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Abstract: Rheumatoid arthritis (RA) affects approximately 1% of the global population, causing debilitating joint pain and often
leading to severe disability. Although conventional treatments can control the initial symptoms of RA, there is no curative treatment
strategy for RA. Biomimetic nanomedicine has emerged as a promising therapeutic approach, leveraging the integration of nanopar-
ticles with natural biomaterials to achieve targeted drug delivery and improved treatment outcomes. Beyond exogenous nano-delivery
systems, the natural biomimetic strategy might offer superior biocompatibility and lower immunogenicity. This review summarizes the
latest advancements in biomimetic drug delivery systems for RA and highlights the underlying mechanisms for these biomimetic
carriers. We also discuss the critical factors influencing the transition of these biomimetic nanomedicines from laboratory research to
clinical implementation. By emphasizing the transformative potential of biomimetic strategies in RA treatment, this review aims to
provide new insights and directions for future research and clinical applications in this field.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune disease characterized by synovitis and cartilage damage.'” The exact
mechanisms causing RA remain unclear, but it might be triggered by both genetic and environmental factors. Growing
evidence demonstrated that the interplay between the innate and adaptive immune systems is closely associated with the
pathogenesis of RA.*> Various immune cells continuously infiltrate into the synovial membrane of the joints, including
T cells, B cells, macrophages, synovial fibroblasts, mast cells, endothelial cells, neutrophils, dendritic cells (DCs), and
natural killer cells. This cellular infiltration promotes secretion, leading to synovitis. Ultimately, invasive pannus and
cartilage destruction would occur.*”

1% of the global population suffer from RA, causing significant socioeconomic burden worldwide.®” Due to the
complex pathogenic mechanism of RA, there is no satisfactory cure yet. Current treatments are based on surgery and
pharmacotherapy (Figure 1) as The treatment mainly includes disease-modifying antirheumatic drugs (DMARD:s),
biologics, nonsteroidal anti-inflammatory drugs (NSAIDs), and glucocorticoids, and gene therapy.® However, there are
various limitations including low absorption rates at the site of injury, poor targeting specificity, and potential immune
system impairment, which severely hinder their therapeutic efficacy.! The mechanisms of these medications usually act
on the immune response suppression or the characteristic inflammatory factor inhibition, resulting into the RA associated
symptoms improvement. Due to the inherent short circulation time and uncontrollable dissemination throughout the
body, the risky side effects of these medications on extra-articular organs are inevitable Typically, glucocorticoids which
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Figure | Summary of traditional treatment strategies and therapeutic targets for rheumatoid arthritis. Traditional treatment strategies: (A) Glucocorticoids; (B)
Nonsteroidal Anti-inflammatory Drugs; (C) Disease-Modifying Antirheumatic Drugs; (D) Biologics. Therapeutic target for rheumatoid arthritis; (E) Cartilage; (F)
Vasculature; (G) Synovial; (H) Immune Cells; (I) Osteoclasts.

have remarkable anti-inflammatory and immunomodulatory effects are widely used to treat rheumatoid arthritis.
However, weight gain cushinoid facies, peptic ulcer and even psychosis were observed in patients treated with
glucocorticoids.” Moreover, methotrexate which functions as an analog of folic acid might cause liver and pulmonary

damage. Immunosuppressive sulfasalazine might cause gastrointestinal, central nervous system, and hematologic side
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effects. Even the kinase inhibitors including Tofacitinib might result into zoster infection and other potential side
effects.'® Therefore, more advanced drug delivery technology is required to liberate patients suffered from RA.

The management of RA usually require long-term drug administration which might amplify the side effects. Thus,
developing nanomedicine which can enhance the efficacy and reduce unwanted adverse effects is beneficial for RA
treatment. Although multiple organic and inorganic nanoparticles have been engineered to promote the drug delivery, few
of them march toward clinical trials. In this process, advances in comprehending how biological particles including cells,
pathogens, and organelles interact with bodily and cellular mechanisms have motivated attempts to mimic their structures
and behaviors for the design of innovative nanomedicine systems. Biomimetic nanotechnology, which combines the
advantages of nanoparticles with natural biomaterials, holding significant promise for future applications.'""'* Generally,
Nanoparticles can be designed to respond upon specific pathological factors, thereby realizing precise drug delivery.
Additionally, biomimetic technology enhances molecular imaging and improves the bioavailability of drugs.
Furthermore, biomimetic nanoparticles possess the ability to selectively bind to pathological targets associated with
RA. Moreover, compared with conventional nano-delivery systems, the utilization of natural bionic drug delivery
systems might have additional higher biocompatibility. The conventional chemically synthesized systems often showed
unexpected immunogenicity, which is risky in clinical administration. By contrast, nanomedicines based on endogenous
materials such as albumin have negligible immunogenicity and prolonged circulation time. In addition, biomimetic
nanocarriers have already enter clinical trials including NCT00110695 (albumin-based nanoparticle), NCT01159288
(dendritic cell-derived exosomes) and NCT04592484 (nanoscale exosome-based delivery system).'*> When it comes to
RA treatment, several preclinical studies showed great potential. The pharmacokinetic study revealed that the biomimetic
dual-target drug delivery system developed by Na Jia et al showed over 10 times higher accumulation in inflamed joints
after 24h injection, compared with free small-molecular group.'* Huichao Xie et al used macrophage membrane-based
strategy realized 35.12 times higher accumulation in the paws of the collagen-induced arthritis model after 2h admin-
istration, compared with healthy group.'> This review will discuss the limitations of traditional therapeutic drugs,
summarize various therapeutic targets of RA in biomimetic drug delivery systems, and outlines commonly used
biomimetic nanocarriers while proposing strategies to advance the field of RA nano-therapy.

Traditional Pharmacological Treatment Strategies

Currently, commonly used medications for RA include glucocorticoids, NSAIDs, synthetic DMARDs and certain
biologics such as tumor necrosis factor (TNF) inhibitors, co-stimulatory modulators, interleukin-6 (IL-6) inhibitors,
and B-cell depleting agents. (as shown in Figure 1) However, these treatments have notable drawbacks, including

significant adverse reactions, poor stability, and nonspecific targeting, which still need to be addressed.®'®!”

Glucocorticoids

Glucocorticoids, such as dexamethasone, methylprednisolone, prednisone, and triamcinolone, are a class of chemicals
with potent anti-inflammatory and immunosuppressive properties. They can bind to glucocorticoid receptors, forming
glucocorticoid-receptor complex. This complex then binds to the glucocorticoid response units in the nucleus, changing
the transcription of genes associated with the inflammatory response and inhibiting the release of phospholipids which
contribute to joint inflammation."'® However, long-term use of glucocorticoids result in various adverse effects,
including osteoporosis, diabetes, metabolic syndrome, cataracts, cardiovascular diseases, and peptic ulcers.'

NSAIDs

NSAIDs can be classified as follows: non-selective NSAIDs (for example ibuprofen and naproxen), semi-selective
NSAIDs (for example diclofenac and indomethacin), and selective COX-2 inhibitors (for example rofecoxib and
celecoxib).® These drugs are used to manage early pain and stiffness in RA patients due to their anti-inflammatory,
analgesic, and antipyretic effects. Their mechanism of action primarily involves the inhibition of inflammatory mediators
in the cyclooxygenase (COX) pathway. However, the efficacy of these drugs is limited, only providing significant pain
relief primarily in the early stages of the disease. Furthermore, NSAIDs might induce a variety of adverse reactions,
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including blood pressure fluctuations, thrombocytopenia, renal insufficiency, gastrointestinal discomfort, and an
increased risk of cardiovascular events.*

DMARDs

Synthetic DMARDs include methotrexate (MTX), hydroxychloroquine, sulfasalazine and leflunomide. These drugs
exhibit specific antitheumatic activity and are often used in combination with other therapeutic agents, (for example)
glucocorticoids.® However, the underlying mechanisms for DMARDSs are not fully understood, recent studies reported
that DMARDs can initiate multiple signaling pathways improving RA. Due to their low cost and favorable efficacy,
DMARD:s are widely preferred in clinical. However, their use is associated with several adverse effects, including liver
dysfunction, pneumonia, bone marrow suppression, nephrotoxicity, allergic reactions, and retinal changes.”'

Biologics

Biologics can inhibit specific molecular pathways involved in inflammatory process of RA.® Cytokine antagonists, such
as infliximab, etanercept, adalimumab, and golimumab, block TNF, which are beneficial for RA treatment. Other
biologics, including anakinra (which blocks the IL-1 receptor), tocilizumab (an IL-6 receptor inhibitor), rituximab (a
B-cell depleting agent), abatacept (a T-cell co-stimulation modulator), and kinase inhibitors (such as p38 MAPK
inhibitors, Syk inhibitors, and JAK inhibitors like tofacitinib, and IkB inhibitors), can also be used to treat RA.°
During early RA, biologics combined with methotrexate demonstrate high efficacy. However, in patients with long-
term condition, the efficacy of biologics is less satisfactory. Furthermore, there are several challenges in biologic
therapies including the risk of tuberculosis, hepatitis B reactivation and high treatment costs.*

RA Therapeutic Targets

Recent studies have indicated that both the innate and adaptive immune systems play pivotal roles in the pathogenesis of
RA. A variety of inflammatory molecules and immune cells are involved in the complex pathological process.
Inflammatory molecules such as interleukin-4 (IL-4), interleukin-10 (IL-10), interleukin-15 (IL-15), interleukin-17 (IL-
17), interleukin-18 (IL-18), interleukin-23 (IL-23), interleukin-1 receptor-associated kinase (IRAK)-4, as well as small
molecule metabolites such as prostaglandins (PGs), lipoxins (LXs), platelet-activating factor (PAF), leukotrienes (LTs),
nitric oxide (NO), and reactive oxygen species (ROS), are all critical participants in the pathophysiology of RA.%’
Additionally, immune cells, such as neutrophils, can induce the production of self-antigens, thereby affecting the immune
response.>> DCs, upon stimulation by specific environmental factors, can initiate innate immune responses. This
activation leads to the subsequent stimulation of T cells, B cells, macrophages, synovial cells, chondrocytes, and
osteoclasts. Consequently, pro-inflammatory cytokines and cartilage-degrading factors, such as interleukin-1 beta (IL-
1B), interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a), and matrix metalloproteinases (MMPs), are secrete.”*
Therefore, targeting the molecular and cellular components involved in the inflammatory process of RA represents a key
therapeutic strategy.

Cartilage

Erosion of articular cartilage is a hallmark feature of RA. Under the attack of cytokines, the cartilage matrix is
degraded by MMPs and other related enzymes, leading to metabolic disturbances and damage to chondrocytes.> Since
cartilage damage is irreversible, it is crucial to address and repair cartilage damage in the early stages of RA. Articular
cartilage is primarily composed of water and two key solid components: cartilage collagen and aggrecan. The collagen
in cartilage consists mainly of type II collagen, with a smaller proportion of type I collage.”® In 2008, Rothenfluh et al
identified a peptide, WYRGRL, which binds to the al chain of type II collagen, making it one of the most widely
studied collagen-targeting molecules.”’ *° Chondrocytes, the primary cellular component of cartilage tissue, are also
essential targets for RA therapies. Recent studies have shown that NF-kB plays a crucial role in regulating both the
normal development and pathological destruction of cartilage in joint inflammation, providing a potential therapeutic
target for RA.°
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Vasculature

Angiogenesis is a critical pathological feature in early RA, contributing to synovial proliferation. It also plays a key role
in both the maintenance and exacerbation of RA. Neovascularization arises from the sprouting of endothelial cells (ECs)
in capillaries. During the highly inflammatory phase, immune cells such as CD4" T cells and B cells continuously
infiltrate into the inner layer of the synovium, forming pannus. In this pathological environment, these infiltrating cells
produce a large number of pro-angiogenic signals that stimulate endothelial cell proliferation. The rate of cellular
proliferation in this environment often exceeds the supply of nutrients and oxygen, leading to the secretion of growth
factors, cytokines, and chemokines, which further promote vascular growth.>' At this stage (the vascular phase), the
density of capillaries increased significantly, providing nutrition and oxygen to the pannus. However, this phenomenon
destruction of cartilage and bone tissue, thereby worsening the RA condition.’*>> Angiogenesis in RA is regulated by
pro-angiogenic and anti-angiogenic mediators, including growth factors, cytokines, chemokines, cell adhesion molecules,
and MMPs. These findings open up new possibilities for targeting angiogenesis. Vascular endothelial growth factor
(VEGF) is a critical signaling protein involved in angiogenesis and expressed in RA synovial tissue, bodily fluids, and
serum.>* Among the VEGF subtypes, VEGF165 plays a central role in the pathological process of RA, interacting with
VEGF-R1 and VEGF-R2. High expression levels of VEGF have been observed in sub-synovial macrophages, fibroblasts
surrounding micro-vessels, vascular smooth muscle cells, and synovial lining cells.®> Therefore, targeting the VEGF
pathway might offer potential therapeutic benefits for RA.

Synovial Fluid

The synovium is a connective tissue lining the inner surface of the joint capsule and served as an essential pathway for
drug delivery. Synovitis is also a major pathological feature of RA, making synovial tissue an important target for RA
therapies. The synovium consists of a lining layer consist of macrophages and fibroblast-like synoviocytes (FLS), and
a layer composed of vascularized connective tissue. Synovial cells are generally classified into two main types:
macrophage/monocytes and fibroblast-like synoviocytes.*®

Macrophages

Macrophages produce both pro-inflammatory and anti-inflammatory mediators via the activation of Toll-like receptors
(TLRs), facilitating the recognition, phagocytosis, and destruction of pathogens.’” Under normal conditions, synovial
macrophages are important in maintaining the homeostasis of joint tissue. However, in RA, macrophages derived from
synovial lining cells and monocytes participate in immune responses, releasing cytokines and enzymes related to
inflammation. This further activates osteoclasts and fibroblasts, exacerbating the disease.>®° Macrophages exhibit multi-
faceted effect and can turn into different phenotypes, producing distinct subsets of mediators.” The M1 and M2
phenotypes represent two extremes of macrophage activation.’®*' M1 macrophages are pro-inflammatory and are
considered as major contributors to RA progression.*? The interaction between activated M1 macrophages and helper
T cells (Thl) leads to the production of a variety of pro-inflammatory mediators, promoting the progression of RA.> In
contrast, M2 macrophages secrete anti-inflammatory factors. The shift from M1 to M2 macrophages is influenced by
various metabolic pathways, surface markers, and cytokine production.** Therefore, inducing apoptosis in M1 macro-
phages or reprogramming them to the M2 phenotype has emerged as an important therapeutic strategy. Current targeting
strategies for RA focus on receptors such as the folate receptor (FA), mannose receptor, scavenger receptor (SR-A), p65,

and matrix metalloproteinase.****

Fibroblast-Like Synoviocytes

Fibroblast-like synoviocytes (FLS) are specialized mesenchymal cells found in the synovial lining of joints. Under
normal conditions, FLS regulate the composition of the extracellular matrix (ECM) and synovial fluid by secreting
hyaluronic acid and lubricin, thereby effectively lubricating and nourishing the articular cartilage.**° However, during
the progression of RA, FLS exhibit more invasive behaviors.”' Studies have demonstrated that FLS extracted from RA
patients display pathogenic characteristics when transplanted into mice.> During active RA, the number of FLS

increases significantly, and these cells resist apoptosis through endoplasmic reticulum-related mechanisms.>
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Moreover, FLS function as immune modulators, promoting the secretion of cytokines, chemokines, and angiogenic
factors, thereby stimulating the proliferation and infiltration of immune cells and the formation of new blood
vessels.”*>">* Upon the pannus-cartilage interface in RA-affected joints, FLS are responsible for the overproduction
of MMPs (such as MMP-1, MMP-3, and MMP-13), which further damage the collagen structure of joint tissues.***' In
RA, FLS express various surface receptors and markers, including cadherin-11 (CDH11), podoplanin (PDPN), CD55+,
and CD90+, which are highly expressed on FLS.**>

Immune Cells
RA is an autoimmune disorder characterized by dysregulated immune responses that result in joint tissue damage.
Immune cells, including T cells, B cells, and neutrophils, play critical roles in the pathogenesis of RA.

T Cells

Autoimmunity in RA is generally believed to be initiated by the production of antibodies against post-translationally
modified proteins. T cells are known to interact with these modified proteins, such as citrullinated and carbamylated
proteins.* Among the 100 non-HLA genes associated with RA susceptibility, many of them are involved in T cell
selection, maturation, and function, thereby underscoring the pivotal role of T cells in the disease’s pathogenesis.’®>’
A significant reduction in the frequency of naive CD4+ T cells, which developed into pro-inflammatory T cells with
enhanced tissue invasiveness and proliferative capacity.’® At this stage, insufficient regulation of mitochondrial DNA
(mtDNA) leads to abnormal differentiation of CD4+ T cells, which develop into pro-inflammatory T cells with
heightened tissue invasiveness and proliferative capacity.’® Short-lived effector T cells that differentiate from naive
CD4" T cells enter the synovial tissue, where they undergo pyroptosis, triggering a robust inflammatory response.”” '
The abnormal activation and immune damage of these T cells not only induce immunogenic cell death and mitochondrial
DNA damage, but also promote T cell pyroptosis and an imbalance in reactive oxygen species (ROS), These phenomena
further exacerbate RA inflammation.®® Consequently, therapeutic strategies targeting helper T cells and regulatory T cells

are common in RA treatment.®>%

B Cells

B cells exert multiple functions in the complex pathophysiology of RA. In addition to antibody production, B cells
contribute to antigen presentation and cytokine secretion, which are closely linked to the development of RA.%>%° B cells
are capable of engulfing and processing antigens, thereby stimulating CD4" T cells and initiating the immune
response.®”*® Furthermore, B cells produce autoantibodies, such as rheumatoid factor (RF) and anti-citrullinated protein
antibodies (ACPA), which promote osteoclast differentiation and the destruction of joint bone structure.®”"' B cells also
secrete a range of cytokines that interact with other immune cells, thereby promoting the inflammatory cascade in RA.
Notable cytokines include TNF-a and IL-6. TNF-a activates inflammatory cells, while IL-6 is involved in both B cell
differentiation and antibody production, as well as in modulating T cell responses.*’*”* During their development,
B cells pass through multiple checkpoints, which influence their function through receptors on the B cell surface and their
corresponding ligands.®® For example, checkpoints such as IL-6, IL-21, FcyRIIB, and CD38 play critical roles in
regulating B cell development and function. These intricate mechanisms collectively facilitate the onset and progression
of RA.”*® Notably, as reported by Espéli et al and Barlev et al, there are limitations of targeting FcyRIIB. Firstly,
FcyRIIB is widely expressed not only on B cells but also on myeloid cells and other cells. Rashly targeting FcyRIIB
solely might lead to immune dysregulation. Secondly, the expression and function of FcyRIIB vary across B cell subsets.
Some B cells respond to FcyRIIB inhibition weakly.

Neutrophils

Neutrophils are essential in the pathogenesis of RA, which are also abundant in the inflamed joints of RA patients.”’
Early in the disease, neutrophils become abnormally activated by cytokines, chemokines, and autoantibodies, initiating
a cascade of inflammatory responses and tissue damage.®*®' Activated neutrophils release additional cytokines and
chemokines, which exacerbate the inflammatory response, creating a vicious cycle of tissue damage.®* Furthermore,
neutrophils contain a variety of soluble proteases, such as neutrophil elastase (NE) and proteinase 3 (PR3).** Upon
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activation, these proteases are released extracellularly, contributing to the degradation of articular cartilage. Neutrophils
also increase various receptor levels, including the interleukin-6 receptor, which might influence the inflammatory
microenvironment in the joint and affect signaling between pathological cells.® In brief, interleukin-6 (IL-6) is a key
player in chronic inflammation including RA and cancer, particularly via the IL-6—signal transducer and activator of
transcription 3 (STAT3) signaling axis and the IL-6 amplifier (IL-6 Amp) mechanism. Thus, weakening the IL-6
activation via competitive inhibition or downregulating receptor expression is a potential strategy to benefit RA
treatment. Under certain conditions, neutrophils release neutrophil extracellular traps (NETs), which provide
autoantigens.® NETs, composed of DNA, histones, and antimicrobial peptides, serve to capture and eliminate pathogens.
However, in the context of RA, excessive NET release can lead to self-tissue damage, thereby promoting RA
inflammation. Consequently, several potential therapeutic targets have emerged, including the Fc y RIIIb receptor, PI3
kinase, and granulocyte-macrophage colony-stimulating factor (GM-CSF).***® These targets offer novel avenues for RA
treatment.

Osteoclasts

Bone homeostasis in the joints is maintained through a dynamic equilibrium between bone resorption by osteoclasts and
bone formation by osteoblasts.®’ However, in RA, the activation of the immune system directly affects bone cells or
stimulates joint cells (such as fibroblasts), disrupting bone homeostasis. Osteoclasts are the only cells in the human body
capable of resorbing and degrading bone tissue.”® The differentiation and formation of osteoclasts are regulated by
various factors, with receptor activator of nuclear factor kappa-B ligand (RANKL), a TNF family cytokine, and
macrophage colony-stimulating factor (M-CSF) being the primary regulators.®” In RA, as previously mentioned,
cytokines such as TNF-o and IL-6 can directly promote the differentiation of osteoclast precursors into multinucleated
osteoclasts.”’** Pathologically, the differentiation pathways diverge such cytokine-induced osteoclasts contributing to
joint invasion, while RANKL-differentiated osteoclasts are primarily involved in osteoporosis.”**** As highlighted by
Iwamoto and Kawakami, the differentiation of monocytes into osteoclasts represents a pivotal mechanism in joint
destruction during rheumatoid arthritis. Future research could therefore focus on targeting this process. The osteoclast-
associated receptor (OSCAR) is upregulated in patients with RA and the OSCAR-collagen recognition stimulates
osteoclastogenesis. Thus, ligands based on type I collagen (COLI) and type II collagen (COLII) have been investigated
as potential targets for osteoclasts.”> Moreover, modulating M1/M2 ratio and regulating monocyte-derived dendritic cells
(Mo-DC) differentiation are also promising.

Biomimetic Drug Delivery Strategies

Nanocarrier Materials

Due to the highly complex pathological environment in RA, the efficacy of free drugs is often suboptimal. However, the
inflamed or acidic microenvironment may facilitate the passive or active accumulation of nanoparticles (NPs).”®
Nanocarrier drug delivery systems can specifically target therapeutic agents to the site of disease while protecting the
drugs from degradation (as shown in Table 1 and Figure 2). In addition, encapsulating free drugs within delivery systems
can extend their circulation time, reduce systemic side effects. Furthermore, it also enables drugs with environment-
responsive release properties tailored to the unique physiological and pathological features of RA. Despite the consider-
able potential of nanodrug delivery systems, several challenges remain. For instance, plasma proteins might adsorb onto
nanoparticle surface, hindering their effective migration to the target site.”” Moreover, NPs that accumulate in inflamed
joints probably release the drug to various cells within the joint cavity.”® Consequently, minimizing the clearance rate of
nanoparticles from the body and enhancing their selective accumulation in target areas are critical for the clinical
application of nanotechnology.

Chemical Functional Biomimetic Nanomaterials

Targeting Ligands

In RA, certain receptors are overexpressed on the surface of immune cells. Consequently, small molecules ligands
(mannose,” folic acid'®’), macromolecules ligands (hyaluronic acid, sialic acid'®") or peptide substances'®* have been
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Table | Current Research Status and Future Directions of Biomimetic Drug Delivery in Rheumatoid Arthritis Treatment

Classification

Types

Examples

Features

Future Directions

Chemical
Functional
Biomimetic
Nanomaterials

Targeting Ligands

Mannose, folic acid, hyaluronic acid,
sialic acid, peptide substances

Actively targeting inflammatory cells,
exhibiting good stability and biocompatibility,
enhancing the therapeutic efficacy of drugs.

Develop multi-target
ligands to enhance
specificity and affinity

Environment-Responsive
Nanomaterials

pH responsiveness, ROS-responsive
nanoparticles

Drug release in the complex pathological
environment to deliver the drug more
precisely

Develop a multi-
response system to
achieve more precise
control

Biomacromolecule
Carriers

Polysaccharides

Chitosan. hyaluronic acid

Excellent biocompatibility, biodegradability,
non-toxicity, and non-immunogenicity,
enhance both the targeting and therapeutic
effects of the drug

Functional
modifications to
enhance targeting

Nucleic Acids

DNA nanostructures,
DNA-functionalized nanoparticles

Exceptional flexibility, affinity,
programmability, and low biological toxicity

Modifying DNA
nanomaterials to
reduce electrostatic
repulsion between
DNA molecules

Biomimetic
Membranes

Biofilm coating

Macrophage membranes, neutrophil
membranes, platelet membranes

Significantly reduced immunogenicity, good
targeting and biocompatibility for the
inflammatory sites, high affinity for immune

Develop hybrid
membrane systems to
integrate multiple

cells functions
Vesicular Membranes Macrophage-derived EVs, platelet- Evade phagocytosis by the mononuclear Large-scale
(exosomes / derived EVs phagocyte system, not only non-cytotoxic production,
micro-vesicles) and non-immunogenic but also exhibit standardized

excellent biocompatibility, stronger targeting | extraction

and tissue penetration capabilities

Engineered Cell
Membranes

Physically Engineered
Membranes

Modifying platelet membranes with
red blood cell membranes, fused red
blood cell membranes with
fibroblast-like synoviocyte
membranes

Endowing the cell membranes with new
functions or properties, superior circulation
capabilities

Develop more cell
membrane
combinations to
achieve multifunctional
integration

Chemically Engineered
Membranes

PEG modified, ROS-sensitive link
modification

Faster and more stable, significantly
extended circulation times and achieve
environmentally responsive release

Optimize modification
strategies to avoid
functional loss

Genetically Engineered
Membranes

Nanovesicle expressing the
CCDC25 protein

Not only retain the targeting capabilities of
the original cells but also eliminate concerns
related to genetic mutations, ensuring their
safety

Explore additional
disease-related targets
to achieve precise
interventions

employed to develop ligands for the active targeting of inflammatory cells. Yang et al developed a mannose-conjugated
polymeric (Man-PMTX) nanoformulation capable of effectively targeting macrophages and delivering the anti-rheumatic
drug methotrexate (MTX).'%* Compared with free MTX, Man-PMTX exhibited significantly enhanced targeting and was
more readily taken up by macrophages. In in vivo biodistribution assay, the images revealed that the Cy5 labeled Man-
PMTX exhibited about 2 times higher accumulation in the knees of rheumatoid arthritis mice models after 4h admin-
istration, compared with non-modified nanoparticle treated group. There was no obvious damage observed in major
organs among free methotrexate and Man-PMTX groups. The in vivo model results demonstrated that this nanoformula-
tion promoted the polarization of macrophages from the M1 to the M2 phenotype while reducing the release of
inflammatory factors. These findings provide novel insights into the treatment of RA, indicating that a nanodrug delivery
system targeting macrophages can effectively modulate immune responses and alleviate inflammation. To specifically
target rhein (RH) to inflamed synovial macrophages, Zhou et al designed a cerium oxide nanoenzyme and hyaluronic
acid-complexed ROS-responsive nanomicelle.'® This nanomicelle leverages the redox properties of cerium oxide
nanoenzymes to neutralize reactive oxygen species (ROS) produced by M1 macrophages, while rhein induces the
polarization of M1 macrophages by inhibiting their signaling pathways. In vivo models demonstrated that this
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Figure 2 Schematic diagrams of nanodrug delivery system therapeutic strategies for rheumatoid arthritis treatment.

nanomicelle significantly reduced the number of M1 macrophages, while the proportion of M2 macrophages increased.
Moreover, the levels of inflammatory factors, such as TNF-a and IL-6, were notably reduced. Guo et al developed a sialic
acid (SA)-poly(lactic-co-glycolic acid) (PLGA) nanoformulation carrying antagomiR-7.'% In animal models, this
nanoformulation was shown to specifically target B cells in systemic lupus erythematosus (an autoimmune disease)
and effectively suppress B cell activation (Figure 3).

Common nanomedicines, such as liposomes and solid lipid nanoparticles are also widely used in the treatment of RA.
These materials exhibit good stability and biocompatibility, enhancing the therapeutic efficacy of drugs. Li et al
combined liposomes with folic acid to develop an oral nano-delivery system (FA-LP-GCK) for encapsulating
a ginsenoside mixture K (GCK) to treat RA.'® The results indicated that this nanoformulation significantly reduced
the levels of inflammatory factors and effectively inhibited synovial hyperplasia. Recently, Mirchandani et al designed
a solid lipid nanoparticle (SLN) combined with a hyaluronic acid nanoformulation (HA-MTX-SLN) for loading
methotrexate (MTX).'%” In adjuvant-induced mouse models, this nanoparticle demonstrated high encapsulation efficiency
and effective targeting, ensuring localization to the inflammatory site while significantly reducing drug toxicity
(Figure 4). Other studies have shown that mannose-modified morin liposomes (ML-Morin) can effectively inhibit

inflammatory responses and the generation of osteoclasts.'*®

Environment-Responsive Nanomaterials

Given the complex pathological environment of RA, which includes inflammation and an acidic pH. Researchers have
developed various multifunctional nanomaterials responsive to these environmental conditions. To improve the bioavail-
ability and targeting of gentistic acid (the main component of Gentiana), Jia et al designed a dual-targeting nanoparticle
formulation (RBA-NPs) with pH responsiveness and the ability to target CD44 and folate receptors.'* In a rat model of
RA, this nanoparticle formulation was able to deliver the drug more precisely to the site of action compared to the free
drug, thereby enhancing targeting. Additionally, RBA-NPs promoted the repolarization of M1 macrophages, demonstrat-
ing favorable therapeutic effects. Li et al designed a hyaluronic acid hydrogel nanoparticle (RGD-conjugated gold
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Figure 3 (A) Schematic illustration of SA-PLGA@antagomiR-7 inhibits B cell overresponse to alleviate systemic lupus erythematosus. (B) TEM images of
PLGA@antagomiR-7 (Left) and SA-PLGA@antagomiR-7 (Right). (Scale bar, 100 nm). (C) Serum levels of anti-dsDNA Ab, IL-6, IgG, and IL-10 were determined by
ELISA. (D) In vivo fluorescence images of C57BL/6 mice at different times after intravenous injection of DIR-PLGA@antagomiR-7 or DIR-SA-PLGA@antagomiR-7. (E)
Semi-quantitative analysis of fluorescence images of C57BL/6 mice (n=3). The white label corresponds to the fluorescence intensity value at that point. P > 0.05 indicated
no significant difference, *P < 0.05, **P < 0.01, *P < 0.001, ***P < 0.0001. Referenced from Ref.'*®
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International Journal of Nanomedicine 2025:20 hitps: 14263



Xiang et al

nanoparticles) loaded with triptolide (TP).'® This nanoparticle not only targets drug delivery via hyaluronic acid but also
alleviates inflammation in RA through photothermal therapy. In a collagen-induced mouse model, low doses of the
hydrogel nanoparticle combined with near-infrared irradiation exhibited significant therapeutic effects, reducing the
migration and joint-erosion capabilities of synovial fibroblasts (FLS) (Figure 5). Other studies have shown that enzyme-
responsive nanoparticles modified with arginine-glycine-aspartate (RGD) peptides, in combination with avp3 integrin-
loaded celastrol, can promote apoptosis of inflammatory macrophages and osteoclasts, thereby increasing the bioavail-

ability and therapeutic efficacy of celastrol.''%!!!

Biological Macromolecular Carriers

In recent years, the use of biomacromolecules as carriers in the construction of nanodrug delivery systems (NDDS) has
garnered increasing attention. Natural biomacromolecules such as albumin, lipoproteins, and polysaccharides exhibit
favorable biocompatibility, renewability, targeting capabilities, and low biological toxicity.''*"'?* These natural materials
are considered safer and more stable compared to synthetic alternatives. For example, Ting Gong et al designed a human
serum albumin-based nanoparticle named HSA-HS15. In biodistribution assay, the joint accumulation of DiD labeled
HSA-HS15 is much higher than that of free DiD (over 4 times higher) after 4h injection, exhibiting inflammatory
targeting ability. After loading celastrol as therapeutic agent, celastrol loaded HSA-HS15 showed enhanced biosafety,
compared with free celastrol. After treatment, obvious nephrotoxicity, cardiotoxicity and potential hepatotoxicity was
observed in rats received free celastrol treatment. In contrast, the major organs in rats treated with celastrol loaded HSA-
HS15 were not damaged and the biochemical indicators were similar to normal rats.

Polysaccharides

Polysaccharides, including chitosan and hyaluronic acid, are natural materials known for their hydrophilicity, mechanical
stability, tunability, and renewability, making them widely used in the medical field as nano-delivery materials.'** This
section focuses on the application of chitosan and hyaluronic acid as biomimetic carriers in the treatment of RA.'*
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Figure 5 (A) Preparation process of TP-PLGA-Au@RGD/HA hydrogels and schematic illustration of the anti-inflammatory effect of TP-PLGA-Au@RGD/HA hydrogels in
collagen-induced arthritis mice. (B) Profiles of TP release from TP-PLGA-Au@RGD/HA hydrogels and TP-PLGA-Au@RGD NPs under initial NIR irradiation for 10 min.
Profiles of TP release from TP-PLGA-Au@RGD/HA hydrogels with or without NIR irradiation for 10 min. Data are expressed as mean values for n = 3, and error bars
represent the standard deviation of the means (*P < 0.05). (C) Histological findings of synovial tissues from healthy mice and CIA mice on day 28 after different treatments.
H&E (synovial inflammation, original magnifications % 100, and immunohistochemical staining for IL-1p, IL-6, and TNF-a, original magnifications % 20). The arrow indicates
the area with significant infiltration of inflammatory cells. Semiquantitative analysis of histopathological evaluation (synovial inflammation and immunohistochemical staining

for IL-1pB, IL-6, and TNF-a). Asterisks (*) represent significance compared with the untreated mice at *P < 0.05. Referenced from Ref.'®
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Chitosan is a natural polymer with excellent biocompatibility, biodegradability, non-toxicity, and non-
immunogenicity.'*® As a naturally cationic polymer, chitosan shares physicochemical properties and biological char-
acteristics with glycosaminoglycans which are major components of the extracellular matrix (ECM), Thus, the chitosan
exhibits a strong affinity for certain cell membranes. Consequently, chitosan is frequently used as a biomimetic carrier for
the treatment of various diseases including RA. Numerous studies have reported the use of chitosan in combination with
commonly used anti-rheumatic drugs, such as methotrexate (MTX).'?”-'?® Jabbari et al developed a nanoformulation
encapsulating eugenol within chitosan, exploiting eugenol’s antioxidant properties for the treatment of RA.'*’ In
a comparative study with MTX in a mouse model, the eugenol nanoformulation was shown to reduce malondialdehyde
(MDA) levels (a marker of oxidative stress) and the expression of FOXO3 protein, while inhibiting the expression of
inflammatory mediators such as TGF-B and MCP-1. To enhance the functionality of chitosan, Siddiqui et al designed
a folate-modified chitosan (CHI)-chondroitin sulfate (CHS) nanoparticle encapsulating leflunomide (LEF) in a hydrogel
nanoparticle formulation. The chitosan-chondroitin sulfate composite itself possesses anti-rtheumatic and anti-
inflammatory properties, which further synergizes with the drug to achieve improved therapeutic outcomes. In
a mouse model, this nanoparticle formulation demonstrated higher drug accumulation and superior therapeutic effects
compared to free LEF and LEF-NPs. Similarly, Shafiq et al combined core-shell Pluronic F127 with chitosan to load
methotrexate, resulting in the design of an oral nanoparticle formulation that enhanced pharmacokinetic properties,
including an 8-fold increase in half-life and a 3.48-fold increase in mean residence time. The oral nanoparticle sustained
drug release for two days at pH 6.8, significantly improving the bioavailability of MTX."*® In animal models, this
nanoparticle demonstrated effective targeting and therapeutic efficacy.

Hyaluronic acid (HA) is a glycosaminoglycan widely present in connective and epithelial tissues, primarily composed
of D-glucuronic acid and N-acetylglucosamine.'*! HA is renowned for its excellent biocompatibility and plays a crucial
role in cell communication. Receptors or molecules that interact with HA include Neurocan, CD44, hyaluronic acid-
mediated motility receptor (RHAMM), glial HA-binding protein (GHAP), LYVE-1 (lymphatic endothelial HA recep-
tor 1), Versican, Aggrecan, and TSG6 (TNF-stimulated gene 6), with CD44 being a well-known surface receptor of M1
macrophages. Consequently, the use of hyaluronic acid in combination with drugs for precision therapy in RA holds
considerable promise.

Wang et al focused on the acidity and reactive oxygen species (ROS) reactivity of HA to crosslink HA with B-
cyclodextrin (B-CD), forming nanoparticles (HCPC) loaded with dexamethasone (DEX) for the treatment of RA."** This
nanoparticle formulation, utilizing the properties of HA, enhances both the targeting and therapeutic effects of the drug
(Figure 6). In vitro and in vivo experiments demonstrated that these nanoparticles exhibited excellent targeting to M1
macrophages, significantly increasing drug retention in RA joints and further inhibiting inflammation, thereby demon-
strating substantial therapeutic effects. After loading fluorescence probe IR780, the labeled nanoparticles showed
excellent inflamed joint targeting ability. After 6h administration, the fluorescence intensity of IR780 labeled HCPC
was approximately seven times higher than that of free IR780. To evaluate the safety, the major organ tissues including
(heart, live, spleen, lung, kidney and brain) were sliced and analyzed. No substantive lesions or inflammation was
observed. Zhou et al combined HA with solid lipid nanoparticles (SL) to deliver the glucocorticoid prednisolone (PD),
resulting in nanoparticles (HA-SLN/PD) for RA treatment.'** In the collagen-induced arthritis (CIA) mouse model, the
HA-modified HA-SLN/PD formulation exhibited more pronounced therapeutic effects compared to free drugs or SLN
nanoparticles.

Certain HA derivatives, while retaining the original physicochemical properties of HA, possess additional function-
alities. For example, Shang et al designed a hyaluronic acid derivative (PAM-HA) that can adsorb to subchondral bone,
remain in inflamed joints for extended periods, and respond to the clearance of ROS."** They employed PAM-HA as
a biomimetic carrier to encapsulate sinomenine (Sin), resulting in a new nanoparticle formulation (PAM-HA@Sin NP).
In vivo experiments showed that this nanoparticle effectively cleared ROS, reduced the levels of pro-inflammatory
factors, and enhanced joint lubrication.

Nucleic Acids
Nucleic acids, including deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), are biological macromolecules
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Figure 6 (A) Schematic diagram illustrating the synthesis of HCPC NPs and its applications in enhanced treatment of RA via passive targeting, M| macrophage targeting, and
responsive drug release. (B) Micro-CT analysis of the hind paws. (a) The representative visual 3D images of ankle joints (yellow arrows indicate osteophyte and hyperplasia,
green arrows show bone destruction, red arrows show trabecular osteopenia, blue arrows indicate subchondral bone sclerosis). Quantitative results of bone histomor-
phometry parameters including (b) BV/TV, (c) Tb.Th, (d) Tb.N, and (e) BMD. Data are mean + standard deviation, n = 6, *P < 0.05, **P < 0.01 vs AA group. Referenced from
Ref. 32

composed of nucleotide monomers. Specifically, nanomaterials based on DNA, have gained increasing attention in the
medical field due to their exceptional flexibility, affinity, programmability, and low biological toxicity.'*

Currently, DNA nanomaterials are categorized into two primary types: DNA nanostructures (DNA-Nss) and DNA-
functionalized nanoparticles (DNA-NPs)."*® In 1996, Mirkin et al pioneered the development of DNA-functionalized
nanoparticles (DNA-NPs), where DNA is highly oriented and densely functionalized with covalent bonds, forming
a nanoparticle structure. Compared to free DNA, DNA-NPs exhibit significantly increased resistance to nuclease
degradation, thereby enhancing the stability of nucleic acids in the body.'*>'3”

Huang et al designed a complex of DNA and cationic polyethyleneimine nanoparticles (DNPs), which were found to
stimulate the upregulation of indoleamine 2,3-dioxygenase (IDO) activity, further inducing DCs and regulatory T cells
(Tregs) to suppress immune overexpression in inflamed joints, demonstrating strong immune-modulatory properties.'*®
Zhang et al found that interleukin-10 (IL-10) can improve the inflammatory environment of RA through macrophage
metabolic reprogramming.'*® They developed a multifunctional nanoparticle (bPEI-SS-PEG-T/NLS/DNA NPs) com-
posed of NLS (a peptide with a nuclear localization signal) and IL-10 plasmid DNA (pDNA) in combination with
polyethyleneimine-dithiobis (succinimidyl propionate) (bPEI-SS-PEG-T). This formulation responds to intracellular
glutathione levels and promotes macrophage uptake, thereby increasing drug accumulation (Figure 7). In vivo models
showed that this nanoparticle demonstrated excellent IL-10 transfection efficiency, and inhibitory effects on RA arthritis.
This DNA based nanoparticles realized remarkable inflammatory joint accumulation ability. Compared with unmodified
nanoparticles, the modified nanoparticles exhibited about 10 times higher accumulation in rat joints after 2.5h admin-
istration. Beyond efficacy, compared with normal group, the body weight, renal and hepatic functions were not damaged.

DNA nanostructures (DNA-Nss) can be engineered with single-stranded DNA arranged based on regional or origami
structures. These structures are widely used in anti-inflammatory and anti-tumor therapies due to their ability to exhibit
arbitrary sizes, shapes, and surface features.'*> Wang et al designed a self-assembled DNA tetrahedron (TDs) coupled
with NF-kB decoy oligonucleotides (dODNs) and VCAM-1-targeting peptides (P), forming a novel nanoformulation

(TD—P—dODN).MO In an adjuvant-induced animal model, this nanoformulation demonstrated superior drug retention and
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Figure 7 Schematic illustration of the macrophage-hitchhiking IL-10 pDNA delivery system against RA. (A) lllustration of formation of bPEI-SS-PEGT/NLS/DNA NPs. (B)
lllustration of RA microenvironment. (C) Schematic of CIA rats and treatment with intra-peritoneal injection. After the intraperitoneal injection, nanoparticles could
effectively accumulate at inflammatory sites of RA due to the macrophage migration to the inflammatory joints. (D) The intracellular fate of bPEI-SS-PEG-T/NLS/DNA NPs.
(E) The mechanism of action of bPEI-SS-PEG-T/NLS/DNA NPs in vivo. NPC: Nuclear pore complex. (F) In vivo imaging of unmodified NPs and bPEI-SS-PEG-T/NLS/ DNA
NPs in CIA rats and bPEI-SS-PEG-T/NLS/DNA NPs in normal rats at different times. The inflammatory sites are circled in red. (G) Average radiant efficiency of paws. The
values reported are mean # standard deviation (n = 3), *P < 0.01, **P < 0,00 and ***P < 0.,000] compared with arthritic rats with modified NPs. Referenced from Ref."**

therapeutic effects compared to free JODN (Figure 8). To target pro-inflammatory molecules such as TNF-a and NF-«kB,
Liu et al designed a nanoparticle (siRNA@M(Cage-dODN)) (siMCO) coated with macrophage cytoplasmic membranes,
carrying anti-NF-«kB decoy oligonucleotides (dlODN) and anti-TNF-a siRNA for RA treatment. Both in vitro and in vivo
results showed that siMCO significantly increased drug accumulation and reduced the expression of inflammatory
factors.'*!

Overall, DNA-based nanomaterials offer significant advantages in terms of infectivity, immunogenicity, and cyto-
toxicity. However, challenges remain. For example, the negative charge of DNA molecules, which leads to electrostatic
repulsion and impairs the passive transport of nanoparticles in tissues.'*> Consequently, the modification of DNA
nanomaterials may enhance their clinical applications.

Biomimetic Membranes/Extracellular Vesicles Coating Strategies

The utilization of biomimetic technology offers new possibilities for drug in RA therapy. By modifying cell membranes
or incorporating biomimetic proteins (Figure 2), drug delivery systems can acquire biomimetic camouflage. Thereby,
achieve reduced clearance rate, improved biocompatibility, and prolonged drug retention in the body. Given that the
initiation of RA involves the infiltration of multiple immune cells, biomimetic strategies based on immune cell
membranes, associated proteins, or cell-derived exosomes are naturally more advantageous than traditional modification
methods. The biomimetic approach is expected to enhance the targeting and therapeutic efficacy of nanodrugs, thereby
opening new avenues for RA treatment.

Biomimetic Membranes Biofilm Coating

Leukocytes, including lymphocytes, monocytes, neutrophils, eosinophils, and basophils, are collectively known as white
blood cells. These cells play a central role in the infiltration of the synovium in RA joints, contributing to the initiation of
inflammation. Therefore, nanoparticles that can bind to leukocytes are particularly effective in penetrating the affected
joints in RA and targeting drug delivery to inflammatory sites. Recently, cell membrane-coated nanoparticles have
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emerged as a novel technology to enhance the efficacy of traditional drugs.'** Nanoparticles incorporating natural cell
membranes inherit the physicochemical properties and membrane functions of the original cell membrane, including

membrane-anchored proteins, antigens, and immune characteristics.'**'**

Macrophage Membranes
Macrophages are among the most predominant cells involved in the infiltration of RA joints. Targeted delivery of anti-
inflammatory drugs using macrophage membranes for the treatment of inflammation has shown significant progress.'*®
Flavia et al developed a hybrid nanosystem (TCPSi@KG-1) modified with KG-1 macrophage membranes on porous
silicon (Psi)."*’ In vitro experiments revealed that undecylenic acid-modified hydrophobic thermally carbonized porous
silicon (UnTHCPSi) nanoparticles were highly stable in physiological solutions and biological fluids. Cell experiments
indicated that the membrane-coated UnTHCPSi nanoparticles expressed CD80 more closely to the control group than
unmodified nanoparticles, suggesting that the macrophage membrane-modified nanosystem significantly reduced immu-
nogenicity (Figure 9).

Song et al combined metal-phenolic networks (MPN) with epigallocatechin gallate (EGCG), exploiting their proper-
ties of scavenging reactive oxygen species (ROS) and inhibiting inflammatory cytokines.'*® They further incorporated
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Figure 9 (A) Schematic representation of the nanoplatforms. PSi nanoparticles are processed together with cytoplasmic membranes isolated from KG-1 macrophages.
Image created with Servier Medical Art. (B) TEM images of a) APTS-TCPSi@KG-I, b) UnTHCPSi@KG-I, and c) TCPSi@KG-I. (C) Stability of UnTCHPSi,
UnTHCPSI@KG-1, TCPSi, and TCPSi@KG-| systems in d, e) human fresh frozen plasma and f, g) simulated synovial fluid, up to 2 h. The results are presented as mean
+ standard deviation (n = 3). The results were analyzed with two-way ANOVA, followed by Bonferroni’s posttest and the levels of significance were set at the probabilities of
#P < 0,05, ¥*P < 0.01, and *¥**P < 0.001. Referenced from Ref.'*’

EGCG with cerium (IV) ions coated with macrophage membranes to prepare MPN nanoparticles (M-EC). In vitro
experiments demonstrated that the EC concentration-dependent clearance of reactive nitrogen species (RNS) by the
M-EC nanoparticles increased, with nearly complete clearance of ROS at 100pug/mL MTT assays revealed that, at
concentrations up to 100 pg/mL, EC had minimal cytotoxicity on RAW264.7 cells, HUVEC cells, and chondrocytes. But
EC exhibited significant cytotoxicity to inflammatory macrophages, suggesting good safety and protective effects against
harmful ROS. Fluorescence labeling studies revealed that the coated nanoparticles had a faster targeting speed and could
evade capture by normal macrophages compared to unmodified nanoparticles. Both nanoparticle formulations were
efficiently internalized by inflammatory macrophages, indicating effective targeting. In a mouse model, the M-EC group
showed reduced expression of IL-1p, promoted the repolarization of M1 macrophages, and effectively inhibited joint
inflammation compared to the PBS and EC groups. Other studies suggest that macrophage membranes may competi-
tively bind with inflammatory cytokines to further inhibit osteoclast generation.'*’ Ruixiang Li et al used macrophage-
derived microvesicle (MMV)-coated nanoparticles (MNP) realized about 15 times higher accumulation in arthritic paws
after 12h injection, compared with free small-molecular group. No obvious pathological changes were observed in the
liver, spleen and kidney for both free tacrolimus treated group and correspond membrane coated nanoparticle treated

group.

Neutrophil Membranes
Neutrophils play a crucial role in the pathogenesis of RA. As the most abundant type of white blood cells, neutrophils
accumulate in inflamed joints, where they can significantly contribute to the progression of RA inflammation.'>'>! The
LFA-1 receptor on neutrophil membranes can specifically bind to activated chondrocytes and the overexpressed
intercellular adhesion molecule 1 (ICAM-1) on human umbilical vein endothelial cells (HUVECs), providing an
important theoretical basis for the biomimetic application of neutrophil membranes.'>?

Zhang et al employed neutrophil membrane-modified poly(lactic-co-glycolic acid) (PLGA) polymer nanoparticles in
a mouse femoral allograft model. Fluorescence labeling revealed the accumulation of neutrophil membrane nanoparticles
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in the distal region of the femoral head and surrounding tissues, indicating that the nanoparticles exhibited excellent
targeting and chondrocyte penetration.'>* In a collagen-induced arthritis (CIA) model, histopathological analysis revealed
no significant degeneration of chondrocytes in the cartilage in the neutrophil membrane nanoparticle-treated group, The
number of fibroblast-like synoviocytes (FLS) positive for staining was significantly reduced. Serum tests demonstrated
that the membrane-modified nanoparticles significantly decreased the expression of inflammatory factors such as IL-1f
and TNF-a. These results highlight the potential of neutrophil membranes in addressing RA inflammation.

Yu et al coated polyethylene glycolated l-arginine nanoparticles (LANPs) with neutrophil membranes and loaded them
with a reactive oxygen species (ROS) inducer (Ru), creating a nitric oxide (NO) biomimetic delivery system (NM-LANPs
@Ru).154 Studies in animal models showed that this delivery system demonstrated good targeting and biocompatibility for
the inflammatory sites. Compared with the control group, NM-LANPs@Ru exhibited enhanced therapeutic characteristics.

Platelet Membranes

Platelets, small cytoplasmic fragments responsible for hemostasis, are considered a crucial component of the innate
immune system due to their ability to interact with bacteria, viruses, and complement proteins.'>*'* Increasing evidence
suggests that the dysregulation of platelet activation plays a significant role in the pathogenesis of RA.">”'*® Upon
activation by ligands such as collagen and thrombin, platelets release various inflammatory mediators, including
prothrombotic agents, cytokines, chemokines, and growth factors.'”® These secretions exacerbate the inflammatory
response in RA, promote neovascularization, and facilitate immune cell aggregation, thereby intensifying disease
progression.'®°

It is evident that platelets express immune-related receptors, thereby linking interactions between immune cells. For
instance, CD44 is a surface glycoprotein widely present on many RA inflammatory cells. In 1993, Stone et al reported
that P-selectin, overexpressed on the membrane of activated platelets, can specifically recognize CD44.'°" Additionally,
glycoprotein VI (GPVI) on platelet membranes can specifically interact with type IV collagen.'®® This suggests that
platelets have a high affinity for immune cells involved in RA pathogenesis.

To validate this hypothesis, He et al loaded PLGA nanoparticles (PNPs) with FK506, a potent immunosuppressive
agent used to treat RA in patients unresponsive to methotrexate, and modified them with platelet membranes.'®> The
in vitro experiments showed that human RA synovial cells (MH7A), cultured in a collagen IV-rich medium, exhibited
significant binding with DiD-labeled PNPs under confocal microscopy. In vivo experiments revealed that the fluores-
cence signal intensity of PNPs in inflamed joints was markedly higher than in other organs, as shown by in vivo imaging
and localization analysis. Immunofluorescence staining confirmed the co-localization of DiD-labeled PNPs with CD44
and collagen IV, further validating the targeting of platelet membranes. The group treated with drug-loaded PNPs
exhibited the lowest arthritis index (Al), indicating excellent therapeutic effects. Li et al utilized platelet membrane-
coated mesoporous silica nanoparticles (MSNs) encapsulating vascular disruption agents (VDAs) to create a novel type
of nanoparticle. In animal models, this formulation demonstrated significant vascular disruption and effective anti-

angiogenesis, yielding promising therapeutic outcomes.'®*

Vesicular Membranes
Extracellular vesicles (EVs) are lipid-enveloped vesicles secreted by various cells, including macrophages. And
they are involved in cell-to-cell communication. EVs can be categorized into apoptotic bodies, microvesicles
(MVs), and exosomes, with exosomes being particularly important in the pathogenesis of RA.'**'® Exosomes are
capable of regulating osteoclast formation and modulating immune responses, thereby reducing inflammation
associated with RA. Mesenchymal stem cells (MSCs), associated with EVs, can regenerate and replace damaged
cells within tissues, offering protective effects, while also exerting immunomodulatory actions through the release
of EVs and paracrine factors, such as cytokines and growth factors.'¢”-'®

EVs are not only non-cytotoxic and non-immunogenic but also exhibit excellent biocompatibility. When combined
with nanoparticles, they can evade phagocytosis by the mononuclear phagocyte system (MPS).'® The attachment of
molecular therapeutic agents, such as nucleic acids, proteins, and lipids, to EVs for the treatment of RA represents
a promising therapeutic strategy.
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Macrophage-derived EVs: Li et al employed cytochalasin B (CB) to develop microvesicles (MMVs) derived
from macrophages. By coating these MMVs with PLGA nanoparticles and loading them with tacrolimus, they
created a novel nanoparticle formulation.'*® In a mouse model, this formulation demonstrated significantly better
targeting of RA inflammatory sites compared to drug-loaded uncoated nanoparticles and red blood cell membrane-
coated nanoparticles (RNPs). Yan et al modified macrophage-derived exosomes with a folate-polyethylene glycol-
cholesterol complex and loaded them with dexamethasone phosphate (Dex), resulting in a biomimetic nanofor-
mulation (FPC-Exo/Dex).'” The in vitro experiments showed that this formulation significantly reduced levels of
TNF-a and IL-1f, indicating favorable drug accumulation and anti-inflammatory properties. In another study, Li
et al used M2 macrophage-derived exosomes (M2 Exo) to encapsulate anti-inflammatory cytokine IL-10 pDNA
and the anti-inflammatory drug betamethasone phosphate (BSP), creating a biomimetic drug delivery system. This
system was able to downregulate the secretion of pro-inflammatory cytokines (IL-13, TNF-a) and upregulate IL-10
expression.'”’ In a mouse model, this drug delivery system increased drug accumulation in the joints and
promoted the repolarization of macrophages from M1 to M2, exhibiting promising therapeutic effects.

Platelet-derived EVs: Tessandier et al demonstrated that during RA inflammation, vascular leakage facilitates
the entry of platelet-derived extracellular vesicles (EVs) into the lymphatic system, whereas EVs from other cells,
such as red blood cells and white blood cells, encounter greater difficulty passing through the lymphatic system.
This suggests that platelet-derived EVs possess stronger targeting and tissue penetration capabilities.'’> Based on
this finding, Ma et al developed a targeted delivery system for RA-inflamed joints by utilizing platelet-derived EVs
as biomimetic carriers (PEVs) loaded with the anti-inflammatory drug berberine (BBR) to modulate the joint
pathological environment.'”* In RA animal models, combined with fluorescence imaging, it was observed that after
intravenous injection, PEVs accumulated significantly in the inflamed joints and paws of RA mice, indicating
efficient targeting and drug accumulation. The PEVs realized about 9 times higher accumulation in the inflamed
joints, compared with small molecular group. There was no obvious pathological change in the heart, liver, spleen,
lung and kidney in both free berberine group and berberine loaded PEVs group. Micro-computed tomography
(micro-CT) analysis of bone tissue revealed that, compared to free drugs, BBR-loaded PEVs enhanced bone density
and significantly inhibited bone erosion. Furthermore, analysis of immune cells in the mice demonstrated that
a marked reduction in the expression levels of pro-inflammatory receptors (CD68 and CD80), pro-inflammatory
cytokines (TNF-a and IL-6), and MMPs (MMP-3), further confirming the therapeutic efficacy of BBR-loaded
PEVs.

Other Cell-Derived EVs: DCs-derived extracellular vesicles (EVs) have also been extensively investigated. For example,
Kim et al demonstrated in animal models that FasL. gene-modified bone marrow-derived DC exosomes (Exo/FasL) can
suppress joint inflammation and autoimmune diseases.!”* Additionally, Wu et al explored the impact of exosomes secreted
by granulocyte-myeloid derived suppressor cells (G-MDSCs) on humoral immunity in mice, confirming that these exosomes
promote the generation of IL-10+ Breg cells, thereby alleviating inflammation.'”> Song et al found that exosomes secreted by
endothelial cells (EC-exosomes) exhibited greater bone-targeting properties compared to exosomes from other cell sources,

with the endogenous cargo miR-155 in EC-exosomes inhibiting osteoclast activity.'’®

Engineered Cell Membranes

The concept of “engineered cell membranes” has emerged to enhance the functionality or characteristics of cell
membranes. Engineered cell membranes refer to the process of modifying or replicating cell membranes using physical,
chemical, or genetic engineering techniques. This technology typically involves the incorporation of specific molecules,
proteins, or drugs onto cell membranes to fulfill specific requirements. Based on the modification approach, engineered
cell membranes can be classified into physically engineered membranes, chemically engineered membranes, and
genetically engineered membranes.

Physically Engineered Membranes
Physically engineered membrane technology is an advanced biotechnological method that integrates specific macro-
molecules or fragments of cell membranes onto target cell membranes using physical techniques, thereby endowing the
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cell membranes with new functions or properties. For instance, modification of red blood cell membranes can
significantly extend the circulation time of drug delivery systems in the body, up to 120 days. Furthermore, by modifying
the cell surface marker CD47, these systems can effectively evade clearance by the immune system.'”” This section
discusses the application of physically engineered cell membranes from two perspectives: the modification of target
membranes with specific cell membranes, and the modification of cell membranes with macromolecules.

Dehaini et al validated the feasibility of modifying platelet membranes with red blood cell membranes. They
conducted membrane fusion studies, labeling platelet membranes with two different fluorescent dyes (DOPE-RhB and
C6-NBD), and mixing them with red blood cell membranes in varying proportions at high temperatures. Fluorescence
recovery through Forster Resonance Energy Transfer (FRET) confirmed the fusion of the two membranes. Subsequently,
poly(lactic-co-glycolic acid) (PLGA) nanoparticles were coated with the mixed membrane to obtain [RBC-P]NPs.'”®
Protein characteristic analysis revealed that the fused membrane contained specific protein markers from both original
cell types, and functional analysis demonstrated that [RBC-P]NPs exhibited a low uptake rate by THP-1 macrophages,
similar to RBCNPs and PNPs. In animal models, the [RBC-P]NPs showed superior circulation capabilities compared to
RBCNPs and PNPs.

Fibroblast-like synoviocyte membranes exhibit significantly stronger targeting capabilities than platelet membranes,
due to the variety of markers present on fibroblast-like synoviocytes. Therefore, Yu et al fused red blood cell membranes
with fibroblast-like synoviocyte membranes (RFM) to modify Prussian blue nanoparticles (PB NPs) loaded with
Schisanlactone E (SE), and chemically modified hyaluronic acid was grafted onto the RPS NPs through DSPE-
PEG2000-NH2 to create a multifunctional nanodelivery system (HA@RFM@PB@SE, HRPS NPs)'”°(Figure 10).
Dialysis bag experiments revealed that at pH 5.0, the release rate of SE was high, which is suitable for the acidic
pathological environment of RA. In photothermal tests, HRPS NPs demonstrated efficient photothermal conversion and
stability, as the solution temperature increased under different laser powers. The targeting efficiency of the nanoparticles
was assessed using fluorescence labeling under laser irradiation, showing a higher uptake rate by fibroblast-like
synoviocytes in the HRPS NPs group. In RA mouse models, histopathological scoring indicated a significant reduction
in joint inflammation and synovial hyperplasia in the HRPS NPs group, which was further confirmed by Micro-CT and
MRI imaging techniques. ELISA assays revealed significant reductions in inflammatory factors such as TNF-a, IL-1p,
and IL-6. Safety assessments showed that the nanodelivery system did not cause significant organ damage or functional
disorders, demonstrating good biosafety.

In addition to red blood cells, Zhao et al designed hybrid nanovesicles (HNVs) by the extrusion method, coated with
M1 macrophage membranes and derived from M2 macrophage vesicular membranes. These nanovesicles were subse-
quently coated with black phosphorus (BP) nanosheets to obtain HNV@BP.'* In macrophage activation experiments,
the HNV@BP was co-cultured with RAW macrophages (RAW264.7) and M1 macrophages (induced by lipopolysac-
charide and interferon-y). Flow cytometry was used to detect the expression of CD206 (a marker of M2 macrophages)
and CD86 (a marker of M1 macrophages). The results showed that HNV@BP increased the proportion of M2
macrophage subtypes (M2a), and ELISA tests confirmed that HNV@BP effectively bound to IL-6 and TNF-a, reducing
their expression levels. Cytotoxicity assays demonstrated good biocompatibility, and under near-infrared (NIR) light
stimulation, HNV@BP significantly inhibited the survival of L929 cells (a mouse fibroblast cell line). In animal models,
H&E staining and Safranin-O/fast green staining showed that HNV@BP, in combination with NIR irradiation, sig-
nificantly reduced damage to articular cartilage and the proliferation of synovial tissue. These nanovesicles inherited the
cytokine receptors of the two macrophage subtypes, and the combination of BP nanosheets and NIR irradiation led to
significant suppression of RA inflammation.

Certain large molecular substances, such as liposomes, are also widely utilized in physical engineering membrane
technology. This method involves the anchoring of glycosylphosphatidylinositol (GPI) via lipid interactions on the cell
membrane, enabling GPI-anchored fusion proteins to be physically modified and attached to the membrane.'®' This
technique is based on the structure of lipids and the fluidity of the membrane.'®* Hao et al employed liposomes to modify
red blood cell membrane vesicles, resulting in hybrid vesicles loaded with the immunosuppressive agent mycophenolic
acid (MPA) for targeting DCs in the treatment of systemic lupus erythematosus (SLE).'® In animal models, these
biomimetic vesicles demonstrated good targeting and therapeutic effects, with no significant drug toxicity observed.
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Furthermore, Molinaro et al reported that liposomes enriched with white blood cell membrane proteins could be used to
modify cell vesicles.'® The modified vesicles not only retained the biological characteristics of the original white blood
cells but also overcame vascular barriers in inflammatory environments. Molinaro et al further found that these liposome-
modified vesicles containing white blood cell membrane proteins could evade capture by the mononuclear phagocyte
system and specifically target the delivery of dexamethasone to inflammatory sites. This discovery broadens the potential
applications of physically engineered membranes.

Chemically Engineered Membranes

Chemical engineering strategies typically involve the use of amine and thiol groups on membrane proteins, as well as hydroxyl
groups on polysaccharides, as active sites for various covalent conjugations.'® For example, polymers, nucleic acids, and
proteins can be directly conjugated to cell membranes through amide bond formation reactions mediated by multifunctional
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), which are faster and more stable than conventional EDC-mediated
amidation reactions.'®'®® Using NHS-PEG2-maleimide technology, Zhou et al successfully modified red blood cell
membranes with human recombinant hyaluronidase PH20 (rHuPH20) and coated nanoparticles.'® Compared to unmodified
red blood cell membrane nanoparticles (RBCM-NPs), the coated nanoparticles exhibited significantly extended circulation
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times. Moreover, to clear free circulating DNA (cfDNA) in the inflammatory environment of RA, Zhe Wang et al manu-
factured an exosome-based system called MEX ' cP including anti-inflammatory (M2) macrophage-derived exosomes (MEX),
positively charged oligolysine and PEG fragment (cP). In biodistribution assay, the in vivo fluorescence images revealed that
the accumulation of fluorescence labeled MEX cP showed obvious inflamed paw accumulation. After 24h injection, the
accumulation of MEX ' cP is over 3 times higher than that of correspond control group with blockade antibody. Compared with
phosphate buffer saline treated group, there was no significant change in lactic dehydrogenase, aspartate aminotransferase,
alanine aminotransferase and alkaline phosphatase levels. No obvious damage was observed in major organs.'”® The PEG
modification prolonged circulation time and enabled the directional accumulation of C—C motif chemokine ligands around
inflamed joints. Upon MMP degradation, the positively charged oligolysine could clear cfDNA, and the exosome promoted
macrophage polarization. In animal models, the chemically modified exosomes exhibited promising therapeutic effects and
potential for clinical application. Additionally, Lee et al modified dendritic cell-derived exosomes (TKDex) with reactive
oxygen species-sensitive polyethylene glycol linkers. Studies indicated that TKDex could be internalized by mature DCs,
significantly reducing the expression of CD40 and IL-6, as well as the production of tumor necrosis factor TNF-q, thereby

demonstrating its potential in targeted therapy.'®!

Genetically Engineered Membranes

Genetic engineering allows for the selective introduction of desired proteins or peptides into cell membranes via
transfection or via non-viral or viral vectors, a strategy widely applied in the treatment of RA.'®>'°? Deng et al utilized
platelet microvesicle membranes (PMM) modified with a Golgi apparatus-targeting peptide to encapsulate poly(D,
L-lactic-co-glycolic acid) (PLGA) nanoparticles loaded with atorvastatin (Atra). This formulation aimed to suppress
the secretion of pathological substances by synovial fibroblasts (FLS) in RA joints, thus promoting RA inflammation.'®?
The system successfully targeted the delivery of atorvastatin to the Golgi apparatus of FLS, leading to disruption of the
Golgi apparatus and inhibition of pathogenic protein expression. In both in vitro and in vivo models, this nanoformula-
tion significantly increased drug accumulation in the Golgi apparatus of FLS, reduced the expression of pathogenic
proteins and mediators, and alleviated joint inflammation in RA. Considering the specific role of CCDC25 protein and
NETs, Wang et al developed a genetically engineered nanovesicle expressing the CCDC25 protein, which was then
modified with a liposome and loaded with DNase I (a DNA enzyme) to form a new nanoformulation.'®* The hybrid
vesicles successfully targeted NETs and inhibited the aggregation of neutrophils. Additional studies have indicated that
mesenchymal stem cell (MSC) membranes can also be modified using genetic engineering techniques.'”> MSCs
inherently possess the ability to regulate inflammatory processes, repair damaged cells within joints, and migrate to
injured tissues. Genetically modified MSC membranes not only retain the targeting capabilities of the original cells but
also eliminate concerns related to genetic mutations, ensuring their safety.

Conclusion

This article summarizes the traditional treatment strategies, associated targets, and recent advances in biomimetic therapeutic
strategies for RA. Traditional therapeutic drugs failed to achieve the expected goals in RA joint therapy due to significant
adverse reactions and a lack of distribution specificity. Some biomimetic nanocarriers for cancer therapy have been studied in
clinical trials including albumin-based nanoparticle (NCT00110695), dendritic cell-derived exosomes (NCT01159288) and
nanoscale exosome-based delivery system (NCT04592484). But in RA treatment, the challenges still remain between
preclinical study and actual clinical study for biomimetic technology. However, with the continuous development of
biomimetic nanotechnology and deeper research into RA pathological targets, the clinical treatment prospects are promising.
Typically, after biomimetic strategy modification, the tissue-specific accumulation can be greatly improved to 35 times. The
toxicity can be minimized. In summary, compared with chemically synthesized nanomaterials, biomimetic nanomaterials
exhibit superior targeting, prolonged blood circulation, immune tolerance, and reduced biological toxicity.

Prospects
Despite the significant advancements in bionic nanotechnology observed in current research, substantial challenges
remain before true clinical translation can be achieved. The author identifies several key factors contributing to this gap:

14274 ‘s International Journal of Nanomedicine 2025:20



Xiang et al

Firstly, most animal models currently employed for bionic nanoparticles do not fully replicate the actual pathological
environment of RA in humans. This disparity creates uncertainty regarding the long-term stability and safety of the
nanomaterials. Although bionic nanoparticles have shown promising therapeutic effects in vitro and in animal models,
their application in humans is subject to various considerations, including immune system responses, potential long-term
toxicity, and interactions with existing therapeutic drugs.

Secondly, within RA lesions, numerous targets, such as white blood cells and synovial cells, exist. Compared to
single-target therapies, a multi-level targeting strategy which can interact with two or more targets simultaneously might
be more suited for the pathological environment of RA. For example, the interleukin-6, Tyrosine kinase 2 and CD20
surface maker on B lymphocytes all play vital roles in the progression in RA. Intervening each of these targets alone is
not sufficient. Therefore, designing drug delivery systems which can inhibit all three targets might be beneficial.
Currently, computer-assisted drug candidates have been developed to simultaneously blocked the three mentioned
pathways.'?® As for tissue perspective, multi-level targeting allows drug delivery systems to bind specifically to multiple
target cells at once, significantly enhancing the targeting efficiency of drug delivery systems (DDS) and possibly yielding
synergistic effects that improve therapeutic efficacy. At the cellular level, nanoparticles employing multi-level targeting
strategies can achieve precise targeting of cells, cell membranes, and organelles, reducing damage to normal cells and
minimizing side effects, thereby enhancing treatment safety. Overall, multi-level targeting can intervene in the complex
microenvironment of RA at multiple levels, significantly improving drug efficacy.

Thirdly, although the treatment strategy for RA primarily focuses on preventing chronic joint erosion caused by the immune
system, ie, targeting drug delivery, optimizing pharmacokinetics, enhancing anti-inflammatory effects, and minimizing systemic
side effects, it does not imply that researchers should overlook the mechanical friction between joints. The ability of nanoparticles
to withstand wear due to joint movement is essential for maintaining their physical stability. However, to date, there is no
literature providing evidence regarding the performance of bionic nanomaterials in friction tests. Similarly, nanoparticles
circulating within the bloodstream may be subjected to shear forces from blood flow, potentially leading to surface or structural
wear. These factors introduce uncertainties that could affect the stability of bionic nanoparticles in the human body.

Lastly, RA is not only an intra-articular disease. It also involves a range of extra-articular manifestations or
complications, including rheumatoid nodules, vasculitis, and disorders affecting the cardiovascular (CV), pulmonary,
neurological, gastrointestinal, renal, and hematological systems.'®” As such, RA might be regarded as a syndrome.
Nevertheless, many current bionic therapeutic strategies remain limited anti-inflammatory and immune cell targeting
ability within the joint, which is clearly insufficient to address the broader scope of the disease as a systemic syndrome.

These challenges drive requirements for advanced bionic nanoparticles, particularly pathology-responsive designs
targeting RA’s unique microenvironment. These intelligent designs would enhance therapeutic efficacy for rheumatic
diseases and enable integrated approaches—including photothermal (PTT) and photodynamic therapy (PDT)—for RA
combination treatment. As bionic technologies evolve, they will enable more precise and safer RA therapeutic strategies.
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