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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 trans-
dermal microneedles can bypass first-pass metabolism, existing microneedles lack microenviron-
ment-responsive drug release and fail to inhibit MSU crystallization at the source. Herein, we de-
signed a thermo/pH dual-responsive four-layer hydrogel microneedle loaded with three active in-
gredients from traditional Chinese medicine (aconite alkaloids, plantainoside, and rehmannia pol-
ysaccharide) for on-demand drug delivery triggered by the arthritic microenvironment. Objective:
To fabricate and characterize the dual-responsive hydrogel microneedle, evaluating its morphology,
mechanical penetration performance, thermo/pH-responsive drug release behavior, bioadhesion,
and ability to inhibit MSU crystal formation. Methods: The four-layer microneedle (tip layer/tran-
sition layer/core layer/backing layer) was fabricated using a layer-by-layer casting method. SEM
and fluorescence microscopy were used to observe microneedle morphology and layered structure.
Penetration force and compressive modulus were measured using a universal testing machine. Cu-
mulative release rates of the three active ingredients were investigated under different tempera-
tures (25°C, 37°C) and pH conditions (7.4, 6.5) using Franz diffusion cells. Bioadhesion strength was
evaluated by a 45° peel test on excised porcine skin. The microneedle was co-incubated with a su-
persaturated MSU solution, and crystal count and size were observed under microscopy. Results:
The microneedle had a height of 800 pm, base diameter of 220 pm, and array density of 400 nee-
dles/cm?. Single-needle penetration force was 0.142 N (excised porcine skin), and compressive
modulus was 85.3 kPa, both meeting the requirement for painless insertion. Under normal condi-
tions (25°C/pH 7.4), the 24 h cumulative release rate was 34.6%. When exposed to the simulated
inflammatory microenvironment (37°C/pH 6.5), the dual-responsive system achieved a 24 h release
rate of 98.5%, significantly higher than that of temperature-responsive alone (91.3%) or pH-re-
sponsive alone (88.2%). The microneedle patch exhibited a bioadhesion strength of 42.3 mN/cm?2,
significantly greater than that of a commercial hydrocolloid dressing (18.6 mN/cm?), with good 24
h retention. Furthermore, the microneedle containing rehmannia polysaccharide nanoparticles re-
duced MSU crystal yield from 100% to 7.5% and decreased crystal size from 12.4 pm to 0.8 pm.
Conclusion: A thermo/pH dual-responsive four-layer hydrogel microneedle was successfully fabri-
cated. It possesses favorable mechanical properties and bioadhesion, enables rapid and nearly com-
plete drug release triggered by the inflamed joint microenvironment, and significantly inhibits MSU
crystallization. This study provides a novel transdermal drug delivery platform for localized and
precision treatment of gouty arthritis.
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1. 5|8

Ji8 A DT %8 (gouty arthritis) 2 FH & A &1 R R IUAE 5 BUR FR B(monosodium urate, MSU)4, & £ 5615 i
T S8 BRI 2R AR BT s I 9 5 14 D T B [ 1] o A BRIRAT I 25 A 2 R, 1 -4 KU 2R K T 40%,
HEEREEAR]. HaflkR -2 L RZY T, BFEROKAITR. JE 8 bt 5 26 R0 5 5
RKE[3]. R, XRAGVAEMKEGEHRMN: —RAGTHEEE, UMKABONE, a7 @opes
(BITFIEHGE P EERIE), 2 20%00 835 L™ E B RN, H2E R A E sk 4] [5]: 20
JEEE I ZE, DRAGAE GGG, RS N IE IR BEARAEAN L, e DUE W] MSU 45 i ik
{14 9 I IR S BL[6]

N SR TR 245 (R, 35 B2 26 24 5 29 DR 0 G 1 Tod 25000 T ST AL S A [ Bk 7 52 )V RV
VAESR, 2B AN BORTE R AT T I 77 Biltan, G W SO s T 4 B ) & R B
IV BSOS,  SRARLT I IR (8] (9]0 R, AR GBI Bh o 8L, ZiREIA AT, {E
FHEF AV B ACRAR[10]. MR, S B R B 5 0E kA R, AV BERS Ik R R K/
FR MY, BER RS RGBIEBCER11]. i, AW RH% T AT R ARG T IORGE M ST &
WBIT, UFSEAET AT KR SR T 25938 B WIS [12]. SR, B ATHR0E 19K 2 BT R Gy TH G KBk —
FEREBAT AT RS, 297 5 B JE POER, B 6 A A B I L fE T, TCVE SRR T R 2413
TR Z R SO il R IR SR (MSU 5 5B, A AR R AR SEL TR B AR 14]

B0 3 1), AR 5 TR AU S 28 PR B AROR B AR AR (JRE DG R il B =i &2 37°C AL, pH
H FBEELZ 6.5 [151[16], it 1 — AT 15 /pH XU i S 1) J2 J2 45 M AR e« 1% et iR 2
R ORI AR, 05 R = h 250 M sy HRE S T AR DR TR (T %%
B [17], P& A 4007 H R BRI E] SRE ) [18], #2002 & A P ZHEGUR KL MSU &5
n) [19]o BFRJERH F2 A 2E B LF4E R (HPMO) SR BRI UM R s 1= 51 AR H 52 SR BE(CMCS,
pKa = 6. 2)f1FE L4} P407, TRT pH Wi NRE 255514 [20]; 4% JZ DL Pluronic F127 IR BUKEEKE(20% wiv,
I TR MR LCST A 32~36°C) NI, ek b3 ZHEGKRI21]; 412 R LG EE(PVA)FIIZE I
JTRR(HA)F 8, S5 IG Rh B [22]

AT BT RZOAE T FEIEW IR T (25°C. pH7.4), Z5WIREtS, BERIRRTMR, 24idt
23 P RAE N I TR BE(=37°C . pH 6.5, T BUEEI KA IR - IR ELAS, [FIIS CMCS 7R 25
T BB 2% IS 4i 1 2 B [ ok A 2 P R BRORORE s, ST A ) (R TR 4R 24 [ 23] [24] 0 BEAE, Bl
JERETRUF) b 38 2 BEGORRL AT IR I R IR IE S Zn? S B 28 B 9 MSU 28 b (I HIHIAE R, AU Sk BT
RAERMAK[25]0

2. HREF*E
2.1. P55

FRN A B A4 R (HPMC, K 4000 mPa-s). #2 L 72 RBE(CMCS, HURE >80%, pKa 6.2). H
1&VPU P407. Pluronic F127. R MGEE(PVA, FERRE 98%) EHIR(HA, /& 150 kDa)Xy H 7ht%
HREmE AR E)VAF . T EYIEIE > 98%) AT TH (2 > 95%). s A > 90%)H
RS AR AR . R G BEIE(PC-98T) S5 IH [l Iy | 3 R4k (i) oAb lm 3 9 23 i 4l
2.2. BFE4DWEAE RFRFI &

SR FH T SV ) 26 B 5 A 0BT B e o RS S PR BOR S IR S IH [ BE (PR LE 2:1), ¥ T 10 mL 5047
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W, N B AP 25/ B R B 1:10). 7E 40°C PRk 2 RBRZSA AR, RIS M. A pH
7.4 BEIR L 22 p R (PBS)/KAL 30 min, #RLHIA(200 W, 5 min, TAE 2 s/f% 3 s)fa, WKGE 0.45 pm Al
0.22 um FEORERBEIEHT L HRL, 1504220 150 nm 1B 2EVIBIE B, 4 CLRA7&F . 03 2R F DR 2
CVEME, 18 76.3%.

2.3. FERTFEHREREEZ

[V R R A B - B AR & o nl TR AR, Bfe/H G EELL 2:1, Z990/BAELL 1:8. KHLES
0.22 um JEMEHTH, “FIRAE 135 nm, B2 82.1%.

2.4. PR FEAIKRIEIHI

KA FERNE-Z0> B T RZIE 45 o W52 RBE(IL B 90%)1E T 2% (vV)EEBR /KRR, ALK 2% (w/v)
W F 0.5% (W/v) ZnSOs IR 5 58 BBV MARLL 1:3 VR E, REFIHEEE T G218 in #Auh 38 2 B A (1
mg/mL), ZEEEHFE 30 min. FRAIEEMT 4°C. 12,000 g B0 20 min, VIVER B TOKBREMIK, Ak
FRRASA KR, FHACEE SRR N 120 + 15 nm, Zeta HLAL + 18.3 mV. i H &fi = FRVEN & 2 1 R 5
N 0.37 umol/mg.

2.5, REKER (F127)RIECH)

FRELIE & Pluronic F127 ¥y K IET 4°CTilA PBS A1, FECHIKE N 20% (Wiv)IIVETR, 4°C e £t 7%
TSR A VAR PR (8] BRI S (K ST AR (LCST) B8 1 mL B 0 B Tk, BL0.5°C/min
Tk, CFER AR ISR X 8] . M43 LCST A 32~36°C. £ 37C T, Z%EHRAE 30 s WRAERIL -
BRI HEAR

2.6. ;mBE/pH WAL st a9$I &

K AR R R e (PDMS)IELELIZ 2 B i1 45

(1) BRI IR - RN B 5 2 i (DRIE)BORTERE v BN THETR T FE 51 (5 s 800 pm, i
HEAL 220 um, HEFZ 15°, £F[AIFE 1.2 mm, FEFIEFE 400 £t/em?). LOZEERBRCNIARE, Heid PDMS 15
Yi(Sylgard 184, Ji Lk 10:1), 60°C[E kL 4 h, FE7 PDMS B,

() HHRE: KT AR AR TR B (S 2454 5 mg/mL)5 HPMC &4, {f HPMC 29K N 10%
(W/v)o B 200 uL VR EWIEN PDMS BiE, 500 g B0 10 min, W22 VAW, 25CTH 2 he

(3) HIEJZE: K CMCS (4% wiv) 5 IHIE DI P407 (18% wiv)IE T 5B T/K, 4CHFILR, A%
A H I AR (Z590 2 mg/mL). HX 300 uL AN S5 4R ZERILE, 500 g 20 10 min, 25°C T/ 3h,

(4) Bz B F127 HH20% wiv)5 2 sl 2 B9 KR (24K BE 0.5 mg/mL)IR G, 4°CRELHEEE 30
min. H{ 400 pL {FEARREE, 4°C T EZMA 30 min LRSI, METE 25°C. 40%HXEE T/ 12h.

(5) BHE: B PVA (5% w/v)5 HA 2% w/v)HiR, HU 500 uL 78 T 028, =ETE 24 h,
e Ja/N OB, B S B F. BITE R IE B BB e 5 1 R kAT, AR Y BUSR 43 PR i«

2.7, WS RS SR

K BT BB (SEM, Hitachi SUS010, 5 kKV) WS HE B 41 FIFEARTESR | 199 58 B84 A1 JZ 18] 1
R ZOARGERE, RS W B R T, T S AR . 8 A 9O A (Leica DMIS) SR % )2
I Ai Ayl P B ARic 492 FITC dnicid 2. DAPL bRicHZ 0 R, S inEG.
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2.8. HLEMERERR

(1) ZER A0 A5 7 Gept BRI (Instron 5943) A 7% EL4% 2 mm HF L AL, L 0.5 mm/min
()36 1 BRI G BEF (R4 ) . DAEFIRFE fik fe RS A ) (Parafilm M, 9 )J2& ) )5 J1E B XGEE 0.01 N
WA GIE S, LSRR TR . BRI 10 DAL, BUFIME. fE8A i G, 20 CHRAe, £
FA AR )RR R REEA T IR

) E4EAEM: KA A em x 1 em) & TRIEHUEMRE], LL 0.2 mm/min JE4E 2415 50%,
TSR] - AR 2R, EXRPE X R RR A . BRI S K.
2.9. IKERMBIAN RERAK S R T F R

il ST %0 FE AR 2R F127/CMCS 24 &R B (B AR 10 mm, J& 2 mm), 73R AVFA
[E) 4 E1) PBS Z2iiirh: 25°C/pH 7.4 (IEH )« 37°C/pH 7.4 (IR FETFED) 25°C/pH 6.5 (X pH F&1K)+
37°C/pH 6.5 (BAKAEMIAIE) . Fid n=3, T 1. 2. 4. 8. 12. 24h B, WTRIE/KDEHRE, T8
K

Horp Wo 5, WoONEIKEIRE.
R IR AR CPATAR, B4R 20 mm, [FIBR 1 mm), 7EFIRGAIX TN 1%, A 1 rad/s)lE H
(] B s £E DU 25 1 I BERR B(GY) SRR R (G k. BL G > GBS IR &

2.10. {FHPBRHITAMR

KH Franz #0035 88 BUHAR 0.64 cm?, #FEBGHAEFR S mL) PN AR 5640 T 1 BAVRE 252 B i
BEWE A (BT AR 1) )] B TRt it S Bl 2 18], 8200 & 0.5% SDS (1) PBS (pH 7.4 5% 6.5), R HE
T KB HERI(25°CEE 37°C), HHEEZR 300 rpm. T HUE RS [A] £5(0.5, 1, 2, 4, 6, 8, 12, 24 h)HUFF 200 pL, [F]Hf
TSRO . SR R S (HPLC) 43 A0 i B AP0 4 T -0 R 2k 3% 22 008 1R R
&, mIE%LE: C18 #1(4.6 x 250 mm, 5 pm), JiANAH LIE-0.1%BEER A FEBEL, Ak K 737128 254 nm.
210 nm #1 195 nm.

WHE LTSI

WEMIN: [ 5% pH 7.4, SFEH 25°CLH 37°C RHIBZ 2R,

pH MR : [E 5 37°C, Xtk pH 7.4 5 pH 6.5 FHIBEZ k.

W A : 37°C/pH 6.5 244 N IR 2 ih 2% .

WAL RS EBUZ(F127 B o858 HPMC) AN pH M8 JZ(CMCS & #oh LR IE 1§ 2.5
FCIEME) kT o

BAFAFAT 3 I FEd, SR LVCFIE £ EERR.

2.11. SRSB4

187 F AR R SR PPAN T U (ORGP S BE o KA B [ e A 45 MR B SR AR b, ST (1 em
x 1 em) AT ZEA4E,  F U R E & T 5 AL Ee% . LA 10 mm/min [FEZIE-TAT T R Ik R 1 10 )5 R R 3h
SR R T AR BN 1) R h F7, B DA AR ARk Bt 58 (mN/em?) o DTS /K IR BEORH R 4R A Ay ot i
IR 6 MFEM
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2.12. BEGH R
BT SER S s 2 3 0k, BUEUAME + AriEZ(SD)R K. K GraphPad Prism 9.0 T HKFJ5
Z5HT(ANOVA), Tukey friadifT 2 EILEL, p<0.05 MNZERHGEE Lo
3. &5
3.1. ST S SEAa4FE

KR JZ e S ) 25 1R VU 2 Bk B 51 B A IR ) HE T 450 . Bl LB (SEM) BB 2o, BT ik
800.2+12.5 um, JRIBEALN 218.6+83 um, £HARHEEL 15°, FEFIHE 400 £F/em?, 5HEARIFSHS
EYIE .

3.2. ML RES B BRERRIAE

BUBBPE RIS R T3 1o fldt Bt oK %8 il JJ4E Parafilm B! B2 0.128 £0.015 N, £ B #44#
B 190.142 £ 0.018 N, 3MIKT 0.15 NAT I BIE, 2 Jod o R 2R . R4iilie Bor, s s 7
- AR BHERAE 0~50% N AR Y IE Py LRk, JEAEfRE N 85.3 + 4.7 kPa. N4 IEI I B MAHE B 5, Gl iE gL
o o R T R ST IRALEE S, FLIRZD 650~750 pm, IIE SR PLZEE A1 52 NS T 5

Table 1. Micro-needle mechanical performance parameters

= 1. MEHMEMES Y

24 A EYLE
e Parafilm 0.128 £0.015 N
e B R 0.142+0.018 N

R4t — 85.3+4.7 kPa

3.3. FKERM B RIRE /pH Na R4 ARk 5 T FHFAE
R TR R OUE R 2 A ER AL, FRATTIN E T %0 R R A /KBRS (F127/CMCS) E VU AN [R) 2644
HIE K LRI B SRR S5, SR LR 2.

Table 2. Swelling ratio at 24 h and dynamic rheological parameters of composite hydrogels under different conditions

2. TEIFHTESKERE 24 h BRI RATEREFSH

* 24 h ¥kt (2/g) G’ (Pa) G" (Pa) BRI R
25°C/pH 7.4 124+12 320 180 VN
37°C/pH 7.4 8.7+0.9% 1450% 310* BV G 31
25°C/pH 6.5 9.1+ 0.8% 1280* 290% Ly g
37°C/pH 6.5 53 £0.5# 23504 420# e LR

vE: 5 25C/hpH 7.4 HILE, p<0.05; #5H—mR2H(37C/pH 7.4 B 25°C/pH 6.5)LHEL, p<0.05.

BAKATN: FEIEW QS TIPHTA) R, KL 24 h iEIKEL N 124 1.2 g/g, RIUNBAMAEIKMIL . 24
TR ZE 37°C (pH 7.4)8UX B pH £ 6.5 25°C)INF, WKL 73 )22 FHEZE 8.7£0.9g/g #19.1+0.8
g/g (p<0.05 vs. IEHH), FIFR IR pH R R TR AR . TR JORE ROV 15 (1 XU B 2% 1F
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(37C/pH 6.5)F, WMttt — BB KE 5.3 £ 0.5 g/g, RFMTAE MR (p < 0.05), ZILHIRAIUL
HERLNL

WA IEH S0 FER S BERIE(G) N 320 Pa, #FERIE(G") N 180Pa, G'>G"EK I H Al
R FRAZ BRI o 2456 0 B — R P B pH R, G435 L FF4 1450 Pa A1 1280 Pa, G"AHR T % 310
Pa 1 290 Pa, PZgWIPEIG IR, TEXMAN 2 FF T, GkZE| 2350 Pa, G"N 420Pa, G2 T —maRN 2 (p
<0.05), UESZEER NS R A i KRR B s 5 8Us L.
34. REMRLGITA

DL pH 7.4 N[E 2 0F, %2 25°C (B RRRIREDFI 37°C (JAE KT R THR) T = FhiG ks o (1) 3
BURCR . WE 1 PR, 8 25°CHE, 12 h WEEFAEDB. 4001 2 35 2 05 1 R EBVREHCR 20 51N
26.4%- 29.1%F1 27.8%, —FH FIAL) 27.8%, 12h JERBOEATF4Z, 24 h BREIEN 34.6%. MIRET
% 37°CHE, HHZ (Pluronic F127) KAV R - BEECHEAR, HBEI 48 IR 25909 850, 12 h RPVRECR
FHRTE A 80.5% (M1 AEM0H)« 83.2% (ZE 1 TH)F 81.9% (B ik £ HH), “F-15 82.2% (p<0.001 vs.257C).
24 h i} 37 CHMBERIER] 91.3%. 1NN, A8 F127 BITEHTE 37°CF 12 h BERERAUH 35.8%, i
ST R S R R

REMREZITA (pH 7.4)

80

S
M 60
=
s
%? 40 Py
H&I -
Bk 5o

0

0 4 8 12 16 20 24
RIEINGN: )

Temperature @ 25°C @ 37°C

Figure 1. Temperature-responsive drug release curve

E 1. (REWERFZ %

3.5. pH MR B HITA

TE 37CHAM R, X pH 7.4 (IEH H L0 pH 6.5 (FEMIA S IR 2 26 (1] 2). pH 7.4 B, fikl 24
h BRI N 45.2%, MRS Bt 24 pH FAZE 6.5 I, 2 F 37 BB (pKa 6.2))—COOH Jfi 1
WIS 70%, SEOLIEE SRS YE, 2P BuBiElsE. 4R8N, pH6.S %4~ 24h 2FE
JHERIL 90.4%, REET pH 7.4 H(p < 0.001). HHERIZ, pH WNEA “Pod/E3)” FHiE: fEH&Y] 2 h
W, pH 6.5 LR BUE R A pH 7.4 411 2.8 £5, AR T 2%IE SHEIAR PR ENIE . A CMCS (Bl
F& CHESTIRBE) O G 7E pH 6.5 T 24 h BJECRAUN 48.6%, 1ER] pH Wi 3= 2l CMCS )5 6
T

3.6. B /pH W th B

TEBLLIGTT R BE I Z6AF(37°C + pH 6.5) F, Bt JE B HE X000 7 By [l 38 i o R 24547 (] 3). S
— N SR AR L, XU S A R G R — D R 6 h BEURRICRIA 62.3%, 12 h ik 85.7%, 24 hiAE|
98.5%. (EfFE R 1S, 24 h Bf 39 LT 58 R, 10— M. (37°C/pH 7.4)2H 24 h BN 91.3%,

DOI: 10.12677/acm.2026.1672574 680 Il PR 2 2 3t


https://doi.org/10.12677/acm.2026.1672574

kbR A

pHIMRFEZS1T A (37°C)

100
80

60

40
20
0

16 20 24

BRI (%)

0 4 8

12
B7E) (NET)
pH @ pH7.4 @ pHES5

Figure 2. pH-responsive drug release curve

2. pH NI Rz FE 25 ph Lk

Hi— pH M (25°C/pH 6.5)2H°4 88.2%, MMM ZHEE & T & (p < 0.01). XRWPEES pHE5HAS
DS, BEfE TR A O SEAR 1) “He TR PUER . B 1A S R OR, XU SR A R
AT NERA— 2 5h 1 AY(R2 = 0.992), 117 3F Higuchi F7AY, $RIR 2500 i 5 A2 i Jie O 48 Wi 4 1 W 3
i, AR Ay L.

TR pHIRE B 1 = FEES

-
o
o

SFRREMER (%)
8 & 8 8

o

0 4 8 16 20 24

12
BHE] (ZNBY)
Group @ UM (37°C/pH 6.5) =@= EH—REINL (37°C/pH 7.4) g—pHIERYL (25°C/pH 6.1

Figure 3. Dual-response coordinated drug release curve

3. X Rz E R 2ol 2k

3.7. ZMEMRSEFERG THERULRRABRITH

N =R R 23S T R (AR R 2R R T SR 2R S B R R GEh h ER, K
AR F HPLC 43 50 52 FLAE DU 25 A (IE 6 BRI B I 87 B — pHL AR S XA R B [)) S () SR BRI
FEL2 2% H RO 2 (] 4(A)~E] 4(D)).

3.7.1. EEEFMHQSC/pH 7.4) THBERITH

WA 4A) BTN, ERIER KRR T, =M RIS . RREEREIURHE. 24 h N, FHTAD
Bl 25 R0 RN G 35 2 A BRI N 36.2% £2.1% 35.8% £ 2.4%F1 31.7% £2.0%. i E
LR BCE R ISR T RIPI A (12 h i, p < 0.05), XAJAEEH AT 1% 02 9N KRLEE F S 35K 1R
WA R SRS, W F4 AR, AR TR A A o & mr i feoe v
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Cumulative Release Profiles of Three Active Components

(A) Normal (25°C/pH 7.4) (B) Temperature (37°C/pH 7.4)
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Figure 4. Differential cumulative release behavior of three active ingredients under different conditions
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Figure 5. Mechanical performance diagram
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Figure 6. Column chart for comparison of bioadhesion strength
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Figure 7. MSU crystal inhibition effect
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