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Highlights

TCM polysaccharides (BSP, APS, and DOP) possess inherent anti-inflam-
matory, antioxidant, and pro-healing properties that actively regulate the
wound microenvironment.

Advanced hydrogel systems utilize ionic bonding, dynamic covalent
bonds, and other strategies to achieve injectable, self-healing, and stimuli-
responsive functions.

TCM polysaccharides hydrogels demonstrate targeted efficacy in chronic
wounds through macrophage polarization, ROS scavenging, and angiogen-
esis promotion.

Intelligent TCM-inspired designs show promise for scalable production and
clinical application as next-generation wound dressings.
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In brief

This review highlights functional
hydrogels based on bioactive TCM
polysaccharides for advanced wound
healing. These hydrogels combine nat-
ural polysaccharide bioactivity with
tunable material properties to address
chronic wound microenvironments.
Through innovative crosslinking and
functionalization, the hydrogels dem-
onstrate multifunctional efficacy in
diabetic and infected wound models.
Future work should focus on smart
systems, TCM-theory integration, and
clinical translation.

comeuzril


https://bio-integration.org
mailTo:chengaf@um.edu.mo
mailTo:zhoubenjie@sysush.com
mailTo:taoshch@mail.sysu.edu.cn

B%ntegr ation

Functional Hydrogels Based on Bioactive
Polysaccharides from Traditional Chinese
Medicine: Advanced Biomaterial Strategies

for Skin Wound Healing

Huan Wang'?, Jinyan Li>2, Wanwen Chen3®4, Sha Liu®, Fan Xia34, Shijian Xiang®“, Ruiming Li%*,

Aifang Cheng®7*, Benjie Zhou®** and Shengchang Tao34*

Abstract

Skin wound healing, especially in chronic non-healing conditions, such as diabetic foot ulcers and infected
wounds, remains a formidable clinical challenge due to the complex pathophysiologic mechanisms and pro-
longed repair processes. Hydrogels have emerged as ideal wound dressing platforms because of the high
water content, excellent moisture-retention capacity, superior biocompatibility, and structural similarity to
the extracellular matrix. In recent years bioactive polysaccharides derived from Traditional Chinese Med-
icine (TCM), including Bletilla striata polysaccharide (BSP), Astragalus polysaccharide (APS), and Den-
drobium officinale polysaccharide (DOP), have attracted increasing attention for the construction of func-
tional wound-healing hydrogels. This growing interest is driven by the intrinsic multifunctional bioactivities,
such as anti-inflammatory, antioxidant, immunomodulatory, pro-angiogenic, and hemostatic effects, which
position bioactive polysaccharides as promising “all-in-one” therapeutic biomaterials. This review system-
atically summarizes recent advances in TCM polysaccharide-based functional hydrogels for skin wound
healing applications. We highlight design and fabrication strategies, encompassing physical and chemical
crosslinking approaches for constructing diverse network architectures, as well as functionalization strategies
that incorporate bioactive components or leverage advanced manufacturing techniques to achieve tailored
properties. Furthermore, we comprehensively discuss the therapeutic performance of these hydrogels in var-
ious in vitro and in vivo wound models with particular emphasis on the underlying mechanisms of action,
such as modulation of macrophage polarization, scavenging of reactive oxygen species, enhancement of
angiogenesis, acceleration of cell proliferation and migration, and regulation of extracellular matrix remode-
ling. Finally, existing challenges and future research perspectives are critically analyzed. Overall, functional
hydrogels based on bioactive TCM polysaccharides that integrate traditional medical wisdom with modern
biomedical engineering represent a highly promising platform for the development of next-generation, effec-
tive, and intelligent wound repair materials.
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and angiogenesis [5, 6], and remodeling
focuses on scar maturation. These phases
are regulated by cytokines, growth factors,

Introduction

The skin, which serves as the primary phys-
ical barrier of the human body, is crucial
for maintaining homeostasis and defending
against external insults. Skin injuries from
various factors initiate a complex healing
process, which is a dynamic, multi-stage
cascade involving the following overlap-
ping phases: hemostasis; inflammation;
proliferation; and remodeling [1, 2]. The
hemostasis phase involves vasoconstric-
tion and platelet aggregation to form a
clot. Hemostasis forms a clot, inflamma-
tion clears debris and pathogens [3, 4],
proliferation involves tissue rebuilding

and the extracellular matrix (ECM) [7].
However, under certain pathologic con-
ditions, such as diabetes mellitus, severe
infection, ischemia, aging, or immunocom-
promise, the normal healing cascade is dis-
rupted, leading to delayed or stalled healing
and the formation of chronic non-healing
wounds [8—10]. Diabetic wounds, particu-
larly diabetic foot ulcers (DFUs), represent
one of the most prevalent types of chronic
wounds [11]. The comparison of normal
and chronic wound healing processes with
diabetic foot ulcers as a representative
model is illustrated in Figure 1.
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Comparison of normal and chronic wound healing processes with diabetic foot ulcers as a representative model. (A) In the normal

wound healing process, which consists of four stages (hemostasis, inflammation, proliferation, and remodeling), various cells and signaling
molecules coordinate with each other. (B) In the diabetic wound healing process, which also consists of the four stages (hemostasis, inflam-
mation, proliferation, and remodeling), each stage takes longer than that in the normal wound healing process. This results in prolonged

inflammation and impaired cell function, hindering the healing process.

Key characteristics of DFUs include persistent inflamma-
tion driven by hyperglycemia and advanced glycation end
products (AGEs) [12-16], oxidative stress from excessive
reactive oxygen species (ROS) [17-19], impaired angiogen-
esis [20-22], neuropathy [23], dysfunctional fibroblasts and
keratinocytes [24, 25], and increased infection susceptibil-
ity due to a compromised immune environment [26-28].
Whereas infected wounds, especially with drug-resistant
bacteria, like methicillin-resistant Staphylococcus aureus
(MRSA), further challenge healing through biofilm forma-
tion [19, 29-31]. Aged skin also heals poorly due to cellular
senescence and structural decline [32-34]. These complex
mechanisms underscore the difficulty in treating chronic
wounds. An ideal dressing should protect the wound, main-
tain moisture, manage exudate, permit gas exchange, and
be biocompatible and easy to use [35, 36]. While tradi-
tional dressings, like gauze, are cost-effective, traditional
dressings often adhere to wounds and fail to maintain opti-
mal moisture. Modern alternatives (e.g., films and foams)
improve moisture management but are largely passive,
offering limited bioactive support for complex wounds [13,
16, 37]. In addition, synthetic polymers may raise biocom-
patibility concerns. There is therefore a pressing need for
advanced, multifunctional dressings that can actively inter-
vene in the pathologic wound microenvironment. In recent
years, hydrogels have emerged as promising candidates that
are characterized by three-dimensional, water-absorbent
polymer networks [38—41]. The high-water content and
porous structure mimic a moist, ECM-like environment,
supporting cell activities, absorbing exudate, and allowing

gas exchange. Hydrogels can encapsulate and controllably
release bioactive agents (e.g., drugs and growth factors),
enhancing localized therapy while minimizing systemic
side effects [40, 42]. Injectable formulations can also con-
form to irregular wounds.

Natural polysaccharides, such as chitosan (CS), alginate,
and hyaluronic acid, are favored for hydrogel fabrication due
to the abundance, biocompatibility, and inherent bioactiv-
ity [40, 41, 43, 44]. Common natural polysaccharides used
for hydrogels include CS, sodium alginate (SA), hyaluronic
acid (HA), cellulose, starch, pectin, and gellan gum. These
polysaccharides can be crosslinked via various physical or
chemical methods to form hydrogels, demonstrating poten-
tial in wound healing, drug delivery, and tissue engineer-
ing. Of particular interest are polysaccharides derived from
Traditional Chinese Medicine plants (TCMPs) [45-48].
Numerous studies have demonstrated that specific TCMPs
exhibit remarkable anti-inflammatory, antioxidant, immu-
nomodulatory, pro-angiogenic, antibacterial, or hemostatic
properties, unlike common polysaccharides [49-51]. For
example, Bletilla striata polysaccharide (BSP) is renowned
for excellent hemostatic and wound-healing effects [52-59].
Astragalus polysaccharide (APS) excels in immunomodula-
tion and antioxidation [49, 60-62]. Dendrobium officinale
polysaccharide (DOP) has good anti-inflammatory, antiox-
idant, and moisturizing properties [50, 63, 64]. Gastrodia
elata polysaccharide (GEP) possesses antioxidant and
neuroprotective activities beneficial for aging skin wounds
[33, 65, 66]. Glycyrrhiza polysaccharide (GP) is known for
anti-inflammatory activity [51].
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This inherent bioactivity allows TCMP-based hydrogels
to function not merely as passive scaffolds but as active ther-
apeutic systems, potentially improving efficacy while sim-
plifying design and reducing the need for high drug loading
[67, 68]. Furthermore, the long history of TCM use in China
and other Asian countries provides a unique cultural context
and a degree of empirical safety validation for developing
biomaterials based on TCMPs.

Although research on natural polysaccharide-based
hydrogels for wound healing has made significant strides,
systematic reviews focusing specifically on functional
hydrogels constructed from polysaccharides derived from
TCM sources are relatively scarce. Considering the unique
bioactive profiles of TCMPs and the potential advantages
in addressing the complex microenvironments of chronic
wounds (e.g., inflammation, oxidative stress, and infection),
a thorough examination of the progress in this specific sub-
field is highly valuable.

Therefore, this review aims to summarize recent advances
in TCMP-based functional hydrogels for wound healing. The
review will focus on the following: (1) the sources, structures,
and bioactivities of key TCMPs; (2) strategies for fabricating
functional (e.g., injectable and antibacterial) hydrogels; (3)
wound model efficacy and mechanisms, especially DFUs;
and (4) current challenges and future directions. We seek to
provide a comprehensive resource that highlights the unique
value of TCMPs and aids in designing next-generation, clin-
ically translatable wound dressings.

TCM polysaccharides for
wound healing hydrogels:
sources, structures, and
bioactivities

TCM boasts a rich history spanning thousands of years and
possesses a vast repository of medicinal plant resources.
Modern research has identified polysaccharides as crucial
components responsible for the pharmacological activities
of many Chinese herbs. These TCMPs are not only abundant
and structurally diverse but also frequently exhibit unique,
multifaceted bioactivities. These properties make TCMPs
highly promising candidates in the field of biomedical
materials, particularly for developing functional hydrogel
dressings for wound healing. This section focuses on several
TCMPs that have garnered significant attention in wound
healing hydrogel research, outlining the sources, structural
features, and bioactivities relevant to wound repair.

Overview of major TCM sources and
the active polysaccharides

Polysaccharides from numerous TCM sources have been
studies for constructing wound healing hydrogels. Some
well-studied or representative examples are discussed
below.

BSP

BSP is derived from the dried tubers of Bletilla striata
(Orchidaceae). BSP is a typical glucomannan that is primar-
ily composed of D-mannose and D-glucose residues linked
by p-(1—4) glycosidic bonds (approximate 4:1 ratio) with
minor O-acetylation [52, 59, 69]. BSP is renowned for excel-
lent intrinsic hemostatic properties, which rapidly promote
platelet aggregation and coagulation. BSP also has activities,
such as promoting fibroblast proliferation, inducing vascular
endothelial growth factor (VEGF) expression, stimulating
angiogenesis, and exhibiting antibacterial effects [52, 55,
58]. These properties make BSP an ideal natural material for
developing hemostatic and pro-healing wound dressings.

APS

APS is extracted from the dried roots of Astragalus mem-
branaceus (Fabaceae). APS is a complex mixture of heter-
opolysaccharides with major monosaccharide components,
including glucose, galactose, arabinose, rhamnose, and galac-
turonic acid, which are linked by various glycosidic bonds
and exhibit a wide molecular weight distribution [49, 62,
70]. APS is well-known for significant immunomodulatory
activity and is capable of activating macrophages and regu-
lating T cell subsets. In addition, APS exhibits multiple phar-
macologic effects, including antioxidant (ROS scavenging),
anti-inflammatory (inhibiting inflammatory cytokines), pro-
moting fibroblast proliferation, and stimulating angiogenesis,
showing great potential in improving the microenvironment
of diabetic wounds and accelerating healing [49, 60, 62, 71].

DOP

DOP is isolated from the stems of Dendrobium officinale
(Orchidaceae). DOP is also a glucomannan with a backbone
of p-(1->4) linked mannose and glucose residues, typi-
cally with a higher mannose ratio (4.47:1) [72]. DOP fea-
tures O-acetyl groups at the C-2 or C-3 position, which are
crucial for maintaining conformation and bioactivity [50].
DOP has good anti-inflammatory (inhibiting NF-xB path-
way), antioxidant, moisturizing, fibroblast-proliferating, and
immunomodulatory activities, positioning DOP as a prom-
ising ingredient for anti-aging and tissue repair applications
[73, 74].

GEP

GEP is extracted from the dried tubers of Gastrodia elata
(Orchidaceae). While detailed structural studies of GEP
remain relatively limited, emerging evidence reveals a
broader spectrum of pharmacologic activities relevant to
wound healing. Beyond established antioxidant, free radical
scavenging, and neuroprotective effects, GEP exhibits
significant anti-inflammatory activity by inhibiting pro-
inflammatory cytokines, such as TNF-« and IL-6 [33, 66].
GEP also demonstrates immunomodulatory properties,
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including the ability to regulate macrophage polarization
[75, 76]. Furthermore, GEP promotes keratinocyte migra-
tion, a critical process for re-epithelialization [77]. It is evi-
dent that GEP holds considerable potential for the treatment
of chronic non-healing wounds, particularly in the context of
ageing skin, where impaired cellular function and dysregu-
lated inflammation impede the process of repair. GEP-based
hydrogels have been shown to promote the repair of aging
skin wounds by mitigating oxidative stress and modulating
related signaling pathways in wound healing applications
[33, 78].

In addition to these core polysaccharides, numerous other
TCMPs have shown potential for wound healing applica-
tions. Table 1 summarizes the sources and main bioactivities.

Overview of extraction, isolation,
and purification methods

As shown in Figure 2, the process of TCMPs from raw
botanical material to a purified, bioactive macromolecule
involves a series of critical and meticulously controlled
steps, as follows: extraction; preliminary separation; and
sophisticated purification. The extraction of TCMPs typi-
cally begins with hot water extraction, which leverages the
inherent solubility of polysaccharides in hot water [79, 80].
Alternative methods, like enzyme-, ultrasound-, or micro-
wave-assisted extraction, are also used to enhance efficiency.
Following extraction, the crude polysaccharide solution
undergoes preliminary separation. Subsequently, ethanol
precipitation is commonly used as a cornerstone technique.
Adding ethanol to the aqueous extract causes the hydrophilic
polysaccharides to precipitate, which are then collected by
centrifugation or filtration [81]. This technique effectively
removes undesirable small molecule impurities.

Further purification steps are indispensable to obtain pol-
ysaccharides with higher purity and structural uniformity.

These steps are necessary and include deproteinization
(e.g., using the Sevage method with chloroform/n-butanol
or enzymatic methods) to eliminate co-extracted proteins,
decolorization (e.g., via activated carbon adsorption) to
remove pigments, and dialysis to remove residual salts and
very small molecules by selective diffusion through a semi-
permeable membrane [82].

Finally, for high-resolution separation, column chroma-
tography is applied (e.g., DEAE-cellulose or Sephadex gel
columns) to separate based on charge or molecular size,
respectively, yielding polysaccharide fractions with relatively
uniform structure and molecular weight, narrow molecular
weight distributions, and consistent biological activity [83,
84]. These multi-stage processes ensure the quality, purity,
and structural integrity of TCMPs, which are crucial for sub-
sequent structural characterization, activity studies, material
fabrication, and application in functional hydrogels [85].

Structure-activity relationship

The biological activities of TCMPs are intimately linked to
the complex structures. Several common TCM plants and
their polysaccharides are listed in Figure 3A. The main or
monosaccharide compositions and key structural features
of representative TCMPs are summarized in Table 2. Key
structural features influencing activity include are discussed
below.

Molecular weight (MW)

Polysaccharides with different MWs may exhibit distinct bio-
logical activities. For example, an optimal MW range might
be more readily recognized by immune cells or possess bet-
ter solubility and rheologic properties [86, 87]. Studies have
demonstrated that the MW of APS significantly influences

Table 1 Other Potential TCMP for Wound Healing: Sources and Main Bioactivities
Polysaccharide (Abbr.) TCM Source (Latin Name) Main Wound Healing-related Bioactivities Ref
Glycyrrhiza polysaccharide (GP)  Glycyrrhiza uralensis (Fabaceae) Anti-inflammatory, antioxidant, [51, 217]
immunomodulatory, metal-ion binding
Konjac glucomannan (KGM) Amorphophallus konjac (Araceae) Excellent gelling/film-forming, moisturizing, [46, 125, 130,
prebiotic, easily oxidized for Schiff base 131, 218]
hydrogels
Lycium barbarum polysaccharide Lycium barbarum (Solanaceae) Potent antioxidant, immunomodulatory, [140, 175]
(LBP) anti-aging, pro-angiogenic
Poria cocos polysaccharide Poria cocos (Polyporaceae) Immunomodulatory, anti-inflammatory, [45, 136]
(PCP) acid-induced self-gelation
Aloe polysaccharide (AP) Aloe barbadensis (Liliaceae) Moisturizing, anti-inflammatory, [126, 129,
immunomodulatory, fibroblast proliferation 141, 219]
promotion, collagen synthesis promotion
Lentinan (LNT) Lentinus edodes (Shiitake) Potent immunomodulation, pro-angiogenic, [157, 220]
anti-inflammatory
Mesona chinensis polysaccha- Mesona chinensis (Lamiaceae) Antioxidant, pH-responsive gelling properties [144, 221]
ride (MCP)
Tamarind seed polysaccharide Tamarindus indica (Fabaceae) Thickening, mucoadhesive, gelling [128, 138,
(TSP) 139, 173,
222]
Hypericum perforatum callus Hypericum perforatum Anti-fibrotic, anti-inflammatory [172]

extract (HPCE) (Hypericaceae)
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Table 2 Summary of Representative TCM Polysaccharides used in Wound Healing Hydrogels

Polysaccharide TCM Source Major Key Structural Primary Wound Healing Ref
(Abbr.) (Latin Name) Monosaccharides Features Bioactivities
BSP Bletilla striata Mannose, glucose [-(1—4) glucomannan  Potent hemostasis, cell proliferation, [68, 69]
(~4:1) backbone, minor pro-angiogenic, antibacterial
acetylation
APS Astragalus Glucose, galactose, Complex heteropol- Immunomodulation (Mg, T cells), [113, 117,
membranaceus arabinose, ysaccharide, various antioxidant, anti-inflammatory, 120]
rhamnose, GalA linkages, broad MW pro-angiogenic
distribution
DOP Dendrobium Mannose, glucose S-(1—4) glucomannan  Anti-inflammatory, antioxidant, [50, 63]
officinale (mannose-rich) backbone, O-acetyl- moisturizing, immunomodulatory,
ation cell proliferation
GEP Gastrodia elata Glucose a-(1—-4)-Glcp or Antioxidant, neuroprotective, [33, 223,
a-(1—4,6)-Glcp (potentially promotes aging wound ~ 224]
backbone healing via antioxidation)
GP Glycyrrhiza (Diverse, acidic/ (Diverse, contains Anti-inflammatory, antioxidant, im- [51, 217]
uralensis neutral) uronic acid) munomodulatory, metal-ion binding
KGM Amorphophallus ~ Mannose, glucose High MW g-(1—4) Excellent gelling/film-forming/mois-  [46, 125]
konjac (~1.6:1) glucomannan, minor turizing, prebiotic, (matrix) carrier
acetylation, easily
oxidized (OKGM)
LBP Lycium barbarum  Arabinose, galactose, Proteoglycan complex  Potent antioxidant, immunomodula- [140, 175]
glucose, rhamnose tory, anti-aging, pro-angiogenic
PCP Poria cocos Glucose S-(1—3) backbone, Immunomodulatory, anti-inflamma-  [136]
S-(1—6) branches, tory, anti-tumor
acid-induced gelation
AP Aloe barbadensis Mannose S-(1—4) acetylated Moisturizing, anti-inflammatory, [126, 129]
mannan (acemannan)  immunomodulatory, cell proliferation
LNT Lentinus edodes  Glucose S-(1—3) backbone, Potent immunomodulation (Me, [157, 220]
S-(1—-6) branches NK, T cells), anti-inflammatory,
pro-angiogenic, promotes diabetic
wound healing
TSP Tamarindus Galactose, xylose, Galactoxyloglucan Th.ickening,.mucoadhesivg, gelling [128, 139]
indica glucose (with specific molecules, like TP)

immunologic activity. With a MW of approximately 10 kDa,
APS is the main active component that exerts immunomod-
ulatory effects [88]. In addition, another study reported that
Lycium barbarum polysaccharide (LBP) fractions within a
medium MW range (10°-10¢ Da) are optimally recognized
by immune cells [89].

Monosaccharide composition

The types and proportions of constituent monosaccharides
affect the overall properties. Polysaccharides containing
uronic acids are typically negatively charged, which influ-
ences the ion-binding capacity and bioactivity [90-92].
For example, an increase in uronic acid content, which is
induced by ultrasonic treatment of Sagittaria sagittifolia L.
polysaccharide, has been shown to enhance antioxidant and
anti-tumor activities [90]. In addition, polysaccharides from
Trichosanthes kirilowii seed shell, which contain glucuronic
acid, have significant hypoglycemic activity by inhibiting
a-glucosidase [93].

Glycosidic linkage type

The types of linkages in the main chain and branches (e.g.,
o or 3 configuration and linkage positions like 13, 14,

and 1—6) determine the polysaccharide chain conformation
(e.g., helix and random coil) and flexibility, which in turn
affects interactions with receptors and biological activity.
For example, the specific conformation of [S-glucans (e.g.,
lentinan [LNT] and Poria cocos polysaccharide [PCP]) is
considered key to the immunomodulatory activity [94-96].
Ganoderma lucidum [-glucan (GLP-D), featuring a fS-
(1—>3)-linked backbone with B-(1—6)-linked side chains,
adopts an optimized branched conformation after ultrasonic
degradation that enhances solubility and bioactivity [97].
This specific glycosidic linkage pattern enables GLP-D to
exert immunomodulatory effects by promoting lymphocyte
proliferation through gut microbiota modulation, particu-
larly via Lactobacillus and Alistipes.

Degree of branching and side chain
structure

The presence, length, position, and composition of side chains
influence the spatial structure, solubility, and bioactivity of
the polysaccharide [90, 98]. A neutral polysaccharide from
Astragalus membranaceus with a 1,4-a-D-glucopyranosyl
main chain and side chains attached at the O-6 position has
been characterized. This specific branching pattern directly
dictates the dual bioactivity. Inhibiting macrophage NF-xB
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pathway for immunomodulation, while promoting endothe-
lial cell proliferation for tissue repair showed that the O-6
substituted structure is the key determinant of the therapeutic
effects on immune dysregulation and tissue damage [99].

Higher-order structure and conformation

Polysaccharides may adopt specific 3D conformations in
solution (e.g., triple helix), which can be critical for bio-
logical functions, particularly immunomodulation [94, 100,
101]. For example, the triple-helix conformation of lentinan,
which is derived from the -(1—3)-D-glucan backbone with
S-(1—>6)-branches, is essential for the immunomodulatory
activity because this specific structure enables high-affinity
binding to the Dectin-1 receptor on immune cells [102].

Chemical modification

Naturally occurring modifications (e.g., acetylation, meth-
ylation, and sulfation) or artificially introduced modifica-
tions (e.g., oxidation, carboxymethylation, and grafting) can
significantly alter the physicochemical properties and bio-
logical functions. For example, the degree of DOP acetyl-
ation directly influences the anti-inflammatory activity
[103]. Proper acetyl group retention is essential for optimal
immunomodulatory function, while complete deacetylation
significantly weakens the anti-inflammatory effects [104].
Similarly, oxidation of polysaccharides, such as oxidized
konjac glucomannan (OKGM), oxidized Bletilla striata
polysaccharide (OBSP), and oxidized Ganoderma lucidum
polysaccharide (OGLP), to introduce aldehyde groups ena-
bles constructing Schiff base crosslinking hydrogels [46, 56,
105].

Key bioactivities relevant to wound
healing mechanisms

The favorability of TCMPs in wound healing stems largely
from the inherent, multi-target biological activities that
can intervene in multiple key stages of the healing process.
Several common TCMPs are listed in Figure 6 for the bio-
logical activities in intervening in multiple key stages of
the healing process. The primary wound healing biologi-
cal activities of representative TCMPs are summarized in
Table 2.

Anti-inflammatory and immunomodulatory
activities

Chronic wounds often exhibit dysregulated inflammation
and immune imbalance. Various TCMPs (e.g., LNT, BSP,
DOP, GP, and AP) effectively modulate the inflammatory
microenvironment, as follows: (1) inhibiting the produc-
tion of pro-inflammatory cytokines (e.g., TNF-a, IL-15,
and IL-6); (2) promoting the release of anti-inflammatory

cytokines (e.g., IL-10); (3) skewing macrophage polariza-
tion from the pro-inflammatory M1 phenotype towards the
pro-resolving M2 phenotype; and (4) regulating the func-
tion of other immune cells (e.g., T cells and neutrophils) to
restore immune homeostasis, thereby breaking the vicious
cycle of chronic inflammation and creating a favorable envi-
ronment for tissue repair [106—-109].

Antioxidant activity

ROS levels are typically elevated in wound sites, especially
chronic wounds, causing oxidative damage and delay-
ing healing. Many TCMPs (e.g., APS, GEP, DOP, GP, and
LBP) and systems loaded with phenolic compounds (e.g.,
tea polyphenols [TPs], catechin, and ferulic acid [FA]) pos-
sess the ability to directly scavenge various free radicals
[e.g., 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) {ABTS}, and
superoxide anion] or indirectly enhance endogenous antiox-
idant systems (e.g., by activating the Nrf2/HO-1 pathway),
thus mitigating oxidative stress damage and protecting cells
[110, 111].

Pro-angiogenic activity

Angiogenesis is crucial during the proliferative phase for
supplying oxygen and nutrients to the regenerating tissue.
Polysaccharides, like BSP, APS, and DOP, have been shown
to upregulate the expression of key pro-angiogenic factors,
such as VEGF and bFGF, stimulating endothelial cell pro-
liferation, migration, and tube formation, thereby promoting
vascularization at the wound site [49, 112—-114].

Promotion of cell proliferation and migration

Fibroblasts and keratinocytes are key cell types involved
in granulation tissue formation and re-epithelialization.
TCMPs, like BSP, AP, and APS, can directly or indirectly
stimulate the proliferation and migration of these cells by
activating relevant signaling pathways (e.g., MAPK and
PI3K/Akt) or modulating the wound microenvironment
(reducing inflammation/ROS and increasing growth factors)
[115-117].

ECM deposition and remodeling

TCMPs can influence ECM dynamics through various mech-
anisms. For examples, BSP promotes collagen deposition by
stimulating fibroblast proliferation and enhancing the synthe-
sis and secretion of types I and III collagen, contributing to
granulation tissue formation and wound strength [118, 119].
APS helps maintain ECM homeostasis by regulating the bal-
ance between matrix metalloproteinases (MMPs) and their
tissue inhibitors (TIMPs), which prevents excessive ECM
degradation and supports organized tissue remodeling [120].
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Other TCMPs (e.g., Calvatia gigantea polysaccharides and
Angelica sinensis polysaccharides) may also promote fibro-
blast collagen synthesis and potentially regulate the MMP/
TIMP balance, contributing to functional tissue regeneration
and potentially reducing excessive scarring [121, 122].

Antibacterial activity

While most polysaccharides have limited intrinsic antibac-
terial activity (CS and CS derivatives being notable excep-
tions), some TCMPs (like BSP) or their composites have
shown moderate inhibitory effects. More commonly, TCMP
hydrogels serve as carriers for antibacterial drugs or nano-
materials [123, 124].

Hemostatic activity

BSP, due to its unique structure and properties, exhibits rapid
and effective physical hemostasis by absorbing blood fluid,
concentrating blood cells and clotting factors, and activating
intrinsic coagulation pathways, making BSP an ideal natural
hemostatic agent [52, 59].

Moisturizing and barrier function

Abundant hydrophilic groups (hydroxyl and carboxyl) on
polysaccharide chains impart excellent moisture absorption
and retention capabilities, helping maintain a moist wound
environment and forming a physical barrier against external
contaminants [125, 126].

The unique and diverse bioactivities of these TCMPs,
when combined with the favorable physicochemical prop-
erties of hydrogels, provide a rich toolbox for designing
functional dressings targeting specific pathologic microen-
vironments in wounds. The subsequent sections will explore
how these polysaccharides are used to construct functional
hydrogels and delve into the application efficacy and mech-
anisms in wound healing.

Fabrication strategies for
TCM polysaccharide-based
hydrogels

Translating the excellent bioactivities of TCMPs into func-
tional hydrogel dressings suitable for wound healing requires
sophisticated design and fabrication strategies. Researchers
have leveraged the abundant functional groups (such as
hydroxyl, carboxyl, and amino groups) present on the pol-
ysaccharide chains and the unique physical and chemical
properties for crosslinking. Various physical and chemical
crosslinking methods and functionalization methods are
demonstrated in Figure 3B-C and Tables 3 and 4, which
transform the TCMP s into hydrogels with specific network
structures, physical and chemical properties, and biological
functions. This section systematically introduces the main
strategies recently used to construct TCMP-based hydrogels.

Crosslinking mechanisms and
network construction

The 3D network structure is fundamental to hydrogel func-
tion. The nature (reversibility and dynamics) and density of
crosslinks determine the hydrogel mechanical properties,
swelling behavior, degradation rate, and drug release profile.
The primary crosslinking mechanisms for TCMPs are dis-
cussed below.

Physical crosslinking

Physical crosslinking relies on non-covalent interactions,
like hydrogen bonds, ionic interactions, hydrophobic inter-
actions, or chain entanglement. Physical crosslinking is
generally mild, avoids chemical crosslinkers, offers good
biocompatibility, and some physical crosslinks (e.g., hydro-
gen bonds and dynamic ionic coordination) are reversible,
potentially imparting stimuli-responsiveness or self-healing
properties. These interactions can be categorized into
four main types of physical crosslinking strategies in

Table 3 Summary of Crosslinking Strategies for TCM Polysaccharide Hydrogels

Crosslinking Specific Method = TCMP Example(s) Other Component(s) Key Property/Purpose  Ref
Type Example
Physical lonic crosslinking ~ GP, KGM/pectin Ca?*, Mg?* Physical gelation [51]
Hydrogen bonding BSP/KGM, TSP/TP, DOP/PVA - Network reinforcement [19, 53]
Freeze-thaw AP/PVA, DOP/PVA PVA Enhanced mechanics, [129]
anti-freeze
Chemical Schiff base OBSP, OKGM, OGLP, OGEP  CS, CMC, gelatin Self-healing, injectable [46, 54, 105,
130, 131, 137]
Boronate ester AP, DOP PVA, borax/BA Self-healing, pH/glucose  [129]
responsive
Photocrosslinking BSPMA, CSMA GelMA Rapid in situ gelation, [46, 134, 135]
shape control
Other covalent BSP, KGM AA (grafting), genipin ~ Network stability [52]
',\\l":t';'vﬁ’)'fk DN/IPN ?\SSOP@% /é'iﬂ%;g’:/l/ggm TP, PVA, CMCSMA  Enhanced mechanics  [46, 56, 74]
H. Wang et al.: DOI: 10.15212/bi0i-2026-0006 9
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Table 4 Summary of Functionalization Strategies for TCM Polysaccharide Hydrogels

Function Strategy Specific Example (TCMP System) Purpose/Application Ref

Injectable Thermo-sensitivity/dy- BSP/CS; OKGM/CMCS; CSMA/OBSP Minimally invasive delivery  [58, 131,
namic bonds/photocure 134]

Self-healing Dynamic bonds (Schiff OKGM/CMCS; AP/PVA Extended service life [129, 131]
base, boronate)

Tissue Adhesion  Incorporate adhesive Conductive polyphenol MN (GelMA/DA) Dressing fixation, sealing [46, 142]
groups (dopamine)

Antibacterial Load agents/nanomateri- OKGM/CMCS+BBR; OKGM/CS-Arg+PF; Infected wound treatment [31, 49, 130,
als/photosensitizers GA/OKGM+MXene @TiO,; APS+MnO, 131]

Antioxidant Intrinsic TCMP/load GEP/PUE; APS; DOP; GP; OKGM/CS-Ar- ROS scavenging, chronic [33, 49, 56,
antioxidants g+PF; OBSP/Gel-ADH+TP wound 74, 130]

Conductive Incorporate conductive APS/CMC/SA+PPy; conductive polyphenol  Electrical stimulation [61, 142]
materials MN therapy

Stimuli- Incorporate responsive BSP+CD-Fc (ROS); MCP (pH); (phenylbo- Smart release/diagnosis [40, 57, 144]

Responsive moieties ronic acid, glucose)

Drug/Factor Network encapsulation/ GEP+GAS; GEP+PUE; OKGM/CMCS+Exo; Sustained/targeted delivery  [33, 66, 131,

Release microspheres/liposomes  BSPMA+PPD-Lipo; HAQA-MN+M-KD 135, 145]

Advanced Mfg. Microflui.dics/BD print/ BSPMA microspheres; GEP/CMC Print; Precision structure/delivery [60, 134,
spray/microneedle CSMA/OBSP Spray; HAQA-MN+M-KD 135, 145]

TCMP-based hydrogels. First, ionic crosslinking utilizes
electrostatic interactions between negatively charged poly-
saccharides (e.g., negatively charged polysaccharides con-
taining uronic acid, like Glycyrrhiza polysaccharide [GP],
pectin, and alginate, or modified negatively charged poly-
saccharides, like carboxymethyl cellulose [CMC]) and mul-
tivalent cations (commonly Ca**, Mg?*, Zn?*, and Fe*). For
example, GP has been shown to form physically crosslinked
hydrogels with Ca** [51]. KGM and pectin blends also use
Ca?* and Mg?** co-crosslinking [127]. Second, hydrogen
bonding is a prevalent mechanism that is facilitated by the
abundant hydroxyl groups on polysaccharide chains, which
form extensive intra- and inter-molecular networks. This
mechanism often acts synergistically with other crosslinking
methods to enhance gel stability and mechanical properties.
For example, hydrogen bonding between BSP and KGM
chains contributes to the improved properties of BSP/KGM
blend hydrogels [53]. Phenolic hydroxyl groups in TPs can
also form hydrogen bonds with groups on polysaccharide
chains (like TSP, BSP, and gelatin), inducing gelation or
strengthening the network [56, 128]. Third, freeze-thaw
cycling is a technique primarily applied to polyvinyl alcohol
(PVA) and PVA blends with polysaccharides (e.g., AP and
DOP). Repeated freeze-thaw cycles induce the formation of
PVA microcrystalline domains acting as physical crosslinks,
while polysaccharide chains participate in hydrogen bond-
ing, yielding hydrogels with enhanced toughness and elas-
ticity [74, 129]. Fourth, although less common as a primary
mechanism in pure TCMP hydrogels, hydrophobic and
host-guest interactions have a contributory role in blends or
after hydrophobic modification. For example, cyclodextrin-
ferrocene host-guest interactions were used to create ROS-
responsive BSP-releasing hydrogels [57].

Chemical crosslinking

Chemical crosslinking forms stable covalent bonds to con-
struct the network, generally yielding hydrogels with higher

mechanical strength and stability. Based on the nature of the
covalent bonds, crosslinking can be categorized into static
and dynamic covalent crosslinking.

Dynamic covalent crosslinking has emerged as a popular
strategy for constructing self-healing and injectable hydro-
gels because these bonds can reversibly break and reform
under specific conditions, such as changes in pH, temper-
ature, light, or redox environment. This imparts valuable
properties, like flowability, moldability, and self-repair capa-
bilities. Several key dynamic covalent bonds are used. Schiff
base bonds, which are formed rapidly between aldehyde and
primary amine groups under mild conditions, represent one
of the most widely used methods for TCMP-based hydro-
gels. This typically involves oxidizing polysaccharides, such
as BSP or HA, to introduce aldehydes, which then react
with amino-containing polymers, like CS or gelatin [46,
54, 105, 130-132]. Boronate ester bonds, which are formed
between boronic acid derivatives and cis-diol-containing
molecules (e.g., PVA or some polysaccharides), are notably
pH-sensitive, enabling the construction of hydrogels respon-
sive to physiologic or pathologic environments [40, 129,
133]. In addition, acylhydrazone bonds (from aldehyde and
acylhydrazide groups) and disulfide bonds (leveraging the
redox reversibility of thiol groups) are also utilized to con-
fer dynamic and responsive characteristics to the hydrogel
networks.

Other covalent crosslinking methods provide alternative
routes to form permanent networks. For example, photo-in-
duced crosslinking involves modifying polysaccharides
with photopolymerizable groups (e.g., methacryloyl). Rapid
free-radical polymerization forms a covalently crosslinked
network upon exposure to light in the presence of a pho-
toinitiator, enabling in sifu gelation and precise control over
gel shape, which is highly suitable for injectable or spray-
able dressings [46, 134, 135]. Enzymatic crosslinking uti-
lizes biocompatible enzymes, like horseradish peroxidase
or transglutaminase, to catalyze bond formation under mild
conditions. Furthermore, traditional chemical crosslinkers,
such as glutaraldehyde (though limited by toxicity), genipin
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(anatural alternative), or 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC)/N-hydroxysuccinimide (NHS) cou-
pling agents, are used to create covalent linkages between
functional groups on the polymer chains.

Hydrogel types and structures

Various types and structures of TCMP-based hydrogels can
be constructed based on the chosen crosslinking mechanisms
and components, as shown in Figure 4.

Single-component TCMP hydrogels

Single-component TCMP hydrogels are formed by self-
crosslinking of a single TCMP. This process is relatively
challenging and usually requires specific polysaccharide
structures and induction conditions. For example, the alka-
li-soluble fraction of Poria cocos polysaccharide (PCP) can
self-assemble into a gel under acidic conditions via hydro-
gen bonding and other interactions [136].

Composite/blend hydrogels

The most common type of composite/blend hydrogen, in
which TCMP is mixed with one or more other polymers
(natural or synthetic) and crosslinked physically or chemi-
cally. This strategy allows for synergistic property enhance-
ment, improving mechanical strength, biocompatibility, or
introducing specific functionalities. These blends typically

\/ A/ , Noncovalent bond ===
\\\ ~~ Polymer chain A ()
\/_/ /""" Hydrogen bond é -

/ 50 -

lonic bond
N\

\\.\ “/ ® Nanomaterial

= Cyclodextrin

Covalent bond,
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EGDE,genipin,ECH,Gel
MA,MBAA

‘v Polymer chain

\/V 1st network Noncovalent bond -( —COOH/—CHO
2" network ® The molecular lactam bond —. —NH,
\/V 3 network @ The intermolecular amide bond @  Schiff base

fall into two main categories: TCMP is combined with other
natural polysaccharides or proteins, such as BSP/CS [58],
APS/CMCl/alginate [61], GLP/CMC/alginate [105, 137],
KGM/pectin [127], TSP/alginate [138], TSP/gellan gum
[139], LBP/gelatin [140], AP/gelatin [141], BSP/gelatin
[54], and KGM/CS [132]; and TCMP is combined with
synthetic polymers, such as AP/PVA [126, 129] and DOP/
PVA [74].

Interpenetrating/semi-interpenetrating/
double network hydrogels

Interpenetrating/semi-interpenetrating/double network (IPN/
Semi-IPN/DN) hydrogels involve intertwining two or more
independent polymer networks without covalent links (IPNs).
Some networks are crosslinked (semi-IPN) or sequentially
form two distinct networks (DNs). This structural design
often significantly enhances the mechanical strength, tough-
ness, and fatigue resistance of hydrogels, overcoming the
weakness of single-network polysaccharide hydrogels.
Examples include DN hydrogels formed by Schiff base
(OKGM/CMCS) and photo-crosslinking (CMCSMA) [46].
Systems, like PVA/DOP [74] and OBSP/Gel-ADH [56], also
form DN structures with enhanced mechanics.

Functional hydrogel design

To meet the complex demands of different wound healing
stages, researchers use various strategies to impart specific
functionalities to TCMP-based hydrogels.

) \\%’i\; (b)
A\ k&‘/
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C
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Figure 4 Schematic diagram of different hydrogel network structures. (A) Single-network hydrogels formed by a single polymer, including
physical crosslinked single-network hydrogels and chemical crosslinked single-network hydrogels. (B) Dual-network (DN) hydrogels, usually
formed sequentially through different crosslinking mechanisms. (C) Interpenetrating polymer network (IPN) hydrogels, formed by interweaving
two independent crosslinking networks. (D) Blended/composite hydrogels, in which different polymers are physically mixed or co-crosslinked.

H. Wang et al.: DOI: 10.15212/bi0i-2026-0006

11

d

MOIIAD




BIOI 2026

Injectability

Injectability is achieved through several mechanisms, such
as thermosensitive gelation (e.g., chitosan/f-glycerophos-
phate systems) [58], in sifu chemical crosslinking via Schiff
base reactions (e.g., OKGM/CMCS and OBSP/Gel-ADH)
[56, 131], and photopolymerization [134]. These approaches
enable minimally invasive delivery and conformal filling
of irregular wound defects. For example, a thermosensitive
BSP/CS hydrogel remains fluid at room temperature but rap-
idly gels at body temperature, allowing easy injection with-
out surgical implantation [58].

Self-healing

Self-healing hydrogels are constructed using dynamic
reversible crosslinks (primarily Schiff base bonds [54, 131]
and boronate ester bonds [129]). These reversible bonds ena-
ble the hydrogel to autonomously repair structural damage,
which maintains integrity and functionality. For example,
an AP/PVA hydrogel crosslinked via boronate ester bonds
exhibits pH-dependent self-healing behavior under physio-
logic conditions [129].

Tissue adhesiveness

Tissue adhesiveness is crucial for dressings or sealants
requiring firm fixation to the wound or tissue. Achieved by
incorporating adhesive moieties (e.g., dopamine/catechol
analogues) or utilizing polymer-tissue interactions (e.g.,
electrostatic attraction and hydrogen bonding) [46, 142].
Researchers have designed a BSP-based dual-dynamic
crosslinked hydrogel by incorporating a PVA-borax dynamic
chemical network and tannic acid (TA) as a physical
crosslinking center. TA is strategically introduced to impart
tissue adhesion, utilizing its catechol groups to achieve
strong bonding to wet tissues and easy detachment without
residue [143].

Antibacterial property

Antibacterial properties are essential for infected wounds.
Strategies involving antibacterial properties include: (1) uti-
lizing the intrinsic antibacterial activity of components like
CS; (2) loading antibacterial drugs, including antibiotics,
peptides, natural molecules, like berberine (BBR) [131];
(3) incorporating inorganic antibacterial nanoparticles (e.g.,
AgNPs, Zn0O, and TiO,) [31]; (4) introducing photothermal/
photodynamic agents (e.g., MXene@TiO, and Fe3*-doped
nanoparticles [PF NPs]) [31, 130]; and (5) integrating nano-
zymes, like manganese dioxide (MnO,), that exhibit peroxi-
dase/catalase-like activities [49].

Antioxidant property

Antioxidant properties are achieved by leveraging the
intrinsic activity of TCMPs (e.g., APS, GEP, and DOP) or

loading antioxidants, such as tea polyphenols (TPs) [56],
catechin [46], ferulic acid (FA) [134], and puerarin (PUE)
[33]. A GEP-based hydrogel was developed with a hierar-
chical delivery design. PUE was first encapsulated in gela-
tin microspheres (PUE-Ms), then loaded into a Schiff-base
crosslinked network formed by oxidized GEP (OGEP)
and gastrodin-grafted chitosan (GAS/CS). This micro-
sphere-in-hydrogel structure enables sustained PUE release
via dual barrier control, providing prolonged antioxidant
protection for aged skin wound healing [33].

Conductivity

Conductivity is for applications involving electrical stim-
ulation or biosignal monitoring. Conductive hydrogels are
created by incorporating conductive polymers, such as
polypyrrole (PPy) or nanomaterials, including graphene
oxide (GO), into the hydrogel matrix [61], which enables
applications involving electrical stimulation or biosignal
monitoring. Such materials combine tissue-like softness
with electrical functionality, making the materials suitable
for neural interfaces, cardiac patches, and wearable sensors.

Stimuli-responsiveness

Stimuli-responsiveness is used to design hydrogels that
respond to changes in the wound microenvironment (e.g.,
pH, ROS, enzymes, and glucose concentration) for “smart”
drug release or functional modulation. Examples include
ROS-responsive BSP release using thioether or boronate
ester linkages [57], glucose-responsive hydrogels using phe-
nylboronic acid [40], and pH-responsive MCP microcap-
sules for intestinal delivery [144].

Controlled release of drugs/active factors

The hydrogel network effectively encapsulates and controls
the release of various agents, such as: growth factors (e.g.,
EGF) [141], TCM small molecule active ingredients (e.g.,
gastrodin [GAS], PUE, kinsenoside [KD], and resveratrol)
[33, 58, 66, 145]; cytokines/chemokines; and exosomes
(Exo) [131]. Release of active factors is controlled by hydro-
gel degradation and diffusion barriers for sustained, local-
ized therapy.

Advanced manufacturing techniques

In addition to traditional molding, advanced manufacturing
techniques are being applied to TCMP-based hydrogels for
more precise structural control and functional integration.
The process flow chart for preparing TCMP hydrogels using
advanced manufacturing techniques is shown in Figure 5.

Microfluidics

Microfluidics enable precise fluid manipulation at
the microscale to produce hydrogel microspheres,
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Figure 5 Flowchart of the preparation process of Traditional Chinese Medicine polysaccharide hydrogel. (A) Microfluidic hydrogel prepara-
tion process: Two or more liquids flow through the microfluidic chip channels and form uniform microspheres after flowing out. (B) 3D printing
hydrogel preparation process: The hydrogel precursor is thermally extruded and layered stacked, cooled to room temperature, or irradiated
with ultraviolet light for curing and shaping. (C) Spray molding hydrogel preparation process: The spray gun sprays two precursor solutions
onto the irregular wound surface, quickly forming a uniform hydrogel layer. (D) Microneedle technology hydrogel preparation process: The drug
is loaded onto the microneedle array. The tip of the microneedle can penetrate the skin stratum corneum and release the drug encapsulated
inside.

microcapsules, or microfibers with uniform size and con- 3D printing

trolled structure. Examples include fabricating BSPMA

hydrogel microspheres (HMs) loaded with PPD-liposomes 3D printing allows layer-by-layer construction of hydrogel
[135] and pH-responsive MCP microcapsules for probiotic ~ scaffolds with complex 3D architectures and gradient func-
encapsulation [144]. tionalities tailored to specific wound shapes and needs. For
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example, 3D printing using bioinks based on GEP and CMC
mixtures [60].

Electrospinning

Electrospinning produces nano/micro-scale fiber membranes
and is often combined with hydrogels to create composite
dressings leveraging the advantages of both fibrous scaffolds
and hydrogel matrices.

Spray forming

Spray forming allows rapid in sifu gelation by spraying pre-
cursor solutions onto the wound, particularly suitable for
large, irregular wounds. An example of spray forming is
the dual-component spray system of CSMA/FA and OBSP,
which forms a hydrogel film via dual Schiff base and photo
cross-linking [134].

Microneedle technology

Fabricating hydrogels into microneedle arrays enables pain-
less penetration of the stratum corneum for efficient transder-
mal delivery of drugs or active agents into the epidermis or
dermis. Examples of microneedle arrays include KD-loaded
HA-based hydrogel microneedles and conductive polyphe-
nol microneedles for diabetic wound treatment [142, 145].

Researchers can tailor TCMP-based hydrogel dressings
to meet specific clinical needs through these sophisticated
fabrication strategies, endowing the TCMP-based hydrogen
dressings with favorable physical properties and the ability
to actively participate in and modulate the complex wound
healing process.

Mechanical properties and
degradation behavior of
TCMP-based hydrogels

A systematic comparison of mechanical properties and
degradation behavior among TCMP-based hydrogels is
presented to reveal clear structure-property relationships.
DN hydrogels, such as OBSP/Gel-ADH/TP, exhibit sig-
nificantly enhanced mechanical strength and toughness
via synergistic Schiff-base and hydrogen bonding [56].
Similarly, OKGM/CMCS DN hydrogels achieve improved
compressive modulus through increased crosslinking den-
sity, while PVA/DOP DN hydrogels demonstrate superior
elasticity [74, 132]. In contrast, physically crosslinked
hydrogels (e.g., Ca**-crosslinked GP) show lower mechan-
ical strength but offer rapid gelation and injectability [51].
Schiff-base crosslinked hydrogels exhibit pH-responsive
degradation, which accelerates in the acidic microenviron-
ment of infected chronic wounds [54, 131]. Most TCMP
hydrogels are designed to degrade within 7-21 days in
vivo, matching the proliferative phase of diabetic wound

healing [56, 105]. Correspondingly, in vitro degradation
studies typically show similar or slightly faster degrada-
tion rates, depending on the testing medium (e.g., PBS,
collagenase, lysozyme, or simulated wound fluid) [61,
122]. However, the lack of standardized testing protocols
for in vitro and in vivo degradation currently limits direct
cross-study comparison and clinical translation because
key parameters, such as Young’s modulus, elongation at
break, in vitro degradation medium composition, enzyme
concentration, sampling intervals, and full in vivo degrada-
tion curves, are inconsistently reported.

Unique advantages of TCMP-based
hydrogels

Although conventional hydrogels have demonstrated util-
ity as wound dressings, conventional hydrogels often func-
tion primarily as passive scaffolds or inert delivery vehicles
[146]. This category includes materials derived from syn-
thetic polymers, such as polyvinyl alcohol and polyacryla-
mide, as well as common natural polysaccharides, including
alginate, CS, and hyaluronic acid [147]. In contrast, hydro-
gels constructed from TCMPs exhibit distinct advantages
that position the hydrogels as next-generation active thera-
peutic materials. These advantages can be broadly catego-
rized into three interconnected features: natural multi-target
bioactivity; superior biocompatibility and safety; and inher-
ent structural modifiability.

Natural multi-target bioactivity

TCMP-based hydrogels possess intrinsic target therapeu-
tic activities that conventional hydrogels lack. BSP exhib-
its hemostatic and pro-angiogenic activity, APS is known
for immunomodulation and antioxidation, and DOP pro-
vides anti-inflammatory and moisturizing effects, as
shown in Figure 6 [94, 148-150]. These inherent bioac-
tivities enable TCMP hydrogels to simultaneously address
multiple pathological features of chronic wounds, includ-
ing inflammation, oxidative stress, impaired vasculariza-
tion, and infection [61, 113, 151]. Conventional hydrogels
require exogenous drug loading to achieve similar thera-
peutic effects, which increase complexity, cost, and sta-
bility concerns [152]. TCMP hydrogels overcome these
limitations through bioactivity intrinsically linked to the
structure.

Excellent biocompatibility and safety

TCMPs derive from medicinal plants with centuries of
clinical use in TCM, providing a unique empirical foun-
dation for their safety. The majority of TCMPs are con-
stituted of naturally occurring monosaccharides that are
linked by glycosidic bonds. These bonds are recogniza-
ble to endogenous enzymes, thereby facilitating predicta-
ble biodegradation into non-toxic metabolites [153, 154].
Both in vitro and in vivo evaluations consistently confirm
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Figure 6 lllustration of the sources, structural characteristics, core biological activities of key polysaccharides in Traditional Chinese Med-
icine, and corresponding stages of wound healing in the treatment of diabetic foot. (A) In the hemostasis stage of the treatment process for
diabetic foot, BSP can cause platelet deformation and aggregation by activating the ADP receptor signaling pathway, thereby exerting a
hemostatic effect. (B) In the inflammatory stage of the treatment process for diabetic foot, APS, GEP, DOP, and LNT can exert anti-inflamma-
tory effects through promoting the polarization of macrophages to M2 type, antioxidation, and antibacterial pathways. (C) KGM can promote
angiogenesis by up-regulating VEGF in the proliferation stage of the treatment process for diabetic foot. (D) DOP can up-regulate TIMP-2 and
inhibit the expression of MMP-2 mRNA in the healing stage of the treatment process for diabetic foot, promoting the secretion of collagen by
adult skin fibroblasts HSFs, thereby accelerating the repair of diabetic foot skin wounds.

high safety with cytotoxicity assays showing excellent cell is comparable or superior to many synthetic polymers
viability and implantation studies revealing only mild tran-  [48]. Furthermore, physical crosslinking strategies avoid
sient inflammatory responses that resolve over time, which  toxic chemical residues and even chemically crosslinked
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systems utilize biocompatible reactions, such as Schiff
base formation without hazardous catalysts [155]. In con-
trast, conventional synthetic hydrogels may raise concerns
regarding monomer toxicity, non-degradable polymer
accumulation, or inflammatory responses to degradation
byproducts.

Inherent structural modifiability

The polysaccharide chains of TCMPs carry abundant func-
tional groups (primarily hydroxyl and carboxyl moieties),
which serve as versatile handles for chemical modification
and crosslinking [156]. This structural richness enables mul-
tiple design strategies. Chemical derivatization allows the
introduction of new functional groups. For example, oxida-
tion of hydroxyl groups to aldehydes produces derivatives,
such as OBSP and OKGM [46, 56, 105]. These aldehydes
readily form dynamic Schiff base bonds with amino groups,
imparting injectability and self-healing properties to the
resulting hydrogels.

Applications and mechanisms
underlying TCM polysaccharide-
based hydrogels in skin wound
healing

Building on the preceding overviews of TCMP bioactivities
and hydrogel fabrication strategies, this part now explores
the specific applications and mechanisms underlying skin
wound healing. The intrinsic properties of TCMPs, includ-
ing anti-inflammatory, antioxidant, immunomodulatory,
and pro-angiogenic activities, together with the crosslink-
ing and fabrication methods that transform the TCMPs into
functional platforms, provide the foundation for therapeutic
efficacy. The following discussion focuses on how these engi-
neered hydrogel systems perform in different wound models,
examining the regulatory mechanisms across each phase of
healing from hemostasis to tissue remodeling. By integrating
recent representative advances, this overview elucidates the
synergistic, multi-target actions through which TCMP-based
hydrogels promote wound repair, offering insights for the
clinical translation.

The combination of the excellent bioactivities of TCMPs
and the unique physicochemical properties of hydrogels
offers highly promising therapeutic strategies for skin wound
healing, particularly for challenging chronic non-healing
wounds. Hydrogels based on TCMPs not only serve as phys-
ical barriers, maintain a moist environment, and absorb exu-
date but also actively intervene in multiple pathophysiologic
aspects of the healing process by releasing the polysaccha-
ride or loaded active components. These interventions target
key stages, such as hemostasis, infection control, inflam-
mation modulation, oxidative stress regulation, angiogene-
sis, cell proliferation and migration, and tissue remodeling,
which are shown in Figures 6 and 7.

Rapid hemostasis

Rapid and effective hemostasis following injury represents
the crucial first step in initiating the normal healing process,
particularly in cases of severe hemorrhage. Some TCMPs,
such as BSP, are highly regarded for their inherent hemo-
static properties. Hydrogels based on BSP exert hemostatic
function through multiple mechanisms: First, the hydro-
gels achieve physical absorption and concentration by rap-
idly absorbing the aqueous components of blood, thereby
concentrating erythrocytes, platelets, and clotting factors
directly at the wound site [52, 59]. Second, BSP actively pro-
motes platelet aggregation and activation through molecular
interactions with platelet surfaces, triggering the release of
coagulation-related factors [59]. In addition, evidence sug-
gests that BSP may activate the intrinsic coagulation path-
way, further accelerating the clotting cascade.

Studies have demonstrated that hydrogels based on BSP
and BSP derivatives (e.g., OBSP) exhibit superior hemostatic
performance in various animal bleeding models (e.g., mouse
liver injury and tail amputation models), significantly reduc-
ing bleeding time and blood loss compared to traditional
gauze or other controls [52, 54, 59]. For example, a self-
healing hydrogel (BG-gel) formed by Schiff base crosslink-
ing between OBSP and cationic gelatin showed much shorter
hemostasis times in mouse liver and tail bleeding models
compared to control and gauze groups [54]. Another study
using a BSP/polyacrylic acid (PAA) IPN hydrogel prepared
by free-radical polymerization also demonstrated good in
vivo hemostatic capability [52]. These findings confirm
the potential of BSP-based hydrogels as rapid hemostatic
dressings.

Combating infection

Infection is a primary cause of wound healing failure, par-
ticularly in diabetic wounds or extensive burns. The pres-
ence of bacteria (especially resistant strains, like MRSA) and
biofilm formation triggers persistent inflammation, damages
newly formed tissue, and severely impedes healing. TCMP-
based hydrogels use various strategies to combat wound
infection.

Utilizing intrinsic antibacterial properties

CS and CS derivatives (e.g., CMC and CSMA), are often
used as blending components in TCMP hydrogels. CS and
CS derivatives possess inherent broad-spectrum antibacte-
rial activity, primarily by disrupting bacterial cell membrane
integrity [58, 134]. Some TCMPs, like BSP, have also been
reported to exhibit moderate antibacterial effects [55].

Loading antibacterial
molecules

drugs or active

Encapsulating antibiotics, antimicrobial peptides, natural
antibacterial molecules (e.g., berberine [BBR]), or essential
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teria, increased M2 macrophages, and promotion of angiogenesis.

oils within the TCMP hydrogel matrix allows for local-
ized, sustained release. For example, a self-healing hydro-
gel based on OKGM and CMCS loaded with BBR and
exosomes (Exos) effectively inhibited E. coli and S. aureus
in vitro and in vivo, successfully treating infected wounds
in mice [131].

Combining photothermal/photodynamic
therapy

Combining photothermal/photodynamic therapy (PTT/PDT)
introduces nanomaterials capable of absorbing light and
generating heat or ROS (e.g., MXene@TiO, and Fe3*-doped
nanoparticles [PF NPs]) [31, 130]. Upon near-infrared (NIR)
light irradiation, localized hyperthermia or ROS production
kills bacteria. For example, a GA/OKGM hydrogel loaded
with MXene @TiO, combined with NIR irradiation and elec-
trical stimulation achieved effective bacterial clearance and

enhanced healing in an MRS A-infected wound model [31].
An OKGM/CS-Arg hydrogel loaded with PF NPs generated
mild photothermal effects (~45°C) under NIR, effectively
killing MRSA while synergistically promoting cell migra-
tion and angiogenesis [130].

Utilizing nanozymes

Utilizing nanozymes integrates nanomaterials with enzyme-
mimicking activities. For example, MnO, nanozymes in an
APS/MnO, hydrogel exhibit peroxidase (POD)-like) and
catalase (CAT)-like) activities. The nanozymes decom-
pose endogenous H,O, to produce O,, alleviating hypoxia
and potentially inhibiting anaerobic bacteria or altering the
microenvironment [49].

The integration of these antibacterial strategies endows
TCMP-based hydrogels with significant advantages in man-
aging infected wounds.
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Inflammation modulation and
immunoregulation

While inflammation is an essential initial phase of wound
healing, uncontrolled or prolonged inflammatory responses,
which are characteristic of chronic wounds, significantly
hinder the repair process. Macrophages have a central reg-
ulatory role and the timely phenotypic transition from the
pro-inflammatory M1 state to the pro-resolving M2 phe-
notype is crucial for healing progression. TCMPs and their
derived hydrogels have demonstrated effectiveness in mod-
ulating the inflammatory wound microenvironment through
several interconnected mechanisms.

A key aspect of the immunomodulatory activity lies
in regulating macrophage polarization. Hydrogels con-
structed from GLP [105], LNT [157, 158], APS [49], and
BSP [55], among others, have been shown in vitro and in
vivo to induce M2 macrophage polarization. This finding is
evidenced by upregulated expression of M2 markers (e.g.,
CD206, Arg-1, and IL-10) and downregulated expression of
M1 markers (e.g., iNOS, CD86, TNF-«, and IL-1f). This
polarization shift helps resolve excessive inflammation and
promotes angiogenesis and tissue regeneration. In addition,
these hydrogels contribute to modulating inflammatory
cytokine secretion. By inhibiting inflammatory signaling
pathways, like NF-xB and MAPK, TCMP-based hydrogels
can reduce the production of pro-inflammatory cytokines
(TNF-a, IL-1p, and IL-6) while potentially promoting anti-
inflammatory cytokines, like IL-10 [159—-161]. For example,
DOP-based hydrogels exert anti-inflammatory effects by
inhibiting the NF-xB pathway [74]. Microneedle hydrogels
loaded with KD have been shown to suppress macrophage
glycolysis by inhibiting the IRE1a/XBP1 signaling axis,
promoting M2 polarization, and alleviating inflammation
[145]. In addition to macrophages, TCMPs may also influ-
ence other immune cells, including neutrophils and lym-
phocytes, contributing to a more balanced and coordinated
immune response that supports overall tissue homeostasis.

Through a combination of immunomodulatory mecha-
nisms that include reprogramming macrophage polariza-
tion, regulating cytokine profiles, and modulating broader
immune cell activity, TCMP-based hydrogels are capable of
actively transforming the dysregulated inflammatory envi-
ronment characteristic of chronic wounds. By shifting the
wound microenvironment from a state of persistent inflam-
mation to one that supports resolution and healing, these
functional hydrogels directly address a core pathophysio-
logic impediment. This reorientation establishes a more con-
ducive foundation for the subsequent stages of tissue repair
and regeneration.

Oxidative stress regulation

Chronic wounds, particularly diabetic ulcers, frequently
experience significant oxidative stress, characterized by an
imbalance between excessive ROS production and insuf-
ficient antioxidant defenses. Excess ROS can damage
cellular components, such as DNA, proteins, and lipids,
exacerbate inflammation, and impair cellular proliferation

and angiogenesis. TCMP-based hydrogels address this
challenge and regulate oxidative stress through several key
mechanisms. First, many TCMPs and the bioactive com-
pounds the TCMPs carry possess direct ROS scavenging
ability. TCMPs (e.g., APS, GEP, and DOP) and loaded phe-
nolic compounds (e.g., TP, catechin, FA, and PUE) pos-
sess the ability to directly scavenge various free radicals
[33, 162, 163]. For example, a GEP-based hydrogel loaded
with PUE showed good free radical scavenging ability in
vitro and mitigated oxidative stress in aging skin wounds
in vivo by activating the AMPK/DAF16 pathway [33]. A
dual-network hydrogel based on OBSP/Gel-ADH loaded
with TP also exhibited excellent antioxidant properties
[56]. Second, some TCMPs can enhance the endogenous
antioxidant capacity of cells. This is often achieved by acti-
vating critical intracellular antioxidant signaling pathways,
such as the Nrf2/HO-1 pathway, leading to the upregula-
tion of antioxidant enzymes (e.g., SOD, CAT, and GSH-Px)
and strengthening the cell defense mechanisms [164, 165].
Third, the incorporation of nanozymes with enzyme-
mimicking activity further bolsters antioxidant function.
For instance, MnO, nanozymes exhibit catalase-like activ-
ity, decomposing hydrogen peroxide (H,O,) and thereby
reducing ROS levels in the wound microenvironment [49].

By effectively mitigating oxidative stress through these
combined strategies, TCMP-based hydrogels help establish
a more favorable biochemical environment that supports cell
viability, reduces inflammatory damage, and promotes tissue
regeneration [166].

Promoting angiogenesis

Neovascularization is critical during the proliferative phase
of healing by supplying essential oxygen and nutrients and
removing metabolic waste [167]. Angiogenesis is often
impaired in chronic wounds, especially diabetic wounds.
TCMP-based hydrogels promote angiogenesis through sev-
eral mechanisms.

Upregulating key growth factors

Polysaccharides, like BSP, APS, LBP, DOP, and LNT, have
been shown to stimulate local cells (e.g., macrophages and
fibroblasts) or act directly on endothelial cells to upregulate
the expression of key pro-angiogenic factors, like VEGF and
bFGF [55, 120, 135, 157, 168].

Promoting endothelial cell function

In vitro studies have demonstrated that TCMP treatment
can enhance the proliferation, migration, and tube forma-
tion capabilities of human umbilical vein endothelial cells
(HUVECS). For example, a GelMA hydrogel loaded with
LNT significantly enhanced HUVEC proliferation, migra-
tion, and tube formation under high glucose conditions,
potentially via activation of the AMPK/DAFI16 signaling
pathway [157].
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Improving the microenvironment

By reducing inflammation, mitigating oxidative stress,
and alleviating hypoxia (e.g., via MnO, nanozyme oxygen
generation), TCMPs create conditions conducive to neo-
vascularization. In vivo models treated with TCMP-based
hydrogels typically show a significant increase in new blood
vessel density (e.g., via CD31 immunohistochemical stain-
ing) at the wound site, indicating improved revascularization
and accelerated healing [169].

Enhancing cell proliferation and
migration

The proliferation and migration of fibroblasts and keratino-
cytes are essential processes for granulation tissue formation
and re-epithelialization during wound healing. TCMP-based
hydrogels promote these cellular behaviors through multiple
mechanisms, including direct stimulation of cell signaling
pathways, indirect modulation of the wound microenviron-
ment, and provision of a biomimetic scaffold that supports
cell adhesion and motility.

Direct stimulation

Several TCMPs have been shown to directly enhance the
proliferation and migration of skin cells. BSP promotes
fibroblast proliferation by activating the MAPK signal-
ing pathway [115, 170]. Studies using BSP-based hydro-
gels demonstrated significantly increased viability of 1.929
fibroblasts in CCK-8 assays with Ki67 immunostaining
confirming elevated proliferation rates [120]. Similarly, AP
stimulates keratinocyte proliferation and migration through
upregulation of the EGFR/PKC-dependent signaling path-
ways, as evidenced by scratch wound assays showing accel-
erated closure of HaCaT monolayers [116]. DOP has been
reported to stimulate fibroblast proliferation via the PI3K/
Akt signaling axis [7].

Indirect stimulation

Modulation of the wound microenvironment (reducing
inflammation/oxidative stress and increasing growth factor
concentration) indirectly promotes cellular functions. For
example, GLP hydrogels promote M2 macrophage polari-
zation, which in turn secretes growth factors, such as TGF-
f, that stimulate fibroblast activity [105]. The antioxidant
activity of TCMPs, including ROS scavenging by APS and
GEP, protects cells from oxidative damage and preserves the
proliferative capacity [33, 49].

Providing a biomimetic scaffold

The 3D network structure of the hydrogel provides physical
support for cell adhesion, growth, and migration, mimicking
the role of the natural ECM. In vitro cell assays (e.g., CCK-8

proliferation, scratch, and Transwell migration assays) and
in vivo histologic analyses (e.g., Ki67 immunostaining) con-
firm the positive effects of TCMP-based hydrogels on fibro-
blast and keratinocyte functions, directly contributing to
granulation tissue formation and wound closure [120, 171].

Facilitating ECM remodeling and
reducing scarring

The final phase of healing involves ECM remodeling and
scar maturation. Ideal healing aims to restore the original
tissue structure and function with minimal scarring. TCMP-
based hydrogels may influence ECM remodeling through
the following ways.

Promoting organized collagen deposition

Histologic analysis (e.g., Masson’s trichrome staining) of
wounds treated with many TCMP-based hydrogels shows
increased deposition of collagen (types I and III) with an
organization more similar to the reticular pattern of normal
skin, rather than the parallel bundles present in scar tissue
[33, 120]. This relates to the modulation of fibroblast func-
tion by TCMPs.

Regulating MMP/TIMP balance

ECM remodeling requires precise control of matrix metal-
loproteinases (MMPs) and their tissue inhibitors (TIMPs).
Excessive MMP activity, which is characteristic of chronic
wounds, leads to premature degradation of newly formed
ECM, while insufficient activity impairs remodeling. TCMP-
based hydrogels help restore MMP/TIMP balance through
multiple mechanisms. Studies have shown that APS down-
regulates MMP-9 expression, while upregulating TIMP-1 in
diabetic wounds, thereby protecting newly deposited colla-
gen from excessive degradation [120]. The antioxidant prop-
erties of TCMPs also contribute to MMP regulation because
ROS are known to activate MMPs through oxidative modifi-
cation of the pro-domain [110].

Inhibiting excessive fibrosis

TCMPs may help suppress the fibrotic processes that lead
to excessive scarring (e.g., hypertrophic scars and keloids)
by exerting anti-inflammatory and antioxidant effects and
modulating fibroblast/myofibroblast activity. For example,
hydrogels loaded with HPCE showed potential anti-fibrotic
effects [172] and Trichosanthes polysaccharide-based hydro-
gels were reported to reduce scar hyperplasia [173].

Promoting skin appendage regeneration

Some studies observed better regeneration of skin append-
ages, like hair follicles in wounds treated with TCMP-based
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hydrogels compared to controls, suggesting promotion of
repair closer to intact skin structure [174]. Histologic exam-
ination of healed wounds revealed nascent hair follicle
structures in APS hydrogel-treated groups, whereas control
wounds showed only fibrotic tissue [120]. Similarly, BSP-
based hydrogels promoted regeneration of sebaceous glands
and partial hair follicle recovery in diabetic wound mod-
els [55]. This appendage regeneration suggests that TCMP
hydrogels support a more complete, scarless healing process
rather than simple wound closure.

In summary, TCMP-based hydrogels facilitate ECM
remodeling through promotion of organized collagen dep-
osition, regulation of MMP/TIMP balance, inhibition of
excessive fibrosis, and support of skin appendage regener-
ation. These effects contribute to improved structural and
functional outcomes, moving beyond simple wound closure
toward true tissue regeneration.

Antioxidant/immune regulatory
hydrogels for diabetic wounds

The complex pathologic microenvironment of chronic
wounds, particularly diabetic ulcers, is characterized by per-
sistent inflammation, excessive oxidative stress, hypoxia,
impaired angiogenesis, and heightened susceptibility to
infection. These multifaceted abnormalities often ren-
der single function dressings inadequate. Consequently,
developing multifunctional TCMP based hydrogels that
integrate complementary properties, such as antibacterial,
anti-inflammatory, antioxidant, pro-angiogenic, and cell pro-
liferative activities, has emerged as a major research focus.
Through careful material selection, prioritizing TCMPs with
inherent multi-target bioactivities, combined with chemi-
cal modification, incorporation of functional components
including nanozymes, drugs, growth factors, and Exos, and
advanced structural design, such as double network and IPN,
researchers have engineered various multifunctional systems
tailored to diabetic wound environments.

APS/MnO, nanozyme hydrogel

This system combines the immunomodulatory and antiox-
idant activities of APS with the multifunctional effects of
MnO, nanozymes. The MnO, nanozymes exhibit catalase-
and peroxidase-like activities, enabling the nanozymes to
decompose endogenous H,O, to generate oxygen, thereby
alleviating wound hypoxia. Simultaneously, the nanozymes
scavenge excess ROS, reducing oxidative stress. The APS
component further promotes M2 macrophage polarization
and modulates the inflammatory microenvironment. This
synergistic approach effectively improves the hypoxic and
oxidative stress conditions characteristic of diabetic wounds,
which accelerates healing [49]. The APS/MnO, hydrogel
offers simpler composition and lower cost compared to pho-
tothermal or exosome-loaded systems but the relatively weak
mechanical strength limits use in load-bearing or deeply
undermined wounds.

OKGM/CS-Arg/PF NP hydrogels

This multifunctional hydrogel system is constructed by
integrating PF NPs into a dynamic Schiff base crosslinked
network formed between OKGM and arginine-modified
chitosan (CS-Arg). The OKGM/CS-Arg matrix provides
inherent self-healing and injectable properties due to revers-
ible imine bonds, allowing the hydrogel to adapt to irregular
wound shapes and autonomously repair structural damage.
PF NPs, which are composed of Fe**-doped polydopamine
nanoparticles, contribute multiple therapeutic functions. PF
NPs exhibit mild photothermal effects under near-infrared
irradiation that effectively kill MRSA without causing ther-
mal damage to surrounding tissues. PF NPs possess intrinsic
antioxidant activity that scavenges reactive oxygen species
and they promote M2 macrophage polarization, thereby
modulating the inflammatory microenvironment. This inte-
grated system synergistically combines physical antibac-
terial effects, chemical antioxidant activity, and biological
immunomodulation for comprehensive treatment of infected
wounds [130]. Unlike antibiotic-based hydrogels, this sys-
tem avoids drug resistance issues, yet the dependence on
near-infrared (NIR) irradiation and the mild photothermal
effect (~45 °C) require careful dose control to avoid insuffi-
cient bacterial killing.

OKGM/CMCS + BBR + Exo hydrogels

This composite hydrogel system is fabricated by incorporat-
ing BBR and Exos into a dynamic Schiff base crosslinked
network of OKGM and CMCS. The OKGM/CMCS matrix
imparts self-healing and injectable characteristics through
reversible covalent bonding, enabling minimally invasive
application and prolonged structural integrity at the wound
site. BBR, a natural alkaloid with broad-spectrum antibac-
terial activity, provides effective clearance of wound patho-
gens. The Exos, which are derived from mesenchymal stem
cells, deliver a rich cargo of growth factors, cytokines, and
microRNAs that collectively promote angiogenesis, modu-
late inflammatory responses, and stimulate cell proliferation
and migration. The combination achieves synergistic ther-
apeutic effects. BBR creates a bacteria-controlled environ-
ment conducive to healing, while Exos actively drive tissue
regeneration, resulting in accelerated infected wound closure
with reduced inflammation and enhanced vascularization
[131]. In contrast to the GA/OKGM+MXene @TiO, system,
this hydrogel achieves antibacterial activity without exter-
nal equipment but the high cost and limited stability of Exos
pose challenges for clinical translation.

GA/OKGM + MXene@TiO, hydrogels

This advanced hydrogel system is constructed by incor-
porating MXene@TiO, nanosheets into a GA and OKGM
composite matrix. The hydrogel network is formed through
multiple interactions, including hydrogen bonding and
dynamic covalent Schiff base linkages, providing structural
stability and self-healing capacity. MXene @TiO, nanosheets
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serve as multifunctional nanoagents with several key prop-
erties. MXene@TiO, nanosheets exhibit strong photother-
mal conversion efficiency under NIR irradiation, generating
localized hyperthermia that effectively eliminates bacteria,
including drug-resistant strains. MXene@TiO, nanosheets
possess photocatalytic activity that produces ROS to enhance
antibacterial effects. In addition, MXene @TiO, nanosheets
confer electrical conductivity to the hydrogel matrix. This
conductive property enables synergistic combination with
exogenous electrical stimulation, which has been shown to
promote cell migration, proliferation, and angiogenesis. The
integrated system thus combines photothermal antibacterial
therapy, photocatalytic disinfection, and electrical stimula-
tion within a single wound dressing platform for comprehen-
sive infected wound management [31]. Although this system
provides the strongest antibacterial effect among all listed
hydrogels (>99% MRSA killing), the system requires spe-
cialized NIR devices and carries a risk of thermal damage if
irradiation parameters are not precisely optimized.

OBSP/Gel-ADH + TP hydrogels

This double network hydrogel is engineered by combin-
ing OBSP, adipic acid dihydrazide-modified gelatin (Gel-
ADH), and TPs. The first network forms through dynamic
Schiff base reactions between aldehyde groups on OBSP
and hydrazide groups on Gel-ADH, providing injectability
and self-healing properties. The second network arises from
hydrogen bonding and hydrophobic interactions among TP
molecules, significantly enhancing mechanical strength
and toughness. OBSP retains the intrinsic hemostatic and
pro-healing activities of native BSP. Gel-ADH provides cell
adhesion sites supporting fibroblast attachment and prolifer-
ation. TPs deliver potent antioxidant and anti-inflammatory
effects by scavenging ROS and inhibiting pro-inflammatory
cytokine production. This design achieves both robust
mechanical performance suitable for wound protection and
multifunctional bioactivity for accelerated tissue regen-
eration [56]. This double-network design offers superior
mechanical strength and antioxidant activity compared to
single-network hydrogels, making the design more suitable
for wounds under mechanical stress, although the fabrication
is more complex.

CSMA/FA/OBSP spray hydrogels

This sprayable hydrogel combines CSMA, FA, and OBSP
for rapid in situ gelation via dual crosslinking. Upon spray-
ing, Schiff base reactions between OBSP aldehyde groups
and CSMA amino groups form an initial gel within seconds.
Subsequent UV irradiation triggers CSMA photopolymeri-
zation, creating a secondary network that enhances mechan-
ical strength. This spray format enables uniform coverage
of irregular, dynamic wounds. CSMA provides antibacte-
rial activity and photocuring capability. FA offers antioxi-
dant effects by scavenging free radicals and OBSP delivers
pro-healing effects, including hemostasis and fibroblast
promotion. The system achieves rapid protection, bacterial

inhibition, and active healing for complex wound scenarios
[134]. The spray format enables rapid coverage of irregu-
lar wounds, a unique advantage over pre-formed hydrogels.
However, the dual crosslinking (Schiff base + photocuring)
increases procedural complexity and requires UV equipment.

KD-loaded HAQA microneedles

This microneedle platform encapsulates macrophage mem-
brane-coated kinsenoside (M-KD) within an antibacterial
and antioxidant hyaluronic acid-based microneedle matrix
(HAQA-MN). The HAQA matrix, modified with quater-
nary ammonium and antioxidant groups, provides structural
support for skin penetration and transdermal delivery. The
macrophage membrane coating enables immune evasion
and targeted delivery to inflammatory cells. KD, a bioactive
compound derviedfrom Anoectochilus roxburghii, promotes
M2 polarization and reduces inflammation by inhibiting the
IRE1a/XBP1 signaling axis. This design achieves painless
stratum corneum penetration, sustained KD release, and
combined targeting with antibacterial/antioxidant activity for
comprehensive diabetic wound treatment [ 145]. Microneedle
technology allows painless transdermal delivery and targeted
immunomodulation, offering advantages for chronic DFUs
with poor drug penetration but the manufacturing process is
sophisticated and the dosage per patch is limited.

In summary, these multifunctional designs embody the
principle of multi-target intervention for complex wound
pathologies and generally demonstrate superior therapeutic
outcomes in animal models compared to single-function con-
trols. Photothermal systems (GA/OKGM+MXene@TiO,)
or high-dose antibacterial carriers (OKGM/CMCS+BBR)
are preferred for infected DFUs with biofilm formation,
despite the equipment dependence or cost. Exo- or growth
factor-loaded platforms (OKGM/CMCS+BBR+Exo0) offer
superior regenerative outcomes for ischemic or poorly gran-
ulating wounds at the expense of stability and expense. For
superficial, non-infected diabetic wounds, simpler and more
cost-effective options, such as APS/MnQO, or OBSP/Gel-
ADH/TP hydrogels, may suffice. Future designs should aim
to combine the strengths of multiple strategies while mitigat-
ing the respective limitations.

Combination therapy strategies

Combining TCMP-based hydrogels with other physical or
biological therapies may yield synergistic benefits (Table 5).

Combination with electrical stimulation

(ES)

Endogenous electric fields play a role in wound healing and
exogenous ES is thought to promote cell migration, angi-
ogenesis, and inhibit infection. Conductive TCMP-based
hydrogels (e.g., APS/CMC/SA/PPy hydrogels) can serve
as electrodes or conduits for electrical signals, potentially
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Table 5 Summary of in vivo Efficacy of Representative TCM Polysaccharide Hydrogels in Wound Healing Models

TCMP Hydrogel System Wound Model Key Healing Outcomes Main Mechanism Ref
(Composition, Key Feature) Highlighted
OBSP/cationic gelatin (Schiff ~ Mouse full-thickness skin  Accelerated healing, Tcollagen, Hemostasis, promotes [54]

base, self-healing) defect Jinflammation cell proliferation

OGLP/CMC/SA (Schiff base/  Diabetic rat full-thickness  Accelerated healing, Tangiogenesis, M2 macrophage polari- [105]
ionic, DN) skin defect Tcollagen, Yinflammation zation, antioxidant

LNT/GelMA Diabetic mouse full- Accelerated healing, TTangiogenesis AMPK/DAF16 activation [157]
(photocrosslinked, LNT thickness skin defect (CD31, VEGF), promotes M2 (potential), immunomod-
release) ulation, pro-angiogenic

Diabetic rat full-thickness
skin defect

APS/MnO, nanozyme (in situ
gel, O,-generating, antioxidant)

Accelerated healing, improved hypoxia,
J{ROS, promotes M2, Tcollagen/angio

Nanozyme activity (CAT/  [49]
POD-like), APS immuno-
mod./antioxidant

OKGM/CMCS + BBR + MRSA-infected mouse Accelerated healing, effective bacterial Synergy: BBR (antibac- [131]
Exo (Schiff base, injectable, full-thickness defect clearance, linflammation, Tangio/col- terial) + Exo (pro-repair),
self-healing) lagen hydrogel barrier
GEP + PUE/gelatin D-galactose-induced Accelerated healing, TSOD/GSH-Px, Antioxidant (activates [33]
microspheres (thermosensitive, aging mouse skin wound ~ {MDA, Tcollagen, Tangiogenesis AMPK/DAF16), anti-in-
PUE release) flammatory
CSMA/FA/OBSP (spray, dual MRSA-infected rat/mini- Accelerated healing, antibacterial, Rapid film formation, [134]
crosslink: Schiff + photo) pig skin defect hemostasis, promotes fibroblast recruit- synergy (FA antioxidant,
ment CSMA antibacterial,
OBSP pro-healing)
Conductive polyphenol MN +  Diabetic rat skin wound Accelerated healing, Yinflammatory Synergy: local (MN+ES) [142]
electroacupuncture cytokines, Tangiogenesis, alleviates & systemic (EA neuro-im-
depression mune modulation)
HAQA-MN + M-KD Diabetic/infected mouse  Accelerated healing, {Jinflammation (IL.-  Targets macrophage me-  [145]
(microneedle, macrophage skin wound 6, TNF-«), promotes M2, antibacterial, tabolism (inhibits IRE1a/
membrane-coated KD antioxidant XBP1), MN delivery,
release) membrane coating
. s BSP pro-healing, CMC
BSP/CMC/carbomer 940 Diabetic rat skin wound Accelerated healing, promotes epithelial- moisturizing, carbomer [135]

(composite hydrogel)

ization & granulation, Jinflammation

thickening

Note: Arrows indicate the direction of change in key cytokine or protein compared with the control group: T indicates increase/upregulation;
T indicates a highly significant increase; | indicates decrease/downregulation; 44 indicates a highly significant decrease.

enhancing the efficacy of ES in treating diabetic wounds
[61]. One study combined conductive polyphenol micronee-
dles with electroacupuncture (EA) using local wound
intervention and distal acupoint stimulation (modulating
neuro-immune-endocrine networks) to synergistically pro-
mote diabetic wound healing and alleviate depressive-like
behaviors [142].

Combination with photobiomodulation
(PBM)

Low-level light therapy (LLLT) using specific wavelengths
(e.g., red and near-infrared) has shown anti-inflammatory
effects and promotes cell proliferation and angiogenesis.
Combining TCMP-based hydrogels (e.g., LBP-rich hydro-
gel) with PBM might synergistically repair UV-induced pho-
todamage [175].

Biosafety evaluation

Biosafety is paramount for the clinical application of medical
materials. TCMP-based hydrogels reported in the literature
generally undergo necessary biocompatibility assessments.

In vitro cytotoxicity

Most studies use MTT or CCK-8 assays to evaluate the toxic-
ity of hydrogel extracts on relevant cell lines (e.g., fibroblasts
1929, NIH-3T3, keratinocytes HaCaT, and endothelial cells
HUVEC:). The results typically show good cytocompatibil-
ity within some concentration ranges with high cell viability
[65, 135]. Live/dead staining is also commonly used to visu-
alize cell viability on the hydrogel surface [120, 176].

Hemocompatibility

Hemolysis assays assess the damage to red blood cells upon
contact with the material. Reported TCMP-based hydrogels
usually exhibit low hemolysis rates (< 5%), which meets
standards for medical materials [137, 177].

In vivo biocompatibility

Histopathologic examination (e.g., H&E staining) of tis-
sues after subcutaneous implantation or wound application
assesses local inflammatory response and tissue compatibil-
ity. The results generally indicate good tissue compatibility
for TCMP-based hydrogels, inducing only mild, transient
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inflammation that resolves over time, without significant
necrosis or fibrous encapsulation [178, 179].

In summary, functional hydrogels based on TCM poly-
saccharides, through their unique bioactivities and tunable
physicochemical properties, can positively influence multi-
ple critical stages of wound healing. The multi-target, mul-
ti-pathway mechanisms offer new directions for developing
more effective therapeutic strategies, especially for complex,
non-healing chronic wounds.

Challenges and future
perspectives

Functional hydrogels based on TCMPs have demonstrated
significant potential and unique advantages in the field of
skin wound healing. Through ingenious material design and
functional integration, researchers have developed various
advanced dressings possessing multiple activities, including
hemostatic, antibacterial, anti-inflammatory, antioxidant,
pro-angiogenic, and cell-proliferative properties, yielding
encouraging results in vitro and in animal models. However,
translating these research achievements into safe, effective,
and widely applicable clinical products still faces numerous
challenges. Concurrently, advances in materials science,
biology, and TCM offer new opportunities and future direc-
tions for this field.

Guiding principles from TCM for
hydrogel design

TCM is not merely a collection of medicinal materials but a
comprehensive theoretical system developed over millennia
of clinical practice. Several core TCM principles offer valua-
ble guidance for the rational design of polysaccharide-based
hydrogels for wound healing, providing a conceptual frame-
work that distinguishes TCMP-based materials from conven-
tional dressings.

Holism

The TCM concept of holism emphasizes the human body
as an integrated system where local wound healing is influ-
enced by systemic status. This principle aligns with the mod-
ern understanding that chronic wounds, particularly diabetic
ulcers, reflect systemic metabolic and immunologic dysfunc-
tion rather than isolated tissue defects. TCMP-based hydro-
gels embody this holistic perspective by not only providing
local wound coverage but also delivering bioactive polysac-
charides that exert systemic immunomodulatory effects. For
example, APS and LNT modulate macrophage polarization
and systemic immune responses, addressing the underlying
immune dysregulation that perpetuates chronic wounds [49,
157]. This holistic approach suggests that optimal wound
dressings should consider both local and systemic factors, a
perspective increasingly validated by contemporary research.

Treatment based on syndrome differentiation

TCM treats wounds according to the specific “syndrome”
patterns, which encompass both local manifestations and
systemic status. This principle inspires the design of wound
dressings tailored to specific pathologic features, moving
beyond one-size-fits-all approaches. For infected wounds
with heat-toxin syndrome, hydrogels incorporating potent
antibacterial agents, such as BBR or photothermal nanopar-
ticles provide targeted intervention [31, 131].

According to TCM, DFUs can be categorized into three
patterns: (1) The Qi-Yin deficiency pattern exhibits shortness
of breath, spontaneous sweating, fatigue, and heavy or numb
limbs with occasional soreness and pain. Ulcers are superfi-
cial and pale with scant exudate. (2) The Qi deficiency with
a blood stasis pattern exhibits fatigue, shortness of breath,
spontaneous sweating, limb numbness, purplish-dark skin,
and non-healing ulcers with a thin, clear exudate. (3) The
damp-heat exuberance pattern exhibits facial flushing, thirst,
swelling or pain of the affected limb, bluish-purple toes, and
erythema and swelling of the ulcer surface with a copious,
thick, purulent discharge [180]. The following treatments are
available: (1) Huangqi Xiaoke decoction, Liuwei Dihuang
Wan, and Shengmai Yin are all effective for treating diabetic
foot patients with Qi-Yin deficiency. These formulas contain
herbs, such as Astragalus membranaceus, Rehmannia gluti-
nosa, and Ophiopogon japonicus. Therefore, treatment can
be combined with hydrogels containing APS, Rehmannia
polysaccharides, and Ophiopogon japonicus polysaccha-
rides [181-184]. (2) Huanglian Jiangtang Decoction, Simiao
Tongluo decoction, and Ruyi Jinhuang San effectively treat
diabetic foot patients with damp-heat exuberance. These for-
mulas contain herbs, such as Coptis chinensis, Scrophularia
ningpoensis, Rheum palmatum, and Trichosanthes kirilowii.
Therefore, treatment can be combined with hydrogels con-
taining Coptis chinensis polysaccharides, Scrophularia ning-
poensis polysaccharides, Rheum palmatum polysaccharides,
and Trichosanthes kirilowii polysaccharides [185-189]. (3)
Huanma Zhitong decoction and Buyang Huanwu decoc-
tion are effective for treating diabetic foot patients with Qi
deficiency and blood stasis. These formulas contain herbs,
such as Astragalus membranaceus and Angelica sinensis.
Therefore, treatment can be combined with hydrogels con-
taining APS and Angelica sinensis polysaccharides [183,
190, 191].

Monarch-Minister-Assistant-Courier
formulation principle

The “Monarch-Minister-Assistant-Courier” principle, which
has guided TCM formula composition for centuries, speci-
fies the hierarchical roles of different components in a thera-
peutic system. This hierarchical framework offers a rational
basis for designing multicomponent hydrogel systems. An
illustrative example could position APS as the monarch (pri-
mary immunomodulatory and antioxidant effects), BSP as
the minister (enhancing hemostasis and angiogenesis), TPs
as the assistant (providing additional antioxidant protection
while countering potential excessive inflammation), and
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the hydrogel matrix as the courier (enabling localized, sus-
tained delivery) [56]. Emerging studies on OKGM/CMCS/
BBR/Exo hydrogels similarly reflect this principle. The
hydrogel matrix serves as courier, BBR provides assistant
functions, and Exos deliver minister-like regenerative sig-
nals that enhance the monarch-like effects of the TCMP
components [131]. This structured approach to combination
therapy moves beyond empirical mixing toward rationally
designed synergistic systems guided by established thera-
peutic principles.

Compatibility and synergy

TCM emphasizes that properly combined ingredients
achieve effects greater than the sum of individual compo-
nents, a concept increasingly validated in modern TCMP
hydrogel research. The synergy arises from multiple mech-
anisms. Different components may target distinct but com-
plementary pathways. One component may enhance the
bioavailability or stability of another or the combination
may produce emergent properties not present in individual
components. The OKGM/CMCS/BBR/Exo hydrogel sys-
tem exemplifies such synergy. The hydrogel matrix provides
structural support and self-healing properties, BBR offers
antibacterial activity and Exos deliver regenerative signals
with the combination achieving superior healing outcomes
compared to any single component alone [131]. Similarly,
the combination of photothermal nanoparticles with immu-
nomodulatory polysaccharides produces synergistic antibac-
terial and pro-regenerative effects through complementary
mechanisms [130]. Understanding and quantifying these
synergistic interactions represents an important direction for
future research.
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Relevance to modern wound healing
concepts

Remarkably, these ancient TCM principles align closely
with our contemporary understanding of wound pathophys-
iology and modern biomaterials design. The holistic per-
spective corresponds to the recognition that chronic wounds
require systemic as well as local intervention with grow-
ing appreciation for neuro-immune-endocrine interactions
in wound healing. Syndrome differentiation parallels the
emerging concept of personalized medicine and the devel-
opment of wound microenvironment-responsive materials
that adapt to specific pathologic conditions. The monarch-
minister-assistant-courier framework provides a rational
basis for designing multi-component, multifunctional hydro-
gels that address multiple pathologic targets simultaneously,
an approach increasingly recognized as essential for com-
plex chronic wounds in which single-target interventions
prove insufficient. This convergence of traditional wisdom
and modern science positions TCMP-based hydrogels as
uniquely sophisticated therapeutic platforms that embody
principles validated by both millennia of clinical practice
and cutting-edge research.

Current research challenges

The translation of drug research into clinical practice
encounters a series of significant challenges at every stage,
from initial laboratory discovery to final clinical application.
The clinical translation of TCMP-based hydrogels requires
coordinated optimization across raw material standardiza-
tion, material fabrication, preclinical validation, and regula-
tory approval, as illustrated in Figure 8.

N

Basic research
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"" application :';’;z . . .
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e of each module are the challenges and difficulties faced in that stage.

24

H. Wang et al.: DOI: 10.15212/bioi-2026-0006



BIOI 2026

Standardization and quality control of raw
materials

Heterogeneity of Raw materials and structural
complexity

The standardization of TCMP-based hydrogels faces
inherent challenges stemming from both the natural var-
iability of herbal sources and the intrinsic structural com-
plexity of polysaccharides. Factors including geographical
origin, harvest time, and storage conditions of medicinal
herbs can significantly affect the content, structure, and
bioactivity of the polysaccharides, leading to inconsist-
ent product performance across batches [79, 192]. This
source variability is compounded by the structural heter-
ogeneity of TCMPs, which are often complex mixtures of
heteropolysaccharides with broad molecular weight dis-
tributions, diverse monosaccharide compositions, varied
glycosidic linkages and branching patterns, and multiple
modifications, such as acetylation. Precise structural elu-
cidation, including higher-order conformations, remains
analytically challenging, which limits deep understanding
of structure-activity relationships and impedes the estab-
lishment of meaningful quality control standards [79].
Establishing standardized protocols for herb cultivation,
harvesting, processing, and polysaccharide extraction and
purification is therefore essential for ensuring consist-
ent product quality and enabling meaningful comparison
across studies.

Extraction efficiency and purity

Current extraction methods may suffer from low efficiency,
high energy consumption, residual organic solvents, or
potential degradation of polysaccharide structure [193].
Developing green, efficient extraction and purification tech-
niques that preserve the natural bioactivity of polysaccha-
rides is crucial.

Optimization and balancing of hydrogel
properties

Mechanical performance

Simple natural polysaccharide hydrogels often exhibit poor
mechanical properties (e.g., low strength and brittleness),
which fails to meet the clinical requirements for dressing
strength, toughness, and elasticity [194, 195]. While strat-
egies, like blending and double networks, can improve
mechanics, finely tuning the balance between enhanced
mechanical properties and maintaining good biocompatibil-
ity, degradability, and active release characteristics remains
challenging.

Controllable degradation behavior

The degradation rate of a hydrogel dressing needs to match
the pace of wound healing [196, 197]. Too rapid degrada-
tion may lead to premature loss of support or burst release
of drugs, while too slow degradation might impede new tis-
sue growth or necessitate surgical removal [197]. Precisely

controlling the degradation behavior of TCMP-based hydro-
gels in complex in vivo environments with varying enzymes,
pH, ROS levels is a challenge [198].

Complexity of functional integration

Constructing multifunctional hydrogels often involves
multiple components and complex fabrication processes.
Ensuring compatibility and synergy among different func-
tional components while avoiding potential interference or
toxicity requires careful design and thorough evaluation.

In vivo behavior and safety assessment

Long-term biosafety

Although most studies report good short-term biocompat-
ibility, the long-term in vivo fate of degradation products,
potential immunogenicity, and long-term effects on sur-
rounding tissues and systemic health require more in-depth
and comprehensive evaluation [199, 200].

Simulation of complex wound models

Existing animal models (e.g., mice and rats), while valua-
ble, differ from the complex pathologic microenvironment
of human chronic wounds (especially DFUs). Notably, large
animal model validation for TCMP-based hydrogels remains
extremely limited. Only a few studies have used porcine
models (e.g., the CSMA/FA/OBSP spray hydrogel tested in
minipigs) [134]. Chronic infected models (e.g., STZ-diabetic
mice with MRSA/S. aureus) are increasingly used to mimic
clinical DFUs [201-203].

Scale-up productionandclinicaltranslation

Cost-effectiveness and accessibility

Stable supply of herbal resources, complex extraction/puri-
fication processes, and advanced hydrogel fabrication tech-
niques can lead to high production costs, limiting large-scale
application and accessibility [204, 205]. Developing cost-
effective, scalable manufacturing processes is key to clinical
translation.

Bench-to-bedside transition

Translating laboratory findings into standardized products
meeting regulatory requirements for drugs/medical devices
involves overcoming significant engineering, pharmaceuti-
cal, and regulatory hurdles. This includes establishing robust
quality control systems, conducting standardized preclinical
safety and efficacy evaluations, and designing and executing
large-scale, multi-center clinical trials [206]. Currently, most
research on TCMP-based hydrogels remains at the basic
research or animal testing stage.

Deeper mechanistic understanding

TCMPs often exert effects through multiple targets and path-
ways. The precise molecular mechanisms (e.g., interactions
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with specific receptors and key regulated signaling path-
ways) need further elucidation. Understanding these com-
plex interaction networks is vital for optimizing design and
guiding clinical applications.

Future research directions and
perspectives

Despite the challenges, the future of TCMP-based hydrogels
in wound healing is promising with several exciting direc-
tions warranting attention.

Precise chemical modification and
structure-function-guided design

Precise chemical modification and structure-function-guided
design leverages a deeper understanding of TCMP struc-
ture-activity relationships using site-specific, controllable
chemical modifications (e.g., grafting functional groups at
specific positions and controlling acetylation degree) to pre-
cisely tune solubility, gelling properties, degradability, bio-
activity, and targeting ability for “on-demand” design.

Intelligent and responsive hydrogel systems

Intelligent and responsive hydrogel systems develop “smart”
hydrogel dressings capable of sensing changes in the wound
microenvironment (e.g., pH, temperature, enzyme activity,
specific biomarkers, and bacterial signals) and respond-
ing accordingly (e.g., on-demand drug release and altering
structure or properties) [57, 145]. Further exploration could
involve integrating microsensors for real-time monitoring
of wound status, which enables diagnosis-therapy integra-
tion, as illustrated in Figure 9 examples, given “intelligent”
hydrogels that respond (release drugs) by sensing changes
in the pH value, temperature, enzyme activity, and specific
biomarkers of the wound microenvironment.

Multimodal synergistic therapeutic strategies

Multimodal synergistic therapeutic strategies combine
TCMP-based hydrogels organically with other therapeu-
tic modalities, such as gene therapy (delivering siRNA and
miRNA), cell therapy (loading stem cells and Exos) [131],
physical therapies (phototherapy [PTT/PDT/PBM]) [130,
175], and electrical stimulation [ES] (ultrasound and mag-
netic fields) [61, 142] to achieve synergistic effects for treat-
ing complex, refractory wounds, as illustrated in Figure 10.

Biomimetic design and advanced
manufacturing

Biomimetic design and advanced manufacturing mimic
the structure and composition of the natural ECM,

utilizing advanced manufacturing techniques, like 3D/4D
printing [60], microfluidics [135], and electrospinning to
create TCMP-based hydrogel scaffolds with biomimetic
micro/nano-architectures, functional gradients, or specific
spatial arrangements, thereby better guiding tissue regener-
ation and functional recovery (e.g., multilayered hydrogels
and gradient drug/growth factor release).

Deep integration of TCM theory and
modern technology (Figure 11)

Returning to the TCM principles introduced in Section 5.1,
future research should pursue deeper integration of these con-
cepts with advanced biomaterials engineering. Systematic
investigation of the “Monarch-Minister-Assistant-Courier”
principle in hydrogel design requires quantitative approaches
to optimize component ratios and validate synergistic effects
using modern pharmacologic methods. Exploring compos-
ite polysaccharides extracted from classic TCM formulas
may reveal emergent properties not present in single poly-
saccharides. Integration of TCM syndrome differentiation
with wound diagnostics, potentially using biomarker pan-
els or biosensor-integrated dressings, could enable truly
personalized treatments tailored to individual patient charac-
teristics. Advances in systems biology and network pharma-
cology offer tools to elucidate the multi-target mechanisms
through which TCMP combinations achieve the therapeutic
effects, potentially revealing new targets for intervention and
providing scientific validation for traditional formulation
principles.

Many classic prescriptions in China have adopted the
principle of “Monarch-Minister-Assistant-Courier,” such as
Liuwei Dihuang decoction. The Liuwei Dihuang decoction
is composed of six medicinal ingredients and follows the
principle of ‘“Monarch-Minister-Assistant-Courier” [207,
208]. Studies have shown that the Liuwei Dihuang decoc-
tion is beneficial for treating type 2 diabetes and can effec-
tively promote the healing of diabetic wounds. The monarch,
Rehmannia  glutinosa polysaccharide, can effectively
improve hyperglycemia, vascular inflammation, and oxi-
dative stress in streptozotocin-induced diabetic mice [209].
The minister, Fructus Corni polysaccharide and Chinese
yam (Dioscorea opposita) polysaccharide, can effectively
improve diabetes and enhance the effect of the sovereign
drug [210, 211]. The assistant, Poria cocos polysaccha-
ride, reduces peripheral insulin resistance by inhibiting the
PI3K/AKT pathway, thereby alleviating diabetes and dia-
betic ulcers [212]. Alisma polysaccharide downregulates the
expression of miR-126, thereby improving insulin sensitivity
[213]. The phenolic components in Moutan Cortex provide
heat-clearing, anti-inflammatory, and microcirculation-
protecting effects, providing the best internal environment
for the polysaccharides to exert their functions [214]. The
polysaccharides and phenolic components in this formula,
along with other non-polysaccharide components, work
together to inhibit oxidative stress and inflammation at the
etiologic, pathologic, and tissue damage levels, thereby
intervening in diabetes and promoting wound healing.
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Figure 9 Conceptual diagram of intelligent responsive hydrogel. (A) Schematic diagram of drug controlled-release system of pH-responsive
hydrogel. (a) Schematic diagram of drug controlled-release system of anionic pH-responsive hydrogel and cationic pH-responsive hydrogel.
The drug diffuses from the hydrogel when the anion is in an alkaline environment. The drug diffuses from the hydrogel when the cation is
in an acidic environment. (b) Schematic diagram of drug controlled-release system of chemical bond-type pH-responsive hydrogel (taking
Schiff base bond as an example). (B) Schematic diagram of drug controlled-release system of chemical-responsive hydrogel. (a) Response
schematic diagram of glucose-responsive hydrogel (taking borate ester bond as an example). (b) Schematic diagram of enzyme-responsive
hydrogel for controlled-release of drugs. (C) Response schematic diagram of ROS-responsive hydrogel. (D) Schematic diagram of posi-
tive thermosensitive hydrogel drug controlled-release system. When the temperature exceeds the maximum critical dissolution temperature

(UCST), the hydrogel shrinks and the drug diffuses from the hydrogel.

In addition to Liuwei Dihuang decoction, Tuo-Li-Xiao-
Du-San (TLXDS) is a classic prescription for treating
DFUs [215]. TLXDS consists of four herbs: Danggui
(Radix Angelica sinensis); Huangqi (Radix Astragali);
Baizhi (Angelica dahurica); and Zaojiaoci (thorns of
Gleditsia sinensis). Angelica sinensis contains polysaccha-
rides and volatile oils, which can exert anti-inflammatory
and immunomodulatory effects [216]. APS have immu-
nomodulatory and pro-angiogenic effects, enhancing
the therapeutic effect of Angelica sinensis on DFUs.
Polysaccharides from Angelica dahurica can increase the
content of collagen fibers and myofibroblasts at the wound
site, promote coagulation and granulation tissue forma-
tion, and accelerate wound healing, further enhancing

the healing of DFUs. The thorns of Gleditsia sinensis has
antibacterial and anti-inflammatory effects, further syn-
ergizing the treatment of DFU healing. TLXDS has been
proven to significantly improve wound healing in strep-
tozotocin-induced diabetic rats. The mechanism of action
includes reducing inflammation, promoting angiogenesis,
and collagen deposition, and TLXDS can be used to treat
various refractory wounds.

Designing combination polysaccharide drugs based on
the “Monarch-Minister-Assistant-Courier” principle holds
promise for developing polysaccharide-based therapeu-
tics with enhanced synergistic advantages. Future research
should further explore the structural basis and molecular
mechanisms of polysaccharide synergy to provide a more
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robust scientific foundation for the modernization of tradi-
tional Chinese medicine.

In-depth mechanistic studies and novel
target discovery

In-depth mechanistic studies and novel target discovery uses
multi-omics technologies (genomics, transcriptomics, pro-
teomics, metabolomics, and microbiomics) and high-resolu-
tion imaging techniques to more systematically and deeply
unravel the molecular mechanisms and signaling networks
by which TCMP-based hydrogels promote wound healing,
potentially identifying new therapeutic targets.

Strengthening clinical translation research

The clinical translation of TCM polysaccharide-based
hydrogels is a systematic whole-chain project spanning
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Innovative design of hydrogel integrating Traditional Chinese Medicine theory with modern technology.

from basic research to clinical application, which must be
advanced in strict compliance with the standardized path-
way encompassing basic research, preclinical research,
clinical trials, registration, application and approval, indus-
trialization, and clinical promotion. First, at the labora-
tory stage, we perform origin identification, standardized
extraction, purification, and quality control of TCM pol-
ysaccharide raw materials, clarify the physicochemical
properties and batch uniformity, and conduct structural
design, preparation process optimization, in vitro biocom-
patibility, and functional verification of hydrogel materi-
als. Subsequently, systematic in vivo safety and efficacy
evaluations are conducted in line with GLP guidelines, and
pilot-scale amplification of preparations, process stability
verification, and quality standard establishment are com-
pleted under GMP conditions to provide reliable data sup-
port for subsequent applications. Next, based on product
positioning, the product is classified as a medical device
or pharmaceutical product and phase I-III clinical trials
are sequentially implemented under the GCP framework to
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systematically verify safety and clinical value. Complete
research data are subsequently compiled and submitted
to NMPA for registration and application, and marketing
authorization is granted upon passing technical review,
on-site inspection, and sampling testing. Finally, large-
scale production is achieved under GMP conditions with
post-marketing clinical monitoring and clinical promotion
carried out thereafter. Throughout the entire process, key
issues must be focused on addressing (including the uni-
formity of TCM polysaccharide raw materials) the mechan-
ical and degradation properties of hydrogels, in vivo safety
and efficacy, as well as the long research and development
cycle, high costs, and market positioning.

Guided by the TCM “Monarch-Minister-Assistant-
Courier” compatibility theory, this review systematically
links the full research chain of TCM polysaccharides,
including source screening, structure, structure-activity rela-
tionship, hydrogel construction, functional design, diabetic
foot wound repair mechanisms, and clinical translation.
The review integrates TCM theory with modern materials
science, biomedical engineering, and regenerative medi-
cine, overcoming the isolation between hydrogel design and
TCM active component applications. With an integrated
framework of “TCM theory, polysaccharide structure, mate-
rial construction, biological function, clinical translation,”
this review summarizes key progress of TCM polysaccha-
ride-based hydrogels for diabetic foot wounds, providing
new insights and guidance for developing efficient, safe, and
targeted repair materials.

In conclusion, the field of functional hydrogels based on
TCM polysaccharides is vibrant and full of opportunities. By
fostering interdisciplinary collaboration (materials science,
chemistry, biology, pharmacy, TCM, and engineering), over-
coming current challenges, and pursuing continuous innova-
tion, it is anticipated that more effective, safer, and smarter
next-generation wound repair products will be developed,
bringing significant benefits to millions of wound patients
globally.

Conclusion

Functional hydrogels based on TCMPs represent a signifi-
cant advancement in wound care. These materials uniquely
combine the biocompatibility of natural polymers with the
inherent bioactivity of TCMPs, offering multifunctional
properties, including anti-inflammatory, antioxidant, and
pro-healing effects. By incorporating dynamic crosslinking
strategies and functional additives, these hydrogels demon-
strate excellent injectability, self-healing capability, and
microenvironmental responsiveness. Research in diabetic
and infected wound models confirms that TCMP-based
hydrogels effectively accelerate wound closure through
mechanisms involving inflammation modulation, oxidative
stress reduction, and enhanced angiogenesis. While chal-
lenges in standardization and clinical translation remain,
future research focusing on structure-activity relationships
and intelligent system design will further advance this field.
Overall, TCMP-based hydrogels bridge traditional medicine

and modern biomaterials, providing a promising platform
for next-generation wound dressings that address the com-
plexities of chronic wound healing.
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