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Abstract  Enzymatic biofuel cells (EBFCs)-based self-powered sensing device has the advantages of simple

structure, easy miniaturization, and no need for external power supply. It exhibits potential application prospects in
clinical diagnosis, environmental monitoring, biosensing, and other fields. Graphene/gold nanoparticles/titanium
carbide (rGO/AuNPs/Ti,C,) nanocomposite modified glassy carbon electrode (GCE) was used as cathode of EBFCs
(rGO/AuNPs/Ti,C,/GCE). The bioanode of EBFCs was prepared via immobilization of glucose oxidase (GOx) on the
surface of rGO/AuNPs/Ti,C,/GCE. A double-chamber enzymatic biofuel cells-based self-powered glucose biosensor
(EBFCs-SPGB) was constructed by combining as-prepared bioanode and cathode in supporting electrolyte separated
with a Nafion membrane. In the presence of target glucose, the GOx fixed on the surface of the bioanode promotes an
enzymatic reaction. The electrons generated by catalyzing glucose transferred to the cathode through an external
circuit, resulting in a reduction reaction on the cathode surface and generating an electrochemical response
signal. Due to the excellent conductivity, biocompatibility, and large specific surface area of rGO/AuNPs/Ti,C,
nanocomposite, the synergistic effect of nanocomposite can significantly increase loading amount of GOx and
effectively promote electron transfer on the electrode surface. The maximum power output signal of the constructed
EBFCs-SPGB shows a good linear relationship with glucose concentration in the range of 0.3—10 mmol/L, with a
detection limit of 0.1 mmol/L (S/N=3) , which can be applied to analysis of glucose concentration in human serum
samples.

Keywords Glucose; Nanocomposite; Enzymatic biofuel cell; Self-powered electrochemical sensor
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11 KFENEE

i BEE AL (GOx, =10° units/g) , b ¥ Sigma-Aldrich 23 7 5 8kBR1L4E (Ti,AIC,, 4% 80%, 400
H), TR FEGRARRHE A TRA F] Ak 3805 (GO) , Ji N EEREHE A BRA Al 5 R 0 — LA
B (PDDA, M,=2x10%) , —H WA (DMSO) | Nafion 4= 5 fL W i (Nafion, 46J¥ 5%) . JRER (UA) . ZE )ik
(DA) FIHLIR MR (AA) , BT hr T A AL B B A B Al 5 404 R (HAuCL, - 4H,0) | B &1k 4
(NaBH,) FI Z 8 (glucose ) , i FEI 25 4R AL 220G BRA H] 5 EU0RIR (HF , (AT 5050% ), iRk
HHAFIA R 7] 5 Nafion N117 JiFACHE (EAR 3 em) , & FEAILA R H B R R 40 b i,
i TR — 2 alifl, R A BT OKECH] . A BA W T T 4 COKAR ORAE R, (3 A b
Gy TSR T3 AR R DA

Autolab PGSTAT302N %Y Hi Ak 2% T AF 3wk, Hi 77 38 v A7 BR 2 /] 5 UV-2600i 48 Sh- 1] UL 36 5 B
TH(UV-Vis), HARRHA ] Sigma 300 B3 & oL 7~ A0S (SEM) , F8[H] Zeiss 2] 5 JEM-2100 2
5T T A (TEM) , H A Tkt 454t 5 Thermo Scientific RIS GH THERG I (XPS) , 25 [F 2R 3E
KRB A F] 5 Bruker D8 ADVANCE A25 7 X AT 1Y (XRD) , #2[E Bruker A H] ; TGL-16G %5
HELDHL, FIEERREEER) T Xinyi-10 BUEAS TR TIRIL, T S & A RAH .

1.2 X

1.2.1  rGO/AuNPs/Ti,C, B & M R0 & SR 850 2R 18 A6 AE K32 5 rGO/AuNPs &2 A4, BRI
30 mg GO & T 60 mL /K, B /M2 h, FHIIA 400 L 20% (JF 2350 PDDA , JE M4 A5 B i i ;
A 1.5 mL HAuCL W (1 mg/mL) F-45FE 20 min; 285, FIIA 600 mg NaBH,, #EFHIR AWK 48 h, 15218
BUIYE . VIRELTIE . Vi, T 65 CHZ T 12 h, 13 25EK M rGO/AuNPs E A1) .

FI I HF Z b 2k 61 45 B2 Ti,CL 40K /3, FREL2 ¢ TLAIC, B3R & T HF %W, T 60 CHEdE
48 h, B FKMOBEZ RPN, B0 8, TPPI7E60 CF A T 12 h, BRIZ)ETIC,. 25, dF
T2 . 2 AR, FREL0.25 ¢ Z 2 Ti,C, il A 10 mL DMSO % ¥, i FHEFE 18 hy P24
8000 r/min %3 250> 10 min, 28 F7KYER; FRIEDIEE T 70 mL A&7k, eI A A B
FALFE6 h, L3500 v/min S5 EE B0 1 h, MR EIRE FEIEWR, %G, 5352802 TiC, 90
KA.

PRI 7€ 0 5t 1 rGO/AuNPs Fl Ti,C, 900K i B T 25 B 1K, R sh A A 0.5 h, 153708
BI510 rGO/AuNPs/Ti,C 20K E G A EL, T4 ‘CREEAE(E, 251
122 4K AR H & (RSB AR (GCE, EAA R 3 mm) KK AR 4 0. 3F10. 05 wm
) ALO, By ZESI AT FATIEMLE , FHRUFK . LB KR, AT, &H.

FHL10 pL 1 mg/mL rGO/AuNPs/Ti,C, B IF W VR T GCE i, il F T, #53] rGO/AuNPs/Ti,C,/
GCE &Mt . FFA2H 10 wL 10 mg/mL GOx ¥ (0. 01 mol/L PBS 2% ik , pH=7. 4) i1k T &M i %
i, T4 CHE 12 h, 153 GOx/rGO/AuNPs/Ti,C,/GCE. )5, 1EHL M F 1154 4 wL 0. 5% Nafion ¥ TR
(KIZEEARFREE Jp 1: 1), T 4 CT 445 5 4= ) B Nafion/GOx/rGO/AuNPs/Ti,C,/GCE, ffi F & FH 0. 1
mol/L PBS Z& M (pH=7. 4) kst .

FH% Nafion/rGO/AuNPs/Ti,C,/GCE H il & 1L FE R _F , SUAMEME %2 GOx.

1.2.3 SPGBy | % LA Nafion N117 R FR B, 2T K49 P (Nafion/GOx/rGO/AuNPs/Ti,C,/GCE)
FIBAK (Nafion/rGO/AuNPs/Ti,C,/GCE ) 4% N % [ BB HL AL A% g . 17 e AL 2 Nafion N117 B, K
HARKH H,0,(5%) . 2585 F7K . H,S0,(1 mol/L) . 2585 F7K (80 "CHALFE2 h, fififf T 28 Tk . Bk
Z 0. 1 mol/L PBS Z& Wi (pH=7. 0, A ANV FEREIZHE) , BHHZE 4 15 mmol/L K,[ Fe(CN)( J¥ K .
R WA AT E T 4 "COKFE AR 1%, T o F1 B S (AR BIRS E HRIR AR, T4 CIRAE, %%
FH . i H Ak T ARSI SPGB M AL £R , 5 s %
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2.1 SPGBHII&ITRIE

FHTF rGO/AuNPs/Ti,C, & A A BHFI A= Py kL L i (EBFCs ) 44 8 [ {3 BB 7 200 A P 1% 8% (SPGB)
B I AN Scheme 1 7 . leAlC ﬁu‘b'lX%,lai HF Zih, 158] 4k FRERREW A L )2 Ti,C,, F&Z .
Gy IEAE R, 53] Yk R R Y TiC, 94 K Fr [ Scheme 1(A) ], ¥ vGO/AuNPs/TiC, 2 G217 K
R T GCE KA, FHK Mé}fﬂi GOx Fl Nafion, 15 %] Nafion/GOx/rGO/AuNPs/Ti,C,/GCE A= 1Bk . 544
A il 5 1 FEAR HE , BA# Nafion/rGO/AuNPs/Ti,C./GCE AA& M GOx. H54E W B FBAME 75 %5 1R F 41254
TR SPGB, HH] L) Nafion N117 R FERE . HH T vGO/AuNPs/Ti,C, & A YL 5 19 5 B M A= A 25
P, AT B IR GOx AR, JFAR SRR M, S R s A M RE AP IR0, A3 ik T
L TR AN R AT A5 3 . 2 BEAR B A7 AE R AT RIS, 24 BN e 1 & AR A S : GOx(FAD)+Glucose—
GOx(FADH2)+Gluconolactone+2H*+2e". GOx F S VEMEAL A 20 07 7= A Wi TR 4 0 Ah el % 31 35 BA AR
f#i Fe (CN) & R A BRI N : Fe(CN) F+e—Fe (CN) &, P2 AR A5 . Y776 A [ v FF 48 40 s
SPGB 23 HE AR R/IN 3R 3 AT 5, DI S XS 7 2 W 104 2 F Al [ Scheme 1(B) J.

(A)
DMOS
Intercalation

Ti;AlC, Multilayer TisCz Few layer TisC»
(B) e

HF

Etching

[S
—

3- 12
1 Y Fe(CN);s 10}
1 &
1 8
1 > 6
1
: GCE

4- o~ N 0
Fe(CN)s 0.10.2 0304 0.5 0.6 0.7

P/(uW-cm
S

Gluconolactone . EIV
_ - -
Glucoce = W = /b
Fe(CN):~_ 12 ?—V
Glucoce : ; 1(8):
: ; 6 rGO/AuNPs/Ti;C,
=
1 = 4r
I )
1
1

/AR q
Fe(CN)s 0.102 0304 0.5 0.6 0.7 *

E/IV GOx

Gluconolactone

Scheme 1 Schematic illustration of fabrication process of Ti,C,(A) and principle of EBFCs-SPGB for

glucose detection(B)

2.2 EBREMHH R R

FI A 7 2 A0S (SEM) R 5 H 7 B A0S (TEM) SRR S IR S EA T T 45 . 1 Ti,ALC,
HIBRYI AN Z 2 Ti,C, 19 SEM B8 A (AR SCS 3505 B ST A L, Ti,ALC, 52 it S HutR &5+, AF|F 1
i . EAMBHR SRR k. L HF ZI05 , 158 7 48 F RERREM N 22 Ti,C,L WAL
FrEEEISI(B) | B 1(A)FI(B) I £ )2 Ti,C, 44 )2 | 47)2)5 TisC, [ SEM F TEM & /-, A LEL % Ti,C,
B () B 2 B/ 2 850, AR A FRE L. & 1(C)A1(D) A rGO/AuNPs [ SEM FI TEM B8 |-, 7]
T, rGO A 8L 7Y (Y 48 4% 45 4, AuNPs 43 80T vGO K i, k480 15 nm. & 1 (E) #1(F) A
rGO/AuNPs/Ti,C, ) SEM FI TEM B8 /-, i 15 %] b rGO/AuNPs il rGO/AuNPs/Ti,C, ) SEM BE - [ K] 1(C) A1l
(E) JRITEM B R [ LD FI(F) |, J5 & il g 2 Ti,C, )2 454, B Ti,C, 5 rGO/AuNPs N & 4 .
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Fig.1 SEM and TEM images of Ti,C,(A, B), rGO/AuNPs(C, D) and rGO/AuNPs/Ti,C,(E, F)

rGO/AuNPs/Ti;C, AN [FTCZE 1Y EDS eI B (WA SCFRE BB S2) R, EAMAEHFELEC, Ti, Au, O
MTFSFOCE, HALEM A, LU EESREY, vGO/AuNPs/Ti,C, 2 A9 KA R E B il £ .
AR, SR F XPS 1 XRD Xf rGO/AuNPs/Ti,C, 2 A M RHA LR Z5 /31T T RAE . B 2(A) W E A4
BHY XPS T E, WL, % AWK B &G C, Ti, Au, OFIFICE .t E 433 XPS & [ LA S 3 4%
HEES3(A)~(E) I UL, C 4> 24 0 U, 435I C—Ti(283.7 V), C=C(284.3 eV), C—O
(286.0 eV) F1 0—C=01(286.7 eV) K4l . Ti, 43Ky =, 35X T (458. 4 V), Ti—0(458.9
eV) FI Ti—C (464.2 eV) B . Auy, 534N Au,, (83,1 V) Fl Au,, (86.7 eV) FIHERS A AU, I H T
AuNPs F AW T, 0, 7028 Ti—0(531. 2 €V) A1 C—O0(532. 8 V) KL W& . F, BAlgsk J5 T HF Zlisk
B . A FEAEHE K H Aok B [ DA SO R BB S3(F) TR L, AH EG T Ti,C, (Bl Fa) F rGO/AuNPs
(R b), tGO/AuNPs/ Ti,C,(E F ¢) i T ar-ar JLHAE RN EEEVE R, WA R Ti,C, S, ML
SE o ECE AR E R . B 2(B) AR R XRD 3R], o] L, Ti,AIC, 554k o) 648 J Ti,C, (ISR b) J5

(A) B)

Cis M

(002) S55]02)
>(004)
!

(004)

0 260 4(I)0 6OIO 800 20 40 60 80
Ev/eV 201¢)
Fig.2 XPS spectrum(A) and XRD patterns(B) of rGO/AuNPs/Ti,C,
a. Ti,AIC,; b. Ti,C,; c. rGO/AuNPs; d. rGO/AuNPs/Ti,C,.
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JE (104 TSI 2, (002)IM 9. 6°F8 % 7. 8°. rGO/AuNPs (354k ¢ )75 24. 8°, 38. 2°Fl44. 1° i Bl A1 47
(002) F1 AuNPs (111), (200) 5 AEAT5FI4 . rGO/AuNPs/Ti,C, (FE4k d) £ & T rGO/AuNP Fl Ti,C, 737 5 14 .
DL b Sem g gk —E 2B, rGO/AuNPs/Ti,C, 2 MR E ah il 45 .
23 BB ELERIE

K FEIMR 2 (CV) ML 2= BEBTE (EIS) X AR B i BEUEA T T Ak 23 3RAE , Wil 3 Fios, i
i CV W HL I AN ETS H s far i B BHPT (RO WFFE T AR A il o AV ik A2 . RT3 (A AT I, 5 8R GCE
(HH £k o) M EE , HE AR 3 187 20 5148 1 tGO/AuNPs Fl Ti,C, Ji, CV W L i 2438 K (i <k o file) , W
rGO/AuNPs 1 Ti,C, X HA RIFHSHEE ), AR TR MR . GCE KM rGO/AuNPs/Ti,C,
BEMENE, CVIEHRTE— K (I &), nTHEFARRER AR EMRIZON , $EAL T 3K R mf
FIOE S S . Y486 T GOx il Nafion S , CV LR AR IS/ (2% e R F) , 32 B THREE 4D
Iy PR R R 22 B K 3(B) T, EISTE oA [ i Ha i i R i i R BT (R, OB A LA 5
CVIEHLRAIR, BiiE &M EE , RIS/ L a~c) , 181 GOx Fil Nafion )5 , R K (Hh<ke FIf). LU
SR AE LR HT | Nafion/GOx/rGO/AuNPs/Ti,C,/GCE 1 il & i sh il 45 .

800
100 (B)
b
50 6001 [ ¢ .
. d ) .
<§_ g . € . .
EIN N 400F «f L
-0 200+ o
ST, e
-100 / ANV
1 1 1 1 1 1
02 0 0.2 0.4 0.6 07200 400 600 800 1000
EN 7/

Fig.3 CV curves(A) and EIS spectra(B) of different modified electrodes
a. GCE; b. rGO/AuNPs/GCE; ¢. Ti,C,/GCE; d. rGO/AuNPs/Ti,C,/GCE; e. GOx/rGO/AuNPs/Ti,C,/GCE;
/- Nafion/GOx/rGO/AuNPs/Ti,C,/GCE.

o T Wi TR SPOB I A3, A T 8 2
Hf k&5 A5 (P,,) , Z5 R WK 4 fr ~ ol
TN YIRS, SPGB HL R & A 4R 8
LR SR , ACWEE SIS (935 5530 50 Z 4t
F (M a) s SHAETES mmol/L A ATHERT , I <l
W KA GOx BFI2 SN, 77 HE F) L T~ 22 A1 v, 4
fLB BN, IR, P (55 o e
Fagom (£ p). LI R ERW], WM EN
SPGB # il JE 3R AT 4714 Fig. 4 Maximum power output curve of EBFCs-SPGB
24 = Eﬁ ﬁ 14:5"] 1 % 'ﬂ_’, in absence(a) and presence(b) of 5 mmol/L glucose

H T ARIF AR AR MERE , X SPGB HLAR (1) il 48 25 A i 25 44 (+GO/AuNPs 5 Ti,C, Wk L . GOx
R . 28 MR pH AT K, [Fe (CN) o W) 64T T HAL (WA LR G BRI S4). B8, MR T E A MAH
rGO/AuNPs 5 Ti,C, ¥k} L X SPGB & K3 &k (P, ) USSR, 24 rGO/AuNPs 5 Ti,C, ¥kt Ky 3 LI,
AT f KA P, W AR [ 18 S4(A) . GOx He & X+ SPGB A6l 7 fE A 52 i [ 1K S4(B) 1, 24 GOx W i hy
10 mg/mL I, P, Wi W AR IS e R . % 0T pHAELXT P, 0 37 B 52 0 L 11 S4(C) |, 2422 il pH=T7. O ),
P, N {EE I . A, X SPGB B % K[ Fe(CN) Ik BEHEAT T ORALL R S4(D) 1, Bl F LA S ] 184
i, K[ Fe(CN) IR BE A 15 mmol/LESE, P W {E K. Bt , S50 rGO/AuNPs 5 Ti,C, W0k L
3:1, GOx ¥ 10 mg/mL, pH=7. 0 PBS &t A& K [ Fe(CN )¢ J¥€ 4 15 mmol/L A A SPGB Hi % il 45 A1l
3BT Fe L e 451

Chem. J. Chinese Universities, 2024, 45(12), 20240301 20240301(6/9)



-
Ed C%EMiLJ;%URfoOF{CHINi U!\%ERjT&\ES
2.5 SPGB HIDHTIEARE

FERALII LR AME T, MIE T EBFCs-SPGB XA [ vk A A W5 () e R TR s A5 5. W& S(A) B
N, Bl R R, P WRNAE SR . P, A5 S AR B AE 0. 3~ 10 mmol/L v FEl Py 2 9 R
It R [ 5(B) ], LT FE R P, =0.85¢+3.80, £ H B 4 0. 1 mmol/L (S/N=3) , #H 3% R %
R*=0.9871. #STULASCZFHFE BOXT T SPGB 5 B B AL A A A B R, nl I, 1% SPGB H.
A LA I TEFIRS S FRARAOC A . ASBESE R A A a0 3 A I SR A2 1 — Aol A% SR o s i

12
(A) 12+-B)
10+
I g ~ 10
) [ q .
- =
e z
ey ~ n
g L < 6r
< 4 o
2F 4r n
0 | | ) | i | 2 1 | 1 | 1 1
0.1 02 03 04 05 06 o 2 4 6 8 10
E/V Calucose/(mmol-L")

Fig.5 Maximum power output curves of SPGB to different concentrations of glucose(A) and calibration

curve between maximum power output and glucose concentration(B)

2.6 SPGBHZEREME . EWEFREN

b T 2% %8 EBFCs-SPGB Mk #BEE FIT THLARE ), 8 58 A b a5 A 2R U R R (UA) . Z B %
(DA) | HLIRIm R (AA) K HRAWE N TP 7525 . i IE 6(A) AT UL, SPGB X #4585 (1 mmol/L)
LHU I P, WA, 3T S A T (5 mmol/L) , P, W RN A5 5 515 S B AR 2 . X T 2 B
FrA TR IR G, P, (RS A M AR AR Y . D T W] —HE O 7 ] 2 1Y 6 1 SPGB
X AR ] BE A 2 85 (1 mmol/L) B P, W N {555, 25 B IA X A i S 22 RSD<4. 3% [ Kl 6(B) |. 1t4h,
3T SPGB X i 2 0% P, W N A5 5 BEGE A2 0] 1 A8 4k (4 CREAE ), ARG IRER R e . 450k
B, SPGB #1721 dJ&, P, Wi W AR AP PR R E I AR (LY 94. 19% (WAL F5 {5 B S5). DL R &0,
il 45 i) EBFCs-SPGB AT R4tk . SRR E 1, A S TS Bt i B 40 s

3 (A) N SF®B)

L
4_

;

Z | Z

37 K

W y
1]_._'_'
0 0

1 2 3 4 5 6
Electrodes

Fig. 6 Selectivity(A) and reproducibility(B) of proposed EBFCs-SPGB

2.7 EERESBNE

BT ik EBFCs-SPGB [ AT S5 FIERA T, M 2 B R 27 B I B e SR A (e i N I T FE AR 3 107,
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Table 1 Determination results of glucose in human serum samples(n=3)
Sample No. Hospital /(mmol - ™) Added/(mmol-L™")  Found/(mmol +1.7") RSD(%) Recovery(%)

1 4.90 0 4.86 4.5
0.5 541 3.6 102.0
1.0 5.87 4.6 97.0
1.5 6.35 34 96.6

2 5.19 0 5.20 1.9 -
0.5 5.70 4.3 102.0
1.0 6.19 3.6 98.3
1.5 6.74 3.7 104.0

3 5.25 0 5.24 4.2 -
0.5 5.77 23 104.0
1.0 6.21 3.0 96.0
1.5 6.78 33 103.0

*Glucose oxidase assay results(Automated Biochemical Analyzer BS-400, Shenzhen Mindray Bio-Medical Electronics Co., Ltd.).
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