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ABSTRACT: Methicillin-resistant Staphylococcus aureus (MRSA) is the main Gram- o T o

positive bacteria isolated from patients with ocular infections and remians a huge threat V? e et N o

to public health. Therefore, sensitive and dual-mode analysis of MRSA is of great Tarsstgenomicsequence 21,

significance for evaluating MRSA infection. We depicted a clustered regularly < R 5">/\ \
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interspaced short palindromic repeats (CRISPR)/Casl2a-based biosensor by 3 B, ——@
piiiimiiiin i id . “1"@MNPs

integrating the exonuclease III (Exo III)-enhanced fluorescence and colorimetric signals N
for sensitive and dual-mode analysis of methicillin resistance in MRSA without needing
nucleic acid amplification. In this method, Exo Ill-assisted signal recycling is triggered
only when the target mecA gene activates the CRISPR/Casl12a complex, and the HP e B
probes on the surface of magnetic nanoparticles are cleaved by the trans-cleavage
activity of Casl2a. Taking the merits of the trans-cleavage activity of the CRISPR/
Casl2a system and the Exo Ill-assisted signal recycling, this approach exhibits an
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exceptionally elevated detection threshold for the mecA gene. Besides MRSA detection,
this accurate and sensitive sensor can be employed to assess additional biomarkers in disease diagnosis by simply changing the

crRNA.

1. INTRODUCTION

Staphylococcus aureus accounts for one of the main Gram-
positive bacteria isolated from patients with ocular infec-
tions."”” Former research indicates that the S. aureus isolates are
commonly resistant to multiple antibiotics; therefore, anti-
bacterial susceptibility test results should be extensively
considered in treating eye infections.” > As one of the most
prevalent and pervasive drug-resistant bacteria, MRSA is
responsible for substantial morbidity and mortality.*”®
MRSA strains have been widely observed in patients with
eye infections, which poses a significant threat to the
treatment. The rapid and precise identification of MRSA is
essential to prevent its detrimental effects and monitor its
spread within a population. Currently, MRSA detection is
achieved through the use of colony culture-based antimicrobial
susceptibility tests,”” "' nucleic acid amplification tests,'”~"*
and aptamer-based techniques.'>™"® However, these strategies
typically necessitate a lengthy identification period and costly
apparatus. Consequently, it is imperative to develop rapid,
cost-effective, and sensitive biosensors to detect MRSA in
ocular infections.

The clustered regularly interspaced short palindromic
repeats (CRISPR)/associated nuclease 12a (CRISPR/
Cas12a) system is a class 2 type V-A adaptive immunity that
has been extensively used in the construction of biosensors and
gene editing since its accurate target recognition capability and
collateral trans-cleavage activity on surrounding single-
stranded DNA (ssDNA) were reported.'””’ The CRISPR/
Casl2a-based biosensor has been employed to detect nucleic
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acids,” ”"" metal ions,” and exosomes.”” Nevertheless, the

CRISPR/Cas12a method alone has a detection limit of 0.1 nM
for DNA, which is insufficient to detect the target at a low
level.”> To enhance the detection sensitivity, the CRISPR/
Casl2a system was equipped with certain nucleic acid
amplification techniques, including recombinant polymerase
amplification®”?” and polymerase chain reaction.”” However,
the requirement of complicated primers and multiple enzymes
unavoidably results in the transfer of contaminants from one
sample to another, which ultimately leads to false-positive
results. Therefore, nucleic acid amplification-free strategies
with comparable sensitivities will become a new trend in
CRISPR/Cas12a-based detection.

Exonuclease III (Exo III)-assisted target recycling has gained
increasing interest recently because of its notable sensitivity,
simple design, and convenient operation.””™>" Exo III is an
enzyme that is more advanced than a nicking endonuclease
and is commonly used in target recycling to detect specific
DNA sequences.’” Unlike a nicking endonuclease, Exo III does
not require a specific recognition site and can work with
various target sequences, making it suitable for creating
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Figure 1. Working mechanism of the proposed method for sensitive and dual-mode MRSA detection.

versatile detection platforms using colorimetric,*® electro-
chemical,** and fluorescence methods.>>*® In contrast to a
single-signal mode, a dual-mode sensor offers critical
advantages because it concentrates on the significant enhance-
ment of the resolving power, accuracy, and repeatability of
analytical measurements through the integration of two
distinct sensors and the subsequent analysis of data or data
patterns using appropriate statistical models. For example, the
colorimetric assay could be applied for MRSA detection in
resource-limited settings because the results can be read
directly by the naked eye without the requirement of the
fluorescence spectrophotometer to read the signals, and the
fluorescence assay can provide quantitative analysis of MRSA
under the assistance of a fluorescence spectrophotometer.
Therefore, dual-mode analysis of MRSA by a colorimetric
assay and fluorescence assay is versatile for various settings.
Numerous endeavors have been undertaken to develop
innovative sensors that are promising and rely on a dual-
mode output to detect targets. Nevertheless, very few studies
have documented the dual-mode detection of MRSA.

Here, we depict an innovative sensing strategy that
integrates the CRISPR/Casl2a system-based accurate target
recognition, Exo IIl-assisted signal cycle, and dual-mode
signaling for sensitive and dual-mode MRSA detection,
which enables the detection of MRSA without the need for
nucleic acid amplification. The mecA gene, which mediates
methicillin resistance of MRSA by coding for penicillin-binding
protein 2a (a substitute for other PBPs in cross-linking of
peptidoglycan chains), was detected by the proposed method.
For the dual-mode signaling, gold nanoparticles (AuNPs) and
SYBR Green I were employed to generate both the
colorimetric and fluorescent signals. This ultrasensitive
biosensor has the potential to be expanded to assay other
resistant bacteria, thereby offering a promising arsenal for
preventing their dissemination.
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2. RESULTS AND DISCUSSION

2.1. Working Mechanism of the Proposed Method for
MRSA Detection. The detection mechanism of the proposed
method for mecA analysis is illustrated in Figure 1. Initially, the
signal input involved the extraction of MRSA genomic DNA
from a cell colony using a fast bacterial genomic DNA isolation
kit. The proposed approach allowed for the direct detection of
the isolated genomic sequences without further purification,
hence facilitating rapid MRSA detection. The trans-cleavage
activity of the CRISPR/Casl2a system was initiated upon
identification of the mecA gene in the extracted genomic
sequences. The hairpin structure probe (HP) probe, which is
fixed to the surface of magnetic nanoparticles (MNPs), is
composed of a DNA section (“2”) and an RNA section (“1”).

Upon activation of the trans-cleavage activity of the
CRISPR/Casl12a system, the DNA section of the HP probe
was cleaved, leaving the RNA section on MNPs (“1”@MNP).
The double-stranded sensing probe (SP) is a dsDNA sequence
that consists of three sequences: the “3,” “4”, and “S”
sequences. The “5” sequence does not occupy the 3’ terminal
(toehold) of the “3” sequence to prevent the possible fault-
cleavage of the “3” sequence by the Exo III. The “1” sequence
binds to the toehold section of the SP probe, forming a blunt
3’ terminal that can be recognized by the Exo IIL
Subsequently, Exo III cleaves the “3” sequence, releasing the
“4” and “S” sequences for signal generation. In the color
system, the “4” sequence attaches to the toehold of the HI1
probe, creating a blunt terminal that can be detected by Exo
III. Exo III then breaks down the “6” sequence, releasing the
“4” sequence to initiate the next signal cycle. The sequence “7”
initiates the aggregation of the AuNPs by facilitating the
hybridization between the “8” sequence. The fluorescent
system is constructed with a dsDNA probe (DP) that has two
complementary toeholds (“S*” and “10”) located at each end.
The sequence “S” is bound with the sequence “5*” in DP to

https://doi.org/10.1021/acsomega.5c00503
ACS Omega 2025, 10, 17820—-17826


https://pubs.acs.org/doi/10.1021/acsomega.5c00503?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00503?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00503?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00503?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

>

B

6000~ P ot 1.0
: a: HP in linear state a: AuNPs
= — brHP 2 .8 b: AuUNPs+mecA
%4000 — c: HP+Cas12a/crRNA 2 ¢: AuNPs+mecA+Exol lll
c 1 ) 2 d: AuNPs+mecA+Exo llI+H1
£ d: HP+Cas12a/criRNA+MECA £ o 6 e: AUNPs+mecA+Exo lll+H1+SP
2 S
g g
8 2000 5 0.4
0 [72]
: 2
<]
= 0.2+
'S
0-
500 550 600 650 a b c d e
Wavelength (nm) Feasibility of the AuNPs based
color reaction
2800+
S
s
©
c
o
»
< 2300
[
2
O
x —
o
>
(%)
1800
F F S &
& & FE
R ¢
AN RS )
3 AR 2
O &
¢ L 9
& &
R
b«

Feasibility of the fluorescence reaction

Figure 2. Feasibility of the sensing strategy. (A) Fluorescence spectrum of the FAM-labeled HP during the Casl2a/crRNA-mediated mecA
recognition. (B) Absorbance peak of the color reaction when essential components existed or not. (C) SYBR Green I signals of the fluorescence
reaction when essential components existed or not. Data were expressed as mean + standard deviations, n = 3 technical duplicates. Data were

expressed as mean =+ standard deviations, n = S technical replicates.

create a blunt termination. The Exo III enzyme recognizes and
cuts the specific sections labeled as “5*” and “9” in the lower
sequence, resulting in the release of the “S” sequence, which
then triggers the start of the next signal cycle. Additionally, the
“10” sequence, which bears resemblance to the “5” sequence,
can connect with DP and initiate signal recycling. Con-
sequently, the double-stranded DNA (dsDNA) duplex
sequences are broken down into single-stranded DNA
(ssDNA) sequences, leading to a decrease in the signal of
SYBR Green 1.

2.2. Feasibility Analysis of the Strategy. The trans-
cleavage activity of Casl2a, and the activation of CRISPR-
Casl2a toward mecA was demonstrated. In this study, we
conducted a fluorescent assay in which the two terminals of the
HP probe were labeled with FAM and BHQIl. The
fluorescence signal of HP tagged with FAM and BHQI was
in low level (curve b) in comparison to that of the linear state
(curve a) due to the proximity of FAM and BHQI, as
illustrated in Figure 2A. Meanwhile, the combination of
Casl2a/crRNA and HP resulted in a faint signal (curve c),
suggesting that the Casl2a/crRNA components had only a
minimal impact on H1 stability. However, the addition of the
mecA gene produced a robust fluorescence signal (curve d),
demonstrating that the target-activated Casl2a/crRNA was
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capable of cleaving the DNA domain of HI, thereby leaving
the entire RNA.

The viability of the dual-mode sensor for mecA detection
was confirmed by studying the color changes and fluorescence
intensity under various situations (Figure 2B). It was shown
that in the reaction buffer solution, the surface plasmon
absorption peak at 524 nm of the “8”@AuNPs was measured
to be 0.3989 (column a). The stability of AuNPs was
evidenced by the negligible alteration in absorption intensity
(column b) following the introduction of the mecA gene into
the system. Similarly, the recorded absorbance of AuNPs
(column (c)) was not influenced by the inclusion of Exo III
into the “8”@AuNPs system. This experiment demonstrated
that Exo III did not have any effect on the color reaction of
AuNPs. When “8”@AuNPs were exposed to the mecA gene,
Exo III enzyme, and H1 probe, a noticeable alteration in the
absorption intensity was seen in column e. The data indicated
that the “4” sequence facilitated the color reaction.

The fluorescence measurement results are illustrated in
Figure 2C. As anticipated, the DP exhibited a high fluorescence
(column a), and this signal was slightly enhanced in the
presence of SP (column b). Nevertheless, the fluorescence was
diminished as a result of the specific digestion of SP by Exo III
(column c) upon the introduction of the mecA gene.
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Nevertheless, the fluorescence amplification was significantly
reduced when the mecA gene, H1 probe, and Exo III were
present in the same column (column d). The results presented
above indicated that the dual-mode sensor was capable of
detecting mecA in MRSA.

2.3. Analytical Performance of the Approach. The
sensitivity of the CRISPR/Casl2a-based biosensor was
systematically evaluated through colorimetric analysis. As
shown in Figure 3A, a distinct color transition from pink to
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Figure 3. Colorimetric detection of the mecA gene. (A) Color
changes of the method when detecting different concentrations of
mecA. (B) A620/A520 ratio of the method when detecting different
concentrations of mecA. Inserted is the linear correlation between the
A620/AS20 ratio and the logarithmic concentration of mecA. Data
are expressed as mean =+ standard deviations, n = S technical
replicates.

gray was observed in the “8”@AuNPs solution, corresponding
to increasing concentrations of the mecA gene. Quantitative
analysis revealed a progressive increase in the absorption
intensity ratio (Ago/Asy) With mecA concentrations ranging

from 0 to 10 nM (Figure 3B). Notably, the Agyo/Asy ratio
demonstrated an excellent linear relationship (R* = 0.9921)
with mecA concentrations spanning from 10 fM to 100 pM
(Figure 3B, inserted). The calibration curve was established
using the following regression equation: Y = 0.1432 X Ig C +
0.1796, where Y represents the Aq,(/As,, ratio, and C denotes
the mecA concentration. The biosensor achieved a remarkable
detection limit of less than 4.3 M.

A substantial increase in the difference in SYBR Green I
intensity was observed as the concentration of the mecA gene
increased within the 1 fM to 100 pM range for fluorescence
analysis. The SYBR Green I signals in response to varying
mecA gene concentrations are illustrated in Figure 4A. The
calibration plots (Figure 4B) demonstrated a reasonable linear
relationship between fluorescence intensity and mecA gene
concentrations from 1 fM to 100 pM. Calibration equation (R*
=0.9902): Y = 100.0 X lg C + 83.33, where Y represents the
difference in SYBR Green I intensity, and C represents the
concentration of the mecA gene, was obtained. The mecA gene
was detected using fluorescent sensing, which had a low LOD
of 513 aM.

To assess the specificity of the mecA gene, control sequences
including single-base mismatched mecA (mec-1), double-base
mismatched mecA (mec-2), and triple-base mismatched mecA
(mec-3) were selected for comparison. As demonstrated in
Figure SA,B, both the Agy/Asy ratio and fluorescence
intensity values obtained from mec-1, mec-2, and mec-3
were significantly lower than those of the fully complementary
mecA target gene. These results demonstrate that the
developed method exhibits high accuracy and selectivity in
mecA detection, which can be attributed to the precise target
recognition capability of the CRISPR-Casl2a system com-
bined with the exceptional ability of Exo III to distinguish
single-base variations.”””” The CRISPR/Casl2a complex
remains inactive until it specifically binds to the target DNA
through complementary crRNA pairing.”> This activation
mechanism ensures that signal generation occurs exclusively
when the CRISPR/Casl12a complex is triggered by the target
DNA, leading to subsequent cleavage of the single-stranded
DNA between the HP@MNPs.

2.4. Application of the Method for MRSA Detection.
The sensitivity of the biosensor for MRSA detection, which is
based on the CRISPR-Cas12a system, was evaluated by using

A

700

(=]
o
o

wn
=3
=3

N W s
©c © o
o

-
=3

ASYBR Green | signal (a.u.)
o

0~ T T
0 50000 100000

Concentration of mecA gene (fM)

1
150000

B

%97 vy = 100.0*IgC + 83.33

A4

a.u.)

; 600+

N w e n
o (=3 o o
o o o o
1 1 1 1

ASYBR Green | signal (

-
(=3
o o
o |

T T 1
2 4 6

Logarithmic mecA concentration (fM)

o

Figure 4. Fluorescence detection of the mecA gene. (A) SYBR Green I signals of the method when detecting different concentrations of mecA. (B)
SYBR Green I signals of the method when detecting different concentrations of mecA. Data are expressed as mean =+ standard deviations, n = 5

technical replicates.

17823

https://doi.org/10.1021/acsomega.5c00503
ACS Omega 2025, 10, 17820—-17826


https://pubs.acs.org/doi/10.1021/acsomega.5c00503?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00503?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00503?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00503?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00503?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00503?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00503?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00503?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Ag20/As20

Blank mec1 mec2 mec3Target

Selectivity towards target sequence

N
o
o
p
/

10+

Blank mec1 mec2 mec3Target

Selectivity towards target sequence

Figure 5. Selectivity of the method for mecA detection. (A) Agyg/Asy ratio of the method when detecting interfering sequences and target
sequences. (B) SYBR Green I signals of the method when detecting interfering sequences and target sequences. Data are expressed as mean +
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optimal experimental conditions. For MRSA detection, the
samples are prepared by diluting MRSA to different
concentrations with commercial serum solutions to mimic
clinical samples. The HP@AuNPs solution underwent a color
transition from pink to gray, as depicted in Figure 6A,
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Figure 6. Colorimetric detection of the MRSA. (A) Color changes of
the method when detecting different concentrations of MRSA. (B)
A620/AS20 ratio of the method when detecting different concen-
trations of MRSA. Data are expressed as mean + standard deviations,
n = 5 technical replicates.

indicating an increasing level of MRSA concentration. In
addition, the absorption intensity ratio (Agyo/Asyy) increased
gradually as the concentration of MRSA grew from 100 to 10°
cfu/mL (Figure 6B). Moreover, there was a strong linear link
between the absorption intensity ratio and the MRSA
concentration, as shown in Figure 6B (inset). The calibration
process was conducted using an equation of the following
form: ¥ = 0.1840 X lg C — 0.04700. In this equation, Y
represents the Ag,o/As, ratio, and C represents the
concentration of MRSA. The coeflicient of determination
(R?) for this calibration equation is 0.9921. The colorimetric
approach was shown to have a detection limit of 57 cfu/mL.
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The fluorescence intensity increased significantly as the
concentration of MRSA increased in the range of 10—10° cfu/
mL for fluorescence analysis. Variations in intensity are
illustrated in Figure 7A in response to varying MRSA
concentrations. The calibration plots (Figure 7B) demon-
strated a strong linear correlation between the logarithmic
MRSA concentrations and fluorescence intensity. The
calibration equation was Y = 99.74 X lg C — 18.27 (R* =
0.9886). Fluorescent sensing had a limit of detection of 4.1
cfu/mL for the detection of MRSA.

3. CONCLUSIONS

In conclusion, we have successfully developed a novel dual-
mode detection system by integrating colorimetric and
fluorescent signaling with the CRISPR/Casl2a platform,
enabling the sensitive, specific, and reliable detection of the
mecA gene. This innovative approach capitalizes on two key
advantages: (i) the dual-signal output system, which
significantly enhances detection accuracy by minimizing
external interference through mutual signal verification, and
(i) the exceptional selectivity achieved through the synergistic
combination of the precise target recognition capability of
CRISPR-Cas12a and the base discrimination capability of Exo
III. The system demonstrated excellent performance in mecA
gene and MRSA detection, exhibiting a strong linear
correlation (R* > 0.99) between fluorescence intensity and
MRSA concentration. Comparative analysis with conventional
methods revealed superior sensitivity and specificity (Table
§2)."7%7 These findings suggest that our dual-mode detection
strategy represents a significant advancement over existing
methodologies, offering improved reliability for complex real-
world applications requiring high precision. The successful
implementation of this dual-mode sensor for mecA detection in
MRSA not only validates its clinical applicability but also
establishes a robust platform for biomarker quantification. This
technological advancement opens new avenues for molecular
diagnostics and biological research, particularly in the develop-
ment of versatile testing devices for antimicrobial resistance
detection (Pseudomonas aeruginosa) by simply changing the
crRNA. Future studies should focus on expanding the
application of the method to other clinically relevant
biomarkers and optimizing its performance for field-deployable
diagnostic platforms.
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4. EXPERIMENTAL SECTION

4.1. Materials and Reagents. The sequences utilized in
this study are designed according to former refs 38 and 39 The
details of these sequences enumerated in Table S1 were
acquired from Sangon Biotech Co., Ltd. (Shanghai, China).
The Casl2a enzyme was acquired from New England Biolabs
(Ipswich, MA, USA). The enzyme exonuclease III (Exo III)
was acquired from TaKaRa Biotechnology Co., Ltd. (Dalian,
China). The AuNPs were acquired from SANSURE Biotech
Inc. (Changsha, China).

4.2, Feasibility Analysis of the Target-Mediated
CRISPR-Cas12a Reaction. To verify the ability of the
Casl2a enzyme to detect the mecA sequence, a mixture was
prepared including 10 uL of generated mecA sequences, 10 uL
of Cas12a enzyme, and FAM-tagged HP@MNPs. The mixture
was kept at room temperature for 30 min, and the fluorescence
signals were documented.

4.3. mecA Detection Using Fluorescence Measure-
ments. The solution containing 10 yL of the Casl12a enzyme
and HP@MNPs was supplemented with mecA at varying
concentrations. The mixture was incubated at ambient
temperature for 30 min, and then magnet-based enrichment
of MNPs was performed. The Cas12a protein was deactivated
by heating the mixture to 80 °C for 10 min. The liquid
supernatant was subsequently combined with 10 uL of Exo III,
10 uL of SP, 10 uL of DP, and 10 uL of “8”@AuNPs. Finally,
the fluorescence spectra were acquired using a Hitachi F-7000
fluorescence spectrometer (Tokyo, Japan).

4.4, Statistical Analysis. All quantitative data were
expressed as mean =+ standard deviation for normally
distributed variables. The two-tailed Student’s t-test was used
to compare differences between two groups. All tests were two-
tailed, with p < 0.05 considered statistically significant.
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