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Abstract

Polymerase chain reaction (PCR), as a core technology for nucleic acid detection, plays an
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indispensable role in life science research and clinical diagnosis. However, conventional thermal
cyclers suffer from limitations such as long detection cycles, bulky instrumentation, and high rea-
gent consumption, which hinder their ability to meet the diverse demands of on-site rapid testing.
Continuous-flow PCR (CF-PCR) achieves thermal cycling by employing spatially fixed temperature
zones with the fluid flowing across them, thereby circumventing the thermal inertia inherent in
temperature control systems. This approach offers advantages including fast amplification, low re-
agent consumption, and ease of integration and miniaturization, establishing it as a key research
direction in the field of microfluidic nucleic acid detection. To date, various configurations have
been developed, including serpentine channels, three-dimensional helical structures, oscillating-
flow systems, closed-loop circulatory designs, and droplet-based continuous-flow formats. Signifi-
cant progress has been made in structural design, performance optimization, and application sce-
narios. This review systematically summarizes the working principles and structural evolution of
continuous-flow PCR, and presents the current status of its applications in clinical point-of-care
testing, food safety detection, and environmental monitoring.
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AT T PCR ZRiR 2 M F AR KRN 5y, M4 XFELLIA PCR, Gk Z X A RS IK 2, . 01T
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LRI PCR LAV ES I X ) B AT BEIR, 720 BT RAR T, Bk SEMIEIR X, PRX &
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2.1. BERBEELSER PCR

TR TR S SR PCR e N FH B IS5 ), T8 Ik A 52 S P A Ak 22 5 BRI IX SR 2 e g 4,
Bt SR, ARSI ES P BK EERE A, G FIREAR TS, e R R B (L
1(A))o NIRUFIZIELE R PEREIE /1, Papadopoulos S538 i TH HAR LG L T 805 B4 I 2= 7l PCR 4%
PERITERE, hT T MR MAER PN A AT, NG IEE SRR A T RS R IAE 1],
FERAFThREATT T, Shu S5 K T FHRERNEEF 8 |50, FAXIRY 155 R M Th RS il T — 14, sk
TP, R ZES T2, S TIESIR PCR MK FHIGIE R POCT #5tHITE R FI[2].
Nagai 0K FIE S AR B BRI R S, HE— D R48 T R, R4k THAERFE, BetsrEMIAg st
T S RIS A R [3] -
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Figure 1. (A) Schematic diagram of the serpentine continuous-flow PCR [2]. (B) Top view of a disposable polycarbonate
continuous-flow PCR device, with the fluid inlet/outlet and heater contact areas indicated [4]. (C) Schematic illustration of
the structure of a disk-shaped array-based high-throughput continuous-flow PCR chip [5]. (D) Photograph of a portable
continuous-flow PCR device with integrated Arduino control [6]
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PRI ENJ7 AR TR A T A (A A R I E 27 [5] . Tachibana 55352t 1 B40E IR AN H HERE
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[7]. Ragsdale & ¥ it | — R MIELLI PCR #8344, RAMKSCAM RS 16 2 T T2 %4, BREE TSR
RS FRRAS , B I RSN 25 46 2 HI 3 54 (8] Ragsdale 55 AN BCTHIK SR ARIR R CF-PCR i F ke
FAXFR A& 1 T 3@ 8 AT SR, 38 A B o3 i B AR VAR KR, w TR X AR TR B A ok i B2 7
RIS AR SAAL, Fan S5PPA T EPRIINA TGRS0 PCR W R R, iR AR ) — 14
o ARA & HE Bt 1 AT AT 77 & [9]; BinPerwez S54&H 15 T 5 N #AZS HVR & TS A PR 5 80017 &,
T AR B — AR R 2R X, PR TR RS S5 5 A 10]. Fernandez-Carballo 45
FER TARBAR SR E SRR PCR R48, S 72O MDA, SEIL T8 S A4 PRk s sAe i, 30k 1K
KT RAETLBRN A AT SR 11]. Ajit 7 T PR 2] £ R Rt % DNA T 38°F &,  faife 7308
AR, g5 TR, ONESER PCR O BIBRE S AT &SR T 9 T 2B AR [12].

BEE AR, BB IE A A R 5E 25 T 2R WAk, 2805 rfa e vt St i v fe iz 5 12
Fto Trinh 57 R T 3085 - R LM - 338 = WE S5 MM BRI 1(B)), R RIS 206 IR KIA
BIER SN SRR, BRENH T IR T PRI R, iz I TSR E PO S e,
D485 TR ] 5E[4] FEM RMA R 7T, B35 - PTFE - B35(GPG) = B YA 45 2 — P SRR (o (B 25 7 &
PTFE EAE N IB TE B k& T 7 )2 B 5 2 18], FI A PTFE f1 5 BA6E MEAMICR B RR 12, A ks>
SSAFITE S BE (A ERE R R B o Sivakumar 542 H T @ AR EILM SN PDMS 5 #UB MR 2
(2 AN AT 2 70k, R TE 70 I I PR RE, iR T4 50 PDMS B4 il T 5y 2R K 1)
F R ) R 3% B2 PCR /4 [ 13]. Ghalekohneh 2542 H T —Ffi i BU Gt 4251 223 PCR & 1 11l 4% 77725,
BB E TP EG A N T 2R 14]. Li % f & 7 E USSR PCR SRS A, LT
WIS SGF#EE T2, ARET 7B R AR € It S5 1 RE15].

NPT NE &, BIEIEIEZR D RS ZEATT R E . FRATSLI0 7R L 0 s
BT PRS00 1 £ AR R R 38, S04 7 B0 R 2 EAI AT 16]. FFR T IESE PCR [
ot S SRS RS OLE 1(C), JEEEM T 12 KBS EE s, 5k 8 18 RC £ Bk 57 i) gk
FEC S H0ME B, T AEAT IS (] N S8 B2 A SEAR L R R I  1G, RIESR T 7 s A il s &, 3&@ T30
W2 R E AT IR [S] [17]. XS R S50 5\ X i, BUE 4 5aCh BEZ B F B
Zagklavara 571 J& | s PCR S A MBUERANS 2 H s RAIF 78, @l EF B IBIE 25 S50
BIXA &, BRERT TP R SR 51 [18]-[20]. Zhou Z5WF 7T T it 261 PCR 234 HIZ5 /A1
PSRN, sl 33 SRS R B A 7RSI (21]. Chen S5 RGHRIT 1 3 AL A 0 B2
AR R A PCR O BLRENE, BRAA 1 I SO0t 4 3G R iR R, s i R AR Ak B it 1 SR
Pi[22]. Kulkarni Z5JF & 73T HZIM T2 H/NU L DNA 87 &, S0, 2Bl 7 iimi
B3, HEzh 7 IESHA PCR B4 H/NEL 552 A [23].

TEN IR, Sheu Z5HF & T4 Arduino # il FE #E 20U 4L PCR 0 A 834U 1(D)), Kk
DI TR B S, $hRE T IELRIR PCR 7E 1 24 %5 S A B 25¢ (6] Arduino %] CFPCR ##44
WL 1D)ATR, KA R XS, KRt EHEa R . B 4 il TSk N, T
—3k ArduinoMega # B A] 58 Bl 4 f i 2 5 i AR IR Bh ] . Kim 58T K 1 55T PID i 4% R G o5
PCR &7, $&Ft TR BERs b AAs BE SRR M, Dkl BESAL A3 it 1 T SE R4 R 34 [24]. Yang S35
4 PCR 5 BANE KR T A —Hnida o/ b, SEOl 79 =i e gk o i, it —2b 5t 70
A BT INRE[25] . Kulkarni 2597 & T 8 RUNEHGE & RS g8 08, SELT 52T DNA 538 I Blm e,
IOAE T /NI A% 2R G A S R F o AT 5EE[26] Mortensen 25 ) it 5 4113 T 240 B, $HESHA PCR
O I & BORBEAT AR, s AR f) 2 52 ik 7 2 55(27]. Zhou F5E4R H 1 FR B IR ) #8451 1) 5
[AELL PCR 454, iE— Bk TIRIE RS, FCRAE RS SRR I RS0t 1B 2% 28],
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2.2. ZHEREBIEESR PCR

S B Y S B = AN TR R R A, TR SN A N SEBUCE AR R, BRI B AR R
RN R SRR A, ARTHT G k. = HRIR G TE S AR SR PCR SR AR S AR R, 3T
WRAT R 9B 58 Sk B B P S 2 2 R B A — A R, R E U g BEhit R T
AR, 565 R Gu A W] 2(A) BT Kim S8 FHIIF R T3 SRR MR 1 SEt PCR #84%, J0iF
T = YIRS AL S SOCAI T N I 70, BB R SCHEM T OORT AR B R IE SR AR, SEIL T AR
(I3, ST 7A@ E[29] [30]. Trinh S & 1 =4ERF RO E, SEOL T KABOEIE N ML REE
BTSN, FEAR TR IEII AERE, SE R ARSI 755K, % BIBAETT R 1 BCE IR R I IS B

o TR T R SO0 B BB %8 [31] [32]. Thomas 25 2 45 45 1 MU B Pk B 423 PCR
ERESEBEI, NZBE AR HFRAE T S H8RE[33].
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Figure 2. (A) Overall architecture of the three-dimensional helical continuous-flow PCR system fabricated using a single-screw
mold [34]; (B) double-helical and triple-helical metal molds, and photograph of the resulting DNA-like three-dimensional helical
microreactor [35]

E 2. (A) BIZATEEHIZH = HIZHEELSIR PCR REERZEM34]; (B) Wik, =WEFEBEENMRESS DNA #
= YENBRERUS N RS SEH(35]

A 5 TR IRE) & — RIS ETE ) 2R SR T 1) Shi S5JT R 1l BB e S b it i as 1
PCR T Mgy, ToridMEsl v S A i, RIA]SEBlifmRZE 2 3 DNA SEFRIOAVESRY 18, HORIRTH
T A B B3 FOERCPE[36]. Pham S84 1R B SOCI = 4EE SR R Fe % PCR fasft, Sl
TR RIBACF e VPG, R T = 4EESHR PCR 7E RNA AR N FH[37]. Wang 2552 H T #i 4!
B EE RS, E = LERERU SN 5 A SEBL T A€ RESHRSE PCR 374, ZHURITC /R SMEEN /1, iKEE
TR B P EREVE ST RSN, BE— B T RGEEH[38]. Wu SEFF I T HIML Ak R S SURIE ER A,
it AN IR A LA S 5 T 1 8% SEBLIE SR PCR AT, BE ARV, @& IRl 5391

FEfi 3% T, B AWHRR F A = 4ER s TE 1N L7k, FEARHI% (M. Jiang 57T & 1]
ESCEARRVE ARG, Be R M BIHE RS, FIREBCE S-S B2 H 1A qPCR PIATE S,
FHF LT A FVREROE T A DA RH SRV REZE (4010 12BN IE R H 1 5T BRAF I L 1) = 410U L 25 ol
w7k, LR A UMD R AT IR e OEIE , KRR T = 4E SR ] XE S 5 A [34]. Chang
SESUL T PDMS 5 EVRI LB AR ) R s v IRAS R S i i i — AL SR R O TR AT I 2
ZK[41]. Yang TP T ATEHESL 75 i 4 107 8200 PCR =4I R B3, RATEGEIN L& R A4 &%
EMEEN TS, Hlgmiefe., BEML, FoliE RS, N=4g e i ri &l e ot 1
A ER AR [35]0 T SIEAT B R BB, B STH T R NUR e . = IR e AT R, SEBLXUETE R0 A%
PHICLIE 2(B))o Song FFHE— Bt 1 Hy B AR AKX SN 18T AE S PCR flas A, B Z5 L seal 1 &
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—HIR N Z IR X oA, Bk TIRZERS, FiEAFEERINg542].
2.3. ®HRSHAMREIRR PCR

TR ARG 5 MG S G A 1A R B PR E S S B IR, AT EAT B A AR P 3 A 3h
B, FTTREFA R IR PCR A SN AR B & AN AR X AEIE WAL RN, B5E M IRAE R RIE L
—EYHG, EAEOTES A R KR IE I . Kopparthy S5 TR TR FEVESFE 1Y) £ ShREHR & I iiAi 42 PCR
ARG, ARSI RN 2RO, (Gl i — i B R AT SEELY G P =5 AR DX 18], REAS RIS SR
2k SRR LL, o e SeAb B, Rl ah SR 5 7 F Se i Es B e — 2Pk [43] . Zhou S5 ¥t 1 il S AR
it PCR 454, AR Hrit iR X IaBE . @i m b, WE K. BEESREESH, /S TR
PEXIEINE RAF (i X SRR X, SCBL T 2B IFATY 0, ARERT T IRG AR R RIS [44]

PHRREIA UL PCR U K e AT 4 P IE , SRS E I TE A RREA PR AL SN, ARIREE A Rl IX 58
JEA G . Haber 58714 1 4k T RIR T 46 1 7 MO IR 5 T LR (O DO SRR PCR A48, i s LN
HESR B PTRAE IR IEAE A PR AN, TR A SR 1 5 1 T RS L IR ARG AR SEBL D I, KR
THTBOEIRELE, SEHL T PRSI, 12 RGO RBR SRR IR RS &, R PCR K
JESRBL 7B B S [45]

2.4. BBELLR PCR HAR

NBE—PIRTHE I R UL SRR, BTN SURBTR T BOR 5 LI PCR 454G, TR T 0 4
Bt PCR AR R o BN SN 2R > FNINTE RS0, BB — MRS e, AR
HESEA RGN, AT CLSEELEC Y PCR SO 28X E &, IR RENS A R0 o e BN B 5 R i 18] 52 S5 4%
Liu S5 RIT A 1 3 TH0M I 2 SR PCR ZEE &, R T rid Aol iric Bk s, ik
YRR SR UAE i E A v N F3[46] . Liu SRt — DR I 7RI B2 R ik F07%, Skl T
SR Z RS PCR, A FEAFRAGBOR 198 12 RISV, 30T TE AR 47]. T

HERE 1 3 T 4 B 22 AL 23 BI(SAMES) 2 s B0 PR A1 1) S R ) 26 07725, ARFEN U 1B 408 7E K
O SRR b B S A A R AR /KGR, B i a5 5 e 2 6 iR ML K 3(A) BT
(A) (B)

(a) /,"‘ == v:‘f—i»\; Capillary
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Figure 3. (A) Surface-assisted multifluid segmentation (SAMFS) multi-volume droplet array chip: (a) 3D schematic diagram
of the droplet generation system; (b) fabrication process of the glass micropillar chip by photolithography and wet etching [47];
(B) three-dimensional structure of the double-helical three-dimensional capillary continuous-flow droplet PCR chip [48]

B 3.(A) R Z A EI(SAMFS) Z A B RS 1 (a) WM AEMRR G =4En 2B (b) BSOS R 6%
BRI AL 47 ] (B) XURNE =4 BN E E LR PCR O = Z4E45#4[48]
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BEE AT PCR FoR 8K, WMIESR 53T PCR ML A RE E% ., Li SITR 7T 2185
BYNE RGO A BT PCR RS, ¥ = 4EIRIEiEiE 5 A0 PCR HiARE A, SEIL T ks B A% IR
Yixt o 48], X B FIBERIEIE, 2IE8HE =4 BN KGR — ISR I\ m) B AR IRFEREFE, LK
T AE S B N IE LR e OB TE L IR KIEER, XUMEHEZ LA 7Y LI 3(B) s« Wang S5 R T 40 25 IR BN 1)
HALMAIEET PCR RG8, BT 8NN EERIX, I sLil T IR S FEA R 1 L ERis i, 5%
HE T ZBORTE NG R A I (S R PE[49] 0 AR RIFFAGBVER I, IREE S 38 N R4 = "R AR e HE T,
BUEF S T BV A 38 50 8.83nL B i - Hajji S5 TF & 1 FH i v2 Wt 1A S Al 2 PR3 % 4238 RT-qPCR
NG, BB PRI W iR AH DG A AR A, i (R DU 2 WAL T BT AR T BE 501

TERGEMNTTTH, Jiang SR T A A SNEMAESNME T PCR B4, LI T MFEM AL 25 3
Wi MR B3k, RefE 58 DNA 400 &, KIRFFAC 7 #RAET IG5 1]. Li &K 78T =40
5 CMOS g a8 14 1 /N S 5T PCR, SERCIRPR MEBEA I, #E3h 7807 PCR @& K
R RE[52]. Li R TRV B XSUZ 0 420 PCR St it i, i@ X2 g MRk im ik st i, A
ROBEAR T RARBE A7, SEBL T SHER A PROEAS I, (R B BRI T XA 3R B s g (9 B3R 53]

Table 1. Comparative of key performance metrics for continuous-flow PCR

= 1. FEIMELELDR PCR AKX S BEIRIRIE [RIXT EE
X b

§§g 5~30 min 15~30 min 1220min MO (%ﬁgmmﬁ B 15 20 min (34 cycles)
WX 2~3 MHOTH RRIRCEIRIE o 2~3 MR X (B A A A
HE X poipy 23 PRTRI T op s 2-3 MR X
B s/ s e e S EIEIFAT(T e v v K e e e
W (TS 12 i) HRUBIE IFAT i 8 i) TN HEE A B R COTHER FAT)

BhEs PR, Zé’éjﬁ} 5 (AF S TPV S 47 1 KPR, G WP 4 R s Rt

R+ mm B2 o ik
Bl BARGRAOCH (SR, (EHUEEUY SRR RARE AR
BA AEBTE)  Rmk) . kM) LSPR Hith) (R R
3 Ve
g@ﬁyﬁégggﬁ/%%@%ﬂﬁﬁ EERGE Tt 3 A P N Lol
NTPESS=N M2 P B i e 2 ﬂéﬁ%(ﬂlﬁ‘“ﬁ‘
28005 v SIS N N N 8 N
SER PTG PRI o pig 5 i LSPR W) 48 PCR)
©H  WUNE) i) iy i
YR %)
B3 X USRS
vl L w ixﬂ?(ﬂ‘l?ﬂﬂli, BRI o
G )
B
ROE HOATHR SO B BRRRE . i AR R
REES AN ot g, sy SRR ) i)
ﬁff CERITIN, 16 STAMEG, AR A MICENE  PIIAGEER, WA A et G
BR sewouwein mEs S BICHT LSPR ILEHLHIIALAT) 55 Y
sy PR g, w JUANEE apoarpmicn. rocr meknpmsres. m
agg TR e M RS e Rk . 5 PCR
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N — AR SRR PR RE , WU B A AR RIS T T e TR AT FT . Meng 56 5%
GiWTIT 1 S PCR BRI A& AR, 4875 1R AE A [FIR DX I R P AR B AR A R, iR e 2k
Ttk R FER S S BT SR T I SC R EIRAKIR[54]. Lu SF$R M 7R 7ACHT 1 HERE 03T R 0 A A
Trik, TEFAMESN IR SEOURR E MG AR R, AE 2 BRI PCR P RILI RAF IR E 1, N TEIR
THESHR ARG IT R 7B B #[55]

Zi bk, JESHR PCR i —HEA R, CIRRERIEREIE. Z4IR0EIE. RgiR. M8
TR SRR SR A 2 JU BRI . AR RIAEY L . INE R SR R HERA. EERE
5RGEMIE TS RS, EEEFIIN 7R, BB — MR A iR, @SR
PURIEME, RSO iR SR PEREFEAR th A, X TSR REAT TP AT S ER G PG (L 1), DL
H AP S R T TR S K A

3. &g

EESEY PCR AT NIRRT 18 1 B EHOR B2, LR X [ S Es XTE B BT, MR
BRSO TR SE PCR SR MR BRI, A8 PRSI -5 R e U e B e K R A JE s 70 GE4EoR,
TN G HSEHIE S BT R RGN ARSI AR RGThREE AT IR SR, TR T
BT =4I RGT . A MU IESSE 2 TR R, KRN — RIIMEREIMALEOR, HEshid
Bt PCR M SEI6 S 1 SR BLISIEIR D i M 2 3 5 SEbr S . RS HERR 3%, SR PCR A4 IE
VIs2 ) T A% OB SVERESS R 2 OB % I Lol TA3e, oA EmA TN SEhrkt it b 45 5
I BB S FE BTG IM, AT I AL S T VR B SR R AN AL EOR N A S RS K
IR VEXE AR R, B “REAREE - 85 R IR AR 20 . REARK, BARBORE G
ORI . N TR BE AT B8 S AU SR X AT Rt I A it 9K AT SEE e R0t
A S R RERIN THE s AR EOR T AR AL B S B i . RN, SR e 7 S 4RI AR A IR HES)
AR AS FE RS . FTRATRL, SELRIA PCR KSR AL . B BEAG RN 4= B 1l i BR A Ikt s 2k
FERGHELR ST . Bdh A, AL I Sh, WSEI B4 TR MK 0Bz A 7 5.
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