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i E:. AA@EEERRESET MEFE (insulin, INS)/CaPO, H 444 #) %) 45 A AL B
(glucose oxidase, GOX)/Cus(PO,), 5. &4, 173 69 &7 1Lk By % (mineralized insulin, m-INS) Z JL R
W4k SR EK, FIH EAERAEE (M-Gox) EAKKFB K, HREY 1-2 um. RIMEIBER Z I
A, mINS AR pH A& m B d INS, pH 4 4.5 0 L BR 215 ] 96.68%; BiE /)4
S & A m-GOx #BaE N2 M5 T B4 GOx, £ ERAE 10dEHEFEEGHEH, @ GOX
& 71T 60%. il it e d] F) AR AR Ew g (5.6 mmol/L) A= F g (22.2 mmol/L) K,
R HMEER T A m-INSF2 m-GOx, INS ¢8R & ZI R F 693 BB RERBE, BPH HHEK
FAE, INSHERERBEREEMK, /&, ¥ mINS. m-GOx 5:£ 9 8 (hyaluronic acid, HA)
TR IRA, #)E R m-INS F= m-GOx 49 HA #x4tIE3], M 1 RAE R RAER R, B meteshey
75 RPE R ZH HA AT 3B kgm K Rag iz h) #0R . R & i R m-INS/m-GOx 49 HA ##4t
B AR E Y, BRRRKRGTFHBEREAL 1Th A TR 7mmol/L, HFae44d 10h e 2%
A dE, AR EAR T A A AT K-FKIZ 36 h, 517 & INS 49 HA 44k, m-INS 4t B4 £
WO E AR BRI B A B 0 Rt K. At T R EFE A%, KAFR T
S RO H G AREM L. RESZFLEAK, EEBRKRHOTLEH.
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Application of hyaluronic acid microneedlesin insulin
intelligent delivery system for the treatment of diabetes

XI1AO Yongcheng*, WANG Xiaobin? XIE Deming*

1 College of Life Science and Technology, Jinan University, Guangzhou 510630, Guangdong, China
2 Guangzhou Quality Supervision and Testing Institute, Guangzhou 511447, Guangdong, China

Abstract: In this study, insulin (insulin, INS)/CasPO, complex and glucose oxidase (glucose oxidase,
GOx)/Cus(PQO,), complex were prepared by coprecipitation method. The mineralized insulin
(mineralized insulin, m-INS) showed irregular crystalline clusters, and the mineralized glucose oxidase
(m-GOx) showed flower spherical morphology, with a diameter of about 1-2 um. In vitro simulated
release experiment showed that m-INS released INS as the pH value of the medium decreased. When the
pH value was 4.5, the release amount reached 96.68%. The enzyme activity detection experiment
showed that the enzyme activity stability of m-GOx was higher than that of free GOx. It still maintained
high activity after 10 days at room temperature, while the activity of GOx was less than 60%. The
glucose solution was prepared to simulate the state of normal blood glucose (5.6 mmol/L) and
hyperglycemia (22.2 mmol/L). When m-INS and m-GOx were added to the glucose solution, the release
amount of INS showed a significant glucose concentration dependence. The higher the glucose
concentration, the greater the release amount and release rate of INS. Finally, m-INS, m-GOx and
hyaluronic acid (HA) solution were mixed to prepare HA microneedle arrays loaded with m-INS and
m-GOx. Type 1 diabetes mice were constructed to evaluate the effect of drug-loaded HA microarray on
blood glucose control in diabetic rats. The results show that the HA microneedles loaded with
m-INS/m-GOx could deliver drugs effectively. The average blood glucose concentration in diabetic rats
dropped to about 7 mmol/L within 1 h, normal blood glucose concentration could be maintained for
10 h, and the overall blood glucose concentration was lower than the level before administration for 36
hours. Compared with HA microneedles loaded with INS only, m-ins microneedles showed better
glucose tolerance, longer-lasting glucose control effect and less risk of hypoglycemia. Compared with
other sustained-release systems, the preparation process of the core components in this study is simple,
efficient, safe and effective, and has great commercial potential.

Keywords:. hyaluronic acid microneedles; transdermal drug delivery; diabetes administration; intelligent
release of insulin
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AR, KB HOR A ANET RSV ARG, 5 B i
JLP AR, WASETHERA O, &
A B 25 AT o o AR AT 1T
WRIZAT | 25 AT KRR AT PR AT
PR AT I P B R Ay i % R ) 1 2R
WA . ARSI AR AR S B
BN N 15 B 5 25 7 T e LR v g, oy
YOS B BTN, B A T Y S A
MR, 29RHRR, R EEITFEY . K
T, QSRR R 5 288 A 20 VA Mt I
A REHE ER R R T 25 EF A, AT
3 G K I XU AT 5 45 24 B4 R

AR SO £ T — Fh 3 T35 W AR 9 1T IR
PR, Eat SR R (m-INS) Fie ik
HAHE AL (m-GOX), 4 — M8 HeR N &
e, wLISCHELA RPN MR S, IRl
i R BT Ry, IR B A OB LA
YRR IR R, FE S EUE JRR A AR
FLA T R (I A o7 FH T 55

1 MRE7T %

1.1 ##l

R ERER (fetk i 9%, 30 kDa, 300 kDa),
HMTHAEYRHCARAR,; BROZEE (Mws=
3350, 99%), W [ ] Mg B AE IR A FR A A
% O RFEE G250 (AR), LA sapkAE bR
BIRAF; #ESE (BR). #4k (CP),
HRERCEYEARGRAE; %A i
(BR), M H LiglEmt AR A BRA R B
FaEmIAN &, BEIR{EEZER, Solarbio; SD
PERE (4-6 JAR), WAkt RERAEYRHY
et A BRA T
12 FH%
1.2.1 m-INS#0 m-GOx By#| & 5 R1{E

¥ 1 mg S E (msulin, INS) fn#] 1 mL
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PEG-3 350 (1%) HRG 35, =il 30 min,
fimA 05 mL &R (60 mmol/L) F1
0.5 mL CaCl, %7 (125 mmol/L), #k&ed
15 min, fHJFZEERFH M 1 mL NaHPO, & i
(125 mmol/L), & T#EER N 24 h, =)
6 000 r/min &5.0> 10 min, £4 3%, 4K
e 3, HEITESE (m-INS), HES
BT W B = I RWIE S . Y E TR
7] pH {9 2% i v, 37 “CK ¥ 2 h, 6 000 r/min
B0 10 min, I Bradford ¥ 4630 F 35 Y INS
i,

¥ 3 mg F A B AL (GOx) A
6 mL PBS ZZ i, =i E 30 min, JILA 40 uL
TRIREAZR (120 mmol/L) $EHE45), B 4 ‘Ck
FEIEE 72 h, K WA ) E.048 5 000 rimin
B0 10 min, i BE S PBS %t vk %
B0 3 M, BTSRRI
(M-GOX) . TEFIHiHL 7 B3 T WA =¥ i %
ST B0 o R 2 A S ot T AR 0 7] g5 A
Ak Jo 1 ) 70 ST Tl %) il 0% T R e 1k
1.2.2 EEEN R R F B9 RS E

43511 1 000 mg/L F1 4 000 mg/L 1) ] %
WE % W B IE % (5.6 mmol/L) 1 Ifn b
(22.2 mmol/L) PHFPAIRZS, H m-INS Fl m-GOx
A B R R B i A R, IRA SR
37 T . TASFEBFE] SO, 7 000 r/m 250
5 min, W, ] Bradford BeksilRe b i
B R E i, 0T INS FEAS [R5 A 0 B A5
TR B
123 HAREHEIE

# 300 kDa #il 30 kDa 43F 1 114375 HH Jiit i 40
WoARH 2 8 Fist WAL AL 8% (WIV) HIZKIE L,
AR IRGI A . RS TR BEA A il
Bt 0t e BT AL, 40 CHET, 153
HA T8 (HA-MN), 760X 8 s fnd 4 s+
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B TSR B . R IRIRE I, Kk
FITC Fric i m-INS #1#¥ Cy5 #ric m-GOx Ml A
F| HA B IR G 35), 615 A2 25 P et
FEDE WA N AR WA Th i A . E
/NS I A 1 mL PBS, 147 J24E m-INS
Wt s, K AR, 29 1 min 55
WG EHREI T, Frod 2 T PBS HE Ml
Bradford A6 H: INS &4, [AIAE 73 Al 45
m-1INS/m-Gox s 7 %) INS #1 Gox % %t .
124 1BIBERFARIBEMGE
NTIERNIIE HA B e i £
RE 20 24 22 50 FH TR LA 0% ml 470, FH B R4k
W% (streptozocin, STZ) i~ 1 BIBER
g KRR AL . 4—6 JE IR SD MEtE KR 7E SPF
IR FEE N 10 d, F 2. 1% #4682 7 0
2.94%IMFF R FR EN VA WA 10 1.32 iR 545
B (2% h IR R STZ, e 2%k B 1Yy STZ %
W, FH 0.22 um JE RS U8 BRI IS R 4 CIRTE,
BB o X B K BR% 55 mglkg #2218
AT 2% STZ W, 255 B R OBE4SCR: I
JE R A B OE R B, PRELIA R, i 2kid k11
d, BN = T 16.7 mmol/L 1K Bl A 5256
(BRRKFALR TR S, ERS .
IACUC- 20210113-08).,
125 HAMEHMEESREIE
BRI R BB ML i 4 41, B
3N, HAIERERETRYELR, 20l HER
) 245 WAy (R e (S5 PR R R Tk HA/MN,
TR Z T INSIMN, fREe L %
FIfEE m-INS/IMN, 208 10 R & 22 A fb A
A AL T m-INS/m-GOX/MN) 575 K
BUZ Bk, FHRBEE T M, Hm—E
FIEET IR R, FH PU B E ., AERR—B
FI 0 3000 e R R e DK L P R R R, A
R IR E R K
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T LR S YRR AS B AE KL FE 12 h,
Horh 2 6 HBE IR Bk R 59145 DL INS Tl
£l m-INS/m-GOx it 4b 3, 54k 3 AR
ELIZS A C TR, 1 h 45 IA RORE 1.5 glkg
P A A TR 28 M s T 5, BB 20 min A6z i

A3 M ECHE Y SPSS 16.0 %144, i i Origin
2018 FPFEE . Student t K6 I8 ok 4 T B 19 fi
FZES . BEWHZEFER N P<0.05; **.
P<0.01; ***. P<0.001.

2 BRE4M

2.1 m-INSF1 m-GOx Hy#l& 5 RIE

1535 5T 7 W f44E  (transmission electron
microscope, TEM) T, & 1A Frx, m-INS
RN REAR MR, ERL Lum, (KIS
RS S an P 1B s, m-INS T pH B
Zrohirh INS Btk 2, mife s L
B, UEIH m-INS B 92 BAT BN FREE pH
AGIYRE T, [ RS B 3R . m-GOx 7E 4
i 7 2 88 (scanning electron microscope,
SEM) FHIESLINE 1C FiR, =4 eI,
AR E R, HRY 1-2 um, BEE 15
EVESZIGZE LN 1D Fran, m-GOx i Y
GOx H A7 T 1wy 1 Tl 7% 1 Aa i 1k
2.2 m-INS/m-GOx M Sz 7 | NS B4 SMNEE

B 19 m-INS/m-GOx & T i 25 Ha T
37 CARWER, TASER ]SO, Al Ly
Y INS WS, WiE 2A Fis. 5.6 mmol/L
F14) 4 2 AR R P R B R B B R G g T
22.2 mmol/L 114 7 7 B 5 W RS TICAE R, X R W
e T BE T R A S W, BT m-GOx ik 2R
B2 mAEBERRINAE pH PRE T R, 15 m-INS
FREIR G DRI R, B INS, B 2B
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Figure 1 Apparent morphology and performance verification of m-INS and m-GOx. (A) TEM of m-INS. (B)

The release rate of m-INS treated in different pH buffers for 2 hours. (C) SEM of m-GOx. (D) Comparison of
enzyme activities of m-GOx and GOx at room temperature.
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FER TR R R B INS B B0 s Co MAIME IR BE I A2 A8 A A SRR INS Y5 20
Figure 2 Response release performance verification. (A) Response and release of m-INS and m-GOx at

different glucose concentrations. (B) Release of INS from the system when glucose concentration increases.
(C) Release of INS from the system when glucose concentration changes periodically.
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T RERIE ARSI HA BLEFROPLAGRE , AR
g2 2 033N 11, 56 MEREWHE L
DR FE AR 40O g o 2 7 K

FH 1 mg INS FI 3 mg GOx 43l 45 m-INS
H1 m-GOX, ¥ i = &3 i A E| 5 mL HA %
T (4%) TIREHA], AR 90 kPa EL.%3
A3, 40 ‘CTHE 1 h, SRJE A 10 mL HA %
(8%), —90 kPa ELzsAbFRJS 40 C T4, H
Bradford yAKINE15 1, B 2GR U A g
TRHBAY 4 £ 0.012 mg m-INS i1 0.1 mg m-GOx,
T3 fig 4 3 AL ARSI 1 28k 24 TR i ATL AW 5 B PR 2t
HA 75T 1 0.33 N/ 3 T 0.43 N/EE, BH2H
BERRES . WEFREZS KL S HA 43T Z A4

356.2 um

730.2 pm

% 100 yum  EHT=10.00 kV Mag=100 X P
WD=92mm  Signal A=SE2 [l

A=546 nm

A PR T B9 HA BB s B F4 i 7 BT T A9 HA Bdt s C-E: 1

# FITC #ric i m-INS F1 Cy5 412 ) m-GOx 1) HA 4t (bar=100 pm)

Figure 3

Microneedle under microscope. (A) HA microneedles under stereomicroscope. (B) HA

microneedles under scanning electron microscope. (C—E) HA microneedles loading FITC-m-INS and

Cy5-m-GOx (bar = 100 pm).

http://journals.im.ac.cn/cjbcn



Bk ZhEERBAH ERSEED SRR RGRTERRE AT 3439

AR HRESR T AP RSR M H FITC ARiE INS,
JH Cy5 tric GOx, % [FItE P BRI & a2 it , 78
BBt WA N ISR RN & 3C-3E iR, il
EHEFAIELG , TR, 7F 488 nm MR IEK T
REE FR PRI, #E 546 nm kI K T
REF BRI EDOE, Y FITC-m-INS F
Cy5-m-GOx TEFUEF 1 I45) 4341
24  fAEF m-INSYmM-GOx B HA 5B M E

46 J iy IErE SD KB 4% 55 mglkg B4
RIS BE R R (STZ) LAsES, 1 BUBEIR
o KRR AY | V5 5 R BRI s +¢ 22 7, 10 d
& MR E A 21.7 mmol/L A4, WHEE
T 3.9-6.1 mmol/L AYIEF JEE, TEIH DA g
T 1 AVEIRHE SD K RAEAL,

VDo RBENL A 4 4, B3 1, &
W 25 L HA/MN . INS/MN . m-INS/MN  #i
m-INS/m-GOx/MN I 7E K R EZ KR T . 4 T B
1R, S RIA R REH PU R E, i
AA F1 4B fi7R . 36 h )5 Mgk R k26 1 e )
H, TRl & RGO, & 4C s, HA/MN
ZHFN m-INS/MN 2H 59 K B b ok B2 L7 A2
INS/MN ZH 1 m-INS/m-GOx/MN £ (4 Ifi A 44 7
1h N TS T 6-7 mmol/L, 58] HA st i 2h
R B R B L ] T REIAN . INSIMN 478
6 h J5 KR 2] T 19.3 mmol/L . m-INS/m-GOx/
MN ZH7E4525 10 h J& b A 4 55 78 3R 1Y
11.3 mmol/L , #£ 36 h ML TXIIRAL (HA/MN),
UL WTARXT T B af iy e 5 R 25 255k Uk, B m-INS
Ml m-GOx 4B & R B e 20 25 RSB HE 25
ROEFRA, 25 R R E .
25 m-INS/m-GOx/MN #5755 #& FR & K
REIEEENZ M

INS/MN 1 m-INS/m-GOx/MN 4354 FH T
3 HBERIE R, 1h 5 MopEs B R,
LG DL 1.5 glkg B 20 ME VA TR s v 5, gt
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4 3 R I AR . Il 5A ATLIE
H, TESTEIATE IS RIS BT, Hop
B 2H K BLUMBEAE 20 min 15 3I4{E 14.0 mmol/L J5
P R, 78 150 min BHRE 3] T 1E %7K,
mM-INS/m-GOx/MN # IfiL 4 7 40 min B 1k 5] i {E
16.3 mmol/L, #R/5 218 T F&If7E 150 min J5 4
FRE /K E A9 1.1 mmol/L 2245, 1 INSIMN
A I E T 0 e ) — T4 R A i A K SF- . 8] 5B
HIATHET 2 5256 0-150 min (4 Uk B2 th 46
T A SE SR, MW T INSIMN 41, fdtiE
ZH 1 m-INS/M-GOx/M N 2H 1) 75 2 15 it 52 14 B (5
T

C 25

{ —=— MN
—e— [NS/MN
—a— m-INS/MN
—v— m-INS/m-GOx/MN

Blood glucose level (mmol/L)
= 9 =
= /é i
\QT—c \ "
\qﬂ

0 5 10 15 20 25 30 35
Time (h)
4 WMESRATMIR A HE SRR
PRIGREUIR B 5 B: 1224 36 h Jim 8 PR KB
W& C BRI 259 o BT PR RCR
Figure 4 Animal experiments treated with
microneedles. (A) Diabetic rats treated with
microneedles. (B) Diabetic rats treated with
drug-loaded microneedles for 36 hours. (C)

Hypoglycemic effect of microneedle loaded with
different drug components.
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Figure 5
curve of the glucose tolerance test.
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NATHSGHE o (R 27 28 b A0 25 W LA 1
HAELE RS TER . R RER . &
ROCRAR . A S 8, M LSk . AR
5T A — 187 50 00 7 v 1 4 1 — b HA R e L
REJT IR & 2 -BR RS 51, X E AWl
RIS, GRS, AR, B&K
KA = AR T T

Horp, BERRESE—Fh pH SURM YRR,
FERRYE S 1F T RE A A, ok WK
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Fo PR ANmREERRE (8 MREAR
Glu, 2 N R&AH MR Asp), 1E Ca i FIf R
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WA, RAP7ERAETE 1-1 000 nm 2z ]2
DA RS m-INS HA R AP pH M PERE, 7F
pH iy 7.4 i BLASE h B AR R RS, IR 7E TR
P 3R B v B 2 R G A I A T AT A5k b B L
INS, m-1NS F1% 35 Fofr i i 1 45 14 7 J 5 2548 e e
JFR G P A AR K T T o

H Al , m-GOX F GOX il Cus(PO4),-3H,0
AR BiE-TCHL AR AL B 45 #9120 S R e AL L 5
R A SR I BE AR = T AL ROR PR
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M m-GOx, i ZRREFRIE, HA %iETHH
Wb, BN m-INS 1 m-GOx.
M-GOX ¥ M = 241 1l 87 4 T80 Sk 1147 28 W i 1k
A U AR, RS pH TR, B
BTRMEIREE, m-INS i i i R ok
9 55 AR 1 T AL T A 0 SR BUR AT
T B RV AW VR 3 A5 SR o 244 I AR v 3k A 3
ER YOG , B0 o Bk B A 2 LR iR
PEERES, RSN m-INS B 8 ok, E#
TGS R B, S E B) ZA8 I 1,
WEAVE IR Z 035 8 25 B AR, BRI 1]
SIS W TR OBE VA B o AR T 1 R
B2 HA BEPRUBE, 7128 m-INS Fl m-GOx
P BT A 2R LA TR () 2 355 . i 11 4 28 T
2P R /NP AR I A XSS

4 Hw

AV 37 B O R T B AR 2 A A LA
A ) 7 A 14T I 2R R R AR 4 o FH I R
BRI IR B B R L B a5 e T
i m-INS Fl m-GOx i & ik & KRG 25 R 45
FLA RAF 1t A v 3 R 00 BB T A e 1 R L R
J1o HA BB ROR B 5 2R 45 25 R G % 5
KB, 224 AR AR bR G R B I
Wi RE, Rm AR ZEE S, AETEIX
A i IRURS: , H A 2 A IR 5 2R % =g
FHE IR IR IT T T
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