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Rapid and precise detection of respiratory pathogens is crucial for clinical diagnosis and treatment of
respiratory infections. In this study, the multiplex and visual detection of respiratory pathogens is
facilitated by specifically designed engineered CRISPR RNA (en-crRNA) to activate the trans-cleavage
activity of Casl2a, along with a homemade portable device. The en-crRNA comprised an original crRNA
and a DNA reporter molecule that is labelled with both a fluorophore and a quencher. Moreover, the
DNA is partially complementary to the variable region of the original crRNA. The proof of concept was
demonstrated by simultaneously identifying distinct respiratory pathogens with a detection limit of 102
copies per pL. The visual discrimination was subsequently achieved using a homemade portable device

that was seamlessly integrated with a smartphone. The specificity of the strategy was validated by
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Introduction

Acute respiratory tract infection constitutes a prominent cause
of morbidity and mortality among the pediatric population.™*
Respiratory pathogens are detected in up to 80% of cases,?
presenting a significant threat to both the physical and mental
well-being of children. Despite presenting similar clinical
symptoms and signs, infections caused by diverse pathogens
(such as viruses, bacteria, mycoplasma, etc.) necessitate distinct
treatment approaches.*® In addition, the presence of multiple
co-infections with pathogens further complicates the accurate
diagnosis.” Therefore, strategies enabling precise identification
of respiratory pathogens are essential for accurate diagnosis
and treatment.®

Routine clinical etiological examinations, including culture,
immunological detection, nucleic acid detection, and gene
sequencing, have gained widespread acceptance as valuable
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tools for identifying common pathogens.® As the current gold
standard, the culture-based technique requires a prolonged
processing time, which is unsuitable for application in urgent
clinical settings.'® On the other hand, the potential false nega-
tive outcomes in immunological tests cannot be disregarded."*
The real-time quantitative PCR (qPCR) and gene sequencing
techniques exhibit remarkable sensitivity and specificity.'?
However, their implementation requires highly trained
personnel and specialized equipment, which limits their suit-
ability for expedited screening during emergency scenarios,"?
particularly when rapid field testing is essential."*** Hence, the
urgent need for a multi-pathogen detection platform that
facilitates sensitive, specific, and rapid analysis arises from the
necessity of efficient diagnosis in complex on-site conditions.
CRISPR technology has emerged as a promising tool for the
detection of nucleic acid molecules due to its simplicity,
robustness, and exceptional specificity.'**® Unfortunately, the
nonspecific catalytic activity of Cas proteins poses a challenge in
detecting multiple targets.>*?* The introduction of multiple Cas
proteins with distinct ¢rans-cleavage activities in a single reac-
tion has been implemented to overcome this challenge and
ultimately achieve multi-path nucleic acid detection.*®>® For
instance, the SHERLOCKv2 system was enhanced with the
integration of various Cas proteins (LwaCas13a, PsmCas13b,
CcaCas13b, and AsCas12a) and distinctive fluorescent labeling
to enable the detection of four specific targets.”” The limited
availability and complexity associated with the utilization of
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multiple Cas proteins in such a strategy, however, may poten-
tially undermine the practicality of the system. The utilization
of droplet microfluidic technology has also been employed to
facilitate CRISPR systems for multiple and quantitative detec-
tion.”® The presence of individual Cas proteins within parallel
droplets allows for the identification of a wide range of targets
(with at most one copy in each droplet), thereby facilitating
multiplexed detection®*?*® and enhancing the limit of detec-
tion.** The requirement of specialized instruments and complex
infrastructure, however, limits their suitability for point-of-care
testing (POCT) in emergency situations.

The present study introduces a novel CRISPR and en-crRNA
based multiplex detection platform, termed the CREM plat-
form, for precise and simultaneous identification of respiratory
pathogens. Taking two sensing channels as an example, in
general, the presence of targets A and B will trigger trans-
cleavage mediated by Casl2a, resulting in the generation of
distinct fluorescent signals. This enables simultaneous and
independent detection using dual-channel technology. The
performance of the CREM system was evaluated in four
scenarios (Fig. 1a and b): (1) undetectable fluorescence signal in
the absence of both targets; (2) Alexa Fluor 488 signal collected
in the presence of target A; (3) Cy5 signal collected in the
presence of target B; (4) Alexa Fluor 488 and Cy5 signals
simultaneously collected in the presence of both targets. The
interaction between each target and its complementary crRNA,
labeled with spectra-discriminative fluorophores, was specific
and devoid of any cross-reactivity. This facilitated the effective
identification of multiple target nucleic acids within a single
reaction tube. An enzymatic recombinase amplification (ERA)
strategy can further enhance the sensitivity of clinical sample
detection. Additionally, a 3D-printed device incorporating
temperature control and an optical system has been seamlessly
integrated for portable application, facilitating real-time
monitoring of multiple fluorescence signals from the samples
using a smartphone.
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Fig. 1 Casl2a/en-crRNA-based multiplex detection strategy: (a)
schematic illustration of the CREM system, taking two channels’
detection as an example. Illustrations created by Biorender. (b) Fluo-
rescence signals collected toward different analysis scenarios.
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Results and discussion
En-crRNA-assisted regulation of Cas12a trans-cleavage activity

The design incorporates an en-crRNA to augment the selectivity
of Cas12a in cleaving ssDNA, thereby reducing non-specific
cleavage.*” The classic en-crRNA comprises a conventional
crRNA and a DNA reporter labeled with a fluorophore-quencher
pair. The reporter was designed to complement the variable
region of the original crRNA. The strategy can contribute to
minimizing the background fluorescence signal, with the
exception of cases where the target is bound to the crRNA spacer
region. The DNA reporter is typically released in the presence of
a target and undergoes Casl2a-mediated trans-cleavage,
resulting in an increased distance between the fluorophore and
quencher. This leads to the generation of a robust fluorescence
signal (Fig. 2a).

The successful construction of the en-crRNA was verified
through polyacrylamide gel electrophoresis (PAGE) analysis
(Fig. S17). Cas12a complexed with en-crRNA exhibited potent
trans-cleavage activity on the reporter DNA, resulting in an
enhanced fluorescence signal. The low fluorescence signal
observed in Fig. 2b was attributed to the absence of reactive
components, as further confirmed by PAGE analysis (Fig. 2c).
The presence of the target significantly enhanced the trans-
cleavage efficiency when employing the en-crRNA and Cas12a
ribonucleoprotein (RNP) complex, in stark contrast to the
absence of the target. The ssDNA fragments can be observed at
the bottom of the gel (line 8), demonstrating the effective
modulation of Cas12a trans-cleavage activity by en-crRNA.

Multiplex detection in a single-tube

The RNPs, consisting of en-crRNA and Cas12a, effectively address
the issue of non-specific cleavage caused by the Cas protein,
thereby demonstrating their potential for multiplex detection in
a single reaction (see Fig. S27). Synthetic targets A and B that
matched the individual en-crRNAs were prepared to validate the
performance of the system at first (Table S1t). The experiment
entailed incubating two distinct types of en-crRNAs and Cas12a
with various combinations of target nucleic acids, as illustrated
in Fig. S3a.7 The bar graph depicted in Fig. 2d illustrates the
variation in fluorescence intensity (F — Fy)/F, across different
targets. The distinct fluorescence signals emitted by Alexa Fluor
488 (Aex/Aem = 490/520 nm) and Cy5 (Aex/Aem = 643/667 nm) were
individually observed in the presence of target A and target B. The
dual-responsive fluorescent signal could be simultaneously
detected in both channels when targets A and B were present
(Fig. 2d and S3b¥), while the absence of either targets resulted in
a significantly diminished signal.

The performance of the system prepared in advance was
further investigated in terms of its ability to handle varying
target concentrations. As shown in Fig. 2e and f, the system
demonstrated its capability to generate specific fluorescence
responses to each target at different target concentrations,
indicating the potential of simultaneous and accurate detection
of diverse types of targets. Meanwhile, the interference caused
by non-target substances can be effectively mitigated. In

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 En-crRNA-assisted regulation of Casl2a trans-cleavage activity. (a) Schematic illustration of the en-crRNA-assisted regulation of Casl2a
trans-cleavage activity. Illustrations created by Biorender. (b) Plots depicting the reaction of Casl2a with en-crRNA in various components.
Values represent mean =+ standard deviation (n = 3). (c) PAGE analysis of the en-crRNA-assisted regulation of Casl2a trans-cleavage reaction. (d)
The (F — Fo)/Fo values of Alexa Fluor 488 and Cy5 after the detection of synthetic targets using the CREM system. F and Fp represent the
fluorescence intensities obtained from the sample and the no target control (NTC), respectively. Values represent mean + standard deviation (n =
3). (e) The fluorescence heat-map analysis for the detection of target A at diverse concentrations in the presence of target B. (f) The fluorescence
heat-map analysis for the detection of target B at various concentrations in the presence of target A.

addition, the (F — F,)/F, value exhibited robust linear correla-
tions with the concentrations of target A (R> = 0.9989) and
target B (R> = 0.9877) respectively, thereby confirming its
exceptional quantitative detection capability (Fig. S47).

Optimization of the CREM system

The cleavage activity of Cas12a protease is highly reliant on the
optimal concentrations of both Cas12a and crRNA, which are
necessary for the formation of RNPs.** The ratio of (F — Fy)/F,
exhibited an increase with higher concentrations of Cas12a and
en-crRNA, resulting in the identification of distinct peaks at
100 nM (Fig. S5at) and 750 nM (Fig. S5b¥), respectively. Besides,
the (F — F,)/F, ratio reaches its plateau value at a temperature of
40 °C (Fig. S5ct) and after 60 minutes of reaction time (Fig.
S5dt). Additionally, the ¢rans-cleavage activities were signifi-
cantly enhanced by TOLO Buffer compared to alternative
buffers, as shown in Fig. S6.1 Furthermore, the signals obtained
from Cas12a-based sensing were compared to those generated
by Cy5 double-labeled en-crRNA, individually labeled en-crRNA,
and a combination of multiple en-crRNAs (Fig. S7). The
detection limit of the en-crRNA system was determined to be
10® copies per uL by incorporating a single Cy5 fluorophore
labeled at the 5’ end of DNA. The suboptimal performance of
the en-crRNA system featuring two fluorophores may be
attributed to fluorescence quenching resulting from the close
proximity of these fluorophores.**

© 2024 The Author(s). Published by the Royal Society of Chemistry

Considering the advantage of simultaneous activation of
multiple crRNAs targeting distinct regions within the same
nucleic acid molecule,* further investigation was conducted on
the CREM system's contribution to enhanced sensitivity. Fig.
S8at presents two distinct target sequences, each designed with
two en-crRNAs for a specific site. The combination of en-crRNA
1 and 2 results in an increased fluorescence intensity for the
target at three different concentrations (3 x 10* copies per L, 1
x 10* copies per pL, and 1 x 10° copies per pL). Additionally,
based on Fig. S8c,T there was a slight increase in fluorescence
intensity observed in the system with individually labeled en-
crRNA when a small quantity of target (3 x 10* copies per pL)
was present. However, significant enhancement can be ach-
ieved by combining en-crRNAs. The experimental results have
validated that the incorporation of crRNA can effectively
enhance the system's sensitivity.

Identification of three gene types using the CREM system

Respiratory infections are the most common infectious diseases
in children.**” Following the pandemic, there has been
a discernible surge in the prevalence of diverse respiratory
ailments.®® Children afflicted with respiratory infections
frequently experience co-infections caused by multiple patho-
gens, underscoring the criticality of accurately identifying
distinct pathogen types for efficacious treatment and control. In
this section, three pathogens including S. pneumoniae, H.
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influenzae, and M. pneumoniae were utilized as models to explore
the potential of the CREM system in multiplex detection.

Based on the conserved genes of these pathogens reported in
previous studies,**' specific en-crRNAs targeting cpsB, siaT,
and P1 genes were designed (Fig. S9t). As depicted in Fig. S10,}
successful differentiation of these genes could be confirmed
using the PAGE analysis. By incubating Cas12a with the en-
crRNAs and target genes, distinct fluorescence signals corre-
sponding to each pathogen can be observed in principle
(Fig. 3a). The preparation of Cas12a with three types of en
crRNAs and various combinations of target genes was con-
ducted according to the procedure outlined in Fig. S11.f As
shown in Fig. 3b and c, the green fluorescence signal corre-
sponds to the cpsB gene from S. pneumoniae (2, 5, 6, and 8
tubes), while the orange fluorescence represents the siaT gene
from H. influenzae (3, 5, 7, and 8 tubes). Additionally, the red
fluorescence represents the P1 gene from M. pneumoniae (4, 6, 7,
and 8 tubes). The study simultaneously analyzed the three genes
by utilizing the (F — F,)/F, ratio (Fig. 3d). The significantly
enhanced fluorescence signal of Alexa Fluor 488 (Aex = 490 nm
and A, = 520 nm) indicates the presence of the cpsB gene.
Similarly, increased Alexa Fluor 568 (Aex = 578 nm and Aep, =
603 nm) and Cy5 signals (Aex = 643 nm and A, = 667 nm) can
be observed, indicating the presence of the siaT gene and PI
gene, respectively. The findings suggest that the CREM system
exhibits the capacity to simultaneously identify distinct targets
and selectively cleave attached reporters that are labeled with
diverse fluorophores.
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Fig. 3 Identification of three gene types using the CREM system. (a)
Schematic illustration of the identification of three gene types using
the CREM system. Illustrations by Biorender. (b) Fluorescence signals
of the CREM system in the absence and presence of three genes. (c)
Fluorescence images of reaction tubes after detecting three genes. (d)
The (F — Fo)/Fg values of Alexa Fluor 488, Alexa Fluor 568, and Cy5 after
the detection of distinct genes using the CREM system. Values
represent mean + standard deviation (n = 3).
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Assessment of the sensitivity and specificity of the CREM
system for respiratory pathogen detection

Subsequently, the sensitivity and specificity of the CREM system
were assessed for the detection of three gene types from diverse
pathogens, based on optimal conditions. The system demon-
strated a detection sensitivity of 10> copies per uL. Notably, the
fluorescence signal exhibited a significant linear correlation (R*
= 0.9978) with the concentration of the cpsB gene, ranging from
1 x 10% to 5 x 10° copies per pL (Fig. 4a). A similar linear
relationship was found for the siaT gene concentration (10°-10°
copies per uL, R> = 0.9919) (Fig. 4b). The detection limit of the
P1 gene using the CREM system was determined to be 3 x 10>
copies per uL, with a dynamic range spanning from 3 x 10°to 5
x 10° copies per pL (R* = 0.9952, Fig. 4c). Furthermore, the
specificity of the CREM system was confirmed by successfully
detecting nucleic acids derived from a wide range of human
respiratory pathogens (S. pneumoniae, H. influenzae, M. pneu-
moniae, S. agalactiae, S. aureus, E. coli, K. pneumoniae, and P.
aeruginosa). The fluorescence signals of Alexa Fluor 488, Alexa
Fluor 568, and Cy5 confirmed the presence of cpsB, siaT, and P1
genes, respectively, whereas other samples exhibited only
a faint signal in close proximity to background levels (Fig. 4d).
The fluorescence images provided additional evidence to
substantiate the exceptional selectivity of the CREM system
(Fig. 4d, inset). The obtained results have confirmed that the as-
constructed CREM system does not exhibit any cross-reactivity
with the tested human respiratory pathogens, thereby demon-
strating the exceptional specificity. Furthermore, Table S2f
presents a range of previously reported assays for pathogen
detection, thereby confirming the robust applicability of the
CREM system.

Fluorescence signal read on a chip using a handheld device

The current readout of fluorescence intensity often requires
complex optical systems, which limits its practical applicability
in point-of-care testing (POCT). To address this issue, a hand-
held device with a temperature control and optical system was
designed for fluorescence imaging acquisition. The original
design blueprint is presented in Fig. S12.1 The positioning of
the two LED flats should be duly noted, as they are placed
orthogonally and inclined at a 45-degree angle relative to the
horizontal plane. The high throughput parallel detection of the
multi-samples was facilitated by utilizing a PDMS-fabricated
array chip. The precision of our custom-built setup is vali-
dated by the uniform irradiation intensity observed across all
arrays, as demonstrated in Fig. 5c through a preliminary anal-
ysis of fluorescence.

The schematic diagram and visual representation of the
device are depicted in Fig. 5a and b. The excited light is directed
onto the sample after passing through a 365 nm filter, and
subsequently, the resulting fluorescent signal can be captured
by the phone using either the 550/60 nm or 660/40 nm band-
pass filters (Fig. 5d). The loading of samples and acquisition
of results can be easily accomplished with the utilization of this
device. The fluorescence images captured by the smartphone
and processed using Image ] provide visually intuitive data for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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result discrimination, thereby mitigating potential misjudg-
ments arising from visual biases. The detection threshold was
determined by calculating the mean value plus three times of
standard deviation of pixel intensity obtained from the NTC
sample. The sample was classified as positive if the fluorescence
pixel intensity exceeded the detection threshold; otherwise, it
was categorized as negative.

The visual device was employed to demonstrate its multi-
detection capability, wherein three respiratory pathogens were
loaded and fluorescent signals were recorded following a 60-
minute incubation period. The results depicted in Fig. S13f
demonstrate that the analytical sensitivity of the device corre-
sponds well to the data obtained from the fluorometer (Fig. 3c).
Therefore, the device facilitates the simple and rapid detection
of multiple nucleic acids, providing a reliable, visual, and user-
friendly approach for on-site molecular diagnosis.

Clinical sample analysis

After undergoing preclinical validation, artificial nasopharyn-
geal swabs containing the aforementioned three pathogens
were subjected to CREM using qPCR to confirm their efficacy
(Fig. 6a). The assay results for S. pneumoniae, H. influenzae, and
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Fig. 6 Clinical sample analysis using the CREM system. (a) Schematic
illustration of clinical sample analysis using the CREM system. Illus-
trations by Biorender. (b) gPCR results and CREM signals for three
pathogens. Cut-off values in each channel were calculated from ROC
curves (2.35, 2.96 and 3.96 for (F — Fg)/Fo of AF488, AF568, and Cy5,
respectively). Values represent mean + standard deviation (n = 3). (c)
Scatter plot showing (F — Fo)/Fo of 21 negative and 7 positive samples
for S. pneumoniae in the Alexa Fluor 488 channel. The statistical
significance of the data was determined using two-tailed unpaired
Student's t-test (***p < 0.001). (d) ROC curve analysis of the CREM
signals.
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M. pneumoniae in 28 samples were basically consistent with the
gPCR results (Fig. S17-S197), with the exception of three cases:
false positives for M. pneumoniae in sample #14, S. pneumoniae
and M. pneumoniae in sample #15, and H. influenzae in sample
#25 (Fig. 6b). Significant statistical difference between positive
and negative groups for the three pathogens has been identified
successfully via the CREM system (Fig. 6¢ and S147). A speci-
ficity of 95.2%, 95.7%, and 90.5% for the three pathogens was
determined by receiver operating characteristic (ROC) curve
analysis, respectively; Similarly, areas under the curves of 0.98,
0.98, and 0.986 were observed (Fig. 6d), providing further
evidence for the clinical potential of the CREM. The portable
device effectively detected clinical samples, as illustrated in Fig.
S15,7 yielding identical outcomes to those obtained by the off-
device test (Fig. S167). The findings presented herein provide
compelling evidence that supports the effectiveness of the
proposed assay as a diagnostic tool for detecting infections
caused by multiple pathogens.

Experimental

Validation of the CREM system for simultaneous multiple
target detection

Validation of Cas12a/en-crRNA system-mediated target cleavage
experiments was conducted using fluorescence and PAGE
electrophoresis. The Cas12a/en-crRNA system was tested in a 20
pL reaction volume containing 100 nM Casl2a, 750 nM en-
crRNA labeled with Alexa Fluor 488, 750 nM en-crRNA labeled
with Cy5, and varying concentrations of nucleic acid fragments
in TOLO buffer. The mixture was then incubated at 40 °C for 1
hour. Finally, the fluorescence intensity was recorded with an
Edinburgh FS5 fluorescence spectrofluorometer. Specifically,
the excitation wavelength for Alexa Fluor 488 fluorescence was
set at 490 nm, with an emission wavelength of 520 nm. For Cy5
fluorescence, the excitation and emission wavelengths were set
at 643 nm and 667 nm respectively. The fluorescence images
were captured using a Tanon fully automated digital imaging
system, employing distinct emission filters for the Alexa Fluor
488 and Cy5 channels.

Portable multi-channel device fabrication

A portable device was designed for sample analysis, consisting
of two UV LED panels, excitation and emission filters, heaters,
and a smartphone (Fig. 5a and b). The blueprint of the device
was designed using Sketchup and printed by a 3D printer using
the PLA material. The UV LED panel is comprised of 20 LED
beads (5 V, 2 W). The excitation filter selectively permits the
transmission of UV light at a wavelength of 365 nm. The
selection of emission filters with different band passes is based
on the fluorescent group's emission peak wavelength, including
550/60 nm, 605/55 nm, and 660/40 nm. The reaction chip was
prepared using the polydimethylsiloxane (PDMS) precursor
following the previous work.*” The reaction reagents were
loaded into the chip, followed by 60-minute incubation on the
heater and subsequent multichannel testing. The fluorescence

© 2024 The Author(s). Published by the Royal Society of Chemistry
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image was then recorded by the smartphone and analyzed by
image J.

Clinical samples

The CREM system was clinically validated using a total of 28
human nasopharyngeal swab samples, which were subse-
quently confirmed by qPCR. The sensitivity and specificity of
the CREM system were assessed by generating Receiver Oper-
ating Characteristic (ROC) curves with IBM SPSS Statistics.

Conclusions

The present study underscores the efficacy and feasibility of
employing a multiple detection strategy for respiratory patho-
gens utilizing CRISPR/Cas12a and en-crRNA. The platform is
capable of simultaneously identifying three distinct respiratory
bacterial pathogens simultaneously, with a detection limit of
10> copies per pL. Enhanced sensitivity was achieved by tar-
geting distinct regions with multiple crRNAs in the same target,
thereby augmenting the ¢rans-cleavage activity of Cas12a. The
areas under the ROC curves for detecting all three pathogens
can achieve a remarkable value of 0.98. Furthermore, a custom-
designed 3D-printed apparatus integrated with a PDMS array
chip facilitates the continuous real-time monitoring of fluo-
rescence signals using a smartphone, enabling the realization
of portable and efficient detection. The achievement demon-
strates the potential of a multiplex strategy for diagnosing
respiratory pathogens in a single reaction tube using a single
Cas protein under isothermal conditions, providing a prom-
ising tool for detecting respiratory infections in children.
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