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H OE BETMET=400 84 (3D GR) &+ (PB) A B L2 B RS, F T IR BRI R G, R
2k N A A B PG | 22K 3D GR, F4% PB LI % 3D GR |, 3D GR-PB E &%,
3D GR EA KM LR AR ZFLASE | 7T R sy SR T 2 A9 PR A, B Ak A0 , 2F 3D GR-PB #4
FE B L RS T R 8 B A B wE 1 e YU L (3. 75107 ~ 3. 75x 107 mol/L) FEAK (1) & HY B (4. 21 x
107 mol/L) , FiFIREREENT AL IRER B o FE & — 1, AN IR A AT 558 i RO BE B, oA DR IR A R ARG 0 42 {3t
T—FAlfrRI %,

KR AR e, KRR, BIEEH LR

1 5| &

PRI (UA) FEAETF N PRWE LT | M RIRI e A AR AP IEns (s A= I I 1) PR R
i VR ARSI il S | e AR | R RS AR AR o I YRR BRI T R IR ) T AKE 43 R
0.13 ~0.46 mmol/L (2.18 ~7.7 mg/dL) Fl 1.49 ~4.46 mmol/L(25 ~74 mg/dL) ' DKtk , AERHKEI R
PR 1 & i TR i W A 2
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AHIFEA T —Fh R T = 47 S ) -5 & L (3D GR-PB) WY R AL~/ i 2 )8 4%, T4 01 UA,
3DGR HATEL R A L R AN 22 ALE5H , Al oy PB A3k B 22 i) B 5 (37 5[] P g g 2 il ) P AR T 42
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2 SLIGERS

2.1 UFEHiIEH

ZEISS ULTRA 55 FAH H W ise (T R /R 28 Rl A wl ) ;. CHI 660b H AL 5= TAE S, ( LR RARA 8%
NT)) 3 Micromeritics TriStar 11 3020 Eb 2 1A (L H 2 FeAUER A A .

JREZ T (20 U/mg, 0 R BAHE AR A A ); UA(=98%, i M AW R A RN A,
GO(99.5% , 1 ~3 )2, BRI T AR AR AE ) ; R (98%, 7 FH161.16)  JC/K LB
(95% ) . JC7/K FeCl,(>98% ) K,Fe(CN) (=99.5% ) .K,Fe(CN),(=99.5% ) .KC1(99.99% ) .KH,PO,
(99.99% ) Na,HPO,(99.5% ) ,#10 [ L ifgfb 245 Al . Na, HPO, 1 KH,PO, FH TP il % 2 £k 2% v
VW (0.1 mol/L PBS,pH=7.4) , MR MERBAEI . FrAa R34 Bl 25 K Atk .,
2.2 3D GR Hy#I&

R — PG JFE Y J7 2l 4 3D GR™ A BANT 4% 40 mg GO 43HU7E 20 mL /K 1, #E7
10 minffi Z 538095 B 2 mg/mL (950 HOR . B 7 BB 7% 31 8 K B4R 0 28 1, 160°C EAF Hh 52 iy
12 h, AR RS 20 0 R RS R T 2™ PRIk 3D GR,

2.3 ZHAE/H-LE LI (3D GR-PB) HI&

# 3D GR &M i B A 12 A BT IC i A9 5 mmol/L K[ Fe(CN), ] .5 mmol/L FeCl, .1 mol/L KCI % ¥
HO7E-0.2 ~ 1.2 V B HLREEN ,, =R IA R ( TAEHR 3D GR-PB &M Y BEhk Rtk ; 2 LU R . 1
HoR A X R R AR E ) FORFMR T 20 BT 3R 20 mV/s, HIK e R RAEWIFE ., ¥
3D GR-PB #fidi#l & F 0.01 mol/L K,HPO,/KH,P0,-0.1 mol/L HCl ZMHHEW (pH=6) ", fEHHiH
fiR-0.2 ~1.1 V, 33 N 50 mV/s B&UTF, 7 A : -

PB EAMR ZFRAE 45, F T30 0F PB J2& 75 D)
LRGN b Rl i 3R G s JE , K b e f
e ez S TG &
2.4 ET 3D GR-PB L2 EHEMITRE b € .
wE 1 FrR 4 5 mL(2 mg/mL)3D GR ¥ i . .- \f @
TEPRR AR (42 3 mm) ,37°CHER 1 K ' '
1B L 2 A BT L1 9 5 mmol/L K, [ Fe(CN) ] . A
5 mmol/L FeCl, .1 mol/L KCl &AW, 7£-0. 2 ~ W ol
1.2 V (LT 20 mV/s FIE AR 20 [, % %%%??ﬁ oK :r
5 wL JRIRHE(0.05 mg/mL) IE R IATE M I, 37°C v/ \ : \& *:
FHE 12 hy fea, ¥ 5wl 52 A R 78 Bl b

Hydrothermal

= mm mp

TR 22 S0 B0 () O O 065 5 v e o o o 2 e PRED GG D GRIGCE
TEHAR I, F1 (A) =447 5K (3D GR) A IK; (B) =44
2.5 UA BIofriain SR M (3]) GR-PB) AL RS A i

ZE 0.1 mol/L PBS ZZ b p , 'fﬁﬁﬁ 3D GR-PB & Fig. 1 (A) Synthesis of three-dimensional reduced
TEA SR 22 43 Bk i AR 28 85 (DPV) %F UA 3EATH6 graphene oxide (3D GR); (B) Fabrication process of
UHJJ . *"Jﬁﬂ/ﬁ EE%%@E%E‘?%%&@MIE!ID—F .UA E}]T( 3D GR- Prussian Blue (PB) based enzymatic sensor;
W VE R R 7= 4 H,0,( FrR 1 ), W PB Ak GCE, glassy carbon electrode
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H,0, , fEX A B = A i P I AR T RS (D7 el 2 A 3) , AL S BEE UA REEAY3E TN,
H,0, ByA R S0, [ PB AL H, O, 7 A L A K00 A 2 3, PR 370 w7 5 12 3% ¥ 16 5, DA T
SEH UA B A, SEBRAR Al b, i e LTS A 0.1 mol/L PBS e, 485 A
() JBE B9 UA 0, 00 Wi 7 LR (BRI L35 R ) R S e R R 3 ) o FLA S s AR IR

Uricase

UA + O, ——Allantoin + H,0,+ CO, (1)
2K,Fe" [Fe"(CN),] + H,0,+ 2H" =2KFe" [ Fe" (CN),] +2H,0 + 2K* (2)
KFe"[Fe"(CN),] + K'+ e =K,Fe" [Fe" (CN),] (3)

3 #R5itie

3.1 3D GR #13D GR-PB HJR{E

ME2A ~2C 7] IL,3D GR HA ZFLMRG L5 HALAR S B — R 2 S wm, B 2A REDES
B 3D GR, 5 SCERIE IE S —3 ) . 7E 3D GR BRI AR L BLITTFL PB J5,3D GR R TR Z
PB 4Kk (& 2D ~2F) RiAR s Ah leic s — , RS R/IVETR] {2 PB A BRI , 3iX AT e T AEfL DT
RS AR R e ORI A B B B B B W Tk B A R] 5 1 RE2 1

K2 AREKMEECE 3D GR(A, B, C)#I3D GR-PB(D, E, F) 1 SEM &
Fig.2  Scanning electron microscopy (SEM) images of 3D GR(A, B, C)and 3D GR-PB(D, E, F) at
different magnifications
FER 3A BYPLEZEE 1348 F1 1581 em™ Kb AYUEST XTI T 3D GR Y D WEH G W WAy & A= i
UL G WS HoR BRI, T B D WS B G Wens B (A5 1) /1 (EAE K (1,/ T ME R R/INRIR
A1 SR R R B A R, PO (BB SRFGFE IO 3R W 3D GR ALK 32 th T7E 45 GO
i i S AR A A A G R HES 9 BB R 2 Z RIS A TR 2 00 & AR REFI R B R, R 80" A K
WO, DLSBRAY sp” ZRALEIE R sp’ B3R T A S8 025 S PERE , 24 GO B RS , X BB Bl fE A 25 R 40 47
16, T LATER 2 R 3D GR (9 D IR BE i h G 0 EE74) 2091 12157 em™ ALY v T PB
CN g Prshig ) 24 PB &1 %] 3D GR _E2J5, =YIEA 3D GR A B AYFHIFIE, A PB HHRE
W GERA PB HLUTRRAL S, B AR AE 0. 1 mol/L PBS ¥ #EAT CV MK (&I 3B) , A B HAE 0.2 F10.9 V
B NFEIEDY KR T PB A AL S | ELAAR ) SR i RN R
KFe"[Fe" (CN),] + K'+ e ==K,Fe" [Fe"(CN),] (0.2 V) (4)
Fe"[Fe"(CN),] + K'+ e ==KFe" [Fe"(CN),] (0.9 V) (5)
A BET M5 5 (& 4A) AT, GO By LR TH LA 3.68 m*/g,3D GR LRI ELI A 199. 12 m*/g,
H13D GR AR R MR, i GO F13D GR MFLIE 1 K (&1 4B) A1 %1,3D GR MIFLAZZY 4 3 nm,
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E3 (A) 3D GR.PB.3D GR-PB Ui 8¢ E; (B)PB 7£ 0. 1 mol/L PBS Z& i h i AG R 22 il &
Fig.3 (A) Raman spectra of 3D GR, PB, 3D GR-PB; (B) Cyclic voltammograms ( CVs) of PB in
0.1 mol/L PBS buffer, scan rate is 50 mV/s
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K4 (A) GO F13D GR AR TR 2L K (B) L7534
Fig.4 (A) Nitrogen adsorption-desorption isotherms and (B) pore size distribution of GO and 3D GR

GO ANEAFLIREE
3.2 RESARSENBUFERIEREEIE

KGR e i A 2A BH TR T A2 AR AL 26 R IR SA o, SRR Al ( Hh 4R ¢ ) #H
I, T 3D GR HA RIFAy %, GRS E U i F 195 5%, 151 3D GR J&, H MR Y I e [0 3 5
(M b) . T PBWEA RIFH M, MAEEN L DI PB 5, L m 6 F— P58 (4L a) .
g RN 5T SR T L 22, B LIS AR 3 B L R IR Il (1t 2k d) Fse R0E (MhZE o) Jo , H A0 w1 24098055 .
5B MBHBTIE A DX 2 5 1A % I R AR B F T A RS B R, . SR B A AR (4R ) AH I,
TERM LM 3D GR(MIZR b) J5 , R, 28/ dRE2AEM PB, R ARELE/IN(HTZR a) ) 5 7R 1B L PRI
fiti (MhZE d) FFCRME (4R e) 5, R GZWHE K, MBI SA H e Jimm o B R E 5B R A FL T, it
il (5 AR AL B )

HE T MR H,0, MHBAELIER , 455 n1E 5C frR, BE& H,0, WEEIE N, PB (YA R
g PR I R B T i, R ] PB RERS ML H,0, IR, PG UA ¥R EE B3N, i 5t 04 Fe, 3t oie) 17 iR B 1 5
(& 5D) , AR S il A% A% 7T T UA A,
3.3 TWEHMK

XPRE UA (5258 451 (AR IR R pH (6 R FREG A0 Mk BE 48 ) 64T T 04k, Wil 6A iR, Bl 45 1S
W (0.1 mol/L PBS Z& 1y ) pH (3G, Ho Uit il 137 58 BE 3 I, JF-4E pH=5 WHARIR K, 4 pH {E4kZHE K
P, FEL AT M 7 5 BB /N, DR e e PR A pH =5, AIR] 6B 1T DL, Bt 5 Dk T il v 58 186 M0, e, 0 i 7 5 38 348
2 PRIRBEAR 24 0. 05 mg/mlL W | H S0 58 52 F5 5k, 20k 20 o ELve B | b 0 M o7 68 58 S i/ s, 9 L PR TR it
A A 0. 05 mg/mL,
3.4 3D GR-PB B FEEREEXT UA B8

Kl 7AZE3DGR-PB/GCETEO. 1 mol/ LPBSZE i Wi H % A [m] Wk B UA 9 DPV [t £& | Fifi UA ¥ i Tt
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K5 (A)(a)PB-3D GR/GCE.(b)3D GR/GCE.(¢)GCE. (d) Uricase/PB-3D GR/GCE HI(e) Chitosan/
Uricase/PB-3D GR/GCE 7£ 10 mmol/L [ Fe(CN) "7 Y E IR (B) 5 1E A FEXE R A9 BEBT A 5
(C) ANIFHeE H,y0,(a: 05 b: 1.25x10° mol/L; c: 1.25x107 mol/L) 7£ Chitosan/Uricase/PB-3D GR/GCE
YRR E (D) AW E UA F (a: 05 b: 1.25x10™ mol/L; c: 1.25x10™ mol/L) Chitosan/
Uricase/PB-3D GR/GC [1EH % ]

Fig.5 CVs(A) and corresponding Nyquist curves of electrochemical impedance spectroscopy (EIS) (B) of
(a) PB/3D GR/GCE, (b)3D GR/GCE, (¢) GCE, (d) uricase/PB/3D GR/GCE and (e) chitosan/Uricase/
PB-3D GR/GCE in 10 mmol/L [ Fe(CN),]*7*; (C) CV responses of Chitosan/Uricase/PB-3D GR/GC at
different concentrations of H,0,(a, 0; b, 1.25x10° mol/L; ¢,1.25x10” mol/L); (D) CV responses of
chitosan/ Uricase/PB-3D GR/GC at different concentrations of uric acid (UA) (a, 0; b, 3.08x10™° mol/L;
¢, 3.08x107° mol/L). scan rate; 10 mV/s
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0.4 mg/mL) % Chitosan/Uricase/PB-3D GR/GCE Wi Jij HL i A% 52 1

Fig.6 Effects of (A) pH(pH=3, 4,5, 6, 6.5, 7.4)and (B) uricase concentration(0.025, 0.05, 0.1,
0.2 and 0.4 mg/mL)on current response of Chitosan/Uricase/PB-3D GR/GCE
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T, S DS L S I 07 5 AR VR B T, G 7B BT 7E 3. 75%107 ~3.75x 107 mol/L ¥ FEVE I, UA ¥
)R K 5 7 O 7 SRR R R R R G B, T =—1. 1531gC—43. 057 (R*=0.991) , K I FR (S/N=3) N 4. 21 x
107" mol/L, #H LT SCHRHRIE A UA A5 (3R 1) AW M Rl i) oAb 2 AL SR ELA B v I 1
TR DL SRR A R PR

0 -32 5
=331 s
-10 -34r
35 3 -35r
z 20 T -36r
g g
5 5 -37r
&) &)
-30 -38F
=391
-40 1 1 1 —40 1 1
-0.2 0.0 0.2 0.4 0.6 -9 % -7 -6 -5 -4 -3 =2
Potential (V vs. SCE) Ig[C (mol/L)]

K7 (A) RIEWEE UA 78 GR-PB/GCE |22 3Bkt iR % 4k, a ~ g: 0.3.75%107°.7.5x10™° 3. 75
107 3.75%x10™° 3.75x107° Fl13. 75x10™ mol/L; (B) UA ¥ B ity %55 5 nii Ji7 Fi, 5 =2 1] A A 1 it £k /&

Fig.7 (A) Differential pulse voltammetric ( DPV) curves of different concentrations of UA on GR-PB/GCE
(a-g: 0, 3.75x107, 7.5x107, 3.75x107, 3.75x10™°, 3.75x107 and 3. 75x10™ mol/L, respectively) ,
Pulse amplitude is 50 mV; Scan rate is 100 mV/s. ( B) Calibration curve between logarithm of UA

concentration and current response
BT Z UG PRI MW g1 30 GR-PB WSRO A UA HERER) HA:
VAR TR UA MSER T4, 78 Table I Comparison of this as-prepared 3D GR-PB enzyme sensor and some
0.1 /L PBS 22 Wit v 4 i A % other reported methods for determination of uric acid
mo

" LRk Rl K BR L

EAH# ( 3.75x% 10_5 mOI/L) N Tfﬁ%[ﬂl@ﬁ o fﬁz&bﬁﬂ . Linear(imge JLOD %%j{#ﬂ(

ectrode materials (mol/LL) (pmol/L) References

-5 ==

(3.75%107 mol/L) ﬁﬂ%%ﬁ“ 75 Penicillamine-Au 1.0 x 10 ~1.6 x 10~ 1 [50]
107 mol/L) J&i , i J5 g HiL 3t J L ~F- 15 i Graphene 1.94 x 107 ~4.968 x 10°  0.132 [51]
N A UA(3.75%107 mol/L) J& , Pd; P, /PDDA-IGO 4.0 x 10 ~4.0 x 107 0.1 [52]
ﬁﬁ%%(ﬁﬂﬁﬁ%%”ﬁm,m%ﬂ Pt NPs-rGO 1.0 x 10’j~l,3 X 10*5‘ 0.45 %53%
N N ERGO 5.0 x 107 ~6.0 x 10~ 0.5 54

gl ’%%@ﬁﬂﬁﬁﬁ RIBLTILRETT 3D GR-PB 3.75x107° ~3.75x10™*  4.21x10™*  This work

5 T K 53 DGR - PB 3t L fk 2% il 1%
A BT ENE KL TERAE 0. 1 mol/L PBS W ilEAT 22 R G IR 22 4K, 146 5 068 f14) g b, 37 AT 06k v 47 4
KA , R AR A B B AR e Tk

EE T G#3 o . § N .

3.5 MisHmmH UA By H2 RIS A LRIV ER) UA
%ﬁﬁ Z'»‘jf/f{'ﬂ”ﬁg T)\Jiﬂfjﬁz'fljé(] UA (/'f? Table 2  Detection of different concentrations of uric acid in human

BE IS T UA SRR T TR I S22 5 serum through standard addition method

— > v o JmAH BE 6 0 e S IR A AR 2
2 B, PUCRAE 99. 4% ~ 102. 8% S RS e R
], S P A K L R 8 UA B L
GRS , T T 52 R R Y UA 1 7 S S O
ez 3 0.86 0.85 99.4 1.9
4 Zie

M T —Fh 3L T3 DGR-PB ) B Ak 27 B A% S g, S P01 X UA 6 58 S80R I H T R 7R Bt o) fE AL UA
HA Lk (15 A R H AT 30 5 e P DL R s i T BE 17 . RS LR A £ 1L 3D
GR YE ML B, BBIE BB AR 1 F T4 il % . ST A Lo, AR DT 5844 10 i Al 2 il 15 ISR 2%



1944 o B Ak 2 415

Kol UA BA BT R B B AR AR BR . 1 3D GR-PB A3 AL ZBiA% BA% S UA F) PRt R S
St T Ml AT AT
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Three-Dimensional Graphene/Prussian Blue-based
Electrochemical Enzyme Sensor for Sensitive Determination of Uric Acid

LI Peng-Wei, ZHANG Yao, LI Qing-Lian, GAO Pan, JIA Neng-Qin~
(The Education Ministry Key Laboratory of Resource Chemistry, Shanghai Key Laboratory of Rare
Earth Functional Materials, Shanghai Normal University, Shanghai 200234, China)

Abstract A three-dimensional reduced graphene oxide (3D GR)-Prussian blue (PB)-based electrochemical
enzyme sensor was constructed for sensitive detection of uric acid. The graphene oxide was thermally reduced
by one-step hydrothermal method, and then 3D GR was formed by self-assembly. PB was electrodeposited onto
3D GR to synthesize 3D GR-PB composite. Due to its large specific surface area and porous nature, 3D GR
provided more active sites for the reaction. Electrochemical tests showed that the enzyme sensor based on 3D
GR-PB had a wide linear range (3.75x107 =3.75x10™ mol/L) and a low detection limit (4. 21 x
107" mol/L). Because of the high specificity of uricase to catalyze uric acid, this sensor had high selectivity
and provided a feasible solution for sensitive detection of uric acid.
Keywords Three-dimensional reduced graphene oxide; Prussian blue; Uric acid; Electrochemical enzyme
sensor
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