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Fig.1 (A) Apparatus for voltammetric measurements in the brain; (B) Cyclic voltammogram at carbon pasts

electrode positioned in the caudate nucleus of an anesthetized rat™*’
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Table 1  In vivo electrochemical monitoring of physiologically important species
Vaic?] iRl e Vig iparS SCHR
Analytes Lundltlons Methods Ref.
N S AE FSCV = A7 I Hr e i v 4 By BK i 7 QQIL;QBT?HMXXFE)%EFEFE?;?EO o
JLZR B It A0 SD) A R O 0 ) i e FRBR A i X 22 L e g 25 1 b 41 i R 220k (3]
Catecholamine In vivo analysis of dopamine release during a spreading depression event using FSCV
convolution based method
S FSCV 254 R, e 2 BRI pH. (7] i 0 5 o
C{Lﬁ;@iﬁﬂ’k Assessing principal component regression prediction of dopamine and pH change m;@f;gﬁé@k% [4]
atecholamine detected with fast scan cyclic voltammetry
T Nafion BSURETAR L, K RUII R RN S ey
spEn W S LTSS -
5-Hydroxytryptamine  In vivo analysis of 5-HT in the frontal cortex and the dorsal raphe nucleus of rat DPV
using Nafion-coated carbon fiber electrode
SRR PR R T R 5 A RN A e L AR QLR IINGSES (6]
5-Hydroxytryptamine ~ FSCV measurement of concentration of histamine and 5-HT from mast cell FSCV
B GluOx/BSA/ Nafion 115 {451 vt Al 5 SRR BRI AR - Bz o 45 MR AR S5 U ey
Glutamie acid In vivo analysis of L-glutamate in the medial prefrontal cortex of the rat brain using A H " [7]
ZHUAmIC acie GluOx/BSA/Nafion coated ceramic-based multisite microelectrode mperometry
Glutamic acid Simultaneous ~ determination of gluldmale and Cd usmg co- modlﬁed Pt- Am er?)met (8]
o microelectrode of GluOx and Pt NPs perometry
AR ChOx/HRP/redox polymer/ Nafion 1611 FL A5 R8I SCHR A4 i IXIH i 4% 1k Pk
Choli In vivo analysis of choline in the striatum of rat brain based on a microelectrode A 1 ; [9]
olme modified with ChOx/HRP/redox polymer/Nafion film mperometry
NI BERR AN A M 2T A F AR S RS I SD K BRECIR MR i IX 2k A % C TN
s ZRERK ERCAITTS b y ;
A;ﬁ%%d(;l d In vivo measurement of AA in the striatum of rat brain using MWNT-modified iﬁ’ﬂ]{){s{lkﬁ% [10]
carbon fiber microelectrode
- SISO OE ,  SERAKE R MO RET A 1, K SD K BRAEHS % .
M C R C R Sk "
Ascorbic acid In vivo measurement of AA fluctuation in rat cortex during epilepsy using SWNT- Amperometry
modified carbon fiber microelectrode prepared by electrophoretic deposition
Wi PVI-0s/rGOx &M o M T T SD R B R I AS U ek
Gl Subcutaneous glucose measurement of Sprague-Dawley rats using PVI-Os/rGOx A H ! [12]
ucose modified gold electrode mperometry
B Lox/BSA/ polyurethane/ Nafion B4 51 v 4k , JH T K Bl B J2= il IX LR 5 &k N
M Kol bk )
Lactic acid In vivo measurement of L-lactate in the cortex of rat using Lox/BSA/polyurethane/ Amperometry
Nafion modified ceramic-based multisite microelectrodes
= kR I B3I FSCV PIE X MR ATP DL 4 LA B
Q@iﬁ?&%ﬁ Selective detection of adenosine, ATP and hydrogen peroxide using sawhorse E%@T?gﬁégt Lk [14]

shaped waveform voltammetry
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%3¢ 1 ( Continued to Table 1)

TN Kol 26 WO SCHK
Analytes Conditions Methods Ref.
o e BB AL A SO
) Sl . . . N R [15]
In vivo measurement of oxygen in the NAc during spreading depolarization using A
P FSCvV
oxygen sensitive FSCV waveform
T A2 UORLE , 45 P AURIBUR (R 51 F AR, S B3 R LR J2 i X .
0 0 IR A L 1 Lt 6]
2 Invivo monitoring of oxygen fluctuation in the rat cortex during spreading Amperometry
depression using Pt nanoparticles electrodeposited microelectrode arrays
i P fol AR RUAE AN Bk 4 R v NO 0 O, YR EEAE fb e
NO Simultaneous in vivo monitoring of NO and O, during electrical stimulation- Amkerlolr{net [17]
induced cerebral hypoxia using Pt disk microelectrode pe v
1o K SO AR B H, 0, ¥R AR s IR 2 vk (18]
22 H, 0, detection in brain striatal slice FSCV
RIS R e e 183 T S A A8 R PR A e X s . s e
Characterization of local pH changes in the rat caudate-putamen during [19]
Tons h . FSCV
ypercapnia
RN 0T B8 TR PEVEB BB R , S8 pHL 3 Ca™ A UL I A CiRIAZS 1207
Tons In vivo monitoring of H* or Ca>* using ion-selective microelectrodes Potentiometry
BT E T TR PR RS S A SE B Nat B K 4 S50 I 5 M [21]
Tons In vivo monitoring of Na* or K** using ion-selective microelectrodes Potentiometry

FSCV'; fast scan cyclic voltammetry; DPV; differential pulse voltammetry; ATP: adenosine triphosphate

2.1 EFARRENEFRCBLFEST

PRV — S E B A2 1 5 1 3 e 1] A o 81 1 A L R B 0 m A R R A L T
e 1, DA T AR A AR G AR ) - FR G AR ol X R e - R BOE R 3 S S BGHA T o0 i, FT SN T
BA N RALE SR AL G T B T Y S o, IR ER, T SCBip— s 2 R
JoE [N ) PR AT o RTIT, ARk IS TR 23 B 300 4 2 52 B il AR g BR il , - [] g e o ) 080 o) v, T
BOICA XS 3 WA 27—

R AR L A I 3t e i B T R AN [ SRR G Sy ik AR 22 A S AR ek . b, iy
RAZTE R R AT A RO ST ST i, IR B2 e ny s, B R & Pk m  mT TR
If X 73 22 M AL 22 1 PR ) B SO0, (LN R] 20 B R LU IR, ekl st 28 (i . A 20 142 70 4F
UK, L2243 ik wh AR 2 35 ( Differential pulse voltammetry, DPV) MARZE, Jf 40 55 5 KK wh AR 42 1
(Normal pulse voltammetry, NPV) . 2543 LK # 4K ¢ 1 ( Differential normal pulse voltammetry, DNPV)
K T5 AR A5 (Square wave voltammetry, SWV) S5 7E P [ Jik iR 22 0328 B 4 o2 FH T 10 P 22 ol it 26286 o 7
RSP ASIN  Ay 7 4 R e vk A I ) 43 S SR I [ 3 Jo P i A8 A ok 2 09 SEIE 4017, AP i 17
MR 21 (Fast scan eyclic voltammetry, FSCV) 4 3 () B A 1R L vk AE L L H4FE 45 2] TR/ &
J'&, FSCV J5 il Sttt ot , (R s ik, X DUFH T4 28k 2y o S At 7K1 1) 0 R K s 1
o BT, 1207k N T 2 U AEORE S H A TR PR 2 A 2 o ) P A A RS
2.1.1 DPV J5i&  DPV & —Fhfksp R EHA , Kl b, B0 R L — 5 AR Mg (AT
ARG, JFAERRUCE VRSN 2 IR(E (10 ~ 100 mV) B P ke, 10 &bk bl dmn fn bk o F 4a mi
HL 22 (B, DPV A I 3 72 v R F RO AFBR K B R T 125 A R Hi i 22 s 5 I Do v A 2 4G DU el
PR AR, WA SRR U 2 70 L i 3 DL S BIOUZ 28 b B 52, (25 48 v 20 A O v R B N e 4
P, X FAEAHALZ KT 100 mV AHLEVEY BT, 8 DPV 77 125 AT A SCHRBR S A Dt i O A9 AH B T
P, SEIASFP T DX 4 B it 5

DPV J5 ik AETG AR JFAT HL AR 2 A3 A AU 1o FH AT 3B 393 81 1976 4F, Lane %572 15 K4 FHZE KT B IAb
H BB AR VR B S Fa A, Sl DPV ik S8 T Sprague-Dawley (SD) K RUBMRAZ A 2 € AL
Z B e B 1 ) A, FCHL AR Z5 A 8] 2A TR o BEJS , Gonon 28] DPV J5 I SE B TR K R
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Fig.2 (A) Three-electrode configuration employed for DPV 21, (B) DPVs from in vitro experiments and from the

neostriatum of anaesthetized rats (in vivo) ">

DPV J7 AL AT S HAT A A 2 i M 22 A0 22 ) i BB A, o T A IR f A2 i e I S v
WAB A BRI AR ELAE T, SEL A H AL 00 MR AR 22 (M 28 43 F B 1 B I . Chai 457 il F T4 A7
A BB A (B, Zn, SOD) VE A iR Bl oo, MIAHS Co™ e A EAE R, M3 T 0T
Cu™ K (i AR L1t , R DPV Sk SEE T3 RIS Cu™ BRI, D595 R AT 5E, Zhao ™Y A T —
P — AR BERT A2 W) ( N-(6-aminopyridin-2-yl ) ferrocene , Fe-Py) , A F L BEVE b B m i 506, — 588k
YRR LA 2= N BT, it DPV Jr kSl 1 pH (B IE A SR 34
2.1.2 FSCV  FSCV 2Rl A I (8] 0 BRI s AR 2k AR AT HER R AR W ST Ll
I LA — SR IR T 100 V/s HE =M BEATIEIMR LT, ATk B2 R it o HE ) 75
FSCV 73, BEAE r A 4 B R 3G, Ak 2 SOy 30 ) 22 008 09 W) Boke R A SRR AT, H A A id
i i 6 R KT P 7 38R A DR P P A 5, DTG S BRGS A [] el Al A 3l g 2 B W B 471X
gro FSCV 5HHAAE (1 ~500 mV/s) FRIFEIMR LA, BT, i T 002 FEa s i
SE#EBIE N, AR R S AR BUE e, P SN | PGP R 2 il 2 vhont i )2 F i
BT ER A AR S R R s W SO, IF A AR S B B H U R AR A3, S E AR S BT AR
Al S AR R L T R I, TR FSCV ES R LR AT — e i 1) FSCV B AE 5 7 itk
Frdne, DMERARE SR REm Y o fBRTE 5UE 0 FSCV &5 R Tk M mE o b, (A2 il F
TSR E AR FT AN BR A — B [ AR PMA LB, BORE- S B I 18] o Ak~ 0 B v X JZ= 45 40 284k
JIT i ) B TR R AN AR XA R AR R W, PR, 007 1 RS 0 BT N R 2
1 min, NEFATREEIRES T, A, B RAMER T T FSCV BEARNE SN A A 284k~ ) o 1) ik
Al E R

EHT, FSCV J5 12 b FHA A U 8 00 A 2 A X fii A L 238 M Jre At 22366 ot (I HG 2 22 L e ) sk
Pt BRI SR SR 3T 2 TR ST Sk R e AR AR N 1 = A D 2 TR 2K I A A T £
HLOZ(HN-0.4 V) R, FITF LA e 2 7 rE b T A B 8, DT s R ) SRR Wi, e 67
Y AN SR8 8 5 fF— e R E DR T FSCV X LASE B2 ik iy i 86k, fEmH T,
20 [ JHe 25 FLA PR, R A% TR A LA~ T 0 o 1 R A i P A B R A 5 5 — D7 T A e
T U0 P9R 45 V5 7% T2 AR08 () T4 B e f b B3R IRAS AT 3, AR B RS, 1T SE XS 2
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Fig.3  Simultaneous measurement of dopamine and pH changes using FSCV. ( A) FSCV of different
concentrations of dopamine (DA) ; (B) FSCV with pH change*!; (C) Color representation of voltammograms
obtained during electrical stimulation of dopaminergic neurons and the changes in DA concentration and pH
generated by principal component regression™’; (D) The changes in DA concentration and pH generated by

o .39
principal component regression ™’
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PESINE, T B B R AR AR e st TR R, S0 1% i A 22 B GK 10 ~ 16 T A3 44
50T, Schwerdt 24— 2B AL TR I RIC SR FSCV A b 37 %, 3 1 KRR 4R 10 5 1 FSCV 4K
FaorBIMZA 50 s W, 3BT E o mUE 0B, R4 o0 A4l 2R PFG RV Al 45 2 45K 18] i 46 I 25
A, RS T P SR AR 51 B A A7 A N RS Sl Wi N 22 U e A8 A R s R A 0
2.2 ETFREENEERRMLBUES

N5 (Amperometry ) A& — P 3ok (a1 AF 5% AR bt A AL, AT S S0 HR Al 27 16 14 ) o 1 03
By e, AR e T, W 2 rh I 9 el AR AR 4R 1 F A5, AT AR XU, )23 3 F, FL 1) 52
Wi, PRI, AHXS T FSCV i, Rk il AT R ] B4 2 e Al o (B2, 2231 HRB SR e — il
ML SR HLIAAR A, BRI, A8 7 i R R Rk 5 4 e T A R T ) B I R s LA, AR, 223G
BB AR AL AL S oMb 09 B0k 22— it PR S ARV VR AT, A ) ) L
N B Sy, — e 2 AP (g4 & €0, H,0, NO H,S) #B ] i 1 22 15 i S UG A4 JFLA 40 #T
2.2.1 HEECHEKREBEMCBLESM 4E4:Z C(Vitamin C or ascorbic acid, AA) ZEML ARG TR
— MR 2T, B BRI R, TRV 2 A B B AR rh iR L RVE ] TEZ AUk
MR, 443 C ALl R BN N SE 2 L, B 52 B R T Wy BRAL S PR BT i 52l ] A
AR C AR b o A B R AL STV 2 W T M B R T K ), SO B R BN
W, PRI, 4EAER C 7R MY B 2F 4 Ao pl b 3 B LD 018 1 H - A B 3 s 19 el F o R 22 O R
PR Zhang GO M SR R IERRAUR A B FAEE R C B BARR S A, T4
AR C ARSI (BT 4A) o AT 2 BERR 9 K BB MR BR 2T AE IR TEZELE R C I b AT IR IR %
OIHT, SRR, AR C WAL TTE 0.0 V(M FARUE Ag/AgCl L) LN B T RS
(FE4B) . ZHAL FARS K AEZE G 5-500 DOPAC 25 H B i N # WAl 2 kA9 i Bk, £
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after (B) modification of MWNTSs

Il Il
-0.2 0.0 0.2
E (V vs. Ag/AgCl(aCSF))

K4 (A)BCRIRINIXHEAEZR CIRAARINZR TR (B) 22 BERRN KB 15 i 2T 4 i M7 & A7 (5840 M
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LB JRR TR BRI AR A DX R 3 1 S 42 E 3 C UL iR DPV il 281

Fig.4 (A) Schematic illustration of experimental setup for in vivo voltammetric measurement of striatum AA;
(B) Typical cyclic voltammograms ( CVs) at multiwalled carbon nanotube ( MWNT)-modified carbon fiber
electrodes (CFEs) in artificial cerebrospinal fluid (aCSF) (pH 7.4) in the absence ( dotted lines) and
presence (solid lines) of 0.50 mmol/L. AA. Scan rate, 10 mV/s; (C) DPVs at MWNT-modified CFE in the
striatum of the anesthetized rat before (black) and after (red) exogenous infusion of ascorbic acid oxidase

(AAOx, 39.3 U/mL) into the striatum''"’
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BEGRAAAG BB ZT A r B T S AR 3K C R PR A (I 4C) o IR, AT & BRAR 40 KA L A
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IR

B, Xiang 4510 8 1 B4 1) Bt 24 K A5 60 B0 00 B £F 20 el e, B AROREL A BRUB ZROIR AR, e
+0.05 V(vs. Ag/AgCl) BIBALHLIE , MM ZHAESCIL T INNAEA 3R C BRI 00T, 2T %0k
AR IE 2 R o A ol P A B R A R R L, AT AT MR JE O B T Ml b 22 2R 8 AL BRI R -
BRI A i T

Xiao 451140 ] FET R UK (14 7 1 K DA BE B 2 K AF UTRR T B2 4 i A P 10T, D38 2o iy VR R el AL 2 b
H,GE TMYEER C BA R A R MERY BRI AT R, 125 VR ) A i LA BT e B R — X
P, AR T BN KA TR 2T 2 P A 2 1T o 2 R I 22 A IRl DR o e )RR AR AL BRI B R, TR
+0.05 VARABHLAE T, & UL PRS0 = OOULIN B 1 452 R0 R0 AP 400 o o e P IO N 282 3R R
THE G (T8 5A F15B) , Syt — B WF sk 2o U A2 Hh B 0 AL SR At T B A SE B SR

A B
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z o
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Fig.5 (A) Current recordings by local electrical stimulation in rat cortex with SWNT-CFE; (B) AA release

evoked by electrical stimulations'*’

2.2.2 SSMERMBAFRN ATEEaikrh K iEE EEEN, AMA AL SERMA RS
RE R A IRIE , IR T g, L2 A B 5 DRIk, R i P 48000 0 S 4G N e e
BN RGERYTG NN RE . A2 B 2 AT A R AR S S 23 B () DB IR TR T, 7 DA 4 VB S5 ARy
JES A AR 1T, AR AL A e R R A AR B L R SR B AR e AR S R T e
SRR, AR RO R AV B PR R 3, ek TR RS TR,
RS LT HL T2 SR R A 0 ol B A S ) 7= 0 T R S A 28 R e R 4, BT AR
e BB A 325 M P SRS T R L A2 0 W00 Xiang S50 il F R DO vk, 7 3 LA KBk
YUK R AEH A (B 6A) it R IR AL 2= TR, e 245 3 3R T 4 20 3 o A 9 K UKL 1Y)
B (B 6B) . TE-0.5 V IHLALT , 12 HARORT 400G I 3 B0 A6 vy 1) R OB A e 5, OB Il oy
UL AR FE PR BN S X RN AR T (L 6C) o A T i — DRI SR T AR s %, 45
H RO S0 SR AR M, T Nafion RS MR HIMG , SR SEBE 14000 DU L H Ak 27 0 T R e
WS, L K R B T i DX 4 ok e i - PR 3 o 400Uk B R A i v AR 7 B (T 6D)

2.2.3 ETHFRENEMCBAFESHT MEAEMY Fh ARG v+, — e RAAEY %
JEERIEATR , SRS ALY UM TT A IR, BRI 1 Z0r s AE s IR IR i o i b i R R, I 4E
oK, BB TR O A2 ST T R R ORI R TR R S D 1 Y He AEUH p AREE TR
HL AR ST 5 BB OR A IR TRAT R o ZEMLIEAT L, Zhang 45" 3 i 78 B8 BOK A8 A BESL A 15 2R
i il UL S Aptamer SEEE T ATP BY3EEEPEREIN , Colombo 2150 705 ok o B B A KL A R - T AL T
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Fig.6 SEM images of (A) vertically aligned carbon nanotube-sheathed carbon fibers ( VACNT-CF) and (B)
platinized VACNT-CF (Pt/VACNT-CF) ; (C) Typical amperometric response of AA, DA, 3,4-dihydroxyphe-
nylacetic acid (DOPAC) , uric acid (UA), 5-HT, and O, at the Pt/ VACNT-CF electrode; (D) Amperometric

response for hippocampus O, recorded in anesthetized rats during global ischemia/reperfusion-**!
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Fig.7 (A) Schematic illustration of Galvanic redox potentiometry ( GRP) sensor for in vivo measurement of AA;

(B) Calibration curves of GRP sensor before and after BSA adsorption; ( C) Real-time recording of cortical AA level

by GRP sensor during global cerebral ischemia ( red arrow) and reperfusion ( blue arrow) "’
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Progress of in Vivo Electrochemical Analysis
of Brain Neurochemistry

XUE Yi-Fei'?, XIAO Tong-Fang', JIANG Ya-Nan'?,
WU Fei'?, YU Ping'*, MAO Lan-Qun*'?
'( Beijing National Laboratory for Molecular Sciences, Key Laboratory of Analytical Chemistry
for Living Biosystems, Institute of Chemisiry, Chinese Academy of Sciences, Beijing 100190, China)
*( University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract Brain science has become one of the most advanced interdisciplinary research topics. Analysis of
brain neurochemistry has attracted great attention in both neuroscience and chemistry, because it provides a
powerful tool to understand the physiological and pathological progresses of the brain at a molecular level. For
neurochemical monitoring, electrochemical methods come to prominence with high selectivity, sensitivity,
spatiotemporal resolution and designable electrode/solution interface to match the pursuit for in vivo analysis of
brain neurochemistry. This review summarizes the development of electrochemical approaches toward brain
neurochemistry research from both principal and practical perspectives. In addition, future trends of in vivo
electrochemical analysis are prospected.
Keywords In vivo electrochemistry; Brain neurochemistry; In vivo measurement; Review
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