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IRESERE ) A R R T 248 B 53 F 38 R 28 5 4 B )
PEA BAEICR B0 NRSEAT DL 4l M & B A 7
HEF, (A& S EEAR AL %, BHAS T
RINEE ; BRAGRST AT LA R R B 2800255
B, ABS B R A TP HEY, [T ph R A AL
KAAE R B 25 g | Sl ' M S B R CT B
Tl P ZE 0T LA SR B G ) 20 e o A AT T HES ) e i
2588, HES BRI AEAR N T2 A8 R L
SCERAR A

R EREpisd ER IR NAS /P e iOE 31 I L 2y
e, PIRTEA P O RS SRR IR, DT
AW, Bl T 40 M (Schwann cells, SCs)
TR0 24 25 - A R O A i ) 3z 08 X B
FEATE T F ST R A LA 15 M, 0T SCs 35 58 11
2 LN R N R R RO e = S R =
X AN 3 (electrical stimulation, ES)
VE A4 BIYETT B R ek J] [l w22 4 40 1) P2 A
EHEZTTEL ", ML TE (nerve guide
conduits, NGCs) A DAAERF HATZ P Wi i 22 6] R
FAS I SERE DO A ) A 2R AR A A A
B HAET, Wk &S SRR MR B
FHESYABRIETHA . REEAYE T H
EENE o AT A IO i i N S -3 A
(polypyrrole, PPy). A (polyaniline, PANI)
MmE (3,4 4 A FLBEW ) (poly (3, 4
ethylenedioxythiophene) , PEDOT) H.f5 K 4 4=
VAR, RHEMAE X B mEHNFHRES
Py e (AR REUTEZ BB R E . A
SyInT.. BT . ONATREME, ANIE TR T
M, FHFRESY S AR YA R
AIRER IR G YIIATE G o A sl —Fh i 2R
FEEHIE B R RL, Bk (5 i A
YER s R s e, HEARFH., b
SERZERgYERE, WE TR me e B
LR AR R Al B 45 7 1R R AR W B 2
BRI RL, A sk AT A TIRE, TR
FH T 25 W T35 DAL 35 26 A AR K 38044 | i AU A A I
iy ARG RSV T LA S A I TR PR At Ty
IFLS 2 Kim & Y R 2R SR DT ) 45 1)
PR AR LR R ST AME (mesenchymal
stem cells, MSCs), &I A k0] LIS plz
AR SR FE R 3R B, A A SR TR T Al
-ECM &% 2 it - 40 ftd (e 49 AH BAE D, N2 i 1T
MSCs R 28 AL PRl 28 58 i A4S . Hu %8 2 FIIH

B JF AL 820 (reduced graphene oxide, rGO) .
ki Y5 P i 283 F2 I F (brain-derived neurotrophic
factor, BDNF) Ml H B N & R b 8 i
(methacrylated gelatin, GelMA) JF%& T —#fjs
KR TN B WO ZE A ) T L SR, 2R RE S A
#F PC12 4 ffd A1 #f 28 U5 1 48 id (neural crest stem
cells, NCSCs) MZERMAKHE MM, %L
2Rl 2 (1 NGCs 1] LAAT AL HE R B 10 mm A2 F 41 28
SRR AR FIZ S I RE IR A, U SRR G
PEREXT T i R b 22 4 3 (948 52 BAT W TR i 1 FH A
i, Zf b, JRAEHMNEMES C 8 IESLRens e v v 2t
HRIESE . ik TR R s A, (B S AR
[11) 25 ) B T P TSOANSE J A5 I P s 198 2 ] 2500 5 4
PLHI PR ARSI . PRI, g ] Bl g 22 ) BB )
SRR S A IO I T A RO G, JRiE 2P
B B N5 A RN ES S ] 45 4 i i is B g s A
KAVEH A, 2R [ h 28 20 2T AR Gl ik 20 G
FR = F

YT ] L P 28 ZH 2 v b 28 21 R 1) 1 2 B HE D)
SRR AR AR, B TR ) 2 R R S Y
) SCBAAT ISR LA AN ) 22 504, e aT LU
TR A/ R AR AT A e . TRl AR
UL Bl A 2450 0035 S R W g, AMIRPE ES AT DL
it — A e [ R 2 A e AR v ) AR R/ ZH AT
AMITERS . WG . il MREE IR T 53 IR
Bl 2 S AW A5 23 S I o ] PR s 2 A 4 1 PR
ST AT BT T-B o AR SCIE LAY 8 B )
G ——FATHRPN AR, B EIEIRIE SR MSCs
AT RIS . 2, filE I Re Ak En]
WOIARE LT, BARANES, DIt — i [] i
UL 28 235 g T A PR ) £ R LR 28 PR TOA
5, TR HE MSCs [l #2815 R R 5001k

1 #RERE

1.1 SEIHRl
¥-e- NBE (poly- & -caprolactone, PCL)

(Mn=70 000~90 000) ., L-#2 MM . R4l . —
3L I M (dimethylsulfoxide, DMSO) . = &
(1H,1H,2H,2H- 2% %) kb (trichloro (1H,1H,
2H, 2H-perfluorooctyl) silane) W4 H & [# Sigma-
Aldrich; f1 2 (& : 0.5~5 pm; J&J& .

~0.8 nm; HLZHK. ~80%; 4lifE. ~99% (it 4
) FEEEIRIAH: 500~1000 m*g; HEBHA: <0.3 Qcm)
W F RS GK s AR DURb ek A4S R B 57




2026; 53 (9

BEE, %: BRIMKS SRR THRBMES K

2299

. (low glucose Dulbecc’s modified Eagle medium,
L-DMEM) B3R 585K . iR ML (fetal bovine
serum, FBS) W H 2 [E Gibco; MTS (3- (4,5-
dimethylthiazol-2-yl) -5- (3-carboxymethoxyphenyl) -
2- (4-sulfophenyl) -2H-tetrazolium) W H & [
Promega; 7N 9l 5+ M B (hexafluoroisopropanol,
HFIP) 4 H 3 [ DuPont; Sylgard® 184 Silicone
Elastomer Kit Il H 3€ [Fl Dow Corning; %5 #% 2% 2
(Calcein AM) (C3099) . # 4k P9 IE  (propidium
iodide, PI) (P3566) . % J} W] 45 ic R % 3 ik
(R415) . Alexa Fluor 488 47 it Ll 2 4T f — 41
(A-1034) I H 2 [H Invitrogen; 55—%5F cDNA & L
RF A& (K1622) W H 3£ [E Thermo Scientific; it
% 22 % H M (neurofilament M, NF-M) $1 &
(AB1987) . GFAP fi{& (MAB-360) Wy [ 3¢ [
Millipore; Tujl ¥t & (MRB-435P) I [ 3% [
Covance; Alexa Fluor 488 #ric It 2E 4t /MR — P91
(A0428) . &4,6-JKEE-2-FIFEMIL (4',6-diamidino-2-
phenylindole, DAPI) (C1002) M HZH=K; iz
H KK F-B (nerve growth factor-B, NGF-B) [k
B B W Bt 4 At (enzyme-linked immunosorbent
assay, ELISA) i 7] & (bsk00129) . BDNF
ELISA X7 & (bsk00075) . 52 Jot 240 s o 1t 26
7% A ¥ (glial cell line-derived neurotrophic factor,
GDNF) ELISA {7l & (bsk00091) I [ 1575 ;
FLRNA $2HUAR & (DP419) 1 H KA ; SYBR®
Premix Ex TagTM II (Tli RNaseH Plus) (RR820A)
W4 A Takara; 51¥1F500G A Figoedfist; ZRH
WEWA AR R RE s R R . £ e TR
(ethylenediamine tetraacetic acid, EDTA) . - IfL.i4
#H1 (albumin bovine serum, BSA). Triton X-100
W HR3EF; W Ik, wedhiie . Ak, &
P ENARA T HHEER. 55 AR 2y
MR (TAY) | bW, B4k 28 v
(phosphate buffer solution, PBS) I H 4244k
1.2 SRR

R BRE BB TR MSCs HUF 4 J&] i 0 45 5 9 s 1A
(specific pathogen free, SPF) % Sprague-Dawley K
B (RDUERBHEYEARGRA ) 08 Ffig
B, 1z S B DR YR AR BR A
SCU B YRR SR & B 2 it v (HLK-
20260506-001) . 5IFALIERE, 75% PkTHR L 10~
15 min, 7ETCIE 45T 50 85 oK BUS BB iz
B, BREFREALANFHLL, 10 ml 3 5 45 0

L-DMEM+10% FBS 35 #: 1 ) &2 e B i s 2 1%
Fo SREHBRAES R ERITE R B, /8T
2 T25 Y3, Aric oh s ofR A (sid
HPO) o 38 A TR IR S AL A BRI TR A 1 I R A
Ji AT ARG Ry 2l Ak i MSCs. 4l LB T 37°C. 5%
CO, FRLFIE B I 4 MU SR T 3 97 . 48 h e B4
B, 23 d B — KGR . FraniEm G
J& 4 80%~90% I, FH 0.25% iR il 74 Ak v i 1k 41 il
JERAL = 3 TRAREE IR . SEge RS 348 (BRid
P3) A (BRid i P4) 4HAE.

1.3 RUAEERKERNH &

A SRR K SR bRE , BRI TA
TUAIARFE A T R G0 5 S = AR i 175 T
Wil e o LR 49T R R |, BRI T2
e ] A THES A 454 . RS ABIX
WERE A A BRI ST TS, 3% X R
FRATAT R 4FB o4, Hrh@®. QMEOHNESIIX
5, BIRAPEATHES A R, IR TR — 3K
R 3 um, =AY VAR SE A 8 43 5 pm/S um
10 pm/10 pm H120 pm/20 pm; @ AR T A28
XPRADK e, SR T B x 1 2 Ay i R TP
SAHEATIEE , TR IR TSSO HOE S 2 800k A T
FAES M 5
14 HUAEERLPDMSERH &

B, KM= (IH,1H2H2H- 2% EH) fit
ot Vs W 0 BE R E AT B K AL R AL B, B S,
Sylgard® 184 A5 it S A4 0] £ () PDMS i 58
YIS EERIFZ 10 - 1B R MRGHY), &R
WA 30 minJ5, MG TANHUS Rk A e,
FHREZ A, IHT70°C &4 FEML 6 h, #4820
FEIT, PIE LS i PDMS KL A EE - 35,
FERPETE BT EAERGT . Ry R a5 Ay
% . V-S540 PDMS 0, A #5555 um.,
10 pm 120 pm YA K IE 5 PDMS 5. PDMS
10 F1 PDMS 20,

1.5 ZZIMEHIEGCPSs

ABIF 5 2R A 220 5 AR e 1 S A 9 3 o %
GCPSs. H4E, ¥ 400 mg I R jig i 5 400 mg PCL
L[R5 A% T 10 ml HFIP P RS 5340k 8%
(R ARE/PCLIRS AT . BiS, W
R FT AR 25 R Y A i RS PCL R
1.0% A BIEHR, TEBR Rt d, wit
HGE 5], HiliS A 88/ )5/PCL B, LA
AN R Al R Y BT %8 46 PDMS Ef & (PDMS 0,
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PDMS 5. PDMS 10 }2 PDMS 20) m#EE, ¥ ik
BWRGEEH E, 2-200CHE%2h G, HESE
PR M2 h, RIRT A A5 A N 1 B R AR
I PDMS 0. PDMS 5. PDMS 10 1 PDMS 20 J# E[l
2 1 45 1 A0 AR/ J5/PCL B3 5 i 44 i GCPS 0.,
GCPS 5. GCPS 10l GCPS 20, A PDMS 0 NEIEE
il 5 O B JU/PCL B 4% R PS 0,
1.6 PDMSEJERFGCPSsIHHERE

BERESET N 10 mmx10 mm B9 IE T, LAk
FHREE RS G B fES TR T B
(scanning electron microscopy, SEM) (Nova
NanoSEM 400, FEIZAHE], SEE) WEHT, X
F AT A A, A R E S kY, L
FAE PDMS £EJ5E K2 GCPSs IR ITES -

Kb A B (JY-PHa, 4 FUYES,
), DA A K fil /1 PR GCPSs 126 K PE .
5 pUE A KB I TR R T, 7 E 10 s /5t
WO IE AT R A o AR IR 2 D3 B 3 Al
SERERN, REARR T EE A 3 AR R

JPFH GCPSs 1) HLPERE, M T —dl & &
6 =24 (light emitting diode, LED) ) 53 B¢
B, AMINEE R 4.5 Vo il 82 40 3 % B A
GCPS FF ity Wi vy, #2538 H I 5 W% LED 2 15 55 o
[]E, 58 Fh GCPS 7E B AN [ )2 50U $2 A L
A LED A& 18 DL

HL S SRR FH DU AR B v B A7t ol R 5 1
4200-SCS 7 = = K K¢ M 7 1 & 48 (4200-SCS,
Keithley, SE[E), SMA RN B (i
452475), RANVEEELIN R HR, ST
T GCPSs FEM RS 10 mmx10 mm, A5 )5
JEE 38 2 AR R R 22 U] 25 /0 40 J2 B IRE S
JEEE, WO YEVE 2R 7 i Tf 4
AR o BT bR S T S A AT B, R GE
S AHSRIRET R R, A R SR 5 11 8 AN St 45
e (M
1.7 4ApaiESR

TEANMRERNET, 450X PDMS RS TR & 5
FRAEE, DidcEHRMEKYE. BifS, % PDMS
L) & GCPSs BT 75% LR 2 h, FR454h
KT HES 30 min A7 KA AR, ZJ5 H PBS 5% 3
W, )5 LA L-DMEM 5353509 5 30 min.

BE FH P3~P4 [) MSCs, 4 4l ffd fill 55 J3 3% 80%~
90% I, DL 0.25% JEREE I BHA W TiH AL . THAk)S
Az g0 . HE LTS, LL3x10%em® 1%

JERE R 25 LR R T . RS IR SRS T
37°C. 5% CO, K 0 BE 19 20 i 5% 75 46 h 5 5=
B3 d R — SR

1.8 Live/Dead:ftfa

YN MRS 2 7 R RNER 14 K, WERFL N B 3R
FE, FIPBS VRV LA BRANGRE (B F 40M . RS
A 2 umol/L Calcein AM Fil 4 umol/L PI f4 4e & T
Ve, FROEEME FFE 30 min, WELSH)G, L
PBS i VEFE S, R B 9O BB (IXT1,
Olympus, HZA) WEIHHAEA gL k% .

1.9 ZpEEZELE

TS ARG, H PBS BRI LA 25 A Bh 4
ML, BEIS A 4% 22 58 PR 12 it [ 5 40 A9 30 min,
Z PBSHVE3 WK . 5 min/R )5, LA 0.25% Triton
X-100 75 2 IR B 10 min, P2 PBSTHME3 UK.
5 min/iX ; BB 5 F 1% BSA ¥ W T 37° C & 4]
30 min, PBSIHVE3 UG, MIA 200 pl/fL R ZE IR
TAER (FRBEELB 1 - 30), =IEEOLME 1h, W
YW I H PBSTHUE 3 I HeJ5 in A\ DAPI L =
IREEEHFE 10 min, PBSEUE3 WG, THEIE DL
W (IX71, Olympus, HA) T WE IR 4E
FI1&

1.10 MTSSLI§

ZOCHk [25] J5 kAl GCPSs X} MSCs 4
[0 i SO o - O o = e Nl 1 R I L 1 s = )
L-DMEM #5336, F37°C i 5 246 h e &
24 h, WESF KRR . F MSCs DL 1x
104N /FL Y % AT 96 fLAR Y, SR 10% FBS
() L-DMEM 35 52 B 4T85 5% . 24 h 5 W 25 )5 5%
I, PBSIEUEE, alin AKILIRIRIE, dhehy
FE24 h, BHIEW KREEW, PBSIFUE, MA
100 pl/FL MTS SR, [R5 B & MTS SR
(25 IO HRFL o B S SR ARCE T SR A8 Th e 2 h,
I S R FRIY (Model 680, Bio-Rad, £[E) il
FEASFLAE 490 nm P AL AR EE(E

Jy %58 GCPSs Xif MSCs BAFH 0, 545 FE S
BT 24 LA SRR, O DL 3x10% em® 1Y 5 E 4
FiMSCs. 3 i#EREFE6h, 1d, 3d. 5d&7d)5,
W 285 3R 0, PBS YRR LA L BRIEVEAN A, A
320 WALMTS Wi, & T35 E 2 ho ff
Jo BEALEC100 pl 52 W i 56 22 96 fLAR I I T
FRI¥ (Model 680, Bio-Rad, J5[H) il 490 nm i
KT BN
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1.11 {K5MES HOMmAGE . FEM ARG BaiKizZi

RANES 6 RS % AATHEE, H A5
K1 s 2 EE DL 100 mm 53R 38044k, NER
SEAT [ 5 TN AT HE K 20 mm (9 A b, T IE
BKFH Y . BARGIE D BRATE . # e m B R
15 mm F IV 5 AR LA e 7 e /K 3 ERN s T 15 53
MLREHR, PIMCEATHCE, AR R 20.5 mm, [&5E 10
ol SN 5 8 3R LBE RS 4k, e R — A 25 1 .
BiJe, KM A 3161 B FREE 4N (1K 85 mm. &
Smm. JE0.1 mm) 350G T 25 B AT 5 )
Mo, MRS, USSR RIS
BIEFEMAME . FEZ N GEEZ 2 mm JE# PDMS
TR (BTl 10 : 1), T70°C [E4k, LAREH
WOt BB FL 4% 1 . FLRH AWM 2468 24AWG
HeZe i B2k, RIS 1R 22, SR

@ Day 0 Day / Day 3

2h, HEFJE, HLLCCo-y 4Fk (25 kGy) ##HE K
W, .

GCPSs A4 24 h )5, /NOHF 48 JL R 7%
ZRINES T, WARNEE, BT 5E
IR M RARE T 3 T HIRE SN
Wit, AR, 765 S A BG40
FIZAE R, 10~50 mV/em (L3706 B BV AT 380G 1] 78
it R PR AR R [0 B AV S SN R UM E
BT R A A (direct digital synthesis, DDS) {5
SRAEA (TGF6000, Hoeilds, wE) s, =
BOUEE h: ERK, W32 Hz, Baaslho (4
HE) . 10, 2038¢50 mV/em, #I¥ 10 min/d, %3 d
IR ESTREER 3 dl 7 d AT
SRR

Day 7

Culture

Electrical stimulation

Pos-pulse; 2 Hz; 0, 10, 20, 50 mV/cm; 10 min/d

b
®) _I'LI'_  Electrical stimulation

Electrode

Neural differentiation

Fig. 1 Experiment schedule and the ES platform in vitro

(a) The experiment schedule. (b) The ES platform in vitro.

1.12 RT-qPCR

AL RNA $2BCR R & 647 . BRI A
SR T PR ZITE B 10 min, 2. JoK
CBEUTIESG , B LR 2 RNA WAL, Rk
FHE I BOBOREE R M R %, 55 FH RNase-Free 7K
Ve, RT3 RNA, Frfd RNA S it /ot B
it (NanoDrop2000, Thermo Scientific, 3[& ) il
FEWRIE KA S, T R SR El T —-80°CIR T o

K H RevertAid First Strand cDNA Synthesis Kit
& U — %% cDNA, DL 1 pg M RNA MEHR, 5
oligo(dT)  BIMR A J5 F 65°CHEH 5 min, VK L%
s BJSIMAERE SRROV I, T 42°CHEE 60 min,
70°CHIFA S min 2 1- 20, i cDNA 5

S PG E B PCR R H] SYBRE#EAT, 514
B eI s w A (R S1) . ¥ cDNA #42

M. 5140 K SYBR T TR % FC il B 10 pl 2 W iR &R
T PCRAY #4794 . 95°CHIAE 430 s, 40
AMEH (95°C 55, 60°C30s), fefmibfriafiihsk
SHTe R 2T B B AR Rk
113 R HEE

W 5 F2 BT L) PBS BE U LA 2B oA It B 241 i
FH 4% 22 58 H % =5 005 41 5 28 Y 30 min, PBS VU3
. 5 min/ik; FfJE LL0.25% Triton X-100 %K 25
R 10 min, PBSYHPE3 K FEH 1% BSA T 37°C
£} M1 30 min, PBSIHUE3 K. HMHJE, WA
100 WAL —Pifi B, & Ta T 4CE TR,
W H ZE 6 30 min, PBSTHVE3 R BEJG N A
100 Wl AR ZESEPRIE —PT, 37°CHEEMEE 1 h, PBS
PR 3K B A DAPT H B = iR ke b e (4
10 min, PBSIHVE3 K G, T & 9%0 WM
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(IX71, Olympus, HA) TMEIFHM, JFgit
PHPEAN A, SR &t A, Anic PH I =45
JCFHPE AN B2/ DAPL S AN A% £ . AR S derfidt Y —
Pe R RELL ] A . BPT Tujl (1:2000) . AT
NF-M (1 :500), /NRPILGFAP (1:1000); —Pt
Ko B BE ] M . Alexa Fluor 488 bric Ll 3 4t %
(1:1000) . Alexa Fluor 488 #5ic Ll “F 4t /) &l
(1:500),
1.14 ELISAXI

ESTEH3 dJe, WA LA A T IO
L, L3000 r/min .0 20 min, B EW, KA
BCA #& 113 B I 2 38 70) 60 Rl 5 A R B 1 o vk
B K BCAIRGTI A 5 BH#50 « 1 AT L IR 2 B il
WTAEW; B AndEsh 0, 1. 2. 4, 8. 12, 16,
20 pl A 96 FLARFRAE S FL T, I A o ot A A
AR EE 20 pl, XN EEAKR IR 0. 0.025. 0.05.
0.1. 0.2, 0.3, 0.4, 0.5¢/L; FESFLHIMA2 nl/fL
FE & AT 18 pl/fL PBS. 37°CH% & 30 min J5 , T
562 nm AL E WG R, AR AR 2R 2 A AL
THEAE SR R EE

K ELISA 5 751) 65 Kol i 2578 37 F -1~ NGF-B
BDNF #1 GDNF 73 7K, 4% B IE B 2R ELISA ik
G ULEA A o AR BEVR BEARAE T . 25 1 R REI
o3 AN 2 EE AR AR AR D FL A, RS LA S
40 pl B SLFBER, BN 10 pl FRIARE S, TRATE N
A 50 WAL EEARRR (25 (ALBR AN ), EHtE T
37°CHEHE 30 min; 5+ AFLWIA, Ve S RIFH
T BEERTNA B A FIB 450 wl, RA)E
T 37°CHHENG A2 10 min, A 50 pl & R 11
Mo PR (Model 680, Bio-Rad, M) M
WA, LA 450 nm W2 2 630 nm IO B AR
HIZAE, UL . ARIE R SV B X
WOCEELAARE S, BB DA S T B AR Y
W
115 HEBEAE 5SS 5

JTA S B EE 3R, S5 RLSEYE + bR
HEIR 22 HK R . R Origin 8.0 #4748 4047, 4H ]
ZSim i N E I 2200 (one-way ANOVA) 2
4 Tukey St R AT iFAL . DL P<0.05 25 HA
GitE .

2 g B

21 RUAEERMFEERE
PG AL RE Fr B9 JLAT A4 1155 RS 28000 18] 2a~d

Fi, BT RR TR RIRIE R B R e ik 3R
T P SRR AR 0 . R T HL Bl 5 e R 51
X% 25 I Z8 RO ZE A A ORI, X6 DG RT
AT T ] SR BEAILBE I 8 AN 1 AT
SEILRW], R R S8R S S HE (5.
10, 20 um) FEARYE, Mg RoFEIR R E
e 3f W = T UEE (A 3 um,  HLFE VAR 58 R R, IR
JE R ZE RO (BEg i, AN 8RR
R TR R B (R D W 3 2

DL £ O R T e A ik B oM ASEA, FE IS
#| PDMS LK, K ] SEM WL £2 4% L i 26 i JE 5
(K12e). PDMS 0 % 1l 52 30 i B 1 25 O IOm 2544
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Fig.2 Geometry of micro—grooved patterns and SEM images of PDMS substrates
(a) Image of a patterned 4-inch silicon wafer. (b) Microscope images of micro-grooved patterns on the silicon wafer. (¢) Widths of micro-grooves on
the silicon wafer. (d) Depths of micro-grooves on the silicon wafer. Take two points on each side of the each pattern for measurement, a total of

8 points. (e) SEM images of micro-grooved PDMS substrates (the insert is the cross section SEM of each PDMS substrate).
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Fig.3 Characterization of GCPSs
(a) SEM images of GCPSs. (b) Water contact angles of GCPSs. L indicated a water drop perpendicular to the microgroove orientation and //

indicated a water drop parallel to the microgroove orientation. **P<0.01 indicated significant difference compared with the L group from the same

substrate, ##P<0.01 indicated significant difference compared with the GCPS 0 group in the same direction. (c¢) Turn-on LED through different
substrates. (d) Turn-on LED through GCPS 20 with different layers. (¢) The conductivity of each substrate. **P<0.01 indicated significant difference

compared with the GCPS 0.
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Fig.4 Cytocompatibility of GCPSs
(a) Cytotoxicity of GCPSs on MSCs. (b) Proliferation of MSCs
cultured on GCPSs. *P<0.05, **P<0.01 indicated significant
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difference compared with the GCPS 0 group at the same time point.
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Fig. 5 Gene expression levels of neural markers Nestin, Tujl, NF-M and GFAP in MSCs on GCPSs after ES for 3 d
(a) Nestin mRNA expression level in MSCs on GCPSs after ES for 3 d. (b) 7uj/ mRNA expression level in MSCs on GCPSs after ES for 3 d. (c) NF-
M mRNA expression level in MSCs on GCPSs after ES for 3 d. (d) GFAP mRNA expression level in MSCs on GCPSs after ES for 3 d. *P<0.05

indicated significant difference compared with the 0 mV/cm group on the same substrate. #P<0.05 indicated significant difference compared with the

PS 0 group under the same ES intensity. @P<0.05 indicated significant difference compared with the GCPS 0 group under the same ES intensity. $P<

0.05 indicated significant difference compared with the GCPS 5 group under the same ES intensity.
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Fig. 6 Neural differentiation of MSCs cultured on GCPSs after 3 d of ES
(a) Tujl (green). (b) GFAP (green). Cell nuclei were stained with DAPI (blue).
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Fig. 7 Gene expression levels of neural markers Nestin, Tujl, NF-M and GFAP in MSCs on GCPSs after ES for 7 d
(a) Nestin mRNA expression level in MSCs on GCPSs after ES for 7 d. (b) 7uj/ mRNA expression level in MSCs on GCPSs after ES for 7 d. (c) NF-
M mRNA expression level in MSCs on GCPSs after ES for 7 d. (d) GFAP mRNA expression level in MSCs on GCPSs after ES for 7 d. *P<0.05

indicated significant difference compared with the 0 mV/cm group on the same substrate. §P<0.05 indicated significant difference compared with the

10 mV/cm group on the same substrate. AP<0.05 indicated significant difference compared with the 20 mV/cm group on the same substrate. #P<0.05

indicated significant difference compared with the GCPS 0 group under the same ES intensity. T P<0.05 indicated significant difference compared

with the GCPS 5 group under the same ES intensity. §P<0.05 indicated significant difference compared with the GCPS 10 group under the same ES

intensity.
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Fig. 8 The neural differentiation of MSCs on GCPSs after ES for 7 d
(a) NF-M (green). (b) GFAP (green). Cell nuclei were stained with DAPI (blue).
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Fig. 9 Effects of ES on secretion of neurotrophic factors by MSCs on GCPSs
(a) NGF-f secretion level by MSCs on GCPSs after ES for 3 d. (b) BDNF secretion level by MSCs on GCPSs after ES for 3 d. (¢) GDNF secretion
level by MSCs on GCPSs after ES for 3 d. *P<0.05, **P<0.01 indicated significant difference compared with the 0 mV/cm group on the same

substrate, #P<0.05, ##P<0.01 indicated significant difference compared with the GCPS 0 group under the same ES intensity.
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Electrical Stimulation Combined With Conductive Microgrooves Promotes
Neural Differentiation of Stem Cells’
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Abstract Objective Peripheral nerve injury is a common clinical condition that can impair the regulatory
function of target organs, leading to functional disability; severe injuries may even result in lifelong disability.
Therefore, how to effectively promote the morphological and functional reconstruction of injured peripheral
nerves has become a critical scientific issue that urgently needs to be addressed. This study biomimicked the
highly oriented structure and electrophysiological properties of peripheral nerves and investigated the feasibility
and effectiveness of combining electrical stimulation (ES) with oriented conductive substrates for the repair of
injured peripheral nerves at the cellular level. Methods Polydimethylsiloxane (PDMS) substrates with oriented

microgroove structures of varying widths (0, 5, 10, and 20 pm) were fabricated using silicon wafers with
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micropatterned grooves as templates. Graphene-based conductive patterned substrates (GCPSs) with oriented
microgrooves were then constructed via soft lithography and designated as GCPS 0, GCPS 5, GCPS 10, and
GCPS 20 according to the groove width. The GCPSs were prepared from collagen/polycaprolactone (PCL)
matrices containing 1.0 wt% graphene, and their morphology, wettability, and conductivity were characterized.
Mesenchymal stem cells (MSCs) viability, proliferation, adhesion, and orientation on the substrates were
evaluated before ES treatment. Then, ES at a frequency of 2 Hz and field strengths of 10, 20, or 50 mV/cm were
applied to the cells for 10 min daily, over 3 or 7 consecutive days. Neural differentiation was assessed by
morphological observation, immunofluorescence staining, and analysis of neural lineage-related markers.
Results The oriented microgroove PDMS substrates supported long-term MSCs growth, guided cells to align
along the groove direction, and promoted a morphological transition toward neural-like cells, exhibiting the
capacity to induce MSCs differentiation toward the neural lineage. Microgroove structures effectively guided the
alignment of MSCs and promoted the development of a more elongated, neural-like morphology, with the most
pronounced morphological changes observed on grooves of 10 and 20 um in width. Meanwhile, the incorporation
of graphene endowed the GCPSs with favorable electrical conductivity, though the groove width did not
significantly affect the conductive performance. The GCPSs showed good cytocompatibility with MSCs, and cell
proliferation on these substrates exhibited a time-dependent pattern, with no significant effect observed from
groove width. The inductive effect of ES combined with GCPSs on MSCs differentiation toward specific neural
lineages was co-regulated by ES intensity (0, 10, 20, and 50 mV/cm) and microgroove width. ES at 10 mV/cm
and 20 mV/cm promotes MSCs differentiation toward neurons on microgrooved substrates of various widths (5,
10, and 20 pm); under the same ES intensities, microgrooves with widths of 5 pm and 10 pm are more favorable
for MSCs differentiation toward glial cells/SCs. Notably, low-intensity ES (10 or 20 mV/cm) combined with
GCPS 10 significantly enhanced the neural differentiation of MSCs. Neurotrophic factor secretion levels by
MSCs cultured on various GCPS substrates after 3 d of ES application was further detected. There were no
significant differences in nerve growth factor-f (NGF-B) and brain-derived neurotrophic factor (BDNF)
concentrations among the GCPS 5, GCPS 10, and GCPS 20 substrates, and these levels were not affected by
variations in ES intensity. Under ES at 10 mV/cm, the glial cell line-derived neurotrophic factor (GDNF)
concentration in each GCPS substrate was higher than that in the corresponding non-ES group on the same
substrate. However, as ES intensity increased, the GDNF concentration decreased to varying degrees.
Conclusion This study demonstrates that the combined strategy of “oriented topographical structure+ES” can
effectively promote the neural differentiation of MSCs and holds promise for accelerating the repair process of

peripheral nerve injuries.

Key words electrical stimulation, oriented structure, graphene, conductive matrices, neuronal differentiation
DOI: 10.3724/j.pibb.2026.0372 CSTR: 32369.14.pibb.20260372



