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Abstract: [Objective] To address the current issue that pathogen detection methods rely on
specialized personnel and precision instruments and are thus unsuitable for on-site rapid testing,
this study established a portable and rapid detection method for Staphylococcus aureus (SA) based
on the recombinase polymerase amplification (RPA)-CRISPR/dCas9 system and NanoLuc binary
interaction technology (NanoBiT). [Methods] Firstly, targeting the highly conserved thermostable
nuclease-encoding gene (nuc) of SA, RPA primers and single guide RNA (sgRNA) with high
sensitivity were selected. Secondly, reaction parameters including the concentration ratio of sgRNA
to dCas9 protein and the detection time were optimized, and detection signals were read by a self-
developed portable photoelectric biosensor. Finally, with the optimized reaction system and
conditions, this method was evaluated in terms of the sensitivity, specificity, adaptability under
different environmental temperatures, and practical sample detection performance. [Results] The
optimized method can complete the detection within 1 h. With the mean signal of the negative
control plus three times the standard deviation (mean+3SD) as the threshold, the limit of detection
(LOD) reached 10* copies/uL. The method was specifically sensitive only to the target bacterium
SA, demonstrating high specificity, sensitivity, and environmental adaptability. [Conclusion] A
highly sensitive, specific, portable, and low-cost detection method for SA was successfully
established based on RPA-CRISPR/dCas9 and NanoBiT. This method is particularly suitable for
on-site rapid testing in resource-limited settings and holds broad application prospects.

Keywords: CRISPR; RPA; nucleic acid detection; NanoBiT; Staphylococcus aureus; photoelectric
biosensor
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Figure 1

Schematic diagram of the detection method based on the RPA-CRISPR/dCas9 system combined with

NanoBiT technology. dCas9-LB/sgRNA-F and dCas9-SB/sgRNA-R complexes specifically recognize target
DNA sequences in a PAM-dependent manner and bind to adjacent target detection loci. The spatial proximity of
dCas9-LB and dCas9-SB facilitates the reconstitution of catalytically active NanoLuc luciferase. Upon addition
of the Nano-Glo substrate, furimazine is oxidized to furimamide, resulting in the generation of a high-intensity

bioluminescent signal.
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Fie B2 BESCHR 201 AH P 915 B il A
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SB )&, ¥ A E. coli BL21(DE3) b #EZ 25 21 i .
i/ IPTG %S )5, ¥ 41 B 400 6 000xg 250>
10 min, 7£Z% M1 (20 mmol/L Tris, 300 mmol/L
NaCl)H & B & 7% 30 mL, ARG FHRELE SO,
W UTVEYIE 30 mL Z2 vhil TP E BT RIF, X PR R
AT R (150 W, 25 kHz, JF 2 s/% 3's,

1 RPAS|¥FsgRNAFFIER
Table 1

FREERERE 5 min), ZJ5 12 000xg &0 1 h, YK
R IEW, JFEH] 0.22 pm ERET UE . [N
HEAT R Z M alifh,  FH B B WK e 22 b 3 Uk 5t
HirtEH, &t EEAZpih &M, #id
SDS-PAGE fifi F 75 1 J5it E[J 75 15 (Western blotting,
WB)SE ik H, il BCA & H & & il
EE HARE IR
1.5 RPA FiBi 1

R 45 RPA/RAA DNA fH R 343257 & 10 45
VEULIA , 76 BRBURAR (175 L T X 4541 53 F
PEATIO o FEUK 3R, A RO A T
A: Rehydration Buffer (2x) 10 pL, . Ti#5]
Y1(10 mmol/L)4% 1 uL, H#FR DNA2 uL, JCHJC
fii/K 4 uL, Starter (10x) 2 uL, 1RAIGBER B,
1E4 R DAEIR 40 °CHEE 30 min, S8 A0 ik
R 5 A 7B B 75 A H AR DNA AP 48
1.6 RPA-CRISPR/dCas9 % % &£ &
NanoBiT FARBIEN 572N S1E

dCas9-LB #il dCas9-SB 7 1435 sgRNA-F
fl sgRNA-R #7241 %, WARER P EA

Sequence information of RPA primers and sgRNA

Primer names Primer sequences (5'—3")

nuc-RPA-A-F1 ~ CTTATAGGGATGGCTATCAGTAATGTTTCG
nuc-RPA-A-F2  TCGCTACTAGTTGCTTAGTGTTAACTTTAG
nuc-RPA-A-R1  GTATCACCATCAATCGCTTTAATTAATGTCGCAGG
nuc-RPA-A-R2  CAGGTGTATCAACCAATAATAGTCTGAATGTCA
nuc-RPA-B-F1 CAGATAATGGCGTAAATAGAAGTGGTTCTG
nuc-RPA-B-F2 ~ CTGAAGATCCAACAGTATATAGTGCAACTTC
nuc-RPA-B-R1  CACTTGCTTCAGGACCATATTTCTCTACACC
nuc-RPA-B-R2  CGTAAATGCACTTGCTTCAGGACCATATTTCTC

nuc-sgRNA-A-F  AAUGCAUCACAAACAGAUAAGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCCGU
UAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUU

nuc-sgRNA-A-R GAAGUUGCACUAUAUACUGUGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCCGU
UAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUU

nuc-sgRNA-B-F ACAUUAAUUAAAGCGAUUGAGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCCGU
UAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUU

nuc-sgRNA-B-R  AAUAAUAGUCUGAAUGUCAUGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCCGU
UAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUU
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NEBuffer r3.1 (10x) 5 uL, 0.1 mol/L DTT & #&
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HAF 5 RN, B Fe A AR I A5, I XT
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photomultiplier, SiPM) 1] #4644 2 rf i 55 1) o6

ARG B, KBREIK

A

Battery
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E2 EEXBEEMERSITEE

#% (operational amplifier, OPA )i K J& % 6 A i,
5, I A BIECT e 4 2% (analogue-to-digital
conversion, ADC) ¥4 e WU F 55 fJa, S
F et (bluetooth module, BTM) - 40 #1555 B G
Lk R E T A otag N R, i
BT s WU L B R S A, B30 s NI
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AN G B R 2 T e (R 2). EHERDE
HL A R gt b B AR O HL e 34 SR AR 42 T
LA PR o, [RIE o] S R S
e, A FAERIIRE =B, L
TREAES R P B R

KRR, B 80 uL S i iR &4 FH 384 fL
il A A AT A, 35 AR A RO K T AR =G
(luminescence, Lum) T~ % #H X 't 5 {3 (relative
light units, RLUYEEAE N BRI AR . &
I A Ak 2 K O AR S B iR JRE Ok B ARG T 4
B, R4 O i AR ) A% SRR B A I 1 i
(REUE . FErE), A h i AR
A WA IR A 5 AR SO AR i Ak 2 RO R S
9 JE FEAT [R2D AN ,  JFRE AR DA I 25 R A 7
TR

FEEM SR T
[T IR7: BERFF
$IFFLED M LED
FEKER RBKIER
H3R(E

2R XHE

Figure 2 Schematic diagram of a portable photoelectric biosensor. A: Electronic components of the biosensor;

B: Self-developed smartphone application software. SiPM: Silicon photomultiplier; OPA: Operational amplifier;

ADC: Analogue-to-digital conversion; BTM: Bluetooth module.
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WU MR SL P 2H DNA, Ik e g — ke
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B, SR B RN A5 e AT ARSI, ) BTz A
W5V R S
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NanoBiT AR 5 AR AR IMER
EN 0P e VA SR N T

A FF 40 KL R 2H DNA 4R BGR ) SR B S 5%
O A ERE ATCC6538 HFEH 4 DNA, J1-Hi B
A% 10° copies/ul, JFBEE ddH,O 1E R BHIEXT &
K AR A B SR 2548, 7E 300 34, 37. 40.
42 °CF (o 42 gt AR DR AR W] — Ik ) 40 ) i A 7 A
DU, 0 DR 32 e DN 7 32 AN ) B85 0 R T A A
R
1.10 ®MALSEHERFHNEREEE
EIIKE

} T 3F 4 RPA-CRISPR/dCas9 % 4t 45 &
NanoBiT +7 /R % 4 B8 (0 7 25 BR PR A I 7 16 1 512
PR 55 A 4 0 7 ) R AT 9 35 33 W 43 )
AFTTG EWSK A1 w78k . SR Rt
Yokkrb N TS YR RE A b A v R A ER TR
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20 DNA, SRR SR A EA TR
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bp Marker 1 2 3 4 5 6 7 8

El3 RPAS|IHFILLER

Figure 3  The results of RPA primer screening. A: Results of primer screening for locus A by nucleic acid
electrophoresis (Marker: GL DNA Marker 1000; Lane 1: Primer nuc-RPA-A-F1/nuc-RPA-A-R1 amplify the
gDNA, 248 bp; Lane 2: Primer nuc-RPA-A-F1/nuc-RPA-A-R1 amplify ddH,O; Lane 3: Primer nuc-RPA-A-F1/
nuc-RPA-A-R2 amplify the gDNA, 310 bp; Lane 4: Primer nuc-RPA-A-F1/nuc-RPA-A-R2 amplify ddH,O; Lane
5: Primer nuc-RPA-A-F2/nuc-RPA-A-R1 amplify the gDNA, 187 bp; Lane 6: Primer nuc-RPA-A-F2/nuc-RPA-A-R1
amplify ddH,O; Lane 7: Primer nuc-RPA-A-F2/nuc-RPA-A-R2 amplify the gDNA, 249 bp; Lane 8: Primer
nuc-RPA-A-F2/nuc-RPA-A-R2 amplify ddH,0); B: Results of primer screening for locus B by nucleic acid
electrophoresis (Marker: GL DNA Marker 1000; Lane 1: Primer nuc-RPA-B-F1/nuc-RPA-B-R1 amplify the
gDNA, 228 bp; Lane 2: Primer nuc-RPA-B-F1/nuc-RPA-B-R1 amplify ddH,O; Lane 3: Primer nuc-RPA-B-F1/
nuc-RPA-B-R2 amplify the gDNA, 311 bp; Lane 4: Primer nuc-RPA-B-F1/nuc-RPA-B-R2 amplify ddH,O; Lane
5: Primer nuc-RPA-B-F2/nuc-RPA-B-R1 amplify the gDNA, 201 bp; Lane 6: Primer nuc-RPA-B-F2/nuc-RPA-B-R1
amplify ddH,O; Lane 7: Primer nuc-RPA-B-F2/nuc-RPA-B-R2 amplify the gDNA, 209 bp; Lane 8: Primer
nuc-RPA-B-F2/nuc-RPA-B-R2 amplify ddH,0).
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Figure 4 Identification of dCas9-LB and dCas9-SB proteins by Western blotting analysis. A: Western blotting
identification of dCas9-LB (Marker: StarRuler Color Prestained Protein Marker 10-250 kDa; Lane 1: dCas9-LB,
178.4 kDa); B: Western blotting identification of dCas9-SB (Marker: StarRuler Color Prestained Protein Marker
10-250 kDa; Lane 1: dCas9-SB, 162.3 kDa).
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Figure 5 Comparison of detection results of nuc locus A and B. A: Detection results read by microplate reader;
B: Detection results read by portable optoelectronic biosensor. The plus sign (+) represents the experimental
group with the target DNA added, and the minus sign (—) represents the negative control group using ddH,O as
the detection target. Data are mean+SD. ****: P<(0.000 1; ***: P<0.001.
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LB/SB proteins. A: Detection results read by microplate reader; B: Detection results read by portable
optoelectronic biosensor. ****: P<(.000 1; NS: P>0.05.
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Figure 7 Detection results for various concentrations of DNA fragments at different time points. A: Detection

results read by microplate reader; B: Detection results read by portable optoelectronic biosensor.
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Figure 8 Detection results for different copy number concentrations of Staphylococcus aureus. A: Detection

results read by microplate reader; B: Detection results read by portable optoelectronic biosensor. ****: P<(0.000 1;

**: P<0.01; *: P<0.05; NS: P>0.05.
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Figure 9  Specificity detection of RPA primers.

Marker: GL DNA Marker 1000; Lane 1: S. aureus
ATCC6538; Lane 2: S. aureus ATCC25923; Lane 3:
S. typhimurium ATCC14028; Lane 4: P. aeruginosa
ATCC27853; Lane 5: E. coli MG1655; Lane 6:
B. subtilis 168.
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Figure 10 Detection results for different bacteria. A: Detection results read by microplate reader; B: Detection

results read by portable optoelectronic biosensor. ****: P<0.000 1; NS: P>0.05.
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Detection results at different ambient temperatures. A: Detection results read by microplate reader; B:

Detection results read by portable optoelectronic biosensor. The plus sign (+) represents the experimental group

with the target DNA added, and the minus sign (-) represents the negative control group using ddH,O as the
detection target. ****: P<0.000 1; ***: P<0.001; **: P<0.01; *: P<0.05.

Rk, 5T .. Mis 28w . K
P A TR L 2t A B B T 25 At % DL At P 48
&SI o

g LTk, AHFAT T A A v (R A BR
R 5 85 7 RPA 481471 . CRISPR/dCas9
i SRS NanoBiT AE¥) OGS Sk bR
HA®AWE . @i EH, A%
CEAS, TEVRIEAD BRIFEE bt B 37 e K )

SR )TRE RN TS . AHFSETE van der
Veer ZER20 1 () LUNAS fA & 5Ll |, 3F—2
i 2 S AR AR A, JFE5E A HE
HOG A WAL IR B S P05 S B, A LA
FEBEFE (8 B ECR AR AL, AS A5 05 FH A 5 485
FOUHAE YR IRAS /N . (45 Ak B A
IR o 388 e [ A 00 s 1] 5 A 00 g 1 ) 80 o A
Ny P IR 7R = S Wil Y S Al A S A

http://journals.im.ac.cn/actamicrocn



5308 LU Shenjunjie et al. | Acta Microbiologica Sinica, 2026, 66(10)
A 15000
skeskskok
12 000 | .
= ootk
9000 - z
3
~ skskskosk
6000 ¢
L skokok
3000 |
N N R R NG R R G
& 4 & ¢ & ¢ & ¢ & g
e A ‘b@& ‘Z;&& N N &5 .&oe, o Q
& ¢ & 5 8
Artificially contaminated samples
B
3400
sk
3200 |
3000 l -
8 I
< sksksk
2 800 - *k
*
2 600 - &
2 400
K DN OO O D
> S < < & L & 2 9
& o & & & &
& & & & & S S S
. &e y \Qe 3}0 3}0 < <
N

Artificially contaminated samples

E12 XFTARALSRERINENLER

Figure 12  Detection results for different artificially contaminated samples. A: Detection results read by
microplate reader; B: Detection results read by portable optoelectronic biosensor. The plus sign (+) represents the
experimental group with the target bacteria added, and the minus sign (-) represents the negative control group
using ddH,O as the detection target. ****: P<0.000 1; ***: P<(0.001; **: P<0.01; *: P<0.05.
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Table 2 Comparison of different detection methods

Methods Detection time Limit of detection Equipment requirements

qPCR 1.5-2h 10'-10? copies/uL Real-time fluorescent PCR instrument
LAMP 45-60 min 10* copies/pL Constant temperature equipment
CRISPR/Cas12a (fluorescence) 40-60 min 10" copies/pL Fluorescence detection equipment
This research <lh 10% copies/pL Portable photoelectric sensor
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