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The detection of specific protein biomarkers holds significant potential for the early diagnosis of colorectal
cancer (CRC). However, the accurate quantification of low-abundance proteins in serum presents a major
challenge due to factors such as limited sensitivity and the complexity of the required methodologies. In this
work, we established a universal CRISPR/Cas biosensing platform by integrating novel photosensitive nanop-
robes (DA/PL@Cu NPs) and CRISPR/Cas12 system (DPC-Cas) for the highly sensitive, specific and user-friendly
detection of angiopoietin-like protein 2 (ANGPTL2). The DA/PL@Cu NPs serve as a critical component in the
transduction of protein recognition information into nucleic acid amplification events to produce Cas12a acti-
vators. The DPC-Cas biosensor integrates DA/PL@Cu NPs-assisted amplification with Casl2a self-amplification,
enabling ultrasensitive detection of ANGPTL2 at concentrations as low as 20.00 pg/mL. The proposed DPC-Cas
biosensor successfully detected ANGPTL2 in serum, demonstrating significant potential for the early diagnosis of

CRC.

1. Introduction

Colorectal cancer (CRC), the third most diagnosed cancer worldwide,
poses a significant health threat and social burden [1,2]. The cure rate
for early-stage CRC can exceed 90 %, while for advanced-stage CRC, it is
less than 10 % [3,4]. Therefore, early diagnosis and treatment of CRC
are critical strategies for reducing its mortality rate and improving pa-
tient outcomes. Currently, the gold standard for CRC screening remains
colonoscopy [5,6]. However, patient compliance is often affected by the
cumbersome bowel preparation process and the discomfort associated
with this invasive procedure [7]. Non-invasive methods, such as fecal
occult blood tests and fecal immunochemical tests, are the most widely
used alternatives. However, their sensitivity for early-stage CRC diag-
nosis is relatively low, limiting their effectiveness [8,9]. As a result, the
early diagnosis rate for CRC remains only 40 % [10]. Therefore, there is
an urgent need for higher sensitivity and better specificity of
non-invasive CRC diagnosis technology to improve the efficiency of
diagnosis and the development of personalized medicine.
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Liquid biopsy, which utilizes non-invasive samples such as blood or
urine, has been recognized as a noninvasive, accessible, and real-time
assessment method and represents a potential revolution in cancer
diagnosis [11-13]. Currently, commonly used protein biomarkers for
CRC include carcinoembryonic antigen and cancer antigen 19-9 [14,15].
However, these biomarkers have suboptimal sensitivity and specificity
for early clinical diagnosis of CRC [16]. Therefore, the identification of
more sensitive and specific CRC biomarkers is crucial to improving the
early diagnostic rate of CRC.

Angiopoietin-like protein 2 (ANGPTL2) is a secreted protein
belonging to the angiopoietin family. It serves as a pivotal mediator in
chronic inflammation and metabolic dysregulation [17,18]. The upre-
gulation of transcription factors in aggressive cancer cells promoted the
increase of ANGPTL2 expression [19]. Most notably, cancer cell-derived
ANGPTL2 increased the vitro motility and invasion in an autocrine/-
paracrine manner, conferring an aggressive metastatic tumor phenotype
[20]. High expression of ANGPTL2 in cancer cells inhibits anoikis and
promotes ability of invasion, proliferation, migratory and is
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dramatically linked to cancer progression in patients with CRC [21].
Therefore, quantifying ANGPTL2 levels in serum may serve as an early
indicator of potential tumorigenesis and holds significant clinical po-
tential for the early diagnosis of CRC.

Currently, widely used methods for biomarker detection include
enzyme-linked immunosorbent assay (ELISA) [22], mass spectrometry
[23], and colorimetric sensing [24]. While these techniques are widely
utilized due to their respective advantages, they still present several
challenges. For example, ELISA involves a tedious detection procedure
[25]. Mass spectrometry requires complex sample preparation and
highly skilled operators [26], and colorimetric sensing is constrained by
its relatively low sensitivity [27]. Therefore, there is an urgent need to
develop more sensitive, efficient, and user-friendly clinical protein
detection technologies.

The CRISPR/Cas system, particularly the Casl2a, exhibits excellent
sensitivity, specificity as well as the high cleavage activity, showing
great potential for biomarkers detection [27,28]. Cas12a’s collateral
cleavage activity is triggered by target DNA recognition via CrRNA,
leading to nonspecific degradation of fluorophore-quencher labeled
nucleic acids [29-31]. This results in high turnover efficiency and sig-
nificant self-signal amplification capability of the CRISPR/Casl2a sys-
tem [32-34]. Although multiple turnovers have been achieved, the
individual CRISPR/Cas12a method still insufficient for detecting lower
concentrations of biomarkers in the early stage of cancer. Moreover,
currently, CRISPR/Cas-based assays mainly focus on analyzing nucleic
acid targets [35-37]. Therefore, it is still urgent to develop more sen-
sitive CRISPR/Cas-based methods to meet the high demand of detecting
ultralow abundance non-nucleic acid biomarkers in clinical applica-
tions. Nanoparticle-based amplification techniques, owing to their
simple preparation, ease of modification and storage, high loading ef-
ficiency, and excellent biocompatibility, have found widespread appli-
cation in biochemical detection, including functionalized copper
nanoprobes (Cu NPs) [38-41]. The integration of nanoprobe technology
with the CRISPR/Cas system presents a promising strategy for the ul-
trasensitive detection of non-nucleic acid targets.

Herein, we established the DPC-Cas biosensing platform for the
highly sensitive, specific and user-friendly detection of ANGPTL2. The
capture antibody-coated magnetic beads are employed to capture tar-
gets, and then the DA/PL@Cu NPs, loaded with detection antibodies
(DA) and photosensitive linker probes (PL) are introduced to execute the
sandwich-type recognition reaction. Upon detection, the signal of a
single target is converted into numerous signals of PL through photol-
ysis. Then, each of PL acts as the Cas12a activators for the trans-cleavage
activity of Cas12a and releasing fluorescence. In this design, DA/PL@Cu
NPs are crucial to transduce protein recognition information into nucleic
acid amplification events, thus producing Casl2a activators. With dual
cascade amplification including DA/PL@Cu NPs-assisted signal ampli-
fication and Cas12a self-signal amplification, even a small number of
target molecules can generate intense fluorescence signals and enabling
the ultrasensitive detection of trace target. The DPC-Cas biosensing
platform holds tremendous potential in clinical diagnosis and enlarges
the biosensor toolbox based on CRISPR/Cas technology for the analysis
of non-nucleic acid targets.

2. Experimental section
2.1. Materials and reagents

PL, CrRNA, signal tag and magnetic beads were purchased from
Sangon Inc. (Shanghai, China). Cu NPs was purchased from Hongwu
International Co., Ltd. (Xuzhou, China). Casl2a and its reaction buffer
were purchased from Kexin Biotechnology Co., Ltd. (Beijing, China).
ANGPTL2 protein and its antibody were purchased from Abcam Plc.
(Cambridge, UK). Tris (2-carboxyethyl) phosphine (TCEP) was pur-
chased from Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). Tris-HCl was purchased from Sinopharm Chemical Reagents,
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Co., Ltd. (Shanghai, China).
2.2. Instrumentation

The scanning electron microscope (SEM) images were taken on a
Zeiss Sigma 500 (Carl Zeiss AG, Germany). The size and zeta potential of
particles were taken on a Zs90 Zetasizer (Malvern, UK). Fourier trans-
form infrared spectroscopy (FT-IR) spectroscopy was taken on an
INVENIO-S FT-IR spectrometer (Bruker Corporation, Germany). Ther-
mogravimetric (TGA) analysis was taken on a TGA2 TGA analyzer
(Mettler Toledo, America). Polyacrylamide gel electrophoresis (PAGE)
images were taken on a Tanon-4600SF gel imaging system (Tanon,
China). Fluorescence intensity was measured by SpectraMax-iD5 fluo-
rescence spectrophotometer (Molecular Devices, America). The DNA
concentration was measured by a UV5Nano microvolume spectropho-
tometer (Mettler Toledo, America). The PL was photolyzed using a ZF-
1A UV spectrophotometer (Qinke Analytical Instrument Co., Ltd.,
China).

2.3. Experimental methods

The detailed experimental methods are provided in Supplementary
Information.

3. Results and discussion
3.1. Principle of ANGPTL2 detection based on DPC-Cas biosensor

The detection principle of the proposed DPC-Cas biosensor for dual
signal amplification detection ANGPTL2 in serum was demonstrated in
Fig. 1. Initially, capture antibody was immobilized on magnetic beads
through a biotin-streptavidin interaction to enable specific recognition
of the ANGPTL2 protein. Subsequently, a novel photosensitive DA/
PL@Cu NPs was constructed by conjugating DA and PL to Cu NPs. Upon
introduction of the target ANGPTL2, the DA/PL@Cu NPs bound to the
capture antibody-functionalized magnetic beads, forming a sandwich
complex. Afterwords, the PL was released from the complex via UV
photolysis, converting the signal from a single target into a large number
of PL. molecules, thereby triggering the first stage of signal amplification.
Finally, the released PL further activated Casl2a, resulting in the
cleavage of multiple signal tags and triggering the second stage of signal
amplification.

3.2. Preparation and characterization of the DA/PL@Cu NPs

First, thiol-modified PL, partially complementary to the CrRNA
sequence, were conjugated to Cu NPs via Cu-S bonding to form PL@Cu
NPs. The photosensitive group in PL was designed to release PL from the
PL@Cu NPs upon UV exposure. After mixing with DA, the resulting
encapsulated nanocomposite, DA/PL@Cu NPs, was obtained.

To obtain the optimal analytical performance, a series of experi-
mental conditions were optimized. Theoretically, the higher the PL load,
the greater the signal amplification. At a constant PL concentration, the
mass of Cu NPs significantly influences the PL loading efficiency. The
results indicated that when the mass of Cu NPs was 40 mg, only a trace
amount of PL was detected in the supernatant of the reaction solution,
suggesting that the PL modification on the Cu surface has effectively
reached saturation (Fig. S1A). Furthermore, the reaction temperature
and DA concentration were found to have a substantial impact on the
detection performance. The optimal fluorescence intensity was observed
at a reaction temperature of 25 °C (Fig. S1B) and a DA concentration of
3 pg (Fig. S1C). Finally, PL release was achieved by photolysis under the
exposure of UV. Obviously, with the increase of the exposure time, the
released amount of the PL increased gradually and achieved its highest
value at 25 min (Fig. S1D).

Several methods were employed to characterize the newly
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Fig. 1. Schematic illustration of the DPC-Cas biosensor for quantification of ANGPTL2 in serum. First, the ANGPTL2 protein was recognized by magnetic beads
functionalized with capture antibody, forming a sandwich complex with DA/PL@Cu NPs. After magnetic separation, the DA/PL@Cu NPs were photolyzed, releasing
a large amount of the PL and generating the first step of signal amplification. Finally, the released PL then activated Cas12a, which subsequently cleaved numerous

signal tags, resulting in the second step of signal amplification.

synthesized DA/PL@Cu NPs. First, the results of SEM demonstrated the
structure of the nanocomposites exhibited a regular spheroid
(Fig. 2A-C). Furthermore, dynamic light scattering (DLS) results
demonstrated that the average diameter of Cu NPs gradually increased
from ~258 nm to ~313 nm with the sequential addition of the PL and
DA (Fig. 2D). This result is consistent with the outcomes of SEM.
Furthermore, the peak approximately 1200 cm ™! of PO3™ in the FT-IR
spectrum of PL@Cu NPs, demonstrated the successful modification of
PL (Fig. 2E). The signal at approximately 1600 cm ! in the FT-IR spectra
of the DA/PL@Cu NPs corresponded to the C=O0 stretching mode of the

DA. In the TGA, a weight loss of 9.89 % between 240 °C and 420 °C can
be attributed to the PL (Fig. 2F). In addition, the zeta potential of PL@Cu
NPs was in a negative state, in contrast to that of Cu NPs, further con-
firming the successful modification with PL (Fig. S2).

3.3. Feasibility and optimization of CRISPR/Cas12a-based fluorescence
detection system

Firstly, the feasibility study of CRISPR/Casl2a collateral cleavage
was investigated under different reaction components for PL analysis.
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Fig. 2. Characterization of the DA/PL@Cu NPs using (A-C) SEM, (D) DLS, (E), FT-IR and (F) TGA.
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The FAM-labeled signal tags are high-efficiently cleaved to produce an
intense fluorescence signal (red line) only by combining the Casl2a,
CrRNA, and PL (Fig. 3A). In contrast, the fluorescence response is
negligible in the absence of either Cas12a, CrRNA, or PL. Subsequently,
the fluorescence kinetic curves were also recorded to test the feasibility
of CRISPR/Casl2a responses. Compared with the control group, a
significantly enhanced fluorescence signal could be observed in the ex-
istence of 10 nM PL (Fig. 3B).

To achieve the best sensitivity performance, the optimized condi-
tions for trans-cleavage activity were evaluated. Since the length of the
PL sequence affects the cleavage efficiency of Casl2a, the length of PL
was evaluated in this study. First, PAGE was performed to certify the
reaction process. When the PL length was 22 bp, it could stably hybridize
with the CrRNA (Fig. S3A). The fluorescence intensity increased with the
increasing length of PL in the range of 22 bp-28 bp (Fig. S3B). When the
length of PL was higher than 28 bp, the fluorescence intensity did not
increase significantly. Therefore, we selected a PL length of 28 bp and
the corresponding CrRNA as the final sequence. The specific sequence is
provided in Table S1, and the secondary structure of PL-28 and CrRNA-
28 are shown in Fig. S4.

The reaction time found to have a substantial impact on the cleavage
efficiency of Casl2a. The cleavage speeds of Casl2a activated by
enzymatic product in different time intervals indicates a minimum time
of 30 min required to reach the equilibrium (Fig. S5A). Hence, 30 min
was found to be best reaction time for Casl12a reacted with CrRNA. Then,
the reaction temperature also greatly affects the cleavage efficiency of
Cas12a. The reaction temperature of 25, 31, 37 and 43 °C were evalu-
ated in this study (Fig. S5B). When the reaction temperature was on
37 °C, the highest fluorescence intensity was reached. Hence, the reac-
tion temperature of 37 °C was selected for use in the following experi-
ments. Furthermore, the trans-cleavage performance in different
concentrations of signal tag cleavage substrates ranging from 250 to
1000 nM was evaluated (Fig. S5C). The fluorescence intensity generated
by trans-cleavage was found to be directly proportional to the substrate
concentration. These results aligned with the kinetics of enzyme-
catalyzed reactions and followed the Michaelis-Menten equation when
the signal tag concentration ranged from 250 to 750 nM. However, the
cleavage rate decreased as the concentration of the signal tag increased
beyond this range. This decrease may be attributed to the limitations of
using fluorescence generation rates to calculate the cleavage rate. To
establish a direct relationship between target concentration and fluo-
rescence growth rate, a signal tag concentration of 750 nM was selected
for the experiment. Moreover, efficient Cas12a/CrRNA duplex concen-
tration plays an important role in achieving satisfactory performance.
We further investigated the ratio of Cas12a to CrRNA ranging from 10:1
to 1:10 (Fig. S5D). Hence, owing to the highest fluorescence signal in-
tensity, the Cas12a/CrRNA ratio of 1:1 (100 nM:100 nM) was selected
for use in the following experiments. What is more, Casl2a showed
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different trans-cleavage activities in PBS, Tris-HCl and Cas reaction
buffer (Fig. S5E). This may result from different concentrations of anions
and cations. Hence, owing to the highest fluorescence signal intensity,
the Cas reaction buffer was selected as an optimized buffer for further
experiments. In addition, RNase effects CrRNA mediated CRISPR/
Cas12a cleavage efficiency, especially in human plasma. The addition of
RNase inhibitor produced an increase of fluorescence signal in com-
parison with no RNase inhibitor, indicating an effective inhibition of
RNase (Fig. S5F).

Furthermore, the impact of different Casl2a sources on signal
amplification was systematically evaluated, including LbCas12a from
Lachnospiraceae bacterium, AsCasl2a from Acidaminococcus sp., and
ArCas12a from Agathobacter rectalis bacterium. Among them, LbCas12a
exhibited the highest fluorescence signal intensity compared to
AsCas12a and ArCasl2a, indicating its superior performance in signal
amplification (Fig. S6). Based on these results, LbCas12a was selected
for further use in subsequent experiments to ensure optimal assay
sensitivity and efficiency.

3.4. Analytical performance of DPC-Cas biosensor for detection of
ANGPTL2

Under optimal conditions, we explore the performance of the DPC-
Cas biosensor by detecting ANGPTL2. As depicted in Fig. 4A, the fluo-
rescence intensity progressively ascends with the ANGPTL2 dosage
raising from 10.00 to 500.0 pg/mL. The signal-to-noise (S/N) ratios for
ANGPTL2 at concentrations of 10.00, 20.00, 50.00, 100.0, and 500.0
pg/mL were 2, 3, 10, 16, and 21, respectively. The limit of detection
(LOD) for ANGPTL2 was determined to be 20.00 pg/mL (S/N = 3), while
the limit of quantification (LOQ) was established at 50.00 pg/mL (S/N
= 10). The performance of the prepared DPC-Cas biosensor was
compared with existing detection methods, such as ELISA, mass spec-
trometry, and colorimetric sensing (Table S2). The DPC-Cas biosensor
demonstrated a lower LOD than these conventional methods, high-
lighting its superior sensitivity. Additionally, the DPC-Cas biosensor
required significantly less detection time compared to both ELISA and
mass spectrometry, making it more time-efficient for practical applica-
tions. These advantages, combined with the operational convenience of
the DPC-Cas platform, establish it as a highly promising method for
biomarker detection.

Furthermore, some interferential proteins, such as bovine serum al-
bumin, immunoglobulin G, cancer antigen 19-9, alpha-fetoprotein and
their mixtures were also analyzed by use of ANGPTL2-specific magnetic
beads to assess the selectivity of the proposed DPC-Cas biosensor
(Fig. 4B). It can be seen that only ANGPTL2 can produce a remarkable
fluorescence response, while the fluorescence responses generated by
interferential proteins are all negligible and similar to that of blank
control. Additionally, the detection performance of the proposed DPC-
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Fig. 3. Validation the feasibility of CRISPR/Casl2a-based fluorescence detection system. (A) Fluorescence spectra of CRISPR/Cas12a-based fluorescence detection
system for the detection of 10 nM PL under different reaction components. (B) The fluorescence kinetic curves CRISPR/Cas12a-based fluorescence detection system.
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Cas biosensor was systematically evaluated in various serum matrices,
including serum from healthy individuals and patients with CRC, breast
cancer, lung cancer and gastric cancer. To assess the matrix effect, the
ANGPTL2 standard was dissolved in PBS as well as different types of
diluted serum, and the detection signals remained consistent across all
conditions (Fig. S7). The coefficient of variation (CV) was calculated to
be 4.08 %, demonstrating the robustness and broad applicability of the
proposed biosensor for reliable detection in complex biological samples.

Moreover, to assess the stability of DA/PL@Cu NPs in ANGPTL2
detection, fluorescence signals were monitored at different time points
over a one-week storage period. The results indicated excellent stability,
with the fluorescence signal maintaining 96.89 % of its initial intensity
after seven days of storage (Fig. 4C). These findings confirm the
robustness and reproducibility of the nanoprobes, underscoring their
potential for long-term and reliable biosensing applications. Addition-
ally, to comprehensively evaluate the reproducibility of the proposed
approach, we synthesized and analyzed six independent batches of DA/
PL@Cu NPs. The CV among these batches was determined to be 1.19 %,
demonstrating high consistency in the synthesis process and minimal
batch-to-batch variation, thereby ensuring the reliability of the DPC-Cas
biosensor (Fig. 4D). Finally, the detection of spiked recovery was carried
out at different concentrations of ANGPTL2. The results showed good
consistency between the detected concentrations and the spiked con-
centrations, with a recovery rate ranging from 98.35 % to 109.3 %
(Table S3).

After validation of the DPC-Cas strategy, a concentration range of
1.000-50.00 ng/mL was obtained, and the regression equation was
expressed as y = 0.14225x+0.1965, with a coefficient of determination
(R?) was 0.9970 (Fig. 5A). Then, the proposed assay was successfully
employed to detect serum ANGPTL2 levels in a subset of 98 CRC patients
and 18 normal controls (NC) (Table S4). In comparison to NC, serum
levels of ANGPTL2 were significantly higher in CRC patients (P < 0.05)
(Fig. 5B). Moreover, significantly higher ANGPTL2 levels were observed
in stage I and II CRC patients compared to NC (P < 0.05), which reveals
that ANGPTL2 could be used as a potential diagnostic biomarker for the
identification of early CRC patients (Fig. 5C). Additionally, serum
ANGPTL2 levels also found increased with TNM stage, which reveals
that ANGPTL2 may be involved in the progression of CRC (Fig. 5C).
Finally, serum ANGPTL2 levels were also quantified before and after
treatment of CRC patients. Serum ANGPTL2 levels were found decreased
after treatment of CRC patients, however, no significant differences were
observed for discriminating CRC patients before and after treatment
(Fig. 5D).

4. Conclusion

In summary, we developed a DPC-Cas biosensing strategy by inte-
grating dual-functionalized DA/PL@Cu NPs with the CRISPR/Cas12a
system for the highly sensitive, specific and user-friendly detection of
ANGPTL2 in serum. Leveraging dual signal amplification, the proposed
biosensor achieved an ultrasensitive detection limit of 20.00 pg/mL.
Notably, this strategy exhibited excellent analytical performance in
distinguishing CRC patients from NC, highlighting its potential for
clinical diagnostics. Moreover, by modifying the recognition elements
on magnetic beads and DA/PL@Cu NPs, this method can be adapted for
the detection of other protein biomarkers. In future work, we will focus
on designing novel recognition elements and nanoprobes with enhanced
performance to further improve the robustness of this method.
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