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[FJ I H e 5 B oKL T ZOK RE X NI R RE 2 B JEARUL G . 1M Jim 2w AR A
fEAE FH AR A, B ARG 2 PCR 1 MRS, FFHHT
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B &lEsE 2 M (polymerase chain reaction, PCR) & —Fh Fl T3 1445 &
DNA R B TSR, WER DNA fr BUEZd 2 o DU A gy g4,
PCR % LAE & PCR (quantitative PCR, qQPCR) HIJERJEIT, X fLiFAES2iis
A7 390 ) B L ARSI B9 15 74, IR BE (Ct B X R G BT E B
Bl FEAS R AL B2 AN 45 5L 3 75 2 6~48 h, o se Bl s PRodias il . 5
—J7TH, GURM RSB R BT LG, RIS AN [ 0 B RO 2 T
FFEGPKEE BT R BTHORRE ERE T 2 RON AR K FH BRI A A
PR RGC A EEE N, REHFALKN, 5IANEH KT (Au
Nanoparticle, AUNP) [ 810 Ceol), B -FRRIRE G A gRR 00, R4
MRS AT DA FRIFE B HL P2 5 PCR &0%. 0 si AR, Hsn] 3R T 4kkE
T SHPERERILL K 5 ¥4 DNA (single-stranded DNA, ssSDNA) A 34 &
A7 T 28

2021 4, B TORSARBREAAE gPCR SIS N TR LA B A
[¥) AUNPs (AuNP-gPCR) 41, £ R, DNA EHl#HZE 5 AuNP WKJE 2 [ 17
ERG K F o AT T =R WA % 8 (deoxynucleotide triphosphates,
dNTP) JKERE P A s AN T B RE B, 32 tH FDRE REE AR KR 1 A% 48 TR
B2, R EELAEYD TR AR e R 2023 4R, B HRFEBUE R NET
Ak B gPCR RS E SZIR M %] DNA & Hil i F2 B i 404 7 (mid-
infrared, MIR), FfiE— D T 7EMK AuUNP ¥R BE X SZIGH™ 18 25 % il 5 f - ) P
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KN I SR B L,

MRS L5 R, STHR[141A0 [A5] 4 WUl 52 2 19 SL I8 R IR G LR A A T 27
MNHIZ 5, AU AuNPs 2385 PRI S RE I 78 B TR A 0 1R 52 PCR
HIRE . K dNTP HIKAR SO 73 A DIAS T IR, RKILT RS IV BT A=)
T TN | W T 7 DG T & . SRAMER DTG T RCR IR I
Wi AUNP ) 1R) R 51200 T K I DT B o S5 W% 7 3 4K 5 s IR B AR AT
AUNPs JI2 B IR HE— 2 s 1R K BE 2 T AR AEAR DR PERS, SEBL T AAb 1 S A 2k
A

(B2 MER o3 M A7 AE A E PR R, 7E MARE SEIG A B I A AN D I SBERR, T
HARAEYDCFAEFLE AuNP AT B —4E 3 I R . BTz R T 4ok i
KL RST, ARSI EIFARAL . N T HERARIRZE AuNP-gPCR XUR 1R
= RORALE], AT A e s AN B O IR IR . ATl A
FA SRR AR LA R AuNPs (AR FEPIRAS SR A IR S A1 B15%
ARSI R Z K € 278 RN R, IR TIN5 Se g 45 AT A X . [
I, ARISCERF TR EGPKRE BRI E RN, H=4E8R ARG BRI 7
APHEREE AUNP SR RE R ML RE i fE, VS At A BAE
FE T RETRAD— € B RE RO, AT U 458 21 f) SE B AR I AT Fr otk . A TAE
BE TS L LI R I EOAESE, )5 St — D0 7 B WA R RAL
2 SR
2.1 AUNP [1J#5E41

FRATTE T ) B AR A BUE VR VR R P AR AUNP YRG0 K57 GERBCNZKD
MO RAEEN BE B ESEN T, A AKREE S IR AuNP R EAEA
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ZIARKL T C LU ()20 —20 mVES T, R ik R AN 5502 2 113 3l T
PR H B 08 AR SOk, XL T 25-60 mV R AL, ATHERLL
HAME R M AE L th TR IS s Y BUZ 30 0 S R R IR, RS T
SE AT R A AR N X

ASCAE SR RIS BOR 73 BT i 0 AR 3 (K 70, Va2 B T
BASRMEAERM RGO, G828 R MINA AuNPs 23 BIFEARURY |
IR ENT A U EO e, 5T . DNA R FEHRTBAE 323 K M E iR E
TEET . BARBR T B ENTTH AN = C-V - Nyib 5, Hord Ny 2B iR A
Y HH, CRER AUNPs FIRIEZ. KT E TS, A FRL T
EIEIRARA AT . BEE T B B AN B MERE I B L E A, AR 13 2041 e 02 B
IR B AR .
HApLEMED T ONRGEPEIEE MR, BEVERN =
(%0, Yo, z)» VSRR T HAhORE7~ 2 8] A A EL AT FH e

qiq;
4me e Ty

(1)

u(r;) =
JES

Hobq g R TFIIEE, 1y = |r— 75| @FE=4E2 W RBENLES B E] AN HiHY
(i Biry = (o, yi,z0), WHZALE MRS ARG @ E R A = u(r) -
u(r). #Hhu<0, EEHME: #Fou>0, HELHENP=exp (CA/ ),
Horbihe WKL R, WA AT 0 F1 1 ZINIHHLES, %6 <p, W
AT RORAS . T R ARG

U AR = 1/3NoCHIB BT INBE, 052 T 1 B o A0 e
ED (D =1.9d) B8, B Hr s M, RATH AUNP IR T RIEEdFID A

AN AIREE . AR T R, SRR AuNP 42 A 20 A7 iR AL
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miE 1 PR SRER, BEERAREN, B 1 (o dHRT oA e It HE R
WNE, HAT WS AR AR B, ELAR 1] 20 A R Ak Ve 5 S 56 [14] mh S0 X0k
[E1IER Sl s P fe o/ AR el T = s S a0 /| P T 2 R G R S DA

(2)
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K 1 ASFEIE AuNP (10 pM; 30.3 pM; 50.7 pM) #4351y 80e (K a), 150e (|
b), 200e (Kl c) Mf1a1 545 B %L
Fig. 1 The radial distribution functions of colloidal AuNPs at different concentrations (10 pM,
30.3 pM, 50.7 pM) with charges of 80 e (Figure a), 150 e (Figure b),
and 200 e (Figure c), respectively

2.2 AHTH A B

FEAAE W T, AUNP (3 I HES A HO S R M BE e 1 il . MRS
SCRR[LAVFA[AS] i TH 5, K AR S BRI DG TN 9.2 pm, IETRITSS 400
1.3, MNBEKAN 7 um. BAEYDET 5 SRR 7 HAH AR i 42 7t
SIS RF N — AR . fE PCR R, dNTP ZK RS fe &8 7 DO
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TR k. 2 REA R Oy se iR R At 17— E B E SR 1S
T FEMVER T, AR T R FEECR H AuNPs SRR /N6 730K, Al
RRAETAHOS o B AL SRR AR R 2B, Wl 2 o
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Kl 2 AuNP HUR-F o S K o 29 P I E L LR SR A BAE IS, 2Rk AERU .
LT A ] 393 20 A S0 R SEORE T 2 TR) A AR B P REVE o 2K 7 DGR 22 5 NG 738
KB R UTACS , BRI AAL— 80 X PIAH T2 02 W G Rt =
FER E 7 1) b B 3%
Fig. 2 lllustration of scattering of a plane wave by Au nanoparticles. When a plane wave
propagates in the positive direction and interacts with particles, scattering occurs. The quasi-
periodic distribution of particles increases the likelihood of scattering events between adjacent
particles. When the optical path difference of a particle matches integer multiples of half the
wavelength of the incident photon, the phase of the scattered wave is consistent. This coherent
superposition significantly enhances energy propagation in a specific direction.

MG Y AUNP M EAERR, EEYCKRRFHIES T — N AR L
PSR . AR T DORIR I sz 5a 5 HBU e, SR 7R (2) #ie:
P =VE; (2)

HAE NG Y, vy AuNP BIRRALE . AR — ek, WSS RTT1A, E;

W2J7 . RBUR SR NS A, WAL T7 A AuNP 7EiZ A0 7= A I RIS Sy«
1 .
E « Psin(6) ;e‘”‘reg (3)

Hrfreg NHARTR I ALEE R, kAEPE. 25 R8PS RBILRL T~ HUN B AR T8 -

1 .

E, x sin(t91)r—e“gle91 (4a)
1
1 .

E, « sin(6,) r—e‘52692 (4b)
2

6



HAs,, 8,0 MAREMIIE AL, AT R I N
Eis =E, + E, (5)

R TCHI RE R 98 Y

1 1 5o’
Lior ‘Re [r—sm(ﬁl)eg1 + r—sm(Hz) egze‘( 2~ 1)]
1 2

(6)

TATERRS ERAE A2 AE ] Matlab 34T 7 S0 RIS, 4 [ € B 1okl
T (N = 15000 FR#IFEAIK 2L TTRGE N, B4l AuNP 7£ AuNP-gPCR SE
B3R EE . LIEUE T AuNPs R8N 5 HIRFEC 2 IR R & e, RI2L =
YNJ(C- N o BN WA I 55 2% LA (7 8 R4 120 3 R R K KT T B 397 3k
N, WEG LR P 50 SO S 22

BEHULLL AUNPs 7E AR 33 51 A UG, RS 2.0 45 R (¥ b v
BURAE RGP B RARRL I P 43 A . #3575 170(0,0,1) B N ST Tfi 9% (1,0,0) 4t
K. FEVLER—ANSERT, JHoE LRI AR T, F X PR T
HAHFHUR SN SO R ERIERAEANX (3) haa i HIRIEAAEN . T
S PSR B R 50(0,0,00HIER B, AT AR MARSE . Rk, BARX (4)
S P AU I B AR IE SR, ] % S RS O 19 3 S5 AL S U R AR K
Y. Ho, FEEAR r MPEERERL R 5rifiE R R, BT HEBR AR
(6) HEI(1/r)?. B SRR RIS JTEET 7100 UGEAR, 105 — Ik
Je. FRRTHEBENLIER 1000 KPR, X 45 RAT LA IR AR e . B,
AL B PR AH X S SR A 5 S B H50H0E F (1 AR SR THIB AT UL, VR AR L

WIAR AT AT



3 ER551
3.1 i E
27 qPCR ¥ Y80 A PR A0 ) S B0 B ), ik 5 S a0 AR R x %
B, 2#)H AuNPs ZEARIKEE T (2~20.9 pM) FRHL 18 BE 5 B0k T3 Ja A
R AR RE . B 3R T RS, SR RHEVIVE.
KRB HEAT 2 I G 0T, R 1A R b B R LS . IXRAE
LIRS, HFEW R MIRG . BERE, RS EYOLTERK—
o RE@E T AuNPs W EE DAk (B #E, s o 1) e, gk
SO SERG R0 . B MR RN A B LS5, (H PCR AR HIEARME 1315 5 45
By 1. 1EFA PCR MR, A= G S BN, 4B itk
5945 5 OK B AT A I AT 3BT 7K F . 3X 4 AUNP-qPCR S8 Ao 8% 21 30K

BeBh PRt 7 Al FE R fiERE .
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B 3 X EsRIE R 2% _E B ELA% 15 nm AuNPS 22 [8] 85 B8 D (1) & B3R 3% DA ' i 1)
ZWAIE LR (@) EHDIITEET SRR [14] PR, Hrin ~ 1.3, JNERIHITEE,
D =1.9d, ffT#ATHAL. (b) JEimE #2 Balal G Bom 5 000 2 Y S 2
W& BOHE A ISR
Fig.3 The relative light intensity oscillates with the distance D between 15 nm AuNPs at a specific
reference point and the polynomial fitting results of the light intensity value. (a) The method of
selecting D is based on the description in the experiment [14], where n ~ 1.3, representing the
refractive index of the solution, and D = 1.9d, for ease of comparison. (b) Polynomial fitting of
the light intensity values shows quasi-periodic oscillations consistent with the observed
experimental trend.
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3.2 AuNP & T1TH

5

3.2.1 AuNP B KREIT AR AEL 77 3L &

X

it A HICASE R i o AR L 1 S 6 TR OO R B g RCR FAVE R G LG . AL,
FATIRIT T GRPRURS R 5 RS 200X 1 550 S 36 28R R T A2 DTk o A2 3K T3
KA, AUNPs (A7 fE ORI ER, 7 BRI SR RESGI AT I By T e 4t
s, HRR TR T5EMC T RN Oy 1 OrFrf L

FIENE, BIEEA AuNP STER— AT, KT ISR REE, A 24

_ hZkg? (7a)
F — om a
1
3m2pN,\3
o= () -

Horbkp R PORIER, RRAMETHE, p=1932g/cm®, RRETLENE
fE; m=9.11x103D Kg, R/RHBEFFE; M=196.97 g/mol, K%M
IR . AUNP 9 K BE B € NE, = 11.42 eV,

Kk F NI B Fig 3 & ME — N RER 7. KRR T R NE: =
mw’R?, FHRIR AUNP (0448, SIHIRIE Ho = 2.67 x 101 5. 1=
UE IR TR, AMERE A1)

(n try g+ >hw—< +§)hw (8)
Hrny&E 74, AE = hw =018 eV, MNPEKIFHE AKX NN =
2nc/w, HHCNETIEHE, 1=7.06um. XH2E— AT RS —
FRRUA IR 0E 5 2%, SRR RGO W — AN EBRIR I 77 4B LR, AAE

Rk RP(k + Ky 4 k)

n=—

2m 2m )
Hrhk, = nn/(2R), Af8kr = /2mEp/h? = 1.74 x 10'°, HU¥GSk, = w/(2R),
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T 5 e & %2 6F = nEx/(V3Rkp), fRNEE, B FI6E =0.16eV. X MK H
E = hc/MfE, N A=7.78pum.

i FH =GR IR T AR TG IR 7 S5 AR B AL R T AUNP A HL T R
Mo FEMRFEN b, #E T E AR IAIEE Y 7.06 pm. 7E 75 # PSR
REZR A1 PR 5P R IE L, TE SR REPHIE T A B BE R BEFE N 7.78 pm. X
AR ZE B — BN TS SR HER 1
3.2.2 AUNP B LT3

e AUNP SRR BEZR I e 1 B8 B 5 AW T KA & J5 . I BIUR
BBk SIRET (RN E 323 KD AHTR LIS AUNP A HL T (1 BERS,
BHE = 0.028 eV. X HERYH T TN EACMRE, R 7B
6T A G TR LA S0 TR T8 L S v A R ) X ORI B SCR[15] i ie
RIG T IR B R R B 22 S Pl T — DT, BT ANTPs 7K S 2 1) S B
| IV 2T R R b T IR B R AMEE o ST b, KA S T Wi R
BOEET, AR T R R R D AR R 2 R, ATl AR RO T

PR FEH A T T ST A RE R RE RS 42 .

hv
_ ////*
kgT + hv

b kT

Kl 4615 AuNP WERHE T HOM EAE AR B RGP 7 BA NG, 2Ot TReE
HHBER L EEULICR, Bl RO TREANBUR A, B S B BE R ] B RS
Fig. 4 llustration of interaction between photons and electrons in an Au nanoparticle. The

electrons in the system possess thermal energy. When the energy of a photon matches the energy

level width of an electron, the electron resonantly absorbs the photon and transitions to an excited
state. Subsequently, it releases energy and returns to the ground state.
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3.3 fii A7 BEE (1 P A

Wl 4 fs, B8 AuNPs 1 HL T ROE I R A0 ] s 5 2 50 28 R B BRI
ELIEN 9 2 S A EIE N N wliibok AP E | 2 2 IR b G s IR PSS =
ARSI, B AUNPS 7EIX — b R ORI T, X TR R R L dNTPS
WS, HESIRBLFFTR . AN EEIRRE SR Foster LRAEREHR
(Fé&rster resonance energy transfer, FRET) 281, 3@ i 4>k 2% 53] A48 4 140 HAF
¥ AuNPs IR RE R BIBTE 1 70T o 1EG TR Ak 1 HEAR I T WAk i3k
TR S e B A R — e E AP, FEARSE T, LA R AR .
UEAh, AuNPs 38 W] DL I 5 A &0 43— BOKE T 10 R fa e 2 A% 2 i B 01, G S )
SEE 2 AUNP-qPCR S48 H 5 S (¥ 3 Jg R
4i3ie

TERFEEE) AuNPs fEERIEOL T, H%5E DNA 4548 H (single-stranded
DNA binding protein, SSB) 55 14 5 XIS ] B 2> BN 6 25 RS [ A sz 129,
b, AT FEOCEMIRE T AUNP 1062247 8. TERCIX L AuNP fr38 58 800
Hd T SSBM, RURHATEHLE AT, BIULIRATRIA AuNP [5G HUR A1
T AT DL IR B AL 3R — N85 170

ARTFR AR T K I SR RISER T 7 AuNPs (1475, AuNPs
A B (q) 30 m e BE0L 33, WPl 5 fEq = 4nerUfisE , HheRomiE
AN HBER (e =g & & WKIAHXN I BERD, r2EFRENRCEE. 8
FRERI, SRR AL PR RFEE, H AUNPs IR HLGAS & — AN B EAE
% 3132 B3 AN PR E 2R T A SR B0 AR R R BRI . R 22 TR A
A FH B A AR P 2 ) ) A LA R R R I, 25 A Bl U= R A K
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AR A 1A T B AR AR PR 22 5 AR X 658, K AuNPs (19713
HELfuf 152 B 7E 200e 3] 250e FIVEREI N - B0 R I, 24 AuNPSs 1A 2 A X #IR A )
(RU AR M43 AR5 ), PCR BCRIIIRG I RN EREE LR IEMN . £, &

FITRI FEve BB N, A LT 10 B A BB X 4R35 B R R 52 M R] g o i AR ORI T

il

AL IR D MR AR AR R, AR R AHER R 1 — 2P 4R
PR GALERATXT AUNP B54T D9 S AL 25 Pl S A i SR B A

Zi b, AHPAAMASERF RIS EOR, I TR TR A R+ AuNPs (7>
M, HEZH bR E AuNP-gPCR SKEG 1 A LR B 4 . adid i
TR (A RO, BETCEEAL T ANEP S N BT R AT R RURAR A . A
FHAZAE Y VA 1 e 0N B M I J JORE B 12 55 R T D AR X 9 P 22 TR R K 2R
#7757 AUNP IKIEZS qPCR sia e 2 18] FPIER SR (M & P . RV U
BT, PCR ISRV IR H R 2 ol & 1, M gs i 1 34T g
R, HK, R T AUNP BUE TR, WU BIEFORBES T I BE 40 2,
SEYDE TR 8. X WERERIER TR 367 s SRR, I
FEIR [P HE AN A 5 BE v BE RN, D e IR A e S L v 1) 35 e o e S 3 ol 7 i
o IX Dyl ] S a6 TR B TR 22 R L S IR RE KOG AR AR VORI AT
feJa, 3.3 Wit Uit PR AR R BB, ARKIRAD IR TS
%o REERBIN TR AUNP-qPCR SEIG AR B A I IR 7 I R A B35 X
BEAk, PCR FEATHY RN, A BB — M RN FB, M Tw e
RREZEYRE TG, NHRPHFURME AN G X Rad ARG R 7L ¥
XL A B AT R AR AR 7R, ES) AL A A 7 2R ) S U A R
Eiwa 28
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The |ight quantum mechanism of PCR
efficiency oscillation with gold nanoparticle
concentration’

Fang Huan-Huan? Chen Yong-Cong?’ Liu Ze-Fei? Zhu Xiao-Mei?® Ao Ping®
1) (Shanghai Center for Quantitative Life Sciences and Physics Department,
Shanghai University, Shanghai 200444, China)
2) Shanghai Key Lab of Modern Optical System, School of Optical-Electrical Computer
Engineering, University of Shanghai for Science and Technology, Shanghai 200093, China)
3) College of Biomedical Engineering, Sichuan University, Chengdu 610065, China)
Abstract
The widespread application of nanomaterials in polymerase chain
reaction (PCR) technology has opened new avenues for improving
detection methods in the biomedical field. Recent experiments (Chem.
Eur. J. 2023, €202203513) have revealed oscillatory behavior between
PCR efficiency and the concentration of gold nanoparticles in the pM
range, potentially linked to the long-range Coulomb interactions among
charged colloidal particles and the quantum size effect of nanoparticle
electronic states. Through Monte Carlo simulation, we discovered that the
radial distribution function of gold nanoparticles in solution gradually
exhibits peak characteristics with increasing charge, triggering coherent

photon behavior in Rayleigh scattering within the solution, thereby
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influencing the efficiency of reusing released photons in the PCR chain
reaction. The study demonstrates that the oscillation period aligns with
the wavelength of downstream reaction photons, while their energy
matches the width of energy levels near the Fermi level of gold
nanoparticles. The latter can absorb and store electron states internally,
promoting upstream PCR reactions through subsequent re-release, and
compensating for energy deficiencies through the Boltzmann distribution
of electrons. This work is poised to advance the application of PCR-

specific precise detection methods in the field of quantum biotechnology.

Keywords: gold nanoparticles, Polymerase Chain Reaction, long-range Coulomb action,

Rayleigh coherent scattering, quantum size effect
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