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Abstract 

Chronic wounds resulting from burns, infections, and/or diabetes represent a significant clinical challenge due to impaired healing 
processes, which can lead to severe complications and even amputation. Growth factors (GFs) play crucial roles in all stages of 
wound healing. However, their therapeutic efficacy is compromised by rapid proteolytic degradation within the wound microen-
vironment, while excessive concentrations can induce detrimental side effects. Hydrogels, with their three-dimensional network 
structure, serve as an ideal carrier for GF delivery, protecting bioactivity and enabling controlled release. This review first summa-
rizes the key roles of different GFs in wound healing. It then focuses on hydrogel-based GF loading strategies (noncovalent and 
covalent binding) and the integration of stimuli-responsive mechanisms for on-demand spatiotemporal release. Additionally, the 
potential of synergistic therapy combining drugs or scaffold materials with hydrogel-GF systems is discussed. Finally, the applica-
tion prospects of this technology in other regenerative fields are explored.
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1. Introduction
As the human body’s largest organ (constituting approximate-
ly 15% of total body weight) and primary protective barrier, 
the skin exhibits high susceptibility to injury[1,2]. Wound heal-
ing involves complex orchestration of cellular and molecular 
events. While acute wounds generally progress through timely 
reparative phases, chronic wounds—resulting from burns, infec-
tions, or diabetes-associated healing impairment—fail to resolve 
spontaneously and may exacerbate underlying pathologies[3,4]. 
Failure to promptly and effectively intervene in chronic wounds 
can significantly increase the risk of infection; this may subse-
quently progress to severe consequences such as tissue necrosis 
and amputation, or even become life-threatening. Furthermore, 
the chronic wound condition is often associated with compro-
mised immune function and may give rise to multiple secondary 
medical complications[5–7]. The protracted management of these 
wounds imposes significant psychological burdens on patients, 
compromises quality of life, and generates substantial socioeco-
nomic costs, underscoring the urgent need for innovative ther-
apeutic strategies.

Growth factors (GFs) serve as pivotal regulators of wound re-
pair by modulating cellular proliferation, migration, and differ-
entiation. Their biological activity is mediated through binding 

to specific transmembrane receptors, initiating downstream sig-
naling cascades[8]. However, clinical translation faces dual con-
straints: (1) rapid proteolytic degradation within wound beds 
leading to poor bioavailability, and (2) narrow therapeutic in-
dices due to dose-dependent adverse effects[8–10]. Consequently, 
developing proteolysis-resistant delivery systems with sustained 
release profiles represents a critical research priority.

Contemporary wound dressings are broadly categorized as 
traditional dry dressings (e.g. gauze and bandages) or advanced 
moist dressings (e.g., hydrogels, films, and foams)[11,12]. While 
dry dressings offer procedural simplicity, their limited bifunc-
tionality restricts wound healing efficacy[13]. In contrast, moist 
dressings provide dual advantages: establishing microbiological 
barriers against exogenous pathogens and actively promoting 
healing processes[11,13]. Hydrogels, three-dimensional (3D) hy-
drophilic polymer networks, have emerged as premier candi-
dates for advanced wound management due to their distinctive 
multifunctional properties: (1) Effective exudate management 
through high fluid absorption capacity while maintaining op-
timal moisture equilibrium; (2) Thermal modulation providing 
local temperature reduction for analgesia; (3) GF protection via 
porous architectures enabling effective encapsulation and pro-
tease shielding; and (4) Controlled release capacity facilitating 
stimuli-responsive delivery kinetics[3,4,8,14,15]. These integrated at-
tributes establish hydrogels as highly promising platforms for 
next-generation GF delivery in chronic wound therapy.

This review begins by examining key GFs employed in wound 
healing and their specific biological functions in tissue repair 
processes (Figure 1). Section 3 systematically details strategic 
methodologies for GF integration within hydrogels, encompass-
ing both noncovalent encapsulation and covalent conjugation 
approaches, while further exploring the incorporation of stimuli- 
responsive elements to achieve spatiotemporally controlled  
release. Section 4 advances this foundation by introducing syn-
ergistic combination therapies that integrate GF-loaded systems 
with complementary therapeutic agents or bioactive scaffolds to 
potentiate wound regeneration. Section 5 subsequently evaluates 
the translational potential of these multifunctional hydrogels 
through their prospective applications in broader regenerative 
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medicine contexts. Finally, we critically assess current techno-
logical limitations and emerging research trajectories, aiming to 
advance fundamental knowledge in wound healing biomaterials 
and establish robust frameworks for clinical translation.

2. Growth factors for wound healing: classification 
and biological functions
The therapeutic application of GFs constitutes a major transla-
tional strategy in contemporary wound management. Key GFs 
that promote wound healing encompass vascular endothelial 
growth factor (VEGF), platelet-derived growth factor (PDGF), 
fibroblast growth factor (FGF), epidermal growth factor (EGF), 
and insulin-like growth factor-1 (IGF-1)[16]. This section system-
atically examines the mechanistic roles of these biomolecules in 
the wound healing cascade, as detailed in Figure 2.

2.1 Vascular endothelial growth factor

The VEGF family comprises 5 members: VEGF-A, VEGF-B, 
VEGF-C, VEGF-D, and placental growth factor[17]. VEGF-A 
binds to both VEGF-receptors (VEGFR)-1 and VEGFR-2 
[18]. Given the endothelial-restricted expression of VEGFR-2, 
VEGF-A selectively activates endothelial cells to drive prolif-
erative, migratory, angiogenic, and permeability-enhancing 
responses[17,19]. VEGF-C preferentially activates VEGFR-3 to 
stimulate lymphangiogenesis, whereas its binding to VEGFR-2 
only marginally contributes to vascular permeability and angio-
genesis[17,19]. By stimulating collagen (Col) production and ac-
celerating re-epithelialization, VEGF serves as a multifunctional 
regulator in wound healing[9].

2.2 Platelet-derived growth factor

PDGF family consists of 5 isoforms formed by combinations of 
A- and B-polypeptide chains: PDGF-AA, PDGF-AB, PDGF-BB, 

PDGF-CC, and PDGF-DD[20]. PDGF-BB (becaplermin) was the first 
therapeutic GF agent approved by the US Food and Drug Admin-
istration for clinical treatment of chronic wounds[18]. PDGF is ubiq-
uitously active throughout wound healing. Released from injured 
platelets, PDGF induces cellular proliferation, mediates chemotaxis 
of healing-associated cells (fibroblasts, macrophages, neutrophils, 
and monocytes), and ultimately drives extracellular matrix (ECM) 
regeneration[9,19]. Upon binding to its receptor, PDGF transmits mi-
togenic signals through 4 distinct pathways: (1) The tyrosine kinase 
cascade; (2) transcriptional activation of nuclear proto-oncogenes 
(c-Myc, c-Fos, and c-Jun); (3) receptor autophosphorylation and 
tyrosine phosphorylation of cytoplasmic substrates; and (4) in-
tracellular Ca2+ elevation and Na+/H+ exchange activation[21]. Fur-
thermore, PDGF contributes to tissue remodeling by upregulating 
matrix metalloproteinases (MMPs)[22].

2.3 Fibroblast growth factor

FGF family comprises 23 structurally related polypeptides, 
among which FGF-2, FGF-7, and FGF-10 serve as 3 crucial 
mediators in wound healing processes[19]. FGF-2 participates in 
all phases of wound healing[23]. It activates fibroblasts, vascular 
endothelial cells (VECs), smooth muscle cells, osteoblasts, and 
chondrocytes, while also enhancing keratinocyte motility[19,24]. 
Furthermore, FGF-2 accelerates re-epithelialization, enhances 
the synthesis and deposition of ECM components, and stim-
ulates collagenase production[23,24]. Keratinocyte growth fac-
tor (KGF) is the common designation for FGF-7[25]. KGF is a 
critical mediator during the re-epithelialization phase, exerting 
paracrine effects exclusively through the FGFR2IIIb receptor 
expressed on keratinocytes[9,19]. KGF stimulates epithelial cell 
migration, proliferation, and differentiation, while also promot-
ing Col deposition[9]. FGF-10 binds to FGFR1IIIb, exerting a 
mitogenic effect on cells expressing this receptor. Both FGF-7 
and FGF-10 enhance the transcription of reactive oxygen spe-
cies (ROS) detoxification-related factors, thereby protecting epi-
thelial cells from damage under stressful conditions[19].

Figure 1.  Scheme illustrating the use of hydrogel-based growth factor delivery systems for wound healing.
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2.4 Epidermal growth factor

EGF is a 6-kDa endogenous polypeptide originally purified by 
Cohen from the murine submandibular gland[10]. The mitogenic 
EGF family comprises transforming growth factor-α (TGF-α), 
heparin-binding EGF-like growth factor (HB-EGF), amphireg-
ulin, epiregulin, neuregulin, and betacellulin[18]. Among EGF 
family members, EGF, TGF-α, and HB-EGF serve as the prima-
ry mediators in wound healing processes[19]. Binding of these 
ligands to the epidermal growth factor receptor (EGFR) stim-
ulates proliferation and migration of wound-associated kerat-
inocytes[10,19]. EGF enhances wound healing through epidermal  
regeneration, keratinocyte/fibroblast activation, and granulation 
tissue-mediated contraction[16,26,27]. Furthermore, EGF serves as 
a critical regulator of epithelial cell motility and significant-
ly accelerates re-epithelialization rates in diabetic wounds[28]. 
TGF-α enhances keratinocyte migration and proliferation while 
inducing expression of proliferation-associated keratins K6 
and K16[19]. It contributes to both the initial stimulation and 
subsequent maintenance of wound re-epithelialization during 
early healing phases. However, studies have demonstrated that 
TGF-α deficiency exerts minimal impact on overall wound heal-
ing outcomes[18]. HB-EGF promotes re-epithelialization through 
binding to both EGFR (human epidermal growth factor recep-
tor 1 [HER1]) and HER4 receptors[19]. HB-EGF functions as a 
mitogen and chemoattractant for fibroblasts and keratinocytes, 
suggesting its participation in granulation tissue induction[18,29].

2.5 Insulin-like growth factor-1

IGF-1, also known as somatomedin-C, is a peptide hormone pre-
dominantly produced by the liver under the control of growth 
hormone (GH)[30,31]. IGF-1 is a master regulator of somatic 
growth[32]. It binds to the IGF-1 receptor (IGF1R) in target cells 
to modulate downstream signaling cascades[9]. IGF-1 promotes 
wound healing by activating epidermal stem cells to regenerate 
the epithelium, stimulating proliferation and migration of fibro-
blasts and keratinocytes, and inducing vascularized granulation 

tissue formation[16,33]. Studies have demonstrated that IGF-1 
suppresses inflammation in VECs through the Ras/PI3K/IKK/
NF-κB signaling pathway while simultaneously promoting an-
giogenesis, thereby accelerating wound healing[33]. Furthermore, 
IGF-1 synergizes with other GFs to significantly accelerate the 
wound healing process[18].

3. Hydrogel combined with growth factors for 
wound healing
Hydrogels exhibit substantial potential in wound healing ap-
plications due to their inherent biocompatibility, high moisture 
retention capacity, and porous architecture that facilitates bio-
active substance encapsulation. Building upon the review of GF 
mechanisms in Section 2, this section focuses on advanced strat-
egies for synergizing hydrogels with GFs to potentiate wound 
repair efficacy. We systematically analyze: (1) methodologies for 
incorporating GFs into hydrogel matrices and (2) integration 
of stimuli-responsive modules for spatiotemporal control of re-
lease kinetics.

3.1 Growth factor incorporation strategies in hydrogels

The conjugation strategy employed for GF incorporation within 
hydrogels fundamentally dictates both bioactivity preservation 
and release kinetics. Integration approaches are principally cat-
egorized as noncovalent or covalent binding, each governing 
distinct release mechanisms: (1) degradation/erosion-controlled 
release, where therapeutic payload liberation coincides with hy-
drogel matrix dissociation; and (2) Diffusion-controlled release, 
involving aqueous permeation through the polymer network to 
solubilize and transport encapsulated agents[34]. This section sys-
tematically examines key methodologies for GF loading within 
hydrogel systems.

3.1.1 Non-covalent loading of growth factors in hydrogels

Noncovalent binding strategies encompass 3 primary approach-
es: physical encapsulation, electrostatic interactions, and affinity- 
based delivery. Critically, these strategies preserve the native 
structure and bioactivity of GFs by avoiding chemical mod-
ification. Among these methods, physical encapsulation in-
volves the direct incorporation of either free GFs or GF-loaded 
nanoparticles (NPs) into the hydrogel matrix during network 
formation[35]. However, direct loading of GFs into hydrogel ma-
trices typically results in rapid burst release. To mitigate this 
issue, Zuniga et al.[36] incorporated GFs into slowly-degrading 
keratin sulfate oligosaccharide (KSO) hydrogels. By adjusting 
the KSO concentration to reduce hydrogel porosity, they suc-
cessfully prolonged the release duration. Notably, a 30% KSO 
concentration demonstrated the slowest release rate, sustaining 
GF release for 7 days.

Microspheres, small spherical particles ranging from 1 to 
1000 μm in diameter, represent an alternative encapsulation 
platform for active compounds, including proteins, peptides, 
and GFs[37]. Seeking further extension of release kinetics, Xie 
et al.[38] developed a polyacrylamide (PAM) hydrogel system 
embedded with dual‑functional calcium alginate (ALG) micro-
spheres. These microspheres were loaded with VEGF and coated 
with a polydopamine (PDA) layer, onto which silver nanoparti-
cles (AgNPs) were conjugated. During the early inflammatory 
phase, the AgNPs release silver ions to exert antibacterial and 
anti-inflammatory effects, thereby helping to control infection 
and promote the transition to the proliferative phase. Concur-
rently, the acidic wound microenvironment during this phase 
helps retain the VEGF within the microspheres. As healing pro-
gresses into the proliferative phase and the microenvironment 
becomes more neutral, VEGF release is triggered, subsequently 

Figure 2.  Growth factors and their biological functions in wound healing. 
EGF, epidermal growth factor; FGF, fibroblast growth factor; IGF-1, insulin-like 
growth factor-1; PDGF, platelet-derived growth factor; VEGF, vascular endo-
thelial growth factor.
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promoting angiogenesis, nutrient supply, and Col deposition. 
This composite microsphere-hydrogel system not only achieves 
sustained drug release but also delivers a time-programmed 
therapeutic action, ultimately accelerating infected wound heal-
ing[38]. While the aforementioned strategies achieve sustained 
release, they lack precise control over release kinetics. Address-
ing this limitation, Qin et al.[39] developed a hydrogel system 
employing direct PDGF incorporation. By varying the ratio of 
2 crosslinkers to precisely modulate the hydrogel degradation 
rate, they achieved controlled regulation of PDGF release kinet-
ics, as illustrated in Figure 3A[39].

GFs can be electrostatically adsorbed onto hydrogel matri-
ces via charge interactions between their surface properties and 
the hydrogel network. Leveraging this mechanism, Choi et al.[40] 
utilized the inherent negative charge of recombinant human 
epidermal growth factor (rhEGF, isoelectric point [pI] = 4.2) 
in neutral environments. They developed a pluronic/chitosan 
(CS) oligosaccharide (COS,molecular weight [MW] = 1–3 kDa, 
degree of deacetylation [DD] above 85%) hydrogel for rhEGF 
encapsulation by fabricating a physically crosslinked hydrogel 
combining glycidyl methacrylate-modified COS, diacrylated 
Pluronic, and rhEGF. Subsequently, Irgacure 2959 was intro-
duced, and the mixture was exposed to long-wave ultraviolet 
(UV) light to establish chemical crosslinking (Figure 3B). This 
design leveraged ionic interactions between protonated amine 
groups on CS and the anionic rhEGF, achieving effective encap-
sulation. The resulting system facilitated targeted rhEGF release 
at the wound site, significantly accelerating wound healing[40].

Affinity-based loading surpasses physical encapsulation and 
electrostatic adsorption in preserving GF bioactivity while ex-
hibiting superior binding affinity, consequently decelerating re-
lease kinetics. Heparin has emerged as a preeminent candidate 
for such delivery systems due to its anionic linear glycosamino-

glycan structure and multifunctional pharmacological effects— 
including anticoagulation, antithrombotic, and anti-inflamma-
tory activities that collectively potentiate wound healing[43–45]. 
Notably, the heparin released during the early treatment 
phase exerts its inherent anti-inflammatory effect, which helps 
modulate the wound microenvironment and thereby creates 
favorable conditions for subsequent repair. Crucially, con-
served amino acid sequences in GFs serve as heparin-binding 
domains, with heparin conjugation preserving bioactivity and 
extending biological half-life[44,46,47]. Peng et al.[48] developed a 
hydrogel dressing composed of 4-arm acrylated polyethylene 
glycol (PEG) crosslinked with dithiothreitol, incorporating 
physically-bound heparin and basic FGF (bFGF). Experimen-
tal results demonstrated that this heparin-modified hydrogel 
enabled sustained bFGF release for at least 10 days. Exoge-
nous bFGF not only directly promotes cell proliferation at the 
wound site but also upregulates the local expression of VEGF. 
Meanwhile, heparin maintains the patency of local microcir-
culation through its anticoagulant activity and synergizes with 
VEGF to amplify pro-angiogenic signaling, thereby significant-
ly accelerating wound healing[48]. Rehman et al.[41] designed 
a gelatin (type A, from porcine skin) methacryloyl (GelMA) 
patch loaded with connective tissue growth factor (CTGF). 
Heparin was covalently conjugated to reduced graphene oxide 
(rGO) surfaces via amide bond formation, followed by CTGF 
addition to achieve heparin-mediated loading (Figure 3C). 
Notably, rGO itself has been reported to possess pro‑angio-
genic potential and can enhance cell proliferation and mi-
gration, which may further synergize with the biological  
functions of CTGF and heparin. The resulting rGO/CTGF- 
incorporated hydrogel exhibited significantly reduced degrada-
tion rates compared with conventional hydrogels, maintaining 
3D structural integrity for over 28 days[41]. Similarly, Zhao et 

Figure 3.  Hydrogel-GF integration strategies. Noncovalent: (A) Physical entrapment[39]. Copyright 2025, Elsevier B.V. (B) Electrostatic interaction strategy[40]. 
Copyright 2010, Wiley Periodicals, Inc. (C) Affinity-based strategy (Heparin)[41]. Copyright 2024, Elsevier Ltd. (D) Covalent conjugation strategy[42]. Copyright 
2023, American Chemical Society.
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al.[34] covalently crosslinked poly(guluronate) (PAG) from ALG 
(MW = 540 kDa, content of guluronic acid of about 70%). 
with aminated gelatin (AG, MW = 100 kDa type A, initial ami-
no group content = 0.4903 mmol/g, amino group content after 
modification = 0.8438 mmol/g) to form PAG/AG hydrogels. 
Heparin was conjugated to gelatin through reductive amina-
tion, yielding heparin-grafted gelatin (HGC) for bFGF loading. 
The study compared bFGF release profiles from 3 systems: (1) 
hydrogels containing 2.0% free heparin (without gelatin), (2) 
hydrogels without HGC/heparin (direct bFGF loading), and 
(3) HGC-incorporated hydrogels with varied heparin ratios. 
Results indicated that the covalently conjugated HGC system 
achieved the slowest bFGF release, with release rates inversely 
proportional to heparin content[34]. Notably, covalently con-
jugated heparin-hydrogel matrices primarily release drugs 
through hydrogel degradation, whereas physically incorpo-
rated systems rely on diffusion-controlled release. Covalent 
conjugation thus enables substantially prolonged drug release 
compared with physical incorporation.

However, heparin exhibits limited binding specificity across 
different GFs, and excessive doses may induce bleeding com-
plications[34,35]. Beyond heparin-based strategies, Adini et al.[49] 
developed a novel 12-amino acid peptide (PR1P) derived from 
an extracellular VEGF-binding domain. PR1P directly binds 
VEGF and potentiates its binding to endothelial cells. Yuan et 
al.[50] subsequently incorporated PR1P via physical adsorption 
into electrospun poly(L-lactide-co-glycolide)/gelatin (type B, 
from the porcine) (PG) fiber dressings to recruit endogenous 
VEGF and induce angiogenesis at wound sites[50]. However, 
this physical loading approach compromised PR1P function-
ality. To enhance VEGF recruitment efficiency, Zhang et al.[51] 
engineered a methacrylated hyaluronic acid (HA, MW = 90–
100 kDa) (MeHA) hydrogel dressing with covalently conjugat-
ed PR1P. MeHA inherently supports angiogenesis and tissue 
regeneration, while its methacrylation enables stable hydrogel 
formation and controllable biodegradation. This system re-
tained recruited VEGF and enabled controlled release through 
hydrogel degradation. Results confirmed that PR1P-conjugat-
ed hydrogels significantly promoted angiogenesis and acceler-
ated wound healing[51]. Based on affinity-mediated GF loading, 
this approach prevents the loss of GF bioactivity while offering 
greater binding capacity and decelerated release kinetics com-
pared with physical encapsulation or electrostatic interactions. 
This approach helps preserve GF bioactivity while generally 
offering greater binding capacity and decelerated release ki-
netics compared with physical encapsulation or electrostatic 
interactions.

3.1.2 Covalent loading of growth factors in hydrogels

Conventional hydrogel-based GF delivery frequently suffers 
from suboptimal pharmacokinetics, manifesting as initial burst 
release and inadequate therapeutic duration. Covalent immo-
bilization within hydrogel matrices via chemical crosslinking 
presents a strategic solution to these limitations. Li et al.[52] pi-
oneered an acrylate-functionalization approach for EGF, en-
abling covalent conjugation to HA networks. Methodologically, 
primary amine groups of EGF underwent derivatization with 
N-hydroxysuccinimide (NHS) esters to generate acrylate-EGF 
and acrylate-PEG-EGF conjugates; these were subsequently in-
corporated into thiol-modified HA (SH-HA, MW = 450000, 
degree of substitution [DS] = 75% ± 10%) matrices via thiol-ene 
click chemistry. Critically, in situ hydrogel formation occurred 
through thiol-ene crosslinking between MeHA (MW = 450000, 
DS = 75% ± 10%) and SH-HA (Figure 3D), establishing a mo-
lecularly engineered release platform. This design synchronizes 
EGF liberation with enzymatic hydrogel degradation, concurrent-
ly achieving sustained release kinetics and circumventing dose- 
dependent complications from uncontrolled EGF accumulation 
at wound sites[42].

3.2 Stimuli-responsive release systems

Conventional physical entrapment of GFs within hydrogels typ-
ically yields passive diffusion-controlled release kinetics, which 
often fails to satisfy the stringent therapeutic requirements for 
chronic wound management. In contrast, stimuli-responsive 
release systems enable precise spatiotemporal regulation of GF 
delivery, thereby orchestrating tissue regeneration through tem-
porally coordinated molecular signaling. Critically, distinct GF 
incorporation methodologies dictate fundamentally different 
responsive release mechanisms. The subsequent discussion sys-
tematically examines stimulus-responsive release modules strat-
ified by binding paradigms.

3.2.1 Stimuli-responsive release via noncovalent binding

Responsive release from physically encapsulated systems op-
erates through structural disruption of hydrogel networks, in-
ducing morphological relaxation to liberate GFs. Liu et al.[53] 
engineered a thermosensitive CS (MW = 50000–100000) hy-
drogel incorporating near-infrared (NIR)-absorbing PDANPs. 
NIR irradiation triggered localized photothermal conversion, 
prompting gel-to-sol phase transition and controlled human 
epidermal growth factor (hEGF) liberation (Figure 4A)[53]. 
Zhao et al.[54] exploited azobenzene photoisomerization with-
in a supramolecular hydrogel, where UV-induced trans-to-cis 
transformation disrupted host-guest interactions, initiating 
network disassembly and EGF release. Precise dosage control 
was achieved through calibrated UV parameter modulation 
(Figure 4B)[54]. Xia et al.[55] demonstrated X-ray responsiveness 
via poly (β-amino ester) hydrogels containing disulfide bonds, 
MeHA (MW = 100000 kDa), and acrylamide radicals. X‑ray 
irradiation generated ROS, which in turn oxidized the disulfide 
bonds. This ROS-mediated oxidation induced network expan-
sion and GF liberation (Figure 4C)[55]. The clinical application 
of X-ray-responsive systems is context-specific. It is primarily 
intended for managing radiation-induced skin injury in pa-
tients undergoing radiotherapy for cancer treatment. For the 
vast majority of chronic wounds not involving radiotherapy, 
the active application of X-rays is neither necessary nor aligned 
with clinical safety standards. In the context of chronic wound 
therapy, the clinical applicability of external energy-triggered  
approaches requires careful evaluation. UV radiation carries well- 
established risks of phototoxicity, immunosuppression, and po-
tential carcinogenicity, along with limited tissue penetration[57]. 
While NIR light and low-energy visible light offer advantages in 
terms of penetration depth and biosafety, their energy delivery 
must still be strictly controlled to avoid thermal tissue damage. 
Endogenous microenvironment-responsive systems offer tar-
geted alternatives: Jiang et al.[58] achieved mechanoresponsive 
PDGF release using N-phenylmethoxycarbonyl-L-tryptophan- 
modified hydrogels. Results demonstrated that under 0.1N  
tensile force, drug release from this mechanically responsive 
hydrogel increased approximately 2-fold compared with me-
chanically insensitive hydrogels[58]. Wang et al.[59] designed dual- 
responsive systems for diabetic wounds using phenylboronic  
acid-functionalized polylysine (PLL-PBA) and oxidized HA 
(OHA, MW = 1500000–2500000, degree of oxidation [DO] = 
21.4%). The unoxidized O-diphenyl molecular structures with-
in the hydrogel promote the aggregation and adhesion of red 
blood cells and platelets, thereby facilitating coagulation and 
hemostasis. Schiff base and boronic ester bonds underwent 
acid/ROS-triggered hydrolysis, enabling microenvironment- 
activated release. Notably, the cleavage of these dynamic cova-
lent bonds consumes excess ROS and modulates local pH, while 
OHA, PLL-PBA, and the loaded drugs jointly exert synergistic 
antioxidant and anti-inflammatory effects. Subsequently, the 
released EGF acts to promote cellular proliferation and tissue  
regeneration, ultimately achieving sequential therapy that 
matches the natural healing progression[59].
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Leveraging electrostatic interactions for controlled release, 
Zhang et al.[56] engineered a pH-responsive protein-based hydro-
gel system. The construct was fabricated through amino-alkyne 
bioconjugation between bovine serum albumin (BSA) and poly 
(ethylene glycol-co-acrylic acid) [P(PEG-co-AA)]. This design 
capitalizes on the divergent pI of BSA (pI 4.7–4.9) and bFGF 
(pI 9.1). Under physiological conditions (pH ≈ 7.4), protona-
tion differences facilitate electrostatic complexation of cationic 
bFGF with anionic BSA chains. Critically, wound microenviron-
ment acidification (pH ≈ 5.0) induced by hypoxia and bacterial 
proliferation approaches BSA’s pI, dramatically reducing its sur-
face charge density. This electrostatic attenuation triggers bFGF 
liberation (Figure 4D). The system demonstrates intelligent spa-
tiotemporal GF release responsive to pathological pH gradients, 
accelerating wound healing while establishing a novel therapeu-
tic paradigm for chronic wound management[56]. Affinity-based 
loading technologies typically lack intrinsic stimuli-responsive 
mechanisms, thereby precluding precise spatiotemporal control 
over GF release kinetics without additional design elements.

3.2.2 Stimuli-responsive release via covalent conjugation

Covalent conjugation achieves GF liberation through stimuli- 
selective bond cleavage. Systems responsive to photonic, enzy-
matic, and oxidative stimuli enable spatiotemporally controlled 
release. Lin et al. engineered UV-cleavable EGF conjugates using 
heterobifunctional photocleavable (PC) linkers. The synthesis 
sequentially involved azido-PC-EGF derivation via NHS ester 
modification, dibenzocyclooctyne (DBCO)-HA preparation 

through thiol-maleimide conjugation, and EGF immobiliza-
tion via strain-promoted alkyne-azide cycloaddition (SPAAC). 
Subsequent blue light-induced photopolymerization formed the 
final hydrogel (Figure 5A). Critically, UV-triggered linker cleav-
age enabled temporally controlled EGF release, maximizing 
therapeutic efficacy through precision dosing[60].

Chronic wounds exhibit characteristic pathological sig-
natures, including MMP-9 upregulation and excessive ROS. 
Exploiting these biomarkers, researchers have engineered 
stimuli-responsive hydrogels capable of autonomous drug 
release without external triggers. Kim et al.[61] developed an 
MMP-9-responsive biological dressing through innovative 
protein engineering: First, they genetically incorporated an en-
zymatic cleavage site at the N-terminus of EGF, then performed 
pyridoxal 5’-phosphate-mediated transamination to introduce 
a ketone group. This functionalized EGF was conjugated via 
oxime bonds to microfibrous co-extruded poly(ε-caprolactone)  
(PCL) nonwoven felts, enabling protease-triggered release 
(Figure 5B). In the early phases of wound healing, MMP-9 is 
a key protease that is characteristically upregulated in the in-
flammatory microenvironment. This design ensures that EGF 
release is tightly coupled to the presence of this pathological 
signal, achieving spatiotemporally controlled delivery precise-
ly when and where it is needed during the healing cascade[61]. 
Complementarily, Zheng et al.[62] designed a ROS-scavenging 
hydrogel comprising 3 functional components: PDA-PEG- 
bFGF, PDA-PEG-N-acetylcysteine (NAC), and HA-SH (a total 
thiol content of 72.1 µmol/g). Thiol-disulfide exchange reac-
tions immobilized bFGF and NAC within the matrix. ROS ex-
posure cleaves disulfide bonds into thiol groups, triggering the 

Figure 4.  Stimuli-responsive release mechanisms via noncovalent binding. (A) Thermoresponsive release[53]. Copyright 2021, Elsevier B.V. (B) Photo-responsive 
release[54]. Copyright 2020, Elsevier B.V. (C) X-ray-responsive release[55]. Copyright 2025, American Chemical Society. (D) pH-responsive release[56]. Copyright 
2022, American Chemical Society.
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simultaneous release of both therapeutic agents (Figure 5C)[62]. 
Notably, the release of NAC occurs rapidly to suppress early 
inflammation and oxidative stress, thereby establishing a con-
ducive microenvironment for the subsequent sustained action 

of bFGF, which in turn promotes cellular proliferation and 
ECM formation. This dual-action system concurrently alle-
viates oxidative stress while preventing ROS-mediated bFGF 
inactivation.

Figure 5.  Stimuli-responsive release via covalent conjugation. (A) Photo-responsive release[60]. Copyright, 2023 Elsevier B.V; (B) Enzyme-responsive release[61]. 
Copyright 2017, American Chemical Society; (C) ROS-responsive release[62]. Copyright 2024, Elsevier B.V.
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4. Combination therapy for wound healing
Although GF monotherapy may suffer from compromised 
bioactivity in proteolytic and inflammatory wound microenvi-
ronments, leading to diminished therapeutic outcomes, recent 
advances have engineered synergistic combination strategies. 
These integrate GFs with complementary therapeutics (e.g. 
antimicrobials and antioxidants) or nanostructured biomateri-
als (e.g., NPs and nanofibers) to orchestrate concurrent anti- 
inflammatory, angiogenesis-promoting, and (ECM) remodeling 
mechanisms for enhanced wound repair.

4.1 Synergistic therapy combining growth factors and 
pharmacological agents

Chronic wounds sustain pathophysiological microenvironments 
marked by ROS overload and recalcitrant bacterial coloniza-
tion that impede healing cascades. Multifunctional hydrogels 
address these challenges through synergetic integration of 
GFs with complementary therapeutics, orchestrating coordi-
nated tissue regeneration across distinct strategic paradigms. 
Xiong et al.[63] developed a multifunctional hydrogel co-loaded 
with MnO2 NPs and M2 macrophage-derived exosomes (M2 
Exos) to synergize with FGF-2 for diabetic wound healing. 
The hydrogel was formed via Schiff base crosslinking between  
hydrazide-modified HA (HAh, MW = 200 kDa) and aldehyde- 

modified HA (HAa). MnO2 scavenged excess ROS/H2O2 to 
generate O2, alleviating oxidative stress and hypoxia, while M2 
Exos promoted angiogenesis. This dual-action system enhanced 
cell proliferation, neovascularization, granulation tissue forma-
tion, and Col deposition, accelerating wound healing as shown 
in Figure 6A.

Beyond inorganic compounds, synthetic and natural organic 
compounds can be employed. Dopamine (DA) reduces ROS at 
wound sites while promoting M1-to-M2 macrophage polariza-
tion. Xie et al.[67] developed a hydrogel composed of oxidized 
dextran (OD, MW = 70000, DO = 83.16%), PLL, DA, and bFGF. 
This hydrogel exhibits ROS-scavenging, anti-inflammatory,  
epithelialization-promoting, and angiogenic properties, there-
by accelerating wound healing; doxycycline (DOX), a semi- 
synthetic tetracycline, exhibits antibacterial, antioxidant, and 
anti-inflammatory properties. Gu et al.[68] developed a composite 
hydrogel co-loaded with DOX and FGF21, demonstrating com-
bined antibacterial, antioxidant, anti-inflammatory, and pro- 
angiogenic functions to enhance wound recovery[68]; Metformin 
(Met), an antidiabetic drug, may modulate metabolic processes 
related to inflammation and oxidative damage while stimulating 
angiogenesis. Zhu’s team incorporated Met and FGF21 into a 
hydrogel composed of tsPBA and PVA for combined diabetic 
wound therapy[69].

Ju et al.[64] engineered a dual-functional hydrogel incorporating 
zinc ions (Zn2+) and VEGF[64]. Within this system, Zn2+ provided 

Figure 6.  Synergistic therapy of GF-drug combinations for chronic wounds. (A) Exosomes[63]. Copyright 2023, The Authors. (B) Zn2+[64]. Copyright 2023, The 
Authors. (C) AS[65]. Copyright 2024, American Chemical Society. (D) Col[66]. Copyright 2022, Elsevier B.V. 
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broad-spectrum antibacterial activity, while VEGF stimulated the 
proliferation and migration of VECs to enhance angiogenesis. This 
design synergistically combined sustained VEGF release via the 
microsphere carrier with Zn2+-mediated antibacterial effects, sig-
nificantly accelerating wound healing (Figure 6B). Expanding be-
yond simple metal ion antibacterial strategies, Li et al.[52] exploited 
the photothermal properties of eutectic gallium-indium (EGaIn) 
liquid metal (LM). They developed an LM hybrid hydrogel co- 
loaded with VEGF, achieving wound healing acceleration through 
dual mechanisms: photothermally induced bacterial eradication 
and LM-enhanced angiogenesis. Similarly, leveraging LM tech-
nology, Wang et al.[70] integrated LM and EGF into a dialdehyde- 
carboxymethyl-cellulose (DCMC)-modified PAM hydrogel[70]. 
NIR irradiation triggered synergistic metal-photothermal thera-
py, providing potent antibacterial action while EGF concurrently 
promoted tissue regeneration and neovascularization. To enhance 
efficacy, Wang et al.[70] ultrasonically grafted copper onto LM, 
achieving 100% antimicrobial efficiency[71].

Natural products demonstrate synergistic potential with 
GFs for advanced wound healing. Kim et al.[72] co-encapsulated 
tannic acid (TA), a plant-derived polyphenol exhibiting potent 
antioxidant and anti-inflammatory properties, alongside PDGF 
within a thermosensitive poly (organophosphazene) hydrogel 
(TSP-TP). This system achieved combined therapeutic out-
comes through ROS reduction, M2 macrophage polarization, 
and enhanced angiogenesis[72]. Similarly, Wang et al.[65] devel-
oped a dual-functional hydrogel via one-pot photopolymer-
ization of dopamine methacrylamide, acrylamide, and glycidyl  
methacrylate-modified dextran (average MW = 70000, DS = 
24.8%), co-incorporating asiaticoside (AS) and FGF-2. The re-
sultant hydrogel exhibited concurrent antibacterial activity and 
promoted cellular proliferation/migration. In vivo validation 
confirmed accelerated wound healing via enhanced angiogenesis 
and Col deposition, as evidenced in Figure 6C[65].

ECM biomimetics establish barrier-proliferation codynamics: 
Hu et al. [66] developed an injectable hydrogel based on a Schiff 
base reaction between OD (MW = 100000 Da) and carboxylated 
CS (DD = 75–85%) (CEC). Crucially, Col, recognized as a crit-
ical component for both maintaining skin barrier function and 
promoting re-epithelialization, was incorporated into the hydrogel 
alongside EGF. Specifically, Col was immobilized within the hy-
drogel matrix through additional Schiff base reactions with CEC 
(Figure 6D). The synergistic action of Col and EGF significantly 
enhanced neotissue formation, improved Col deposition, and stim-
ulated cell proliferation, collectively accelerating wound healing[66].

In combination therapies, drugs (such as antibacterial or  
anti-inflammatory components) act first to clean the wound and 
reduce inflammation, thereby creating a favorable local envi-
ronment for repair. Subsequently, on the basis of this improved 
environment, GFs are released to directly promote key repair 
processes such as blood vessel growth and cell proliferation. 
We specifically distinguish the roles of different GFs: PDGF is 
primarily released during the early stages of healing. It recruits 
essential immune cells and repair cells to the wound site and 
works synergistically with early anti-inflammatory drugs to 
drive the transition of the wound from the inflammatory phase 
to the growth phase. In contrast, GFs such as VEGF and FGF fo-
cus on executing specific regenerative tasks, including building 
new blood vessels and promoting cell growth.

4.2 Synergistic therapy of growth factors and scaffold 
materials

In addition to synergistic therapy with drugs, GFs can also be 
combined with various functional scaffold materials for wound 
healing. Liu et al.[73] engineered a synergistic CS (MW = 100–
150 kDa, DD = 85%)-HA hydrogel co-delivering FGF and gold 
nanoparticles (AuNPs) (Figure 7A). The system demonstrates 
dual functionality: AuNPs confer broad-spectrum antibacterial 

activity against MRSA, Staphylococcus aureus, Escherichia coli, 
and Pseudomonas aeruginosa, while FGF significantly enhanc-
es proliferation and migration of NIH/3T3-L1 and L929 fibro-
blasts. This combinatorial approach effectively promotes tissue 
regeneration while preventing bacterial infection, establishing 
promising therapeutic potential[73].

Hu et al.[74] developed a Schiff base-crosslinked OHA (MW 
= 100 kDa, DO = 56.0%)/carboxymethyl CS hydrogel co- 
encapsulating curcumin nanoparticles (CNPs) and EGF (Fig-
ure 7B). The design leverages EGF’s free amino groups for  
covalent conjugation, enabling sequential release kinetics: CNPs 
initially alleviate inflammation and oxidative stress, followed by 
EGF diffusion to promote cellular proliferation and migration. 
This temporal synchronization with diabetic healing phases pro-
vides an innovative regenerative strategy[74]. Pacelli et al.[75] inno-
vated VEGF delivery via adsorption onto nanodiamonds (NDs) 
within a thermosensitive gelatin (type A, from porcine skin, 
bloom grade 300)/CS (MW = 10000 Da, low degree of acetylation  
[DA]) hydrogel dual-crosslinked with genipin/β-glycerophosphate  
(Figure 7C). NDs exhibit excellent biocompatibility while  
adsorbing and stabilizing VEGF, with the thermoresponsive 
matrix enabling precise implantation site localization. The sys-
tem significantly prolongs VEGF release duration, achieving 
spatiotemporally controlled delivery for enhanced therapeutic  
efficacy[75]. Zhu et al.[76] synthesized glucose-responsive poly 
(ethylene glycol)-b-poly[3-acrylamidophenylboronic acid-co- 
styrene] micelles loaded with insulin (insulin-loaded micelles),  
incorporated with EGF into OHA (oxygenation efficiency = 
52.5%)/succinyl CS (degree of acetylation ≥ 95%, DS = 15.4%) 
hydrogels (Figure 7D). PBA groups enable hyperglycemia-triggered  
micelle disassembly for insulin release, while EGF concurrently 
promotes epidermal proliferation. This dual-targeting mechanism 
demonstrates exceptional potential for accelerated chronic wound 
repair[76]. As with certain drug components that can improve the 
wound environment, many biomaterials themselves possess anti-
bacterial, anti‑inflammatory, or cytoprotective functions. They can 
help control infection and alleviate inflammation before releasing 
GFs, thereby creating more favorable conditions for subsequent 
repair. The mechanism of action of NDs, however, differs. Studies 
have shown that NDs induce no significant cytotoxicity or adverse 
inflammatory responses in vitro and can form stable complexes 
with VEGF. This ensures sustained VEGF release while avoiding 
excessive inflammation triggered by the material itself, thereby en-
abling VEGF to focus on promoting the activation and prolifera-
tion of VECs and safeguarding the repair process from interference.

4.3 Synergistic therapy of hydrogel and scaffold materials

To address full-thickness skin defects, bilayer scaffolds mimick-
ing epidermal and dermal matrices have been developed. Zandi 
et al.[77] engineered a bilayer scaffold featuring an epidermal lay-
er of GelMA (type A, from porcine skin, bloom grade = 300)/la-
ponite (LA) nanocomposite hydrogel with LA-immobilized EGF 
for prolonged release, and a dermal layer of glucose-crosslinked  
gelatin nanofibrous matrix. This design leverages glucose deg-
radation for cellular energy while providing a nanofibrous ar-
chitecture for cell proliferation and adhesion. The dermal layer 
absorbs exudate while the hydrogel maintains a moist micro-
environment[77]. Song et al.[78] fabricated a scaffold comprising 
an electrospun PCL nanofibrous epidermal barrier loaded with 
amoxicillin for antibacterial protection, and a 3D-printed SA/
Gel (type A, from porcine skin) dermal hydrogel encapsulating 
rhEGF to promote cellular processes and maintain moisture[78]. 
Expanding beyond nanofibers, Chen et al.[79] integrated inverse 
opal scaffolds with hydrogels for diabetic wounds. Their con-
struct combines a N-acryloyl glycinamide/1-vinyl-1,2,4-triazole 
inverse opal scaffold providing structural integrity, antibacte-
rial properties, and thermoresponsive color monitoring with a 
temperature-sensitive poly(N-isopropylacrylamide) hydrogel 
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filler loaded with VEGF. Elevated temperatures trigger VEGF 
release to facilitate healing[79]. Collectively, these bilayer sys-
tems demonstrate superior efficacy over single-layer scaffolds in 
full-thickness wound repair.

5. Extended applications of growth factor-loaded 
hydrogels
Beyond wound healing, hydrogel-GF systems demonstrate 
therapeutic potential in diverse applications, including corneal 
regeneration, angiogenesis promotion, cervical cancer (CC) re-
currence suppression, bone regeneration, and spinal cord injury 
(SCI) repair.

5.1 Corneal defect regeneration

Trauma-induced corneal defects can lead to corneal infection, 
ulceration, and scar formation, ultimately culminating in severe 
visual impairment[80]. Recent studies have demonstrated the ther-
apeutic efficacy of GFs such as EGF and IGF-1 in promoting 
healing of corneal epithelial defects[81]. Hydrogel combined with 
GFs has consequently emerged as a promising strategy for man-
aging corneal defects. Kang et al.[81] developed an in situ-forming 
bioorthogonal crosslinking hydrogel for treating corneal defects. 
In this system, EGF was conjugated to HA-PEG-DBCO using a 
PC linker, followed by the addition of azide-conjugated collagen 
(Col-N3). Subsequent hydrogel formation occurred in situ via a 
SPAAC reaction. As described in Section Stimuli-responsive re-
lease via covalent conjugation, EGF release could be triggered 
by UV irradiation[81]. The resulting hydrogel demonstrated the 
ability to fill corneal defects in situ without requiring exogenous 
initiators (e.g. light or heat) or catalysts, while exhibiting mechan-
ical and biological properties comparable to those of the native 
corneal stroma[82]. The released EGF significantly promoted the 
proliferation and migration of corneal epithelial cells, thereby  
facilitating re-epithelialization (Figure 8A). These results col-
lectively demonstrate that this in situ-formed, bioorthogonally 

crosslinked hydrogel incorporating releasable GFs represents 
a novel and promising therapeutic strategy for corneal defect 
repair[81].

5.2 Angiogenesis promotion

Vascular angiogenesis constitutes a complex, multistep biological 
process of pivotal importance in development, normal physiol-
ogy, and disease pathology. However, successful reconstruction 
of functional vasculature in tissue engineering remains a for-
midable challenge[87]. As noted in Section Vascular endothelial 
growth factor, VEGF functions as a pro-angiogenic GF that plays 
a central role in both angiogenesis and vascular permeability reg-
ulation. Min et al.[83] incorporated VEGF into sulfated cellulose 
nanocrystal (CNC-S) hydrogels[83]. The positively charged VEGF 
molecules can bind to the negatively charged CNC-S primarily 
via electrostatic interactions. Critically, the sulfate groups on the 
CNC-S function as heparin-mimicking domains, which signifi-
cantly enhance VEGF-binding affinity through specific molecular 
interactions (Figure 8B). Experimental results demonstrated that 
the CNC-S/VEGF hydrogel clearly promoted vascular generation. 
Consequently, this biomimetic system exhibits substantial poten-
tial for therapeutic vascularization applications. Furthermore,  
bFGF demonstrates potent angiogenic activity. Modaresifar 
et al.[88] encapsulated bFGF within GelMA (type A, from por-
cine skin, degree of methacrylation approaching 70%)/CS NPs  
composite hydrogels, enabling sustained release for efficient 
therapeutic delivery in wound healing and tissue regeneration  
applications[88]. Conjugation of pro-angiogenic GFs to hydrogel 
matrices preserves their bioactivity, representing an effective strat-
egy for accelerating tissue regeneration.

5.3 Suppression of cervical cancer recurrence

In CC, overexpression of EGFR significantly contributes to 
tumor recurrence. To address this, Li et al.[84] developed a  
temperature-responsive hydrogel comprising a hydrophilic PEG 

Figure 7.  Synergistic therapy of GF-scaffold systems for chronic wounds. (A) AuNPs[73]. Copyright 2024, The Authors. (B) CNPs[74]. Copyright 2021, The Au-
thors. (C) NDs[75]. Copyright 2017, Acta Materialia Inc. Published by Elsevier Ltd. (D) ILMs[76]. Copyright 2020, Elsevier B.V.
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block and a hydrophobic poly (lactic-co-glycolic acid) (PLGA) 
block (Figure 8C)[84]. Upon temperature elevation, intensified hy-
drophobic interactions within the PLGA segments drive the self- 
assembly of these amphiphilic block copolymers into a physically 
crosslinked hydrogel network. This in situ formed hydrogel inhibits 
recurrence through a dual mechanism: First, the encapsulation and 
subsequent temperature-triggered sustained release of EGF reduc-
es local concentrations of free, bioactive EGF. Second, the inherent  
hydrophobic microenvironment facilitates the adsorption of ex-
cess EGF within the tumor niche, thereby diminishing its avail-
ability for binding to EGFR. Collectively, these actions suppress 
activation of the EGF-EGFR signaling pathway. Experimental 
results confirm that this hydrogel system significantly suppresses 
tumor growth, offering a viable clinical strategy for preventing 
CC recurrence.

5.4 Bone regeneration
Hydrogels functionalized with GFs offer significant potential for 
cartilage regeneration. Following injury, the intrinsically avas-
cular and acellular nature of the growth plate severely limits its 
endogenous repair capacity, often resulting in the formation of 
bone bridges. These bony formations not only impede longitu-
dinal skeletal growth but can also lead to significant deformities. 
To address this challenge, Qiang et al.[85] developed an innova-
tive hydrogel system designed to prevent bone bridge formation 
and actively promote cartilage regeneration[85]. Specifically, this 
system integrates dual-compartment PLGA microspheres into 
a GelMA hydrogel encapsulating bone marrow-derived mesen-
chymal stem cells (BMSCs). Within these microspheres, the out-
er compartment is loaded with bevacizumab to inhibit aberrant 
vascularization and subsequent bone bridge formation, while the 

Figure 8.  Extended applications of hydrogel-GF systems. (A) Corneal defect regeneration[81]. Copyright 2024, The Authors. (B) Angiogenesis[83]. Copyright 
2023, The Authors. (C) CC therapy[84]. Copyright 2024, Elsevier B.V. (D) Cartilage regeneration[85]. Copyright 2023, The Authors. (E) SCI repair[86]. Copyright 
2021, Wiley-VCH GmbH.
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inner compartment contains IGF-1 to stimulate chondrogenic 
differentiation of BMSCs and facilitate cartilage regeneration 
(Figure 8D). Critically, this dual-compartment design enables the 
sequential release of bevacizumab followed by IGF-1, thereby 
providing a spatiotemporally controlled therapeutic approach. 
This strategy presents a novel dual-drug delivery platform for the 
effective treatment of growth plate cartilage injuries.

5.5 Spinal cord injury repair

Effective therapeutic approaches for SCI remain elusive, primar-
ily due to its complex pathophysiological characteristics and 
limited endogenous repair capacity[89]. Addressing this challenge, 
Ye et al.[86] proposed a biomaterial design framework guided by 
3 core principles: (1) injectability coupled with high biocompat-
ibility and controlled degradability; (2) precise spatiotemporal 
release of anti-neuroinflammatory drugs; and (3) sustained long-
term delivery of essential GFs during the chronic repair phase. 
Translating this rationale into practice, they engineered an in 
situ self-assembling hydrogel co-loaded with therapeutic agents. 
Methylprednisolone sodium succinate (MPSS) was encapsulat-
ed in NPs. The NPs were surface-functionalized with polymer 
acrylate-PEG-NHS and then reacted with 1-(2-aminoethyl)- 
1H-pyrrole-2,5-dione hydrochloride (NH2-MAL) via urethane 
condensation, yielding NP-MAL. Concurrently, GFs were  
maleimide-modified (GF-MAL). Hydrogel network formation 
occurred via thiol-maleimide click chemistry between NP-MAL, 
GF-MAL, and 4a-PEG-thiol. This design confers distinct thera-
peutic advantages: Encapsulating MPSS within NPs prolonged 
its release profile, effectively mitigating acute inflammatory re-
sponses and preventing postinjury cavity formation. Conversely, 
covalent conjugation of GFs via the maleimide linkers enabled 
their sustained, long-term release, crucial for enhancing neuron 
survival and tissue repair throughout the chronic phase (Fig-
ure 8E). Collectively, this multifunctional hydrogel platform 
provides a rationally designed and effective biomaterial strategy 
for acute SCI intervention[86].

6. Summary and outlook
Hydrogel-GF composites exhibit considerable translational po-
tential in wound management. While noncovalent conjugation 
offers procedural simplicity under mild conditions, its weak 
binding affinity predisposes systems to burst release kinetics. 
Conversely, covalent immobilization minimizes initial burst 
release but may compromise GF bioactivity through chemical 
modification and requires more complex synthesis. Critically, 
both conjugation paradigms enable stimuli-responsive release 
control. Photolabile hydrogels achieve spatiotemporal preci-
sion via PC linker dissociation (e.g. o-nitrobenzyl ester cleavage 
for EGF liberation), whereas pathological microenvironment- 
responsive systems (ROS/MMP-9 activated) leverage en-
dogenous triggers to overcome limitations associated with  
exogenous stimuli. To optimize the healing milieu, multifunc-
tional hydrogels integrate GFs with complementary thera-
peutics (antimicrobials, immunomodulators) and structural  
scaffolds, synergistically addressing infection control, prolifer-
ation potentiation, and matrix remodeling. Beyond cutaneous 
repair, this technology demonstrates versatility in osteogenesis, 
spinal cord regeneration, and corneal defect restoration.

Although preclinical studies validate system efficacy in ep-
ithelial regeneration, inflammation suppression, and cellular 
differentiation, clinical translation confronts persistent chal-
lenges. Future advancements should focus on: (1) develop-
ment of multiresponsive smart materials: integrating multiple 
responsive mechanisms (light, temperature, pH, enzymes, etc.) 
to achieve cascaded release of GFs, precisely matching the 
multi-stage needs of wound healing (inflammatory phase, pro-
liferative phase, remodeling phase); (2) development of low-cost 

processes: employing 3D printing and microfluidic techniques 
to achieve personalized customization and batch production of 
hydrogels; (3) interdisciplinary collaborative research: utilizing 
artificial intelligence (AI) to predict GF release kinetics and cus-
tomize GF formulation strategies and release profiles based on 
patient-specific parameters (e.g. wound type, metabolic status) 
to optimize material design and treatment protocols.

In summary, the strategic convergence of hydrogels and GFs, 
coupled with synergistic combinations and intelligent release 
mechanisms, will propel wound care from empirical manage-
ment toward precision medicine. This evolution points toward a 
potential prospect of achieving comprehensive regeneration for 
complex wounds through single-intervention strategies.
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