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HIGHLIGHTS

e A target activated Casl2a ECL imaging
biosensing platform was constructed for
quantitative nucleic acid detection.

e The ECL imaging method demonstrated
rapid, sensitive, and specific detection
of HPV-18 DNA.

e The proposed method can be conve-
niently used for ECL detection of multi-
ple targets.

e This work advanced the use of ECL im-
aging in biomedical research.
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ABSTRACT

Background: Persistent infection with human papillomavirus (HPV) significantly contributes to the development
of cervical cancer. Thus, it is urgent to develop rapid and accurate methods for HPV detection. Herein, we present
an ultrasensitive CRISPR/Casl2a-based electrochemiluminescent (ECL) imaging technique for the detection of
HPV-18 DNA.

Result: The ECL DNA sensor array is constructed by applying black hole quencher (BHQ) and polymer dots
(Pdots) co-labeled hairpin DNA (hpDNA) onto a gold-coated indium tin oxide slide (Au-ITO). The ECL imaging
method involves an incubation process of target HPV-18 with a mixture of crRNA and Cas12a to activate Cas12a,
followed by an incubation of the active Cas12a with the ECL sensor. This interaction causes the indiscriminate
cleavage of BHQ from Pdots by digesting hpDNA on the sensor surface, leading to the restoration of the ECL
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signal of Pdots. The ECL brightness readout demonstrates superior performance of the ECL imaging technique,
with a linear detection range of 10 fM-500 pM and a limit-of-detection (LOD) of 5.3 fM.

Significance: The Cas12a-based ECL imaging approach offers high sensitivity and a broad detection range, making
it highly promising for nucleic acid detection applications.

1. Introduction

Cervical cancer ranks as the fourth most prevalent cancer among
women and represents a considerable risk to women’s well-being.
Human papillomavirus (HPV) infection typically exhibits no symptoms
[1] and stands as a pivotal cause of cervical carcinogenesis [2,3]. As two
of the most common high-risk HPVs, HPV-16 and HPV-18 are associated
with 70 % of cancers caused by HPV infection. Hence, early HPV testing
plays a vital role in screening, diagnosis, therapy, and prognosis of
cervical cancer [4-6]. At present, polymerase chain reaction (PCR)
serves as the gold standard for detecting HPV DNA due to its high
sensitivity and specificity [7]. However, PCR’s drawbacks, such as
complex instrumentation, labor-intensive processes, contamination
risks, and potential false-positive results, hinder its widespread use in
cervical cancer screening [8]. Therefore, it is imperative to establish
novel HPV DNA detection methods with good specificity, high sensi-
tivity, low cost, and acceptable accuracy.

Clustered-regularly-interspaced-short-palindromic-repeats (CRISPR)
and CRISPR-associated (Cas) proteins are essential components of
archaea and bacteria’s adaptive immune system. They target foreign
nucleic acids and degrade them using RNA-guided programmable en-
donucleases [9-12]. Guided by CRISPR RNA (crRNA) hybridizing to a
complementary sequence of target RNA or DNA, Cas proteins, such as
the Cas9 (type II) and Casl2 (type V) families, recognize and cleave
nucleic acids with high specificity. Thus, CRISPR/Cas systems serve as
transformative tools for genome editing in molecular biology, genetics,
and genomics fields [13,14]. LbCpf1, also known as CRISPR/Cas12a and
a type V-A CRISPR-associated enzyme, exhibits unique DNase activity
when activated by single-stranded or double-stranded targets. It can
non-specifically cleave single-stranded DNA (trans-cleavage activity).
This distinctive trans-cleavage property expands Casl2a applications
from genome editing to biosensing [15-18]. Coupled with CRISP-
R/Casl2a’s trans-cleavage function, various signal readouts, including
electrochemiluminescence (ECL), electrochemistry, fluorescence, and
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color, have been used to design biosensing platforms for nucleic acids
detection [19-24]. These studies demonstrate the promising potential of
Casl2a-mediated biosensing in transforming nucleic acid testing pro-
tocols and implementing point-of-care diagnostic solutions.

ECL readout combines the benefits of chemiluminescence (CL) and
electrochemical technology [25-27], and offers advantages such as low
background interference, high sensitivity, a wide dynamic range, good
controllability, and stability [28-31]. Consequently, it has emerged as a
versatile and powerful analytical technique for sensing, imaging, and
single-cell analysis [32-34]. ECL imaging, a nascent visualization
technique utilizing electron-multiplying coupled device (EMCCD) cam-
eras for signal acquisition, has made significant progress in
single-particle analysis [35-37], multi-target detection, and cellular
imaging due to its spatially and temporally resolved features and
high-throughput capabilities [38,39]. To address the limitations of
conventional luminescent nanomaterials, such as high bio-toxicity, low
water solubility, and challenging modification [40,41], polymer dots
(Pdots) have been rapidly developed and deployed in sensing and im-
aging detection [42-44].

This work established a CRISPR/Cas12a-based ECL imaging platform
for HPV-18 DNA detection, employing poly [(9,9-dioctylfuorenyl-2,7-
diyD)-alt-co-(1,4-benzo-{2,1',3}-thiadiazole)] (PFBT) Pdots as biocom-
patible ECL nanoluminescent markers to achieve ECL signal transition
[45,46]. Gold sputtered indium tin oxide slides (Au/ITO) served as
substrates for constructing a nucleic acid sensing array. BHQ2-tagged
aminated hairpin DNA (NH,-hpDNA-BHQ2) was immobilized on the
PFBT Pdots’ surface to quench emission. The specific target recognition
mechanism and trans-cleavage activity of Casl2a enhanced assay spec-
ificity and facilitated signal amplification. Upon the presence of target
HPV-18 DNA, Casl2a was activated using its two-part recognition sys-
tem, resulting in nonspecific trans-cleavage of the loop domain of
BHQ2-labeled hpDNA. This process restored the ECL emission of PFBT
Pdots, leading to significantly amplified “off-on” signals for robust ECL
imaging of HPV-18 DNA (Scheme 1). The superior performance of our
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Scheme 1. Schematic illustration of the Casl2a-ECL imaging for HPV-18 detection.
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Table 1
Nucleic acid sequences (from 5’ to 3') used in this study.
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Sequence name Sequence

HPV18-TS
HPV18-NTS
HPV16-TS
HPV16-NTS
HPV31-TS
HPV31-NTS
HPV33-TS
HPV33-NTS
HPV35-TS
HPV35-NTS
FAM-hairpinDNA
NH,-hairpinDNA
crRNAppv1s

TGTGTAGAAGCACATATTGTTAAA

TTTAACAATATGTGCTTCTACACA

GTGCTGCCATATCTACTTCAGAAA

TTTCTGAAGTAGATATGGCAGCAC

AGCAGTAAAATCCATAGCTCCAAA

TTTGGAGCTATGGATTTTACTGCT

GAACTACAGTGCGTGGAATGCAAA

TTTGCATTCCACGCACTGTAGTTC

GGTCGGTGTATGTCCTGTTGGAAA

TTTCCAACAGGACATACACCGACC
FAM-TTTTTTCCACCACATTGAAATTGCACTATAGGAAGAGATTTACGAGGCGGTGGTGG-BHQ1
NH,-TTTTTTCCACCACATTGAAATTGCACTATAGGAAGAGATTTACGAGGCGGTGGTGG-BHQ2
UAAUUUCUACUAAGUGUAGAUACAAUAUGUGCUUCUACACA

proposed ECL imaging array, coupled with CRISPR/Casl2a amplifica-
tion, for HPV-18 DNA assay underscores its potential application in
nucleic acid-based molecular diagnostics.

2. Experiments
2.1. Reagents and apparatus

Tetrahydrofuran (THF), tri-n-propylamine (TPrA), poly (styrene-co-
maleic anhydride) (PSMA), 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES) and polyethylene glycol (PEG) were
purchased from Sigma-Aldrich (Shanghai, China). N-hydrox-
ysuccinimide (NHS), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) and PFBT were obtained from J&K Scientific Co., Ltd. (Shanghai,
China). Lba Cas12a nuclease and the corresponding 10 x buffer II were
purchased from Novoprotein Scientific, Inc. (Shanghai, China). Ultra-
pure water was prepared using the Millipore water purification system,
and RNA-related experimental manipulations were all performed in
RNase-free environment. Phosphate-buffered saline (PBS, 0.1 M, pH =
7.4) were supplied by Sangon Bioengineering (Shanghai, China). The
oligonucleotides employed in this work were synthesized by Sangon
Bioengineering, and the sequences were listed in Table 1.

TS and NTS denote the target and non-target strands, respectively.
The hybridized TS/NTS functions as the Casl2a/crRNA targeting
double-stranded DNA, with the italicized segment indicating the PAM
sequence. The spacer sequence of crRNA is in bold italicized. The spacer
sequences of crRNA templates are in bold.

An Atomic Force Microscopic (AFM) image was captured using a
Bruker atomic force microscope from Germany. Dynamic Light Scat-
tering (DLS) analysis was conducted utilizing a 90 Plus/BI-MAS device
from Brookhaven, USA. Zeta-potential analysis was carried out using a
Zetasizer Nano-Z laser particle analyzer from Malvern, UK. UV Ab-
sorption Spectra were acquired using a UV-3600 UV-VIS-NIR spectro-
photometer from Shimadzu, Japan. Fluorescence measurement was
conducted on an F-7000 fluorescence spectrophotometer from Hitachi,
Japan. Electrochemiluminescence (ECL) measurement was conducted
on an MPI-A ECL analyzer from Xi’an Ramex, China. The ECL potential
curve was generated using 0.1 M PBS electrolyte containing 0.1 M KNO3
and 40 mM TPrA. The photomultiplier tube (PMT) voltage was set to
500 V, and the working potential was scanned from 0 V to +1.5 V (vs.
Ag/AgCl) at 100 mV/s. ECL imaging was performed using a custom-
made ECL imaging system equipped with a focus lens (EF 50 mm f/
1.2 L USM, Canon, Japan) and an ultrasensitive scientific CCD camera
(ANDOR iXon Ultra 897, UK) in a dark box.

2.2. Synthesis of PFBT Pdots and Pdots-hpDNA

PFBT Pdots were synthesized from a combination of PFBT and PSMA
using nanoprecipitation. Initially, a solution containing 10 pg/mL PSMA
and 50 pg/mL PFBT in 10 mL of THF was prepared. After 20 min of

sonication and degassing, the mixture was rapidly added to 100 mL of
ultrapure water and sonicated for 5 min. Subsequently, the THF solvent
and water were removed by vacuum rotary evaporation, and the solu-
tion was filtered through a polyethersulfone syringe filter (pore size =
0.22 pm) to obtain a concentrated carboxyl PFBT Pdots dispersion
solution.

The PFBT Pdots were functionalized with hairpin DNA (hpDNA)
using an EDC/NHS-catalyzed reaction between the carboxyl group on
PFBT Pdots and the amine group of hpDNA. Initially, HEPES buffer so-
lution (1 M, 12 pL), PEG (5 % w/v, 12 pL), and PFBT Pdots dispersion
solution (0.2 mg/mL, 600 pL) were thoroughly mixed, and the pH of the
mixture was adjusted to 7.1 using NaOH (0.1 M). Subsequently, the
mixture was added with freshly prepared EDC (10 mg/mL, 12 pL),
hairpin DNA (100 pM, 40 pL), and NHS (10 mg/mL, 3 pL), followed by
stirring at low speed for 24 h at room temperature using magnetic beads.
The Pdots-hpDNA probe resulting from the covalent ligation reaction
was ultrafiltrated eight times to eliminate free hpDNA. Lastly, the pu-
rified Pdots-hpDNA conjugate was kept at 4 °C.

2.3. Construction of ECL DNA sensors array

Firstly, Au/ITO slides were prepared using vacuum magnetron
sputtering technology, resulting in a 5 nm chrome and 50 nm gold
coating on the surface of the ITO slides. Subsequently, a 3 x 8 porous
sticker array was affixed as the working electrode array. Finally, 2 pL of
Pdots-hpDNA (50 pg/mL) was deposited onto the electrodes of each well
by physical adsorption and incubated for 30 min at 37 °C to generate the
nucleic acid sensor array for the proposed ECL imaging, which ensured
the long-term stability.

2.4. Establishment of the CRISPR/Cas12a system and ECL imaging assay

Two complementary HPV-18 single-stranded DNAs were heated for
5 min at 95 °C and then gradually cooled to room temperature, resulting
in the formation of 1.0 pM HPV-18 double-stranded DNA. Simulta-
neously, Casl2a was combined with crRNAppy.1g at a 1:2 ratio in Cas
buffer and incubated for 10 min at 37 °C to form a Casl2a/crRNA
functional complex. Following this, 1 pL of target HPV-18 dsDNA at
various concentrations was added to 19 pL of the prepared Casl2a/
crRNA mixture. Subsequently, 2 pL of these mixtures were added to each
well of the sensor array and incubated for 40 min at 37 °C to digest the
hpDNA, followed by washing with PBS buffer. ECL imaging was con-
ducted at +1.5 V for 2 s in an electrolyte solution consisting of 0.1 M
KNOs3, 40 mM TPrA, and 0.1 M PBS (pH = 7.4). Due to the incomplete
homogeneity of Pdots-hpDNA film thickness, image J was employed to
analyze the imaging brightness.
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3. Results and discussion
3.1. Characterization of Pdots and Pdots-hpDNA

The morphological features of the prepared PFBT Pdots were char-
acterized by AFM, which revealed spherical PFBT Pdots with a height of

56 nm (Fig. 1A). DLS measurement of PFBT Pdots indicated a hydro-
dynamic diameter of 59 nm, which was consistent with the AFM result,
and slightly different from previous report due to the different amount of
used precursor polymer [42]. Upon conjugation of hpDNA to the Pdots,
there was a notable increase in hydrodynamic diameter (Fig. 1B). The
Pdots-hpDNA complex exhibited 3 absorption peaks at 255, 323, and
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453 nm subsequent to functionalization with NHo-hpDNA. The absorp-
tion peaks at 323 nm and 453 nm aligned with those of PFBT Pdots,
whereas the absorption peak at 256 nm represented a combination of
PFBT Pdots with NHy-hpDNA (Fig. 1C), indicating successful conjuga-
tion of NH2-hpDNA to the surface of Pdots. The zeta potential values of
PFBT Pdots and Pdots-hpDNA were determined to be —11.9 mV and
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—39.9 mV, respectively (Fig. 1D), indicating the successful conjugation
of hpDNA to Pdots.

The fluorescent spectrum of Pdots-hpDNA exhibited resonance en-
ergy transfer, resulting in lower fluorescent intensity compared to Pdots
at an equivalent concentration (Fig. 2A). The incorporation of BHQ2-
labeled hpDNA led to an 81.7 % reduction in the ECL intensity of
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Fig. 4. (A) ECL image of HPV-18 DNA at 0, 0.01, 0.5, 0.1, 1, 10, 100, and 500 pM. (B) Calibration curve for the detection of HPV-18. (C) ECL image and (D) intensity
of blank (a), HPV-16 (b), -31 (c), -33 (d), -35 (e), mixture of HPV-16/-31/-33/-35 (f), mixture of HPV-18/-16/-31/-33/HPV-35 (g), and HPV-18 (h). Error bar denotes

the SD from 3 repeated measurements.
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Table 2
Analytical performance evaluation of diverse biosensors for HPV detection.
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Table 3
HPV-18 detection in serum specimens.

Detection method Detection Linear range ~ LOD Reference Specimen Added Found Recovery RSD (%) (n=3)
time number (M) (™) (%)
Electrochemiluminescence 75 min 1pM-10 0.48 [47] 1 10 11.2 112 4.67
nM pM 2 100 105.9 105.9 3.77
Electrochemiluminescence 240 min 10fM - 15 7.6 fM [48] 3 1000 999.4 99.94 2.46
pM 4 10,000 9925.3 99.25 2.52
Electrochemistry 80 min 10 pM - 100 3.22 [49]
nM pM
Electrochemiluminescence 120 min 100 pM - 30pM  [50] 3.4. ECL imaging biosensing performance for detection of HPV-18
200 nM
Electrochemistr; 120 min 100 fM - 100 100 51 . s
v oM ™ (51 Under optimized conditions, the Pdots-hpDNA-based sensor array
This study 50 min 10fM-500 5.3 fM was employed for ECL imaging measurements. To assess the sensitivity
pM and linear range of the CRISPR ECL biosensor for HPV-18 DNA quanti-

PFBT Pdots (Fig. 2B) via the charge transfer between BHQ2 and excited
Pdots. Hence, the proposed Pdots-hpDNA system exhibited low back-
ground for ECL imaging detection.

3.2. Feasibility of the signaling switch

Fluorescence spectroscopy was employed to assess the functionality
of the designed Pdots-hpDNA as a signaling switch. In the presence of
target HPV-18 dsDNA within the CRISPR/Casl2a mixture, the FAM-
labeled hpDNA-BHQ underwent digestion, resulting in a 5.8 fold re-
covery of FAM fluorescence intensity (Fig. 2C). ECL emissions were
notably pronounced when the target HPV-18 DNA (500 pM), Casl2a,
crRNA, and Pdots-hpDNA were all present in the solution (Fig. 2D).
Conversely, any absence of these components resulted in very weak or
negligible ECL emissions, underscoring the feasibility of ECL imaging for
HPV-18 DNA detection through the utilization of target-activated
Casl2a and a Pdots-hpDNA film.

3.3. Optimization of experimental conditions

To achieve optimal performance of the biosensing strategy, various
experimental parameters were optimized, including the Casl2a
concentration, the ratio of Cas12a to crRNA, the concentration of the co-
reactant (TPrA), and the trans-cleavage time of hpDNA-BHQ, while
examining ECL brightness as the detection signal at 500 pM target DNA.
The combination of crRNA and Cas12a was crucial for capturing HPV18
DNA and initiating trans-cleaving activity. Initially, the concentration of
Cas12a was optimized, revealing maximum ECL brightness at 50 nM
(Fig. 3A). Therefore, 50 nM was selected. Additionally, the concentra-
tion ratio of Casl2a to crRNA was optimized to be 1:2 (Fig. 3B). The
presence of co-reactant significantly enhanced the luminescence effi-
ciency of luminescent moieties and the sensitivity of ECL biosensors.
ECL imaging signal increased steadily with increasing TPrA concentra-
tion, peaking at 40 mM, which was chosen for optimal ECL imaging
detection (Fig. 3C). Furthermore, the trans-cleavage time of Cas12a on
hpDNA-BHQ greatly influenced the performance of the Casl2a-based
ECL imaging biosensor, optimized between 10 min and 60 min. As
depicted in Fig. 3D, the ECL signal exhibited a rapid surge prior to the
40-min mark, followed by a modest incline. To ensure the timeliness of
the Casl2a-based ECL biosensor, the optimal trans-cleavage time of
hpDNA-BHQ by active Casl2a was determined to be 40 min.

fication, various concentrations of HPV-18 DNA ranging from 10 fM to
500 pM were tested. The ECL brightness enhanced proportionally with
HPV-18 DNA concentrations (Fig. 4A). Graphs depicting the integrated
ECL intensity derived from the designated region exhibited excellent
linearity when plotted against the logarithm of HPV-18 DNA concen-
tration, with a linear equation of I = 22.451 g ¢ + 86.23 (R2 = 0.9989)
and a limit-of-detection (LOD) of 5.3 fM (Fig. 4B). Compared to other
published HPV sensing techniques, the proposed ECL imaging strategy
demonstrated a lower LOD, broader detection range, and shorter reac-
tion time for quantifying HPV DNA (Table 2).

The selectivity of the proposed biosensor was assessed by comparing
the ECL responses of DNA interferents with various sequences from
common HPV subtypes, including HPV-16, -31, -33, and -35. Each
interfering sequence was present at a concentration of 50 nM, which was
100 times higher than that of the target HPV-18 (500 pM). As antici-
pated, these interferents, either individually or in a mixture, exhibited
the same signal as the blank (Fig. 4C). However, the mixture containing
HPV-18 along with HPV-31, -33, -35, and -16 displayed a response
identical to that of HPV-18 alone (Fig. 4D). This observation suggests
minimal interference from these sequences on target detection, thereby
confirming the excellent selectivity of the biosensing strategy. Such high
specificity may be due to the excellent recognition capability of the
CRISPR/Casl2a system.

3.5. Detection of HPV-18 in serum specimens

To assess the anti-interference and detection efficiency of the pro-
posed ECL imaging strategy in complex biological fluids, recovery tests
were conducted by adding varying amounts of HPV18 DNA to undiluted
human serum samples. Table 3 demonstrates the recovery rates ranging
from 99.25 % to 112 % in human serum samples. The relative standard
deviation (RSD) fell within the range of 2.46 %-4.67 %, indicating
promising prospects for clinical sample detection using the presented
ECL imaging biosensors.

4. Conclusion

This study introduces a CRISPR/Cas12a-based ECL imaging strategy
for highly sensitive nucleic acid detection without the need for target
pre-amplification. Benefiting from the highly efficient ECL emission of
PFBT Pdots and the trans-cleavage capability of the Cas12a system, this
strategy exhibits strong selectivity, excellent accuracy, acceptable pre-
cision, and high sensitivity for detecting target HPV-18 DNA, with a LOD
of 5.3 fM. More importantly, this method can be conveniently applied
for the detection of multiple targets through ECL imaging of nucleic acid
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arrays. Hence, this strategy holds promising potential as a universal
approach for detecting pathogen nucleic acids, providing more precise
data and evaluation recommendations for clinical disease diagnosis.
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