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Abstract

Background: Gouty arthritis is triggered by the deposition of monosodium urate (MSU) crystals.
Oral anti-inflammatory drugs suffer from systemic toxicity and poor joint targeting. Although active
ingredients from traditional Chinese medicine possess multi-target anti-inflammatory and analge-
sic effects, their transdermal bioavailability is low. Herein, we developed a thermo/pH dual-respon-
sive hydrogel microneedle (MN) system loaded with aconite alkaloids, plantainoside, and rehman-
nia polysaccharide for the topical treatment of gouty arthritis. Objective: To systematically evaluate
the biological effects of this herbal microneedle system, including inhibition of MSU crystal formation,
modulation of macrophage-derived inflammatory cytokines, and anti-inflammatory, analgesic, and
tissue-protective effects in an animal model. Methods: Dual-responsive hydrogel microneedles were
fabricated using a layer-by-layer casting method. The ability of the microneedle release solution to
inhibit MSU crystallization was tested in vitro. The effects on LPS-induced RAW264.7 macrophage in-
flammatory cytokines (TNF-q, IL-1f3, IL-6) were measured. A rat model of MSU-induced gouty arthri-
tis was established. After microneedle application, joint swelling, mechanical pain threshold, syno-
vial histopathology (H&E staining), NLRP3 inflammasome-related protein expression (immuno-
histochemistry), and inflammatory cytokine levels in joint tissue (ELISA) were evaluated. Results:
Rehmannia polysaccharide nanoparticles reduced MSU crystal yield to 7.5% (inhibition rate > 92%)
and decreased crystal size to <1 pm. MN extract significantly suppressed LPS-induced TNF-«, IL-1,
and IL-6 release from macrophages (inhibition rate 65%~72%), comparable to colchicine. In the
animal model, 24 h after application of the full-component MN, joint swelling was reduced by 38%
compared to the model group, and returned to near-normal levels at 72 h. Mechanical pain thresh-
old recovered to 54 g at 72 h, superior to the oral colchicine group. Histological scores showed that
the MN group had a synovitis score of 0.8 (model group: 3.7) and a cartilage erosion score of 0.5
(model group: 3.2). Inmunohistochemistry and ELISA confirmed that MN significantly downregu-
lated the expression of NLRP3, Caspase-1, and IL-1f in joint tissue, and reduced TNF-q, IL-1(, and
IL-6 levels to near-sham levels. Conclusion: The dual-responsive hydrogel microneedle loaded with
aconite alkaloids, plantainoside, and rehmannia polysaccharide rapidly alleviates swelling and
pain in gouty arthritis by inhibiting MSU crystallization, blocking the NLRP3 inflammasome path-
way, and reducing inflammatory cytokines. Its efficacy is superior to oral colchicine, offering a safe,
efficient, and on-demand local delivery strategy for gouty arthritis.
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1. 5|

I8 AU DG 48 2 P KB v PR IR THURE 3 350 1) MSU - @i R 7E 1T R UTTRR BT 51 R I 2t 9 )R B2 1] MSU
e A 5 0L 24 L R A B R0 )5, B0 NLRP3 Z8RE /M, R IL-18. IL-18 S5 28 K 7 B RS 4y
wh, BEMIHZE RGN, SHERIZ LR RGR[2] [3]. H TR — L&A B IE S AT R 25, BoKali
ARSI R R, (HORRG AT RN B s B R o 8 ) 1 22 S B [4] [5].

AR MR TT T B A 2R RE RS . T AR SR R BUR IR, Bl NF-«B
IEEE[6]; ZERT T T HIE] SORE A R ORI BCE A7) 2R 20 B PUA ] MSU &
7118 SR, ARG 20N IR B B R B R ), AR DRI F AR [O]. TS e R nT M s B RZE, ¥
25 I R ARFAL[10] . Hple, FRATHTEAIF R 1 — el 2 pH XU B K BER L, RERSAE JOE R
TIAEE(B7°C pH 6.5) Mk 2P BRIk [11]

A I B AE RGVEZ T 25t RGE AN, BFE: (1) AHMIH MSU siE T EE T (2)
ot 5 I 440 D 8 RE DR R A E A s (3) 7E MISU 155 10 K R XU 1 AR R iR L 8 . U SR AL 21
TRAFROR . FAMR Bl a3 18 = P 2535 PR RS, TR S A MSU 45§ I FHIr NLRP3 %4
P, AT S IR R DG 4 R R TT .

2. MBSRE
2.1 fstHlE

T FEIpH X 82 DU 2 At ) i 2% 77 VA VE WFRATTRT IAARGE [11] (BUSH SCHR[1]) . 2RI T RAH
PDMS AR, fRIRGEFEFRZ(10% HPMC + BtFAPmsie ifd, 2590k 5 mg/mL). 1= (4%
CMCS + 18% P407 + ZERI T HHRFAAR, Z9WikE 2 mg/mL). #%:0J2(20% F127 + St L HEg Kk, £
PR FE 0.5 mg/mL) M1 41 2 (5% PVA + 2% HA). =R T e i, 4CRCIRAF&H . W RBE R
[ G5 BB S B PR Lo (8 VL), B SR —VE M o e o B AR RS Sk, S Sk, IRk
IR AW, s 2:1:1): W E 2 BARAE R R A 7 (5 : MST-20240315), HPLC il 4 >
98%. ZETif 1 (Plantainoside): 14 H Figdirt AEYkH AR AR (5 : B21892-202402), HPLC 4ifE >
98%. HthH L WE(/r T ETEH 10~50 kDa, ZHESE > 85%): W H B AR T AWM HARGR AR S
SNT-20240508), <My - fi [R5 £ FE 4l 86.3%.

KA Franz 3 8O0 5 ST AR SN IBAT N o R TCEr Wy 18] 58 T (45 T (B JRAR AU B 9 i 17 e, 422
Wzt 73 5ol AN IE 35 A BR 25 AR (pH 7.4, 37°C)BRAIE RSB (pH 6.5, 40°C), Ja# FH TR A #
ANERVE JORE R FAEE . T 100 I (] fUHORE, HPLC WllE & s SR ARRR IS .

2.2. {&4h MSU BT R 3N sE18

SR SCHR T VE[12] 14 MSU A : 4 JRIR¥E T 60°C 0.01 M NaOH ¥, i\ NaCl, 75 pH % 7.2,
GAEAHE=ER, 4CHELR. HHE MSU S4B (1 mo/mL)5 ik %0 2 R0 (& #th 3% 2 BEgh
KL, ZREE0.05 mg/mL)iEA, 37CHEE 24 he DLAIIRBEBGR I MSU B2 I IR, DA AH 1R B2
T SRME KL (A5 22 08) S B MRS R FH Dl 2 S ARUBE (x400) T4 it A Bl s (22 /0 5 /ML), IR Imaged
WA SRR KA. BHES 3 K.
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2.3. YARAETT SRERTME

RAW?264.7 /MR E WG4 HU(ATCC) B3 37 T DMEM =i b5 77 25 (F 10% FBS . 1% i & % - #E# %), 37°C.
5% COqo KNI Fr (1 cmd)iRIB T MR 7235 b, 37°CIRY 24 h, FREAEHRIUR (R WEM ST 1 A
ImL). ¥ RAW264.7 4 fud T 24 FLAR(2 x 105/4L), /LA R4 (1) 2 EAXERA; (2) LPS 4(1 png/mL
LPS %1 24 h); (3) LPS + 25 FAMATH R BORAL; (4) LPS + 4R/ AT R BORAL; (5) LPS + BHEXTIE (Fk
AALER, 1 uM). FIEEEH G UEE s, KA ELISA X5 £ (R&D Systems)JllE TNF-a. IL-15 f1 IL-6 i&
FE . ZPRE St CCK-8 VA IIE

E B SR BOR P SR TR IREE, B — FENIE A (1 em?) RN 1 mL LG DMEM R: 3Rk,
T 37°CHRY 24h 5, KA SR ik (HPLC) M 5E 35 B AR (LA 5 Skmsit) A2 /8 ik
&, SRR - BRRILI E St ZHRE . SR ER, SO MEHRBORY, M EWRIRIE N 12.8
+1.5pug/mL, R FIFRE N 52406 pg/mL, ML E N 8.1+0.9 pg/mL.

2.4. FHIRBE S

HEYE SD K BR(200~220 g, SPF Z%)I H BB TL b B2 24 Ko 2 A vPAn o, SAE P B4R IE S : SCXK
(F8) 2013004, FrfhPpsciess BT ER 25 K% 8 55— BB AR BEZE A 2 b HE(HEHE S . 2025031127).
K HIZE e MSU 53 XU %35 RAETU[13]: KA J5 BRISTT N TES MSU & {4 89 (2 mg/50pL PBS). ¥
WG 6 h (RIEBH I, K REBENLS> )9 5 4H(n = 6/4):

BFERMAGES PBS, AHIAIT)

PRV (ST MSU, ANB9T)

2 AR LS MSU, S AT

AR L GRS MSU, B =i id i A3 I )

FUIRBKK AR (755 MSU, BB 0.5 mg/kg/d FE B, BT ER)

TET I Fr (AR 1 em?) U5 345 R BROGTS Be ik, R HE SR [ €, FF4E 24h. e SiAEiRYT )5 24
hy 48 h. 72 h FEATIREREEN, 2 )5 A SRR

FIT A SN SE96 5 R4 BT R R 245K 24 S 56 sh W 31 5 AR A #E 23 I 2 (Institutional Animal Care and
Use Committee, IACUC of Heilongjiang University of Chinese Medicine) & 75 74t it , fit#E 54 20260309288.
SR R (SRR E SRR B KA G

2.5. KT HhBKE SERBITRFITM
{5 F U bR RN & K R A 5 BRSNS, THE P RK FE (V69T 5 BLARNGITRT B4R *x 100%). K H
HLF Von Frey WYX (1ITC Life Science)ll ENUMIRE R : ¥ KR E T &REMME F, CLBE R E R, id
SRR R NLBIE (). B HOR BRI 3 I IME .
2.6. HLARIBE S REHEL
ARG, BUAJGERRTT, 4% 2 BHEEHE, 10% EDTA B, A, 156G um). #H7:
H&E Jutt: PEAIEIEARE(0~4 4. To B, WA, HEEE. REE) M ERE0~4 4) [14].
o 2046 (IHC) : £ F 7t NLRP3 (Abcam, ab263899). 1 Caspase-1 (Abcam, ab207802) 1t IL-1/ (Abcam,
ab254360)PifAk, DAB fft, Imaged 5 & BHPEHIAN EH 7 L.
2.7. RYELIAERFHEM
BT IEZH AN, SR EHREBUSE A, R ELISA A& E TNF-a. IL-18. IL-6 /KF, 255D

DOI: 10.12677/acm.2026.1672600 911 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.1672600

pg/mg 2 H KR,

2.8. BUEG it #T

{H GraphPad Prism 9.0 47 & 1170 H1. Hidls LAIME + FrifEZ(SD)ER . ZALLBCRHRINE T £
43 HT(ANOVA) followed by Tukey’s post hoc test. p < 0.05 1 9% 5H Giit 5 Lo
3. &R
3.1 W BAHRENGTFERI

K 3% 5 H - S A (TEM) FD B 256 BT (DLS) % il 45 ) i AR A9l KR AT RAE . S5 RN T -

BT A= 0E R Ak BRI BRIk, T kii2 N 128.4+8.7nm, £/ Ei £ %¥(PDI) Ay 0.18 +0.05, Zeta
AL AN—21.3 £ 3.2 mV. KA ENE B AR V2 58 L R 76.5% + 4.1%, # 25N 5.2% + 0.4%. b
T PEYURRL (TR R ME - = IR B T a2 A %) Pk 42 4 186.5+12.3nm, PDI A 0.24+0.06, Zeta
HLf7 J9+15.6 + 2.8 mV. LI 2N 68.2% + 5.5%, #i258 N 8.3% + 0.6%ZE R 1 H HE B35kt
112.6 £9.2 nm, Zeta {7 ~A-18.9+2.5mV, fIF N 82.1% +3.8%. R4 FFRKH, Bl 1 4R
PRI AT A) . R EAIEE, B RO E .

3.2. WEt® MSU ST p R HIEI1E R

A MSU 45 @t s B 25 B R (B 1(A), B 1(B)), 2 FAXHBALE ROKEEHIREGE T MSU fik, ik
FEEN 100%, “FYJRSERN 12447 ym. 5 #HEE ZHEGURKIREBORIL R G J5, g SR>,
RKEEA 7.5% + 1.2% (p < 0.001), FfARFIR/NE 0.8 +£0.3 um (p < 0.001).  BHPEX IR (52 Z gl Kobn) 2 5
=2 92.3% + 5.1%, PN 11.5+52 um, 5FEXBRATLEE ZR. FHRERY, AR
R HA SR AN MSU 45 & i 54 K G ST
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Figure 1. Micro-targeted inhibitory effect on MSU crystals
1. &3 MSU @IEHNEIRER

3.3. WEtx LPS S ER MR ER FaHHIER
CCK-8 25 B7r, JI A st $E U AE S0 M B2 T 6 RAW264.7 4 UG . 2 B P (ZH IRTS 7 > 90%).
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il 2 fros, LPS Hl#4 24 h &, TNF-a. IL-18 F1 1L-6 7K°F-%3 5 M\ IEREAE (<50 pg/mL)TH 4 1240 + 98
pg/mL. 890 + 72 pg/mL #2150 + 156 pg/mL. %¥ FHMEH PR AL B RAER 77K 5 LPS AL ZE 57, &
28 (B R TCPT R A o A S e T SR A 20 W 38 AR T = b A RE TR T IO RE ;. TNF-o B 52 347 £41
pg/mL (3 72%, p<0.001), IL-1p F#Z% 285 + 33 pg/mL (3% 68%, p<0.001), IL-6 [4Z 753 +68
pg/mL (#Iifi] 2 65%, p < 0.001). FHAHERKAANBHEH 5 HEZH (TNF-0: 389 + 45 pg/mL, IL-14: 312 + 38
pg/mL, IL-6: 812 + 71 pg/mL)AH 4 (p > 0.05). 31X 2 BTt B I8 () = o 2453 P Bl 2 ot 0 00 ) 50k 4 . 28 i e

N
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Figure 2. Inhibitory effect of microneedle extract on inflammatory factors in LPS-induced macrophages
& 2. WEHREUAXT LPS %S E k4R 4 E B F #o H ) 1E F

3.4. WiEtx MSU B KR X B A ZERREBIER

7E MSU 74t /5 6 h, BT ALK RAT BROCTT tH OB 20 b, i K B SR FE AR 1 185 £ 12%. wnl&] 3(A)
FizR, AR IK EETE 24 h ik RIE(H (212 + 15%), FHJSZE18 R, 72 h 34ERF(E 156 + 10%. =5 AEr
HEBRHTGRZEZE . HIRBOKALRALE 24 h MAKEE N 178 + 11%, 72 h [£42 132 + 8%, 4 N FEM
J&, A ENAEVEYT 24 h JE K T R 2R 132 + 9% (BB A% 38%, p <0.001), 72 h#t—
%108 + 5%, FZITRFARLA(102 £ 4%), I7 08 F T 1 RFOKALERZ (p < 0.05).

BUbIR B 25 SR (15 3(B)) i, MSU VEST 5 K B2 R 4 2 BB M FERH{E (58 + 4 g)F% 22 12 £ 3 g (6 h).
HRIZH I I LE 72 h AR /- R %8 28 £5 9o MM MEH A 24 h I+ 22 42+ 69, 7T2h K H 54+5
9, SEBFRATZER(P>0.05). HARFKKAIGRLL 72 h N 46 £59, WAL T4t 4H(p < 0.05). _FiRk4E
R, Tl R st 24 T PR SR A G T I R, AR T D IR& AR .
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Figure 3. The alleviating effect of micro-therapy on joint swelling and pain

B 3. st X KT AR A R E R AE R

3.5. WEtRBBRALREFNNEER

H&E Jeti ([ 4) R, HAHIFIRA SR EIG A, KEREMA(PERgE M kg i)i2iE, g
R T AR oA . AR I 2L B SR SR AR B . 1 ARAK K A B L T IR 8 RE AN AR e, (AT
AR EFRRORIE . AR M I MR AR, (D BRI, BRI . HEPAZE0P o (K
AR, AR L ) SORETE43 (0.8 + 0.3) IR E R T P43 (0.5 + 0.2)3) (L T #8124 (3.7 £ 0.5 F1 3.2
+0.4, p<0.001), WALT FRMKKALGHZ (1.8 £0.4 F11.5+0.3, p<0.05).
3.6. WEtRXRTILALA P NLRP3 RERE/MA K S fE B FRUHIHI

G AL 4 (18] 5) B, RN B H 40 NLRP3. Caspase-1 Al IL-15 [ 4 G o 1 AR 5535 14 n
(4379°N 28.5 + 4.2%. 22.3 + 3.8%F1 31.2 + 5.1%). 4R 4LIX =R A RIRIE 57 %% 5.2 + 1.3%.
4.1+1.1%H17.8+1.9% (p <0.001). HARFKZKANGHEL M 52 25 BEAK, (R4 & T 1UEH4H.(p < 0.05).

FATHLEI I ELISA S5 F (1K 5)ilt—BAEsE: B4 TNF-a. IL-158 F1 IL-6 7K-F-43 5l sk 385 + 42,
312+ 35 H1 620 + 58 pg/mg & ;4R e H I 4 7B 22 68 +£ 12, 45+ 9 F1 112 +18pg/mg &EH, 5
BFERAEL . FRBIER, MEHET7 @S MEH] NLRP3 JRE /MBS, A 2B T R 2 R 7K F
(# 1).
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Figure 4. Synovitis and cartilage erosion score
4. BEZESRERMITS
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Figure 5. Expression of NLRP3 inflammasome-associated proteins in joint tissue

[E 5. XTHAH NLRP3 RIE/MAEXERRIA

Table 1. Levels of inflammatory factors in joint tissue homogenate (pg/mg protein)
F 1. KPARSRHPRIERFKFE(pg/mg ER)

ZH 3 JitE TNF-o (pg/mg 25H)  HEF IL-18 (pg/mg 25 ) IL-6 (pg/mg & )
BFARA 35+6 285 42+7
FLRLZH (MSU) 385+ 42 312+ 35 620 + 58
PR EK 7K Al ii2H —* —* —
EN DX SR 68 + 12 45+9 112+18
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3.7. {&5M I Rz 25 RE IS B 2%

TEIEH % F(pH 7.4,37°C) ~, 24h WIEFAP006 . 25 A1 A0 2 3% 22 B 1 AR IR 200 R 22.3%
+3.1%. 18.6%+2.5%F1 15.2% +2.8%, ZjWIKE /IR BEAEEN B, RIS IL RGAEA RS T A
AR “8if7” B

TERA 9 RE 2514 (pH 6.5, 40°C) T, = Fl R FIREBOE W3 INPR. 7E 0~6 h WREIHIL “B” TR,
6 h ERIUBEHCR /) )ik 5] 68.5% +5.2%. 62.1% + 4.8%F/1 55.6% + 4.1% (p < 0.001 vs.1E# % 14), 24 h B
FIFR YL 85%.

AT AEE T © SRk S FREEOZ S @ BRI pH 51 R 5 R HH R 5 SR BE(CMCS)
R T4, SEUNE ZE S A Je F127 IRORARES, M W [E) fid R 25 W0 R RO R T % 45 SRR BT R Gee
il 5 SR K ARE JB 3B R AT pH T, SEBL “HeTEREZE” (14 6).

Aconite alkaloids Plantainoside Rehmannia polysaccharide
100 4
£33 E33 *k ¥
—_ *k% *k% *%k%
X
< 80+ *kk *k% Kk %
3 * Kk Kok
© * K% *kk
O 60+
I
]
2 40
©
E
20 m—— N
=] A
O
O_
02 4 6 12 24 0 2 4 6 12 24 02 4 6 12 24
Time (h)

=#= Inflamed (pH 6.5, 40°C) =#= Normal (pH 7.4, 37°C)

*** p <0.001 vs. normal condition at the same time point

Figure 6. In vitro dual-responsive release curve

[E 6. {50 Rz FR i 2%
4. ¥1ig

RWFFRGVPAN T — P T = 2575 1 A3 (L IpH U J87 7K 458 S U 5o e IRV T 5 AR T
B FERIUWIR: (1) 2O Z R0 23k 2 59 Kb 525 30 MSU AR TE B, IR Sk /b 28 5 fi
K5 (2) ST RETBOR) B - A= 0B 25 1 e () 40081 M 4 L R0 DR FORETE, I AE BB A e RO 52 i
TR AN s (3) WEHIBIT A BT AR 4H 4% NLRP3. Caspase-1 Al IL-18 3%k, BHIT NLRP3 %4
RE/AMAIERS: (4) R 2 RO T DIRBOK AL, BB T A R .

MSU 45 & R AR T FR B3 P R S 3 GO S8 R 3R [ 1510 AR 58 18 IR R I b B 22 W g KR ] S
K MSU 7= 2(>929%) F1 RS (<1 pm) . AL FTREALHE: (1) ZHERMMAEEES MSU SR A K b
FRIBH 7 (Naf) A 2L A ELAE T, BELIBT SR AASEAH[16]; (2) ZHEW PN T- ik, 3 Fhmiag, 0l i
HR[L7]. H5HFE. RRRE RS CAMFIFIAEL, bk 2R RIFERR . Gz EE RIS X —
IR ARET AL IR TT S RAE, AT BE TR BT AR TR

B A P Sk Bl T S A A L BUR DL A Ay, ] R T TS A E A NF-«B i P
RIERPBI[18]. ZERTTH AT R COX-2 1 iNOS FIA[19]. AWFFLH, FEHRIGEXT LPS 551 E W
2 6 9 7 DXL () 4] 26 5 RKOKALBRAE 2%, ELI M o3 B R e 7= AR W R4 FH (1R )5 S5 5 59 0 T SRiE) « 30
VIR, BRERZEAE 24 h Py R 2 PRSI K RO, b DI ARAEAC R R, aX 159 28 TR (0 3B ik
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