating bioactive silver-lignin
nanoparticles shows considerable promise for managing chronic wounds. These hydrogels
possess commendable antimicrobial, antioxidant, and tissue remodeling properties [149].
Similarly, dual-functional hydrogels composed of guar gum-grafted-polyacrylamidoglycolic
acid and silver nanocomposites exhibit self-healing capabilities, injectability, and bacterial
inactivation properties, rendering them highly advantageous for wound-healing applica-
tions [150].

These innovative hydrogel-based materials present exciting opportunities for wound
management and therapy. For further details and a comprehensive overview of various
hydrogel materials and their outcomes, please refer to Table 4.
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Table 4. Different hydrogel materials used for wound healing.

Hydrogel Composition Outcomes Ref.
PLEL-nBG-QCS-C hydrogel:
poly(d,llactide)-poly(ethylene glycol)-poly(d,l-lactide) ~ Exhibits thermo-sensitivity, antibacterial properties, [134]
PLEL, nano-scaled bioactive glass (nBG), and catechol tissue adhesion, and accelerates wound healing N
modified quaternized chitosan (QCS-C)
Chitosan-CMC-g-PF127 injectable hydrogels loaded Show controlled release, biocompatibility, and [135]
with nano-curcumin promote diabetic wound repair N
BT_CTS. thermoggl: Ir'l]ectable thf?rmosenS} tive . Provides effective tumor therapy, wound closure, and
hydrogel with black titania nanoparticles (B-TiO,-x) in . . . [136]
. . tissue regeneration for skin tumors
chitosan matrix
Injectable silver-gelatin-cellulose ternary hydrogel Exhibits antibacterial properties and enhances [137]
dressing with aminated silver nanoparticles cutaneous wound healing in infant nursing care -
Promotes diabetic wound healing by enhancing
ZnO-Ber/H: Berberine-modified ZnO nano-colloids wound healing rate,'reg}llatmg antioxidant stress
factors, downregulating inflammatory factors, and [138]
hydrogel . . . .
promoting the expression of vascular and epithelial
tissue-related factors
Combines high photothermal conversion efficiency
CG/PDA@Ag hydrogel: Cationic guar gum hydrogel and inherent antibacterial ability, demonstrating [139]
encapsulating Polydopamine NPs with Ag (PDA@Ag) superior antibacterial efficacy for photothermal -
antibacterial therapy
Injectable alginate nanocomposite hydrogel containing Enh.ance§ bloac.t Wlt}.]' antibacterial property, Ceu
. . . . proliferation, migration, and extracellular matrix [28]
nano-sized calcium fluoride particles .. .
deposition for accelerated wound healing
GG-MA /Laponite hydrogel: Gellan gum methacrylate ~ Shows improved mechanical properties and potential [29]
(GG-MA) combined with laponite (R) XLG as wound dressing materials for infected wounds
Nano-curcumin/CCS-OA hydrogel: In situ injectable Accelerates wound healing by promoting
hydrogel composed of curcumin, N,O-carboxymethyl re-epithelialization and collagen deposition in rat [140]
chitosan, and oxidized alginate dorsal wounds
KA hydrogel: Injectable oxidized
alginate/carboxymethyl chitosan hydrogel Accelerates wound healing, particularly in the early
functionalized with keratin nanoparticles (Ker NPs) stage, and improves the thickness of renascent [141]
and nanosized-EGCG covered with Ag nanoparticles epidermis
(AE NPs)
M@M_Ag_Sﬂ_MA hy.drogelz Photocurable Resolves immune contradiction in diabetic wounds,
methacryloxylated silk fibroin hydrogel (Sil-MA) . . . .
- - promotes fibroblast migration and endothelial cell
co-encapsulated with metformin-loaded mesoporous . . . . . [142]
s . . angiogenesis, and accelerates diabetic wound healing
silica microspheres (MET@MSNSs) and silver . . .
) in a diabetic mouse model
nanoparticles (Ag NPs)
RAAS hydrogel: Injectable hydrogel adhesive with Achieves ra pid aglhesmn fo wet tissues, exhibits
rapid adhesion to wet tissues and anti-swelling excellent anti-swelling properties, and demonstrates [143]
P . fast hemostasis and stable adhesion strength in diverse
properties.
hemorrhage models
GA@AgNPs-SA hydrogel: Injectable sodium alginate . Exhibits long-term antimicrobial effect, reduce?s
. . . . . . inflammatory response, and accelerates the repair of
hydrogel loaded with gallic acid-functionalized silver . - [144]
: bacteria-infected wounds through sustained release of
nanoparticles (GA@AgNPs) . . . . .
silver ions and promotion of angiogenesis
Injectable hydrogel with Ag-doped Mo2C-derived Exhibits antibacterial activity, accelerates wound
olyoxometalate nanoparticles, urea, ealing, and shows potential as a therapeutic agent for
poly late (AgPOM) particl healing, and sh p ial herapeutic agent f [145]
gelatin, and tea polyphenols (TPs) drug-resistant bacteria-infected wounds
CMCS-brZnO hydrogel: Injectable hydrogel Demonstrates injectability, self-healing, tissue
synthesized by incorporating fusiform-like zinc oxide adhesion, antibacterial activity, and promotion of [146]

nanorods (brZnO) into carboxymethyl chitosan
(CMCS)

wound healing through sustained release of
antibacterial Zn(**) ions
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Table 4. Cont.

Hydrogel Composition Outcomes Ref.
Silk fibroin-hyaluronic acid based injectable hydrogel reEr:ﬂ:;CseCs Ilzrl?iﬁztz)s(ls;:;};(l)]:ts i;izis;e;;alizczzlez’s
incorporated with mace-like Au-CuS heterostructural & 4 P v p OLeS anglOgenesis, [147]
nanoparticles (zAu-CuS HSs) and accelerates wound healing, making it a promising
P & strategy for diabetic wound healing
PH/sFDM hydrogel containing nano-sized suspended Promotes neqvessel formation, collagen dep.os1t1$)nf
. . L blood reperfusion, and reduces necrosis and fibrosis in [148]
formulation and Pluronic F127 /hyaluronic acid (HA) . 11 . .
cutaneous wound and hindlimb ischemia models
Self-assembling hydrogels based on thiolated Inhibits proteolytic enzymes, oxidative enzymes, and
hyaluronic acid (HA-SH) and bioactive silver-lignin ~ bacteria, while promoting tissue remodeling and skin [149]
nanoparticles (Ag@Lig NPs) integrity restoration in chronic wounds
Guae g e olyacamidolycoicacd S sltbnlng il ety bl
(GG-g-PAGA) polymer-based silver nanocomposite U &P Y [150]

(AgNC) hydrogels

behavior, and biodegradability, suitable for
wound-healing applications

Abbreviations: sSFDM, Human fibroblast derived matrix in nano-sized suspended formulation.

The aforementioned studies serve as significant indicators of the potential that hydro-
gels hold in the realm of wound healing applications. With their inherent thermo-sensitivity,
controlled release capabilities, antibacterial properties, and ability to facilitate various
wound-healing processes, hydrogels offer a promising avenue for accelerating the healing
of wounds, managing infections, and promoting tissue regeneration. The versatile formu-
lation and properties of hydrogels further contribute to their efficacy in wound care. As
research and development in this field progresses, the role of hydrogel-based materials in
enhancing wound care and improving patient outcomes is expected to be further enhanced.

6. Photothermal

The use of injectable hydrogels has emerged as a promising approach for vari-
ous modalities of cancer therapy. Specifically, studies have focused on developing
injectable hydrogel systems for chemo-photothermal therapy, targeted drug delivery,
and combination therapies.

In the realm of chemo-photothermal therapy, innovative hydrogel formulations have
been developed to enhance therapeutic outcomes. For instance, a study investigated an in-
situ-forming hydrogel incorporating dopamine-reduced graphene oxide (DOPA-rGO) and
resveratrol for breast cancer therapy [30]. Another study developed an in-situ-injectable
PEG hydrogel system loaded with albumin nanoparticles, demonstrating efficient singlet
oxygen generation and hyperthermia, resulting in enhanced cancer cell killing [31]. Fur-
thermore, injectable and biodegradable nano-photothermal DNA hydrogel nanoparticles
were engineered to improve tumor cell sensitivity to photothermal and photodynamic
treatments [32]. These studies highlight the potential of injectable hydrogels in chemo-
photothermal therapy, providing targeted and effective options for cancer treatment.

Moreover, injectable hydrogels have been explored for targeted drug delivery and
combination therapies. A self-healing nanocomposite hydrogel carrying graphene oxide
(GO) and nano-hydroxyapatite (HAP) exhibited tumor inhibition and photothermal effects,
offering a potential treatment for tumors without the side effects of chemotherapy [33]. An
intelligent thermo-responsive hydrogel system loaded with berberine hydrochloride (BH)
demonstrated enhanced anti-tumor activity when combined with laser irradiation [34].

Recent advancements have expanded the applications of injectable hydrogels in cancer
therapy. For example, an injectable nano-composite hydrogel based on hyaluronic acid-
chitosan derivatives demonstrated simultaneous photothermal-chemotherapy of cancer
with anti-inflammatory capacity, exhibiting favorable tumor inhibition effects [35]. A silk
fibroin nanofiber hydrogel system complexed with upconversion nanoparticles and nano-
graphene oxide showed excellent biocompatibility and efficient cancer cell ablation through
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upconversion luminescence imaging and photothermal therapy [36]. Additionally, an
injectable and near-infrared (NIR)/pH-responsive nanocomposite hydrogel incorporated
gold nanorods, enabling sustained drug release and offering therapeutic potential for
chemophotothermal synergistic cancer therapy [37].

Furthermore, the development of bifunctional biomaterials has been explored for bone
tumor therapy, combining tumor photothermal therapy with enhanced bone regenera-
tion [38]. The utilization of injectable thermosensitive hydrogels loaded with deferasirox
nanoparticles presented a potential strategy for combined chemo-photothermal therapy in
melanoma, offering localized drug delivery and photothermal therapy [39]. Please refer to
Table 5 for a description of the hydrogel materials used in photothermal therapy.

Table 5. Different hydrogel materials used for photothermal therapy.

Hydrogel Materials and Composition Outcomes Ref.
Chitosan-based injectable in-situ-forming hydrogels . EXhlb.ltS m] ectabl.l ity, in situ gelation, sultal.)le? .
containing dopamine-reduced graphene oxide physicochemical properties, and good cytocompatibility, and [30]
(DOPA-1GO) and resveratrol (RES) significantly enhances the efficacy of chemo-photothermal
therapy in breast cancer cells.
In situ injectable PEG hydrogel system formulated Exhibits hyperthermia, singlet oxygen ((1)O(2)) generation,
with albumin nanoparticles and enhanced killing of tumor cells, showing potential for [31]
P ablation of poorly responsive hypoxic tumors.
Exhibits improved penetration, sensitivity to photothermal
Injectable and biodegradable nano-photothermal therapy (PTT) and photodynamic treatment (PDT), easy
DNA hvdrogel cellular uptake, enhanced anti-tumor activity, and reduced [32]
yaros drug resistance, providing a safe and efficient supplement for
cancer therapy.
Injectable and self-healing nanocomposite hydrogel Effectively inhibits tumor cell proliferation, realizes the
loaded with needle-like nano-hydroxyapatite (HAP) synergistic effect of photothermal therapy, and shows [33]
and graphene oxide (GO) potential as an effective treatment approach for tumors.
Injectable in situ intelligent thermo-responsive Exhibits sustained and temperature-dependent drug release,
hydrogel with glycyrrhetinic acid (GA)-conjugated ?nhar.me.zd anti-tumor activity When com .bmed with laser [34]
nano graphene oxide (NGO) irradiation, and shows potential for clinical treatment of
malignant tumors.
. . Demonstrates tumor inhibition through a comprehensive
Inj eC;azlliﬁjiz_;;rgiﬁiz:r}:itﬁizizd on approach of photothermal therapy, chemotherapy, and [35]
y anti-inflammatory effects.
Silk fibroin nanofiber (SF) hydrogel system Shows potential for tumor imaging and therapy, with
complexed with upconversion nanoparticles and excellent biocompatibility, efficient cancer cell ablation, and [36]
nano-graphene oxide (SF/UCNP@NGO) outstanding antitumor efficacy.
Demonstrates potential as a long-term drug delivery platform
Injectable, near-infrared (NIR)/pH-responsive for chemophotothermal synergistic cancer therapy, reducing [37]
nanocomposite hydrogel adverse effects and enabling prolonged drug retention in the
tumor region.
. i Shows potential for photothermal therapy in melanoma, with
Thermosensitive TMPO-oxidized short gelation time, high mechanical strength, efficient drug [39]

lignocellulose/cationic agarose hydrogel

release, and reduced cytotoxicity with laser light irradiation.

These studies highlight the potential of hydrogels in cancer therapy by providing a
platform for synergistic treatments, controlled drug release, tumor ablation, and prolifer-
ation control. By leveraging these capabilities, hydrogels offer promising strategies for
improving therapeutic efficacy and reducing adverse effects in cancer treatment.
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7. Other Biomedical Applications
7.1. Angiogenesis

Injectable hydrogels have emerged as versatile biomedical tools with wide-ranging
applications, including the treatment of ischemic brain injury, cardiovascular diseases, and
cancer therapy. These hydrogels hold significant potential for addressing critical challenges
in these fields.

In the context of ischemic brain injury, a promising approach involves the combination
of bone marrow mesenchymal stem cells (BMSCs) with rigid-flexible composite scaffolds.
This synergistic approach has demonstrated improved therapeutic effects by reducing brain
edema, infarct volume, and neurological deficits, while promoting neuronal proliferation
and vascular growth. Such advances in the use of injectable hydrogels with BMSCs hold
promise for the treatment of brain injuries [42].

Furthermore, injectable hydrogels have shown promise in tissue regeneration. For ex-
ample, a sulfated cellulose nanocrystal (CNC-S) hydrogel loaded with vascular endothelial
growth factor (VEGF) has been developed to facilitate tissue regeneration by promoting
cellular infiltration and angiogenesis. This innovative hydrogel-based approach offers a
potential solution for promoting tissue regeneration in various clinical scenarios [43].

The use of injectable hydrogels in the treatment of cardiovascular diseases has also
been explored. A comprehensive review highlights the potential of injectable hydrogels
as minimally invasive therapies for cardiac applications. The review discusses various
strategies, including the combination of hydrogels with stem cells, cytokines, nanoparticles,
exosomes, and genetic material. These strategies present exciting possibilities for improv-
ing cardiac function and promoting tissue regeneration in the context of cardiovascular
diseases [44].

Moreover, injectable hydrogels demonstrate promise in targeted cancer therapy. A
thermo-responsive nano-hydrogel loaded with triptolide has exhibited localized and
sustained-release treatment of breast cancer. This approach displays enhanced cytotoxicity
and anti-angiogenesis effects, underscoring the potential of injectable hydrogels in targeted
cancer therapy. Such advancements hold considerable potential for improving cancer
treatment outcomes [45].

Collectively, these studies highlight the remarkable capability of injectable hydrogels
to address critical challenges in ischemic brain injury, tissue regeneration in cardiovascular
diseases, and targeted cancer therapy. The development and utilization of injectable hydro-
gels in these areas pave the way for significant advancements in biomedical applications,
improving patient outcomes.

7.2. Antibacterial

Injectable hydrogels have emerged as a versatile tool in various biomedical applica-
tions, including active cargo delivery, tissue regeneration, antibacterial applications, and
bone reconstruction. One notable example of the potential of injectable hydrogels is found
in the development of an antimicrobial colloidal hydrogel. This hydrogel incorporates
graphene oxide (GO), thermo-sensitive nanogels (tNG), and silver nanoparticles (AgNPs).
The resulting hydrogel possesses several desirable features, including tunable mechanical
strength, responsive drug release, high antibacterial activity, temperature responsiveness,
and self-healing properties. Such multifunctional characteristics make this hydrogel suit-
able for scaffold-based applications and antibacterial therapies, positioning it as a promising
material with broad biomedical applications [151,152].

In the realm of bone regeneration and reconstruction, injectable bone substitutes com-
posed of carrageenan (CG), nano-hydroxyapatite (nHA), and polymethylmethacrylate
(PMMA) bone cement have demonstrated significant promise. These substitutes exhibit
exceptional osteoblast adhesion, tissue regeneration potential, antimicrobial properties,
remineralization capacity, as well as favorable physicochemical and mechanical perfor-
mance. By offering a versatile solution for bone tissue engineering that does not solely
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rely on pharmaceutical drugs, these injectable bone substitutes represent a significant
advancement in the field [153,154].

These examples highlight the potential of injectable hydrogels in advancing biomed-
ical applications. Through their unique properties and versatile formulations, injectable
hydrogels continue to pave the way for groundbreaking developments in the fields of active
cargo delivery, tissue regeneration, antibacterial applications, and bone reconstruction.

7.3. Immiunotherapy

The field of injectable biomaterials has witnessed notable progress, resulting in in-
novative strategies for personalized cancer immunotherapy and tumor treatment. These
advancements offer promising avenues to augment immune responses and effectively
combat tumors.

One significant study involves the utilization of a self-assembled nano-vaccine plat-
form that combines a conjugate of Toll-like receptor 7/8 agonist and tumor epitope
(TLR7/8a-epitope) [46]. This nano-vaccine has demonstrated the capacity to enhance CD8
T-cell immunity, positioning it as a promising candidate for personalized immunotherapy
in the treatment of melanoma tumors.

Another promising development revolves around the design of injectable smart hy-
drogels (ISHs) as a robust cancer vaccine platform. These hydrogels have the ability to
recruit dendritic cells (DCs) and elicit tumor-specific immune responses, resulting in the
eradication of melanoma tumors in preclinical mouse models. The ISHs offer a targeted
and efficient approach to stimulate immune responses against cancer [47].

The integration of nanotechnology and biomaterials has played a pivotal role in
advancing injectable biomaterials for cancer immunotherapy and tumor treatment [48].
Organic and polymeric carriers have also emerged as valuable tools in localized tumor
chemo-immunotherapy, contributing to enhanced treatment effectiveness [49]. These
technologies find diverse applications in diagnostics, drug delivery, cancer treatment, and
tissue engineering, facilitating the development of personalized therapeutic strategies.

Furthermore, an injectable immunotherapy system based on a sodium alginate hydro-
gel has exhibited promise in inhibiting tumor recurrence and metastasis [50]. This system
presents a potential strategy for adjuvant immunotherapy, providing supplementary sup-
port in cancer treatment.

Collectively, these advancements underscore the substantial potential of injectable
biomaterials in personalized cancer immunotherapy and tumor treatment. The uti-
lization of nanovaccine platforms, ISHs, organic and polymeric carriers, and sodium
alginate hydrogels exemplifies the broad spectrum of applications and advantages
offered by injectable biomaterials in the fight against cancer. These innovative ap-
proaches pave the way for more targeted, efficient, and personalized therapies in
cancer immunotherapy [46-50].

7.4. Cartilage Repair

Significant strides have been made in recent investigations aimed at the development
of injectable hydrogels for cartilage regeneration, presenting promising strategies to tackle
the challenges associated with cartilage tissue engineering.

One notable approach involves the formulation of an injectable double-crosslinked
hydrogel functionalized with kartogenin (KGN)-conjugated polyurethane nanoparticles
(PN-KGN) and transforming growth factor beta3 (TGF-beta3) [51]. This hydrogel effec-
tively promotes the migration and chondrogenesis of endogenous mesenchymal stem cells
(MSCs), offering a viable in situ strategy for cartilage regeneration.

Another study focuses on an injectable biphasic semi-interpenetrating polymer net-
work (SIPN) hydrogel impregnated with chondroitin sulfate (ChS) nanoparticles and
ChS-loaded zein nanoparticles [52]. These nanoparticles are dispersed within injectable
SIPNs developed by blending alginate with poly(vinyl alcohol) and calcium crosslinking.
This hydrogel exhibits compatibility with chondrocytes and stimulates cartilage-specific



Gels 2023, 9, 533

27 of 37

gene expression and protein synthesis, demonstrating promise for the regeneration of
hyaline cartilage.

Furthermore, a novel injectable biphasic hydrogel composed of partially hydrolyzed
polyacrylamide (HPAM) crosslinked with chromium acetate and incorporating nanocrys-
talline hydroxyapatite (nHAp) has been developed [53]. This hydrogel supports cell
viability and differentiation, positioning it as a prospective candidate for applications in
cartilage tissue engineering.

In aggregate, these studies contribute to the advancement of injectable hydrogels for
cartilage regeneration. By facilitating cell migration, chondrogenesis, and the expression of
cartilage-specific genes, these hydrogels offer promising solutions for effective cartilage
repair and regeneration.

7.5. Other Applications

The integration of nanomaterials with injectable self-healing hydrogels has yielded
significant progress in therapies and regenerative medicine, showcasing their potential
across a wide range of therapeutic domains.

In the field of cancer therapy, researchers have explored the combination of self-healing
hydrogels with nanomaterials, such as Mn-Zn ferrite@mesoporous silica nanospheres and
DOX [155]. This integration allows for tumor imaging and synergistic magnetothermal-
chemo-chemodynamic therapy, offering efficient diagnosis and treatment for tumors.

Nano-engineered materials have been employed to enhance artificial extracellular
matrices (ECMs) for improved cell scaffolds [156]. By modifying the mechanical properties
of ECMs and providing dynamic stimuli, these materials enable wireless monitoring of cell
status within cultures, leading to advancements in artificial ECMs.

For neurodegenerative diseases, a bioactive self-healing hydrogel based on a tannic-
acid-modified gold nano-crosslinker has emerged as a potential injectable brain implant for
treating Parkinson’s disease [157]. This hydrogel promotes neural stem cell proliferation
and differentiation, possesses anti-inflammatory properties, and effectively restores motor
function in a rat model of Parkinson’s disease.

Biodegradable polymers (BDPs) have gained prominence in various biomedical ap-
plications, including ophthalmic drug delivery [158]. Leveraging BDP-based implants,
microneedles, and injectable particles enables targeted drug delivery to the ocular posterior
segment, enhancing drug retention and bioavailability for ophthalmic treatments.

Advancements in nano- and micro-technologies have empowered researchers to exert
precise control over hydrogel properties and functionalities for regenerative engineer-
ing [159]. These advancements hold significant implications for tissue engineering, encom-
passing musculoskeletal, nervous, and cardiac tissues.

Additionally, the development of an injectable conductive hydrogel shows promise in
myocardial infarction (MI) treatment [160]. This hydrogel exhibits comparable myocardial
conductivity and anti-fatigue performance. When loaded with plasmid DNA encoding en-
dothelial nitric oxide synthase (eNOs) and adipose-derived stem cells (ADSCs), it improves
heart function, thereby presenting a potential therapeutic strategy for MI treatment.

In the realm of dermal fillers, hyaluronic acid (HAc)-hydroxyapatite (HAp) compos-
ite hydrogels have been formulated as injectable fillers with enhanced biostability and
bioactivity [161]. These composite fillers stimulate dermis recovery, collagen synthesis,
and elastic fiber formation, positioning them as attractive candidates for long-lasting and
multifunctional soft tissue augmentation.

Nanotechnology-based delivery vehicles are being investigated for the treatment of
erectile dysfunction (ED) [162]. These vehicles exhibit promise in topical drug delivery,
injectable gels, hydrogels for nerve regeneration, and encapsulation of drugs to enhance
erectile function. Basic science studies underscore the potential of nanotechnology in
developing therapies for ED, highlighting its utility in addressing male sexual dysfunction.

Lastly, a dual-network hydrogel based on an ionic nano-reservoir (INR) has been de-
veloped for sealing gastric perforations [163]. This hydrogel displays exceptional adhesion
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and mechanical properties, offering a potential solution for biomedical challenges such as
gastric perforation treatment.

Collectively, these studies and advancements underscore the diverse applications and
potential benefits arising from the integration of nanomaterials with injectable hydrogels in
various therapeutic areas.

7.6. Perspective

The literature review highlights several significant trends and perspectives in the
fields of drug delivery, tissue engineering, wound healing, cancer therapy, and therapeutic
applications of injectable hydrogel systems. Injectable hydrogels have gained popularity as
versatile platforms for drug delivery due to their gelation upon injection, which enables
localized and sustained drug release [4,55,56,60,63,64,73-78,80,103]. Achieving targeted
and localized drug delivery to specific sites, such as tumor cells or pathological areas, has
been a major focus of research, and various strategies have been explored to achieve this
objective [40,41,59,62,73,75,77].

Another essential aspect of drug delivery systems is sustained and controlled drug release,
which can enhance therapeutic efficacy and minimize side effects. Various techniques have been
employed to achieve sustained drug release, including hybrid formulations, nanogels, liposome-
in-gel systems, and thermo-responsive hydrogels [3,40,59,62,63,72,73,75,80]. Furthermore, the
integration of drug delivery systems with other therapeutic agents or techniques, known as
combination therapies, has shown promise in achieving synergistic effects and improving
treatment outcomes [40,56,59,60,74,75,77,80].

In the field of bone tissue regeneration and treatment of bone defects, hydrogel-based drug
delivery systems have demonstrated significant potential. Various agents, such as peptides,
calcium cations, micelles, and growth factors, have been incorporated into hydrogels to promote
osteogenesis, bone formation, and bone regeneration [81,82,85,95,97,98]. Additionally, efforts
have been focused on tailoring the mechanical properties and adaptability of hydrogels for
specific applications, with the aim of enhancing mechanical strength, macroporosity, and
adaptability to facilitate cell proliferation, implantation, and tissue engineering [94,95,97,100].

In the field of tissue engineering, the reviewed literature reveals patterns that high-
light the versatility and potential of hydrogels. Aligned nanofiber yarns within hydrogel
scaffolds have shown potential in promoting the alignment and elongation of nerve cells
and other cell types, which is beneficial for nerve and bone tissue engineering [106,107].
Controlled release of bioactive substances from hydrogels has been demonstrated, enabling
sustained release and promoting cell proliferation and tissue regeneration [6]. The incorpo-
ration of nanoparticles into hydrogels improves their mechanical and chemical properties,
leading to enhanced cell viability, attachment, and proliferation, making them suitable for
various tissue regeneration applications [108,112,116,125]. Injectable and thermosensitive
hydrogels have been developed, offering advantages such as adjustable crosslinking, in-
jectability, and support for cell proliferation and differentiation [8,115]. Interpenetrating
network structures in hydrogels show promise for bone tissue engineering by provid-
ing porous structures, improved mechanical properties, and support for cell implanta-
tion [117,118,126].

In the field of bone tissue engineering and regeneration using hydrogel systems,
controlled release systems have shown potential in enhancing osteogenic differentiation
and bone formation by delivering bioactive factors over time [9,11]. Hydrogels have
demonstrated biocompatibility and the ability to integrate with native tissues, making
them suitable for tissue engineering and implantation [13]. Composite hydrogels with
improved mechanical properties have been developed, exhibiting osteogenic potential
and facilitating bone healing [19,25]. Additionally, hydrogels have shown promise in
the treatment of various bone defects, including critical-size defects and infectious bone
defects [10,23,132]. Advancements in rheological properties, injectability, and self-assembly
capabilities have further improved the ease of application and in situ gel formation [22,26].
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In the field of wound healing, the literature review reveals important trends and poten-
tial applications of injectable hydrogel systems. Thermo-sensitive hydrogels with antibacte-
rial properties and tissue adhesion have shown potential for wound healing [134,139,146].
Hydrogels with controlled release capabilities and biocompatibility have demonstrated
effectiveness in diabetic wound repair [135,138,142,147]. Various hydrogel formulations
have been developed to promote wound healing, tissue regeneration, and control infec-
tions [28,136,140,141,147,148]. Antibacterial hydrogels have shown efficacy in inhibiting
bacterial growth and managing drug-resistant infections [137,144,145,149]. Certain hy-
drogels also exhibit hemostatic abilities, contributing to efficient wound closure [143,147].
Injectable, self-healing, and versatile hydrogels have been designed for easy application
and adaptation to different wound types [146,150].

In the field of cancer therapy, hydrogel systems have shown promise in improving
therapeutic outcomes. The combination of multiple treatment modalities within hydro-
gels has been shown to have synergistic effects, leading to improved outcomes [30,32,35].
Hydrogels with controlled and temperature-dependent drug release capabilities have
demonstrated targeted delivery and enhanced anti-tumor activity [34]. Additionally, hydro-
gels have shown potential in tumor ablation and inhibition through hyperthermia, singlet
oxygen generation, and comprehensive treatment approaches [31,33,35]. The physico-
chemical properties and cytocompatibility of hydrogels further contribute to their clinical
applicability in cancer therapy [30].

The integration of nanomaterials with injectable hydrogels opens up promising possi-
bilities for therapeutic applications [49,156]. These hybrid systems have shown therapeutic
effects in various diseases and conditions, including ischemic insult, CNS diseases, cancer,
neurodegenerative diseases, ophthalmic treatments, tissue engineering, myocardial infarc-
tion, dermal fillers, erectile dysfunction, and gastric perforations. Nanomaterial-integrated
hydrogels serve as versatile platforms for targeted drug delivery, tissue regeneration,
immunotherapy, and implantable devices in biomedical contexts [49,156]. The combina-
tion of nanomaterials with injectable hydrogels enables synergistic treatment approaches,
leading to improved outcomes in diagnosis, drug release, and therapeutic efficacy. The
biocompatibility and biodegradability of these hydrogels make them suitable for long-term
implantation or drug release without adverse effects [156,159]. Furthermore, injectable
hydrogels integrated with nanomaterials hold promise for personalized therapies, tailoring
treatments to individual patients and enhancing therapeutic effects against tumors [46,47].

It is also important to note that while the literature review provides valuable insights,
further research and development are still necessary to overcome challenges and optimize
the use of injectable hydrogel systems in clinical settings. Future studies could focus on
refining the design and properties of hydrogels, exploring new combinations of therapeutic
agents, advancing the understanding of their interactions with biological systems, and
conducting rigorous preclinical and clinical trials to establish their safety and efficacy.

8. Conclusions

In conclusion, the development of nanostructured injectable hydrogel systems has
advanced biomedical applications and expanded therapeutic possibilities. These materi-
als play a crucial role in drug delivery, tissue engineering, wound management, cancer
therapy, and bone regeneration. Injectable hydrogels provide precise control over drug
release, targeted delivery, and improved mechanical properties. They show promise in
various areas such as cardiac regeneration, joint diseases, ocular disorder treatment, and
gynecological drug delivery. Furthermore, they have potential applications in diabetes
treatment, wound healing, cancer therapy, and neuroregeneration. The integration of
nanomaterials with injectable hydrogels has further broadened their use in advanced thera-
pies and regenerative medicine. Ongoing advancements in hydrogel-based systems drive
innovation in drug delivery and tissue engineering, leading to personalized treatments
and improved patient outcomes. With their versatility, controlled release capabilities, and
biocompatibility, injectable hydrogels offer a promising platform for addressing clinical
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challenges and revolutionizing medical treatments. They hold great potential for the future
of regenerative medicine and contribute to the advancement of healthcare.

Disclosure: The authors partly used OpenAl’s large-scale language-generation model.
The authors reviewed, revised, and edited the document for accuracy and take full respon-
sibility for the content of this publication. The authors used Bing Al image creator to draw
the graphical abstract.

Authors used Web of Science and PubMed to conduct literature search, used EndNote
and over 20 essential keywords to screen the number of references down to 163.

Author Contributions: The authors confirm contribution to the paper as follows: Conceptualization,
writing, review and editing, H.O.; Investigation, review and editing, S.D.C. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

Bar, A.; Cohen, S. Inducing Endogenous Cardiac Regeneration: Can Biomaterials Connect the Dots? Front. Bioeng. Biotechnol.
2020, 8, 126. [CrossRef] [PubMed]

Bruno, M.C.; Cristiano, M.C.; Celia, C.; D’Avanzo, N.; Mancuso, A.; Paolino, D.; Wolfram, J.; Fresta, M. Injectable Drug Delivery
Systems for Osteoarthritis and Rheumatoid Arthritis. ACS Nano 2022, 16, 19665-19690. [CrossRef]

Chen, Y.L,; Lai, J.Y.; Zhou, RE; Ouyang, Y.F,; Fu, H. The Analgesic Effect of Dexmedetomidine Loaded with Nano-Hydrogel as a
Novel Nano-Drug Delivery System for Thoracic Paravertebral Block After Thoracic Surgery. . Biomed. Nanotechnol. 2022, 18,
1604-1612. [CrossRef]

Du Toit, L.C.; Choonara, Y.E.; Pillay, V. An Injectable Nano-Enabled Thermogel to Attain Controlled Delivery of p11 Peptide for
the Potential Treatment of Ocular Angiogenic Disorders of the Posterior Segment. Pharmaceutics 2021, 13, 176. [CrossRef]
Qasim, M.; Chae, D.S.; Lee, N.Y. Advancements and frontiers in nano-based 3D and 4D scaffolds for bone and cartilage tissue
engineering. Int. J. Nanomed. 2019, 14, 4333-4351. [CrossRef] [PubMed]

Morsi, N.M.; Nabil Shamma, R.; Osama Eladawy, N.; Abdelkhalek, A.A. Bioactive injectable triple acting thermosensitive
hydrogel enriched with nano-hydroxyapatite for bone regeneration: In-vitro characterization, Saos-2 cell line cell viability and
osteogenic markers evaluation. Drug Dev. Ind. Pharm. 2019, 45, 787-804. [CrossRef] [PubMed]

Gilarska, A.; Lewandowska-Lancucka, J.; Horak, W.; Nowakowska, M. Collagen/chitosan/hyaluronic acid—Based injectable
hydrogels for tissue engineering applications—Design, physicochemical and biological characterization. Colloids Surf. B
Biointerfaces 2018, 170, 152-162. [CrossRef]

Mishra, D.; Bhunia, B.; Banerjee, I.; Datta, P; Dhara, S.; Maiti, T.K. Enzymatically crosslinked carboxymethyl-chitosan/gelatin/nano-
hydroxyapatite injectable gels for in situ bone tissue engineering application. Mater. Sci. Eng. C 2011, 31, 1295-1304. [CrossRef]
He, B.; Zhang, M.Z,; Yin, L.F; Quan, Z.X.; Ou, Y.S.; Huang, W. bFGF-incorporated composite biomaterial for bone regeneration.
Mater. Des. 2022, 215, 110469. [CrossRef]

Amirthalingam, S.; Lee, S.S.; Pandian, M.; Ramu, J.; Iyer, S.; Hwang, N.S.; Jayakumar, R. Combinatorial effect of nano whitlock-
ite/nano bioglass with FGF-18 in an injectable hydrogel for craniofacial bone regeneration. Biomater. Sci. 2021, 9, 2439-2453.
[CrossRef]

Lu, W.; Zeng, M.; Liu, W.B.; Ma, T.L.; Fan, X.L.; Li, H.; Wang, Y.A.; Wang, H.Y.; Hu, Y.H.; Xie, ]. Human urine-derived stem cell
exosomes delivered via injectable GeIMA templated hydrogel accelerate bone regeneration. Mater. Today Bio 2023, 19, 100569.
[CrossRef]

Tan, RW.; Feng, Q.L.; She, Z.D.; Wang, M.B.; Jin, H.; Li, ].Y,; Yu, X. In vitro and in vivo degradation of an injectable bone repair
composite. Polym. Degrad. Stab. 2010, 95, 1736-1742. [CrossRef]

Alipour, M.; Ashrafihelan, J.; Salehi, R.; Aghazadeh, Z.; Rezabakhsh, A.; Hassanzadeh, A.; Firouzamandi, M.; Heidarzadeh,
M.; Rahbarghazi, R.; Aghazadeh, M.; et al. Invivo evaluation of biocompatibility and immune modulation potential of
poly(caprolactone)-poly(ethylene glycol)-poly(caprolactone)-gelatin hydrogels enriched with nano-hydroxyapatite in the model
of mouse. J. Biomater. Appl. 2021, 35, 1253-1263. [CrossRef]

Deng, L.Z; Liu, Y,; Yang, L.Q.; Yi, ].Z.; Deng, EL.; Zhang, L.M. Injectable and bioactive methylcellulose hydrogel carrying bone
mesenchymal stem cells as a filler for critical-size defects with enhanced bone regeneration. Colloids Surf. B Biointerfaces 2020,
194, 111159. [CrossRef]


https://doi.org/10.3389/fbioe.2020.00126
https://www.ncbi.nlm.nih.gov/pubmed/32175315
https://doi.org/10.1021/acsnano.2c06393
https://doi.org/10.1166/jbn.2022.3377
https://doi.org/10.3390/pharmaceutics13020176
https://doi.org/10.2147/IJN.S209431
https://www.ncbi.nlm.nih.gov/pubmed/31354264
https://doi.org/10.1080/03639045.2019.1572184
https://www.ncbi.nlm.nih.gov/pubmed/30672348
https://doi.org/10.1016/j.colsurfb.2018.06.004
https://doi.org/10.1016/j.msec.2011.04.007
https://doi.org/10.1016/j.matdes.2022.110469
https://doi.org/10.1039/D0BM01496F
https://doi.org/10.1016/j.mtbio.2023.100569
https://doi.org/10.1016/j.polymdegradstab.2010.05.015
https://doi.org/10.1177/0885328221998525
https://doi.org/10.1016/j.colsurfb.2020.111159

Gels 2023, 9, 533 31 0f 37

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Fu, S.Z.; Ni, PY.; Wang, B.Y.; Chu, B.Y.; Zheng, L.; Luo, F; Luo, ].C.; Qian, Z.Y. Injectable and thermo-sensitive PEG-PCL-PEG
copolymer/collagen/n-HA hydrogel composite for guided bone regeneration. Biomaterials 2012, 33, 4801-4809. [CrossRef]
[PubMed]

Pan, Y.S.; Zhao, Y.; Kuang, R.; Liu, H.; Sun, D.; Mao, TJ,; Jiang, K.X; Yang, X.T.; Watanabe, N.; Mayo, K.H.; et al. Injectable
hydrogel-loaded nano-hydroxyapatite that improves bone regeneration and alveolar ridge promotion. Mater. Sci. Eng. C 2020,
116, 111158. [CrossRef]

Cai, M,; Li, X.J.,; Xu, M.; Zhou, S.Q.; Fan, L.; Huang, J.Y.; Xiao, C.R.; Lee, Y.C.; Yang, B.; Wang, L.; et al. Injectable Tumor
Microenvironment-Modulated Hydrogels with Enhanced Chemosensitivity and Osteogenesis for Tumor-Associated Bone Defects
Closed-Loop Management. Chem. Eng. ]. 2022, 450, 138086. [CrossRef]

Luo, S.Y,; Wu, J; Jia, Z.R.; Tang, PF; Sheng, J.; Xie, CM.; Liu, C.; Gan, D.L.; Hu, D.; Zheng, W.; et al. An Injectable, Bifunctional
Hydrogel with Photothermal Effects for Tumor Therapy and Bone Regeneration. Macromol. Biosci. 2019, 19, 1900047. [CrossRef]
Abdul-Monem, M.M.; Kamoun, E.A.; Ahmed, D.M.; El-Fakharany, E.M.; Al-Abbassy, FH.; Aly, H.M. Light-cured hyaluronic acid
composite hydrogels using riboflavin as a photoinitiator for bone regeneration applications. J. Taibah Univ. Med. Soc. 2021, 16,
529-539. [CrossRef]

Rahaman, M.S; Park, S.S.; Kang, H.J.; Sultana, T.; Gwon, ].G.; Lee, B.T. Liver tissue-derived ECM loaded nanocellulose-alginate-
TCP composite beads for accelerated bone regeneration. Biomed. Mater. 2022, 17, 055016. [CrossRef]

Kumar, A.; Sivashanmugam, A.; Deepthi, S.; Bumgardner, ].D.; Nair, S.V.,; Jayakumar, R. Nano-fibrin stabilized CaSOj crystals
incorporated injectable chitin composite hydrogel for enhanced angiogenesis & osteogenesis. Carbohydr. Polym. 2016, 140, 144-153.
[CrossRef]

Ding, Z.Z.; Han, H.Y.; Fan, Z.H.; Lu, H.J.; Sang, YH.; Yao, Y.L.; Cheng, Q.Q.; Lu, Q.; Kaplan, D.L. Nanoscale Silk-Hydroxyapatite
Hydrogels for Injectable Bone Biomaterials. ACS Appl. Mater. Interfaces 2017, 9, 16914-16922. [CrossRef]

Zhou, X.H.; Sun, JJW.; Wo, K.Q.; Wei, H.].; Lei, H.Q.; Zhang, ].Y,; Lu, X.F; Mei, E; Tang, Q.M.; Wang, Y.F; et al. nHA-loaded
gelatin/alginate hydrogel with combined physical and bioactive features for maxillofacial bone repair. Carbohydr. Polym. 2022,
298, 120127. [CrossRef] [PubMed]

Garcia-Garcia, P; Reyes, R.; Segredo-Morales, E.; Perez-Herrero, E.; Delgado, A.; Evora, C. PLGA-BMP-2 and PLA-17 3-Estradiol
Microspheres Reinforcing a Composite Hydrogel for Bone Regeneration in Osteoporosis. Pharmaceutics 2019, 11, 648. [CrossRef]
Wang, Q.Q.; Chen, S.Y.; Chen, D.]. Preparation and characterization of chitosan based injectable hydrogels enhanced by chitin
nano-whiskers. . Mech. Behav. Biomed. Mater. 2017, 65, 466—477. [CrossRef]

Kuang, LJ.; Ma, X.Y.; Ma, Y.F; Yao, Y.; Tariq, M.; Yuan, Y.; Liu, C.S. Self-Assembled Injectable Nanocomposite Hydrogels
Coordinated by in Situ Generated CaP Nanoparticles for Bone Regeneration. ACS Appl. Mater. Interfaces 2019, 11, 17234-17246.
[CrossRef]

Tan, RW.,; Feng, Q.L.; Jin, H,; Li, ].Y;; Yu, X,; She, Z.D.; Wang, M.B.; Liu, H.Y. Structure and Biocompatibility of an Injectable Bone
Regeneration Composite. J. Biomater. Sci. Polym. Ed. 2011, 22, 1861-1879. [CrossRef]

Shin, D.Y.; Cheon, K.H.; Song, E.H.; Seong, Y.J.; Park, ].U.; Kim, H.E.; Jeong, S.H. Fluorine-ion-releasing injectable alginate
nanocomposite hydrogel for enhanced bioactivity and antibacterial property. Int. J. Biol. Macromol. 2019, 123, 866-877. [CrossRef]
Pacelli, S.; Paolicelli, P.; Moretti, G.; Petralito, S.; Di Giacomo, S.; Vitalone, A.; Casadei, M.A. Gellan gum methacrylate and
laponite as an innovative nanocomposite hydrogel for biomedical applications. Eur. Polym. J. 2016, 77, 114-123. [CrossRef]
Melo, B.L.; Lima-Sousa, R.; Alves, C.G.; Moreira, A.F,; Correia, 1.].; de Melo-Diogo, D. Chitosan-based injectable in situ forming
hydrogels containing dopamine-reduced graphene oxide and resveratrol for breast cancer chemo-photothermal therapy. Biochem.
Eng. J. 2022, 185, 108529. [CrossRef]

Lee, W.T,; Yoon, ]J.; Kim, S.S.; Kim, H.; Nguyen, N.T.; Le, X.T.; Lee, E.S.; Oh, K.T.; Choi, H.G.; Youn, Y.S. Combined Antitumor
Therapy Using in Situ Injectable Hydrogels Formulated with Albumin Nanoparticles Containing Indocyanine Green, Chlorin e6,
and Perfluorocarbon in Hypoxic Tumors. Pharmaceutics 2022, 14, 148. [CrossRef]

Zhou, L.P; Pi, W,; Hao, M.D,; Li, Y.S,; An, H.; Li, Q.C.; Zhang, PX.; Wen, Y.Q. An injectable and biodegradable nano-photothermal
DNA hydrogel enhances penetration and efficacy of tumor therapy. Biomater. Sci. 2021, 9, 4904-4921. [CrossRef] [PubMed]

Qi, YJ.; Qian, Z.Y.; Yuan, W.Z; Li, Z.H. Injectable and self-healing nanocomposite hydrogel loading needle-like nano-
hydroxyapatite and graphene oxide for synergistic tumour proliferation inhibition and photothermal therapy. J. Mater. Chem. B
2021, 9, 9734-9743. [CrossRef]

Wang, H.H.; Wang, B.Y.; Wang, S.S.; Chen, ].Q.; Zhi, WW.; Guan, Y.B.; Cai, B.R.; Zhu, Y.H,; Jia, Y.Y.; Huang, S.N.; et al. Injectable
in situ intelligent thermo-responsive hydrogel with glycyrrhetinic acid-conjugated nano graphene oxide for chemo-photothermal
therapy of malignant hepatocellular tumor. J. Biomater. Appl. 2022, 37, 151-165. [CrossRef]

Rong, L.D.; Liu, Y,; Fan, Y.; Xiao, J.; Su, Y.H.; Lu, L.G.; Peng, S.J.; Yuan, W.Z.; Zhan, M.X. Injectable nano-composite hydrogels
based on hyaluronic acid-chitosan derivatives for simultaneous photothermal-chemo therapy of cancer with anti-inflammatory
capacity. Carbohydr. Polym. 2023, 310, 120721. [CrossRef]

He, W,; Li, P; Zhu, Y.; Liu, M.M.; Huang, X.N.; Qi, H. An injectable silk fibroin nanofiber hydrogel hybrid system for tumor
upconversion luminescence imaging and photothermal therapy. New J. Chem. 2019, 43, 2213-2219. [CrossRef]

Xu, X.Y,; Huang, Z.Y,; Huang, Z.Q.; Zhang, X.E; He, S.Y.; Sun, X.Q.; Shen, Y.F; Yan, M.N.; Zhao, C.S. Injectable, NIR/pH-
Responsive Nanocomposite Hydrogel as Long-Acting Implant for Chemophotothermal Synergistic Cancer Therapy. ACS Appl.
Mater. Interfaces 2017, 9, 20361-20375. [CrossRef]


https://doi.org/10.1016/j.biomaterials.2012.03.040
https://www.ncbi.nlm.nih.gov/pubmed/22463934
https://doi.org/10.1016/j.msec.2020.111158
https://doi.org/10.1016/j.cej.2022.138086
https://doi.org/10.1002/mabi.201900047
https://doi.org/10.1016/j.jtumed.2020.12.021
https://doi.org/10.1088/1748-605X/ac8901
https://doi.org/10.1016/j.carbpol.2015.11.074
https://doi.org/10.1021/acsami.7b03932
https://doi.org/10.1016/j.carbpol.2022.120127
https://www.ncbi.nlm.nih.gov/pubmed/36241299
https://doi.org/10.3390/pharmaceutics11120648
https://doi.org/10.1016/j.jmbbm.2016.09.009
https://doi.org/10.1021/acsami.9b03173
https://doi.org/10.1163/092050610X528561
https://doi.org/10.1016/j.ijbiomac.2018.11.108
https://doi.org/10.1016/j.eurpolymj.2016.02.007
https://doi.org/10.1016/j.bej.2022.108529
https://doi.org/10.3390/pharmaceutics14010148
https://doi.org/10.1039/D1BM00568E
https://www.ncbi.nlm.nih.gov/pubmed/34047319
https://doi.org/10.1039/D1TB01753E
https://doi.org/10.1177/08853282221078107
https://doi.org/10.1016/j.carbpol.2023.120721
https://doi.org/10.1039/C8NJ05766D
https://doi.org/10.1021/acsami.7b02307

Gels 2023, 9, 533 32 0f 37

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Liao, J.F; Han, R.X;; Wu, Y.Z; Qian, Z.Y. Review of a new bone tumor therapy strategy based on bifunctional biomaterials. Bone
Res. 2021, 9, 18. [CrossRef]

Veisi, H.; Varshosaz, J.; Rostami, M.; Mirian, M. Thermosensitive TMPO-oxidized lignocellulose/cationic agarose hydrogel loaded
with deferasirox nanoparticles for photothermal therapy in melanoma. Int. J. Biol. Macromol. 2023, 238, 124126. [CrossRef]
Gangrade, A.; Mandal, B.B. Injectable Carbon Nanotube Impregnated Silk Based Multifunctional Hydrogel for Localized Targeted
and On-Demand Anticancer Drug Delivery. ACS Biomater. Sci. Eng. 2019, 5, 2365-2381. [CrossRef]

Gil, M.S.; Thambi, T.; Phan, VH.G.; Kim, S.H.; Lee, D.S. Injectable hydrogel-incorporated cancer cell-specific cisplatin releasing
nanogels for targeted drug delivery. J. Mater. Chem. B 2017, 5, 7140-7152. [CrossRef]

Pei, YH.; Huang, L.E; Wang, T.; Yao, Q.H.; Sun, Y.R.; Zhang, Y.; Yang, X.M.; Zhali, ].L.; Qin, L.H.; Xue, ].].; et al. Bone marrow
mesenchymal stem cells loaded into hydrogel/nanofiber composite scaffolds ameliorate ischemic brain injury. Mater. Today Adv.
2023, 17,100349. [CrossRef]

Min, K.; Tae, G. Cellular infiltration in an injectable sulfated cellulose nanocrystal hydrogel and efficient angiogenesis by VEGF
loading. Biomater Res. 2023, 27, 28. [CrossRef] [PubMed]

Liao, X.S.; Yang, X.S.; Deng, H.; Hao, Y.T.; Mao, L.Z.; Zhang, R.].; Liao, W.Z.; Yuan, M.M. Injectable Hydrogel-Based Nanocompos-
ites for Cardiovascular Diseases. Front. Bioeng. Biotechnol. 2020, 8, 251. [CrossRef] [PubMed]

Luo, Y.Y,; Li, ].J.; Hu, Y.C.; Gao, F; Leung, G.P.H.; Geng, EN.; Fu, C.M.; Zhang, ].M. Injectable thermo-responsive nano-hydrogel
loading triptolide for the anti-breast cancer enhancement via localized treatment based on "two strikes" effects. Acta Pharm. Sin. B
2020, 10, 2227-2245. [CrossRef]

Song, H.J.; Su, Q.; Shi, WE; Huang, PS.; Zhang, C.N.; Zhang, C.; Liu, Q.; Wang, W.W. Antigen epitope-TLR7/8a conjugate as
self-assembled carrier-free nanovaccine for personalized immunotherapy. Acta Biomater. 2022, 141, 398-407. [CrossRef]

Duong, H.T.T.; Thambi, T.; Yin, Y.; Kim, S.H.; Nguyen, T.L.; Phan, VH.G.; Kim, J.; Jeong, ].H.; Lee, D.S. Degradation-regulated
architecture of injectable smart hydrogels enhances humoral immune response and potentiates antitumor activity in human lung
carcinoma. Biomaterials 2020, 230, 119599. [CrossRef]

Cellesi, E,; Tirelli, N. Injectable Nanotechnology; Woodhead Publ Ltd.: Cambridge, UK, 2011; pp. 298-322.

Bai, Y.T.; Wang, T.R.; Zhang, S.L.; Chen, X.S.; He, C.L. Recent advances in organic and polymeric carriers for local tumor
chemo-immunotherapy. Sci. China Technol. Sci. 2022, 65, 1011-1028. [CrossRef]

Zhang, Y.Y,; Wang, T.G.; Zhuang, Y.P; He, T.D.; Wu, X.L.; Su, L.; Kang, J.; Chang, J.; Wang, H.]. Sodium Alginate Hydrogel-
Mediated Cancer Inmunotherapy for Postoperative In Situ Recurrence and Metastasis. ACS Biomater. Sci. Eng. 2021, 7, 5717-5726.
[CrossRef]

Fan, W.; Yuan, L.; Li, J.; Wang, Z.; Chen, ].; Guo, C.; Mo, X.; Yan, Z. Injectable double-crosslinked hydrogels with kartogenin-
conjugated polyurethane nano-particles and transforming growth factor (33 for in-situ cartilage regeneration. Mater. Sci. Eng. C
2020, 110, 110705. [CrossRef]

Radhakrishnan, J.; Subramanian, A.; Sethuraman, S. Injectable glycosaminoglycan-protein nano-complex in semi-interpenetrating
networks: A biphasic hydrogel for hyaline cartilage regeneration. Carbohydr. Polym. 2017, 175, 63-74. [CrossRef]

Koushki, N.; Tavassoli, H.; Katbab, A.A.; Katbab, P.; Bonakdar, S. A New Injectable Biphasic Hydrogel Based on Partially
Hydrolyzed Polyacrylamide and Nano Hydroxyapatite, Crosslinked with Chromium Acetate, as Scaffold for Cartilage Regenera-
tion. In Proceedings of the 30th International Conference of the Polymer-Processing-Society (PPS), Cleveland, OH, USA, 6-12
June 2014.

Chyzy, A.; Tomczykowa, M.; Plonska-Brzezinska, M.E. Hydrogels as Potential Nano-, Micro- and Macro-Scale Systems for
Controlled Drug Delivery. Materials 2020, 13, 188. [CrossRef]

Holyoak, D.T.; Wheeler, T.A.; van der Meulen, M.C.H.; Singh, A. Injectable mechanical pillows for attenuation of load-induced
post-traumatic osteoarthritis. Regen. Biomater. 2019, 6, 211-219. [CrossRef]

Li, X.Q.; Shi, Y.L.; Xu, S.X. Local delivery of tumor-targeting nano-micelles harboring GSH-responsive drug release to improve
antitumor efficiency. Polym. Adv. Technol. 2022, 33, 2835-2844. [CrossRef]

Gosecka, M.; Gosecki, M. Antimicrobial Polymer-Based Hydrogels for the Intravaginal Therapies—Engineering Considerations.
Pharmaceutics 2021, 13, 1393. [CrossRef]

GuhaSarkar, S.; More, P.; Banerjee, R. Urothelium-adherent, ion-triggered liposome-in-gel system as a platform for intravesical
drug delivery. J. Control. Release 2017, 245, 147-156. [CrossRef]

GuhaSarkar, S.; Pathak, K.; Sudhalkar, N.; More, P.; Goda, ].S.; Gota, V.; Banerjee, R. Synergistic locoregional chemoradiotherapy
using a composite liposome-in-gel system as an injectable drug depot. Int. |. Nanomed. 2016, 11, 6435-6448. [CrossRef]

Liu, CJ.; Guo, X.L.; Ruan, C.P; Hu, H.L,; Jiang, B.P; Liang, H.; Shen, X.C. An injectable thermosensitive photothermal-network
hydrogel for near-infrared-triggered drug delivery and synergistic photothermal-chemotherapy. Acta Biomater. 2019, 96, 281-294.
[CrossRef]

Malekmohammadi, S.; Sedghi Aminabad, N.; Sabzi, A.; Zarebkohan, A.; Razavi, M.; Vosough, M.; Bodaghi, M.; Maleki, H. Smart
and Biomimetic 3D and 4D Printed Composite Hydrogels: Opportunities for Different Biomedical Applications. Biomedicines
2021, 9, 1537. [CrossRef] [PubMed]

Nam, K.; Kim, Y.M.; Choi, I; Han, H.S,; Kim, T.; Choi, K.Y.; Roh, Y.H. Crystallinity-tuned ultrasoft polymeric DNA networks for
controlled release of anticancer drugs. J. Control. Release 2023, 355, 7-17. [CrossRef]


https://doi.org/10.1038/s41413-021-00139-z
https://doi.org/10.1016/j.ijbiomac.2023.124126
https://doi.org/10.1021/acsbiomaterials.9b00416
https://doi.org/10.1039/C7TB00873B
https://doi.org/10.1016/j.mtadv.2023.100349
https://doi.org/10.1186/s40824-023-00373-y
https://www.ncbi.nlm.nih.gov/pubmed/37038209
https://doi.org/10.3389/fbioe.2020.00251
https://www.ncbi.nlm.nih.gov/pubmed/32296694
https://doi.org/10.1016/j.apsb.2020.05.011
https://doi.org/10.1016/j.actbio.2022.01.004
https://doi.org/10.1016/j.biomaterials.2019.119599
https://doi.org/10.1007/s11431-021-1961-y
https://doi.org/10.1021/acsbiomaterials.1c01216
https://doi.org/10.1016/j.msec.2020.110705
https://doi.org/10.1016/j.carbpol.2017.07.063
https://doi.org/10.3390/ma13010188
https://doi.org/10.1093/rb/rbz013
https://doi.org/10.1002/pat.5749
https://doi.org/10.3390/pharmaceutics13091393
https://doi.org/10.1016/j.jconrel.2016.11.031
https://doi.org/10.2147/IJN.S110525
https://doi.org/10.1016/j.actbio.2019.07.024
https://doi.org/10.3390/biomedicines9111537
https://www.ncbi.nlm.nih.gov/pubmed/34829766
https://doi.org/10.1016/j.jconrel.2023.01.056

Gels 2023, 9, 533 33 of 37

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Parameswaran-Thankam, A.; Parnell, C.M.; Watanabe, F.; RanguMagar, A.B.; Chhetri, B.P.; Szwedo, PK; Biris, A.S.; Ghosh, A.
Guar-Based Injectable Thermoresponsive Hydrogel as a Scaffold for Bone Cell Growth and Controlled Drug Delivery. ACS Omega
2018, 3, 15158-15167. [CrossRef]

Ren, BW.,; Chen, X.Y,; Du, SK; Ma, Y,; Chen, HA.; Yuan, G.L.; Li, ].L.; Xiong, D.S.; Tan, H.P,; Ling, Z.H.; et al. Injectable
polysaccharide hydrogel embedded with hydroxyapatite and calcium carbonate for drug delivery and bone tissue engineering.
Int. J. Biol. Macromol. 2018, 118, 1257-1266. [CrossRef] [PubMed]

Salehi, S.; Naghib, S.M.; Garshasbi, H.R.; Ghorbanzadeh, S.; Zhang, W. Smart stimuli-responsive injectable gels and hydrogels for
drug delivery and tissue engineering applications: A review. Front. Bioeng. Biotechnol. 2023, 11, 1104126. [CrossRef] [PubMed]
El-Sherbiny, I.; Khalil, I.; Ali, I.; Yacoub, M. Updates on smart polymeric carrier systems for protein delivery. Drug Dev. Ind.
Pharm. 2017, 43, 1567-1583. [CrossRef] [PubMed]

Fong, Y.T.; Chen, C.H.; Chen, ].P. Intratumoral Delivery of Doxorubicin on Folate-Conjugated Graphene Oxide by In-Situ Forming
Thermo-Sensitive Hydrogel for Breast Cancer Therapy. Nanomaterials 2017, 7, 388. [CrossRef]

Sun, Y.; Niu, H.S.; Wang, Z.X.; Wang, Y.; Li, X.C.; Hao, ].L. Comparative analysis of different drug delivery methods of injectable
hydrogel nanomaterials of insulin biomaterials via multiple daily injections and continuous subcutaneous insulin infusion in the
treatment of type 1 diabetes mellitus in children. Mater. Express 2021, 11, 1154-1160. [CrossRef]

Tong, S.; Li, Q.Y.; Liu, Q.Y.; Song, B.; Wu, ].Z. Recent advances of the nanocomposite hydrogel as a local drug delivery for diabetic
ulcers. Front. Bioeng. Biotechnol. 2022, 10, 14. [CrossRef]

Wanakule, P.; Roy, K. Disease-Responsive Drug Delivery: The Next Generation of Smart Delivery Devices. Curr. Drug Metab.
2012, 13, 42-49. [CrossRef]

Wu, M,; Chen, ].S.; Huang, W.J; Yan, B.; Peng, Q.Y.; Liu, ].F; Chen, L.Y.; Zeng, H.B. Injectable and Self-Healing Nanocomposite
Hydrogels with Ultrasensitive pH-Responsiveness and Tunable Mechanical Properties: Implications for Controlled Drug Delivery.
Biomacromolecules 2020, 21, 2409-2420. [CrossRef]

Xiong, J.J.; Yan, J.J.; Li, C.; Wang, X.Y.; Wang, L.Z.; Pan, D.H.; Xu, Y.P.; Wang, F; Li, X.X.; Wu, Q.; et al. Injectable liquid metal
nanoflake hydrogel as a local therapeutic for enhanced postsurgical suppression of tumor recurrence. Chem. Eng. ]. 2021,
416, 129092. [CrossRef]

Xu, Y;; Yang, M.M.; Ma, Q.Y;; Di, X.; Wu, G.L. A bio-inspired fluorescent nano-injectable hydrogel as a synergistic drug delivery
system. New J. Chem. 2021, 45, 3079-3087. [CrossRef]

Yang, S.H.; Ren, ].Y.; Wang, H. Injectable Micromotor@Hydrogel System for Antibacterial Therapy. Chem. Eur. ]. 2022, 28, 6.
[CrossRef] [PubMed]

Yegappan, R.; Selvaprithiviraj, V.; Mohandas, A.; Jayakumar, R. Nano polydopamine crosslinked thiol-functionalized hyaluronic
acid hydrogel for angiogenic drug delivery. Colloids Surf. B Biointerfaces 2019, 177, 41-49. [CrossRef]

Zhang, M.; Bai, Y.; Xu, C; Lin, J.T,; Jin, ].K,; Xu, A.K; Lou, ].N.; Qian, C.; Yu, W.; Wu, Y.L,; et al. Novel optimized drug delivery
systems for enhancing spinal cord injury repair in rats. Drug Deliv. 2021, 28, 2548-2561. [CrossRef]

Zhou, X.H.; He, X.L.; Shi, K.; Yuan, L.P;; Yang, Y.; Liu, Q.Y.; Ming, Y.; Yi, C; Qian, Z.Y. Injectable Thermosensitive Hydrogel
Containing Erlotinib-Loaded Hollow Mesoporous Silica Nanoparticles as a Localized Drug Delivery System for NSCLC Therapy.
Adv. Sci. 2020, 7,2001442. [CrossRef]

Sun, Y.S.; Zhang, P.; Zhang, E; Pu, M.Y.; Zhong, W.T.; Zhang, Y.; Shen, Y.C.; Zuo, B.Q. Injectable PEG-induced silk nanofiber
hydrogel for vancomycin delivery. J. Drug Deliv. Sci. Technol. 2022, 75, 103596. [CrossRef]

Rodriguez-Velazquez, E.; Alatorre-Meda, M.; Mano, J.F. Polysaccharide-Based Nanobiomaterials as Controlled Release Systems
for Tissue Engineering Applications. Curr. Pharm. Des. 2015, 21, 4837-4850. [CrossRef]

Bheri, S.; Davis, M.E. Nanoparticle-Hydrogel System for Post-myocardial Infarction Delivery of MicroRNA. ACS Nano 2019, 13,
9702-9706. [CrossRef] [PubMed]

Cai, Q.; Qiao, C.Y,; Ning, J.; Ding, X.X.; Wang, H.Y.; Zhou, Y.M. A Polysaccharide-based Hydrogel and PLGA Microspheres for
Sustained P24 Peptide Delivery: An In vitro and In vivo Study Based on Osteogenic Capability. Chem. Res. Chin. Univ. 2019, 35,
908-915. [CrossRef]

Chamradova, I.; Vojtova, L.; Castkova, K.; Divis, P,; Peterek, M.; Jancar, J. The effect of hydroxyapatite particle size on viscoelastic
properties and calcium release from a thermosensitive triblock copolymer. Colloid Polym. Sci. 2017, 295, 107-115. [CrossRef]
Forsback, A.P.; Noppari, P; Viljanen, J.; Mikkola, J.; Jokinen, M.; Leino, L.; Bjerregaard, S.; Borglin, C.; Halliday, ]J. Sustained
In-Vivo Release of Triptorelin Acetate from a Biodegradable Silica Depot: Comparison to Pamorelin® LA. Nanomaterials 2021, 11,
1578. [CrossRef] [PubMed]

Hosseinkhani, H.; Hosseinkhani, M.; Khademhosseini, A.; Kobayashi, H. Bone regeneration through controlled release of bone
morphogenetic protein-2 from 3-D tissue engineered nano-scaffold. J. Control. Release 2007, 117, 380-386. [CrossRef]

Hu, Z.C.; Tang, Q.; Yan, D.Y,; Zheng, G.; Gu, M.B.; Luo, Z.C.; Mao, C.; Qian, Z.Y,; Ni, W.E; Shen, L.Y. A multi-functionalized
calcitriol sustainable delivery system for promoting osteoporotic bone regeneration both in vitro and in vivo. Appl. Mater. Today
2021, 22, 100906. [CrossRef]

Huang, PS.; Song, H.].; Zhang, YM,; Liu, ].].; Cheng, Z.; Liang, X.J.; Wang, WW.; Kong, D.L.; Liu, ].E. FRET-enabled monitoring of
the thermosensitive nanoscale assembly of polymeric micelles into macroscale hydrogel and sequential cognate micelles release.
Biomaterials 2017, 145, 81-91. [CrossRef]


https://doi.org/10.1021/acsomega.8b01765
https://doi.org/10.1016/j.ijbiomac.2018.06.200
https://www.ncbi.nlm.nih.gov/pubmed/30021396
https://doi.org/10.3389/fbioe.2023.1104126
https://www.ncbi.nlm.nih.gov/pubmed/36911200
https://doi.org/10.1080/03639045.2017.1338723
https://www.ncbi.nlm.nih.gov/pubmed/28581834
https://doi.org/10.3390/nano7110388
https://doi.org/10.1166/mex.2021.2022
https://doi.org/10.3389/fbioe.2022.1039495
https://doi.org/10.2174/138920012798356880
https://doi.org/10.1021/acs.biomac.0c00347
https://doi.org/10.1016/j.cej.2021.129092
https://doi.org/10.1039/D0NJ05719C
https://doi.org/10.1002/chem.202103867
https://www.ncbi.nlm.nih.gov/pubmed/34890072
https://doi.org/10.1016/j.colsurfb.2019.01.035
https://doi.org/10.1080/10717544.2021.2009937
https://doi.org/10.1002/advs.202001442
https://doi.org/10.1016/j.jddst.2022.103596
https://doi.org/10.2174/1381612821666150820101029
https://doi.org/10.1021/acsnano.9b05716
https://www.ncbi.nlm.nih.gov/pubmed/31469276
https://doi.org/10.1007/s40242-019-9177-3
https://doi.org/10.1007/s00396-016-3983-7
https://doi.org/10.3390/nano11061578
https://www.ncbi.nlm.nih.gov/pubmed/34208450
https://doi.org/10.1016/j.jconrel.2006.11.018
https://doi.org/10.1016/j.apmt.2020.100906
https://doi.org/10.1016/j.biomaterials.2017.07.012

Gels 2023, 9, 533 34 of 37

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Huang, PS.; Zhang, YM.; Wang, WW.; Zhou, ].H.; Sun, Y,; Liu, J.J.; Kong, D.L.; Liu, ].E; Dong, A.]J. Co-delivery of doxorubicin
and I-131 by thermosensitive micellar-hydrogel for enhanced in situ synergetic chemoradiotherapy. J. Control. Release 2015, 220,
456-464. [CrossRef] [PubMed]

Kim, YM,; Park, M.R.; Song, S.C. An injectable cell penetrable nano-polyplex hydrogel for localized siRNA delivery. Biomaterials
2013, 34, 4493-4500. [CrossRef] [PubMed]

Klubthawee, N.; Bovone, G.; Marco-Dufort, B.; Guzzi, E.A.; Aunpad, R.; Tibbitt, M.W. Biopolymer Nano-Network for Antimicro-
bial Peptide Protection and Local Delivery. Adv. Healthc. Mater. 2022, 11, €2101426. [CrossRef]

Kumar, P.; Choonara, Y.E.; Modi, G.; Naidoo, D.; Pillay, V. Multifunctional Therapeutic Delivery Strategies for Effective Neuro-
Regeneration Following Traumatic Spinal Cord Injury. Curr. Pharm. Des. 2015, 21, 1517-1528. [CrossRef]

Ligorio, C.; Zhou, M.; Wychowaniec, ].K.; Zhu, X.Y,; Bartlam, C.; Miller, A.F; Vijayaraghavan, A.; Hoyland, J.A.; Saiani, A.
Graphene oxide containing self-assembling peptide hybrid hydrogels as a potential 3D injectable cell delivery platform for
intervertebral disc repair applications. Acta Biomater. 2019, 92, 92-103. [CrossRef]

Lim, H.J.; Do Ghim, H.; Choi, J.H.; Chung, H.Y; Lim, J.O. Controlled Release of BMP-2 from Alginate Nanohydrogels Enhanced
Osteogenic Differentiation of Human Bone Marrow Stromal Cells. Macromol. Res. 2010, 18, 787-792. [CrossRef]

Liu, H.; Meng, X.Y.; Li, L.; Xia, YM.; Hu, X.Y,; Fang, Y. The incorporated hydrogel of chitosan-oligoconjugated linoleic acid
vesicles and the protective sustained release for curcumin in the gel. Int. J. Biol. Macromol. 2023, 227, 17-26. [CrossRef]
Perez-Herrero, E.; Garcia-Garcia, P.; Gomez-Morales, J.; Llabres, M.; Delgado, A.; Evora, C. New injectable two-step forming
hydrogel for delivery of bioactive substances in tissue regeneration. Regen. Biomater. 2019, 6, 149-162. [CrossRef] [PubMed]
Seo, B.B.; Koh, ].T.; Song, S.C. Tuning physical properties and BMP-2 release rates of injectable hydrogel systems for an optimal
bone regeneration effect. Biomaterials 2017, 122, 91-104. [CrossRef] [PubMed]

Seo, B.B.; Park, M.R.; Song, S.C. Sustained Release of Exendin 4 Using Injectable and lonic-Nano-Complex Forming Polymer
Hydrogel System for Long-Term Treatment of Type 2 Diabetes Mellitus. ACS Appl. Mater. Interfaces 2019, 11, 15201-15211.
[CrossRef]

Sun, X.J; Li, Z.Y.; Cui, Z.D.; Wu, S.L.; Zhu, S.L,; Liang, Y.Q.; Yang, X.J. Preparation and physicochemical properties of an injectable
alginate-based hydrogel by the regulated release of divalent ions via the hydrolysis of d-glucono-6-lactone. . Biomater. Appl. 2020,
34,891-901. [CrossRef] [PubMed]

Tan, RW,; She, Z.D.; Wang, M.B.; Yu, X,; Jin, H.; Feng, Q.L. Repair of rat calvarial bone defects by controlled release of rhBMP-2
from an injectable bone regeneration composite. J. Tissue Eng. Regen. Med. 2012, 6, 614-621. [CrossRef]

Vong, L.B.; Nagasaki, Y. Nitric Oxide Nano-Delivery Systems for Cancer Therapeutics: Advances and Challenges. Antioxidants
2020, 9, 791. [CrossRef]

Xu, HH.K.; Weir, M.D.; Simon, C.G. Injectable and strong nano-apatite scaffolds for cell/growth factor delivery and bone
regeneration. Dent. Mater. 2008, 24, 1212-1222. [CrossRef]

Zhang, 7.Q.; Kim, Y.M.; Song, S.C. Injectable and Quadruple-Functional Hydrogel as an Alternative to Intravenous Delivery for
Enhanced Tumor Targeting. ACS Appl. Mater. Interfaces 2019, 11, 34634-34644. [CrossRef]

Zhang, Z.Q.; Song, S.C. Multiple hyperthermia-mediated release of TRAIL/SPION nanocomplex from thermosensitive polymeric
hydrogels for combination cancer therapy. Biomaterials 2017, 132, 16-27. [CrossRef]

Boffito, M.; Pontremoli, C.; Fiorilli, S.; Laurano, R.; Ciardelli, G.; Vitale-Brovarone, C. Injectable Thermosensitive Formulation
Based on Polyurethane Hydrogel/Mesoporous Glasses for Sustained Co-Delivery of Functional Ions and Drugs. Pharmaceutics
2019, 11, 501. [CrossRef] [PubMed]

Liu, C.D.; Ma, Y.D.; Guo, S.; He, B.F; Jiang, T.Y. Topical delivery of chemotherapeutic drugs using nano-hybrid hydrogels to
inhibit post-surgical tumour recurrence. Biomater. Sci. 2021, 9, 4356-4363. [CrossRef] [PubMed]

Soh, WW.M.; Teoh, R.Y.P; Zhu, J.L.; Xun, Y.R.; Wee, C.Y.; Ding, J.; San Thian, E.; Li, J. Facile Construction of a Two-in-One
Injectable Micelleplex-Loaded Thermogel System for the Prolonged Delivery of Plasmid DNA. Biomacromolecules 2022, 23,
3477-3492. [CrossRef] [PubMed]

Wang, L.; Wu, Y.B,; Hu, T.L.; Ma, PX,; Guo, B.L. Aligned conductive core-shell biomimetic scaffolds based on nanofiber
yarns/hydrogel for enhanced 3D neurite outgrowth alignment and elongation. Acta Biomater. 2019, 96, 175-187. [CrossRef]
Kulanthaivel, S.; Agarwal, T.; Rathnam, V.S.S.; Pal, K.; Banerjee, I. Cobalt doped nano-hydroxyapatite incorporated gum
tragacanth-alginate beads as angiogenic-osteogenic cell encapsulation system for mesenchymal stem cell based bone tissue
engineering. Int. J. Biol. Macromol. 2021, 179, 101-115. [CrossRef]

Hassanzadeh, A.; Ashrafihelan, J.; Salehi, R.; Rahbarghazi, R.; Firouzamandi, M.; Ahmadi, M.; Khaksar, M.; Alipour, M.;
Aghazadeh, M. Development and biocompatibility of the injectable collagen/nano-hydroxyapatite scaffolds as in situ forming
hydrogel for the hard tissue engineering application. Artif. Cells Nanomed. Biotechnol. 2021, 49, 136-146. [CrossRef]
Radhakrishnan, J.; Manigandan, A.; Chinnaswamy, P.; Subramanian, A.; Sethuraman, S. Gradient nano-engineered in situ forming
composite hydrogel for osteochondral regeneration. Biomaterials 2018, 162, 82-98. [CrossRef]

Saludas, L.; Pascual-Gil, S.; Prospert, E.; Garbayo, E.; Blanco-Prieto, M. Hydrogel based approaches for cardiac tissue engineering.
Int. |. Pharm. 2017, 523, 454-475. [CrossRef]

Niemczyk-Soczynska, B.; Zaszczynska, A.; Zabielski, K.; Sajkiewicz, P. Hydrogel, Electrospun and Composite Materials for
Bone/Cartilage and Neural Tissue Engineering. Materials 2021, 14, 6899. [CrossRef]


https://doi.org/10.1016/j.jconrel.2015.11.007
https://www.ncbi.nlm.nih.gov/pubmed/26562684
https://doi.org/10.1016/j.biomaterials.2013.02.050
https://www.ncbi.nlm.nih.gov/pubmed/23498897
https://doi.org/10.1002/adhm.202101426
https://doi.org/10.2174/1381612821666150115152323
https://doi.org/10.1016/j.actbio.2019.05.004
https://doi.org/10.1007/s13233-010-0804-6
https://doi.org/10.1016/j.ijbiomac.2022.12.049
https://doi.org/10.1093/rb/rbz018
https://www.ncbi.nlm.nih.gov/pubmed/31198583
https://doi.org/10.1016/j.biomaterials.2017.01.016
https://www.ncbi.nlm.nih.gov/pubmed/28110173
https://doi.org/10.1021/acsami.8b19669
https://doi.org/10.1177/0885328219886185
https://www.ncbi.nlm.nih.gov/pubmed/31684793
https://doi.org/10.1002/term.463
https://doi.org/10.3390/antiox9090791
https://doi.org/10.1016/j.dental.2008.02.001
https://doi.org/10.1021/acsami.9b10182
https://doi.org/10.1016/j.biomaterials.2017.03.049
https://doi.org/10.3390/pharmaceutics11100501
https://www.ncbi.nlm.nih.gov/pubmed/31581422
https://doi.org/10.1039/D0BM01766C
https://www.ncbi.nlm.nih.gov/pubmed/34127987
https://doi.org/10.1021/acs.biomac.2c00648
https://www.ncbi.nlm.nih.gov/pubmed/35878156
https://doi.org/10.1016/j.actbio.2019.06.035
https://doi.org/10.1016/j.ijbiomac.2021.02.136
https://doi.org/10.1080/21691401.2021.1877153
https://doi.org/10.1016/j.biomaterials.2018.01.056
https://doi.org/10.1016/j.ijpharm.2016.10.061
https://doi.org/10.3390/ma14226899

Gels 2023, 9, 533 35 of 37

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.
130.

131.

132.

133.

134.

135.

Ghanbari, M.; Salavati-Niasari, M.; Mohandes, F.; Firouzi, Z.; Mousavi, S.D. The impact of zirconium oxide nanoparticles content
on alginate dialdehyde-gelatin scaffolds in cartilage tissue engineering. J. Mol. Lig. 2021, 335, 116531. [CrossRef]

Jaikumar, D.; Sajesh, K.M.; Soumya, S.; Nimal, T.R.; Chennazhi, K.P.; Nair, S.V.; Jayakumar, R. Injectable alginate-O-carboxymethyl
chitosan/nano fibrin composite hydrogels for adipose tissue engineering. Int. J. Biol. Macromol. 2015, 74, 318-326. [CrossRef]
[PubMed]

Yegappan, R.; Selvaprithiviraj, V.; Amirthalingam, S.; Mohandas, A.; Hwang, N.S.; Jayakumar, R. Injectable angiogenic and
osteogenic carrageenan nanocomposite hydrogel for bone tissue engineering. Int. |. Biol. Macromol. 2019, 122, 320-328. [CrossRef]
[PubMed]

Fu, S.Z.; Gun, G.; Gong, C.Y,; Zeng, S.; Liang, H.; Luo, F,; Zhang, X.N.; Zhao, X.; Wei, Y.Q.; Qian, Z.Y. Injectable Biodegradable
Thermosensitive Hydrogel Composite for Orthopedic Tissue Engineering. 1. Preparation and Characterization of Nanohydroxya-
patite/Poly(ethylene glycol)-Poly(e-caprolactone)-Poly(ethylene glycol) Hydrogel Nanocomposites. J. Phys. Chem. B 2009, 113,
16518-16525. [CrossRef]

Kaur, K.; Paiva, S.S.; Caffrey, D.; Cavanagh, B.L.; Murphy, C.M. Injectable chitosan/collagen hydrogels nano-engineered with
functionalized single wall carbon nanotubes for minimally invasive applications in bone. Mater. Sci. Eng. C 2021, 128, 112340.
[CrossRef] [PubMed]

Huang, Y.X.; Zhang, X.L.; Wu, AM.; Xu, H.Z. An injectable nano-hydroxyapatite (n-HA)/glycol chitosan (G-CS)/hyaluronic acid
(HyA) composite hydrogel for bone tissue engineering. RSC Adv. 2016, 6, 33529-33536. [CrossRef]

Boyer, C.; Figueiredo, L.; Pace, R.; Lesoeur, J.; Rouillon, T.; Visage, C.L.; Tassin, ].F.; Weiss, P.; Guicheux, J.; Rethore, G. Laponite
nanoparticle-associated silated hydroxypropylmethyl cellulose as an injectable reinforced interpenetrating network hydrogel for
cartilage tissue engineering. Acta Biomater. 2018, 65, 112-122. [CrossRef]

Qiao, M.X,; Xu, Z.Y.; Pei, X.B.; Liu, Y.H.; Wang, J.; Chen, J.Y.; Zhu, Z.; Wan, Q.B. Nano SIM@ZIF-8 modified injectable High-
intensity biohydrogel with bidirectional regulation of osteogenesis and Anti-adipogenesis for bone repair. Chem. Eng. |. 2022,
434,134583. [CrossRef]

Shi, Z.; Xu, Y.; Mulatibieke, R.; Zhong, Q.; Pan, X.; Chen, Y; Lian, Q.; Luo, X.; Shi, Z.; Zhu, Q. Nano-Silicate-Reinforced and
SDF-1a-Loaded Gelatin-Methacryloyl Hydrogel for Bone Tissue Engineering. Int. ]. Nanomed. 2020, 15, 9337-9353. [CrossRef]
Cernencu, A.L; Dinu, A.L; Stancu, I.C.; Lungu, A.; Iovu, H. Nanoengineered biomimetic hydrogels: A major advancement to
fabricate 3D-printed constructs for regenerative medicine. Biotechnol. Bioeng. 2022, 119, 762-783. [CrossRef]

Yang, Y.; Tang, H.H.; Kowitsch, A.; Mader, K.; Hause, G.; Ulrich, J.; Groth, T. Novel mineralized heparin-gelatin nanoparticles for
potential application in tissue engineering of bone. J. Mater. Sci. Mater. Med. 2014, 25, 669—-680. [CrossRef]

Zhang, Y.E; Yin, P].; Huang, ].E; Yang, L.N.; Liu, Z.; Fu, D.L.; Hu, Z.Q.; Huang, W.H.; Miao, Y. Scalable and high-throughput
production of an injectable platelet-rich plasma (PRP)/cell-laden microcarrier /hydrogel composite system for hair follicle tissue
engineering. J. Nanobiotechnol. 2022, 20, 22. [CrossRef]

Cao, Z.; Bai, X.; Wang, C.B.; Ren, L.L.; Ma, D.Y. A simple polysaccharide based injectable hydrogel compositing nano-
hydroxyapatite for bone tissue engineering. Mater. Lett. 2021, 293, 129755. [CrossRef]

Pal, A.; Das Karmakar, P.; Vel, R.; Bodhak, S. Synthesis and Characterizations of Bioactive Glass Nanoparticle-Incorporated
Triblock Copolymeric Injectable Hydrogel for Bone Tissue Engineering. ACS Appl. Bio Mater. 2023, 6, 445-457. [CrossRef]
[PubMed]

Latifi, N.; Asgari, M.; Vali, H.; Mongeau, L. A tissue-mimetic nano-fibrillar hybrid injectable hydrogel for potential soft tissue
engineering applications. Sci. Rep. 2018, 8, 1047. [CrossRef] [PubMed]

Dubey, S.K.; Alexander, A.; Sivaram, M.; Agrawal, M.; Singhvi, G.; Sharma, S.; Dayaramani, R. Uncovering the Diversification of
Tissue Engineering on the Emergent Areas of Stem Cells, Nanotechnology and Biomaterials. Curr. Stem Cell Res. Ther. 2020, 15,
187-201. [CrossRef]

Wei, H.Q.; Zhang, B.; Lei, M.; Lu, Z,; Liu, ].P; Guo, B.L.; Yu, Y. Visible-Light-Mediated Nano-biomineralization of Customizable
Tough Hydrogels for Biomimetic Tissue Engineering. ACS Nano 2022, 16, 4734-4745. [CrossRef]

Jabbari, E. Challenges for Natural Hydrogels in Tissue Engineering. Gels 2019, 5, 30. [CrossRef]

Nageeb, M.; Nouh, S.R.; Bergman, K.; Nagy, N.B.; Khamis, D.; Kisiel, M.; Engstrand, T.; Hilborn, J.; Marei, M.K. Bone Engineering
by Biomimetic Injectable Hydrogel. Mol. Cryst. Liq. Cryst. 2012, 555, 177-188. [CrossRef]

Sultan, N.; Jayash, S.N. Evaluation of osteogenic potential of demineralized dentin matrix hydrogel for bone formation. BMC
Oral Health 2023, 23, 247. [CrossRef] [PubMed]

Xu, LJ.; Bai, X.; Yang, J.].; Li, ].S.; Xing, ].Q.; Yuan, H.; Xie, J.; Li, ].Y. Preparation and characterisation of a gellan gum-based
hydrogel enabling osteogenesis and inhibiting Enterococcus faecalis. Int. |. Biol. Macromol. 2020, 165, 2964-2973. [CrossRef]
Zeng, D.; Shen, S.H.; Fan, D.D. Molecular design, synthesis strategies and recent advances of hydrogels for wound dressing
applications. Chin. J. Chem. Eng. 2021, 30, 308-320. [CrossRef]

Zheng, Z.Q.; Bian, S.Q.; Li, Z.Q.; Zhang, Z.Y,; Liu, Y.; Zhai, X.Y.; Pan, H.B.; Zhao, X.L. Catechol modified quaternized chitosan
enhanced wet adhesive and antibacterial properties of injectable thermo-sensitive hydrogel for wound healing. Carbohydr. Polym.
2020, 249, 116826. [CrossRef] [PubMed]

Shah, S.A; Sohail, M.; Karperien, M.; Johnbosco, C.; Mahmood, A.; Kousar, M. Chitosan and carboxymethyl cellulose-based 3D
multifunctional bioactive hydrogels loaded with nano-curcumin for synergistic diabetic wound repair. Int. J. Biol. Macromol. 2023,
227,1203-1220. [CrossRef] [PubMed]


https://doi.org/10.1016/j.molliq.2021.116531
https://doi.org/10.1016/j.ijbiomac.2014.12.037
https://www.ncbi.nlm.nih.gov/pubmed/25544040
https://doi.org/10.1016/j.ijbiomac.2018.10.182
https://www.ncbi.nlm.nih.gov/pubmed/30401650
https://doi.org/10.1021/jp907974d
https://doi.org/10.1016/j.msec.2021.112340
https://www.ncbi.nlm.nih.gov/pubmed/34474890
https://doi.org/10.1039/C5RA26160K
https://doi.org/10.1016/j.actbio.2017.11.027
https://doi.org/10.1016/j.cej.2022.134583
https://doi.org/10.2147/IJN.S270681
https://doi.org/10.1002/bit.28020
https://doi.org/10.1007/s10856-013-5111-2
https://doi.org/10.1186/s12951-022-01671-8
https://doi.org/10.1016/j.matlet.2021.129755
https://doi.org/10.1021/acsabm.2c00718
https://www.ncbi.nlm.nih.gov/pubmed/36633203
https://doi.org/10.1038/s41598-017-18523-3
https://www.ncbi.nlm.nih.gov/pubmed/29348423
https://doi.org/10.2174/1574888X15666200103124821
https://doi.org/10.1021/acsnano.1c11589
https://doi.org/10.3390/gels5020030
https://doi.org/10.1080/15421406.2012.635530
https://doi.org/10.1186/s12903-023-02928-w
https://www.ncbi.nlm.nih.gov/pubmed/37118728
https://doi.org/10.1016/j.ijbiomac.2020.10.083
https://doi.org/10.1016/j.cjche.2020.12.005
https://doi.org/10.1016/j.carbpol.2020.116826
https://www.ncbi.nlm.nih.gov/pubmed/32933673
https://doi.org/10.1016/j.ijbiomac.2022.11.307
https://www.ncbi.nlm.nih.gov/pubmed/36473525

Gels 2023, 9, 533 36 of 37

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.
157.
158.

159.

Wang, X.C.; Ma, B.; Xue, ]. M.; Wu, J.E;; Chang, J.; Wu, C.T. Defective Black Nano-Titania Thermogels for Cutaneous Tumor-Induced
Therapy and Healing. Nano Lett. 2019, 19, 2138-2147. [CrossRef]

Gou, L.; Xiang, M.L.; Ni, X.L. Development of wound therapy in nursing care of infants by using injectable gelatin-cellulose
composite hydrogel incorporated with silver nanoparticles. Mater. Lett. 2020, 277, 128340. [CrossRef]

Yin, X.C.; Fan, X.Y.; Zhou, Z.P; Li, Q. Encapsulation of berberine decorated ZnO nano-colloids into injectable hydrogel using for
diabetic wound healing. Front. Chem. 2022, 10, 14. [CrossRef]

Qi, X.L.; Huang, YJ.; You, S.Y.; Xiang, Y.J.; Cai, E.Y.; Mao, R.T.; Pan, W.H.; Tong, X.Q.; Dong, W.; Ye, EE; et al. Engineering Robust
Ag-Decorated Polydopamine Nano-Photothermal Platforms to Combat Bacterial Infection and Prompt Wound Healing. Adv. Sci.
2022, 9, 2106015. [CrossRef] [PubMed]

Li, X.Y;; Chen, S.; Zhang, B.].; Li, M,; Diao, K.; Zhang, Z.L.; Li, ].; Xu, Y.; Wang, X.H.; Chen, H. In situ injectable nano-composite
hydrogel composed of curcumin, N,O-carboxymethyl chitosan and oxidized alginate for wound healing application. Int. J. Pharm.
2012, 437, 110-119. [CrossRef] [PubMed]

Ma, L.; Tan, Y.F; Chen, X.Y,; Ran, Y.Q.; Tong, Q.L.; Tang, L.W.; Su, W,; Wang, X.L.; Li, X.D. Injectable oxidized algi-
nate/carboxylmethyl chitosan hydrogels functionalized with nanoparticles for wound repair. Carbohydr. Polym. 2022, 293, 119733.
[CrossRef]

Mei, JW.; Zhou, ].; Kong, L.T; Dai, Y.; Zhang, X.Z.; Song, W.Q.; Zhu, C. An injectable photo-cross-linking silk hydrogel system
augments diabetic wound healing in orthopaedic surgery through spatiotemporal immunomodulation. J. Nanobiotechnol. 2022,
20, 232. [CrossRef] [PubMed]

Bian, S.Q.; Hao, L.Z.; Qiu, X.; Wu, J.; Chang, H.; Kuang, G.M.; Zhang, S.; Hu, X.H.; Dai, YK.; Zhou, Z.Y,; et al. An Injectable
Rapid-Adhesion and Anti-Swelling Adhesive Hydrogel for Hemostasis and Wound Sealing. Adv. Funct. Mater. 2022, 32, 2207741.
[CrossRef]

Hu, Q.S,; Nie, Y,; Xiang, J.; Xie, JW.; Si, H.B.; Li, D.H.; Zhang, S.Y.; Li, M.; Huang, S.S. Injectable sodium alginate hydrogel
loaded with plant polyphenol-functionalized silver nanoparticles for bacteria-infected wound healing. Int. J. Biol. Macromol. 2023,
234,123691. [CrossRef] [PubMed]

Huang, H.; Su, Y.; Wang, C.X_; Lei, B.; Song, X.J.; Wang, W.J.; Wu, P; Liu, X.Y.; Dong, X.C.; Zhong, L.P. Injectable Tissue-Adhesive
Hydrogel for Photothermal /Chemodynamic Synergistic Antibacterial and Wound Healing Promotion. ACS Appl. Mater. Interfaces
2023, 15, 2714-2724. [CrossRef] [PubMed]

Hu, T.; Wu, G.P; Bu, H.T,; Zhang, H.Y,; Li, W.X,; Song, K.; Jiang, G.B. An injectable, adhesive, and self-healable composite
hydrogel wound dressing with excellent antibacterial activity. Chem. Eng. J. 2022, 450, 138201. [CrossRef]

Wang, L.; Hussain, Z.; Zheng, PH.; Zhang, Y.J.; Cao, Y.; Gao, T.; Zhang, Z.Z.; Zhang, Y.H.; Pei, R.]. A mace-like heterostructural
enriched injectable hydrogel composite for on-demand promotion of diabetic wound healing. |. Mater. Chem. B 2023, 11,
2166-2183. [CrossRef]

Ha, S.S.; Kim, ].H.; Savitri, C.; Choi, D.; Park, K. Nano-Sized Extracellular Matrix Particles Lead to Therapeutic Improvement for
Cutaneous Wound and Hindlimb Ischemia. Int. J. Mol. Sci. 2021, 22, 13265. [CrossRef]

Perez-Rafael, S.; Ivanova, K.; Stefanov, I.; Puiggali, J.; del Valle, L.].; Todorova, K.; Dimitrov, P.; Hinojosa-Caballero, D.; Tzanov, T.
Nanoparticle-driven self-assembling injectable hydrogels provide a multi-factorial approach for chronic wound treatment. Acta
Biomater. 2021, 134, 131-143. [CrossRef]

Palem, R.R.; Madhusudana Rao, K.; Kang, T.J. Self-healable and dual-functional guar gum-grafted-polyacrylamidoglycolic
acid-based hydrogels with nano-silver for wound dressings. Carbohydr. Polym. 2019, 223, 115074. [CrossRef]

Cheng, W.H.; Chen, Y.H.; Teng, L.J.; Lu, B.H.; Ren, L.; Wang, Y.J. Antimicrobial colloidal hydrogels assembled by graphene oxide
and thermo-sensitive nanogels for cell encapsulation. J. Colloid Interface Sci. 2018, 513, 314-323. [CrossRef]

Niu, Y.L.; Guo, T.T;; Yuan, X.Y;; Zhao, Y.H.; Ren, L.X. An injectable supramolecular hydrogel hybridized with silver nanoparticles
for antibacterial application. Soft Matter 2018, 14, 1227-1234. [CrossRef]

Ocampo, J.I.G.; Bassous, N.; Orozco, C.P.O.; Webster, T.]. Evaluation of cytotoxicity and antimicrobial activity of an injectable
bone substitute of carrageenan and nano hydroxyapatite. J. Biomed. Mater. Res. Part A 2018, 106, 2984-2993. [CrossRef]

Wang, M,; Sa, Y,; Li, P; Guo, Y.R,; Du, YM,; Deng, H.B,; Jiang, T.; Wang, Y.N. A versatile and injectable poly(methyl methacrylate)
cement functionalized with quaternized chitosan-glycerophosphate/nanosized hydroxyapatite hydrogels. Mater. Sci. Eng. C
2018, 90, 264-272. [CrossRef] [PubMed]

Wang, C.Y.; Zhao, N.U.; Huang, Y.X,; He, R.; Xu, S.C.; Yuan, W.Z. Coordination of injectable self-healing hydrogel with Mn-Zn
ferrite@mesoporous silica nanospheres for tumor MR imaging and efficient synergistic magnetothermal-chemo-chemodynamic
therapy. Chem. Eng. . 2020, 401, 126100. [CrossRef]

Jooken, S.; Deschaume, O.; Bartic, C. Nanocomposite Hydrogels as Functional Extracellular Matrices. Gels 2023, 9, 153. [CrossRef]
Xu, ].P; Chen, T.Y,; Tai, C.H.; Hsu, S.H. Bioactive self-healing hydrogel based on tannic acid modified gold nano-crosslinker as an
injectable brain implant for treating Parkinson’s disease. Biomater. Res. 2023, 27, 8. [CrossRef] [PubMed]

Osi, B.; Khoder, M.; Al-Kinani, A.A.; Alany, R.G. Pharmaceutical, biomedical and ophthalmic applications of biodegradable
polymers (BDPs): Literature and patent review. Pharm. Dev. Technol. 2022, 27, 341-356. [CrossRef]

Guan, X.F; Avci-Adali, M.; Alarcin, E.; Cheng, H.; Kashaf, S.S; Li, Y.X,; Chawla, A_; Jang, H.L.; Khademhosseini, A. Development
of hydrogels for regenerative engineering. Biotechnol. J. 2017, 12, 1600394. [CrossRef]


https://doi.org/10.1021/acs.nanolett.9b00367
https://doi.org/10.1016/j.matlet.2020.128340
https://doi.org/10.3389/fchem.2022.964662
https://doi.org/10.1002/advs.202106015
https://www.ncbi.nlm.nih.gov/pubmed/35191211
https://doi.org/10.1016/j.ijpharm.2012.08.001
https://www.ncbi.nlm.nih.gov/pubmed/22903048
https://doi.org/10.1016/j.carbpol.2022.119733
https://doi.org/10.1186/s12951-022-01414-9
https://www.ncbi.nlm.nih.gov/pubmed/35568914
https://doi.org/10.1002/adfm.202207741
https://doi.org/10.1016/j.ijbiomac.2023.123691
https://www.ncbi.nlm.nih.gov/pubmed/36806769
https://doi.org/10.1021/acsami.2c19566
https://www.ncbi.nlm.nih.gov/pubmed/36602415
https://doi.org/10.1016/j.cej.2022.138201
https://doi.org/10.1039/D2TB02403A
https://doi.org/10.3390/ijms222413265
https://doi.org/10.1016/j.actbio.2021.07.020
https://doi.org/10.1016/j.carbpol.2019.115074
https://doi.org/10.1016/j.jcis.2017.11.018
https://doi.org/10.1039/C7SM02251D
https://doi.org/10.1002/jbm.a.36488
https://doi.org/10.1016/j.msec.2018.04.075
https://www.ncbi.nlm.nih.gov/pubmed/29853090
https://doi.org/10.1016/j.cej.2020.126100
https://doi.org/10.3390/gels9020153
https://doi.org/10.1186/s40824-023-00347-0
https://www.ncbi.nlm.nih.gov/pubmed/36755333
https://doi.org/10.1080/10837450.2022.2055063
https://doi.org/10.1002/biot.201600394

Gels 2023, 9, 533 37 of 37

160.

161.

162.
163.

Wang, W.; Tan, B.Y.; Chen, ].R; Bao, R.; Zhang, X.R,; Liang, S.; Shang, Y.Y.; Liang, W.; Cui, Y.L.; Fan, G.W.; et al. An injectable
conductive hydrogel encapsulating plasmid DNA-eNOs and ADSCs for treating myocardial infarction. Biomaterials 2018, 160,
69-81. [CrossRef]

Jeong, S.H.; Fan, Y.E; Baek, J.U.; Song, J.; Choi, TH.; Kim, SW.; Kim, H.E. Long-lasting and bioactive hyaluronic acid-
hydroxyapatite composite hydrogels for injectable dermal fillers: Physical properties and in vivo durability. J. Biomater. Appl.
2016, 31, 464-474. [CrossRef]

Wang, A.Y.; Podlasek, C.A. Role of Nanotechnology in Erectile Dysfunction Treatment. J. Sex. Med. 2017, 14, 36—43. [CrossRef]
Yuan, Y.H.; Wu, H.; Ren, X.Y,; Wang, ].W,; Liu, R.Q.; Hu, B.H.; Gu, N. Dual-network hydrogel based on ionic nano-reservoir for
gastric perforation sealing. Sci. China Mater. 2022, 65, 827-835. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.biomaterials.2018.01.021
https://doi.org/10.1177/0885328216648809
https://doi.org/10.1016/j.jsxm.2016.11.318
https://doi.org/10.1007/s40843-021-1849-3

	Introduction 
	Drug Delivery 
	Tissue Engineering 
	Bone Repair 
	Wound Healing 
	Photothermal 
	Other Biomedical Applications 
	Angiogenesis 
	Antibacterial 
	Immiunotherapy 
	Cartilage Repair 
	Other Applications 
	Perspective 

	Conclusions 
	References

