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Research Objective: Autoimmune diseases are chronic conditions in which the immune system abnormally attacks the body’s own 
tissues. Their incidence is on the rise, and the pathogenesis remains incompletely understood. The clinical manifestations are complex 
and diverse. Despite active treatment, some patients still have poor therapeutic outcomes and rely on immunosuppressants for a long 
time. Although these drugs can control symptoms, they are associated with increased infection risks and serious side effects such as 
organ toxicity. Hydrogels are three-dimensional network structures with excellent water absorption properties, good biocompatibility, 
injectability, and physical and chemical properties. By loading adjuvants, drugs, cells, and other substances, they are applied in the 
establishment of disease models, drug delivery, bioimaging and biosensors, tissue engineering, and other fields, providing new 
strategies for studying disease pathogenesis, drug screening, local targeted delivery, and immune regulation. This article aims to 
systematically review the mechanism of action and research progress of hydrogels in the treatment of autoimmune diseases and assess 
their potential for clinical translation.
Research Methods: Relevant literature on the medical applications of hydrogels published from January 1, 2004 to October 31, 2025 
was retrieved, and the scope was narrowed down to studies on their application in autoimmune diseases for summary and analysis.
Main Results: The main findings are as follows: (1) Through bibliometric analysis, it was found that research on hydrogels in the 
medical field is increasingly prominent, with studies in autoimmune diseases mainly focusing on drug delivery; (2) By constructing 
injectable bioadhesive hydrogels, the adhesion of hydrogels to joint tissues is enhanced, prolonging drug retention time and improving 
treatment efficiency; (3) Specific hydrogel designs can actively regulate immune cell functions - for example, inhibiting inflammation- 
related signaling pathways to reverse M1 polarization of macrophages and ferritin autophagy/ferroptosis in chondrocytes, maintaining 
the integrity of cartilage structure, and inducing mitochondrial dysfunction to promote apoptosis of FLS and macrophages and regulate 
the inflammatory microenvironment; (4) Hydrogel microneedle systems, as transdermal drug delivery platforms, have shown good 
compliance and efficacy in rheumatoid arthritis.
Summary: Hydrogel technology, through localized, controllable, and intelligent drug delivery, is expected to break through the 
bottlenecks of traditional autoimmune disease treatment. Current research is gradually evolving from passive carriers to active 
participants in immune regulation as “intelligent platforms”, and their potential to reshape the inflammatory microenvironment has 
been verified in animal models. However, issues such as material degradability, long-term biological safety, and consistency in large- 
scale production still need to be further addressed in preclinical and clinical studies. Future interdisciplinary collaboration and 
translational medical research are key to promoting the development of this field.
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Introduction
Hydrogels are three-dimensional network structures composed of water and polymer macromolecules, with excellent 
water absorption properties. They possess good biocompatibility and physical and chemical properties, and can simulate 
the physical and chemical environment of the extracellular matrix, providing appropriate mechanical support, porosity, 
and viscoelasticity, promoting cell adhesion, proliferation and differentiation, and can meet specific requirements under 
different conditions.1,2 In the 1960s, Otto Wichterle and Drahoslav Lim produced a hydrogel that was first successfully 
applied to contact lenses, and for a long time thereafter was mainly used in ophthalmology and drug delivery through 
simple chemical crosslinking.3 In the 1970s, inspired by the conversion of chemical energy into mechanical energy, the 
research focus shifted towards intelligent hydrogels that could respond to environmental changes (such as pH, tempera
ture, electromagnetic field changes, and biomolecular concentration) and undergo volume, structure or phase transitions, 
achieving “on-demand” drug release or degradation.4 In the 1990s, researchers discovered other physical forces acting on 
gelation that made it possible to regulate the mechanical, thermal, and degradation properties of hydrogels. With the 
continuous development of organic chemistry, more complex chemically crosslinked hydrogels have been successfully 
developed to compensate the poor mechanical properties of physical hydrogels. Hydrogels can be equipped with 
antigens, adjuvants, or chemical inducers to establish different disease models for studying the pathogenesis or drug 
screening. By carrying drugs or cells that exert anti-inflammatory, antibacterial, antioxidant, and antitumor functions, 
making it an ideal platform for drug delivery and tissue repair, applicable in fields such as tissue repair and regeneration, 
drug delivery, drug carriers, biological imaging, and biological sensors, with remarkable advantages.5,6

Using the Web of Science Core Collection (WoSCC) database, we searched for literature on the medical applications 
of hydrogels from January, 01, 2004 to October, 31, 2025. The search formula was as follows: (TS=(hydrogel) AND TS= 
(medicine)) AND LA=(English) 5841 articles were retrieved, and 5491 articles and review articles were obtained after 
excluding conference papers and abstracts, book chapters, early access literature, editorial materials, retracted literature, 
and letters (Figure 1a). According to the annual number of published documents (Figure 1b), hydrogels are being applied 
and researched more and more in the medical field, and their status in the medical field is becoming increasingly 

Figure 1 Literature on the application of hydrogels in medicine. (a) Data sources and methods; (b) Number of annual publications; (c) Burst word; (d) Time diagram.
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prominent. Burst word analysis (Figure 1c) and time diagram (Figure 1d) intuitively showed that hydrogels are hot spots 
in wound healing, drug delivery, 3D printing, 3D cell culture, and other fields.

Autoimmune diseases are chronic diseases, such as rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), 
Sjögren’s disease (SjD), systemic sclerosis (SSc), multiple sclerosis(MS), and diabetes mellitus, caused by abnormal 
immune system attacks on tissues,and can seriously affect the patient’s quality of life. The incidence of this condition is 
increasing annually.7–9 Common pathological features include local chronic inflammatory microenvironment, abnormal 
activation of immune cells, continuous release of pro-inflammatory factors (such as TNF-α and IL-6), and tissue fibrosis. 
These often present abnormal microenvironmental signals such as low pH, high oxidative stress, and overexpression of 
reactive oxygen species (ROS). The incidence of these diseases is increasing year by year. The main therapeutic drugs 
are immunosuppressants, which have limitations such as limited efficacy, severe side effects, poor targeting, low 
bioavailability, and difficulty in penetrating the fibrotic barrier. Opportunistic infections and tumors may also occur 
during the treatment process; therefore, precise targeted therapy will be the trend of future treatment, especially 
biomaterial-based drug delivery systems, providing more opportunities for traditional drug therapy. For example, 
hydrogels are used to encapsulate drugs or cells so that drugs can be concentrated on the damaged site in a controlled 
manner to improve function, while reducing the number of doses to increase patient compliance.9

Through searching the literature on the application of hydrogels in autoimmune diseases from January, 01, 2004 to 
October, 31, 2025, the search formula is as follows: (TS=(hydrogel) AND TS=(autoimmune diseases)) AND LA= 
(English) 169 articles were retrieved, and a total of 160 articles and review articles were obtained after excluding 
conference papers, book chapters, and autoimmune diseases (Figure 2a). The annual publication volume map (Figure 2b), 
burst word analysis (Figure 2c), and time graph (Figure 2d) visually demonstrated the great potential of drug delivery for 
the treatment of autoimmune diseases. Therefore, herein,we have focused on the application of hydrogels in the treatment 
of autoimmune diseases and look forward to future development directions and challenges.

Figure 2 Literature on the application of hydrogels in autoimmune diseases. (a) Data sources and methods; (b) Number of annual publications; (c) Burst word; (d) Time diagram.
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Hydrogel Classification
Several types of gels are classified according to different classification methods (Figure 3).2,10 According to different preparation 
materials, hydrogels are divided into natural hydrogels such as chitosan, hyaluronic acid, alginate acid, synthetic hydrogels such as 
polyethylene glycol (PEG) and polyn-isopropyl acrylamide (PNIPAm), and hybrid hydrogels.11,12 The former exhibits good 
biocompatibility and degradability. Compared to the latter, it is safer for biomedical applications, but its mechanical properties and 
stability are poor. The latter has the advantage of human intervention in synthesis, but must be strictly controlled to avoid possible 
biological incompatibility and adverse drug reactions. Therefore, several researchers have continued to develop new hydrogels 
that combine their advantages. Chitosan is one of the most widely used hydrogel materials, with good antibacterial properties, 
biodegradability, and biocompatibility, and is widely used in drug delivery, tissue engineering, bone regeneration, and as an 
antimicrobial agents.13,14 Hyaluronic acid (HA), the main components of extracellular matrix (ECM), has good biological 
compatibility and low immunogenicity, and can regulate the inflammatory response and promote angiogenesis, action, and 
migration. These properties make HA widely used in medical fields such as anticancer, ophthalmology, and surgery. In addition, 
HA exhibits high water retention and unique rheological properties. Gels with high viscoelasticity are formed in aqueous solutions 
and are widely used in the pharmaceutical field.15,16 The alginate structure is widely used in tissue engineering because of its 
excellent biocompatibility with the natural ECM; however, its high hydrophilicity affects cell adhesion and proliferation, limiting 
its application in cell delivery.17 PEG has unique advantages in the design and preparation of sustainable and controllable release 
systems, owing to its unique hydrophilicity, biocompatibility, and biodegradability. However, as a synthetic polymer, further 
optimization of the effective release of its supported drugs at the target site and reduction in production costs are the next steps to be 
studied and improved upon. PEG hydrogels are bioinert and do not provide ideal environments for cell survival, adhesion, and 
growth.18 PNIPAAm has excellent properties such as an adjustable structure, thermal sensitivity, and low toxicity, and is injectable 
at room temperature. As a commonly used heat-sensitive water-soluble homopolymer, the PNIPAAm hydrogel has been widely 
used in tissue engineering and supporting cell co-culture; however, its poor biocompatibility and weak mechanical properties limit 
its wide application.19 Hybrid hydrogels, which combine the advantages of the former two, have better high strength and 
toughness. For example, alginate/gelatin-based hybrid hydrogels are widely used in cell culture scaffolds and tissue engineering.

Figure 3 Hydrogel classification.
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Hydrogels can be divided into physical and chemical types according to their forces during gelation. The former is 
formed by physical entanglement, hydrogen bonding, and hydrophobic interactions, whereas the latter is formed by 
chemical bonding and crosslinking. The combination of the former is temporary, can be changed from the gel state to the 
solution state by changing temperature, pH and other ways, so it is called “false gel”, the latter through the combination 
of chemical bonds is irreversible, also known as “true gel”, compared with the former more stable Depending on whether 
hydrogels respond to environmental changes, they can be divided into traditional hydrogels and stimulus-responsive 
hydrogels (also known as smart hydrogels).20 Smart hydrogels can be further divided into temperature-, pH-, and light- 
sensitive hydrogels. Traditional hydrogels do not change owing to changes in the external environment; smart hydrogels 
respond quickly to changes in the environment, which allows for secondary specific events such as drug release; 
therefore, they are widely used in the medical field. Temperature-sensitive hydrogels can be classified into those with 
high critical phase transition temperatures (thermal-expansion temperature-sensitive hydrogels) and those with low 
critical phase transition temperatures (thermal-shrinkage temperature-sensitive hydrogels). The latter is commonly 
used in biomedical applications. By changing the composition and structure of hydrogels, the low critical phase transition 
temperature is adjusted to be close to the human body temperature of 37°C, so that it becomes a solution state at room 
temperature. It is easy to inject drugs into the human body and form a gel after entering the body for a period of time, 
which can be used mainly for sustained drug release. pH-sensitive hydrogels induce protonation or ionization at different 
pH values to change the charge distribution and internal interactions, thereby changing the gel structure. They are 
primarily used for specific drug administration at different pH levels. When photosensitive hydrogels are exposed to light 
radiation, the structure of the photosensitive groups is isomerized or dissociated, resulting in a local temperature rise or 
configuration change, and then a change in the swelling rate of the hydrogels, which is of great significance in drug 
release and tissue engineering. However, problems such as long crosslinking time of photosensitive hydrogels, light 
penetration, and light damage to body tissues must be resolved.

Application of Hydrogels
Drug Carrier
Traditional drug delivery methods have problems such as systemic toxicity and repeated administration. Hydrogels as 
drug carriers can minimize these adverse factors while protecting easily degradable drugs to optimize therapeutic effects. 
Controlled release methods for hydrogel-loaded drugs include diffusion, swelling, and chemical erosion control. 
Diffusion control is the most commonly used mechanism of drug release from hydrogels. When the drug diffuses, the 
hydrogel will swells, and when the drug diffusion rate is higher than the swelling rate of the hydrogel, a controlled 
swelling release occurs. Chemically controlled release mainly occurs in the delivery carrier where the drug chemically 
binds to the hydrogel, most commonly through hydrolysis or enzymatic degradation, leading to polymer chain breaks or 
reversible or irreversible reactions between the polymer network and the releasing drug, resulting in drug release. In this 
case, the surface or overall erosion of the hydrogel and the equilibrium coefficient of drug binding to the hydrogel 
controls the drug release rate.21 The advantage of hydrogels is that they can be efficiently loaded with drugs. With the 
discovery and preparation of stimulus-responsive hydrogels, “intelligent” and “controlled” drug release is also possible. 
For example, the HA hydrogel has a high affinity for CD44 overexpressed on the surface of tumor cells, which is 
advantageous as an anticancer drug carrier. It has high adhesion to the oral mucosa and provides theoretical support for 
the preparation oral medicines. The hydrophilicity of the hydrogel allows it to bypass the host immune response and 
reduce phagocytic activity, increasing the in-body circulation time of the delivery device for better efficacy. However, 
hydrophilic polymer cores may not be suitable for hydrophobic drug applications. In addition, many hydrogels have 
weak tensile strength, which can lead to early release of the drug before it reaches the target site. Therefore, it is 
necessary to improve the loading rate and the precise release of hydrophobic drugs.

Tissue Engineering and 3D Cell Culture
The purpose of tissue engineering is to repair dysfunctional tissues in the body caused by gene mutations, congenital 
deformities, aging, disease, or injury, focusing on the joint repair of tissues through cell repair and generation of new 
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tissues, scaffold support and guidance of cells, and biomolecules regulating cell activities.22 The hydrogel can house cells 
and provide mechanical support, and its mild gelation conditions and in situ polymerization ability allow it to not only 
encapsulate cells and growth factors but also control the release of growth factors and other agents, which are critical for 
cell migration, differentiation, angiogenesis, and new tissue generation. Some studies have used the pancreatic ECM and 
platelet plasma to construct 3D injectable hydrogels for the transplantation into diabetic rats and found that they can 
enhance the vitality of islet cells and promote angiogenesis, which is a potential tissue engineering method for the 
treatment of T1MD.23

In vitro cell culture is an integral part of regenerative medicine and preclinical evaluation. Traditional two- 
dimensional (2D) cell culture has been widely used because of its simplicity, economy, and other advantages; however, 
2D scaffolds cannot simulate the actual growth conditions of living cells and may cause changes in metabolism, gene 
expression patterns, and adhesion inhibition. Therefore, functional three-dimensional (3D) structures are required for cell 
culture. Hydrogels for cell culture usually need to meet the following conditions: ease of handling under physiological 
conditions, mechanical properties similar to those of natural tissues, uniformity at the micro and macro levels, compat
ibility with long-term cell culture, possibility of matching different cell types, and optical transparency that can be used 
for analysis.21 The hydrogel’s high water content, biocompatibility, and properties similar to those of the ECM matrix 
make it a potential application for 3D cell culture.

Dressing
Natural skin has defensive properties such as preventing bacterial invasion, facilitating the exchange of substances, and 
resisting cold or heat damage. Traditional wound dressings promote wound healing by providing growth factors, and there is 
a mismatch in wound healing stages, leading to passive soft tissue repair. Ideal wound dressings should promote wound 
healing while functioning as a skin barrier. Hydrogels show broad application prospects in wound dressings because of their 
good biocompatibility, effective adhesion, antibacterial properties, and high water content (70%–95%). Gao et al constructed 
an ECM simulating a nanofiber/hydrogel interpenetration network (NFHIN), which balances the wound microenvironment 
through a three-dimensional nanofiber framework and aerogels, which facilitate cell migration.24 Aerogels can collect wound 
exudates and transform them into polycationic hydrogels with a contact killing effect, while removeing pathogens and reactive 
oxygen species. Fibroblast activity significantly enhanced after co-culturing with NFHIN, which promoted wound healing. 
Chang et al constructed a quaternary ammonium-polyphosphate-chitosan hydrogel.25 The tissue adhesion of the hydrogel 
seals the blood flow, the activation of coagulation factor V is promoted by polyphosphate to enhance hemostasis, and the 
antibacterial effect is enhanced by the quaternary ammonium salt. Clinically, it can be used as a dressing for hemostasis and for 
easy infection repair. A self-healing hydrogel (PAHB/OD hydrogel) combined with CuS nanoparticles made of polyaspartate 
and glucan loaded with sodium diclofenate can promoted tissue regeneration, inhibited inflammation and promoted wound 
angiogenesis after being application to the skin of mice.26

Microneedle
Hydrogel microneedles are innovative drug delivery systems that combine hydrogel materials with microneedle 
technology.27,28 They are usually composed of tens to hundreds of microne-level needle-like structures that can penetrate 
the skin cuticle and deliver drugs directly to the epidermis or dermis without touching nerves and blood vessels. These 
procedures are painless, efficient, and controllable. Studies have shown that the use of microneedles to treat of immune- 
mediated hair loss in mouse models sustains regeneration while reducing the inflammatory response.27 Additionally, the 
application of TCM-integrated reactive microneedles in SSc effectively improved skin fibrosis in mice.29

Application of Hydrogels in Autoimmune Diseases
In the biomedical field, hydrogels are primarily used in drug delivery systems, tissue-engineered scaffolds, and immunomo
dulatory platforms. Hydrogels can achieve continuous drug release, improve drug utilization, and reduce adverse effects. In 
tissue engineering, hydrogels can simulate ECM and provide a suitable microenvironment for cell growth and differentiation. 
In terms of immune regulation, hydrogels can regulate the behavior of immune cells by regulating their physical and chemical 
properties, providing new ideas for the treatment of autoimmune diseases (Table 1).
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Table 1 Application of Hydrogels in Autoimmune Diseases

Disease Hydrogel Mechanism Result Delivery Reference

RA Stimulus- 
responsive type

Dex-Cro 
injectable 

thermosensitive 

hydrogel

Chitosan Eliminated ROS, inhibited macrophage activation, 
reduced TNF-α and IL-6 expression

Prolong the retention time of Dex and Cro significantly 
reduced the expression level of inflammatory factors in 

ankle joints, significantly alleviated joint redness and 

bone erosion

Intra-articular administration [30]

BiPM@IOK 

peptide pH- 

sensitive 
hydrogel

Polyvinylamine Inhibited macrophage activation, reduced TNF-α, IL-1β 
and IL-6 expression, eliminated hyperproliferative 

synovial fibroblasts

Inhibited macrophage activation, reducted of TNF-α, 

IL-1β and IL-6 expression, eliminated of 

hyperproliferative synovial fibroblasts

Intra-articular administration [31]

pH-responsive 
nano-liposome 

coated with 

a MTX -HSA 

complex (Lipo/ 
MTX-HSA)

Cholesterol hemisuccinate Mitochondrial dysfunction leads to apoptosis of 
macrophages and FLS, reduce the levels of TNF-α, IL- 

1β and MMP-9, and increased the level of IL-10

Alleviated arthritis and bone erosion, significantly 
reduced the number of FLS and macrophages in joints, 

reduced TNF-α and IL-1β secretion

Tail vein injection [32]

Heat-sensitive 

smart hydrogel 

loaded with 

phenethyl 
isothiocyanate 

(PEITC)

Chitosan Reduced oxidative stress, increased antioxidant 

capacity, and reduced RANKL levels

Increased serum GSH expression level, decreased NO, 

MDA and MPO expression level, alleviated arthritis 

and bone erosion, decreased TNF-α, IL-1β, IL-6, IL- 

17A secretion, promote IL-10 secretion, decreased 
thymus and spleen weight

Intra-articular administration [33]

Bidynamic 

crosslinked 

sodium alginate 

hydrogel that 
combined ROS 

and TPL 

(SPT@TPL)

Sodium alginate Eliminated ROS, promoted macrophage M1 to M2 

transformation, promoted anti-inflammatory factors 

Arg-1 and IL-10 up-regulation, pro-inflammatory 

factors iNOS and TNF-α down-regulation

Sustained release of TPL in response to ROS in the 

microenvironment, good articular cartilage 

morphology, increased trabecular bone count and 

bone density

Injected into the damaged area [34]

Encapsulation of 

antirheumatic 
drug sinomenine 

by ROS reactive 

polymerization 

of fucoidan 
polysaccharides 

mediated by 

microneedles 

(FTL@SIN 
MNs)

Fucoidan (Fuc) and hyaluronic 

acid

Eliminated ROS, promoted macrophage M1 to M2 

transformation

HE staining showed that neutrophil infiltration was 

significantly reduced, TNF-α and IL-6 expression levels 
were significantly reduced, IL-10 expression was 

promoted, synovial inflammation was improved, and 

cartilage injury was repaired

Dissolving microneedles [35]

Strontium 
ranelate (SrR) 

load alginate 

phototherapy 

hydrogel

Polysaccharide alginate Eliminated ROS, promoted macrophage M1 to M2 
conversion, increased heat shock protein (HSP)

Enhanced drug permeability in tissues, reduced ROS in 
synovial tissue, inhibited M1 macrophages, promoted 

M2 macrophage transformation, reduced the number 

of CD8[+]T cells, reduce IL-6 expression level, 

significantly reduced arthritis and joint degeneration

Photoresponsivity [36]

MTX-loaded 

self-healing 
injectable 

hydrogel (DNRS 

gel)

Hyaluronic acid Promoted macrophage M1 to M2 transformation, 

inhibited inflammatory factors TNF-α and IL-6 
expression, promoted anti-inflammatory factor IL-10 

expression, improved osteoblast osteogenic activity, 

inhibited osteoclast differentiation

NO and H2S responsively realize controlled release of 

drugs, consume NO at the same time, restored 
endogenous gas in joint cavity to normal, reduced 

TNF-α and IL-6 expression in serum and joint tissue, 

obviously improved paw temperature and swelling 

degree of mice, obviously reduced the number of 
osteoclasts in inflammatory joints, reduced bone 

erosion and alleviated inflammation related 

osteoporosis

Intra-articular administration [37]

(Continued)
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Table 1 (Continued). 

Disease Hydrogel Mechanism Result Delivery Reference

Traditional 

drug-loaded type

Gel/FA-PDA 

@Leon hydrogel

Polydopamine, gelatin and 

polyethylene glycol diacrylate

Eliminated ROS, inhibited of M1 macrophages, 

inhibited of JAK2/STAT3 inflammatory pathway 

activation, reduction of pro-inflammatory factors TNF- 
α, IL-1β and IL-6 expression, regulation of ferritin 

autophagy to inhibit iron death

Prolong the retention time of nanoparticles in joint 

cavity and increased its stability, reversed M1 

polarization of macrophages, inhibited inflammatory 
reaction, reduced joint swelling, reduced skin 

temperature of damaged joints and secretion of 

inflammatory mediators in joint environment, 

alleviated cartilage damage and maintain integrity of 
cartilage structure

Intra-articular administration [38]

Hydrogel 
nanoparticle/ 

microsphere 

using ARP and 

MTX 
(MTX/ 

ARPL@MS)

Methacryloylated hyaluronic 
acid

Inhibited M1 macrophages reduced pro-inflammatory 
factor expression and reduced FLS proliferation and 

migration

MTX/ARPL achieves slow release, reduced joint 
swelling in mice, improved joint space, and reduced 

TNF-α and IL-1β expression in peripheral blood

Intra-articular administration [39]

Supramolecular 

HA-nanomedical 

hydrogel 
(HP@CEL)

Hyaluronic acid Inhibited M1 macrophages, mediate the interaction 

between macrophages and synovial fibroblasts, down- 

regulate TLR4/MAPK/NF-κB signaling pathway, 
promoted synovial fibroblasts proliferation, and 

reduced the expression level of pro-inflammatory 

factors

Form a three-dimensional environment similar to the 

synovial region to promote the proliferation and 

differentiation of BMSCs, which is thermosensitive, 
prolong the drug release cycle, significantly reduced 

ankle and paw swelling, effectively alleviated bone 

erosion, synovial hyperplasia and cartilage damage, 

decreased the mRNA expression levels of pro- 
inflammatory factors TNF-α, IL-1β and IL-6 in joint 

tissues, while the mRNA and protein expression levels 

of TLR4, MyD88, p38, p65 and IκBα are significantly 

down-regulated

Intra-articular administration [40]

DPS-DS 

supramolecular 
hydrogel

Synthesis of Supramolecular 

Hydrogels by DPS-DS and 
CaCl2 with Different Weight 

Ratios

Inhibited NF-κB signaling pathway activation, COX-2 

and iNOS expression

Prolong the circulation time of drugs in damaged joints, 

obviously reduced joint swelling, cartilage erosion and 
synovial inflammation, decreased the expression levels 

of NO, IL-6 and TNF-α in serum, decreased the ratio 

of p-NF-κB/NF-κB and the protein expression of 

COX-2 and iNOS

Intra-articular administration [41]

DHY@MTX 

hydrogel

Oxidized hyaluronic acid Inhibited NETs formation, block inflammatory pathway, 

reduced inflammatory factor expression, promoted 
macrophage M1 to M2 transformation

Prolong the retention time of drugs in joint cavity, 

reduced joint swelling, reduced synovial tissue 
proliferation and cartilage destruction, reduced the 

expression level of TNF-α and IL-6

Intra-articular administration [42]

cRNPs 

nanoparticle 

hydrogel (NiH)

Polyethylene glycol Cleared cfDNA, inhibited cGAS-STING-IFN-I pathway 

activation, inhibited TLR-9 activation; inhibited M1 

macrophages, increased Treg and MDSCs cell numbers, 
while decreasing CD4[+]T cells and Th17 cell numbers

Reduced the joint swelling symptoms of mice, 

significantly reduced the serum levels of cfDNA, TNF- 

α, IFN-β and IL-12, decreased the numbers of CD3[+] 
T cells, CD4[+]T cells and Th17 cells, CD8[+]T cells 

and Th17 cells in spleen and peripheral blood, and 

increased the numbers of Treg and MDSCs

Subcutaneous injection [43,44]

TDDP 

combining 3D 

bioprinting and 
electrospinning 

technology

Hyaluronic acid Achieve sustained release of DEX inhibited pro- 

inflammatory factor expression, NAR natural 

antibacterial and anti-inflammatory properties

Decreased proinflammatory factors IL-6, TNF-α, 

synovial inflammation infiltration and injury

Patch application [45]

https://doi.org/10.2147/IJN
.S590131                                                                                                                                                                                                                                                                                                                                                                                                                                                 

International Journal of N
anom

edicine 2026:21 
8 Lu et al                                                                                                                                                                               

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Cell-loaded type MSCs- alginate 

saline gel

Alginate MSC activated the D39/CD73-mediated A2A/2BR axis, 

induced the differentiation of tolerogenic dendritic 
cells (tolDC) and Treg cells, inhibited the 

differentiation of Th1 and Th17 cells, activating the 

adenosine/PKA pathway, and selectively inhibited the 

NF-κB pathway.

Significantly reduced ankle scores and paw thickness 

and bone erosion in hind paws and ankles, increased 
serum adenosine concentrations, decreased total IgG, 

TNF-α and IL-6 levels, increased IL-10 levels, and 

increased proportion of Treg cells in lymph nodes

Subcutaneous injection [46]

ADSCs-ECM 

new injectable 
hydrogel

Third generation polylysine 

dendrimers and oxidized 
hyaluronic acid

Promoted macrophage M1 to M2 transformation and 

reduced FLS migration

Prolong the accumulation time of ADSCs in the body, 

reduced the degree of claw tenderness and swelling, 
decreased that levels of pro-inflammatory factor TNF- 

α, IL-1β, IL-6, increased the level of anti-inflammatory 

factor IL-10promoted cartilage repair

Intra-articular administration [47]

BMSCs-nano- 

enzyme 

enhanced 
hydrogel 

(ε-PLE 

@MnCoO/Gel)

Hyaluronic acid Eliminated ROS and synergistically produced O2 to 

improve pathological microenvironment, acts as an H2- 

driven oxygen generator, promoted stem cell survival, 
proliferation and osteogenesis differentiation, and 

inhibited osteoclast generation

Significantly reduced the temperature and swelling of 

the joint surface, promoted osteogenesis and synovial 

hyperplasia, and also lowers the levels of TNF-α, IL-1β, 
IL-6 and PGE2 in bone tissue and synovial fluid

Intra-articular administration [48]

SLE ASO agarose hydrogel 

containing anti-TNF-α
C-Agarose/C-Phytogel Inhibited TNF-α in CD169[+] macrophages Alleviated lupus symptoms, prolong life span of lupus 

mice, significantly reduced serum TNF-α level and 
inhibited lymphocyte proliferation

Subcutaneous injection [49]

Porous adhesive particles 
encapsulating with MSCs

Sodium alginate, polyethylene, 
polyamino-D-lysine

Biomimetic adhesive porous particles encapsulated 
with MSC were generated by microfluidic electrospray 

to promote macrophage transformation

Decreased spleen weight and serum levels of anti- 
dsDNA antibody, TNF-α, IL-6 and TGF-β, increase the 

level IL-10, reduced glomerular IgG and C3 deposition

Intraperitoneal injection [50]

SjD Bandage contact lenses 

(BCL)

Silicone hydrogel lenses made from 

balafilcon A

High oxygen permeability and transmission Improved dry eye symptoms, best corrected visual 

acuity (BCVA), decreased corneal staining scores 

6 weeks after treatment and 6 weeks after disuse

Contact lens [51]

New type of soft contact 

lens (Therapeutic Hyper- 
CL™)

Hyper-CL™ Improved corneal oxygen supply Improved BCVA, alleviated gritty sensation, cornea was 

clear and epithelium was intact under slit-lamp

Contact lens [52]

ROS-responsive 
microneedle patch (CE-MN)

N-vinyl-2-pyrrolidinone Eliminated ROS, promoted macrophage M1 to M2 
conversion, reduced inflammatory mediator release, 

inhibited Th1, Th17 cell and macrophage proliferation

In SSDE model mice, decreased TNF-α, IL-6 and NO, 
decreased corneal staining score, increased 

conjunctival cup, promoted tear secretion by 

improving lacrimal gland structure, decreased the 

proinflammatory factors IFN-γ, IL-1α, IL-2, IL-6 and 
TNF-α, decreased Th1 and Th17 cells, increased Treg 

cells in cervical lymph nodes

Microneedle patch [53]

Novel hydrogel polymer 

containing pilocarpine

Hydrogel polymer Stimulated salivary glands and lacrimal glands, 

promoted gland secretion

Improved oral and eye comfort scores, increased saliva 

and tear flow, and no serious adverse reactions

Oral insertion [54]

Injectable hydrogel derived 

from acellular submaxillary 

gland of swine (pDSG-gel)

Extracellular matrix Activation of the PI3K/AKT signaling pathway 

promotes the migration of SGMSCs

Promoted endogenous SG cell aggregation, 

proliferation and differentiation, reconstructed the 

acinar and duct-like structure of the injured site and 
inhibit tissue fibrosis

Injection into the gland [55]

Novel hydrogel with 

laminin-1 peptide and 

growth factors FGF-7 and 

FGF-10 chemically coupled 
with fibrin hydrogel

Laminin-1 peptide Form the functional three-dimensional salivary cell 

clusters, induced salivary gland tissue formation

Improved the epithelial tissue of head and neck 

radiotherapy model, rebuild blood vessels and nerves, 

promote salivary gland regeneration and gland 

secretion, reduce collagen deposition and inhibit 
fibrosis

Transdermal injection [56]

(Continued)
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Table 1 (Continued). 

Disease Hydrogel Mechanism Result Delivery Reference

SSc Light-responsive 

multifunctional 

microneedles constructed 
from triptolide (TP), 

paeoniflorin (Pae) and black 

phosphorus (BP) 

nanoparticles

Methyl methacrylate gel and 

polyethylene glycol dimethacrylate

Near infrared (NIR) responsive, reduced pro- 

inflammatory factors TNF-α, TNF-β and IL-6 

expression

Bleomycin-induced SSc mouse models were treated 

with BP + TP + Pae + NIR to recover the damaged skin 

area quickly and reduce dermal thickness, reduced skin 
fibrosis

Microneedles [29]

Injectable self-healing 

hydrogel containing MSCs

O-carboxymethyl chitosan and 4-arm 

benzaldehyde terminated polyethylene 
glycol

Promoted MSCs proliferation, prolong cell half-life 

in vivo, reduced the expression levels of TNF-α, IL-1β 
and IL-6, promoted angiogenesis, inhibited collagen 

synthesis related genes Col1A, Col3A, α-SMA and 

TGF-β

Significantly reduced collagen deposition, fibrosis 

factor FGF-2 expression, increased angiogenesis 
factors CCL-2, HGF, TSG-6, PGE-2 and COX-2 

expression in damaged skin of SSc model mice, 

inhibited fibrosis and delayed disease progression

Subcutaneous injection [57]

MS DELIVER DC10s in situ gel 

hydrogel

Polyethylene glycol Production of IL-10 inhibited proliferation of T and 

B lymphocytes

Improved paralysis in MS model mice Subcutaneous injection [58]

T1MD Chitosan-insulin nanosphere 

composite material that 
could be injected into pH- 

and temperature-sensitive 

hydrogels

Serine-b-poly(lactide)-b-poly(ethylene 

glycol)-b-poly(lactide)-b-oligomer serine 
and chitosan

Supplementing insulin to lower blood sugar Streptozotocin induced BALB/c mouse model of 

diabetes found that plasma insulin concentration was 
maintained at a steady level, effectively reducing blood 

sugar

Subcutaneous injection [59]

Hydrogel (hyaluronic acid/ 

heparin/collagen)-mediated 

IL-2 injection

Hyaluronic acid, heparin, collagen and 

polyethylene glycol dipropionate

Enhanced IL-2 activity and promoted Treg cell 

proliferation

Released IL-2 slowly and reduced the incidence of 

diabetes

Subcutaneous injection and intraperitoneal 

injection

[60]

MSC and islet 
transplantation frozen gel 

stent

Ethylene glycol and heparin Islets transplanted into frozen gel survive and secrete 
insulin under glucose stimulation

Frozen gel scaffold provides survival environment for 
islets, 3D co-culture MSCs and islet cells, effectively 

protect islet cell survival time and release insulin to 

reduce blood glucose

Subcutaneous injection [61]

Semi-interpenetrating 

polymer network hydrogels

Polyethylene glycol and polysodium 

methacrylate

Promoted the formation of perfusable blood vessels, 

enables cell delivery, and the embedded islets secrete 

insulin under glucose stimulation

Blood sugar returns to normal, demonstrating the 

presence of insulin-positive islets

Subcutaneous injection [62]

Thermoresponsive 3D 

hydrogels

An artificial matrix polypeptide consists 

of a temperature-sensitive elastin like 
peptide and an integrin-stimulating RGD 

ligand (REP)

Reconstituted islet-ECM interaction, increased islet 

B cell viability through adhesion-mediated Erk 
phosphorylation, activated PI3K/Akt/Foxo1/PDX1 

insulin signaling pathway

Reduced transplant rejection, effectively protect islet 

cell survival, co-transplant site had obvious B cell 
proliferation and vascularization, ensure nutrition, 

oxygen and vascular reconstruction

Islet transplantation [63]

3D injectable hydrogel 

(PEM-PRP hydrogel)

Pancreatic extracellular matrix hydrogel 

and platelet rich plasma

Imitated the biochemical composition of the native 

extracellular matrix, continuously released growth 

factors, had strong resistance to enzyme degradation, 
promoted cell survival, insulin secretion and insulin 

gene expression

Enhanced islet cell activity and promoted angiogenesis, 

inhibited host inflammatory response, reduced blood 

glucose levels

In vivo transplantation [23]

Construction of trace 

element-dominated 

exosome modules and 

adaptive dual-network 
hydrogels (3D-TE-Exo)

Microcarrier Eliminated ROS, restored mitochondrial membrane 

potential through complement pathway, enhanced ATP 

production, activated autophagy flux, promoted 

macrophage transformation from M1 to M2, 
inhibited pro-inflammatory cytokine production

The vascular network at the wound site is obvious, and 

the regeneration of diabetic foot is coordinated by 

complement-mitochondria-autophagy circuit

[64]

Ultrasonically triggered 

nanocomposite “lever” 

hydrogel

Hydrogenated soybean phospholipid, 

cholesterol, phospholipid-diseleno- 

polyethylene glycol-amino, 

hematoporphyrin monomethyl ether

Antibacterial and anti-inflammatory properties, 

eliminated ROS, promoted M2 macrophage 

polarization

Effectively balanced ROS generation and elimination at 

different stages of wound repair, promoted 

neovascularization and improved diabetic peripheral 

neuropathy

[65]
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Rheumatoid Arthritis
RA is an autoimmune disease, involving symmetrical facet joints of the whole body and is caused by a variety of 
environmental, genetic, and epigenetic factors.66 The main symptoms are joint swelling and pain, characterized by joint 
inflammation leading to irreversible joint destruction and deformity, which seriously affects the patients’ quality of life. 
Commonly used drugs include nonsteroidal anti-inflammatory drugs (NSAIDs), disease-modifying anti-rheumatic drugs 
(DMARDs), glucocorticoids, and biologics. However, these drugs require high dose and frequent and long-term 
administration, which may lead to serious side effects and poor patient compliance. Therefore, it is important to avoid 
these problems while simultaneously improving drug efficacy at the same time.67 By constructing an injectable 
bioadhesive hydrogel, the adhesion between the hydrogel and the joint tissue was enhanced to extend the drug retention 
time and improve treatment efficiency.38 A drug delivery system (DDS) carries out passive and active targeting through 
optimal nano particle size and surface modification, reducing adverse drug reactions while ensuring that the drug 
concentration at the target site enhances the therapeutic effect.68,69

Macrophages can produce a variety of pro-inflammatory cytokines such as TNF-α, IL-1, IL-6, and prostaglandins, 
which are intertwined with reactive ROS to cause joint injury; thus, targeting macrophages is a hot spot in RA 
treatment.30,70 Liu et al developed a heat-sensitive injection hydrogel loaded with dexamethasone (Dex) and crocetin 1 
(Cro), which ensured the release of Dex and Cro while extending the retention time.30,71–77 Yang et al encapsulated and 
loaded leonurine (Leon) folate-functionalized polydopamine (FA-PDA) nanoparticles with anti-inflammatory properties 
and gradually released FA-PDA@Leon nanoparticles, while Wu et al developed an injectable pH-sensitive IOK peptide 
hydrogel supported by methotrexate (MTX) and bismuth nanosheets/BiNS/PEI, which could reduce the activity of 
macrophages and simultaneously eliminate overproliferating synovial fibroblasts (FLS).31,38 Zheng et al also developed 
a pH-responsive nano-liposome (Lipo/MTX-HSA) coated with a methotrexate (MTX) -human serum albumin (HSA) 
complex, Haloi et al developed a heat-sensitive smart hydrogel loaded with phenethyl isothiocyanate (PEITC), which has 
antioxidant and anti-inflammatory activities; Du et al constructed a hydrogel nanoparticle/microspheres (MTX/ 
ARPL@MS) using artemisinin prodrug (ARP) and MTX.32,33,39 After local administration, MTX/ARPL is slowly 
released and targets both synovial macrophages and fibroblasts. These modified drugs were injected into the joint cavity 
of arthritis rats, and they could significantly reduce the levels of TNF-α, IL-1β, IL-6, IL-17A and other pro-inflammatory 
factors, improve joint redness and bone erosion, and reduce the weight of thymus and spleen.30–33,38,39 Increased serum 
glutathione (GSH) levels and decreased levels of nitric oxide (NO), malondialdehyde (MDA), and myeloperoxidase 
(MPO), inhibit inflammatory signaling pathways to reverse M1 polarization of macrophages and ferritin autophagy/iron 
death in chondrocytes, thus maintaining the structural integrity of cartilage.33,38 Additionally, they effectively reduce the 
number of FLS and macrophages in joints, induce mitochondrial dysfunction, promote FLS and macrophage apoptosis, 
and regulate the inflammatory microenvironment.32 Wang et al developed a bidynamic crosslinked sodium alginate 
hydrogel (SPT@TPL) that combined “stimulus response (such as ROS)” and “drug release (such as triptolide (TPL))”, 
with the ability to respond and regulate ROS levels on demand, and injected hydrogel locally into the damaged femur 
region of RA model rats.34 It was found that the articular cartilage morphology, trabecular number and bone mineral 
density increased in SD rats, which may be related to SPT@TPL response and effective clearance of ROS and promotion 
of macrophage M2 polarization. Wang et al developed a supramolecular HA-nanomedical hydrogel (HP@CEL).40 

Through continuous local release of celastrol (CEL), which mediates macrophage-synovial fibroblast crosstalk, the 
hydrogel was injected into the joint cavity of CIA model mice, and ankle and paw swelling was significantly reduced, 
and bone density increased. Bone erosion, synovial hyperplasia, and cartilage injury were effectively alleviated. mRNA 
and protein expressions of TLR4, MyD88, p38, p65 and IκBα in joint tissues were significantly down-regulated, 
suggesting that HP@CEL can inhibit the TLR4/NF-κB pathway by inhibiting M1 macrophage infiltration and down- 
regulating pro-inflammatory cytokines. To reduce local inflammation and improve bone regeneration. Song et al studied 
a dexamethasone sodium phosphate (DPS) -diclofenac sodium (DS) supramolecular hydrogel, which exerts anti- 
inflammatory effects by down-regulated the levels of NO, TNF-α and IL-6 in RAW 264.7 macrophages activated by 
lipopolysaccharide (LPS).41 By injecting the DMS-DS hydrogel into the joint cavity of AIA rats, joint swelling, bone and 
cartilage erosion and synovial inflammation were significantly reduced, serum levels of NO, IL-6 and TNF-α were 
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decreased, p-NF-κB/NF-κB ratio and protein expression of COX-2 and iNOS were decreased. In addition, Liu et al 
developed an ROS-reactive polymer for the anti-rheumatic drug sinusine (FTL@SIN MNs), which was characterized by 
the synergistic effect of the algae polysaccharide and showed good mechanical strength and physical stability compared 
with the microneedles prepared with only hyaluronic acid.35 After local topical application, macrophage inflammation 
was significantly reduced, the secretion of key pro-inflammatory cytokines was reduced, the polarization of macrophages 
towards the M2 type was promoted, synovial inflammation improved, and cartilage repair was promoted. This system 
combines nanoparticles with traditional Chinese medicine to provide a new strategy for the treatment of RA. Weng et al 
develop alginate (ALG) phototherapy hydrogels supported with strontium ranelate (SrR), combined with photoresponsive 
molybdenum disulfide nanoflower (MoS2NFs) and photothermally responsive polypyrrole nanoparticles (Ppy NPs).36 

Local application of yeast to RA animal models was found to significantly reduce inflammation, increase heat shock 
protein (HSP), promote macrophage M2 polarization, and alleviate RA-related joint degradation.

Neutrophils are key cellular components infiltrating synovial tissue and rheumatoid nodules in RA patients, and it has 
recently been found that abnormal neutrophils forming neutrophil extracellular traps (NET) may contribute to the 
pathogenesis of arthritis.78,79 NET are net-like structures composed of histone proteins, DNA, and antibacterial proteins 
released by activated neutrophils, which lead to cartilage destruction by enhancing the immunogenicity of the cartilage 
components. Deoxyribonuclease I (DNase) is a natural endonuclease responsible for the hydrolysis of extracellular DNA 
outside the cell, which prevents NET formation.80 Wang et al coupled DNase with oxyhyaluronic acid (OHA) to form 
DHA, which was then crosslinked with carboxymethyl chitosan (CMCS) to form an injectable, degradable, and 
biocompatible hydrogel (DHY), and then loaded MTX into the posterior articular cavity of the system for injection 
into CIA mice.42 It was found that after DHY@MTX intervention, the joint symptoms of mice were basically normal, the 
articular surface was clear, and the levels of TNF-α and IL-6 were decreased, which were significantly better than those 
in DHY and DNase@HY groups. Jiang H et al utilized the characteristics of traditional Chinese medicine agents to self- 
assemble Sinomenine-glycyrrhizic acid self-assembly nanohydrogel.81 After intra-articular injection to the rheumatoid 
arthritis model mice, it not only alleviated joint swelling at a low dose but also reduced the adverse reactions caused by 
high-dose drugs. In vitro experiments demonstrated that this self-assembled hydrogel could significantly reduce the 
migration of neutrophils.

Abundant free DNA (cfDNA) in peripheral blood and synovial fluid is involved in the pathogenesis of RA. cfDNA 
enhances inflammation by activating pattern recognition receptors (PRRS), such as cytoplasmic double-stranded DNA 
(dsDNA), cyclic guanosine-adenosine phosphate synthase (cGAS) and toll-like receptor 9 (TLR9). cGAS activation can 
induce the abnormal activation of the interferon gene-stimulating factor (STING) pathway, thus promoting a type I interferon 
(IFN) response. TLR9 activation can also promote inflammatory responses.43,44 Therefore, clearing cfDNA and inhibiting 
cGAS are promising therapeutic strategies. Cheng et al loaded cGAS inhibitors (RU) into cationic nanoparticles (cNPs) to 
make nano-drug cRNPs, and then loaded cRNPs into a hydrogel to form a nanoparticle hydrogel (NiH), which was injected 
into CIA mice subcutaneously through the tail; they found that the joint swelling of mice was significantly reduced after NiH 
intervention. Serum cfDNA, TNF-α, IFN-β and IL-12 water were significantly decreased, the number of CD3T cells, CD4T 
cells, CD8T cells and Th17 cells in spleen and peripheral blood was decreased, and the number of Treg cells was increased, 
which was significantly better than that in RU-H and cNPs-H groups. These results indicated that NiH can effectively clear 
cfDNA, inhibit inflammatory responses, promote immune homeostasis, and treat RA.

MSCs are a class of pluripotent stem cells capable of self-renewal, multi-differentiation, and immune regulation. 
They can inhibit T cells, B cells and NK cells, promote the generation of Treg cells, reduce the production of antibodies, 
and reduce the secretion of IFN-γ, TNF-a, IL-6, IL-17, IL-22 and other pro-inflammatory factors. They can promote the 
secretion of PGE2, TGF-β, IL-4, IL-10 and other factors and migrate to the lesion area in response to the inflammatory 
signal of the injured site, and play the role of tissue repair by secreting extracellular vesicles and growth factors. Shi et al 
encapsulated MSCs in alginate brine gel, which has the advantages of low toxicity, low cost, good gelling power, and 
high bioavailability.46,82 It is an ideal scaffold for delivering MSCs, improving the proliferation ability, vitality, and 
survival time of MSCs in vivo, and enhancing the immune regulation ability of DCs. They injected alginate gel 
containing MSCs into CIA mice subcutlely and found that RA incidence, ankle joint score and paw thickness, and 
bone erosion degree of hind paws and ankles were significantly decreased, serum adenosine concentration was increased, 
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total IgG level was significantly decreased, TNF-α and IL-6 levels were basically reduced to normal, and IL-10 levels 
were increased. The proportion of Tregs cells in the lymph nodes increased, and the effect was comparable to that of the 
MSCs group, showing superior preventive and therapeutic effects. Zhu et al injected a novel injectable hydrogel loaded 
with adipose-derived stem cells (ADSCs) in the ECM into the joint cavity of a CIA rat model to prolong the 
accumulation time of ADSCs in the body and found that the degree of claw tenderness and swelling was significantly 
reduced, promoting cartilage repair.47 Zhao et al proposed that nanoenzyme-enhanced hydrogels can effectively remove 
endogenously overexpressed ROS and produce O2.48 They injected a nano-enzyme enhanced hydrogel encapsulated in 
bone marrow-derived mesenchymal stem cells (BMSCs) (ε-PLE@MnCoO/Gel) into the large and micro pores of the 3D 
printed titanium alloy prosthesis of the RA rabbit model, and found that joint surface temperature and swelling were 
significantly reduced, promoting osteogenesis and synovial hyperplasia. In addition, the levels of TNF-α, IL-1β, IL-6 and 
PGE2 in bone tissue and synovial fluid were decreased.

Endogenous gases (such as NO and H2S) play a key role in the regulation of the RA microenvironment; however, 
these gases are highly concentration-dependent. Excessive NO and insufficient H2S cause inflammation and activate 
osteoclasts to dissolve bone tissue, thus delaying bone healing and exacerbating RA.83,84 Therefore, Geng et al developed 
a self-healing injectable hydrogel (DNRS gel) that can consume NO and release H2S and was injected into CIA rats in 
the joint cavity after loading MTX.37 They found that paw temperature and swelling of rats were significantly reduced, 
and bone erosion was alleviated, which may be related to M2 polarization promoting osteogenesis and inhibiting 
osteoclast differentiation.

In addition to dressing applications, Elshabrawy et al developed a unique double-layer transdermal patch (TDDP), 
that combined 3D bioprinting and electrospinning technology.45 The first layer was a newly developed hydrogel (HG) 
containing the joint-maintaining component HA and anti-inflammatory agent dexamethasone (DEX) through 3D printing. 
The second layer was electrospun polycaprolactone (PCL) nanofibers (NFs) loaded with the natural plant extract naringin 
(NAR), which has antibacterial and anti-inflammatory effects, and was applied to the ankle joints of RA rats. The levels 
of IL-6 and TNF-α were significantly reduced, and the inflammatory infiltration and damage of synovium were reduced.

These studies found that, in addition to traditional drugs that can reduce the secretion of inflammatory factors and 
block the inflammatory pathway, the use of drug delivery to load drugs, DNA, enzymes, cells, and other direct effects on 
the lesion site, while reducing side effects, ensures that the concentration of drugs at the lesion site enhances efficacy.

Systemic Lupus Erythematosus
SLE is a multisystem chronic autoimmune disease characterized by relapse and remission. Its prevalence is higher in 
women of reproductive age, with women accounting for 9:1, the exact cause is unknown, but it has been established that 
environmental and genetic factors interact to trigger an immune response that leads to the overactivation of B cells to 
produce a large number of pathogenic autoantibodies, resulting in tissue and organ damage, which can affect any part of 
the body and can lead to death when kidney damage (lupus nephritis) is severe.85 Dysfunction of the peripheral 
lymphatic organs, such as the spleen and lymph nodes, is associated with SLE.49 Huang et al injected agarose hydrogel 
containing anti-TNF-A antisense oligonucleotide (ASO) into MRL/Lpr mice subcutaneously, and found that ASO 
containing anti-TNF-A aggregated in macrophages, significantly reduced the level of TNF-a, inhibited lymphocyte 
proliferation, and alleviated lupus-like symptoms.49 Nie et al intraperitoneal injected porous adhesive particles encapsu
lated with MSCs into MRL/Lpr mice, and found that spleen weight and serum levels of anti-DSDNA antibody, TNF-α, 
IL-6 and TGF-β were significantly reduced, IL-10 levels were increased, and glomerular IgG and C3 deposition were 
also significantly reduced.50

Sjögren’s Disease
SjD is a chronic autoimmune disease caused by immune disorders characterized by the activation of T and 
B lymphocytes and the infiltration of exocrine glands and epithelial cells. The main clinical manifestations are dry 
mouth and eye caused by the destruction of exocrine glands, such as the salivary and lacrimal glands. If SjD-associated 
dry eye is not treated promptly, it may lead to chronic conjunctivitis, persistent epithelial defects, recurrent infectious 
keratitis, neovascularization, and perforation.86–88 Currently, the treatment of SjD-related dry eye syndrome mainly 
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depends on the severity of the disease, which can be treated with dexamethasone, serum eye drops (SED), contact lenses, 
or surgery. The efficacy of SED has been confirmed in most studies. Although hydrogel has been used in contact lenses 
for a long time, there are few studies on the treatment of SjD with contact lenses.

In a prospective study, Li et al included 37 patients with severe dry eye caused by SjD and randomly divided them into two 
groups to evaluate the efficacy of bandage contact lenses (BCL) and autologous serum eye drops (AS).51 After 6 weeks of 
treatment, it was found that the best-corrected visual acuity (BCVA) in the BCL group improved significantly and remained 
stable after disuse. However, no significant differences were observed in the AS group. The ocular surface disease index was 
lower in the BCL group than that in the AS group. Corneal staining scores were lower in the BCL group than those in the AS 
group after 6 weeks of treatment and after 6 weeks of discontinuation. Therapeutic Hyper-CL™ is a new type of soft contact 
lens that can increase the contact time of eye drops on the corneal surface to improve the bioavailability of active drugs. 
Romano et al reported a case of new contact lenses combined with allograft SED (allo-SED) in the treatment of dry eye SjD 
with cryoglobulinemia.52 Allo-SED, levofloxacin, and dexamethasone were administered to the right eye. The left eye was 
treated with new contact lenses based on the treatment of the right eye. The results showed that there was no gritty sensation in 
the left eye after one month of treatment, BCVA was significantly improved compared on that in the right eye, the left cornea 
was clear, and the epithelium was intact under the slit lamp, while the right eye was unchanged. In conclusion, the use of the 
new contact lenses is promising, but given the individual cases, further studies with larger sample sizes and longer follow-up 
times are needed to demonstrate efficacy. Mu et al developed an ROS-responsive microneedle patch (CE MN) with 
a detachable function for the treatment of Sjögren’s disease-related dry eye.53 By loading the immunosuppressant cyclosporin 
A and epicatechin, the drug can be released on demand and accumulated in the lacrimal gland, which can significantly prolong 
the drug action time compared with traditional eye drops. It has obvious anti-inflammatory and immunosuppressive effects in 
Sjögren’s disease-related dry eye of mouse models, which may be related to the clearance ROS, inhibition of Th1, Th17 cells, 
and macrophage proliferation. Gibson et al reported the efficacy of oral inserts with a novel hydrogel polymer containing 
pilarine that released pilarine in a controlled manner in eight patients with SjD, suggesting a general improvement in oral and 
ocular comfort scores as assessed by the visual linear analog scale, and a marked increase in saliva and tear content.54 All but 
one patient (wearing dentures) tolerated the treatment, and adverse events were rare, with no serious adverse events. Although 
this new hydrogel polymer oral insert containing pilocarpine showed promising therapeutic effects, further studies are required 
to demonstrate its efficacy. Wang et al prepared an injectable hydrogel (pDSG-gel) derived from the porcine submaxillary 
gland and injected it into the salivary glands of rats in situ.55 They found that it could reconstruct the acinar and duct-like 
structure of the injured site and inhibit tissue fibrosis. Nam et al chemically coupled laminin-1 peptide (A99 and YIGSR) and 
the growth factors FGF-7 and FGF-10 with a fibrin hydrogel to create a new type of hydrogel, which was injected locally into 
the salivary glands of C57BL/6J model mice subjected to head and neck radiotherapy.56 It can promote salivary gland 
regeneration and function and inhibit fibrosis by improving the epithelial tissue and reconstructing blood vessels and nerves. 
Hydrogels have great application potential for improving salivary gland secretion.

Systemic Sclerosis
SSc is a class of autoimmune diseases characterized by small vessel disease and fibroblast dysfunction.89,90 Early clinical 
manifestations include skin lesions, poor prognosis, and high mortality; thereby, early treatment is crucial. At present, the 
efficacy of Western medicine is not satisfactory, while Tripterygium wilfordii and peony have attracted increasing 
attention from clinicians because of their powerful immunosuppressive effects, toxicity of traditional Chinese medicine, 
and adverse reactions to systemic administration. Some researchers have proposed a traditional Chinese medicine- 
integrated microneedle skin delivery system to construct light-responsive multifunctional microneedles by combining 
triptolide (TP) with paeoniflorin (Pae) and black phosphorus (BP) nanoparticles.29 Bleomycin-induced SSc mouse 
models were treated with BP+ TP+ Pae+ NIR to recover the damaged skin area quickly and reduce dermal thickness. 
The degree of skin fibrosis and liver toxicity of TP was also reduced. Nie et al loaded MSCs with O-carboxymethyl 
chitosan (CS-CM) and 4-arm benzenaldehyde-capped polyethylene glycol (PEG-BA) as the main components of 
hydrogels and found that they promoted the proliferation of MSCs, increased the half-life of the cells in vivo, and 
improved the immunomodulatory effect. Subcutaneous injection of bleomycin to induce SSc in mice inhibits fibrosis and 
delays disease progression.57
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Multiple Sclerosis
MS is a chronic inflammatory demyelinating disease of the central nervous system in which myelin wraps nerve fibers to 
protect nerve function.91 Once the myelin sheath is attacked, it affects the normal transmission of nerve signals; if not 
treated promptly and effectively, it leads to progressive paralysis and eventually death. DCs are considered the initiators 
and drivers of MS and can effectively weaken the immune response to myelin.92 Current treatments slow paralysis with 
immunosuppressive drugs but can increase a patient’s susceptibility to infection or other complications. Thomas et al 
reported that water gel delivery of interleukin-10-treated dendritic cells improved paralysis in preclinical mice with 
experimental autoimmune encephalomyelitis, especially in the neck near the lymph nodes.58 This treatment was used to 
prolong the lifetime of the hydrogel and regulate the recruitment of immune cells at the injection site.

Diabetes Mellitus
Diabetes is a complex, etiological, and chronic metabolic disease characterized by elevated blood sugar levels that affects 
more than 500 million people worldwide.93 Type 1 diabetes mellitus is caused by the destruction of islet beta cells by 
autoimmunity and the cessation of insulin production, resulting in insufficient insulin and multiple metabolic dysfunc
tions, such as glucose, which requires lifelong subcutaneous insulin injection. To reduce the pain and economic burden of 
patients with long-term insulin injection and blood glucose monitoring and to improve patients’ medical compliance, IL- 
2 injection and islet transplantation can be used as an effective treatment. Trinh et al prepared a chitosan-insulin 
nanosphere composite material that could be injected into pH- and temperature-sensitive hydrogels.59 Subcutaneous 
injection intervened in a streptozotocin-induced diabetic BALB/c mouse model and the plasma insulin concentration 
remained at a steady level, effectively reducing blood sugar levels. Nag et al compared the intraperitoneal injection of 
a hydrogel (hyaluronic acid/heparin/collagen)-mediated IL-2 injection with soluble IL-2 injection in NOD mice and 
found that the former released IL-2 slowly and reduced the incidence of diabetes. Since the direct injection of islet cells 
into the hepatic portal vein may cause immediate blood-mediated inflammation and acute immune responses, subcuta
neous islet transplantation is preferable.60 Researchers have developed various islet transplantation technologies using 
alginate, agarose, and other biological materials to enhance the effectiveness of transplantation and to increase the supply 
of nutrients, oxygen, and blood.93 For example, frozen gels, semi-interpenetrating polymer network hydrogels,and 3D 
hydrogels can effectively increase the survival time of islet cells, reduce rejection reactions and donor shortages after 
transplantation, and ensure nutrition, oxygen, and vascular reconstruction.61–63

Diabetic foot is a serious complication of diabetes, mainly caused by excessive inflammatory response of wounds, 
abnormal polarization of macrophages and excessive expression of cytokines leading to a persistent inflammatory state of 
the wounds, and also difficult to trigger peripheral tissue damage. Its incidence is high, the deterioration is rapid, and the 
mortality rate is high, causing great distress to patients and presenting great challenges to clinical treatment. The clinical 
efficacy of traditional therapies is limited, while hydrogels and nanomaterials, as the main functions of wound dressings, 
are to act as protective barriers to improve the environment around the wounds, as carriers of antibacterial agents to 
prevent wound infections, and also to promote wound healing. MSC-Exos can inhibit inflammatory factors, induce 
polarization of macrophages, regulate oxidative stress, promote cell proliferation, migration and angiogenesis, and also 
promote nerve regeneration, bringing new hope for the treatment of diabetic foot.94 For example, constructing a module 
of element-dominated exosomes and an adaptive dual-network hydrogel (3D-TE-Exo), after applying it to the wound on 
the dorsal side of the foot of SD rats, it was found that the vascular network at the wound site was significantly enhanced, 
the expression of ROS was significantly decreased, the mitochondrial membrane potential was restored through the 
complement pathway, ATP production was enhanced, autophagy flux was activated, and macrophages were transformed 
from M1 type to M2 type, significantly reducing the levels of pro-inflammatory cytokines, while significantly enhancing 
the activity of anti-inflammatory cytokines such as IL-10. Through the complement-mitochondria-autophagy circuit, 
diabetic foot regeneration is coordinated.64 In summary, precisely controlling the ROS level at each stage of wound 
healing. Triggering the “lever” hydrogel of nanocomposite materials by ultrasound, first synthesizing ROS-responsive 
dimethylamino sulfide lipids rich in skin healing factors (ergothioneine (ET), thrombin and sonosensitizer (HMME)), and 
then constructing an ultrasound-triggered nanocomposite “lever” hydrogel. During the early infection period, ultrasound 
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dynamics treatment generates bactericidal ROS under ultrasound, cutting the disulfide bond to release ET and thrombin; 
after the ultrasound treatment stops, thrombin/fibrinogen forms an in situ gel, ET clears the residual ROS, and promotes 
M2 macrophage polarization in the later stage, effectively achieving the balance between ROS generation and elimina
tion at different stages of wound repair, and simultaneously possessing antibacterial and anti-inflammatory properties, 
promoting the formation of new blood vessels and improving diabetic peripheral neuropathy.65

Summary and Prospect
Autoimmune diseases are a type of disease with an increasing incidence in the internal medicine system that seriously 
affect quality of life of patients. As a multifunctional biological materials, hydrogels can achieve accurate delivery of 
drugs, effective regulation of the immune system, and repair of damaged tissues by regulating their physical and 
chemical properties. In the future, the development direction of hydrogels for the treatment of autoimmune diseases 
will mainly includes the development of intelligent responsive hydrogels to achieve more accurate drug release, design of 
multi-functional hydrogels for simultaneous drug delivery, immune regulation, and tissue repair, and exploration of the 
combined application of hydrogels with other therapeutic means (such as gene therapy and cell therapy). In addition, the 
use of advanced technologies, such as 3D printing, to prepare personalized hydrogel scaffolds will provide a new method 
for the precise treatment of autoimmune diseases. From RA to SSc, the hydrogel technology, through localized, 
controllable and intelligent drug delivery, has currently shown promising data in preclinical studies. The core trend is 
evolving from “passive carriers” to “active regulation platforms”, no longer being merely a drug carrier, and its potential 
to reshape the inflammatory microenvironment has been verified in animal models. It is expected to break through the 
bottlenecks of traditional autoimmune disease treatment. In the future, multidisciplinary collaboration will be the decisive 
force driving the application of hydrogel therapy in autoimmune diseases.

Although hydrogels have shown broad application prospects in the treatment of autoimmune diseases, they still face 
several challenges. Firstly, the long-term biocompatibility and degradability of hydrogels need further evaluation, and the 
chronic toxicity, immunogenicity and long-term tissue compatibility of their degradation products also require systematic 
in vivo assessment to ensure their clinical application safety. Secondly, the distribution, retention time and interaction 
with cartilage of hydrogels after intra-articular injection need more precise imaging verification. How to precisely 
regulate the physicochemical properties of hydrogels to achieve the best drug release and immune regulation effects 
also needs in-depth research. In addition, the current hydrogel strategies mainly target the downstream effects of 
inflammation (anti-inflammation, immunosuppression), rather than the upstream causes (loss of autoimmune tolerance). 
To achieve long-term disease remission or even cure, it is necessary to move towards the induction of antigen-specific 
immune tolerance, which is currently still in the concept verification stage. Standardization of antigen selection, delivery 
routes and immune monitoring methods is an urgent problem to be solved. Moreover, the immune regulatory function of 
hydrogels is highly dependent on the consistency of their microstructure. How to ensure batch-to-batch stability during 
the transition from small-scale laboratory preparation to large-scale production is also an urgent problem to be solved. 
However, with the continuous development of materials science, biotechnology and medicine, it is still expected to bring 
revolutionary breakthroughs in the treatment of autoimmune diseases and bring new hope to patients.
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