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K& WM [ %] (carbon nanotube array, CNTA)#
WY BEFEBFEEER. A, BT CNTA 1E
PDMS HHEEHEY, FBET1E CNTA & it
TEAE AR, T FFES R TEPTROR, 2 H
G5 RS AL, SR RLIE R N R vT B
B, A5 5 RETEFIE M IR F AR H 5
AR
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1.1 EIEF#

Fwe, PRGBS R
(LiBr), Fifgmidp4staGIRA; RG,4-40
TR MEWY)- TR COR O TR £R) (PEDOT:PSS), B
FIR(FENAR AR TE/K LEE(EOH) To/K Bk

PREEN. CZBE. B, HER. S, &
B SAREN. BRIREN, BRI E R TR A
Al EER, M EEERIE; RE LM PVO).
Ca¥ # A1, Na*#4& X, DYSEWLIR(THF), 3
Sigma-Aldrich A 7] PU(3,5- (=50 25) A3 ) il
FR44(NaTFPB), Jbmim REFHE AR AR %%
TR R EBRDOS), LR T A AR
HIRAT: HEER(VAN), i somkE LRl
A RAR, SHEME, RIS iERELmR
HAMRAR: BRI MR (PBS), J%E Hyclone
A JRFME. FER-HHERIESHK. DMEM
BigekE, EKHEGibco AF]; FEgtR. MULEE,
B YR R A7 Cell counting kit-8
A Assay Buffer 2, 35E MCE AF].
1.2 SFKBARRH &

B 7T HE BB 1 0.5 Wi KB IR E ANV T b
FEIE 2 V%, ARV 30 min, AERB A 255
TRIEVE, A4 LBk 22 ik a2 g it i A
L24F 60 °CHIMAE HHCE 24 h, g 4K . Bl
Ja, BRI 2R E N 9.3 mol/L #RJER
40 °CH LiBr ¥ W M 2 h, 2 Ja 0 W W4T
2 YRAHE . X IE 1 SF AT 10 IR LA _E 1 IE
M, BEERE—RIENT RS TR B S RET
2 mS/em. ¢ JG, ¥ SF/KVEWAE 4 °C Fik4s &
17 wt%, T4 °C TR .

1.3 SFERBEES FERUHEBRNE&
1.3.1  SF3& S HFEF i1l 2%

KHAAEE TN S EE AR E
MR, DT-ON)TRALFERE A 3 min, THFE A 500 W.
K 9N KA R} T fie 3 BT AR 2 45 (3% B Microfab
], Jetlab 4)%% #iE 1 PEDOT:PSS T HLF4: 51 4T
ENEAE R, FTEDHIE N 60~70 V, FTE1E AN
30~40 ps. H A BT B 4R A 2 s s AR
FTENAL £ 56 i — IR 5 B B A2 S e £ FE B
T RIS R] . 5 PR I T TR A AL R KA T mm,
TR AT SR SRR TN 0.33 mm, F4R
KER I RN30 mm. 2 J5, #EERE T 150 °CHY
M B Ak 30 min. SR I LE V0K i R 2> £
17% (1) SF 7KV M5 S a3 T-4T BN T FEL 21 () ik
Js FHAE60 °CH G #4330 min, Af SF W 5E
2=k g SF . 4 17480 SF B T N B
7c /K & B (anhydrous ethanol, EtOH) A1 H Jii
(glycerol, Gly) (m(EtOH):m(Gly) = 1: 4L H J5
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Fig. 1 Preparation process of SF-based single channel ion selective electrode.
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3 o 32 3 A B I T A Y VR T
LR Bk,

K146 9 P 0% S T O AR v R ) T o - g
BE LI PVC, 81.75 mg). 2 W — ks
(DOS, 177 L)~ VU (3,5- (=4 FF 35) 42 32k il 5
H(NaTFPB, 1.25 mg). #i% % &K (VAN, 5 mg)
R 2.5 mg USRI (THF)H, LA 100 r/min [
A RE 1 h.

Ca?* e 3 11 503K I T SR AR T R I T ok = 0
PVC (66 mg). DOS (143.2 uL). NaTFPB (1 mg).
Ca> #H (2 mg)¥ T 2 mL THF 1, L 100 r/min
(R AR 1 h

Na* 1% 5 M R B A IR AR VA VR e ol =
PVC (66 mg). DOS (145 pL). NaTFPB (1.1 mg).
Na #44(2 mg)i#f# T 2 mL THF 1, LA 100 r/min
(A 1 h

W bR A1) L P B e R PR R R T I A I
W T 1.3.1 75 PEDOT S HFESI A5G (1) “ 1E
TiTE” AL AL, TEIRIRE N 1 pl/mm?. 3B S
W2k, BEXIEIRE 10 min, fR9F F— 084 T
ORI TR S A B, SR S 2 P 120 55 s e
FLpi. AP E 24 h

1.4 SFHEEMA-MEHAREERE

W3R, R EHl&EA
HL B PR S R 40 SF e, DASRAEAS [ 5 A B 2% A
T SF {1 -7 S b R A . SF I 16 i T
Ja s, NI EE R B . H A Original 4 /2
KRG LA AL BRI . EtOH/Gly 47 [l 4k J5
TN B TG 7K AN H I 2 R P I A BV T R
5h; EtOH/Gly-water 17Ei2 5, 23T /KiE
Ve AR B 1 767K CBEFNH . {8 H Nicolet 6700
T Ay L i AR 48 21 405 3% 43 B4 (Fourier transform
infrared spectroscopy, FTIR)ZAE 3 41 SF {8 & 1]
ZLAN 6, FEE N 1800~1000 em!. Sy it —
A3 M e K AN H TR A VA T SF R B- 9t
SRS EIIFN, FIH Peakfit J {45t 204
T 1600~1700 em™ FYIR IS IS AT H0L 5 40 06, B-
B R EERIET 1616~1637 e 5 Fl N [ 0&
AR5 1600~1700 cm! 35 [l P 1) 4 A4 e T A2 1) EL
EIHERAT .
1.5 SFERM N F R

¥ SFIEEINFE TR, 1E60 °CH#& Fm
4 30~40 min, T84 B . ORI AE B H
T i AR (12 SF AR 1R R Y K S A B4
PF5 1319 —80, BHMAEFRILBE T, &
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RIEHL(DETRE B (L) IR B R A G ERA A, H LR 5y ) B KCl. CaCly. NaCl B 1 i i

Instron 5565)l i SF 8 5 (1) Fiz (14 i . FH {38 AL
[ & B [E 5 SF e, Je H 2 ] 41 46 15 25 R
1 em, JEEFIWIGERN SRR A N0, B E
B9 1 mm/min. 3 — 5 AR 35 1 v e 1 (X 1) RO
SRLHERRAT 0.5% F AR Y Rl Y )47 RS 6
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A, EPa)y PR E, o(Pa)y SF E 1) B
71, &N SFHRRIINAR .
1.6 SHEEMBAZEIIR

A2 TARS G L@ EA R A A,
PGSTAT201) (1] i 44 %% BH $1 1 (electrochemical
impedance spectroscopy, EIS)F2/F iR fr il % SF
R FHZHMETL, Hrh Ag/AgCLHERAZ
FLHLER, B RO HUAR . ARV 0.01 mol/L )
PBS V& o0 AR rE BRI 0.01 V FISZ It Fe, U
WA ARAL SR SE N T mm x 1 mm A AR AE 0.1~
1000 Hz 415 T R BE T .
1.7 REEMK

FH H3 Ak 52 A 3 (1) JF 2% R 7% (open circuit
potential, OCP)JMK 1.3 75 71 it il %% 2 11 £k
FL A 1) R BEORE . SR FH T AR AR R K, K S 1k
PR F AR (AR HAR) A R Ag/AgCl HLAR (2 L
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FH HA 2 A 3 1R OCP v It B 1k ¢ 1k
FLRR P B . 1 S AR FE AR X H bR 57 1 R
B, PRI ARG T ) R U (B o kT
Na“ i #EVEmM, HTHE A Ca? . K fHH
CaClys KCIUEN HLARR). BLAh, I HE SOk 3R
W T T B T S I B HARAE AR A A
FIAEE R PLE AR TR . 4 K. Ca?
FNNat B 7k B AR TR &2 9 1 mg/mL 1)
A= 13 E B EH (BSA)ER IR 2 h, AR LH]
J& Ky Ca? Fl Nat B T 18 £ M s IR I R B R
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1.9 SFEZEEERAEFEREHEBIRE
il &
1.9.1 SFHE:ZliE T RS ] %
SF 5 2 il 18 5 H BEZ1 R ) 45 i 0, 1.3.1 749
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Fig. 2 Preparation process of SF-based multichannel ion selective electrode.
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1.9.2  SF 4 £ i 1 4 i X 5 3% 8 1% i AR 1
il %%

W 2 Tt AN [ 110 128 3 A5 P A B i R A VT
o AN 1.8.1 75 H il £ 1 XUl 1 PEDOT &
FEL B 1) oK g 1) 7 T B A S (L P 2), TR T2
MZHAI1.3.2715.
1.10  EEAK BB AR A Ml Bz 1 K

IR H Ak 2 AR sl DK 1.8 71 A i k) A
3 ol 9 3 R LR R IS B 2 R H A S T
TE A NP RE L R A N A AR S
A T @B HIEE S Ag/AgCl S Y,
RIBLE R —A i fgih e, gt A AR A RRUK
500 mL. M50 s FFURTC 5% 2 BB IE 7F 2 58 1K
(PRI, 2 J5, BEIERE 50 s MUK n) HL AR
BN 0.05 mmol ] A*. 0.05 mmol ff] B*. 0.45
mmol ] A*. 0.45 mmol [] B* (A*Fl B* 43 A3
X AR RFEAR I 2 B B AR E ), A FLER R 2 B
H 5 B I BEAK IR A B3k 31 107" mmol/L AT 1
mmol/L, 1C3% 2 /N8 IdIE 1) HL A e B VAL
1.11 SFEBRAMESERIE
L1114y IR 54648

W 25 VR AT A0 i (25 HE 4 D) 1Y R AR N
-80 °CUKAH R, 7E 37 °CKI 4 . 4%
BTG, FBHERETISEFRMY, AR
FEMH N 10 mL 41 B 5% 77 7 (I 5 DMEM £ 37
EpF MG EER-HER, Vr=100:10:1),
b S TBUE AR 37 °C PRAR 734 5% CO, 4k 77
FENEE R . AR 5 5 SR 1 R B4 1 FT ) B
TR, JE AT 2 R SR 4R M B R, 44
PRI 21 80% V& B Ja HEAT 4H A AR 1
1112 4Hfufd

¥ SF # i, SF-PEDOT £l SF-PEDOT-PVC
I ARE S V) B EL AR 9 9 mm (B . B S R
B AE 48 FLAR R, AN AN A [ R AL
BRIECHR . FH 75 wit%o B R i AN 3R 2 h 3E4T
KEEAEE, [ 5 F PBS ¥ SE 2 Wk . RN FE
fh B R 29 3% 104 AN T HE A ML, I FL AU
AN 37 °C. &R 5 # 5% I CO, 1 1% 7 46 (1 =
Heraeus A #, BB15)H355%, [AIRE2 REH 1K
TR
1113 403G 5 1% B VP

8 FH 48 i 3% 770 & 7 (cell counting kit-8,
CCK-8) 1T A7 48 FLAR 25 i il 2 11 =5 FHE 200 L (1)

TR AR S B CCR-8 7R Z0 i % 7% LA
AL 1:9 R A, o]l CCK-8 TAEM, Bes
F .25 S I B B% SR I TR A (L 4. TR
48 FLAR H B 4B B G TR VR, B4 CCK-8 T
YEW(300 pL/AL), FFAERE TR LT E 2 h. 17
B, B CCK-8 TAE M % 96 fLAR
FH B b5 AX (35 1= Tecan 2~ 7], Infinite 200) P 1
450 nm P K AL (optical density, OD){H.
L.11.4 4 H3E/FE Gy s I

HUiE & 10x Assay Buffer iSRG, LB T
IKFGFE 10 {5575 1 xAssay Buffer i57 . 7E55 1. 7K
W 48 FLAR ) 48 M 35 IR W . A 1xAssay
Buffer {5 E YEAE il 2 (300 pL/4L). 129 15 min
Joi s FEHRFLAR YRR 9 40 PRVESE G . e
VOES 35 4% 2 7 (2 mmol/L)): V(B Ak 77 I 75 W
(1.5 mmol/L)): ¥(1xAssay Buffer i %) = 1:3:1000.
FEFLIN NG 300 uL, (EEFFRFE R BEEHE A 1 h
&, H 1xAssay Buffer (300 uL/AL)iEBER: i,
E O R TR, B B O B B (1 [ Leica
], DMIi8)MEEFIHHE I LI .

2 ZR5itE

2.1 HBESTFEFREBRNSEEEEE

DR A T B R A I P AR SF AN TR
K CBEH AR R A AT IS AL B . R
H v AL B ) SF I FE i (original). &0 2/ H
T A () S IERE 5 (EtOH/Gly) PL K 20 %/ H il
Ab BRI FH 25 B8 1K e i 1Y) SF {IERE i (EtOH/
Gly-water) H1 (1) B-4/7 B 14 5 5 S Wi B 1A P ASE
2 41 & 3(a) A1 3(b) fT 7~ . Original. EtOH/Gly.
EtOH/Gly-water 3 Fft SF i o ] B-47 44 G5 4K
YN 16 mol% - 23 mol%A1 24 mol%, X ifiHH 2
R/ JE AL B R A2 T T SF R g A, L
K] 3(a). FH OB K 45 3R B, Original 21
(1) SF A # m K, S 7EI87K )5 1 min 4
Y, T EtOH/Gly. EtOH/Gly-water # /) SF j#
JE AT ZE K K HAAELE . Original. EtOH/Gly. EtOH/
Gly-water 3 ' SF {5 & 1147 [CHL & 7351 4 26 50+
42 MPa (] 3(b)), FWJ5aE S FEBHE S T SF
VL) ) PERE L X AT B2 BT S S b B
RS R SF o THEIE L 7 B 2 (1 p-Tr S 451,
BT HOKANEMERS, B KRR Y
SF IR 1) LB AN H g e &, BRIk gk
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Fig. 3 (a) The f-sheet content (mole fraction) and (b) the
Young’s modulus of untreated SF film, EtOH/Gly post-
treated SF film and EtOH/Gly-water post-treated SF film;
(c) Impedance of the SF-based electrode without ion
sensitive film in the frequency range of 0.1~1000 Hz.

gulid K RE SR FREREG TR, [H
I, IR E NI A, kD T R B AE ELAE
F, @EEEEIER, B2 8 7K b a R
7 IR A — s R R ) R B, SR,
P A AR R BN, - A EtOH/Gly-water 2H
SF /155 1) 7 5 P e e et S 55t v SF B MRl 1) )
FVERe, HREERIC, AEMEAMTME R
R ) o T IR i

ATt 52l £ 1) SF 2% K2 [ PEDOT:PSS 3 2
JERIBRBTANE 3(c)Fr . £ 9K, 1£0.1~1000 Hz
PSRRI N, T H 2RISR T 600~680 Q2
i, MTRAMRZEEYEREENR, BAR
U 5 HE 032,

RIS RS T i ot B AR &8 s
(R BLRE I R 28 . B Tk £tk
R AR Ji R T H A 1 B T I B 5 2 1)
FE A % T LA 2200 i r A S AR R B
WHEAAE—ENEERR, B ER
%(ﬁ 2)[33]:

RT
»=po+ ﬁlnal )

X o VYN TAEEMI S, oo V)N a=11f
(P E AR LA, BRI RAR IR AE AL, @) R RFIIES
FIE FEPL RN AR B, T(K) 9 48 60 36
F(Clmol) ik 5B w50z A I ES 1 B ats 11
fr 4.

RT

217 =59.18 mV/dec (3)
I B 5 Py F A A 2 I (2 4) 133,

RT

217 =29.59 mV/dec 4)

Bl 4y 3 P s -3 B H R 1) R R R
B, HAdE 48 40). K 4c)F14d). B 4(e)
A5 BB T PR r A . 5 B IR
PR S B B 1 NG P Y s e 2 R A oA it
4. fEE 4(a)s 4(c)s A, BEABIER IR R
H bR B 1 W BE38 4 i 9 1020 1071, 1. 10,
102 mmol/L. AR 45 L 4 B B 18] g 57 ) il 2k, 1H 5
HH A BEAH R B2 P R He A iyt 2, R ith
KN NE 40b). 4(d). 4(). HE— BRI L
R, KIESE il ) R % N 43.6 mV/dec,
Ca? i BV HL A I R B9 27.9 mV/dec, Na'ik
PeE AR ) RS N 52.1 mV/dec. 3 Fl B E
W PG 00 X 35k 451 A 1072~102 mmol/L, & A7 5
T RER R R BRI TR T R P,

Bk 2 T B A AT LR I ) B AR A
FEA R HA B T IO AF AR T R S 8 B i Rt e
WP A = A — e R FE I 2 . AT H Al )ik
P, BINTEBEERE EHEMERET E X
e FHES T B H A 2 ol I 2 A el 2 - A
THE TR, RN o T B Tk
FEE 2R o, B AR DN 5 A ) — A B8 e 3k A ™ A
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Fig. 4 (a, b) The open-circuit potential responses of the SF-based K* selective electrode to the indicated K* solutions and the

corresponding voltage fitting curve; (c, d) The open-circuit potential responses of the SF-based Ca?* selective electrode to the

indicated Ca?* solutions and the corresponding voltage fitting curve; (e, f) The open-circuit potential responses of the SF-

based Na" selective electrode to the indicated Na* solutions and the corresponding voltage fitting curve.

R ) ey EL AN e SRR, AR5 I 8 1 D FEE 0 A3
BT (R JEE oy 1 OB R D912 88 1 e Pk rE AR ) o
P RBUK,) GR(5))P:

G

Kij = oTj (5)

500 3PS 1 e R M H R 11 3 3 e R
F, HAE 5@ 50b). K Se)f5(d). 5!
S BN B ik B Al . A5 5 T
BB 2 A A R R e RS [ B %) A A
LRI UERN 2R . B 5(a). 5(c). S(e)iki N Kk

PEHAG . Ca? e bk A . Na Uk £ 1% A bl H

X N H A B RS T R B R e 1 g 2
gh B 6 N[ E A A U il 2R (B S(b)s 5(d)-
5(f)), VL H KR AR Nat i 2 1 R 4L
910715, X Ca? IR FEME R AN 1072 Ca? ik #%
PR K B RN 10728, %) Na* 1k
PEPE R AN 1073 Nat i B4 AR K FD Ca2 (1)
e B R A O 10735, % 3% £ M AR U L
Ig Ko o=—1.5, lg Ky (o2, 1gK -2.8,
Ig K ng="35 18 Ko =35, 18 K, (p="3.5.
TESEBRAEDIRE A, BT Bk AR i 4%
PERHAE-2.0 LT Ry i R kU, 45 513k

Caz+’ K*Z
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Fig. 5 (a, b) The open-circuit potential responses of the SF-based K* selective electrode to the indicated K*, Ca’" and Na*
solutions respectively and the corresponding voltage fitting curves; (c, d) The open-circuit potential responses of the SF-based
Ca?* selective electrode to the indicated K*, Ca?* and Na* solutions respectively and the corresponding voltage fitting curves;
(e, T) The open-circuit potential responses of the SF-based Na* selective electrode to the indicated K*, Ca** and Na* solutions

respectively and the corresponding voltage fitting curves.
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Fig. 6 (a, b) The open-circuit potential responses of the SF-based K* selective electrode to the indicated K* solutions and the
corresponding voltage fitting curves before and after been immersed in BSA solution; (c, d) The open-circuit potential
responses of the SF-based Ca?' selective electrode to the indicated Ca®" solutions and the corresponding voltage fitting curves
before and after been immersed in BSA solution; (e, f) The open-circuit potential responses of the SF-based Na* selective

electrode to the indicated Na* solutions and the corresponding voltage fitting curves before and after been immersed in BSA

solution.
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Fig. 7 (a) The open-circuit potential responses of the
multichannel ion selective electrodes (K™ and Ca®") to the
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Study on Silk Fibroin-based Flexible Ion-selective Neural Electrodes

Qi-mei Huang, Zhan-ao Hu, Jing-jing Geng, Xiang Yao", Yao-peng Zhang"
(College of Materials Science and Engineering, State Key Laboratory for Advanced Fiber Materials,
Donghua University, Shanghai 201620)

Abstract Studies indicate that abnormal electrical/chemical signals transmitted between the brain and the
peripheral nervous system is the direct cause of degenerative neurological diseases. Consequently, real-time and
accurate detection of interstitial ion concentration changes during their neurological disease onset is crucial for
understanding pathogenesis and developing treatment strategies. Solid-contact ion-selective electrodes (SC-ISEs),
with their advantages such as simple structure, low cost, and high sensitivity, have shown promise as effective
tools for in vivo detection. However, conventional metal-based SC-ISEs possess a higher elastic modulus
compared with flexible alternatives, posing a risk of tissue damage during in vivo use. Moreover, they have
drawbacks such as the need for secondary surgery to remove the device after signal acquisition. Therefore,
developing low-modulus, degradable, miniaturized, flexible ion-selective neural electrodes holds significant value
for the real-time and accurate detection of neural ion signals. This study utilizes silk fibroin (SF), which is chosen
for its excellent biocompatibility and low elastic modulus, as the substrate layer. Conductive polymer poly(3,4-
ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT:PSS) serves as the flexible electrode layer. Combining
ink-jet printing and the thermo-assisted pattern transfer technology, we fabricated a flexible SF-based electrode
integrating both good flexibility and conductivity. By incorporating K*, Ca?*, or Na* selective electrode functional
layers at the electrode tip contact sites, single-channel SF-based ion-selective flexible neural electrodes were
prepared. To achieve simultaneous monitoring of multiple ions, a multi-channel integrated SF-based ion-selective
electrodes capable of detecting dual-ion signals were further developed. The electrodes exhibit excellent multi-ion
response capabilities and good cell compatibility. This study provides significant references for developing
practical degradable and miniaturized multi-ion selective flexible neural electrodes, offering new strategies for
monitoring trace ion signals in vivo.
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