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R BLPUAL S 5 ToRSV AT 45 FAEASI o 3BIDKF ToRSV Pk [ i T 4 X35 B F i W 2 1 40 )% 45 & ToRSV AT
FHPTARA, B2 A 2EBADTRE, R AR AT YT LIE, B3 ToRSV IR EFBHPIZ M) MR R &K
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3R RR I P bUREE R AR AR L. Rk, ST PHPUE
5 RS RS U )R B 2 TR) P o O R DA B U
5 H e,

1.2 BEMIABURBHERB RS &

D ST 1.5mL BLEHFIMA 500 pL FEA)E EHEEL
WAL 4 ul B AFREFIMN 2 uL B ABHDHIF LR
K R AR BGR A & C500053, 48 TAY TREC B
AR AR A , FERRES (B35 MSC-100,
UMM B A IR AT TR

2) AR EINRE, IO B B 2 AR )
HABFEETE Sy, N R IFI 1.5 mL B0

3) KR OEBN 4° A, A 800 r/min, #R
% 1 h, BJERON 4° AHEEONL (B35 5418R, fE[H
Eppendorf AF]) H, #E 12 000 r/min, £5» 15 min;

PO 1) EIEEEI—ASET 1.5 mL 208
B, BT ul RS RTETL R E T (B
“5 Nanodrop 2000, 3 EZEER KA T W5E B At PR B B
WREH 26.6 mg/mL, FBERREhZZ M PBS (0.1 mol/L,
pH 1E 7.4) 7 5FFE % 104 1. 0.1, 0.01 1 0.001 xg/mL,
T-80° LRAF#% o
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WEEM TR, WE 1 s,
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Fig.1 Schematic of microfluidic chip

FEJER 2R BT, A7 350 J8 RS 4 ol o A%
SEIRIESNEI Cr /7, RN 10 nm, HILASE &0
SEERR AT 1 Cr BRI AR &8, HE
29100 nm, R FHEBIE TR ZIBAREZ] H M R RS
M. HiEZERME P EEA K
(Polydimethylsiloxane, PDMS) # i, FHF|H SU-8 FHJE
Z ik A WLRUEE (i dE s T R A ORISR
AP, O E 5 4 SCHR R RAE [R] — 2 18] W T U
=, PURSHUR R G SRR I TS S %
X417 . FARZE R PDMS i, B EEEIEZ
2 by OREE SN A ] (R

S CRFEAIE R ORI 2 fos, S

JEIE JZPDMS
Electrodes PDMS paassage

A G SRR £ 20 XF . BB 100 nm. 4 0.6 mm.
Pe 15 um. HARZEEE 15 um. RUEIER&ITSECN: K
7 mm. % 0.5 mm-. ¥ 100 um; fEBRIRAR RIS ECN:
H# 3mm, % 100um; & N E MK N

1.2 mmx0.5 mmx0.1 mm=0.06 mL. 735 20N A&
FR R R RO FT L, BAAN 0.5 mm, EHESEH T
FR I ANFHES .
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Fig.2 Schematic of gold interdigital microelectrodes
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Fig.3 Schematic diagram of the microfluidic impedance detection
system

1.4 RWEHZE

BEVE S I NI % 8 N 10 ul/min, HLAL2E T AL
FHPTI 5015 . MBI R 100 mV, A5
F A 1~100 kHz. $%HE TS RAT5:

1) BRI JEN PBS 2% by e 4 e B 14 B
PO, D se G FEEaE N AK 3 min 35 P08 E &
Tl LK 5

DPUARE 5 EN 15 ul WREA 0.5 mg/mL ] ToRSV
BT HIA (GenScript USA Inc 2E77) i 2 FilifciisE,
FE 2 ho BEES, PBS Z2MEN pHAEN 7.4 B FIRE
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N 0.1 mol/mL, %M 1) PBS iR H A £h- P fifa
E HIER, PikEaERiidEPAasZ pH 1
IR RS2, W 2 4 e e T A S 1k OB A 4 FR Al 3R
Mo Rk, TEHRAAT N 8 (O A4 ARk 1A W B 2 45 4
Prih 2w AR PR 7R S AR T . 2 h 2 )5 FH B 4l
IKIE YRR 2 AR R AR, J N PBS il = FEbUAE,
W 58 R B R TE Ve

3) BSA #HP: HEAN 15 ul 1%BSA R (bR E
ERHEARARAE) , #E 30 min, HAER NEHAR
BepUR I & e R T, Dl 2 RITHES
30 min JEiE LR £ 410 BSA, 1EA PBS 220l & FH bt
B, W 5E s R VR

4) ToRSV ¥:ill: VEN 15 uL i) ToRSV BEHy, #E
30 min, WEFHPUE, e8RS EEIHTEE, B2
P05 1R AR R AR AL
2 HR55H
2.1 MEiESHAES

FIF CS350 HEALZE TAERTE 1~100 kHz FIA0ER

PR 50 A R B PTEATRALAE, 52000 T FHETS Al
RV LA A SR e R h 2k, Wk 4 Fos.

T PR B HE S
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Fig.4 Impedance(Z)-frequency(f) and phase angle-frequency(f)
curves of different solutions

K 4 AR B BT . AR A R oG R il 2
Kl da i, KISRZTEEN 1~10"Hz, 4 5IWIAFER AR
UK E . BSA Hf A HAREEAFIBT B AR B Xt
SRR . B T AT ISR S BT 2, B 5

Bl N 7E 1~10°Hz MRAEE P, BEYUE RS 5
R BERIZ WA TP 78 1 ~100 kHz FI =R N,
BHPUAE Bl & AR 1 PR AR R M a s, If B 0%
THET B PUE RN HTEHE X . deak, AT R
M 5 (EXT B — PBS 22 P PuiAklE 2 J5 LA K BSA H
P AR () FEAR B BT REAT I I R I, AR B BT —25
P, VLB RT [E R iR R T, H BSA BIhE
FLRR P R R X ks M PUiARA 3K ToRSV IR A2 UV
A3 AR FEBUERE— 2538, H ToRSV ¥k E, FHPT
(E IR ER K . B BUAE 38 ) S PR 2 el T e SR T Bt
AU, FERARTE S s T
B2, ERE IR SR I OB, R A,
BTSN TR R B8 ) 2 BHAR R ROR,  [RI UL S B AR
BHAIG .

K 4b W AR VSR 1~10°Hz, fEAREAR. Pk
[f] 72 . BSA P HMREAFIRY BT, AN 359 5 1A
A 2R . A A-90° I BB %A R R A AR R,
FARL AN 0° B 15 B 1244 2 et v BHLAR R P8 P 4 R,
HERSTEE N (1~10°Hz) MM IRAEN-10° £-40° ,
EERTEEIN (1 ~100 kHz) A7 f & AEEIE-90°
VLR BHPT = fE m i X 5T (AR H 315,
FEARAR X PHT CHRPHAE) 5 ES.
2.2 HWEBE
2.2.1 FawskegEs

T EAF TR ARSI T R R P,
37T TH 1A] ToRSV Al )45 405 L AR o 45 20k Fl B A 28
K5 i, A4E: I (R « T HEIL (R -
WHZEHEE (Cq) FINHEBZE (Cy) o IR NHE
WP, FRR AR TS R T A [ R AR, (R B TE
MR =R 2 LT, IR RO L2 L ZE Cyy WUHLE
A Co RAES X Ak VAT AL S HI52 s HLF
FERE HIBH R FRAE FE AR ZRTH I H 1 5% B VA N A2 B fr H
BH; XWHEBE Co SHTFHBEHEIM R, JFE, RAFEX
T FEUAR R T 5 R 2 AT ) S T BT A TR BEL AT . Ry SR AR
WA, SXHEERE Cy M FRHRB I R,
ICHLBE R I Coq RAEMBIE RIS, SIEHEIE
Rew XHEHZE Cy FIHTHF B Ry 1 FEEE IREX

TR HLPE XUH J2 L A%
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Cq
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“di
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A5 FaaiA
Fig.5 Diagram of equivalent circuit
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KA ZView FEAL S BE BT 73 B B0 37 45 A R A
M, FFIRE RIS RN T, X 50 N T



3 16 H ZOBSE: TR I DU R 7 A A P 25 145

SRS, 1A KA Levenberg-Marquardt iER LA,
BRPPEHE AR (1D Q) o FEME{E S S
BB R, AR EE 3L A 26 0 sl S E U1 &
FERE T, DRI 10 pg/mL 3% 955 75470 5 ) LT AR R AH
£ S A 55 5 20 B AL B 2 0 DA 43 BT 1% 2 5 R K
AR, WE 6 B, LA RSl i 26 L T 43,
BH B0 AR 10 45 22 4 5B ISP 2 ME N 0.8%, KR ZEN
11.9%; MM IR ZELHERFIIEN 0.7°, BKIREN
5.5° o MKUKAHARRE A 1. 0.1. 0.01 F110.001 ug/mL )95 7
PR AT IR 5 LA K56, FHUE 5% 2 4 X E 17
BIE N 0.6% 1.1%. 12% 0.5%, HAPEIREL
SHE I EIME 58 0.8° . 0.8°. 0.5, 0.8°. 1.4°,
RIS TR, BAMEHIE SR RIF, ASCBTH5E
S PR R R R 5 e 4% BEL B A B B A B R B — B

o S92l FH i Experienced impedance

~—— A B fEFitted impedance ~-100

= SIZJUAH ff Experienced phase angle

— — JU# M fAFitted phase ang]g.,...wgg,,*‘
6k g = 4-80

~

lg(2)

(%)

HH ffiPhase angle/(°)

D

1g(f)
B 6 10ugmL' ToRSV [Lit. 484 hs-B

Fig.6 Fitted curves of impedance and phase angle of 10 ug-mL™
ToRSV

SRR 2 2K BK RARACy A1 Cyi 7 2 NANIA
FRIAT 2R 5 ] P 32 i 36 IR (R Bl o ZEARATIIX. (1~1 kHz) ,
Jite JIT P B AT AR AN S DA F AL I B A e I R S, A
PEH SRR B A Y T 5k . SRR B TP A S TR AN
LI A Cy X3, THHEE Co MU, bt
FIFE A R+RoA+Co B £ S, HIPUE T E & AR
(2) o fEEHX (1 ~100k Hz) , Jiti o e 45 2 BL
i LR I B AR ST ORI, AT IR Cy S, B
B} RetRoCo SCEEAET), BT F=LE i Cy 3% 5 £ T,
HMPUETERE AR 3 .

T LS X E R Ry / Cy MIFFE TR
PO 575 & i BEUR B 28 IR A BT T A 24 ()

Z=R,/\JA+2n/R,C,)> (D
A Z ZonsHPUE, Q; fRRMIFE, Hz; R NHTHFE
B, Q; Cy AXWHJZHZ, nf,
TEARAIINS , 20fRoCaiiZ/N T 1, R/ Co WIFFIRRTTAFBH AT
18 Z "5 T Ry LR FERE Ry 5 Ry // Cy B HELES
FEAERESUETH T 2 ANEE o BUEA, A
w(2) s HAHERE CorERMEIUETEARD (3

Z =R +R,/ICy =R +R, /\J1+21fR,C,) (2)
Z, =1/(2nfC,) 3
b Zy RORRAX N HT Rt Cart Ry ST T A2 FIBEATE Q5

Zy FoREMIX A Cy STREFTPAERIBEST, Qo
2.2.3  FACLHEA RTALEG a5 AT

N TR FERH TR AL, RSO0 45 R B 2% et
BELGUARL 52 ma BEAT R0 o 48 20 P B T AP AN R R T 2L
T RIBHME IR 1 B, [FRERE BSA P R A A PBS
G2 PRI SR BAT A B P T2

F1 FEZEHEBEETHELE
Table 1 Analog values of each component with different
equivalent circuits

FARIATE IR AR L R R VA A
R L Resistance  Resistance of  Electrical Solution
ToRSV of the electron doule-layer dielectric
concentration solution R transfer capacitor capacitor
/(lugm]_,rl) /kQ R /kQ Cq /nf Cyi/nf
*FHE Control 200.71 67.23 194.03 2.78
0.001 203.20 77.42 142.13 2.83
0.01 219.04 160.17 100.18 291
0.1 276.87 183.86 61.08 3.02
1 352.07 217.28 41.53 2.70
10 559.78 251 31.22 2.69
o 5 R R P
. 359.07 183.77 -162.81 -0.09
HIZE 18

& 1 a1, S5xHERICHHLL, R EER i ns
10 pug/mL B, JEWHFH Ry A 200.71 3% 559.78 kQ,
AR E N 359.07 kQ, EXFHRME 200.71 kQ #LL, BiLF
9 178.9%; HTHALHIH Ry A 67.23 3EINF] 251 kQ, A2
L&A 183.77kQ, ZALEN 273.3%; XWHJZHZ Cg M
194.03 J/b#] 31.22 nf, B EH-162.81 kQ, BIEA
1-83.9%; WIRNHHBEA Cy KN EHN-0.09nf, &k
FHN-3.2%.

TERAIIX, BHPTIP=E R EREBRA AR Cy i E
T, MERAEEE Cy MEEARANE, EMRMIX, BR
RUHL LAY Cg Bl A 1 S0 2 0R FE 3 I m vs /b, P BH
PR Z) 38.9kQ, 25 S FHHUEAALI 7.2%, AR
HL 2 FELZS AR A0 BB AR A TN RIS I o V5T FR
BH R R L35 7% PR RH. R, [t 45 470 SR B4R P55 185 T ol 2% 3
b, HL 5 S PEBE AR 92.8%, 2% B BEAT A28 4k A R
HUBH Ry A THCREHPE Ro 5 E A . G A R
R ST HERS T R IR R & —8U1, Bl: ToRSV
PUATIIE 5, BRI 5 IE WA S AL . BARAE R
TEFE R P sh 52 .

2.3 ToRSV iRk E &M

ToRSV A4 5 F = — A AT 6 1) SEAT w97 5% &
RIE, LA IE BRI 26 B 4% 15 B EL 4T 1) FELp e B,
TR A A% B8 ARSI R BB o FEAHAT AR AL L, FH
7022 LR O U0 3 B S DU A2 R

K7 NS ERIRE R PRI EE AZ B 2R, AZ
FEEET 3 RE G EERE B BTAEL I 2 B M K
T IRIBHPTE TR IMERTS . AZ BB CEA A E 1
e AKX (1~1kHz) , AZ SehnEmsd, &K
SPRISHPTEETELE 10.7 Hz SR I, FZAR N A4
FE2Z 0] AZ (AR AR B K TE =il X A (1~100 kHz) ,
AZ JUVFEABIELT 05 48 1iAA 10.7 Hz /&2 A 0¥
TR B A AG ] TORSV B ARG A2 o
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Fig.7 Variation of impedance of different concentrations of virus
8 SN T TEBCHERT AN 10.7 Hz B SR TFIRE 5
BHAUE Z (XN SC R, 76 0.001~10 ug/mL 5 54K 5 ¥ [l
W, TRERE C FIBHLUE Z v RIiEN
Z =109.6log(C)+577.6 (R*=0.98) @y
R R B2 FE 5 +3 fEfEm b, g e SO
PR AL AR e 22 5 2 L i 2 FHL A% IS O A
TFRA 0.003 4 ug/mL, Xt NLFFLFLE 307.05 kQ.

800
7-109.6log(C)+577.6
R=098

g
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el
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FMIERBLR RS Concentration of TORSV/(ug-mL™")

B8 RAAMMME (10.7Hz) FayRE-FLITX A
Fig.8 Concentration-impedance at the optimal detection
frequency

2 REE T BB EE ToRSV I HARA I 512,
ML, 2T B PTL B A AL ToRSV E A PR
e {50 A e R AL o

%2 ToRSV Myl 75 3% bl
Table 2 Comparison of ToORSV detection methods

ik Detcion Deesion L B
Methods . . Advantage Disadvantage
time limit
Nano fluorescent particle 5~20min 6 ygmL'] mﬁ%&ﬁij: ﬁ?ﬁzggi
test strip -
232 PCR e I
Real-time fluorescent PCR 0.5~2h 2 pg'mL 1 i LS R
A2 il S s 7 PCR ik o
G shot0ue s T R
HC-RT-PCR-ELISA -
P U SR AR POk, R o e
Rk s 0 e T
SN-RT-PCR & Petf #*
EZ TS ey 1 v POk, R A
RivE 1.5h  4ngmL!  MRIRE {,EE;F
Multiplex-RT-PCR LT -
AR B U AR AR . Jen———
Microfluidic impedance 1(:ni1115 4 ng-mL"! yif E:if{;ﬁ; ORI A

sensor

2.4 FHRMEERE

AL B 772 S A6 F (Southern Bean Mosaic
Virus, SBMV) . FIF34e 7 (Arabis Mosaic Virus,
AtMV) FH S IABES 55 (Tobacco Ringspot Virus, TRSV)
VENAESE AR B RIS TE ToRSV A IS FF 1. 73 il XT
10 ug/mL SBMV ¥+ 10 ug/mL AtMV ¥~ 10 ug/mL
TRSV VA1 10 ug/mL J&4& SBMV. ArMV. TRSV.
ToRSV 4 Ffii 83 (VA AT 3 YR B S AHIIALS, {75 L) BSA
PRSI PBS S8 I BHAT/E A T M RE15 21 fH Bt
ZH

500 474+7.6 466+10.2
o 400+
=
8
g
8 3001
g
B
g o
8
£ 2001
S
100 F
7.1+0.8 62+22 34425
0 N
e MIATHEAL JHFEERBE TAFRBE A
1EmH7 25 R TR WiEE FEA

Southern Bean  Arabis Mosaic Tobacco Ringspot Tomato Ringspot Mixed virus
Mosaic Virus Virus (ArMV) Virus (TRSV) Virus (ToRSV) sample
(SBMV)

B9 AR AL £ 48
Fig.9 Variation of impedance of different viruses

AR R AT W 9 Fros, RE 4 M
BRI PTZ (S ToRSV WM HIBHBT Z[E R0 TIF
JKIE SBMV I AtMV iU TRSV VAWK B BB 4%
IETXRA, 5 ToRSV WHFHPTEMZR K. w64
R AR ToRSV AL A % BB A&
JRAFHETS I\ ToRSV B3I 541 ToRSV I Z Fi &
VARSI Y ToRSV, 5] B of At 2546 0 J6 2% BRIt
UEM] T ZAL AR AT ToRSV HAT B HOAS W A5 S X 1
A Rt

3 & it

1) AT T —FhTH [ ToRSV A iR 2 BT
FEJRZS o B4 ToRSV PUAARIE & T s cs i it is 1 4 X
TRPES L AR R T, BT Pk S ToRSV M4 & 5l
BHPTARAL, IR F Ak 2= TS

2) EEXFBHTT A A B AN LR R 7T, $RH T — BT
[ ToRSV Al )55 8BS AR AL, FERHAREN 1. 0.14 0.01
H10.001 pg/mL IR EEHT 5 HEAT S50 5 H0A-iEe
PHHUEFIIREED 9 0.6% 1.1%. 1.2%- 0.5%,
ERZESHN 0.8° . 0.8° . 0.5°. 0.8°. 1.4°, iF
BH 7 Sk r AR 5 BT TE BB B P IR R B R
A — .

3) FIFHBHPUZEE B E M X A AR 7, #iE
T ToRSV K B Kl ) e 40124 10.7 Hz, #5721 ToRSV
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I C SHHGUE Z H SRR, R iles 5t AT

5o

IR S AR, It BRI % B A% R A I R

9 0.003 4 ug/mL, H B A B ks R e 1 R0 2501 o
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Detection of tomato ring spot virus based on microfluidic impedance sensor

Li Chen?, Xu Qingduo?, Bian Yong?
(1. College of Quality and Safety Engineering, China Jiliang University, Hangzhou 310018, China; 2. Science and Technology Research Center of
China Customs, Beijing 100026, China)

Abstract: Risk of virus propagation is constantly rising in recent years, as the great development of increasing international trade and
cross-border electronic commerce service around the world. Therefore, it is necessary for national customs and other health institutes to
find an effective way to detect viruses quickly and accurately. In this study, a microfluidic impedance sensor embedded with gold
interdigitated array microelectrodes was designed to rapidly detect tomato ring spot virus (ToRSV). The antibodies of ToORSV were
fixed on the surface of gold interdigitated array microelectrodes, in order to immunologically bind to the viruses, and thus to trigger the
changes in the impedance value. After that, an electrochemical impedance spectrum was measured, while an equivalent circuit was
established according to the measurement. Specific electrochemistry tests were carried out to study the influence of each component on
the variation of impedance, and thereby to analyze the mechanism of impedance change. An obtained fitting line was formed to verify
the correctness of the equivalent circuit. Furthermore, the equivalent circuit analysis showed that the combination of ToRSV and the
antibodies can cause a significant increase in the solution resistance R;, the electron transfer resistance R, whereas, a relatively
decrease in the capacitance of electric double layer Cy. It infers that the impedance has a rising trend during the experiment. As such, a
simplified formula was established based on the equivalent circuit analysis, showing the relationship between the value of impedance Z
and the values of these circuit components. Specifically, there are critical parameters to the circuit in low-frequency area, including the
solution resistance, R, the electron transfer resistance, R, and the decrease in the electric double layer capacitance Cy. In contrast, in
high-frequency area, the solution dielectric capacitor Cy played a main role in the circuit. Therefore, a proper detecting frequency is
necessary to make the obvious impedance response in the certain circuit system. In order to improve the accuracy of detecting system,
the samples of the ToRSV in different concentrations were tested three times for the reproducibility, and then to calculate the average
values and standard errors for the accurate evaluation of the optimal detecting frequency, indicating the optimum value of 10.7 Hz.
Under this detecting frequency, a quantitative linear relationship between ToRSV concentration and impedance was established via
different experimental evaluation. The results showed that the TORSV concentration in the range of 0.001~10 ug/mL can have a good
linear relationship with the impedance value, where the corresponding impedance values were in the range of 248.8~687.2 kQ. The R’
values was 0.98, while the detection limit was 0.0034 xg/mL, of which the corresponding impedance value was 307.05 kQ. The effects
of different methods to detect TORSV, such as nano fluorescent particle test strip, real-time fluorescent PCR, HC-RT-PCR-ELISA, and
SN-RT-PCR, were then compared with that of the microfluidic impedance sensor. The comparison demonstrated that the microfluidic
impedance sensor can serve as an effective and convenient tool to detect TORSV. In addition, the southern bean mosaic virus (SBMV),
Arabis mosaic virus (ArMV) and tobacco ringspot virus (TRSV) were employed as untargeted viruses, to verify the specificity of this
detecting system to ToRSV. The samples were separately tested in three times, particularly from the SBMV, ArMV, TRSV, and the
mixed solution of all four viruses with the concentration of 10 ug/mL. The impedance values of these single-virus samples barely
changed, while, that of the mixed solution changed obviously, indicating that the variation was nearly as the same as that of the TORSV
sample. It infers that the detecting system can accurately detect the TORSV. The detecting system of microfluidic impedance sensor has
demonstrated the serval advantages, such as high detection sensitivity, good specificity, effectiveness, and convenience. Thus, the
proposed detecting method can provide a sound specific reference for the identification of various virus from other plants.

Keywords: diseases; sensor; microfluidic chip; tomato ring spot virus; quantitative detection; electrochemical impedance spectroscopy
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