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Abstract: Rheumatoid arthritis (RA), a chronic autoimmune disease, causes progressive cartilage destruction
and bone erosion, and also affects vital organs. It affects approximately 0.5% — 1% of the global population. Its
treatment faces challenges such as insufficient drug targeting, significant systemic side effects and low patient
compliance. Responsive microneedle technology integrates inflammatory microenvironment-sensitive materials
with intelligent delivery technology to construct a microneedle delivery system that can sense site-specific markers
of inflammation (e.g., pH, enzyme activity, or oxidative stress level) to achieve precise local delivery of anti-RA
drugs in synovial tissues. Compared with systemic drug delivery, this technology significantly improves local drug
concentration in the joints, effectively avoiding the risk of myelosuppression and liver and kidney toxicity
associated with traditional therapies. The intelligent response characteristics of microneedles can dynamically
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regulate the release rate of the drug, so that the drug can be released on demand. The microneedle patch design can

significantly reduce the frequency of drug delivery, which significantly improves the long-term treatment adherence.

This review systematically explains the classification of responsive microneedles in terms of mechanism of action,

material innovation and therapeutic advantages, analyses the current translational bottlenecks, and explores the

prospects for their development in the individualized treatment of RA.
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Figure 1 Responsive microneedle types
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Figure 2 Schematic representation of the corresponding therapeutic mechanism of ROS-responsive microneedles in rheumatoid arthritis

(RA) treatment. A: Microneedle scavenges reactive oxygen species and triggers drug release through enzyme-catalysed cascade to synergisti-

cally improve synovial hypoxic microenvironment. Adapted from Ref. 11. Copyright © 2025 Wiley-VCH GmbH; B: Microneedle release

via thione bond cleavage. Adapted from Ref. 12 under CC BY NC 3.0 license. ROS: Reactive oxygen species; SOD: Superoxide dismutase;

CAT: Catalase; IGU: Iguratimod; PSC: Hybrid protein-biodegradable polymer nanoassembly; Ber: Berberine; Sin: Sinomenine; PLGA: Poly

(lactic-co-glycolic acid); TK: Thioketal; PEG: Polyethylene glycol
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Figure 3 Schematic representation of the corresponding therapeutic mechanism of light-responsive microneedles in RA treatment. A: A

PDA-dissolvable microneedle system was constructed to achieve photothermal-drug synergistic delivery of a microneedle system by co-
loading loxolofen and tofacitinib for photothermal-drug synergistic delivery. Adapted from Ref. 28 under CC BY 4.0; B: 5-ALA@DMN-
mediated PDT using soluble microneedle delivery of the photosensitiser 5-ALA significantly inhibits migratory activity and selectively

induces apoptosis in fibroblast-like synoviocytes in RA. Adapted from Ref. 30. Copyright © 2023 The Authors. 5-ALA: 5-Aminolevulinic

acid
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Figure 4 Schematic representation of the corresponding therapeutic mechanism of ultrasonic-responsive microneedles in RA treatment. A

hyaluronic acid-based DMN system for ultrasound-enhanced MTX delivery through the integration of MTX-PFP-NPs was developed.
Adapted from Ref. 33. Copyright © 2025, Controlled Release Society. US: Ultrasonic; RA: Rheumatoid arthritis; MTX: Methotrexate



- 2070 - 242224 Acta Pharmaceutica Sinica 2026, 61(6): 2063-2074

71, R VREE T BRI AR A AZ O RFAE
2 MRz MRS R RARIVR SRR L RTR
2.1 Rz BT Rk

Wi SN A BT RA VR T 400 Fi B L R 10 7 1 7
73, FLBORAL S 55 W PR N2 FH b 3 (R A4) J T 122 AUk 1)
WEFC R Rl AN — Rl G SR R 5 R RE W I (R 45 24
ARG, W BRI Y RAVRIT SR AL T QIR TR T R .
211 #LiaTriEs HAO IS E S AR X
Ja3 8 B S A BE R A B RA 22 5% 71 [ 7
1 B PR AENE 52, BLHE pH AR B IKE S MMPs i
BV i B T T B I ek S R R v i fi
RN o i, JE i B A pH BUECR 54 5 MMPs Hi [
Pk B, AT BE W08 76 9 JI 1R P 20 50 sl K 1 S O [X 38K
SEHLZ PR, IR R RO BRI TR
PSS B 25 AR FEE [ i 9k 2 e B P e P2 3 1) v R F) SR
e,

i WA I, 2 e N b s R A
IS IR S A2 S B RA SR IO BE ) HAZ O HLIAE T
25 B AT R TRU , 1  IE  4L ZR) R HEOM! B 4 Ak
EVE /I IR, T2 v 4R T 40 25 B AL B 0% 9 S LT
JEEAHL 2R, T 7 595 A DX IO S 2 W0k P o 7 B R il
b, BRET IR B M SR — D SCBL TOR ER SR

2450 T 7R RA K 728 501 RE A 1A% B AMOA B8 (01 pHL
1 ROS) gt o S 1 i R RSB X Fh“ JR 0 | 4 + 3
Beful 2 R M X, A7 AR T T AR AL I 4% 245
B, IR B3 KR b o /b 4> B 7 5 AN AR RE SRR TR
TEZIW BN ) AR AT TH, W N PEBET RAE T A5 St
KTTNES M RRM. RABITHH KN4 E
SR BEE T S FITAE SR A7 AE 2 0B BN KRR R TR 45
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FHU, £ 5 DMARDSs [1) 4= & %% #5 7] 8 51 & o #E# i |
JHF 5 T e T SN ROBE, T AR 1) R 3 4 2 R M A
YEIRI R SR TE, R E R D . A, &
/G v SR VA E B S S NI G R VA 5 i N
fife = Al O RAR R, 9> T R 5 R
(RSP JE KUK o
2.1.2  XPEEIEMN MRS ERWHETE R
o7 5 AR NP BT B BRI AT AR XS A IR, B B

Table 1 Comparison of different types of responsive microneedles for RA treatment. GeIMA: Gelatin methacryloyl; MMP: Matrix metallo-

proteinase; PNIPAM: Poly (N-isopropylacrylamide); PDA: Polydopamine; AuNRs: Gold nanorods; PFP: Perfluoropentane

Microneedle . Typical material/ . Applicable
Response mechanism . Advantage Limitation . Ref.
type construction strategy scenario
ROS- Oxidized & cleaved Polymers containing  Proactively detects Complex material synthesis ~ Suitable for [11-14]
responsive by high ROS levels  oxygenated breakable inflammatory signals; with poor stability moderate-to-
bonds synergistic dual action of severe RA with
ROS scavenging and elevated ROS
oxygen delivery levels
pH- Swells/degrades at ~ Chitosan, polyacrylic Highly selective in acidic ~ Limited sensitivity to pH Suitable for RA [16,17]
responsive low pH acid, CaCO, NPs environments with changes in the early
excellent biocompatibility synovitis stage
Enzyme- Degrades via disease- GeIMA, MMP- High tissue specificity, Slow reactions at low RA with synovial  [20,21]
responsive specific enzymes cleavable peptides promotes cartilage repair  enzyme concentrations with MMPs
significant individual overexpression
variation
Temperature- Phase transition at PNIPAM, PLGA- Enables on-demand Restricted heat conduction ~ RA with [23,24]
responsive body temp PEG-PLGA hydrogel controlled release and and risk of localized pronounced joint
synergistic thermotherapy  overheating heat reaction
Light- Drug release PDA, AuNRs, 5-ALA Spatio-temporal precision  Limited light penetration Superficial joint ~ [28-31]
responsive triggered by light control, synergistic depth requiring external RA (wrist, knee)
phototherapy light sources
Ultrasound-  Cavitation & thermal PFP-containing Non-invasive regulation, ~ Reliance on external Deep synovial or [33]
responsive effects enhance drug PLGA nanocarrier significantly enhances equipment refractory RA
release & tissue permeability
permeability
Magnetic- Heat or mechanical ~ Fe,O, NPs, chitosan- Suitable for deep joints, Complex process with risk ~ Chronic RAand  [37,38]
responsive force generation based composite combines thermotherapy  of thermal damage cartilage repair

under alternating
magnetic field

and repair

phase
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