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Abstract: Gout is a complex and progressive inflammatory disease caused by the deposition of monosodium urate (MSU) crystals.
Recent research on the application of biomaterials in gout treatment has shown promising potential. Biomaterials, with their unique
biocompatibility, controlled release properties, and targeted delivery capabilities, offer significant advantages in enhancing drug
solubility and bioavailability, reducing systemic adverse effects, and enabling more precise and stage-specific therapeutic intervention.
In this review, we systematically categorize the various biomaterials applied in gout therapy over the past five years, including nano-
drug delivery systems, microneedle drug delivery systems, and novel biomaterial-based therapeutics for gout treatment. We highlight
the design principles, construction strategies, and mechanisms of action associated with each type of biomaterial. By comparatively
analyzing the functions of different biomaterial platforms, this review further summarizes their potential therapeutic roles, relative
advantages, and current limitations in gout management. In addition, we discuss currently used gout-related animal models and their
relevance to preclinical evaluation, and synthesize emerging therapeutic targets that may guide future biomaterial design. Overall, this
review highlights both the opportunities and the translational challenges of biomaterial-based strategies for gout therapy, providing

insights for the development of more targeted, effective, and clinically relevant therapeutic approaches.

Plain Language Summary: 1. This review describes the main animal models used in gout research and compares the advantages
and disadvantages of different methods.

2. It summarizes the major types of biomaterials being investigated for gout treatment and the principles behind their design.

3. It explains how these biomaterials are prepared, how they work in the body, and what therapeutic effects they have shown in
experimental studies.

4. It also highlights potential therapeutic targets and future directions for the application of biomaterials in gout treatment.
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Introduction
Gout is an inflammatory disease characterized by hyperuricemia and monosodium urate (MSU) crystal deposition.'~
Although current therapies, including urate-lowering agents,’ > anti-inflammatory drugs(NSAIDs),° targeted inhibitors of

inflammatory pathways,’ and uricase-based therapies,*’

can partially control gout, their clinical utility is often limited by
low bioavailability, poor specificity, systemic adverse effects, enzyme instability, immunogenicity, and short circulation
half-life.'® These limitations have prompted growing interest in biomaterial-based strategies for gout treatment. Owing to
their biocompatibility, biodegradability, and tunable delivery properties, biomaterials can improve targeting efficiency,

prolong drug release, and reduce systemic toxicity, thereby offering a promising platform for gout therapy.'''*
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Biomaterials offer significant benefits in the non-surgical management of gout, particularly in drug delivery and
inflammation control. Biomaterials, when used as carriers for drug delivery, can effectively target and control the release
of drugs at the site of pathology, thereby enhancing drug bioavailability and minimizing the side effects associated with
high systemic doses of conventional oral medications.'>'® In recent years, various biomaterial-based platforms, including
nanoparticles, liposomes, hydrogels, microneedles, and bioactive scaffolds, have been explored for gout treatment due to
their abilities to improve drug stability, enhance tissue targeting, and enable sustained or stimuli-responsive drug release.
The modifiability and material specificity of biomaterials also allow them to exert intrinsic bioactive effects, such as
regulating inflammatory responses, promoting MSU crystal dissolution, or inhibiting crystal formation, thereby reducing
inflammation and preventing gout flares.'”'* For example, nanomaterials can enhance the intracellular delivery of anti-
inflammatory agents, while injectable hydrogels provide localized and sustained therapeutic effects within affected joints.
Overall, biomaterial-based systems represent a promising therapeutic strategy for gout treatment due to their abilities to
improve drug delivery efficiency, regulate inflammatory responses, and enable multifunctional therapeutic effects.
Continued development of these systems may provide new opportunities for improving the clinical management of gout.

The development and validation of biomaterials typically depend on animal models of relevant diseases to assess their
efficacy and safety. Currently, gout-related animal models mainly include hyperuricemia models and MSU-induced acute
arthritis models, which help replicate key pathological features of gout and assess the in vivo therapeutic effects and

biosafety of biomaterials. Recent reviews have provided valuable insights into the application of nanomaterials,

2 https: International Journal of Nanomedicine 2026:21



Zhang et al

hydrogels, liposomes, and other delivery systems for improving anti-inflammatory and urate-lowering therapies in gout.”®
These studies have provided valuable perspectives on the therapeutic potential of biomaterial-based approaches and have
helped advance this emerging field. Existing review articles have provided important summaries of biomaterial-based
drug delivery strategies and therapeutic outcomes in gout. In this context, the present review aims to provide a more
integrated perspective by linking the pathological progression of gout with the characteristics of currently available
animal models and recent advances in biomaterials for gout treatment. In addition to summarizing drug delivery
strategies, mechanisms of action, and therapeutic efficacy, this review also discusses current limitations and translational
challenges of biomaterial-based therapies, including biosafety, targeting efficiency, and the insufficient clinical relevance
of existing animal models. Finally, we propose future directions for optimizing animal model construction and accel-
erating the clinical translation of biomaterial-based therapeutics for gout.

Pathogenesis of Gout

Gout typically follows a progressive course, with patients often experiencing minimal discomfort in the early stages of
the disease. The onset and progression of gout can be broadly divided into four stages®' (Figure 1), and early intervention
is critical to prevent disease progression. The first stage of gout is asymptomatic hyperuricemia (Figure 1A), character-
ized by sustained serum uric acid levels >420 pumol/L,** without overt clinical symptoms.** Hyperuricemia results from
increased uric acid production or impaired urate excretion, which is primarily regulated by renal and intestinal urate
transport systems.

The second stage of gout onset is the asymptomatic deposition of MSU crystals (Figure 1B). Due to persistently elevated
uric acid levels in the body, excessive deposition of MSU crystals occurs in the joints or extra-articular tissues, with the lower
limb joints being more commonly affected. However, the exact cause of MSU crystal deposition remains unclear®* and may be
influenced by factors such as temperature, pH, sodium ion concentration, and the unique structure of the synovial membrane.”
During this stage, although MSU crystals are abnormally deposited, no significant inflammatory response is yet present.

The third stage of gout onset is the acute inflammatory phase, during which the inflammatory response is activated
through a dual signaling pathway (Figure 1C). The first signal is initiated by Toll-like receptors (TLRs),'® which
activate the NF-kB signaling pathway.?’ Activation of NF-kB promotes the recruitment of neutrophils and other
inflammatory cells, induces the formation of the NLRP3 inflammasome, and promotes the generation of pro-IL-1p.%
The second signal is triggered by MSU crystals. After macrophages and monocytes engulf MSU crystals, mitochondrial
reactive oxygen species (ROS) generation and potassium efflux jointly promote the assembly of the NLRP3 inflamma-
some. The NLRP3 inflammasome also plays an important role in regulating macrophage polarization from the M2 anti-
inflammatory phenotype to the M1 pro-inflammatory phenotype,” Subsequently, the activated NLRP3 inflammasome
recruits ASC and Caspase-1, leading to Caspase-1 activation and the maturation of pro-IL-1p into active IL-1p, IL-1f is
a key inflammatory cytokine in gout. It promotes vasodilation, induces the recruitment of neutrophils and other immune
cells, and stimulates the release of additional inflammatory mediators such as TNF-a and IL-8,** thereby amplifying local
inflammation. Persistent IL-1p signaling can further induce matrix-degrading enzymes, leading to local cartilage and
bone destruction and explaining why chronic gout may result in irreversible joint damage. The inflammatory response in
gout is generally self-limited, and its resolution is closely associated with the formation of neutrophil extracellular traps
(NETs).>'~*? NETSs help suppress inflammation by degrading inflammatory cytokines, although the regulatory mechan-
isms underlying NET formation remain unclear.

The fourth stage is chronic tophaceous gout (Figure 1D), characterized by tophus formation, progressive joint
destruction, and increased risk of complications such as renal impairment and nephrolithiasis.®> Understanding these
pathological stages provides an important basis for developing targeted biomaterial-based strategies for gout treatment.

Methods for Constructing Animal Models of Gout

Current animal models for gout are primarily categorized into hyperuricemia models and gouty arthritis models.
Hyperuricemia models can be established by intraperitoneal injection of potassium oxalate solution in experimental
animals,®* or by inducing hyperuricemia through a high-fat diet’> or a high-fat, high-purine diet.*® Acute gouty arthritis
models can be developed by directly injecting MSU crystals into the joint cavity or peritoneal cavity.>”** However, the
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Figure | The four stages of gout development. (A) Hyperuricemia; (B) Abnormal deposition of MSU in joints; (C) The inflammatory phase and pathogenesis of gout involve
the activation of the NF-kB inflammatory signaling pathway. The first signal is triggered by TLRs (Toll-like receptors), and the second signal is activated by monosodium urate
(MSU) crystals. These dual signals lead to the assembly of the NLRP3 inflammasome, initiating an inflhammatory response mediated by inflammatory cells such as
macrophages and neutrophils; (D) Advanced-stage gout and treatment.

hyperuricemia models created by these methods often fail to accurately replicate the joint swelling, pain, and intra-articular
inflammation observed in gout patients. Additionally, the presence of Urate Oxidase (UOX) in many experimental animals,
which breaks down uric acid, makes it difficult to establish a stable hyperuricemia model and challenges the simulation of the
progressive stages of gout development.*' Similarly, acute gout models generated by direct injection of MSU into the joint or
peritoneal cavity fail to mimic the characteristic recurrent attacks of gout and its gradual disease progression. Recent studies
have developed improved modeling techniques that more closely resemble the clinical manifestations of gout in humans
(Figure 2A).
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Figure 2 Construction methods for gout animal models. The circular schematic is divided into three sectors labeled (A-C) at the center of each sector. (A) Strategies for
establishing hyperuricemia animal models, including dietary intervention, intraperitoneal injection, and gene knockout approaches. (B) Strategies for establishing acute gouty
arthritis animal models, including intra-articular injection of monosodium urate (MSU) crystals and surgical implantation of MSU crystals. (C) Strategies for establishing
combined animal models exhibiting both hyperuricemia and gouty arthritis, including the integration of intraperitoneal injection or dietary intervention with modification of
the intra-articular microenvironment, as well as the combination of dietary intervention with intra-articular MSU injection. The numbered labels (1-3) indicate different
model-construction approaches shown within each pane.

Gene Knockout and Gene Mutation Animal Models of Hyperuricemia

Currently, rodents are widely used as experimental animal models; however, due to the presence of UOXin rodents, which
leads to the degradation of MSU, establishing a stable gout model remains challenging. To circumvent the impact of UOXon
model stability, Lu Jie et al*? successfully developed a UOX-deficient mouse model by knocking out the mouse UOXgene,
resulting in an animal model that spontaneously develops hyperuricemia. This model enables experimental animals to
maintain a long-term hyperuricemic state, closely resembling the pathogenesis of gout in human patients. However, the
absence of the UOXgene may cause pancreatic and renal dysfunction in the experimental animals, with a survival rate of
approximately 40% at 62 weeks (Figure 2A).

In another study, researchers utilized the Cre/lox P recombinase system to develop a liver-specific conditional
UOXknockout mouse model, achieving a survival rate of up to 90%. This novel model not only induced spontaneous
hyperuricemia in the animals but also reduced the expression of the organic anion transporter (oatl), which is associated with
urate reabsorption.>¢

Gene knockout animal models can not only establish a more stable hyperuricemia model but are also suitable for
studying the pathogenesis of gout induced by hyperuricemia or the pathological damage caused by hyperuricemia.**** To
investigate whether GLUT12 also mediates physiological urate transport, Yu et al*> constructed a GLUT12 knockout
animal model, which similarly exhibited hyperuricemia. Additionally, to verify the relationship between apolipoprotein
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E (APOE) and hyperuricemia, an APOE knockout model was developed, demonstrating significantly higher uric acid
levels compared to the control group.46

These gene knockout animal models focus on altering uric acid metabolism within experimental animals to establish
spontaneous hyperuricemia models. Future research could combine gene knockout models with gouty inflammation
models to develop more stable and representative models that better reflect the pathogenesis of gout.

Gene Knockout and Gene Mutation Animal Models of Hyperuricemia

Currently, rodents are widely used as experimental animal models; however, due to the presence of UOXin rodents,
which leads to the degradation of MSU, establishing a stable gout model remains challenging. To circumvent the impact
of UOXon model stability, Lu Jie et al** successfully developed a UOX-deficient mouse model by knocking out the
mouse UOXgene, resulting in an animal model that spontaneously develops hyperuricemia. This model enables
experimental animals to maintain a long-term hyperuricemic state, closely resembling the pathogenesis of gout in
human patients. However, the absence of the UOXgene may cause pancreatic and renal dysfunction in the experimental
animals, with a survival rate of approximately 40% at 62 weeks (Figure 2B).

In another study, researchers utilized the Cre/lox P recombinase system to develop a liver-specific conditional
UOXknockout mouse model, achieving a survival rate of up to 90%. This novel model not only induced spontaneous
hyperuricemia in the animals but also reduced the expression of the organic anion transporter (oatl), which is associated with
urate reabsorption.*®

Gene knockout animal models can not only establish a more stable hyperuricemia model but are also suitable for
studying the pathogenesis of gout induced by hyperuricemia or the pathological damage caused by hyperuricemia.**** To
investigate whether GLUT12 also mediates physiological urate transport, Yu et al*> constructed a GLUT12 knockout
animal model, which similarly exhibited hyperuricemia. Additionally, to verify the relationship between apolipoprotein
E (APOE) and hyperuricemia, an APOE knockout model was developed, demonstrating significantly higher uric acid
levels compared to the control group.*¢

These gene knockout animal models focus on altering uric acid metabolism within experimental animals to establish
spontaneous hyperuricemia models. Future research could combine gene knockout models with gouty inflammation
models to develop more stable and representative models that better reflect the pathogenesis of gout.

Composite Gout Animal Model

To more accurately simulate the pathogenesis of gout and develop a more stable gout animal model, researchers have
combined a high-fat diet (10% yeast extract) with the injection of 1 milligram of MSU crystals into the footpad every 10
or 7 days.*”*® This composite gout model, compared to the hyperuricemia model induced solely by a high-fat diet and
the acute gout model created by single MSU crystal injections, showed more severe ankle swelling in the experimental
animals. Additionally, tissue sections revealed a higher infiltration of inflammatory cells (Figure 2C).

Wang et al*’ combined intraperitoneal injection of potassium oxalate solution with a high-fat diet and intra-articular
injection of acetic acid to promote the spontaneous formation and deposition of MSU. This model more accurately
reflects joint damage caused by gout, simulating the various stages of gout development that clinical patients may
experience through spontaneous MSU deposition. Compared to methods such as direct intra-articular injection of MSU,
this model may be more suitable for biomaterials research.

To simulate the clinical manifestation of recurrent gouty arthritis, Xu et al’® created a 1.5mm diameter and 2mm
depth cartilage defect in the femoral trochlear groove of SD rats. They then implanted 20 mg of MSU crystals into the
defect. Every five days, an additional 20 mg of MSU crystals were injected into the operated joint, with each
experimental animal receiving 3 to 5 injections to simulate the recurrent inflammation caused by intra-articular MSU
crystal deposition. The repeated high-dose injections of MSU crystals did not cause severe extra-articular pathological
damage to the experimental animals and achieved sustained MSU deposition in the animal model. The model exhibited
significant neutrophil infiltration in the joints, and high expression levels of IL-1f and TNF-a were observed in the
inflammatory cells. This model effectively simulated the characteristic recurrent inflammatory response caused by gout,
as well as potential bone destruction and tophus formation due to MSU crystals.
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Biodegradable Materials for Gout Treatment

Currently, conventional drugs used in the treatment of gout, such as allopurinol, NSAIDs, corticosteroids, colchicine, and
targeted inhibitors of gout-related inflammatory pathways, often have varying degrees of side effects and liver and kidney
toxicity due to their high doses.*' Moreover, these drugs are challenging to target specifically to the site of disease, leading to
low bioavailability.” To address the current challenges in gout treatment, researchers are increasingly investigating the
therapeutic potential of biomaterials. For instance, a bionic meniscus embedded with Pt-CeO, nanozymes and engineered
with a gradient microporous architecture has been shown to effectively catalyze uric acid degradation while simultaneously
scavenging reactive oxygen and nitrogen species,”’ offering a promising strategy for personalized gout management. More
broadly, biomaterials provide significant advantages in enhancing drug bioavailability and minimizing adverse effects owing
to their excellent biocompatibility, controllable release profiles, and targeted delivery capabilities. By constructing effective
drug delivery systems (DDS), the advantages of biomaterials can be fully utilized. Additionally, as biomaterials themselves
may possess anti-inflammatory, antioxidant, and uric acid-lowering properties, they hold potential as novel gout therapeutic
agents, providing more diverse treatment options for gout.

Novel Drug Delivery Systems

Nano-Composite Structured Drug Delivery Systems

The nanoparticle drug delivery system, while offering excellent biocompatibility, enables sustained drug delivery to specific
sites, significantly enhancing drug utilization,>” thus addressing the adverse effects caused by the high doses or side effects of
conventional drugs. Additionally, by employing drug carriers with synergistic effects alongside the encapsulated drugs, the
therapeutic efficacy of the composite material can be enhanced through synergistic treatment.>*>* Moreover, by adjusting the
type of biomaterial, it is possible to achieve responsive and sustained drug release from the delivery system. The nanodrug
delivery systems reviewed in this section are summarized in Table 1 and their representative design mechanisms are
schematically illustrated in Figure 3.

Table 1 Nanoparticle-Based Drug Delivery Systems for Gout Treatment

Functional Biomaterial Composition Active Target Stage Targeting Mechanism References
Classification Pharmaceutical of Gout
Ingredient Pathogenesis
Microenvironment- Bovine serum albumin - Indomethacin Gouty arthritis Localized accumulation at inflammatory sites. [55]
Responsive MnO; nanoparticles
Microenvironment- | Gelatin - MnO, nanoparticles- Berberine Gouty arthritis High binding affinity of albumin for SPARC [56]
Responsive bovine serum albumin facilitates preferential interaction with inflamed
tissues.

Microenvironment- Polyanionic phosphite- The phosphorus Gouty arthritis Localized accumulation at inflammatory sites. [57]
Responsive terminated phosphorus dendrimer AK-137

dendrimers- protein
Slow-Release Tetrahedral framework Curcumin Gouty arthritis The unique structural features of the carrier [58]

nucleic acids enable efficient internalization by inflammation-
associated phagocytic cells.

Slow-Release Nanoemulsion Colchicine Gouty arthritis Application of active targeting strategies. [59]
Slow-Release D-a-tocopherol polyethylene | Bisdemethoxycurcumin | Gouty arthritis Localized accumulation at inflammatory sites. [60]

glycol 1000 succinate-

liposomes

Slow-Release Graphene oxide- metal- Allopurinol Hyperuricemia - [61]

organic frameworks-

CuFe,O4
Slow-Release Soluplus- glycyrrhizic acid Aloe emodin Hyperuricemia, Localized accumulation at inflammatory sites. [62]
gouty arthritis
(Continued)
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Table 1 (Continued).

Functional Biomaterial Composition Active Target Stage Targeting Mechanism References
Classification Pharmaceutical of Gout
Ingredient Pathogenesis
Slow-Release Recombinant human albumin | Aspergillus flavus Urate Hyperuricemia - [63]
Oxidase
Immuno-shielding Zeolitic imidazolate Catalase- Urate Hyperuricemia, - [64]
framework-8 (ZIF-8) Oxidase gouty arthritis

nanoparticles

Immuno-shielding Zeolitic imidazolate Catalase- Urate Hyperuricemia, Neutrophil membrane receptor mediated [65]
framework-8 (ZIF-8 Oxidase outy arthritis active inflammation targeting.
gouty geting.

nanoparticles

Notes: This table categorizes the biomaterials based on their functional attributes and summarizes the composition of the biomaterials and their active pharmaceutical
ingredients (APIs), the therapeutic action stages involved in gout treatment, and their respective targeting mechanisms.

Microenvironment-Responsive Nanoparticle Drug Delivery System

Gout, as a metabolic inflammatory disease, is closely associated with disruptions in the local joint microenvironment,
including decreased pH,’” reactive oxygen species (ROS) overload, and matrix metalloproteinase (MMP) activation. These
unique pathological conditions provide opportunities for the development of microenvironment-responsive biomaterials.'*>°
Studies have demonstrated that Manganese dioxide (MnO,) nanoparticles exhibit excellent catalytic capabilities,”” enabling
the decomposition of ROS into water and oxygen,”® effectively alleviating oxidative stress. ROS, as one of the triggers in the
inflammatory process of gout, plays a crucial role in promoting the rapid degradation of ROS to mitigate gout-related
inflammation. Based on the properties of MnQO,, its incorporation as a constituent of biomaterials enables effective suppression
of gout flares through synergistic therapeutic effects. To achieve precise regulation of the inflammatory response in the third
stage of gout pathogenesis using biomaterials while enabling microenvironment-responsive release of therapeutic agents,
researchers have developed a stimuli-responsive drug delivery system (BIM) based on bovine serum albumin (BSA) and
MnO,* (Figure 3A). This composite material inherits the excellent biocompatibility of BSA, while the presence of MnO,
nanoparticles prevents the burst release of the encapsulated drug, offering remarkable pH-responsive release properties. These
properties depend on the degradation rate of MnO, nanoparticles. The study found that at pH 6 in a weakly acidic
environment, 50% of indomethacin was released over 12 hours, whereas at pH 7.4 (neutral environment), only 30% of
indomethacin was released. An acute gouty arthritis animal model was constructed by injecting MSU crystals into the joints of
mice, simulating the third stage of gout pathogenesis. The study demonstrated that MnO, nanoparticles can effectively
degrade ROS, improving the oxidative stress response caused by MSU crystal deposition in joints, while the release of
indomethacin downregulated the expression of cyclooxygenase-2 (COX-2). This microenvironment-responsive drug delivery
system effectively inhibited the expression of pro-inflammatory cytokines through synergistic effects, while also suppressing
macrophage polarization to the M1 pro-inflammatory phenotype and inhibiting the migration of neutrophils and other
inflammatory cells to the site of inflammation. This study establishes an innovative therapeutic strategy for targeted gout
treatment through a synergistic triple-action mechanism encompassing ROS scavenging, anti-inflammatory effects, and
immunomodulation.®*! While BIM shows effective ROS scavenging and anti-inflammatory effects, its responsiveness is
limited primarily to pH changes, and joint-specific targeting relies on passive accumulation rather than active sensing of
inflammatory cues. Future improvements could integrate multiple microenvironmental signals (ROS, MMPs, and cytokine
concentrations) to achieve more precise release control and enhanced therapeutic outcomes.

Recent studies have revealed that although berberine (an active compound in traditional Chinese medicine) exhibits
notable anti-inflammatory and antioxidant properties,®* its poor aqueous solubility and rapid in vivo metabolism result in
a bioavailability of less than 1%, severely limiting its application in gout management.*® Leveraging the capacity of
biomaterials to enhance drug solubility, well-engineered drug delivery systems can optimize the anti-gout efficacy of
berberine. However, achieving precise targeting of gout-associated inflammation and stimuli-responsive drug release
remains a research challenge. Macrophages play pivotal roles in gout inflammation, where during their specific
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Figure 3 Construction methods and anti-gout mechanisms of nanoparticle drug delivery systems. (A) Schematic representation of BIM construction and its anti-gout
mechanism, highlighting inhibition of ROS and gout-associated inflammatory factors. Reproduced with permission.*® Copyright 2023, AMER CHEMICAL SOC. (B) Diagram
illustrating the construction of MAGN and its anti-gout mechanism. Reproduced with permission.®® Copyright 2023, ELSEVIER. (C) Schematic representation of Cur-TFNAs
construction and characteristic images showing the reduction in infllmmatory factor expression levels. Cur-TFNAs effectively decreased the expression levels of
inflammatory cytokines (IL-1§ and TNF-0).°® Reproduced with permission. Copyright 2022, KEAI PUBLISHING LTD. (D) Schematic illustration of UCZN preparation
and its anti-gout mechanism, demonstrating urate-lowering effects along with the inhibition of inflammatory factor expression. Reproduced with permission.67 Copyright
2021, SCIENCE PRESS. (E) Mechanistic diagram of UCZR binding with red blood cells and specific SEM images showing red blood cells before and after binding.®®
Reproduced with permission. Copyright 2024, WILEY.

inflammatory response, they secrete matrix metalloproteinase-2 (MMP-2). Functioning as a gelatinase, MMP-2 disrupts
synovial membrane integrity and accelerates inflammatory cell infiltration.®* Concurrently, it potently degrades gelatin,
providing a strategic rationale for developing stimuli-responsive drug delivery systems. Based on the capacity of
biomaterials to enhance drug solubility, researchers have developed drug delivery carriers to increase the bioavailability
of berberine, thereby improving control of the third stage of gout pathogenesis. They successfully constructed a nanogel
drug delivery system (MAGN) composed of MnO2 nanoparticles, gelatin, and BSA®® (Figure 3B). This biomaterial
utilizes the affinity of BSA for secreted protein acidic and rich in cysteine (SPARC) to achieve targeted accumulation in
the joint synovium. MAGN is capable of modulating its degradation rate in the joint synovium by sensing changes in the
local MMP-2 concentration, allowing for the responsive release of the loaded berberine and MnO2 nanoparticles. Based
on the release of its loaded compounds, this biomaterial also demonstrates anti-inflammatory and antioxidant stress
capabilities. Similarly, by intra-articular injection of MSU crystals, an acute gouty arthritis animal model was established.
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MAGN effectively reduced ankle swelling in the animal model and significantly lowered the expression of ROS and
inflammatory cytokines IL-6, IL-1P, and TNF-a within the joint. Compared with simpler MnO,-based systems, MAGN
improves joint-specific accumulation and responsiveness to MMP-2, yet its sensitivity to dynamic microenvironmental
changes remains limited, potentially reducing efficacy in heterogeneous inflammatory states. Future design strategies
may focus on multi-stimuli responsive nanogels integrating pH, ROS, and cytokine sensing, along with optimized
biodegradability and controlled release kinetics, to achieve more precise and personalized gout therapy.
Microenvironment-responsive biomaterials, including MnO,-based carriers and MMP-sensitive nanogels, offer promis-
ing strategies for gout treatment through combined ROS scavenging, anti-inflammatory, and immunomodulatory
mechanisms. However, current systems face limitations in sensitivity, targeting specificity, and dynamic response control.
Continued mechanistic studies of gout pathogenesis and joint microenvironment heterogeneity are expected to inform the
next generation of biomaterials with improved translational potential.

Slow-Release Nanoparticle Drug Delivery Systems

Based on the excellent tunable properties of biomaterials, slow-release DDS can be constructed by adjusting the
composition and binding methods of biomaterials. The slow-release function not only allows for the sustained release
of encapsulated drugs, achieving long-lasting therapeutic effects, but also avoids the side effects caused by the explosive
release of drugs. Such DDS can significantly improve the bioavailability of the encapsulated drugs while reducing the
occurrence of liver and kidney toxicity and other side effects. Biomaterials with controlled release capabilities should
possess excellent biocompatibility and structural stability, such as tetrahedral framework nucleic acids (TFNAs),
liposomes, and nanoemulsions, which have garnered extensive attention in recent years. TFNAs, constructed through
the self-assembly of single-stranded DNA, exhibit outstanding biocompatibility and are readily absorbed by cells.
Additionally, due to the structural stability of the tetrahedral nucleic acid framework, which can be maintained for
nearly 48 hours within cells, studies have found that these can serve as carriers for small molecule drugs, increasing their
bioavailability and reducing the potential cytotoxicity caused by burst drug release.®”’® To improve the solubility,
stability, tissue absorption, and low bioavailability of the anti-inflammatory component curcumin, Zhang et al chose
TFNAEs as the delivery vehicle.®® This nanocarrier system (Cur-TFNAs) presents a discrete spherical profile with a size of
approximately 20 nanometers, and its curcumin encapsulation efficiency reaches nearly 92.08 + 0.89%, enabling
controlled release of curcumin. Compared to non-carrier transport, the use of the tetrahedral nucleic acid framework
reduced the degradation rate of curcumin in the body by 40%, and increased the drug uptake rate by RAW264.7 cells
under both inflammatory and normal conditions by more than sixfold. Due to these factors, this biomaterial effectively
inhibited the activation of the NF-kB signaling pathway and reduced the expression of reactive oxygen species (ROS)
and gout-related inflammatory cytokines (IL-6, IL-1f, and TNF-a) (Figure 3C). In an acute gouty arthritis animal model,
constructed by injecting MSU crystals into mouse ankles, the curcumin-loaded drug delivery system exhibited lower
ankle swelling, less inflammatory cell infiltration, and reduced production of inflammatory cytokines and reactive oxygen
species compared to the colchicine treatment group. Cur-TFNAs provide an efficient delivery strategy for the anti-gout
application of curcumin through enhanced solubility, sustained release, and targeted delivery mechanisms. Although Cur-
TFNAs show significant improvements in drug bioavailability and anti-inflammatory efficacy, their responsiveness is
primarily passive, relying on cellular uptake and slow release rather than dynamically sensing inflammatory microenvir-
onment cues. Future designs could integrate stimuli-responsive elements, such as ROS or pH-sensitive linkers, to achieve
on-demand drug release in response to active gout flares, improving therapeutic precision.

Nanoemulsions, a new type of drug delivery system, have received widespread attention in recent years due to their
ability to prevent particle aggregation, ensuring uniform drug distribution. Their structural stability also enables the
enhancement of poorly soluble drug dissolution, thus improving drug bioavailability,”' achieving equivalent therapeutic
effects at lower doses. As a carrier for colchicine,’® nanoemulsions significantly increased colchicine bioavailability and
efficacy at the same dose. Moreover, due to their slow degradation and lower drug dose, nanoemulsions can effectively
alleviate the side effects and organ toxicity caused by high doses of colchicine. Nanoemulsions improve drug stability
and reduce toxicity; however, they offer limited targeting specificity and lack the ability to actively respond to
microenvironmental changes in inflamed joints.
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Liposomes are among the most commonly used nanoparticle DDS. By adjusting their physicochemical properties and surface
functionalities, liposomes can enhance vascular permeability and target inflammatory cells.”* One study utilized liposomes as
a carrier for the anti-inflammatory agent bisdemethoxycurcumin (BDMC) and successfully prepared a specific liposomal drug
delivery system via the thin-film hydration method.”* This biomaterial is modified with D-a-tocopherol polyethylene glycol 1000
succinate (TPGS), which serves as a scavenger of reactive oxygen species (ROS) and can be effective in the third stage of gout
pathogenesis, inhibiting the activation of the second signal of gout inflammation. Additionally, TPGS enhances the stability of
liposomes, resulting in a superior sustained-release effect and increasing the bioavailability of BDMC by tenfold. Despite high
drug-loading and ROS-scavenging capabilities, this liposomal system has not yet been validated in gout animal models, limiting
conclusions about in vivo efficacy. Future studies should evaluate functionalized liposomes in acute gout models to confirm
therapeutic effects and optimize surface modifications for improved joint targeting.

Furthermore, appropriately altering the composition of biomaterials can achieve a larger specific surface area, thereby
improving the drug-loading capacity of drug delivery systems. By combining graphene oxide (GO) and metal-organic
frameworks, researchers have successfully developed a drug delivery system with a high specific surface area. This
system achieved a 90% encapsulation rate for allopurinol and, due to its sustained-release capabilities, allowed for up to

four days of continuous release of allopurinol,”

simultaneously avoiding potential hepatic and renal damage caused by
the metabolism of the same dose of allopurinol in the body.”® In their hyperuricemia rat model induced by a high-fructose
diet, this biomaterial demonstrated excellent uric acid-lowering effects, potentially offering a novel therapeutic option for
the initial stage of gout pathogenesis. Although (GO)-metal-organic framework carriers achieve prolonged drug release
and high encapsulation, their biocompatibility and long-term safety in vivo remain concerns for clinical translation.
Future research should investigate biodegradable frameworks and integrate stimuli-responsive release mechanisms to
improve both safety and therapeutic precision.

Aloe emodin (AE) possesses multiple pharmacological actions, including antimicrobial and anti-inflammatory effects,
but its hydrophobic nature results in low bioavailability, preventing it from fully exerting its pharmacological benefits.”’
To improve its bioavailability and to validate the potential anti-gout efficacy of AE as an anti-inflammatory agent, Shi,
Feng, and others successfully prepared mixed micelles composed of Soluplus® (polyvinyl caprolactam-polyvinyl acetate-
polyethylene glycol graft copolymer) and glycyrrhizic acid(GA) using the thin-film hydration method.”® The AE
encapsulation efficiency in this biomaterial reached 90.3 + 1.08%, a high rate due to GA’s excellent solubilizing ability
for AE. The controlled release capabilities of this biomaterial increased the bioavailability of AE by 3.09 times,
enhancing the drug’s half-life and maximum plasma concentration. In their hyperuricemia and acute gouty arthritis
animal model, induced by diet and MSU injection, AE effectively reduced the blood uric acid levels by inhibiting the
activity of xanthine oxidase (XOD) and suppressed the expression of inflammatory cytokines IL-1 and IL-6, alleviating
joint swelling and the inflammatory response in gout-afflicted animals. While AE micelles improve solubility and anti-
inflammatory effects, their responsiveness to fluctuating disease states or local joint microenvironment signals is limited,
potentially reducing efficiency during acute flares.

Current research focuses on modulating sustained-release drug delivery systems through optimized carrier composi-
tion and structural design to enhance drug delivery performance. However, limitations in targeting precision and
unpredictable drug release environments pose significant clinical translation challenges. The intermittent and episodic
nature of gout flares further complicates therapeutic management, as most sustained-release systems lack dynamic
modulation capabilities responsive to disease state transitions. Consequently, future studies must improve targeting
specificity and intelligent responsiveness to advance the clinical application of sustained-release delivery systems in
gout therapy. Overall, slow-release nanoparticle DDS provide enhanced bioavailability, reduced toxicity, and improved
therapeutic effects. However, current systems largely rely on passive release and lack microenvironmental responsive-
ness. Integrating multi-stimuli responsive mechanisms, optimizing in vivo targeting, and validating long-term safety will
be critical for translating these systems into precise, clinically effective gout therapies.

Immuno-Shielding Nanoparticle Drug Delivery Systems
UOXhas been widely employed for the treatment of hyperuricemia due to its exceptional urate-lowering efficacy.
However, its inherent antigenicity and immunogenicity often result in minimal bioavailability of active UOX, thereby
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limiting its therapeutic potential.””*® Developing drug delivery systems with immunogenicity-masking capabilities can
prevent unnecessary UOXdegradation and enhance its bioavailability. Recent studies have successfully constructed
composite nanoparticles by co-loading UOXand catalase (CAT) into zeolitic imidazolate framework-8 (ZIF-8)
nanoparticles,®’ followed by encapsulating the composite structure with purified neutrophil membranes (NM).
Neutrophil membranes retain the surface antigens and functional properties of neutrophils, effectively shielding the
encapsulated enzymes from immune attacks. Additionally, due to the inherited cell membrane functionality, the
biomaterial can recognize inflammatory factors such as IL-1f, TNF-a, and IL-6, enabling targeted delivery to gout
inflammation sites (Figure 3D). The neutrophil membrane’s specific functions also allow the material to neutralize
inflammatory factors, alleviating gout-related inflammation. UOXand CAT encapsulated in ZIF-8 nanoparticles can
efficiently degrade uric acid and eliminate hydrogen peroxide (H202) through biocatalysis, thereby suppressing
inflammation during gout flares.This innovative biomaterial demonstrated its efficacy in reducing ankle swelling and
inflammatory responses in animal models of acute gouty arthritis induced by intra-articular injection, while significantly
lowering uric acid levels in hyperuricemia models established through intragastric administration. By targeting both the
first and third stages of gout pathogenesis, this biomaterial exhibits dual therapeutic effects.

Similarly, Li et al co-loaded UOXand CAT into ZIF-8 nanoparticles but innovatively employed UCZ as nano-building
blocks and tannic acid as interparticle ligands to assemble the nanoparticles onto the surface of red blood cells®® (Figure 3E).
This approach not only conferred immunosuppressive capabilities to the nanoparticles but also preserved the inherent
functions of red blood cells. Owing to the excellent circulatory performance and immune evasion properties of red blood
cells, the nanoparticles exhibited prolonged retention in vivo, significantly enhancing the bioavailability and efficacy of the
gout-specific enzymes they carried. Another study utilized red blood cells directly as carriers for UOXand employed an
innovative injection technique to avoid unnecessary UOXdegradation.®' Compared with red blood cell-based immune-
shielding systems, neutrophil membrane-coated nanoparticles may offer stronger inflammation-homing capacity and addi-
tional cytokine-neutralizing effects because they retain membrane proteins involved in inflammatory recognition. These
features may make neutrophil membrane-based systems more advantageous in the acute inflammatory phase of gout. In
contrast, red blood cell-based platforms exhibit superior circulation time and immune evasion capacity, which may be more
suitable for sustained systemic urate-lowering therapy. However, their active targeting to inflamed joints appears relatively
weaker than that of neutrophil membrane-coated systems. Therefore, different immune-shielding strategies may be appro-
priate for different therapeutic goals, with neutrophil membrane camouflage being more favorable for acute flare control and
red blood cell-based systems being potentially better suited for long-acting metabolic regulation.

Drug delivery systems employing immune-shielding strategies have successfully overcome the clinical limitations of
urate oxidase (UOX) through biomimetic camouflage. However, critical challenges remain, including how to enhance
targeting specificity and minimize off-target effects—an unresolved imperative. In addition, issues such as membrane
source standardization, large-scale manufacturing, storage stability, and batch-to-batch consistency may further limit
clinical translation of these biomimetic delivery systems. The integration of immune-shielding strategies with micro-
environment-responsive release or sustained-release functions may further improve therapeutic precision and broaden
their applicability across different stages of gout pathogenesis. With continued technological innovation, immune-
shielded delivery systems hold transformative potential for advancing gout therapeutics.

Transdermal Microneedle Drug Delivery Systems

Microneedles (MNs) are biomaterials with sufficient mechanical strength to effectively penetrate the stratum corneum of
the skin, with lengths ranging from 200 to 1000 micrometers.** They also possess certain degradable properties.
Microneedle-based DDS, which meet these criteria, can release the loaded drugs in the epidermal or dermal layers of
the skin, where they are absorbed through capillaries, enabling precise drug administration while avoiding the first-pass
elimination effect associated with oral drugs. This approach enhances the bioavailability of the drug.®*** Due to their
micron-sized dimensions, microneedles do not cause significant pain or discomfort when inserted into the skin, and they
also avoid the risk of accidental injury that may occur with conventional hypodermic needles, such as damage to skin
nerve endings and blood vessels. This not only enhances the safety of injections but also significantly reduces patient
pain and other discomforts, thereby improving patient compliance.®® Given the excellent characteristics of transdermal
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microneedles, recent studies have introduced various types of microneedles for the treatment of gout. These biomaterials
are primarily divided into two stages: one targeting the hyperuricemia phase during the pathogenesis of gout and the
other addressing the inflammation caused by urate crystal deposition. Table 2 summarizes recent advances in micro-
needle-based systems for gout therapy, detailing carrier materials, incorporated drug types, and categorization of primary

mechanisms of action.

Rapid-Acting Anti-Inflammatory Microneedles

Targeting the third stage of gout pathogenesis, rapid onset is crucial for alleviating inflammatory responses. Prompt
action can effectively relieve symptoms caused by acute inflammation and prevent irreversible intra-articular bone
damage resulting from prolonged inflammation.®®*” To achieve rapid and precise anti-inflammatory effects, Liu et al
developed water-soluble hyaluronic acid microneedles loaded with colchicine.*® These composite microneedles demon-
strated excellent biocompatibility, solubility, and degradability. In their study, the hyaluronic acid microneedles effi-
ciently penetrated the skin without causing significant damage. Compared to non-microneedle gels, the microneedles
enhanced colchicine penetration by 3.36 times. In an acute gouty arthritis animal model induced by monosodium urate
(MSU) injection, the microneedles provided rapid relief of acute ankle inflammation. While achieving the same
therapeutic efficacy, the colchicine dosage in the gel group was 4.35 times higher than that in the microneedle group.
Additionally, microneedle delivery achieved anti-inflammatory effects comparable to oral administration while avoiding
gastrointestinal side effects associated with oral colchicine.

Table 2 Microneedles for Gout Treatment

Drug Carrier Active Mechanism of Action Target Stage Animal Model Type and References
Pharmaceutical of Gout Construction Method
Ingredient Pathogenesis
Hyaluronic acid Colchicine Rapid onset Gouty arthritis Acute gouty arthritis — intra-articular [85]

injection of MSU crystals

Hydroxypropyl-f- Polydatin Rapid onset Gouty arthritis Acute gouty arthritis — intra-articular [86]
cyclodextrin injection of MSU crystals
Soluplus Colchicine Rapid onset Gouty arthritis Acute gouty arthritis — intra-articular [87]

injection of MSU crystals

Silk fibroin Colchicine Rapid onset Gouty arthritis Acute gouty arthritis — intra-articular [88]
injection of MSU crystals

Egg Lecithin Colchicine Rapid onset Gouty arthritis The composite gout animal model- [89]
injections of MSU crystals, administered
once every three days.

Glycerol monolaurate- Febuxostat Long-lasting effect Hyperuricemia Hyperuricemia animal model — [90]
polyvinyl alcohol intraperitoneal injection
Carboxymethyl cellulose- Urate Oxidase- Long-lasting effect Hyperuricemia, Hyperuricemia animal model — [91]
Ca02 nanoparticles allopurinol gouty arthritis intraperitoneal injection
Liposomes - chitosan-dextran Urate Oxidase- Rapid onset, long-lasting Hyperuricemia, Acute gouty arthritis — intra-articular [82]

allopurinol effect gouty arthritis injection of MSU crystals
Polyvinylpyrrolidone- Allopurinol Rapid onset, long-lasting Hyperuricemia Hyperuricemia animal model — [84]
polycaprolactone effect subcutaneous injection + intraperitoneal

injection

Poloxamer Colchicine Long-lasting effect Gouty arthritis - [92]
Thermosensitive gel Oxypurinol Long-lasting effect Hyperuricemia - [93]

Notes: This table summarizes drug categories, carrier biomaterials, mechanisms of action, therapeutic intervention stages, animal models employed, and their corresponding
establishment protocols.
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To further enhance rapid anti-inflammatory effects, another study developed fast-dissolving microneedles capable of
complete dissolution within 5 minutes of skin insertion®® (Figure 4A). These microneedles enabled the rapid release of
the anti-inflammatory agent polydatin. To improve its solubility, hydroxypropyl-B-cyclodextrin was employed as
a carrier, increasing polydatin solubility by 10.59 times and its permeability by 8.6 times. Using an MSU-induced
acute gout model, drug delivery via microneedles loaded with 1.6 mg of polydatin achieved therapeutic efficacy
equivalent to oral colchicine (0.5 mg/kg), attributed to the rapid onset of action. To evaluate potential adverse effects,
an acute gouty arthritis model was established by intra-articular MSU injection, and changes in animal body weight were
monitored as a validation metric.’® Results indicated that the microneedles exhibited gout-therapeutic efficacy similar to
colchicine without significant changes in animal body weight.
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In another approach, colchicine was utilized as a delivery component to achieve rapid anti-inflammatory effects. By
combining Soluplus with colchicine through freeze-drying technology, researchers fabricated water-soluble microneedle
tips. Leveraging Soluplus’s excellent solubility, the microneedles dissolved completely within 3 hours, releasing
approximately 74% of the colchicine within 24 hours.”' Jiang et al focused on increasing the drug-loading capacity of
microneedles and providing appropriate carriers for rapid dissolution and action.”” Their study successfully synthesized
hydrogel microneedles capable of swelling up to 2.7 times upon injection (Figure 4B). This remarkable swelling capacity
resulted in over 95% colchicine encapsulation efficiency, with each microneedle delivering 1 mg of colchicine. These
microneedles exhibited sustained drug-release capabilities. In an MSU-induced acute gout inflammation model, a single
microneedle treatment achieved therapeutic efficacy comparable to oral colchicine (0.5 mg/kg), significantly suppressing
inflammatory cytokines IL-1p, IL-6, and TNF-a. By utilizing microneedles, the required drug dosage for managing acute
gout inflammation was significantly reduced, minimizing side effects and organ damage associated with high-dose
treatments. Collectively, these rapid-acting anti-inflammatory microneedles demonstrate distinct but complementary
advantages. Water-soluble hyaluronic acid microneedles exhibit excellent biocompatibility and efficient colchicine
delivery, whereas fast-dissolving polydatin microneedles provide a more rapid dissolution profile and may reduce the
adverse effects associated with colchicine exposure. In contrast, swelling hydrogel microneedles offer markedly
improved drug-loading capacity and partial sustained-release behavior; however, their relatively slower dissolution
may somewhat compromise the immediate-response advantage required during acute gout flares. Therefore, although
all three systems exhibit significant anti-inflammatory efficacy, rapidly dissolving formulations appear more suitable for
acute symptom relief, whereas swelling or partially sustained-release platforms may be advantageous when prolonged
local drug retention is desired.

The rapid-acting anti-inflammatory microneedles are designed to rapidly dissolve at the site of inflammation,”
enabling precise and timely modulation of gout flare-ups. Recent studies have achieved significant breakthroughs in
this area. Nevertheless, most currently reported systems still rely primarily on passive dissolution mechanisms rather than
active responsiveness to inflammatory cues such as pH, reactive ROS, or cytokine levels. Future research is therefore
expected to integrate ultra-rapid dissolution with microenvironment-responsive release mechanisms, enabling on-demand
and precision regulation of acute gout inflammation while better matching drug release kinetics to fluctuating inflam-
matory intensity.

Long-Acting Uric Acid-Lowering Microneedles

Given the staged characteristics of gout pathogenesis, achieving long-term urate-lowering effects during the first stage,
hyperuricemia, is crucial for mitigating disease progression. As hyperuricemia patients often lack noticeable clinical
symptoms, their treatment adherence is typically poor. Developing a rational, long-acting composite microneedle system
could address this issue and better prevent the advancement of gout. Patel et al developed non-allopurinol cubic drug
vesicles by combining glycerol monolaurate (GMO) with polyvinyl alcohol (PVA) as components.’® Using the Quality
by Design (QbD) approach, they prepared cubic vesicles with a size of approximately 157 nm and excellent drug loading
capabilities, with the drug content constituting about 97.28%. By mixing these cubic vesicles with PVA and lactose, they
successfully formulated long-acting uric acid-lowering microneedles.

Similarly, to achieve sustained urate-lowering effects, another study designed a layered microneedle drug delivery
system.”” The outer layer consisted of carboxymethyl cellulose (CMC) loaded with allopurinol (AP), while the inner
layer comprised a composite of uricase (UOX), calcium peroxide (CaO,) nanoparticles, and polyvinylpyrrolidone (PVP
K30). The microneedles, approximately 800 um in height, leveraged the excellent solubility of CMC to dissolve
immediately upon insertion into the skin, releasing the outer-layer allopurinol for rapid urate-lowering effects.
Subsequently, the decomposition of UOXand CaO, nanoparticles enabled long-term urate degradation. Interestingly,
UOXactivity was regulated by oxygen levels; CaO, nanoparticles hydrolyzed in skin tissues to release oxygen, enhancing
UOXactivity. Additionally, CaO, acted as an oxidizing agent to directly oxidize uric acid, further facilitating its rapid
degradation. The layered microneedles demonstrated encapsulation efficiency and loading capacity of 62.41% and
39.4%, respectively. In a hyperuricemia animal model established via intraperitoneal injection of hypoxanthine, the
layered microneedles successfully penetrated the skin and reduced serum uric acid levels to 142 pmol/L within 3 hours.
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The effect was sustained for up to 12 hours and, compared to oral administration, caused no significant liver or kidney
tissue damage. Compared with cubic vesicle-based microneedles, layered microneedles provide a more sophisticated
therapeutic design by integrating immediate allopurinol release with prolonged enzymatic urate degradation. Such a dual-
stage strategy may be more suitable for patients requiring both rapid and sustained urate control. However, the increased
structural complexity and incorporation of multiple active components may also create challenges in formulation
stability, manufacturing reproducibility, and quality control. In contrast, cubic vesicle-based microneedles appear simpler
in formulation and may therefore offer advantages in scalability, although their functional versatility and biological
responsiveness remain relatively limited. Future long-acting urate-lowering microneedles should not only prolong
therapeutic duration, but also improve release predictability, enzymatic stability, and formulation simplicity.
Incorporating disease-responsive elements may further enable these systems to better adapt to metabolic fluctuations
and individual variability during gout progression.

Composite Functional Microneedles

Multifunctional microneedles capable of achieving multiple therapeutic effects have become a research focus in recent years.
For instance, Yang et al developed a multilayered microneedle system to achieve both anti-inflammatory and urate-lowering
effect” (UAO-LPO/Col-MNs) (Figure 4C). This microneedle consists of three layers: a needle tip layer, a separation layer,
and a base layer. The needle tip layer is composed of uricase (UOX) encapsulated in liposomes (LPO), colchicine, chitosan,
and low-molecular-weight dextran. The liposomes enhance the stability and enzymatic activity of UOXwhile improving the
solubility of colchicine, enabling a Spg increase in colchicine loading per microneedle. Chitosan prevents burst drug release,
facilitating sustained drug delivery, while dextran provides the composite microneedle with sufficient mechanical strength to
penetrate the skin. The separation layer, made of PVP K90, dissolves rapidly upon insertion, allowing the needle tip layer to
remain in the skin for the sustained release of colchicine and UOX. The base layer serves as a support platform for the
composite microneedles. In a gout animal model induced by monosodium urate (MSU) crystal injection, the microneedles
demonstrated excellent local targeting and sustained drug release capabilities, effectively reducing the required drug dosage
for gout treatment and lowering the associated costs. By delivering dual anti-gout drugs, the microneedles not only degrade
uric acid but also effectively inhibit the activation of the NLRP3 inflammasome, suppressing the release of inflammatory
cytokines IL-1B3, TNF-a, and IL-8. Moreover, by inhibiting the RANK/RANKL pathway, the microneedles prevent osteoclast
maturation, thereby mitigating joint bone destruction caused by gout.

To achieve both rapid onset and sustained urate-lowering effects, Wang et al successfully developed biodegradable
microneedles using polyvinylpyrrolidone (PVP) and polycaprolactone (PCL) as base materials, capable of carrying
0.2 mg of allopurinol®® (Figure 4D).The rapid degradation of PVP enables the microneedles to release approximately
80% of the encapsulated allopurinol within 15 minutes. Additionally, PVP’s fast degradation accelerates the subsequent
breakdown of PCL after insertion, allowing the remaining 20% of allopurinol to be released gradually. In hyperuricemia
animal models established by subcutaneous and intraperitoneal injection, the microneedles achieved urate-lowering
effects comparable to oral allopurinol at the same dose. Furthermore, the slow degradation of PCL ensured that the urate-
lowering effects lasted for over 5 hours, while avoiding liver and kidney tissue damage associated with oral adminis-
tration. This improved drug safety, dosing intervals, and bioavailability. These composite functional microneedles
represent two distinct design philosophies. The multilayer UAO-LPO/Col-MNs system is more comprehensive, simulta-
neously targeting uric acid metabolism, inflammation, and bone destruction, and may therefore be more suitable for
complex or advanced gout conditions. However, its structural and compositional complexity may increase manufacturing
costs and translational barriers. By contrast, the PVP/PCL biodegradable microneedles adopt a comparatively simpler
design and effectively combine rapid and sustained urate-lowering release, potentially facilitating formulation reprodu-
cibility and large-scale production. Nevertheless, their therapeutic scope remains relatively narrower because they mainly
focus on urate reduction rather than simultaneously modulating inflammatory and osteolytic pathways. Future multi-
functional microneedles may benefit from combining simplified structural designs with multi-target therapeutic functions,
thereby balancing therapeutic breadth, manufacturability, and translational feasibility. In particular, integrating micro-
environment-responsive release mechanisms with dual- or multi-drug delivery may further improve efficacy across
different stages of gout pathogenesis.
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Transdermal MNs drug delivery systems have emerged as a highly promising strategy for the treatment of chronic
diseases such as gout, owing to their superior drug delivery efficiency and excellent patient compliance. Recent advances
have led to the development of a diverse array of MNs platforms, which can be broadly classified into rapid-acting,
sustained-release, and multifunctional types. These platforms enable precise therapeutic interventions at various stages of
gout pathogenesis, including acute inflammatory flares, asymptomatic hyperuricemia, and inflammation-associated
molecular targets. Among them, rapid-acting anti-inflammatory MNs demonstrate fast onset and effective symptom
control during acute gout attacks, while significantly reducing drug dosage and associated adverse effects. Sustained-
release MNs for urate-lowering therapy provide prolonged and stable control of serum uric acid levels, thereby
potentially improving medication adherence in asymptomatic patients and delaying disease progression.
Multifunctional MNs, which co-deliver anti-inflammatory and urate-lowering agents, further optimize therapeutic out-
comes by addressing both acute symptoms and long-term disease management in a synergistic manner. Despite these
promising advancements, several challenges remain in the clinical translation of MNs systems. First, further improve-
ments in drug loading efficiency and controlled-release precision are necessary. Additionally, in advanced gout cases
complicated by tophi-induced skin ulceration, the safety and efficacy of MNs penetration require further investigation.
Moreover, MNs platforms applied in gout management still present several inherent limitations. For instance, insufficient
penetration may occur in patients with severely thickened or damaged skin at inflamed joints, which may reduce drug
delivery efficiency. In addition, current MNs systems depend primarily on passive dissolution mechanisms, which can
limit their ability to adjust dosing in response to dynamic changes in inflammatory activity during recurrent gout flares.
These limitations highlight the need for more adaptable and clinically validated microneedle platforms. Future research
should focus on integrating intelligent, stimuli-responsive biomaterials with disease-targeting capabilities to enable
dynamic control over microneedle dissolution, drug release kinetics, and responsiveness to the inflammatory micro-
environment. Overall, different microneedle systems exhibit distinct therapeutic advantages. Rapid-dissolving anti-
inflammatory microneedles are more suitable for acute gout flares, long-acting urate-lowering microneedles are better
adapted for chronic metabolic regulation, and multifunctional microneedles provide broader intervention across multiple
pathological pathways. However, trade-offs still exist between rapid drug release, sustained therapeutic efficacy,
structural complexity, and translational feasibility.

In summary, transdermal microneedle systems offer a novel and versatile approach for gout treatment and hold
significant potential for advancing personalized and precision medicine strategies in clinical practice. Future studies
should therefore focus not only on improving therapeutic efficacy, but also on clarifying the optimal clinical application
scenarios of different microneedle platforms, simplifying manufacturing processes, and strengthening long-term in vivo
safety validation to facilitate clinical translation.

Other Types of Drug Delivery Systems

Approximately one-third of total uric acid excretion occurs via the gastrointestinal (GI) tract, primarily mediated by uric
acid transporters located in intestinal epithelial cells. The uric acid concentration in the gut may influence the activity of
these transporters, making long-term regulation of intestinal uric acid transporter function a potential new direction for
controlling gout progression. To achieve targeted regulation of local intestinal uric acid transporter activity and enhance
uric acid excretion through the GI tract, Tang et al developed a core-shell hydrogel microsphere (UPA)® (Figure 5A).
The microspheres consist of a core of uricase and dopamine, encapsulated in a calcium alginate shell, with an average
size of 205.9 + 8.2 pm. Due to the protective calcium alginate shell, the microspheres can remain stable for over 6 hours
in acidic simulated gastric fluid but degrade rapidly within 1 hour under simulated intestinal fluid conditions, enabling
targeted drug release in the intestine. The targeted intestinal degradation of the microspheres allowed rapid release of
uricase and dopamine within 1-2 hours. Uricase effectively decomposed uric acid in the intestine, generating hydrogen
peroxide (H,0,) during the process, which created a locally oxygen-rich environment. This environment facilitated the
polymerization of dopamine into polydopamine. Moreover, the adhesion of uricase to polydopamine prolonged its
functional activity, reducing treatment costs. Uricase-mediated uric acid breakdown also activated the expression of
intestinal uric acid transporters ABCG2 and GLUT9 (Figure 5B), enhancing the transport of uric acid into the intestinal
lumen and increasing intestinal uric acid excretion by 27.6%. Interestingly, the polymerization of dopamine consumed
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Figure 5 The schematic diagram of the mechanism of action of UPA and its effects. (A) UPA microspheres release their contents in the small intestine, enabling the in situ
polymerization of dopamine within the intestinal mucosa. This facilitates the immobilization of UOXin the small intestine, thereby significantly enhancing the activity of uric
acid transport proteins in intestinal epithelial cells. (B) The regulatory effects of UPA on intestinal uric acid transporters (GLUT9 and ABCG2) were demonstrated.” The
“¥* symbol indicates a statistically significant difference between groups (p< 0.05 (*), 0.0l (*¥), 0.001 (***). Reproduced with permission. Copyright 2024, WILEY-V
CHVERLAG GMBH.

local reactive oxygen species (ROS), effectively suppressing acute inflammatory responses associated with gout. In
hyperuricemia and acute gouty arthritis animal models, the application of these hydrogel microspheres increased
intestinal uric acid excretion by 27.6%, reduced serum uric acid levels by 71%, and significantly alleviated inflammation
and joint swelling caused by monosodium urate (MSU) crystals. Intestinal microbiota, another key contributor to
intestinal uric acid excretion, may also play a role in gout pathogenesis. Notably, the use of hydrogel microspheres
reduced the abundance of gut bacteria commonly found in gout patients without disrupting the overall homeostasis of
normal gut microbiota. These findings further validated the hydrogel microspheres’ exceptional anti-gout efficacy
through multiple synergistic pathways.

Fish collagen has many advantageous properties, such as non-toxicity, high absorbability, low cost, biodegradability, and
excellent biocompatibility with human cells and tissues.’® Recent studies have combined fish scale collagen with carrageenan
to create hydrogel microspheres capable of loading allopurinol.'® The combination of fish scale collagen and carrageenan
retains the superior biocompatibility of fish scale collagen while inheriting the excellent hydrophilicity of carrageenan,
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enhancing the water solubility of the composite delivery system. The hydrogen bonds formed between the components endow
the system with excellent pH-responsive properties, enabling controlled release of allopurinol in response to environmental
changes, thus improving drug utilization. The drug loading capacity of these hydrogel microspheres for allopurinol is
approximately 40%, and drug release in different simulated body fluids increased by 1.6 to 6.7 times. However, the study
lacks an assessment of the therapeutic efficacy in vivo for hyperuricemia treatment. More importantly, these emerging delivery
systems also reveal several common challenges. For intestinal-targeted microspheres, maintaining enzyme stability during
gastrointestinal transit, ensuring reproducible intestinal release, and clarifying long-term effects on gut microbiota remain
essential issues. For collagen-based or other biopolymer microspheres, the absence of in vivo efficacy data and insufficient
validation of disease-targeting capability limit current conclusions regarding their therapeutic potential. Future studies should
therefore place greater emphasis on improving targeting precision, evaluating long-term biosafety, and validating therapeutic
performance in clinically relevant animal models.

In this section, we systematically summarize the distinct characteristics of various emerging drug-delivery platforms
developed for gout therapy. Nanocomposite drug-delivery systems exhibit excellent biocompatibility and controllable
release properties, enabling targeted administration while markedly improving drug utilization efficiency. Systems based
on MnQO,, ZIF-8, liposomes, or DNA frameworks can be applied during both chronic and acute phases of gouty arthritis
to achieve anti-inflammatory and urate-lowering effects. Their major advantages include prolonged pharmacological
activity and reduced adverse effects; nevertheless, limitations such as suboptimal targeting precision and restricted
stimulus-responsive behavior remain. Microneedle-based delivery systems provide a minimally invasive, precise, and
patient-compliant administration route and can be categorized into rapid-acting, long-acting, and multifunctional types.
Rapid-acting microneedles are suitable for controlling inflammation during acute gout flares, long-acting microneedles
help maintain serum urate levels, and multifunctional microneedles enable synergistic anti-inflammatory and urate-
lowering therapy. Their primary constraints involve optimizing drug-loading capacity and penetration depth. Intestinal-
targeted hydrogel microspheres regulate uric acid metabolism through interactions with the physiological gastrointestinal
environment and are suitable for long-term management of hyperuricemia. Compared with nanocarrier-based and
microneedle-based systems, these delivery platforms are still relatively limited in number and remain less mature in
terms of mechanistic validation and translational evaluation. Nevertheless, they provide valuable alternative strategies by
exploiting nontraditional therapeutic routes, particularly the gastrointestinal pathway, for urate regulation. Their major
strengths lie in physiological compatibility and the potential for long-term metabolic intervention, whereas their current
weaknesses mainly involve insufficient in vivo evidence, unclear targeting specificity, and limited standardization for
clinical translation. Overall, nanocarrier-based systems are advantageous for chronic management, microneedle platforms
are well suited for individualized and non-invasive therapy, and stimulus-responsive systems align more closely with the
precise regulation required during acute inflammatory episodes, collectively providing diverse strategies for stage-
specific, precision treatment of gout. Future research should further clarify the optimal clinical application scenarios of
these emerging platforms and promote the integration of intestinal targeting, stimuli responsiveness, and improved
biosafety evaluation. Such efforts may facilitate the development of more effective and clinically translatable delivery
systems for stage-specific and precision treatment of gout.

Novel Biomaterial-Based Drugs for Gout Treatment

Carbon Dots

Carbon dots (CDs) are a class of novel biocompatible materials composed of carbon nanoparticles with diameters smaller
than 10 nm. They offer several advantages, including excellent structural stability, low biological toxicity, cost-effective
synthesis, and remarkable biocompatibility.'®' In recent years, carbon dots have been investigated as active components
for the treatment of gout, and studies have also explored their use in chemically modifying UOXto reduce its side

effects.'? Additionally, carbon dots have been employed in the detection of uric acid levels.'®*'%* As

a key enzyme in
uric acid production, inhibiting xanthine oxidase (XOD) activity can help reduce uric acid levels in the body, thus
achieving therapeutic effects in gout treatment.'® In a study by Wang et al, kudzu root (Pueraria lobataec Radix) was used
as the precursor to prepare a new type of water-soluble bio-carbon dot (PLR-CDs) using pyrolysis and freeze-drying

techniques.'”® The size of the carbon dots was approximately 3—10 nm (Figure 6A). The carbon dots demonstrated
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excellent biocompatibility. In hyperuricemia and acute gouty arthritis animal models induced by intraperitoneal injection
of high-purine compounds and intra-articular injection of monosodium urate (MSU) crystals, a comparison of the
therapeutic efficacy of bio-carbon dots, allopurinol, and colchicine revealed that bio-carbon dots achieved urate-
lowering effects similar to those of allopurinol and colchicine. This effect was achieved by inhibiting xanthine oxidase
activity, and no significant side effects were observed. (Figure 6B).

Another study utilized immature bitter orange (Aurantii Fructus Immaturus, AFI) as the active substance for gout
treatment, which was processed by pyrolysis, concentration, and purification to produce carbon dots derived from AFI (AFIC-
CDs).'"” These carbon dots had a spherical structure with sizes ranging from 1.1 to 4.4 nm. They were easy to prepare, cost-
effective, and exhibited the ability to reduce serum uric acid levels by inhibiting XOD activity in both serum and liver.
Furthermore, AFIC-CDs alleviated gout-induced inflammation by suppressing the production of inflammatory cytokines, IL-

1B and TNF-a (Figure 6C). Recent research suggests that different types of carbon dots may provide an effective approach to

pyrolysis

porphyrization .

filterion

concentration

uo19099p

lyophilisation

—

1
' dialysis

\S

Model
Colchicne
H

M

L

NS 20
Model
ALP

H 16 4
M

L 114

600 4

500

100 4

300 4

Swelling (%)

SUA(umol/L)

200 4

100 4

T T T T T T

T
0 5 10 15 20 25 0 5 10 15 20 25
C Timo (h) Time (h)

IL-15 levels in synovium tissues TNF-« levels in synovium tissues

TNFa (pg/mi)

3 e

Pyrolysis

Muffle furance ; ici Control Model ColchicineH M L

€
e

In vitro

Dialyzed Decoction
Filtered S
— - “—

Figure 6 The preparation process and functional effects of different carbon dots. (A) Preparation process of PLR-CDs and their transmission electron microscopy (TEM)
images. (B) Uric acid-lowering effect of PLR-CDs and their ability to reduce ankle swelling in gout animal models (H, M, L represent different doses of PLR-CDs).I06
Reproduced with permission. Copyright 2019, MDPI. (C) Schematic of AFIC-CDs preparation process and their inhibitory effect on inflammatory cytokines. Reproduced
with permission.'®” The “*” symbol indicates a statistically significant difference between groups (p< 0.05 (*), 0.01 (*¥). Copyright 2019, FUTURE MEDICINE LTD.

20 https: International Journal of Nanomedicine 2026:21



Zhang et al

treating gouty arthritis. Carbon dots also possess the advantage of being easily surface-modified,'®* which could allow for
more precise therapeutic effects or reduce potential adverse reactions through targeted surface modifications in future studies.
Although both PLR-CDs and AFIC-CDs demonstrated promising urate-lowering and anti-inflammatory effects, current
studies mainly emphasize phenotypic efficacy rather than clearly defining the structure—activity relationship of the carbon
dots themselves. In particular, because these materials are derived from complex natural precursors, the specific active surface
groups responsible for XOD inhibition and inflammation suppression remain insufficiently characterized. Compared with
conventional small-molecule drugs, carbon dots may offer better biocompatibility and surface tunability, but their pharma-
codynamic consistency, metabolic fate, and long-term biosafety still require more rigorous evaluation.

Metal Nanomaterials
Research has demonstrated the formation of gold nanoclusters (AuNCs) with a size of approximately 2.88 nm through
the combination of lysozyme and free gold ions. Subsequently, folic acid (FA) was used to form hydrogen bonds with
AuNC s, resulting in the creation of folic acid-modified lysozyme-protected gold nanoclusters (FLA) with a diameter of
4.5 nm (Figure 7A)."% The gold nanoclusters exhibit a specific recognition function for urate salts, conferring a certain
degree of targeting ability to the composite nanoclusters. To improve the biocompatibility and mitigate liver and kidney
toxicity, folic acid, known for its excellent biocompatibility, was incorporated into the composite nanoclusters. This
modification accelerated the renal metabolic efficiency of FLA without causing significant nephrotoxicity. Due to the
remarkable anti-inflammatory and antioxidative stress properties of gold nanoclusters, they effectively inhibited the
production of inflammatory cytokines such as IL-1p and TNF-a (Figure 7B) after being phagocytized by macrophages
and eliminated excessive ROS (Figure 7C). In an animal model of acute gouty arthritis induced by direct MSU crystal
injection, FLA significantly alleviated pain, inhibited inflammation, and reduced cartilage damage caused by MSU
crystal deposition. The outstanding anti-inflammatory properties of FLA present a novel approach to treating gout.
Nanometal oxide particles, compared to their non-nano counterparts, exhibit superior biocompatibility and lower
cellular toxicity. In recent years, these particles have been used in the treatment of various diseases. Some studies have
shown that nanometal oxides, due to their unique anti-inflammatory and antioxidative properties, can treat gout flare-ups
and effectively reduce serum uric acid levels and the inflammation caused by urate crystal deposition.'®” Kiyani et al
investigated the effects of different types of nanometal oxide particles on gout, discovering that copper oxide

11 111 . . . 112 . . . . .
%11 and zinc oxide nanoparticles''? can reduce oxidative stress responses in experimental animals,

nanoparticles
effectively decreasing the joint inflammation caused by urate crystals. Ingesting low concentrations of iron oxide
nanoparticles''® did not cause significant liver or kidney toxicity but effectively reduced uric acid levels, achieving
therapeutic outcomes. Their most recent research found that silver oxide nanoparticles''* exhibit similar effects to the
aforementioned nanometal oxides. However, the efficacy of nanometal oxide particles has not been significantly superior
to current allopurinol-based drugs, and the specific mechanisms of action regarding uric acid reduction and inflammation
suppression remain unclear. With further research, nanometal oxide particles may become a rational therapeutic option
for the treatment of gouty arthritis in the future. Compared with metal oxide nanoparticles, folic acid-modified gold
nanoclusters exhibit a more clearly defined design rationale, including urate-related recognition, renal clearance optimi-
zation, and anti-inflammatory activity, and therefore appear to have stronger translational potential. By contrast, although
various nanometal oxides have shown anti-inflammatory and urate-lowering effects, their mechanisms remain less well
defined, and their therapeutic efficacy has not been clearly superior to existing urate-lowering drugs. Moreover, despite
the nanostructured form improving biocompatibility relative to bulk metals, concerns regarding long-term accumulation,
off-target effects, and biosafety cannot yet be neglected.

Gene-Encoded Antigout Drugs

In recent years, genetic engineering has emerged as a research hotspot and has been widely applied in the construction of
biomaterials, drug screening, and the study of disease mechanisms.''> """ Interleukin-1 receptor antagonists (IL-1Ra)
have demonstrated excellent efficacy in treating gout-related inflammation. However, their low bioavailability limits their
clinical application. To extend the half-life of IL-1Ra and improve its effective utilization, Zhang et al engineered
a chimeric protein consisting of the IL-1Ra sequence and a peptide with 72 lysine-rich residues.'” To prevent potential
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Figure 7 The schematic diagram of the preparation process and mechanism of action of FLA, as well as the anti-inflammatory experimental results of FLA. (A) Schematic of
the FLA construction process. (B) Schematic of FLA’s anti-inflammatory pathway and its effect on inhibiting inflammatory cytokines. (C) Schematic of FLA’s antioxidative
stress pathway and its therapeutic efficacy.'®® The “*” indicates a significant difference compared with the model group, while “#” indicates a significant difference compared
with the FLA group (*p < 0.05, *p < 0.01, **¥p < 0.001, **p < 0.0001; #p < 0.05, ##p < 0.01). Reproduced with permission. Copyright 2022, ELSEVIER SCI LTD.

inactivation of the chimeric protein caused by covalent assembly, the chimeric protein’s positive charge was used to
electrostatically adsorb the negatively charged PEG-COO-, resulting in the successful preparation of spherical nanopar-
ticles with an average diameter of 180 nm. The incorporation of the IL-1Ra sequence into the nanoparticles enhanced the
inhibition of the IL-1B signaling pathway, increasing its effect by eight times compared to the control group.
Furthermore, the bioavailability of IL-1Ra was increased by sevenfold. Due to the sustained-release properties of the
nanoparticles, the drug administration interval could be extended up to 72 hours, effectively reducing the cost of gout
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treatment. Notably, compared to free IL-1Ra, the half-life of IL-1Ra in the nanoparticles was increased by four times,
possibly due to the random coil structure of the protein secondary conformation carried by the chimeric protein. In an
acute gout model established by injecting MSU crystals into the rat ankle joint, the nanoparticles exhibited superior anti-
inflammatory and anti-swelling effects compared to commonly used gout treatments, such as indomethacin. Gene-
encoded anti-gout therapeutics provide a highly specific biological strategy, particularly for directly modulating inflam-
matory signaling pathways. In comparison with small-molecule or inorganic nanomaterial-based approaches, this strategy
may offer stronger mechanistic precision and better biological potency. However, the currently reported IL-1Ra-based
system mainly targets gout-associated inflammation rather than upstream urate metabolism, and therefore may be more
suitable for acute inflammatory control than long-term metabolic management. In addition, issues such as immunogeni-
city, production complexity, storage stability, and protein degradation in vivo remain major barriers to broader applica-
tion. Future studies should explore whether gene-encoded therapeutics can be extended beyond anti-inflammatory
pathways to simultaneously regulate urate metabolism and inflammatory cascades. Combining genetically engineered
proteins with biomaterial-based stabilization or targeting strategies may further improve their translational feasibility.

Enzyme-Driven Functional Nanotherapeutic Platforms

In recent years, intelligent nanomaterials powered by enzymatic catalysis have demonstrated strong microenvironment-
modulating and self-enhancing capabilities in gout therapy,'® enabling uricase (UOx) to function beyond passive urate
degradation and instead achieve more efficient and safer precision treatment through externally controlled or self-
propelled mechanisms.

Zheng et al developed a magneto-responsive cyclic cascade nano-hybrid enzyme (NUOX) for precise gout therapy.''®
By applying an alternating magnetic field, the Fe;O,4 nanorings generate localized magnetothermal effects that enhance
their catalase-like activity, thereby enabling on-demand activation of the covalently immobilized UOx and establishing
a controllable UOx/CAT cascade system. This design effectively addresses the hypoxic milieu of the gouty joint cavity
and mitigates the risks associated with continuous urate degradation. With a core—shell structure composed of Fe;O4
nanorings and surface-anchored UOx, NUOx exhibits high magnetic-thermal conversion efficiency, reversible enzymatic
regulation, and favorable joint retention. In vitro, NUOx markedly improves urate degradation and monosodium urate
(MSU) crystal dissolution under magnetic stimulation while maintaining dynamic urate homeostasis. In an acute gout
model, NUOx combined with magnetic field stimulation significantly reduces intra-articular urate levels, alleviates
inflammation and pain, repairs cartilage, and ameliorates local hypoxia, outperforming free UOx and demonstrating
highly controllable and safe therapeutic potential. Liu et al designed a Urate Fuel-Driven Self-Propelling Nanomotor
(AHMSNs@UOx@SC) that exploits endogenous urate at the lesion site to initiate autonomous motion.'' The nano-
motor is constructed from asymmetric amine-functionalized hollow mesoporous silica nanoparticles (AHMSNs) with
a single large opening, enabling ionic diffusiophoretic propulsion. UOx is covalently immobilized on the particle surface,
followed by electrostatic loading of sodium citrate (SC), forming a “urate degradation—-H,O, scavenging” self-cascade
system. UOx catalyzes urate decomposition to generate ionic gradients that propel the nanomotor, while SC simulta-
neously removes the cytotoxic H,O, by-product and produces O,, which further enhances UOx catalysis through positive
feedback. Moreover, SC elevates local pH, improves urate solubility, and suppresses MSU crystallization. This nano-
motor demonstrates efficient urate degradation, H,O, elimination, and enhanced intra-articular dispersion, resulting in
substantial alleviation of inflammation, oxidative damage, and joint destruction in both acute and recurrent gout models.
Compared with conventional UOx-based formulations, these enzyme-driven nanotherapeutic platforms represent a more
advanced design paradigm because they not only degrade urate but also actively remodel the pathological microenviron-
ment. The magneto-responsive NUOx system offers high controllability and may be particularly advantageous when
external regulation is desired, whereas the urate-fuel-driven nanomotor exhibits stronger autonomy and lesion-adaptive
behavior. However, these sophisticated functions are accompanied by increased structural complexity, which may
complicate manufacturing, reproducibility, and regulatory evaluation. In addition, the clinical applicability of external
magnetic stimulation or self-propelled nanomotion in human joints remains to be fully validated. Future development of
enzyme-driven functional nanoplatforms should focus on simplifying material architecture while preserving

International Journal of Nanomedicine 2026:21 hetps: 23



Zhang et al

microenvironment-responsive behavior. Greater attention should also be paid to large-scale preparation, long-term
biosafety, and the feasibility of real clinical operation in deep or complex joint cavities.

Traditional Chinese Medicine and Extracts from Plants and Animals

Traditional Chinese medicine (TCM) has long been recorded as a treatment for gout. In recent years, an increasing
number of active components from TCM have been identified as novel drugs for gout treatment.***'?® TCM can inhibit
various inflammatory factors involved in the development of gout and effectively reduce serum uric acid levels. Research
indicates that the primary mechanisms of TCM in treating gout include promoting uric acid excretion, enhancing immune
function, and blocking peripheral nerve sensation.'?' Curcumin and its analogs exhibit excellent anti-inflammatory
bioactivity,'** as they can inhibit the formation of the NLRP3 inflammasome. This mechanism is of practical significance
for gout therapy because NLRP3 inflammasome activation is a central event in monosodium urate (MSU)-induced
inflammatory cascades. Therefore, curcumin-based interventions may be particularly valuable for controlling acute gouty
inflammation and reducing the amplification of IL-1B-driven inflammatory responses. In recent years, increasing
evidence has demonstrated their potential to effectively suppress the inflammatory response in gouty arthritis, thereby
achieving therapeutic effects. Various other inhibitors targeting gout-related inflammatory pathways,'** plant extracts,'**
animal extracts,'?> and alkaloids’® have also been extensively studied in gout treatment. Compared to existing therapies,
these agents show higher specificity, lower biotoxicity, and fewer side effects, offering promising alternatives for future
gout treatment. These agents may offer promising alternatives or adjuncts to existing therapies because of their multi-
target pharmacological activities and relatively favorable biosafety profiles. However, despite these encouraging findings,
the current evidence for curcumin and many other natural extracts remains largely limited to anti-inflammatory activity
demonstration and preliminary efficacy evaluation. Their practical therapeutic roles in gout have not yet been fully
clarified, particularly with respect to whether they are most suitable for acute flare control, long-term urate regulation, or
adjunctive therapy in combination with existing drugs. In addition, many natural products are characterized by complex
compositions, variable source quality, and insufficient standardization, which complicate mechanistic interpretation and
reproducibility across studies. For curcumin in particular, poor aqueous solubility, limited bioavailability, rapid metabo-
lism, and insufficient tissue targeting remain major barriers to achieving consistent in vivo efficacy.

Among the five major categories of emerging anti-gout therapeutics, each exhibits distinct strengths and limitations.
Carbon dots show favorable biocompatibility, tunable surface properties, and dual anti-hyperuricemic and anti-
inflammatory activities, although their long-term in vivo safety and metabolic fate remain unclear. Metal nanomaterials
display strong antioxidative, ROS-scavenging, and anti-inflammatory effects, but concerns regarding metal accumulation
and biosafety may limit their translational potential. Gene-encoded anti-gout agents offer direct advantages in urate
degradation and metabolic regulation; however, immunogenicity and poor in vivo stability remain major challenges.
Traditional Chinese medicines and plant- or animal-derived extracts are widely accessible and generally associated with
low toxicity, with the capacity to modulate both inflammation and urate metabolism through multiple pathways.
Nevertheless, their complex composition and unstable pharmacological performance often require biomaterial-assisted
delivery to improve solubility and bioavailability. In addition, enzyme-driven functional nanotherapeutic platforms
provide emerging opportunities for microenvironment modulation and precise intervention in gout. Collectively, these
biomaterial-based strategies may serve complementary roles in future integrated gout therapy. To facilitate cross-category
comparison, Table 3 summarizes the major biomaterial categories discussed in this review, together with their repre-
sentative platforms, therapeutic roles, advantages, limitations, and future directions.

Potential Therapeutic Targets of Future Biomaterials

Uric Acid Transporters

Dysregulation of urate excretion is a common cause of gout, with uric acid transporters playing a crucial role in this
process. Among the various urate transporters involved in urate excretion, three dominate: glucose transporter 9
(GLUTY), urate transporter 1 (URAT1), and ABCG2."*® GLUT9 and URATI are primarily located in the proximal
tubules of the kidneys, mediating renal reabsorption of urate.'”’” ABCG2 mainly facilitates urate excretion in the
intestines.'*® Dysfunction of these transporters can lead to hyperuricemia and subsequent gout attacks, and potentially
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Table 3 Comparative Summary of Major Biomaterial Categories for Gout Therapy Based on the Classification Framework of This

Review
Category Representative Main Role in Gout Advantages Limitations Future Directions
Platform
Nano-drug Liposomes, polymeric Improve bioavailability, Targeted delivery; Complex preparation; | Simplify formulation;
delivery nanoparticles, sustained release controlled release; stability issues; limited scale-up; clinical
systems nanocrystals, reduced systemic clinical evidence validation
nanoformulations toxicity
Microneedle Dissolving or drug- Localized, minimally Convenient use; Limited drug loading; Stimuli-responsive

drug delivery

loaded microneedles

invasive administration

improved compliance;

mechanical/

release

based drugs

enzyme-driven

nanoplatforms;

regulation;

immunomodulation

biocompatibility

systems local delivery formulation challenges

Other drug Intestine-targeted Gl-mediated urate Physiological Limited in vivo Improve targeting;
delivery hydrogels (UPA), fish excretion; microbiota compatibility; low validation; unclear clarify microbiota
systems scale collagen beads modulation systemic exposure targeting specificity interaction
Novel Carbon dots; Anti-inflammatory; Multifunctional; Unclear mechanisms; Mechanism study;
biomaterial- metal nanomaterials; antioxidant; urate tunable; good toxicity risk; safety assessment;

carrier-assisted
delivery

natural extracts

cause severe renal impairment due to abnormal urate accumulation in the kidneys.'*” Research indicates that targeting
uric acid transporters can yield satisfactory therapeutic outcomes for gout.'*° Future biomaterial development may focus
on these transporters as potential therapeutic targets, exploring new biomaterials specifically designed to inhibit uric acid
transporters or developing targeted DDS carrying transporter inhibitors. This could provide more therapeutic options for
gout treatment.

Non-Coding RNA

Long non-coding RNAs (IncRNAs) and microRNAs are two types of non-coding RNAs that play roles in regulating gene
expression. Recent research indicates that microRNAs and IncRNAs may be involved in various stages of gout
development. For instance, a decrease in microRNA-223 may exacerbate gout-related inflammation,'*"-'3? highlighting
the diverse roles of these small molecules in disease progression. Unlike the regulation of protein translation, non-coding
RNAs such as microRNAs and IncRNAs can directly modulate the transcriptional levels of coding genes.'** MicroRNAs
and IncRNAs primarily influence the inflammatory process through signal transduction pathways,'** such as microRNA-
146a and microRNA-302b."3>13¢ Additionally, these non-coding RNAs can regulate inflammation caused by urate

137

crystals, " thus participating in the modulation of hyperuricemia and gouty inflammation. These non-coding RNAs

hold promise as potential therapeutic targets for biomaterials aimed at treating gout.

Gut Microbiota

Gut microbiota refers to the collective microorganisms residing in the human gastrointestinal tract, playing key roles in
host metabolism, immune regulation, and digestion. Under normal conditions, they form a relatively stable ecosystem
with the host. Recently, gut microbiota has become a novel research hotspot for exploring disease mechanisms.'** !
Studies suggest that gut microbiota not only participate in the breakdown of urate in the intestines but also play roles in
the inflammatory response associated with gout."*? Increasing evidence indicates a close relationship between gut
microbiota and gout pathogenesis. The gut microbiota can influence urate metabolism by modulating the function of
intestinal urate transporters,'*> For example, A.indistinctus can alleviate hyperuricemia by enhancing the excretion of uric

acid through the upregulation of the intestinal urate transporter ABCG2.'**
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Disruption of gut microbiota balance can lead to urate metabolism disorders, resulting in urate accumulation and
subsequent gout attacks.'*> Research shows significant differences in gut microbiota composition between gout patients

'4¢ with a notable decrease in the abundance of the genus Coprococcus in gout patients.'*’ This

and healthy individuals,
suggests that improving the gut microenvironment and microbiota composition in gout patients could be a potential
therapeutic strategy. Current studies have found that probiotics, prebiotics, and active components of traditional Chinese

medicine can modulate gut microbiota,'*® 149

effectively reversing hyperuricemia and alleviating gout-induced inflammation.
Additionally, gut microbiota transplantation has been explored to alter the host’s gut microbiota structure and function,
achieving therapeutic effects.'” Future biomaterial research could target gut microbiota as a therapeutic approach for gout,

contributing to a better understanding of gout pathogenesis and more effective treatment strategies.

Conclusions and Future Directions

The onset and progression of gout involve multiple interconnected pathological processes, including dysregulated urate
metabolism, monosodium MSU crystal deposition, activation of inflammatory responses, and amplification of oxidative
stress. Although current clinical management, which primarily relies on urate-lowering and anti-inflammatory therapies, can
control the disease to some extent, it remains difficult to simultaneously meet multiple therapeutic demands, such as rapid
onset of action, sustained urate lowering, and prevention of recurrence. In this context, biomaterials have emerged as an
important research direction in gout therapy because of their potential for precise drug delivery, sustained-release enhance-
ment, and synergistic intervention across multiple pathological pathways. As illustrated in Figure 8, current biomaterial-based
strategies for gout therapy can be broadly classified into four categories: nanoparticle-based drug delivery systems, micro-
needle-based drug delivery systems, other drug delivery systems, and novel biomaterial-based therapeutics.

Specifically, nanoparticle-based drug delivery systems offer the advantage of responsive drug release in the inflammatory
microenvironment, thereby enhancing local anti-inflammatory efficacy while reducing adverse effects. However, their
limitations include structural complexity and the lack of sufficient evidence regarding long-term safety. Microneedle-based
drug delivery systems are characterized by minimal invasiveness, rapid onset of action, and relatively good patient
compliance, making them attractive for long-term gout management. Nevertheless, their drug-loading capacity is limited,
and drug release often depends largely on passive diffusion; therefore, their actual clinical benefit still requires further
validation. Other drug delivery systems, particularly gut-related delivery strategies, provide new opportunities for regulating
urate excretion and improving the metabolic microenvironment. To some extent, these approaches may address a key
limitation of conventional therapies, namely the difficulty of tailoring treatment according to the underlying mechanisms of
hyperuricemia. However, the overall evidence supporting these systems remains relatively weak, and their long-term stability
and safety have not yet been adequately evaluated. In contrast, novel biomaterial-based therapeutics may function not only as
carriers but also as active therapeutic agents. Through their intrinsic properties, they may directly participate in disease
intervention by inhibiting xanthine oxidase, scavenging ROS, promoting urate degradation, or blocking inflammatory
signaling pathways, thereby demonstrating the potential for multifunctional synergy. Even so, research in this area still
lacks clear mechanistic elucidation and a solid foundation for clinical translation.

Although biomaterial-based strategies for gout therapy have shown promising potential in recent years, these approaches
remain largely at the preclinical stage, and a substantial gap still exists between experimental studies and actual clinical
application. Moreover, most current studies have been validated using acute inflammatory or hyperuricemia animal models.
While such models can reflect certain aspects of gout pathology, they do not adequately recapitulate the chronic hyperuricemia
state, recurrent attacks, and tissue dysfunction commonly observed in patients. Therefore, future research should focus more
explicitly on two key priorities. The first is in vivo safety, particularly the distribution, metabolism, accumulation, immuno-
genicity, and risks associated with long-term administration of biomaterials. The second is therapeutic efficacy with mechan-
istic certainty. In other words, future studies should not only determine whether serum urate levels or inflammatory markers
are improved, but also clarify whether these strategies truly target the key pathological events of gout, including excessive
urate production or metabolic imbalance, MSU crystal-induced inflammation, and ROS-related tissue damage. Only after their
safety and mechanisms of action have been thoroughly validated can these biomaterial-based strategies truly address the
current unmet needs in gout therapy, such as precise inflammation control, sustained drug delivery, and recurrence prevention,
and thereby achieve meaningful clinical translation.
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Figure 8 Conceptual summary of major biomaterial-based strategies for gout therapy. Different categories of biomaterials applied in gout treatment are classified and

compared, with emphasis on their mechanisms of action, key advantages, and current limitations.
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