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Abstract

Rapid antigen tests for diagnosis of SARS-CoV-2 are broadly employed for screening approaches,
and have potential to be used as alternatives to standard laboratory-based molecular assays. Here,
the electrochemical immune-sensor was constructed on screen-printed carbon electrode depo-
sited with gold nanoparticles, and the half-antibody specific SARS-CoV-2 nucleocapsid protein was
self-assembly via Au-S bond formation. The modified SPCEs was characterized with cyclic vol-
tammetry (CV) and electrochemical impedance spectroscopy (EIS). The signal was amplified with
gold nanoparticles (AuNPs) dual-modified with detecting half-antibody fragments and horsera-
dish peroxidase (HRP). With a sandwich immunoassay format, the obtained electrochemical res-
ponses were proportional to the SARS-CoV-2 level in the sample. The proposed assay had a dy-
namic range for SARS-CoV-2 NP quantification of 0.05~50 pg/mL. With a detection limit of 9.04
fg/mL, which was almost 10-fold lower than that obtained using AuNPs/SPCE electrode vs. con-
ventional whole antibody. Both the intra- and inter-assay coefficients of variation were less than
9.3%. Moreover, the recovery rates are found to range from 86% to 109.4% in the spiked samples.
The results show that the proposed electrochemical immunoassay is a highly promising approach
for COVID-19 diagnosis.
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1. 51§

COVID-19 & — i X ¥ i FEAL ReVES o« 7 R TR 5 (SARS-CoV-2) B S (1l A IR = 22 BUA H
T Z IR HREZ KA A, PR A PR F I LR AE, MREPRER S, L Z AR
PERG B AN H R I Th BEREAG S, M E A AR, COBCNEERA L TR ) SR E S 5 g [1] [2]. K
IS0 B AT SARS-CoV-2 o %5 175 12 Wi F f5 SR 36T7 43 R4

BT RLIR 00 53 F AR AR I U 3 H O SR 0 A I 0 Ay . Hodh, SRR AOLE & PCR
(Real-Time Fluorescent Quantitative PCR, qPCR)FA K R U . R w54 s, & H il SARS-CoV-2
Rl 5 I FBez —[3] [4]. {H2, FETRIRM 7 FRMIAAER ZEUR, e A A s . AR
K H K TR, U 9O6e & PCR HiADIREH, FE LA G (FHIE_ L) FIE L PCR X
s RIER S, bRk &G R R IE S000 = W B AMES X, S XIEX R, (RIFEEA PCR 4T 2
HAR AR AR G52 SV B (035 Y [5] [6]. PRI, AR e A F [ 5K 0 AT TR B KBRS«

BT HUR TR ) G2 27 53 A B HAT A AR S e v R R e I T pRAE O 3, TP, ] A8 o i
AREEAAN T B BAT I T R AN SR B i AU N T2 AT 97 25, J2 LIRSS 59 58 B PCREEARIIAN 2,
RE W6 1F N 2 TR 1 4> 1 AR W0 54 R 0 77 v 10 A s #h 78 [7]. H AT, SARS-CoV-2 $1JE A& il & s A
SARS-CoV-2 &YW A Sk, LELEM T SARS-CoV-2 YL KHE AT A7), A XER
B 1 SARS-CoV-2 fifi 2 i35 K [8] -
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G AT — R EMAL RS, E B A GE 0 S A A E AR R ROy — 1A, AU T 2
IR, B 7 RBEAARS R, @i 7 PUEA IR, RO AT 2 [9] [10]. ik, JF&HIT SARS-
CoV-2 FLIE I ) G2 A i as ik — D SARS-CoV-2 &R . SR %) H AT Ak, 4Ri& it i) & Ff
SARS-CoV-2 fRIEaF1R 1 r A B AL 2R RERY 22 50, I 2 A7 A DR B4R ] 58 ANAR R B PR A4 A REATL I
SR PUATE VL PR R, X SEHR ™ B AL A IR PR RE[11]. BRIk, AHEIT H f2 SR ft— Mkt
TIE AT U RE LA B U A e Al s R 1 5 U7V, 38 I e Oy X i B TR R B SR A 5
LA R BLA H T SARS-CoV-2 471 S Al ) G 5 1% SRR A A7 AL IR

2. KRS
2.1, SEEORAF SR

SARS-CoV-2 #AK 7% & [ brifE it (Nucleocapsid, N & [(NP), #ifE > 96%). SARS-CoV-2 N &4
& Ab1 Fll Ab2, ZJREEZRML (LA RA R HAUCl,. EDTA. 2-5i3E Z M bR 2h . AR, Bt
ANEEHRP). Ks[Fe(CN)sl. Ku[Fe(CN)s]» KCI. B&EEH, Li#gE &R AAFIAERAR; BCA &
IR B I 1R 77 o AR R 42 P (PBS, 100 mM, pH 7.0)A1 Tris-HCI Z23%(0.1 M, pH 8.0). TR - #7745
BRIV Z2 (0.1 M, pH 5.0), iR RAEVFEARGRAF; 2P ERIRK N, MRS ERA
F/A7]; Centricon Y-30 6%, M Millipore AF]; 46 H K4 Millipore 417K (18.2 MQ-cm).

HLAL 2K A CHI 660D FaAL 2% LA S (i REAERA IR AT, =R RS S HRRCRIENL
B, FHENHEACAZ R, BTE AL SR IO TE IR AT T AT

2.2. TYEEEIRAER R IZIH

W 22 BN ¢ FELA FELRZ (d = 3.0 mm)7E TG /K LRI At 7K Hh 43 il B P 3 9k 5~10 min, ZARF: K Bk
TR eI () 22 I BRI H M 2 1T RS 0 30 pl A9 HAWUCH, (6.5 mM), 9436 Bl A—1.5~0.5 V, $93% 50 mV/s, 94
10 X, 41K 4 (AUNPS) L TTAR T+ SPCES HIBR K [f1 s 280K 1HI SR AR 1 HAUC, I EE 4l 7K s A SR T
N, T, R[I75%] AuNPs/SPCEs i, MEYGIRAE#% .

2.3. FHi{k HADL BY&IE

IR JFE &R R R EE N A NP UM, BRI R [11]: F A m SR s
P (AbL)FE Y IR 5 N & BRI Bt i4 (Ab2) 43 7 FH & 10 mM EDTA [#) PBS 43 7 #i % % 1.0 mg/mL,
PUARVEIOA 3P 0 = (2-FR8 £.58) 1B 3L R 2R (TCEP) & 4K FE 4 100 mM, YR A TRAE 37°C et FE
I 1.5 h J&, F Centricon Y-30 & JEES Lo AT 44, i J5 4 4L 514k HADL Al HAb2 fRAFZE S 10 mM
EDTA ] PBS (10 mM, pH 7.4), BCA iEIE iRk E, RISl T 45258 1) HAbL Fil HAb2.,

2.4. MREFHRETIFIE

24 mL FPERBREN (2.2 mM)IEBOINFAZ B, AIEA 1 mL HAUCI, ¥ (6.5 mM); 4k gz i bl in#i
15 min, ERZIE R ASEE AR R AL, 4°C, 13000 rpm 250 20 min ARG K G, BRI KRG 3 WX,
R JE B BAE R SR E N 1.0.

HRP Il HAb2 XUbRiC4ik & 5ki[12], B 1 mL 44K &% H 0.2 mol/L K,CO4 75 pH % 8.5~9.0,
LI 1~10 pg i JE R K Hi ik HAb2 A1 1~10 pg HRP, #8%, SILHHE/R N 30 min, #E 2h, N
A\ 100 pL 3% BSA ‘% I 4k SE 45 $F [ 5 30 min, 4°C 13000 rpm 250> 20 min Y4 HRP-AUNP-HAb2 & &4,
PBS ¥k 3 G AT 100 uL PBS ¥ .
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25 BHFREARFNHE

&4 10 mM EDTA 1] PBS (10 mM, pH 7.4)# 14 Ji7 24 - 4144 HAbL % 10~100 pg/mL, B 3 uL HAb1
Ri% T AuNPS/SPCEs HIR R, #EFARH 37TCHEAIFE 2~4 h, WK ERRITRHAR, 6 L 1 mM
(1) 2-3i % CRE(MCH) B0 bR ARG T, FEARTE R E 25 88 B 37°CIF A 1 h, PBST GVl R, W,
BI73 MCH/HAbL/AUNPS/SPCEs HLtl, ik Hifh 2 s e G 28 B T 4 CIRAF H -

2.6. SARS-CoV-2 H3IzE

Fi TRIS-HCI ZZ#1%(0.1M, pH 8.0)Fi% SARS-CoV-2NP txifk i =ik E A 0.05. 0.1, 0.5, 1. 5. 20
F150 pg/mL, f9EIBEEIRIEN NP LSRRG F 3.0 UL B FEIREE I NP RREI 3 A e Lk B 4
FIHK b, 37°CHEE 60 min, KT TAE AR INFR M, PBST 7855 ¥k : X 3.0 uL HRP-AuNP-HAb2
WNE A, =M E 60 min, PBST 7Pl RN I TAE Ak . DAFTR TAE ik 52 L st N
X AR R = AR AR &R, 8 30 pL BERR - FTAFRZEMR(0.1M, pH 5.0)7 TMB-H,0, (TMB 0.8 mM, H,0,
2.0 mM) IR R I CE AR A 1) TAE Fa bl i s T H R L 0~—0.4V ARSI A Fo Rl adEAT 22 4 Bk AR
2o NRHEIRAT 0 FL L e LR 5 AN AR B2 1Y) NP J N7 R vf it 28

3. SLIRLGR
3.1. EBIREIHERE

AT T T I 00K 5 SARS-CoV-2 NP 60 i FEAL 2 G e AL k35 . SARS-CoV-2 NP ik J5 B 2 ffhk
I Au-S SE LB IR AN K S0 TR B H R 2R T, 15 2 BRI A AR IR Z , RAE T PO i S is 1,
TP HA S R Ak 2% HE i 3 SE W SARS-CoV-2 NP B4 HT. HEMRASm AR R 3 an & 1
I

; »_2 W
c ”f = T
TR - R SARS-Cov-2
/
HSSH “EpR2
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Figure 1. Schematic representation of the modification of SPCEs

E 1 Bk rEE

3.2. TEMMRARRIE
TER LA LR AL B R E L AR, #Z a~e fKICHY SPCE #RELM . AuNPs JTAR . 21fi 50 pg/mL
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HAbLl. 1 mM MCH i, W NP HR AR . &l 2 /27E 0.1 mol/L PBS (pH 7. 0)7 ¥ H LA 100 mV/s i#
JEM-0.4 2] 0.6 V X8 NIEH A2 CV K. BRI L, #h2R a v] LA 218 52 1 — ) T 3 (1) S A0k JiR
I, fh4k b v AUNPS/SPCE Hibl, SilliZk a MIELZ: AuNPs 1&1fh, SALI0 I s B &8 hn, X2 h T+
AuNPs B RIFH) S, R RS 748, M SIBOCRRE S EM . A0, i
2 ¢ WE IR REE/D, X T E AT, HAbL 2 FHAS f T (4538 . MCH 35 PR B b b 4 S5 1k I B
R JE, B EALE R I B i i — B b . B )5, SARS-CoV-2 NP HiJR SN & 5, HTHiaFiik
AT, W HLIR I 2 PR (I 26 ), 13 I F A 2 A SRR L TR A A Fl T o

60 -

40

Current/pA

06 04 02 00 -02 -04

a~e: SPCEs, AuNP/SPCEs, HAb1/AuNPs/SPCEs, MCH/HAb1/
AuNPs/SPCEs, NP/BSA/HAb1/AuNPs/SPCEs.

Figure 2. Cyclic voltammograms of stepwise-modified electrodes

B 2. TEMfEIRERRTERARE

3.3. B TIESRIAE

E— 25 R B R AE AR A B R . ATV 5 mmol/L [Fe(CN)6]* ™ 0.1 mol/L KCI ¥,
FHTHZE E Y 0.1~10000 HZ ., #R1E 0.005. JF# HLE—0.08 V T 3K 3 HL AR AZ I 2 1 Ha A 2 BE B 1 P (14
3). [A 3.2 #Hh£k a~e 2 HIHKIR Y SPCEs #HIHZ. AuNPs T, &7 50 ug/mL HAbl. 1 mM MCH 4.
Wbt NP HiJs i Ak . TRUE F| SPCEs s KA, R TR AR . &1 AuNPs J& ¥R 1) B AT %
FEk>, RO AUNPs 5 AR BT RS . A BAREE— DB, IR I BRI D . SRR O
W IhE . #hk d A1 e 435403 MCH $ 1F1 SARS-CoV-2 NP v Ja (2, R EAZ#E—5 1,
FRPMHPLHGE— P10, X5 &EARGUKE TS B AR B £ —58, £ SARS-CoV-2 NP #i
JE 5 PR Th S, AR RS AT

3.4. fEREARMARAE 2R K2 48 i BR

A SLEG 24644, #E 0.05~50 pg/mL ¥ FE G F A DPV i B HLif % SARS-CoV-2 NP HitJ5 ik BE 1)
BRI R (B 4), XA NP IREEERK, AR HRP 2, DPV bl iifEt . &5
W,, DPV Wi S ARG (A1) 5 SARS-CoV-2 NP HiJ5 K B A& 2t R A 77 #2 4: Al = 24.0 Log[NP] +
53.8 (NP f{3#% SARS-CoV-2 NP) (R* = 0.9802, n = 5), 1515 2| /TG IR X %y 9.04 fg/mL (S/N = 3). [d]
FEZAT R, K SARS-CoV-2 NP R4k % il SARS-CoV-2 NP 4:3iifk, 7 0.05~50 pg/mL i [l A i o
W BE SARS-CoV-2 NP $H{JR Ik EEARL AR AL (1] 6), DPV ZEALIE HLA 5 SARS-CoV-2 NP I [ Hi 7] 41l
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HLERIAJTRE A Al = 15.78 Log[NP] + 33.14 (NP 1£# SARS-CoV-2 NP) (R? = 0.9502, n =5), i3

RAGHIIR 9 0,018 po/mL (SN = 3), FLRGKXIUBUE 40 ARk 5 fi7, WM PR WA T4
P AL ST ) R
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a~e: SPCE, AuNP/SPCEs, HAb1/AuNPs/SPCEs, MCH/HAb1/
AuNPs/SPCEs, NP/MCH/ HAb1/AuNPs/SPCEs.

Figure 3. Impedance spectra for the functionalized SPCE
B 3. 2R RA B F AR EIE

100

75 4
50 4
25 4
0 4

Current/pA

=25 4
-50 4

275 4

-100 T T T
0 -0.1 -0.2 -0.3 -04
Potential / V
a~g: 0.05, 0.1, 0.5, 1.0, 5.0, 20.0, 50.0 pg/mL.

Figure 4. DPV responses of the modified electrode after incu-
bation with different concentrations of NP

4. FEIREHBEBRFHS NP FEBIRNESHOMRAR
e iz ]

3.5. fRRERANIEREN

NT H GRS NIR AR R, KRS E T 5 pg/mL SARS-CoV-2 NP FrifEVE R o v 1
h, H4T DPV £ [FIFEMR), fofeEas B8 T HME Em, W HF R BOR R A& A (Flu ANP)FITZ
T B B % A 76 82 1 (Flu B NP). SARS-CoV-2 Hl| % & 1 (SARS-CoV-2 SP)%5 & 1, #H1T DPV fill, tb
ECHTS AR R R, S5 7 B, 4 RLRUBOR BN O BB B A A S R . SARS-CoV-2 i
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Figure 5. Standard curves of SARS-CoV-2 NP by electrochemical
immunosensor (o: half antibody; o: whole antibody)

[ 5. SARS-CoV-2 NP HIRUERIZL (0: F4uik; o: £HiF)
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a~g: 0.05, 0.1, 0.5, 1.0, 5.0, 20.0, 50.0 pg/mL.

Figure 6. DPV curves of the modified electrode with different con-
centration of SARS-CoV-2 NP

6. INERE SARS-CoV-2 NP 454 EE AR B2 4 Bk 4R 22 e Rz [&]
3.6. MBS

SARS-CoV-2 (8537 i H 2R 5 - Tris-HCI (10 mM, pH8.0)FikE 4 NASIE KR (1000x
2000x. 4000xF1 8000x)/5 73 Ml %€ 5 ¥k, Frill45- & B2 B4tk P AH X A 18 I 22 (RSD) K 6.2%, 5.4%, 5.8%7H1
7.5%, #t[A] RSD A 7.5%, 6.8%, 5.7%#19.5%, FHIARJLEARUFHIEIIE.

]S 2R 2 SR PPN HE R B B SR LR AR 2 — . [l = SEBRs il 4l BB IR TN E x 100%. IfLid H il
BHAIMESCRE R LE 1 (EEZIR), BIICEN 86%~109.4% 7], 55 RHUNT 9.2%, [AIICRALE
T 100% 7] §E A F T 15 22 AR RN 51 L 1) o R W 37 9 FELAK 2 S 0 BT 1 F T SARS-CoV-2 (1A
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Figure 7. DPV response of the electrochemical immmunosensor after in-
cubation with Flu A NP, Flu B NP, SARS-CoV-2 SP and SARS-CoV-2
NP

& 7. {£R%EExt Flu A NP, Flu B NP, SARS-CoV-2 SP and SARS-CoV-2
NP ZFZEHH DPV Mg

Table 1. Recoveries of SARS-Cov-2 NP spiked to blood serum samples with the proposed electrochemical immunosensor
2 1. FBERFE NP RINE B A o 807R i B 56

Added (pg/mL) Founded (pg/mL) Recovery (%) RSD (%)
0 0 - -
0.05 0.043 86 9.2
0.5 0.53 106 6.2
5 4.82 96.4 5.3
50 54.7 109.4 8.8
4. Zig

A TR AR G TR AE 22 W E g T A AR SR T, SARS-CoV-2 NP ff4iikidid Au-S 5& 1)
A B RS AR R I, HURDUAR SN 32 HL A2 F IR e S S SARS-CoV-2 [f15E &40 #T. 5
A 1Y) SPCES MMM G e AL IR AH L, AR B BT 1) LAk 2% G B AR T3, AR 9K &1 v LR T R0
T, T E PR Fo XIK-SH @it Au-S LA e 43K, BRI P ADEERZ, fRIET
PO G e T e, SR T R v P A 2% G 2 A TR 8 A 7 2R e DR s B3 0 i 11 R AP, 38 11 A 1
DR LR AR e 2 B AR A — e R R 7

EEMA
I TR BB T RI(MSZ20173, JCZ20021), KA G0 IR TRl H (202210304131Y).
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