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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) is a prevalent and highly virulent bacterium encountered in clinical set-
tings. Due to its uneven drug resistance profile and the multitude of factors influencing detection rates, precise and sensitive
identification of MRSA is essential. Herein, we developed a detection system (called “APC-Cas-PLNPs”) that can ultra-sensitive
detection for MRSA, using nucleic acid-based allosteric probe, CRISPR-Cas12a and dual-colored persistent luminescent nanopar-
ticles tandem detection. Simply, allosteric probe was used for specifically recognize MRSA and cyclic signal amplification, and
then initiated catalytic CRISPR-Casl2a collateral cleavage. Meanwhile, red-emitting ZnGa204:Cr (ZGC) bonded with BHQ3
modified single-stranded DNA to create a detection probe known as ZGCQ@QBHQ3, and green-emitting Zn2GeO4:Mn (ZGM)
was utilized as the reference probe and electrostatically bound to both probes, forming the ratiometric luminescence sensor
ZGC@BHQ3-ZGM for CRISPR-Casl12a detection.With this strategy, the non-nucleic acid targets were dexterously converted
into fluorescent signals. This tandem detection system eliminates interference from background fluorescence and external fac-
tors, and provided a novel signal amplification and conversion strategy, which enables accurate and sensitive quantification of
MRSA (1-105 CFU/mL) without requiring isolation and DNA extraction. Moreover, APC-Cas-PLNPs can recognize low levels
of MRSA in food samples such as milk and orange juice, as well as in mouse serum, demonstrating greater sensitivity compared
to real-time PCR. This method holds significant potential application value in food detection and early diagnosis of pathogenic
bacteria, highlighting its broad applicability.
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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) is a prevalent and highly
virulent bacterium encountered in clinical settings. Due to its uneven drug resistance
profile and the multitude of factors influencing detection rates, precise and sensitive
identification of MRSA is essential. Herein, we developed a detection system (called
“APC-Cas-PLNPs”) that can ultra-sensitive detection for MRSA, using nucleic acid-
based allosteric probe, CRISPR-Casl2a and dual-colored persistent luminescent
nanoparticles tandem detection. Simply, allosteric probe was used for specifically
recognize MRSA and cyclic signal amplification, and then initiated catalytic CRISPR-
Casl2a collateral cleavage. Meanwhile, red-emitting ZnGa>O4:Cr (ZGC) bonded with
BHQ3 modified single-stranded DNA to create a detection probe known as
ZGC@BHQ3, and green-emitting Zn,GeO4:Mn (ZGM) was utilized as the reference
probe and electrostatically bound to both probes, forming the ratiometric luminescence
sensor ZGC@BHQ3-ZGM for CRISPR-Cas12a detection. With this strategy, the non-
nucleic acid targets were dexterously converted into fluorescent signals. This tandem
detection system eliminates interference from background fluorescence and external
factors, and provided a novel signal amplification and conversion strategy, which
enables accurate and sensitive quantification of MRSA (1-10° CFU/mL) without
requiring isolation and DNA extraction. Moreover, APC-Cas-PLNPs can recognize low
levels of MRSA in food samples such as milk and orange juice, as well as in mouse
serum, demonstrating greater sensitivity compared to real-time PCR. This method holds

significant potential application value in food detection and early diagnosis of
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pathogenic bacteria, highlighting its broad applicability.
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1 Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) is a prevalent clinical
antibiotic-resistant pathogen with robust pathogenicity and resistance to most
antibiotics, making infection treatment challenging.!? Therefore, the prompt and
precise detection and identification of MRSA are crucial in curbing the spread of this
pathogen. Conventional methods for MRSA detection include traditional bacterial
isolation culture, amplification-based molecular diagnostic techniques and matrix
assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF).>
> However, these approaches often entail intricate and time-consuming programs,
limiting their suitability for swift and on-site monitoring of microbial contamination.®
Particularly in the initial phases of pathogen infection, effectively quantifying low
levels of pathogen poses a challenge. Hence, it is imperative to devise straightforward
and cost-effective techniques for detecting minute traces of MRSA with high sensitivity
and specificity, thereby facilitating targeted treatment options in clinical settings.

The CRISPR-Cas system, renowned for its swift and precise diagnostic
capabilities in identifying and cleaving specific nucleic acid fragments,’” has been
harnessed alongside nucleic acid amplification modules to enable nucleic acid signal
amplification detection. For example, researchers have pioneered isothermal
amplification techniques, such as loop mediated isothermal amplification (LAMP),!°
recombinase polymerase amplification (RPA),!! and nucleic acid sequence
amplification (NASBA)'? in combination with CRISPR-Cas system. This synergy not

only enhances the sensitivity and specificity of CRISPR detection,'*'* but also obviates
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the need for thermal cyclers typically required by PCR. Nevertheless, pathogens
detection often necessitates prior nucleic acid extraction of the target before
amplification, a process involving multiple enzymes that may lead to cross-
contamination and non-specific amplification.'> '° Recent studies have highlighted that
aptamer and non-nucleic acid targets exhibit remarkable affinity and specificity for
recognition under enzyme-free conditions, thereby circumventing the need for nucleic
acid extraction.'” !® Consequently, it can be deduced that by designing allosteric probe
(AP) as binding units and utilizing allosteric DNA molecules to catalyze DNA reactions,
linear signal amplification can be generated, achieving a one-pot reaction of
amplification process and CRISPR-Cas reaction concurrently.

Researchers have commonly utilized the trans cleavage properties of Cas enzymes
to convert detection signals into light signals.!> ?° Traditional molecular beacons are
obtained by connecting fluorescent groups with short nucleic acid chains and
fluorescence-quenching groups, which have low luminosity, monochromatic emission,
and small Stokes shift between excitation and emission peaks.?! Therefore, experiments
using such molecular beacons require highly sensitive optical equipment to readout,
which in turn requires amplification of target nucleic acids to enhance Cas activity. **
23 In addition, the detection relying on a singular fluorescence signal is susceptible to
variations in testing conditions, potentially resulting in the generation of false positive
outcomes.?* The ratiometric detection method, incorporating a reference signal, enables
self-correction of fluorescence detection results and improves detection precision,

thereby eliminating the influence of the aforementioned adverse factors.?> Currently,
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the majority of ratiometric luminescence sensors necessitate continuous external
excitation light sources, making it challenging to circumvent interference within the
sample matrix, consequently significantly affecting target detection accuracy.?® 2’
Persistent luminescent nanoparticles (PLNPs), as an emerging photonic
nanomaterial, exhibit unique persistent luminescent properties after the cease of
excitation, surpassing traditional luminescent materials and eliminating
autofluorescence interference in biosensing and biomedical imaging.?®? Besides, the
luminosity of PLNPs is several orders of magnitude higher than that of commonly used
fluorescent groups such as 5-FAM (5-Carboxy fluorescein) and Cy3 (Sulfo-Cyanine3),
with strong ultraviolet absorption and large emission offset, as well as special
photostability.>° Due to their unique optical properties, PLNPs are ideal energy donors
for luminescence resonance energy transfer (LRET).>! For example, Guo et al.
developed a ratiometric aptasensor based on dual color PLNPs for precise detection of
ochratoxin A. The sensor was not affected by real-time excitation and autofluorescence,
with a detection limit as low as 3.4 pg mL'.% Similarly, Pan et al. also reported a
PLNPs-based ratiometric sensor for detecting trace aflatoxin B1 in food samples.*
Although the above methods eliminate the interference of autofluorescence by utilizing
PLNPs-based ratiometric sensor, they do not combine the target amplification module
with the sensor, which seriously reduces the sensitivity of detection. To improve the
signal output, the target amplification module in tandem with the sensor module is

highly desired. However, to the best of our knowledge, there have been no documented

instances of utilizing AP to induce CRISPR-Casl2a coupled with a PLNPs-based
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ratiometric luminescence sensor for the quantification of pathogens to achieve ultra-
sensitive detection.

Herein, we designed and synthesized an AP initiated catalysis CRISPR-Cas12a
collateral cleavage in tandem with a PLNPs-based dual-color ratiometric luminescence
sensor ZGC@BHQ3-ZGM for pathogen detection, termed the “APC-Cas-PLNPs”
system. This detection system provides a rapid, ultra-sensitive, and remarkably specific
approach for direct pathogen detection, eliminating the need for strain isolation and
nucleic acid extraction. Additionally, the capability of APC-Cas-PLNPs in detecting
low-level MRSA in food samples like milk and orange juice, as well as in mouse serum,
was validated in comparison with real-time PCR. The results of this research suggest
that APC-Cas-PLNPs holds great potential for the detection of pathogenic bacteria in

food safety and clinical diagnosis.

2 Materials and methods

In compliance with the word count restriction, this part has been put in

supplementary information.

3 Results and discussion
3.1 Mechanism and fabrication of the APC-Cas-PLNPs

In the initial phase of our research (Fig. 1a), a distinctive allosteric probe (AP) was
employed. This probe comprises a single-stranded DNA molecule with three distinct
functional domains: the aptamer domain (blue) for MRSA recognition, the primer-

binding site domain (green), and the stem sequence domain (red). The aptamer
7
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developed by Turek et al. using Cell SELEX technology, to specifically recognize
MRSA was selected as the DNA sequence of the AP aptamer domain, with a sequence
length (75 nt) and dissociation constant (Kz= 1.6 + 0.5 x 10?> nmol/L).>* To maintain
the structural stability and prevent self-elongation, a phosphate group was introduced
at the 3’ end of the AP, thereby increasing the resistance to enzymatic hydrolysis. In the
absence of MRSA, the AP remains inactive, adopting a hairpin structure that conceals
the primer-binding site domain, thereby hindering the downstream reactions. However,
upon recognition and binding of MRSA by the aptamer domain of AP, the hairpin
structure is destabilized, resulting in an active configuration that allows primer
annealing and exposes the binding site domain. Subsequently, with the assistance of
DNA polymerase, AP functions as a template for the production of double-stranded
DNA (dsDNA), and releases MRSA for the next catalytic cycle, achieving signal
amplification. In downstream reactions involving Cas12a-crRNA, the Wedge (WED)
and PAM-interacting (PI) domains of Casl2a proteins recognize the protospacer
adjacent motif (PAM) sequence of dsDNA targets, facilitating their unfolding.*> The
Casl2a-crRNA complex then binds to proximal dsDNA, initiating the trans-cleavage
activity of Casl12a.

In the second section, we have crafted a dual-color ratiometric luminescence
sensor. As depicted in Fig. 1b and Fig. 3a, cDNA-BHQ3 (a BHQ3-modified chain)
modified ZGC with red-emitting (696 nm) ZGC (ZGC@BHQ3) was used as a detection
signal. Meanwhile, green-emitting (533 nm) ZGM was methylated to prepare positively

charged ZGM-N"(CH3); as a reference signal. The ratiometric luminescence sensor,
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ZGC@BHQ3-ZGM, was fabricated via the electrostatic interaction of the positively
charged ZGM-N"(CH3)3 with the negatively charged ZGC@BHQ3. When MRSA is
recognized by the AP, Casl12a is activated, acquiring the capability to randomly cleave
single chains and reinstating the red fluorescence signal of ZGC, whereas the
fluorescence of ZGM remains unaltered. The entire sample-to-result process took
approximately 55 min. Consequently, the ingenious APC-Cas-PLNPs system facilitates
ultrasensitive and highly specific detection of MRSA, which eliminates the

autofluorescence and external interference.
3.2 Analysis of AP performance
As illustrated in Fig. 2a, to affirm the specific binding of AP to MRSA and its

subsequent transition to an active structure, we synthesized covalently modified AP,
wherein the fluorescent group FAM is covalently attached to the 3" end of primer-
binding site domain, while the quenching group BHQI is covalently and internally
linked to the 5 end of the aptamer domain. The inverted fluorescence microscope image
verifies that AP has been combined with MRSA and switched to the active structure
(Fig. 2a). In addition, AP was mixed with different pathogenic bacteria for incubation
to observe fluorescence images and fluorescence intensity (Fig. S1). Therefore, it can
be considered that the constructed AP exhibited strong specificity for MRSA. To further
validate that the combination of AP and MRSA triggered the amplification of dsDNA,
the results of polyacrylamide gel electrophoresis (PAGE) analysis reveal that AP still
maintained its original structure (Line3) when AP mixed solely with primer (Line2) or
simultaneously with primer and Klenow Fragment (KF) DNA polymerase. However,

in the presence of MRSA, AP underwent structural unfolding, and an extension reaction
9
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upon co-incubation with the primer and KF DNA polymerase was triggered, which
resulted in the generation of a substantial amount of dsDNA (Line4) (Fig. 2b).
Moreover, the trans-cleavage activity of CRISPR-Casl2a was also confirmed. As
illustrated in Fig. 2c, in the presence of target dSDNA, Cas12a exhibited robust activity
under the guidance of crRNA.

To demonstrate the stability of AP in the absence of MRSA, the stem length in
the AP structure was investigated. The variations in fluorescence intensity (Aintensity)
of AP to 6 different stem lengths (9, 10, 12, 14, 15 and 16 bp) were monitored (Fig. 2d).
The A intensity decreases along with the stem length increase, regardless of the
presence or absence of MRSA. However, as the stem length increased from 9 bp to 14
bp, a significant decrease in background signal and a slight decrease of signal resulted
in an increase in the signal-to-background ratio (S/BG) (blue line), and then decreased
obviously from 14 bp to 16 bp. Therefore, it can be inferred that the excessively long
stem length leads to overly stable AP, hindering the unfolding of the AP structure, which
is detrimental to subsequent dsDNA amplification and Casl2a activation. These
observations align well with the computed Gibbs free energy (AG) and melting
temperature (7,,) values of AP with different lengths of stem (Table S2). The
aforementioned data underscores that the AP with a stem length of 14 bp (AP-14 stem)
has excellent stability and state switching dynamics, which was chosen as the AP in the

APC-Cas-PLNPs system.
3.3 Preparation and characterization of ratiometric luminescence sensor

The elaborate design and meticulous preparation of the innovative ratiometric

luminescence sensor ZGC@BHQ3-ZGM are highlighted in Fig. 3a. The preparation of
10
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positively charged ZGM-N"(CH3); as a reference probe by methylation of ZGM.
cDNA-BHQ3 was connected to ZGC surface to form ZGC@BHQ3 as the detection
probe. ZGC@BHQ3-ZGM was finally obtained by combining positively charged
ZGM-N"(CH3)3 with negatively charged ZGC@BHQ3 via electrostatic interaction.
As depicted in Fig. 3b, TEM image reveals that the ZGM display a typical rod-like
morphology, with a length between 40-75 nm. HR-TEM reveals that the synthesized
ZGM has high crystallinity, and the distance between the two adjacent lattice fringes is
0.29 nm, which is corresponding to the distance between the (113) lattice planes.
Additionally, the power X-ray diffraction (XRD) results provide unequivocal evidence
that ZGM adopts a pristine diamond-like crystal structure of Zn,GeOs (Fig. S2),
demonstrating its pristine purity and crystallinity. Moreover, high-angle annular dark-
field scanning TEM (HAADF) imaging and energy dispersive spectroscopy (EDS) (Fig.
S3a) confirmed the presence of Zn, Ge, Mn and O elements in the structures of ZGM.
In order to bind the ZGC, the ZGM are functionalized with amino group, then the
nanorods were further reacted with CHsl to obtain ZGM-N"(CH3);. FT-IR spectra
showed that the characteristic peaks of ZGM-N"(CHs); at 3433 cm™!, 2927-2855 cm’!,
1197 cm™ and 1076 cm™! are ascribed to the stretching vibration of -NHa, -CHa-, C-N
and -Si-O-Si-, respectively, indicating the -N*(CH3)3 group was successful modified on
the surface of the ZGM (Fig. S4a). Moreover, after the modification, the hydrodynamic
size of ZGM-N"(CH3); increased significantly (Fig. 3e), and the zeta potential changed
from -33.2 £ 3.2 mV to 32.9 £ 2.8 mV (Fig. 3g), both of which serve as definitive
indicators of the successful preparation of ZGM-N"(CHj3)s.

11
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Meanwhile, the ZGC were synthesized by doping the Cr*" into the matrix ZnGa>O4
via hydrothermal method. Fig. 3c and Fig. S2 shows that the ZGC are granular with the
diameters in the range of 5-9 nm, and the ZGC have the standard rhombic crystal
structure of ZnGaxO4, with a distance of 0.25 nm between two neighboring lattice
planes, which corresponds to the distance between the (311) lattice planes. In addition,
HAADF imaging and EDS (Fig. S3b) confirmed the presence of the elements Zn, Ga,
Cr and O in the ZGC. In order to conjugate the cDNA-BHQ3, the ZGC was
functionalized amino groups. The characteristic peaks of ZGC-NH: at 3424 cm’!, 2928-
2853 cm! and 1062 cm™! belonged to the stretching vibration of -NHa, -CH»- and -Si-
O-Si-, confirming the successful modification of -NH» (Fig. S4b). Also, the
hydrodynamic size of ZGC-NH:> increased compared to ZGC (Fig. 3f) and the zeta
potential changed from 23.7 = 2.5 mV to 35.0 + 3.4 mV (Fig. 3h). Thus, it can be
considered that ZGC-NH> was successfully prepared.

Next, to prepare the ratiometric luminescence sensor, we first prepared
ZGC@BHQ3 to quench the red fluorescence of ZGC by utilizing the amino and thiol
groups reaction between ZGC-NH> and cDNA-BHQ3 (5'-SH-
TATATATCGATGCGCCATCG-BHQ3-3"). As shown in Fig. 3f, the hydrodynamic size
of ZGC@BHQ3 had slightly increased compared to ZGC-NH,. Meanwhile, the zeta
potential changed from 35.0 £ 2.2 mV to -17.1 £ 1.6 mV, which was attributed to the
introduction of a phosphate group in the ¢cDNA-BHQ3 (Fig. 3h). These findings
unequivocally indicate the successful preparation of ZGC@BHQ3. Subsequently, the
positively charged ZGM-N'(CH3); was combined with the negatively charged

12
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ZGC@BHQ3 via electrostatic interaction to obtain the ratiometric luminescence sensor
ZGC@BHQ3-ZGM. The hydrodynamic size of ZGC@BHQ3-ZGM increased to 712.4
+ 40.2 nm (Fig. 3f) and the zeta potential changed to 15.8 £ 1.1 mV (Fig. 3h). TEM
images revealed a distinct core-shell architecture in the prepared ZGC@BHQ3-ZGM,
characterized by a granular ZGC shell adsorbed on a rod-shaped ZGM core (Fig. 3d,
white box). The results of HAADF images and EDS indicate the presence of Zn, Ge,
Mn, Ga, Cr, and O elements in ZGC@BHQ3-ZGM. Due to the extremely low content
of Mn and Cr in the structure of ZGM and ZMC, the element mapping is not significant.
It is noteworthy that Ga was conspicuously present in ZGC (white box), absent in ZGM,
while Ge, on the other hand, was detected in ZGM but not in the designated area of
ZGC. Additionally, the XRD results indicate that ZGC@BHQ3-ZGM has a high
crystallinity with diffraction peaks originating from ZnGa;O4 and Zn,GeO4 (Fig. S2).
Collectively, these findings conclusively validate the successful preparation of the
ratiometric luminescence sensor, with ZMG and ZGC retaining their inherent
morphology and crystalline structure.
3.4 Analysis of ZGC@BHQ3-ZGM performance

To assess the performance of the ratiometric luminescence sensor ZGC@BHQ3-
ZGM, the optical properties of ZGM and ZGC were initially investigated. As depicted
in Fig. 4a and b, upon excitation with UV light at 254 nm, ZGM and ZGC exhibited
emissions in green and red luminescence at 533 nm and 696 nm, respectively. These
typical near infrared emissions were originated from *T; (4G)-°A1 (6S) transition of
doped Mn** and 2E—*A, transitions of twisted Cr’*3%*" To prove the successful
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bioconjugation between ZGC and BHQ3, UV-vis absorption of BHQ3, and emission
spectra of ZGC and ZGC@BHQ3 were measured, respectively. As shown in Fig. 4c,
the quenching rate of BHQ3 on ZGC was determined to be 88.3%, which was due to
the shortened distance between ZGC and BHQ3, resulting in effective energy transfer.
This result offered a minimal background signal for MRSA detection. Besides, ZGM
and ZGC have long-lasting afterglow after UV lamp irradiation (254 nm, 5 min),
confirming that the prepared ZGC@BHQ3-ZGM has excellent afterglow performance
(Fig. 44d).

Furthermore, to ascertain the potential impact of single-emissive PLNPs on
ZGC@BHQ3-ZGM (Fig. 4e), an exploration into the influence of varying
concentrations, test voltages, and durations on fluorescence intensity and fluorescence
ratio at 537 nm and 696 nm (/s96/I533) were investigated. Although the fluorescence
intensity of each emission peak gradually increased along with the increase of
ZGC@BHQ3-ZGM concentration and test voltage, lsos/l533 remained stable (Fig. 4f
and g, Fig. S5a and b). Notably, Fig. 4h, Fig. S5c illustrates the fluorescence intensity
at 533 nm and 696 nm rapidly decays with time, but the ratio of fluorescence intensity
(le96/I533) remains almost unchanged, avoiding the influence of test time on the
ZGC@BHQ3-ZGM. In addition, as the storage time changes, the fluorescence intensity
and corresponding fluorescence ratio at 535 nm and 696 nm still kept constant,
indicating that the ZGC@BHQ3-ZGM shows excellent stability (Fig. 41, Fig. S5d). The
abovementioned results collectively suggest that the developed ratiometric sensor

boasts attributes such as immunity to autofluorescence interference, ease of
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preservation, and significant practical utility.
3.5 Optimization of the experimental parameters

To enhance the efficiency of our experiments, we meticulously fine-tuned the
detection conditions. The concentration of AP has a significant impact on the specific
recognition of MRSA. The increase of the concentration of AP can increase the catalytic
reaction rate and generate a large quantity of dsDNA (containing PAM sites) to activate
more Casl2a in APC-Cas-PLNPs. Therefore, we first mixed MRSA (about 102
CFU/mL) with the AP to investigate the influence of AP concentration on the change
of fluorescence intensity ratio (A(Zso6/I533)). As shown in Fig. S6a and S7a, A(ls9s/I533)
gradually increased with an increase in AP concentration from 100 to 400 nm. However,
with a further increase in AP concentration to 500 nm, the A(Zs96//533) was significantly
decreased. This may be due to the formation of dimers structures at excessively high
AP concentration, which affect the binding efficiency of AP to MRSA. Consequently,
we opted for a concentration of 400 nM for subsequent experiments. Furthermore, our
investigation highlighted the pivotal role of DNA polymerase in dsDNA synthesis. It
could be seen that the A(legs/Is33) increased with the increasing concentration of DNA
polymerase and reached its maximum value at 0.05 U/uL (Fig. S6b and Fig. S7b). Thus,
a concentration of 0.05 U/uL was deemed optimal for our future experiments. In
addition, the concentration of crRNA was a critical factor for CRISPR/Casl12a-based
signal amplification. Fig. S6¢ and Fig. S7c illustrate the concentration of crRNA ranged
from 5 to 25 nM, and the A(lege/1533) reached the maximum value at 20 nM. Lastly, we

optimized the reaction time of the CRISPR/Cas12a system for trans cleavage. As shown
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in Fig. S6d and Fig. S7d, A(legs/ls33) progressively increases from 5 to 15 min, and as
time further increases to 20 to 25 min, the A(legs/ls33) shows no significant change.
Therefore, the concentrations of APS, DNA polymerase and crRNA of 400 nM, 0.05
U/uL, and 20 nM, respectively, and the reaction time of 15 min were selected as the

optimal conditions for MRSA detection.
3.6 APC-Cas-PLNPs for MRSA detection

To demonstrate the exceptional sensitivity of APC-Cas-PLNPs in detecting MRSA,
a series of samples containing MRSA cells (1-10° CFU/mL) were prepared. The results
in Fig.5a shown that A(lege/I533) varied linearly with the amount of MRSA in the range
of 1 to 10° CFU/mL, and APC-Cas-PLNPs can easily detect MRSA at levels as low as
1 CFU/mL. In comparison to alternative detection techniques, this assay system is
distinguished by its capability to sustain a broader detection range and achieve a lower
detection limit within a significantly shorter timeframe (Table S3). It can be inferred
that the aptamer domain of AP demonstrates exceptional MRSA specific recognition
ability, leading to the disruption of the secondary structure of AP upon MRSA
recognition. Subsequently, under the action of DNA polymerase, dsDNA containing
PAM site is synthesized, allowing MRSA to proceed into the next catalytic cycle,
thereby achieving primary amplification. In addition, the prepared dual-color
ratiometric luminescence sensor ZGC@BHQ3-ZGM possesses significant advantages
such as strong ultraviolet absorption, large emission offset, high luminosity, eliminating
autofluorescence interference, and high signal/noise ratio. When the aforementioned

dsDNA hybridizes with Cas12a/crRNA, it activates the collateral cleavage ability of
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Casl2a, cleaving multiple ZGC@BHQ3 (secondary amplification), consequently
generating amplified ratio fluorescence signals. The results obtained demonstrate that
APC-Cas-PLNPs can detect a single MRSA through the two-stage amplification of the
AP, CRISPR-Cas12a and dual-colored persistent luminescent nanoparticles tandem
detection. Currently, real-time PCR is the most effective method for analyzing and
quantifying pathogen due to its high sensitivity. Therefore, we compared APC-Cas-
PLNPs system with real-time PCR for MRSA detection. The extracted genomic DNA
of MRSA was within the range of 6x10-6x10” CFU/mL (genomic DNA range: 0.25-
1.2x10° pg/uL) and subjected to real-time PCR reaction. As illustrated in Fig. 5b, the
C: value varies linearly within the range of 6x10%-6x10” CFU/mL. However, when the
amount of MRSA was below 6x10? CFU/mL, the C; value is greater than 35. Even after
more 40 cycles, 60 CFU/mL bacterial cells still have no C; value. This disparity can be
attributed to the loss of target sequences during genome extraction, underscoring the
superior sensitivity and efficiency of the APC-Cas-PLNPs system over real-time PCR
for MRSA detection.

The study further investigated the specificity of the APC-Cas-PLNPs system for
detecting MRSA. Fig. 5c illustrates that in the presence of K. pneumoniae, P.
aeruginosa, E. coli or L. monocytogenes, the fluorescence signal can be ignored,;
however, the A(lege/l533) of MRSA was significantly increased than these pathogens (P
<0.001). In addition, we detected two methicillin-susceptible S. aureus (ATCC29213
and ATCC25923), and the results showed that APC-Cas-PLNPs could accurately
distinguish MRSA from methicillin-susceptible S. aureus strains (P < 0.001) (Fig. 5d).
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Therefore, it can be deduced that the developed APC-Cas-PLNPs system had excellent
specificity for MRSA. Also, to further analyze the specificity of APC-Cas-PLNPs in
complex samples, a mixture of MRSA and other pathogens was tested in a molar ratio
of 1:10. As shown in Fig. 5Se and f, whether mixed with pathogenic bacteria of different
genera or S. aureus (ATCC29213 and ATCC25923), there is no significant difference
in A(legs/ls33) compared to the presence of MRSA alone. In conclusion, these results
emphasize the outstanding sensitivity and specificity of APC-Cas-PLNPs in MRSA
detection, positioning it as a promising novel platform for pathogen identification.
3.7 Method validation and application to milk, orange juice and serum

To demonstrate the feasibility of proposed detection method in food sample
detection, we evaluated the MRSA levels of pasteurized milk (PM) samples (n = 20)
and contaminated milk (CM) samples (rn = 20), as well as pasteurized orange juice (PO)
samples (7 = 20) and contaminated orange juice (CO) samples (n = 20) using APC-Cas-
PLNPs in a blind validation study. As illustrated in Fig. 6a and d, all 20 contaminated
milk or orange juice samples exhibited higher levels of A(legs/ls33) compared to
pasteurized milk or orange juice samples, demonstrating that APC-Cas-PLNPs could
effectively distinguish contaminated food samples from pasteurized food samples
(P<0.001). However, C; value showed that although there was a significant difference
in the genomic DNA expression of MRSA between pasteurized milk or orange juice
samples and contaminated milk or orange juice samples (P<0.01), there was a certain
proportion of signal overlap between these two columns of data (Fig. 6b and e). The

ROC curve of APC-Cas-PLNPs shows that compared to pasteurized milk samples, the
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AUC values of contaminated milk or orange juice samples are both 1.0. By contrast,
real-time PCR has a poorer classification of contaminated food samples from
pasteurized food samples (AUC values of 0.85 and 0.77, respectively) (Fig. 6¢ and f).
It can be considered that during the process of genome extraction, both target and non-
target strains will be cleaved together, especially mixing trace amounts of MRSA
genomic DNA with non-target strain genes will affect the concentration of detected
nucleic acid sequences, leading to a decrease in real-time PCR sensitivity. Furthermore,
the complexity of the amplification program and the specificity of primers can also
affect the detection results. On the contrary, the APC-Cas-PLNPs detection system we
established does not require genomic DNA extraction. Upon APS binding specifically
to MRSA, the allosteric switch structure of AP would activate the collateral cleavage
of CRISPR-Cas12a, while a ratiometric luminescence sensor using PLNPs as molecular
beacons enables more sensitive and precise signal detection.

Finally, we infected 6-8-week-old mice with MRSA bacterial solution via
intravenous injection, and used uninfected mice of the same age and number as control.
Then, blood samples were collected, and the APC-Cas-PLNPs was used to detect
MRSA in the mice serum (Fig. 6g). The A(leos/Is33) value of each mouse was detected
by APC-Cas-PLNPs every 30 min for the first 6 h after infection, and then every 12 h
until the 4" d to prove the presence of MRSA in the mouse (Fig. 6h). As a result, the
A(legs/ls33) value of the infected mice model increased over time, while there was no
significant change in the A(less/Is33) value of the uninfected mice, indicating that

MRSA had already colonized and grown in the blood. It is worth noting that the
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A (lege/1533) value of infected mice slightly decreased from 2.5 to 4 h, which may be due
to the immune system clearing a portion of MRSA. The ROC curve of APC-Cas-PLNPs
indicated an AUC of 0.98 in uninfected mice compared to infected mice, suggesting it
has the potential to detect early MRSA infection (Fig. 6i). These above results fully
demonstrate that the developed APC-Cas-PLNPs system is capable of the accurate

detection of MRSA in food detection and clinical testing.
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Figures

Fig. 1 Illustration of allosteric probe to initiate catalytic CRISPR-Casl2a collateral
cleavage in tandem with dual-color ratiometric luminescence sensor ZGC@BHQ3-
ZGM (APC-Cas-PLNPs) system for MRSA detection.

Fig. 2 Performance analysis of AP. (a) Illustration and representative inverted
fluorescence microscope images of FAM/BHQI1-labeled AP binding to MRSA. (b)
Feasibility of electrophoretic analysis for AP detection of MRSA. M: DNA ladder,
Lanel: AP; Lane2: AP + primer; Lane 3: AP + primer + DNA polymerase; Lane4: AP

3

+ primer + DNA polymerase + MRSA. ‘+’ means presence, ‘-’ means absence. (c)
Fluorescence intensity detection of CRISPR-Cas12a system. (d) Comparison of relative
fluorescence intensity and signal-to-background ratio of AP with six different stem
lengths. Values are the mean + SD of the results from three independent experiment.
Fig. 3 The preparation process and characterization of ratiometric luminescence sensor
ZGC@BHQ3-ZGM. (a) Schematic of the developed ratiometric luminescence sensor
ZGC@BHQ3-ZGM. (b) TEM, HR-TEM and element mapping images, and size
distribution of ZGM. (¢) TEM, HR-TEM and element mapping images, and size
distribution of ZGC. (d) TEM, HR-TEM and element mapping images of
ZGC@BHQ3-ZGM. The white box represents the TEM and element mapping images
of ZGC. (e) Hydrodynamic size of ZGM, ZGM-NH; and ZGC-N"(CH3);. (f)
Hydrodynamic size of ZGC, ZGC-NHz, ZGC@BHQ3 and ZGC@BHQ3-ZGM. (g)
Zeta potential of ZGM, ZGM-NH; and ZGC-N"(CH3)s. (h) Zeta potential of ZGC,
ZGC-NHz, ZGC@BHQ3 and ZGC@BHQ3-ZGM.
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Fig. 4 Performance analysis of ZGC@BHQ3-ZGM. Emission (excitation at 254 nm)
spectra of ZGM, and the inset image refers to ZGM aqueous solution (0.5 mg/mL) (a).
Emission (excitation at 254 nm) spectra of ZGC, and the inset image refers to ZGC
aqueous solution (0.5 mg/mL) (b). Emission (excitation at 254 nm) spectra of
ZGC@BHQ3, and the inset image refers to ZGC and ZGC@BHQ3 aqueous solution
(0.5 mg/mL) (c). Afterglow decay curves of ZGM and ZGC (d). Emission spectrum
(excitation at 254 nm) of ZGC@BHQ3-ZGM (e). Effects of ZGC@BHQ3-ZGM
concentration (10-30 ug/mL) (f), test voltage (600-700 V) (g), test time (0-10 min) (h)
and storage time (0-60 d) (i) on the fluorescence intensity and fluorescence ratio at 537
nm and 696 nm (/s96/1533).

Fig. 5 Evaluation of APC-Cas-PLNPs system sensitivity and specificity for MRSA
detection. (a) The fluorescence intensity of APC-Cas-PLNPs for detection of MRSA
(The amount of MRSA from 1 to 10° CFU; insets: the linear analysis of MRSA
detection by APC-Cas-PLNPs). (b) The C; values of real-time PCR for detection of
MRSA (The amount of MRSA from 6x10%-6x 107 CFU; insets: the linear analysis of
MRSA detection by real-time PCR). (c-d) Specificity of APC-Cas-PLNPs for detection
of MRSA (MRSA: 10?> CFU/mL, all other pathogens: 10> CFU/mL). (e-f) Specificity
of APC-Cas-PLNPs for MRSA detection in complex samples (the amount of MRSA
was one-tenth of other pathogens). Values are the mean + SD of the results from three
independent experiments. Asterisks indicate significant differences (***, P <0.001, by
Student's ¢ test).

Fig. 6 Measurement of MRSA in food samples and mouse serum. (a) A(Zs96/1533) Of
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MRSA expressed in a milk blind validation cohort. PM: pasteurized milk; CM:
contaminated milk; PO: pasteurized orange juice; CO: contaminated orange juice. (b)
C: value of the genomic DNA of MRSA in a milk blind validation cohort. (c) ROC
curve analysis of blind validation queue for milk. (d) A(Zevs/533) 0f MRSA expressed
in an orange juice blind validation cohort. (e) C; value of the genomic DNA of MRSA
in an orange juice blind validation cohort. (f) ROC curve analysis of blind validation
queue for orange juice. (g) Construction of MRSA infected mouse model and schematic
diagram of blood collection. (h) Growth curves of MRSA in infected and uninfected
mice over time. The blue dashed line and the red dashed line represent the A (Zs96/1533)
of 6 infected mice and 6 uninfected mice over time, respectively. The blue solid line
and the red solid line represent the average A(ls96/I533) Of 6 infected and 6 uninfected
mice over time, respectively. (i) ROC curve analysis of 6 uninfected mice versus 6
MRSA infected mice at all stage (0 to 96 h). Asterisks indicate significant differences

(**, P<0.01, *** P <0.001, by Student's ¢ test).
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