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LA ZR I A K I 22 TR AR DNA 43 - 19 900K 4 i PR, (045 55 R B 6 2 19 S8 AR DNA AN B0 il 76
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B B FE AR L, AR R &
sl 2 A A UEURE T E AR 43 16 R ORGSR
SRR AL G I ARG I AR T T X A A R R
AR EE Hbn i T, BTSSR E L RUE
A | WA 2 S ), wfE LA A B QR 2R B 5T R A
B I FH A 2R o & FEE A . TTE RA 50 A R B ) SRS
DA AR — BIZ T RE2E BT I IS B TR
AR BEAE TE LA 43 F KV LR A7 50 B A o, DT 2
B L A% 8 4 R BT i 1) R B RVRR S . B A R
1) G 7E T ST A T S A 5 =2 ) — — it
V& FR At B BT, KA B S5 X A o 1 Sl
“O” M FES 17, SRS FAES 17 THER ]
HE AR FRE R EE . RIEHIEAER, Harg
S5 BT R TR GO MBS B gk Ltk
AR 77 535 3 A AR I B 0 AR Iy ik e
{2 — 26 o R I AT BRI A5 AR AR E L AT
HEMAR A ZHTHERRNEN, & & fE
PEARTAT SR A R

LB & %5 8 TR BRG (ICP-MS) BA Bt T fig
J15 G S RAE AR | RER AR, R — Rl K
T HE AR, SEMIIRETEREL A, ICP-MS
REZY i i = DR 3 7R 1] R O3 ¥
R, R, 52 BR TR AR Y B AL R OR, B4
FEAE /D B B T 0 R M TCP B 75 A% i S 4G 7, A
3 ICP-MS ok AR B A3+ gKR &
AT EJ7 A48 IR, BV 7 5 A B A5 o
PR R T A B, A /NS 43 B AT AN ICP

AuNP
AuNP

A
AuNP Report probe

DNA Hybrization
AuNP@RP

HPV-16 DNA fragment

Pulse signal

+Threshold

17 Au intensity

Time

SP-ICPMS

BT IR A 2%, HE T B ICP-MS K6 72 A= ik {5
o UGN KR 1T LIAE S — B AT R0 15 5 iR B
TCH TR FIHE BE BUSHAR R KR, SR A
TR B 45 B TR R % (SP-ICP-MS) 14 5 4805 A 3
A REZY LR E /8 == Rl 21T VST il AN WA NE Y
10 nm 9 4 4 K ki (AuNPs) i fiE 112 58+ =
PP H AR 2545, A5 0 AT ICP-MS B 28 AT DL SE 8
XoF BELGUREL 1 DU G 2 [ P AG I 24, 3 o A g Kok T
S RERS 5 H bR 7R S LS & IR, il
A RGO T RR B TR e
42 8 B 12 1 SP-ICP-MS 43 BT il . 3 26 i T
SP-ICP-MS (4 A= 4 43 A7 7 3 1405 38 4 o512 1 FH BRI
BBRAE A SR BIC . H X e 3 T ERIE AL IR (1 7
Mk LIRS B 7 1 AuNPs 3 18 81 19 DNA S, S350
Z M DNA-AuNP Y JE B %, M X DL 57 AuNPs
FIELGF Z 8] ) —— X N5 R 850 T8k, anfal
ST A RSy AR T 22 B UERR Y 1 0 1kt
B R RS IE T SP-ICP-MS 1Y 0 T8 5%
S AN AN — B AR AT FAE R ST S
& AR OB AR SR G AR AR 05 S s R 40
JEE 43 180 96 o 1 PR3 B TS AN KR ) v, B DR A
YRR FIEGE T FANES & ZA S — A5+, AL
ik A b ) S

T LR 5, AR AR T —Fh i
S3AR RER ) SP-1CP-MS BT ORI (8 1) 158,
o o A A R B A Y 42 98 K KL (AuNP@RP)
5 HFRHPV-16 DNA F B iR A, Rl H 80t 1 9

AuNP MB aonp | AuNP
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%,
%
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Figure 1 Schematic diagram of the principle of DNA single-molecule counting based on SP-ICP-MS and Poisson distribution.
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W A LT AR H R A S5 B AR T ( SP-ICP-MS ) FNARA M LAY DNA B4 Fi1%8 455

A4 AUNP@RP £ £ 5 —4~HPV-16 DNA h Bt 4%
AL TEAY, LSS fEwi 2 3k al . bl
J&i, HPV-16 DNA J) — i 5 #E 2k T 04l AR IR i 4T
RS PR 28, T R 2 1 i AR PR EH /HPV-16 DNA
B/l TR WA et B, RIS B A
MK PR, i — 2B I AU DNA, F il 48 1
AuNP@RP M\ = W] 36 25 #6) v B8 il 22 5 W v, DA TG 52
M — HPV-16 DNA J Bt Bl i — 4~ AuNP 11§ X
B FR . B, HHH SP-ICP-MS & 2 46 I B il 1)
AuNPs, e Z AR S T 19 50 F T4

1 SLIEERS

L1 &5

NexION 2000 HL B0 7 45 5 7 7K I 5 A (GG 5]
B A BRIR BRAA D) e Ve U 0 BIL (T8 [ B0
7). NanoBio 200 f# ik 736 6 18 T (B35 K R
AT BRZA T £ AUE LR 7 HNY -200B CRHERR X
AR AT

G 40K BURL(50 nm) WA [ VT35 5 40 K bR AT
FRA W, TCEP Wy [ i % i A= 4y < 245 B AT FR 22
7, Dynabeads MyOne Streptavidin C1 1] [ 3§ 2t
KRB A F], Tween-20 1 H %2 805 T B I
A BR 2 W) i 4 1 (FBS), Jr i it 1 DNA J¥ 47
Nonspecific DNA | Report probe, Capture probe .
HPV-16 DNA fragment. , Displacement strand %14
KT B TAEYHOR A W], DNAFSI IR 1R

x1 BEREHBFT

Table 1 List of oligonucleotide sequences

%2 NexION 2000 SP-ICP-MS T{E& 4
Table 2 NexION 2000 SP-ICP-MS operating conditions

Parameter Values

Nebulizer MEINHARD® plus Glass, Type C

Spray chamber Glass cyclonic

Nebulizer flow/(L + min™") 1. 14
Plasma gas flow/(L + min ") 18
RF Power/W 1600
Dwell time/ps 50
Setting time/ps 0
Sample flow rate/(mL « min ") 0.15

Oligonucleotide Sequence(5'-3")

Nonspecific DNA (ND) AAA AAA AAA A-(CH,),-SH

SH-(CH.)-AAA AAA AAA ATA
GTT TCT GAA GTA GAT AT
GAC ACG GGC AGC ACA TAA TGA
AAA AAA-biotin

TCATTA TGT GCT GCC ATA TCT
ACT TCA GAA ACTA

Report probe (RP)
Capture probe (CP)

HPV-16 DNA fragment

Displacement strand (DS)  TCA TTA TGT GCT GCC CGT GTC

1.2 {USBITEEH

NexION 2000 SP-ICP-MS TAEZ&AF N 2 s .
1.3 BFikaE &l

2XBuffer: 10 mmol/L Tris-HClI(pH=7.5),
1 mmol/L EDTA. 2 mol/L NaCl, 0. 1% Tween-20,

1 X Buffer: B 2 X Buffer % B % o

PBS i## (pH=7.4): 136.7 mmol/L NaCl,

https://www.cnki.net

8.72 mmol/L KCI. 8.72 mmol/L Na,HPO,.
1.4 mmol/L KH,PO,,

PBST % (pH=7.4): 136. 7 mmol/L NaCl,
8.72 mmol/L KCIl,8.72 mmol/L Na,HPO,.
1. 4 mmol/L KH,PO,.0.05% Tween-20,

1.4 WMERSEHSMKBAL G &

A5 v S BB 1) 4 9 K UK E 1 9
TR WA e, B R R B (RP) TR 4R S
DNA(ND) 43 51 % f# T 10 mmol/L. TCEP ¥ ¥ i,
fii RP A% 28 9 JBF 35 %) 100 pmol/L, ND ) £ ¥ JF 35
F|2 pmol/L, JFEZEE FIEHE 30 min; KJ5, B3 pL
100 pmol/L ND ¥ # 13 pl. 2 pmol/L RP ¥ ¥, i
A 100 pL B 4% 4 50 nm 1) AuNPs H, R A ¥ 21 )5
BT PCRAE T, BIRA WA —80 CUKHE % VR
2hy ZJE, TEEIR TR RRTR. T RBRARZ A
DNA, B W L2 000 g & 055 min, 325 FIEWR, 28
JE 1 mL KBRS 3K B, BB S 1 AuNP@RP
BIFLE 100 pL PBST i, IEE4 CTH 6. &
AU 9 AuNP@RP [ 76— F& A
1.5 HWRIREHEIERIRN G &

TG, W REER AE /N T TR TE, vT L E i
TR R 30 s B ARHIE L 5 min kT HL,
W10 pL BEFRE) 1.5 mL B0 T, RIT, MBSO
B inA 1 mL 1XBuffer, 3R REER /> HI 5 .
W B 0 B AERE Y B AR LB B, RE R S 1 E
WA B, BEJG 7  DIW . RE A B R L ICT B0
PR I RER B 20 E 1 mL 1 X Buffer H,
M B =W DS . R KRGSk BT
20 pL 2 X Buffer 4, #H MMA 20 pL ¥ EE N 5 pmol/L
A AR ET (CP), fE %R P HEFE IR G 10 min, ZJ5,
A1 mL 1XBuffer, #1442 3 min, £ 8 FiE K
I 0 2% 15 W TE 260 nm &b 14 0 % B A, 11815 3
CP45& %, 1 mL 1XBuffer ¥k %1% 2k = W I3F %
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RERR A3 HCT 0. 1 mL PBST 2 whilk b Gl SR 51 vk J
4500 nmol/L), 4 ‘CI#-4F .
1.6 ETFDNAZZH AuNP@RP KR BN

1E 2% 52 i B, 1 5 ¥ 100 pl. AUNP@RP
100 p. MB@CP 5 50 pl. HPV-16 DNA H Bt iR &
TELE T IE3T CRFIEE 3 hobifE , M H0. 4 mL
PBST &z Ml 3 B IF W E AT =%, H 0. 4 mL
KA RGeS, LB 2 31 AUNP@RP, 25,
JmA 250 pL HUAE DNA £ (DS) 5 MB@CP 4% %2, 7
37 CH4EZEE 2 h, Bt AuUNP@RP, H45 WH E
B W, B 2K H B 100 /%, i SP-1CP-MS &l
AT Bk S A BOR B 5 4 98 K ORI B, it
M5 H HPV-16 DNA H Bty B .
1.7 SP-ICP-MSllE

FE A 2 1, R A 1 pg/L Be. Ce. Fe,
In.Li.Mg.Pb. U HIEB X ICP-MS #1713, fiff
HARAH e R RUE . 7EURE AR, D 290 HNO,
W PE ICP-MS 1955 /6% 5 min, #5873 min,

(a)
50 50
z 40 3.95x10? particles/mL L 40 7.90x10° particles/ml,
E 2
£30F g 301
F 20+ Zo0f
F :
E210 210k
=
1 1 1 1 1 1 - 1 1 1 1 1 1
0 10 20 30 40 50 6 0 10 20 30 40 50 60
Time/s Time/s
50 50 -
z 40  3.95%10* particles/mL £40F 9.87x10* particles/mL
3
230} EE
= 2
Z 20 Z 20
3 L
Z10f S 10

1 1 1 1 1 ] 1
0 10 20 30 40 50 6 0 10

Time/s

1 1 1 1 1
20 30 40 50 6

Time/s

JIT AT 0 1) R B 45 Ak B 5 Bl Syngistix 44 K i I
Bese

2 HR5H®

2.1 EENIERE

AR AT 8 K BORE F) v B EA T4 A1, Sl a5 4
YA E 5 kAN B R A BORL R B 9 50 nm AuNPs
Z IR 2P &R, LUK 2 SP-ICP-MS B 50URE 43 BT 1Y
HASVEE . i AuNPs £ SP-ICP-MS H 4 ik w5 5
B 52 B AL, B T 0% B B 155 000 B Bk b 15 5
LRI EO 3R BH M B A3 =R 1 SR TR T
E B T 5555 . W 2 firR , Y JB0RL Ik B 7
3. 95X 10°~9. 87X 10" particles/mL I}, bk w4~ % F1 1
e B 22 [ 2 RPN G R (R°=0. 9960), I,
TE SP-ICP-MS SR i 7 B R i A0 B 21 I 4 PR i
T FEAS B K o A5 5 AN 505, 1T RAE A i 26 A 5K
TS R MER B 9K TR E

(b) 3500

y=33.07x+33.58

2—,
3000 L F=0-9960

2500

)

min

'E 2000 |-

w

(=3

(=]
T

> 1000

Frequency/(pulse

W

(=3

(=}
T

1 1 1 1 1 1
0 20 40 60 80 100

Particle number concerntration of AuNPs/X10? particles

E2 (a) R[ERER 50 nm AuNPs i) SP-ICP-MS iZ [El; (b) 50 nm AuNPs FIFHLK E 5Bk E S BRI X R (n=3)
Figure 2 (a) SP-ICP-MS spectrum of 50 nm AuNPs at different concentrations; (b) Linear relationship between the particle

concentration of 50 nm AuNPs and the number of pulse signals (n=3).

2.2 HPV-16 DNA FEME S FiIt#H5ARSH

Zit o

By F TR R R B R T A R
L, DR N G TA AN A A o FEIA AR ST AT T, S E AT
2555 T NON S B il 3 v BEAE B 2+ 4 540 .
A UL AT A5, AR oE 25 (SD) B 45 TR BE T A&k
) ek T A5 553 - SR SR BU S TR (YN T A
T BB Ty SR A AR I A 3 A, FRATTAE A AR Y 52
WKAETR, M2 WEMHPV-16 DNA K Btk &
S (] 3a), I TH0 T 25 W BE T 19 3 2 ) o 5%

https://www.cnki.net

Z., W 3b TR, 25 W E TR AT 19 5 1 AR R A
X AR A 22 (RSD) 346 1/ N A FL R A, PR it T
DI« X6 58—t e B 1 BRI S T 7, HORG 9%
23 Bl A5 SR 4R A BB YR 3 AT AR A5 A S BH M ik ol 45 5
B0 ST B R, R R A A A A K N R (] DA AR R
22 1 R A 55 BORT L S BRAG TUKS 2% B2 I 4R i o AR 3c
fiios, %t THARASF7E 1 fmol/L B IB ML, 24 B I
Gy FF AT HE I E] 86, K A MY s EM 2 X101
F]12X10°, RSD(n=3) M 37. 75% R#&fK %] 10. 47 %,
T E I b A AR BRI T R B fn & 3d T R,
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poran St Yk A [Jras = Sl T AN ~ N > K
553 USSR . JL T AR B A S AR BE ( SP-ICP-MS ) FAAA Z A IR EE A DNA BA5F 14k 457
30 30 - 2000 50 450
25 25 _ 440
; 0.1 fmol/L . 0.5 fmol/L 51500 40
s20r 5208 E 1308 {30
S5t S 15 < 1000 - = 3
'z 'z ] 420 = H20%
10k S10F 2
= = 500 |-
5| sk 410 410
1 1 1 1 1 1 1 1 1 1 1 J O 1 1 1 0 J O
0 10 20 30 40 50 60 0 10 20 30 40 50 60 10716 10 10
Time/s Time/s Concentration/(mol - L")
Ey 30 - 100 100 - 100
25+ 25+ L i 180
, 1 finol/L 2 fmol/LL 80 80
£20f 2201 2
EREE S15F : = g
Z Z a0l -40‘3-405@
510+ Zior z
= E =
sk sk 20+ 420 420
1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60 2 4 6 8 10 12 x10°
Time/s Time/s Number of points collected per test
30 F
30r 1000 y=1.0277x+17.59
25+ L F R*=0.9937
. 5 fmol/I. o 10 finol/L 5 %
5 20 Z20F £
< sl 3 =
15 zI5F £ 100}
f10f £10fF Z
] €} =
5F - 5
1 1 1 1 1 ] 1 1 1 1 1 1 10 Bl 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60 1071 1015 10
Time/s Time/s Concentration/(mol + L")
3 (a) 1A E R E HPV-16 DNA F B2 SP-ICP-MSiZ & ; (b) ZEEIZE SP-ICP-MS X MR &£ S HA 12X10° MK E T, MR

BkifE S (B 5) FEHPV-16 DNA F BREMTAMEL . REFRTIVERE (n=3), BIMRR T HX4RERZE (RSD, L& L)
EFRNFEITRBHE(E R ML); (c) 2 HPV-16 DNA F R E S 107 mol/L i, PRk M E S HER & R EH
TUTMEN (n=3), BHRETT RSD FE FARSGITTHHE; (d)HPV-16 DNA Fr B BI#R#E TIE# 2
Figure 3 (a) SP-ICP-MS spectra of HPV-16 DNA fragments at different concentrations; (b) Under the condition of a fixed number of

acquisition points at 12)X10° in SP-ICP-MS analysis, the average positive pulse signal (blue bars) varies with the concentration of

HPV-16 DNA fragments. Error bars represent standard deviations (n=3), while the relative standard deviations (RSD, red dots)

and the expected values based on Poisson statistics (blue curve) are also presented ; (¢) When the HPV—16 DNA fragment

concentration was 10™° mol/L, the average number of positive pulses varied with the number of acquisition points (n=3),

the corresponding relative standard deviation (RSD) and the theoretical value predicted by Poisson statistics are

also shown; (d) Standard calibration curve of the HPV-16 DNA fragment.

FLRPETE I 9 0. 1~10. 0 fmol/L, [0 )7 77 7 h y=
1. 0277x+17. 59, R*=0. 9937, 4} 30/slope i
75 ¥ B K I BR K 61. 2 amol/L, 75 ¥ B A B E R
10. 7% (HPV-16 DNA J Bt #¢ 0 1 fmol/L, n=3).
X 2 B W, 3% 5 vk A M vk Y TR PR SR VP 43
i, RO L HERR PEGE, T T #E DNA 1) SP-
ICP-MS $177 5114

3 it

AWFFELLHPV-16 DNA F B MR, i )yt
T —F TR W0 PR T IO . TR
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& T DNA J2 .0 2% 52 55 toehold A 5 #4 4 & 42 | 17,
JEEE T I RA 43 A0 3, A AR T 5> AuNP 5 B A~
PR DNA 43+ Z [A] ) —— X N G &R o FE AL I, 8
i H AT SP-ICP-MS 9 4 ik o 5 5 Fca, Bp T
S HARDNA BHER T8, S R, A
PXTHPV-16 DNA A i 5 #5408 Bl ol
0.1~10. 0 fmol/L, K HHFRAKE 61. 2 amol/L, /&4
ATy B RIS 1 o BT (LRI i R v K 2
o ARAE | WEBR Y B S A B AR, RS BB, N
B, FRATTRE I KB AU 5 e A O = LR ERE AP 3R
[FIERF Ay 30 DI 12 SR W 1) 387 3 M FRATT R ke
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DNA Single-molecule Counting Based on SP-ICP-MS and the
Poisson Distribution Principle

XIE Yingyan', ZHAO Xinyue', FANG Ziyang', WEI Naijie', PENG Xinran', YAN Xiaowen"*, WANG Qiuquan'

(1. MOE Key Laboratory of Spectrochemical Analysis & Instrumentation, Department of Chemistry, College of Chemistry and Chemical Engineering,

Xiamen University, Xiamen , Fujian 361005, China;

2. Innovation Laboratory for Sciences and Technologies of Energy Materials of Fujian Province IKKEM), Xiamen , Fujian 361005, China)

Abstract Inductively coupled plasma mass spectrometry (ICP-MS) provides advantages including low detection

limits and rapid analysis, but its inherently low transmission efficiency restricts the realization of single-molecule

counting. Single-particle inductively coupled plasma mass spectrometry (SP-ICP-MS) provides the possibility of

single-particle analysis through signal amplification strategies. However, conventional methods based on spherical

nucleic acids (SNA) have significant limitations: the number of recognition molecules modified on the surface of

gold nanoparticle (AuNP) labels is difficult to control, and a single AuNP is often surface-modified with multiple

DNA probes, potentially capturing multiple target molecules and forming aggregates. This results in an inability to
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establish a one-to-one correspondence between the number of pulse signals and the target molecules, making
single-molecule counting difficult. To address this issue, this study aims to develop an SP-ICP-MS single-
molecule counting strategy based on the Poisson distribution principle. By adding a number of gold nanoparticle
reporter probes far exceeding the number of target DNA molecules to the reaction system, the number of target
DNA molecules captured by each probe is controlled at a '0 or 1’ level. Furthermore, Further, combined with the
DNA sandwich method and toehold mediated chain replacement reaction, the gold nano report probe combined
with the target DNA was released from the sandwich structure to the solution, so as to realize the corresponding
relationship between an HPV-16 DNA fragment and an AuNP. Finally, SP-ICP-MS was used to quantitatively
detect the released AuNPs, and finally the purpose of counting single DNA molecules was achieved. Based on this
strategy, we successfully achieved single-molecule counting of viral DNA using SP-ICP-MS. This method utilizes
SP-ICP-MS to count the pulse signals of positive gold nanoparticles exceeding the background threshold, thereby
directly converting the pulse frequency into the absolute molecular count of target HPV-16 DNA, without relying on
nucleic acid amplification steps such as polymerase chain reaction (PCR), rolling circle amplification (RCA), or strand
displacement amplification (SDA). The experimental results show that this method has high sensitivity for the detection
of HPV-16 DNA, with a linear range of 0. 1—10. 0 fmol/L. and a detection limit as low as 61. 2 amol/I..
Keywords single-particle inductively coupled plasma mass spectrometry; single-molecule counting; Poisson
distribution
HIGHLIGHTS
1) A DNA single-molecule counting method based on SP-ICP-MS and the Poisson distribution principle was
established.
2) A one-to-one correspondence between single-particle gold nanoparticle tags and single DNA molecules was
established using the Poisson distribution principle.
3) This method has high sensitivity and accuracy, and realizes SP-ICP-MS single-molecule counting of viral
DNA.
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