- 1970 - 2% %4k Acta Pharmaceutica Sinica 2024, 59(7): 1970-1981

BEMS B TEYR S FHYOREEMRER

B, AR, KEFE, RAE
(L R % 24 K 52 2 52 B, Wil Bt 310000)

WE: LW Ko T 250 D8 EL AT T e e R R 0N 2 G A A M T A e U0 A T M e 2 g T 2 e
WEIETT o AR TR B3 7 0 K Sk R i A B M e e M 22 S5, I B il R 1 AR B R, S EUEN
KOT OREDFIEERRAC. B e Ve —Fhogr B s 25 % Bk, 8 L AE 0% BB e il B il b i i S B
2 5 3% OB A AR K o F 259 IR 3% D T A BRI 1. AR GRS B I E At i 9k sh &
Ve M il 46 72 Je e VIR A= K o0 T 29010 B 25 5 TRV HEAT T R 45 V390, FE5HZ AR B #4775 16 R BR 7 K
RRAABHAT T 0 Hr, LA HE B B 18 AT 55 SEWE R RN R 64, AW 4% 7 B0 1 ARGA 25 3R B 2L 22 4

KHEIR): B E L, KA DRI AR

FE 525 R943 TRRFRINAED: A X EHRS: 0513-4870(2024)07-1970-12

Advances in the study of gastrointestinal microneedles for oral
delivery of biomacromolecule drugs

FENG Jia-wei, YE Xiao-feng, ZHANG Qi-bin, WEI Ying-hui"

(College of Pharmaceutical Sciences, Zhejiang Chinese Medical University, Hangzhou 310000, China)

Abstract: Biomacromolecule drugs have been increasingly used in clinical practice due to their distinct
advantages, including precise targeting, small dose, high safety and activity. However, owing to their high
molecular weight, strong hydrophilicity, and poor stability in the gastrointestinal tract, the oral bioavailability of the
biomacromolecule drugs remains extremely poor. As a novel and innovative technology for active drug delivery,
gastrointestinal microneedles hold immense potential in the oral delivery of biomacromolecule drugs because of
their low-invasive nature and high permeation enhancement effects. This review primarily summarizes the
actuating force, design strategies, fabrication techniques, and applications of gastrointestinal microneedles for the
oral delivery of biomacromolecule drugs. Additionally, the challenges and further perspectives in the development
this technology are presented, aiming to promote the subsequent research and clinical translation of gastrointestinal
microneedles, and to provide a new efficient and safe strategy for oral delivery of biomacromolecule drugs.
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Figure 1 Schematic of the microneedle pill. A: Housing of the microneedle pill; B: Endcap and pin of the microneedle pill; C: Design and

mechanism of hollow microneedles for intestinal delivery; D: Design and mechanism of solid microneedles for intestinal delivery. Adapted
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from Ref. 12 with permission. Copyright © 2015 Elsevier

Drug release

Detachable
microneedles

Final state-localization

Hollow
shell =~

S mm

VWV kb
it ~> ”/AA A ‘e\%
Microneedle containing robots - ’\\\ ‘ ‘ o) \/ e
”»’ T— L7 P
The detachable layer Drug-loaded microneedles

Figure 2 Design and colonic delivery of the fast self-oriented microneedle containing robots. Adapted from Ref. 16 with permission.
Copyright © 2023 Wiley
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Figure 3 Schematic of expandable microneedle robot. A: The structure of the expandable microneedle robot; B: Schematic of the swelling,
penetration, drug release, and disintegration of the expandable microneedle robot through the gastrointestinal tract. Adapted from Ref. 17

with permission. Copyright © 2024 American Association for the Advancement of Science
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Figure 4 Schematic of Rani Pill™. A: The structure of Rani Pill™; B: Tllustration of penetration and drug delivery of Rani Pill™in the
intestine. Adapted from Ref. 18 with permission. Copyright © 2019 Springer Nature
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Figure 5 Schematic of self-orienting millimeter-scale applicator (SOMA). A: The structure of SOMA; B: Illustration of localization and

drug delivery of SOMA in the stomach. Adapted from Ref. 19 with permission. Copyright © 2019 American Association for the Advance-

ment of Science
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Figure 6 Schematic of dynamic omnidirectional adhesive microneedle system (DOAMS). A: The structure of DOAMS; B: Schematic of

drug delivery of DOAMS in the stomach. Adapted from Ref. 20 with permission. Copyright © 2022 American Association for the Advance-

ment of Science
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Figure 7 Schematic of magneto-responsive microneedle robots (MMR). A: Design and intestinal delivery of MMR; B: Illustration of

penetration of MMR driven by magnetic field; C: Illustration of separation of tip - substrate and drug release of tips. Adapted from Ref. 21

with permission. Copyright © 2021 Wiley
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Figure 8 Schematic diagrams of multi-layer drug-loaded MN patch capsule. A: Structure of multi-layer drug-loaded MN patch capsule; B:

Multi-layer MN patch attached to a permanent magnet; C: Sequential insertions of multi-layer MN patch; D: Two motion states of the

capsule; E: Drug delivery of multi-layer drug-loaded microneedle patch capsule in the intestine. Adapted from Ref. 22 with permission.

Copyright © 2022 Elsevier
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Table 1

List of gastrointestinal microneedles for oral delivery of biomacromolecules. CS: Chitosan; PEGDA: Polyethylene glycol diacry-

late; PEG: Polyethylene glycol; HMP: 2-Hydroxy-2-methylpropiophenone; PVP: Polyvinyl pyrrolidone; PEO: Polyethyleneoxide; PCL:

Polycaprolactone; GelMA: Methacrylated gelalin; SLA: Stereo lithography appearance

Device name Microneedle material Fabrication method Salcttei(())rf Drugs Patent No. Ref
Fast self-oriented CS Robot: 3D printing; mold ~ Colon Null 71.202210543803.6 [16]
microneedle containing robot filling: micromolding
Expandable microneedle 33-vol % PEGDA, Micromolding Small Insulin Null [17]
robot 33-wt % PEG, and intestine
1-vol % HMP
Rani Pill™ PEG A cylindrical microsyringe  Small Insulin, octreotide, JP6745866B2 [18]

fitted into an enteric-coated intestine

capsule
Self-orienting millimeter-
scale applicator methylcellulose
Dynamic omnidirectional Outer layer: Carbopol;

adhesive microneedle system inner core: PCL

Magneto-responsive GelMA Micromolding
microneedle robots

Multi-layer drug-loaded Gelatin Micromolding
microneedle patches

Luminal unfolding PVP Micromolding

microneedle injector
Liquid-injecting self- Novo fine 32G needle
orienting millimeter-scale

applicator

PEO and hydroxypropyl 3D printing (SLA)

Master mold: 3D printing;

3D printing (SLA)

hPTH, human IgG

Stomach Insulin US11541016 B2 [19]

mold filling: micromolding

Stomach Semaglutide Null [20]
Small Insulin 71.202011499405.6  [21]
intestine
Small Chitosan Null [22]
intestine
Small Insulin US11684315 B2 [23]
intestine

Stomach Adalimumab, insulin, US11771829 B2 [24]
semaglutide, and
epinephrine
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SIS, AR AR B A R 2 6.2 mN I /1A e
LR, HLIZ RN B 7 o 1) B A i ) 38 o i 1

TEAR N 2 A VEVEN 5T, BT B a2 E W
WA AR Y B A R, DR T T B B T B A
BEL XIS 328 AT VPP, 38 8 S 38 sk 3K B B T Bl e 7 AR
i 388 BA 355 v HE V1 BT ) S N D, B S T iE
U550 I L, DA S T e S e A HE R I iE e
3 BREMEREEYKRS TFAHMERNF

H AT E il 2 H T3k a2 k2,
5 PRI ZG W L 2R 2 R R W R I TR 6 A
b A BE A T I SR 5 1K 4y T TR R K 45 A BT
W B is i R N 4. Wt TR ER 2R, 1 ARG %
Ji 30 5 T 2 e 36 S A% TR o 2E SR TR R 1 A% TR g
ok gt ] e 36 388 925 28 9 P 13 AN 7 B 55 1) A, 398 0 T
AN IR BRERES . e Ah, AR 11 AR 38 1 A3 K
R, BT FERNIG RN A ek — DR R AR JERT.
3.1 BEEBEAMBAIALY) Hashim K H RP i
FEHEAT 7 EAH AJE &R (recombinant human insulin,
RHI) 7 R B ME M S8 1 9 338 16 I I R AT 90 . 294K
B 15 45 R IR RP 45 24 4% I3 g 19 3 I UK P G v
TR NS A 20, IR IR] (T, ) W& HE T B R RS
H, Zy-IF 28 T AR BT RS AL, R RP G A
ik RHLE FE 5 RN i 545 25 AR AL, HAE XS =907 H
PEHIT 100%.  1F 5 MU YR58 WoR, 425 7Th W,
2 (178 5 B i T R BT, R B RP 1 s 1% RHT P ifi
BERUR 5 5 TS 45 25 55 2. Abramson 25K
SOMA JIRFEHEAT T I 5 26 B PN 1% 1) S IR A 7L, 3R
137 5 B VR SR 2 00 B O 2R . 1% E B TR R A
LUMI Jie ZEHEAT 1 1R 5 22 76 ME 1 20 58 5% B P s 3% 11
W™ 254030 11 0 S 45 R B OR, LUMI 4178 3 1k
P IEIE R S R T, (25 min) it/ T R4 A
(T, 292490 min), RS J R E S5 258 EE, LUMI
1 IR st 326l 5 2R mT B AR M R R AE A . [RIB), LUMI 25
R R A 2 M E e R I (C,) ML {H LUMI% 24
WA EES R WA A E SR EL
HN10%). I, AT 25 SOMA Fl LUMI Jie 52 i) %524
AR B, Z A BN T T SOMA 118 it A
— W K 7 5 SOMA (L-SOMA) Jf 3 47 7 RHI Al
GLP-1 KU {E LYD J% B N i ik i 7. &5 L3R
B, L-SOMA %5 24 J5 RHI ) 455 A= W0 R FH R 51% +
16%, 5 ¢ FIESF45 25 (57% + 8%) #H24; 1fj L-SOMA
1% 15 GLP-1 AL 1 4 %6k A= W) R FH EE (103% + 42%)
T T R N2 (78% + 4%). Ak, BRiZ%E E R H
T W B L A ) 2 5 B s 2R G DA T R 4
Tl SRR 25 i S 1 O S WU, A AR G T Sk

NI FE 2545 5% . Gao SR T B K e ML
FNBEAT T EA NIRRT B /NESE 1 P 3 3% R A
Feo TG ELER T T HLAS AR TR ¥ S5 e I A R,
gh SRR, A6 B T ML A N T i I RE R % T 23.6%
£ 10.7%, 5 B FES B 30.7% + 10.4% 3% A0
M. T 2B R R, R HLAR N4 2 I AE X AR
W) R B G5 B 23.6%.  Zhang 252V S F W v S A &
(MMR) % 4t LAWE R i J ¢ 2~ /R (Pitman-Moore) /)
RURE NS WA B AT T R 5 21 i N 3 3% 1R S 3G F 9
S5 IR MMR 45 2 5 /N BUSE (1 i % /K SFRTEZ) 2 h
MR E IE % KT B4 MMRIGIT G 590 FR 95 /N
RURE IR 08 IS RS 7K P AR A i 35 5 i R /N B4 A
L (SEns A T b e R R R A IEH). A, 224
h &, 2 MMR G ST (8 PRI /N B 1 IR 7K P47 e AR
FREEWJEEN (= 5.7 mmol-L). 254Kz J12¢4s B i
N: MMR 45 245 5 /N RUOE AR N R B = T, N 1.5 h /2
Hio SEHGEE BB MMR W] 5 2020 B Mt i 306 Ji &% &
T % i 25K 1 R 3 ot 0 1)

Chen %R DOAMS F il T T R L& KIEL
SLE G E NIRRT . SEGRF [FRDEK K
BB 8-2-FR 3 K BRI AL ) S TR, 5 Rk g
KBS, =B AEDRHEACN 1.22% +
0.25%"] 1 L., DOAMS %5 2 5 & 1 & K75 3% 4 4 1)
W i B8 vy, LTS W VR FE 2 AR L B I W £, EL &
T, JoREzRE. AMZHE U L T OK & F N
15 mL B P9 Fb R 770 (0 I 245 94 2, 45 SR 2 7k DOAMSS 41
ROERRM MR EREG RIS dmt e fs, &
] DOAMS %5 2 52 IR /K & 2 B /0N, 5 20 21 1 286 Bt
JIEE 5, 1R 5 AT B G R 25K

Rani Therapeutics 24 7] 7R 5% H RP Ji2 2 [ IR i 1% B
i AKTS . TG PR 98 45 S SR, RP 3% B il ik 1) 4
X AR BE SN 65%, 326 fe T 171 iR Btk e s 3 (46
St A=W R FH AN 1% R, 3238 % 76 RP Ak it
o R S ISR AN 3, % B R 1) A e SRR
AN 22 W0 P T8 B A 52 R, BF 5 R A AR 5 AT AR BN R
Hk. BeAh, WEAIE R B, RP IR IEAS 2 & W50 (1 5
Wi . %A A % RP B %E (RT-102) i#3% A HUIR 52 it i
Z 2K hPTH (1-34) (Teriparatide) BE4T 1 T3 I AR BF
Fu. 2B FAE S B, PR EEAS (20 F1 80 pg) Y RT-
102 ¥IREH #0088 1% hPTH. 5 52 FiESHAHLEL, RT-102 45
24 J5 hPTH (1) 1fil 24 94 P& 0] DATE FH 054K B 1) PN 4 S 7
KT, HE-mf 4 S AR (AUC) =& KT vt 4H
1 3~41%. RT-102 % %520 140 pg, hPTH K C,, 5
5898 £ 10 f1971 + 223 pg-mL", T, 4 %l A 68 F1 60
min; 1M B2 RS 20 pg, C,, N 128 £20 pgmL", T, A



TS B a1 T Ak 1 25 1 RO A T Fe dk Je - 1979 -

13 min. J4h, RT-102 0] #5230 R & ik, HAR H 3R
R AN R B Z A58 Ok RP %2 4 203 1%
hPTH (1-34) &4t 1 71 IE R UEHE
3.2 BFEIAZZAY  Rani Therapeutics 2 7] K RP
Fi A U 1 EU RS R A P 33 326 TG 2R B e B P AR ——t
TNFa (GP2017, B[ ik A B4 AR 4 KA H) At IL-17A
(CIM112)*), 255 Fi R B, 5 B NS48 2 L,
RP fis #2358 1% GP2017 AHXS 2E W) H FH BE 0T34 94%; RP 1%
1E CIML12 24855 R BEZ0 N 54.2%, 5 KRS 45
24 (53.8%) FHAL. UBAL, 1% FhTLAA RP 45 2 Ji5 1L i U4
WE 5 RS AL, H RP 45 2575 0 i IR 4 .
G, A PRS2 PR SR B, R I B )G, %
A BRI IR 5 RP R ZE R R T A 853 7E 96 h
PHE A AR B IR 1 5 i A B B SR
33 BEZFEEYE Lee SWHIF 7 RHT RN
Z JZ I AT s A R e (1) g 1 e A o 4 i v K
56 R L /ISR 86 PRS0 350 B T s v B R ik
MR Mok, EF BT Mg LT 7 2 2 1k il
B R R B B R RS, 4 R R 3R AR IR AL I 7
1 AR W R AR R R S Bk o, B E T 3L )
T8 22 /N9 A8 B AT 832 1 I B U B B AT AT
34 BEAEREDGY) N T w RGN AL BERE, Bk
T% IR 2R 17 B v B R, T i AL IR R A IS,
52501k R4 4", Abramson 2K ] SOMA
i B A M 14 240 5 B K N 3% 3% mRNA (mRNA i 6 R

RB-AREBEEMIKRFATE). BFRBEORA T
3% SOMA 24 A, B2 & 50 pg S bt Cre H2H 1
) mRNA (Cre = 41 i 5 1% {f 2/ #) 3% 14 tdTomato ¢t
), FLi#i% 150 ug mRNA G & & T BUE 48 i
6% T mRNA 30~ 100 pg 7 &), 85 (A 5 E s Al
G HALSE R R, 452524 h )G, Cre CERE B N ARTD
Fik.
4 HEERZE

UL AESR, 1B — R X D AR 2R, B B

BT AR5y 7 DOeh 250t 52 H 28 36 00, 76 % 16
09T E B T R T R YIRS R L 12 U T
JEILH T ERINE 7. HAh R AL B i kit R4, W
B W Vs R 45 TR ) 0] RO BURE B o AR 2%, BRAR T DL g
o 24 ) R 5 R T R TS e, (HLIE AR T B i
R85 (4o pH B AR 1k B 2 40) BRI 2G4, Ho6 050 il
B it b % B BRI, MM W] Ae T B W AE YR F AR
FZ PR 8] L B AT E M. 52 AL, B i
TR SR A T — P 50 B8 v ORORS HE (1 AR K
T T . IF H, TEHE B W18 N 350k 25 ) A
W AR S8 6 B R 3, H A K H 2 Rk s 7

2, ELHEHUBRIEED 16 27 YR A B A 5, 25 4
TR LG IR R R B RE 1T FL T SE L 2
A PR R E 16D, T S AT T — R G e
e, ISR 50 5 K0 A1 R 51 30 £
I3 BSEGERRIEHE B T IR
LR

4%, I F N U5 25 1 R IR,
BN, DUE AT B AR ML S LR 5 (— R
HId 4 mg) ¥ A KRR 1 LK, BRI BR B
4, A B B AL A BRI 38 O pH FL A R KR
P, TR BB IE AR A P T I R
S Fr S R RO, BT R 25 (B 1
e BT, s 15 I B T i )
25100, WIS B T, BRh, e T T B S
K, 4 RO B 2k, A R, S ECH i
o S Al AR T A A A 3R AR, KO 2 77 A 7l 1
i 50 R PR AR, A2 B A ST 1 2 4k A5 AR BEIR
AN BB FCAIEAE™ . A it B & R AR
9T 2O IR S HRAL T O e . R, TE B
V7 T, LS BT H TL TR R K/ B
AL AR 24 3o O 5 RO MG BRES) th T B3
ok G ERUP R (P T LA 25 0 O RO
A AR 25 B 20 AR R SRR ) 540
KEAR BB SIS A LB [ o] PR 25 A
SE AU B B BB [, T AR AT AR R A T 2K
2 L6 26 3 RO T 2% T Toll A0 ) 5 B R 8 46
A5 242 o I PR Ao RIS
BORAE PR35 32 AWK o 1 SR A RS R, AT 58
L5 ) 5 A B 9 R B 1 07, B PR VT
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