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Accurate and sensitive detection of single nucleotide variants (SNVs) is paramount for cancer diagnosis and
treatment. The CRISPR/Cas12a system shows promise for SNV detection due to its high sensitivity and single-
base specificity. However, most CRISPR/Casl2a-based methods rely on F/Q-labeled single-stranded DNA
(ssDNA) reporters, which are susceptible to fluorescence fluctuations, thereby reducing accuracy. To address
these limitations, researchers have proposed using DNA hydrogels as signal transducers in CRISPR/Casl2a
systems. Yet, the encapsulation of indicators into DNA hydrogels introduces additional instability, which could
compromise both detection sensitivity and linearity. In this study, we integrated hyperspectral interferometry
into a DNA hydrogel-based CRISPR/Cas12a detection platform (ID-CRISPR) to achieve sensitive label-free SNV
detection. Using EGFR L858R SNV as a model target, we demonstrated that ID-CRISPR can detect mutant allele
frequencies (MAFs) as low as 0.1% with a limit of detection (LOD) of 5 aM, while also showing its potential for
quantifying SNV abundance. Its clinical utility was confirmed through analysis of lung tumor samples, with
results consistent with sequencing data. Therefore, ID-CRISPR provides a sensitive, label-free, and user-friendly
platform for SNV detection, offering new insights into combining optical sensing with DNA hydrogel technology
in CRISPR/Cas assays.

1. Introduction

Accurate detection of single nucleotide variants (SNVs) is crucial for
cancer early diagnosis and the guidance of tumor targeting drugs
(Berger and Mardis, 2018). For instance, some SNVs of epidermal
growth factor receptor (EGFR), like EGFR L858R, are critical predictors
of the efficacy and sensitivity of EGFR-tyrosine kinase inhibitors (TKIs)
in non-small cell lung cancer (NSCLC) patients (Lee et al., 2013). Current
SNV detection methods include Sanger sequencing, next-generation
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sequencing (NGS), and polymerase chain reaction (PCR)-based ap-
proaches. Sanger sequencing requires >10% mutant allele presence and
lacks sensitivity (Angulo et al., 2012). NGS is highly sensitive but
time-consuming and necessitates complex bioinformatic analysis (Liu
et al., 2021). PCR-based approaches demand precise primer design or
advanced melting curve analysis for single-base specificity and high
sensitivity (Bai et al., 2020; Chen et al., 2016). Therefore, a novel SNV
detection method combining single-base specificity, high sensitivity,
and user-friendliness is needed.
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In recent years, the clustered regularly interspaced short palindromic
repeats (CRISPR) and CRISPR-associated (Cas) nuclease systems, a
bacterial adaptive immune system against viral infections, have been
increasingly utilized for SNV detection due to their excellent specificity
(Broughton et al., 2020; Gong et al., 2021; Zeng et al., 2022). Casl2a,
among the Cas proteins, stands out for its trans-cleavage activity, which
enables efficient and indiscriminate cleavage of single-stranded DNA
(ssDNA) following the targeting of double-stranded DNA (dsDNA) (Chen
et al, 2018; Li et al, 2022; Zeng et al.,, 2021). Notably, most
CRISPR/Casl2a-based detection systems are based on fluorophore
F/Q-labeled ssDNA reporters that signal through fluorescence resonance
energy transfer (FRET) (Li et al., 2018). While these reporters are
user-friendly, they are prone to fluorescence fluctuations due to photo-
bleaching, quenching, or the degradation of the ssDNA in the presence of
nucleases in biological fluids (Liu et al., 2022; Uhlmann et al., 1997;
Weng et al., 2023). Alternative reporters, including enzyme-labeled and
spherical nucleic acid reporters, have been proposed, but they all
necessitate complex modification or labeling processes (Chen et al.,
2024; Fu et al., 2021; Li et al., 2020).

To address above limitations related to fluorescence fluctuations or
complex labeling processes, researchers have proposed the use of DNA
hydrogels as signal transducers in CRISPR/Casl2a detection systems
(English et al., 2019). While these systems necessitate the encapsulation
of various indicators—encompassing enzymes (Zhao et al., 2023),
fluorescent dyes (Zhang et al., 2024), redox indicators (Zhang et al.,
2024), and nanoparticles (Chen et al., 2022; Guo, J. et al., 2023; Zhang
et al., 2024)—this encapsulation process can introduce instability,
potentially degrading detection sensitivity and linearity, because the
signal depends on the efficient release and diffusion of the indicators.

In this study, to eliminate the need for complex labeling or indicator
encapsulation and thereby enable sensitive, label-free detection, we
have innovatively integrated the optical sensing technique of hyper-
spectral interferometry into our DNA hydrogel-based CRISPR/Casl2a
detection platform, which we have named ID-CRISPR. Using SNV of
EGFR L858R for detection, we demonstrated that ID-CRISPR is capable
of detecting mutant allele frequencies (MAFs) as low as 0.1%, with a
limit of detection (LOD) reaching 5 aM, whereas NGS needs over 25,000
x sequencing depth for similar sensitivity, which is impractical for most
patients (Song et al., 2021). ID-CRISPR not only offers enhanced sensi-
tivity, specificity and user-friendliness, but also provides innovative
insights into integrating optical sensing technology within
CRISPR/Cas-based assays.

2. Materials and methods
2.1. Nucleic acid preparation

All oligonucleotides, including RPA primers, primers for DNA
hydrogel preparation, and crRNAs were synthesized and purified by
Sangon Biotech (Shanghai, China). The detailed sequences and modifi-
cation were provided in Table S1. To prepare the wild-type and mutant
fragments of EGFR L858R, we first extracted genomic DNAs from HeLa
and H1975 cell lines using the DNeasy Blood & Tissue Kits (QIAGEN,
Germany) with concentration determined by a Qubit 3 fluorometer
(Invitrogen, Thermo Fisher Scientific, United States). Then we amplified
the EGFR fragments through RPA, followed by purification using the
FastPure Gel DNA Extraction Mini Kit (Vazyme, China).

To generate samples with varying MAFs, we prepared mixtures
genomic DNAs of HeLa and H1975 cell lines in varying proportions at a
total concentration of 50 fM. For instance, a sample with a 50% MAF was
prepared by mixing equal volumes of genomic DNAs of HeLa and H1975
cell lines at 50 M. The clinical tumor samples from 3 non-small cell lung
cancer (NSCLC) patients were provided by Dongzhimen Hospital of
Beijing University of Chinese Medicine under clinical ethical approval
(2021DZMEC-164-02) from the medical ethics committee of the hospi-
tal. Genomic DNAs of tumor samples were extracted using the DNeasy
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Blood & Tissue Kits followed by RPA reaction for EGFR fragments
amplification. The RPA products were sent to Sangon Biotech (Shanghai,
China) for sequencing.

2.2. Principle of ID-CRISPR

As shown in Fig. 1A, there are mainly three steps for ID-CRISPR to
achieve label-free SNV detection, which are ID-reporter-based CRISPR/
Casl2a assay, hyperspectral interferometric detection, and spectrum
analysis. In CRISPR/Casl2a assays, only when the Casl2a/crRNA
complex recognizes the target DNA, the non-specific trans-cleavage ac-
tivity of Cas12a can be activated. This activity leads to the degradation
of the DNA hydrogel layer of ID-reporter. The reduction in the hydrogel
layer’s thickness correlates with the presence and abundance of the
target sequence within Cas12a assay. After Cas12a assay, the thickness
of the DNA hydrogel layer of ID-reporter is measured using hyper-
spectral interferometric detection and spectrum analysis. During
hyperspectral interferometric detection, white light is reflected off both
the top surface of the DNA hydrogel layer and the underlying silica-
silicon interface, creating an interference pattern characterized by pe-
riodic oscillations. A decrease in the hydrogel layer’s thickness shortens
the optical path length, inducing a blue shift in the reflection spectrum.
By analyzing and modeling the spectral data, the quantitative variation
in thickness of the DNA hydrogel layer of ID-reporter can be calculated
and used to report the target DNA.

2.3. Preparation and characterization of ID-Reporter

The ID-reporter was fabricated using a multi-step process on silicon
wafers, involving thermal oxidation, primer immobilization, and DNA
hydrogel formation based on RCA (Fig. 2A). Initially, silicon chips were
oxidized to create a 900 nm thick silica layer (Tebo, Harbin, China),
following by subsequent modification with amino groups, aldehyde
groups and primers, according to the procedure established in previous
work (Jin et al., 2022). In addition, the AT-rich circular DNA template
(Circ-DNA) was prepared in advance for DNA hydrogel preparation with
its preparation and characterization described in SI. Finally, the DNA
hydrogel layer was prepared on the chip surface using a 10-h RCA re-
action, according to an optimized protocol (SI) adapted from the liter-
ature (Yao et al., 2021; Zhao et al., 2023). Quality control measures were
made to maintain consistent DNA hydrogel layer thickness across
batches, which includes documenting reflection spectra to align with
empirical benchmarks and monitoring the initial layer thickness. The
dried ID-reporters can be stored in a sealed container at —20 °C for at
least six months (data not shown), enabling long-term storage for sub-
sequent use in CRISPR/Casl2a assays.

The ID-reporter was characterized with various methods, including
macroscopic observation, fluorescence imaging, scanning electron mi-
croscope (SEM), contact angle measurements, and spectrum analysis.
For fluorescence imaging, Cy3-labeled probes, which were comple-
mentary to Circ-DNA (Table S1), were hybridized onto the chips. The
chips were then scanned using a confocal fluorescence scanner,
LuxScan-10K/A (CapitalBio, Beijing, China). SEM images were captured
using a FEI Quanta 200 Scanning Electron Microscope (FEI Inc,
Netherlands) at 20 kV. Contact angles were measured using an OCA25
instrument (Dataphysics, Germany). Spectrum data was acquired using
the optical setup described in the following section.

2.4. Hyperspectral interferometric detection and spectrum analysis

A hyperspectral interferometric system captured the ID-reporter’s
interference signal (Fig. 1B), using a halogen lamp’s light (350-1000
nm) focused by lenses onto the ID-reporter. The reflected hyperspectral
signal was directed through a lens and aperture to a spectrometer (Maya
2000 Pro, Ocean Optics, USA), recorded at 400 ms exposure.

This work characterizes the presence and quantification of the target
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Fig. 1. Schematic illustration of the working principle of ID-CRISPR (A) and the setup of hyperspectral interferometric detection (B).

sequence by examining the nanoscale thickness changes of the DNA
hydrogel on the silicon wafer. Upon broadband illumination striking the
silicon wafer, a reflected light beam is generated from the DNA hydrogel
surface, while a portion of the incident light traverses the hydrogel and
the oxide layer of the silicon wafer, producing another reflected light at
the silicon-silica interface. These two reflected beams, denoted as U; (A)
and Uy()), lead to interference phenomena. The resulting reflectance
spectrum, measured by the system, can be represented as follows:

Uy (V)2 4 Us(M)? + 2U; (W) Us(M)cos(4mnd /A + 4nnpyah/Ac)

R(A) = U(}\)Z

(€8]

Where d and h represent the thickness of the silicon oxide and DNA
hydrogel layers, respectively; n and npna are their average refractive
indices; A, is the mean wavelength; and U(A) represents the illumination
spectrum. Given that the theoretical values of n and npna are similar in
theory, the reflection between the hydrogel and oxide layer is negligible.

When the target sequence is present and amplified through the RPA
process, the non-specific trans-cleavage activity of Casl2a is activated.
Thus the hydrogel thickness on the silicon wafer decreases, leading to a
nanoscale optical length change. The resulting reflectance spectrum is
then expressed as:

Uy (M) + U (M) + 2U; (M) Uy (A)cos[4nnd /A + 4rnpya (h — Ah) /A]

Rl(k) = U()\)z

(2)

The optical path difference A = 2npyaAh is used for spectral calcu-
lations, which provides a quantitative sensing result. The reflectance
spectrum follows a trigonometric function form. Using a Fourier trans-
form method, we analyze the optical path difference before and after the
reaction. We apply the Fourier transform to R(A)-R'(A) along the wave-
number 27n/) axis, extracting the phase at the peak m with the highest

amplitude in the transformed result, and multiply it by A. to obtain the
final value:

A = ). x Phase{FFT[R(A) — R'(A)], m} 3
where FFT(*) is the fast Fourier transform operator, and Phase(*, m) is
the phase at index m of the FFT result.

2.5. CRISPR/Cas12a assays for nucleic acid detection

The Casl2a assay was performed according to the literature and the
instructions of the manufacture of LbCas12a (NEB, United Kingdom)
with some modifications (Zhao et al., 2023). First, the nucleic acid
sample underwent a 20-min RPA reaction using the TwistAmp Basic Kit
(TwistDx, United Kingdom) as detailed in SI. Then, a Casl2a reaction
mixture with a total volume of 20 pL was prepared, comprising
LbCas12a (100 nM), crRNA (50 nM), 1X NEBuffer r2.1, and 1 pL of the
RPA products. Finally, the RPA products and an ID-reporter or
FQ-ssDNA reporter (500 nM) were added to the Cas12a reaction mixture
and then incubated at 45 °C for 1 h.

3. Results and discussion
3.1. Preparation and characterization of the ID-reporter

The DNA hydrogel layer of ID-reporter grow on a solid surface and
form a thin layer through the RCA reaction, where an AT-rich Circ-DNA
was amplified from the primer immobilized on the chip surface with the
involvement of phi29 DNA polymerase (Qiu et al., 2017; Zhang et al.,
2018). Unlike DNA hydrogel used for indicator encapsulation, which
require a rigid structure, our hydrogel layer for interferometry does not
need such a rigid structure but demands better optical transparency. To
achieve this, we reduced the RCA reaction time from 20 h to 10 h
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hyperspectral interferometry. (G) The reflection spectrum analysis.

(Fig. S2) (Zhang et al., 2024; Zhao et al., 2023).

As shown in Fig. 2B, the ID-reporter visually exhibited a colorful
reflection distinct from the primer-immobilized chip, likely due to the
distinct refractive indices of the DNA hydrogel and silica layers. Fluo-
rescent probe hybridization (Fig. 2C) further confirmed the DNA
hydrogel layer’s formation, with the ID-reporter showing markedly
increased fluorescence signals. SEM imaging (Fig. 2D) revealed the
uniform flower-like DNA hydrogel microstructures on ID-reporter’s
surface, consistent with previous studies (Huang et al., 2017; Lee et al.,
2012). Contact angle measurements (Fig. 2E) revealed that the hydro-
philicity of DNA hydrogel layer changed the physicochemical properties
of the chip surface. The ID-reporter exhibited a contact angle of 33.57 +
1.17°, significantly smaller than that of the silicon-silica chip (90.35 +
2.70°) and primer-immobilized chip (59.74 + 4.75°).

In addition, we used hyperspectral interferometry to characterize the
ID-reporter after evaluating the performance of hyperspectral interfer-
ometric detection. Silicon wafers with varying nominal thicknesses of
silica layers were employed to evaluate the detection sensitivity. The
detection results are shown in Fig. 2F, with a maximum standard devi-
ation of 0.43 nm, highlighting the high quantitative accuracy of this
detection method. The detailed measured results are listed in Table S2.
Subsequently, we acquired hyperspectral interferometric spectra from
chips with different modification, including the ID-reporter. Fig. 2G il-
lustrates that, in comparison to other chips, a significant redshift was
observed in the ID-reporter’s reflection spectrum, attributed to the

formation of a DNA hydrogel layer on the chip surface.

3.2. Verification of the ID-reporter for hyperspectral interferometric
CRISPR/Cas12a detection

To further confirm the feasibility of ID-CRISPR for detection of
mutant alleles, we initially designed a crRNA specifically targeting the
EGFR mutation, as depicted in Fig. 3A. Given that single-base detection
specificity relies heavily on crRNA design, we introduced one additional
mismatch near the PAM sequence (TTTV) and the mutant site, based on
previous findings (Dai et al., 2019; Meng et al., 2021; Zhang et al.,
2023). We designed six crRNAs with one additional mismatch posi-
tioned 1 or 2 nucleotides upstream of the mutation site as described in
Table S3. Among these, crRNA-2 exhibited the highest specificity in
FQ-ssDNA reporter-based real-time CRISPR/Cas12a assays (Fig. 3B and
Fig. S3) and was thus selected for further analysis. Capillary electro-
phoresis was then used to analyze the endpoint products of the
ID-reporter-based CRISPR/Casl2a assays (Fig. S4). Notably, the muta-
tion targeted in this study is located near the PAM sequence. For
PAM-free SNV detection, recent studies have demonstrated the potential
of introducing a PAM sequence near the target mutation site through
PCR primer design(Chen et al., 2021). Our method can be integrated
with similar strategies to enable the detection of any mutation without
dependence on an adjacent PAM sequence.

Then, as shown in Fig. 3C, we further demonstrated the cleavability
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EGFR L858R mutant via FQ-ssDNA reporter-based realtime CRISPR/Cas12a assays. (C) Schematic (left), fluorescent probe hybridization (middle), and reflection
spectra (right) of ID-reporters subjected to CRISPR/Cas12a assays with EGFR L858R mutant, wild type, and NC (water). (D) Statistical analysis of fluorescent probe

hybridization and (E) reflection spectrum analysis.

of DNA hydrogel layer of the ID-reporter and its spectral distinguish-
ability. To assess the cleavability of DNA hydrogel, we conducted fluo-
rescent probe hybridization on ID-reporters subjected to CRISPR/
Cas12a assays with various samples, including the EGFR L858R mutant
and wild type at a concentration of 50 fM, and water as a negative
control. The designed crRNA-2 recognized the EGFR L858R mutant
specifically, activating Cas12a’s trans-cleavage activity and leading to
the degradation of the ID-reporter’s DNA hydrogel layer. As anticipated,
the statistical analysis of fluorescence intensity (Fig. 3D) demonstrated
that the ID-reporter treated with the mutant type exhibited a signifi-
cantly reduced fluorescent signal (8.75 a.u.) compared to the wild type
(140.38 a.u.) and water (182.26 a.u.), indicative of enzymatic cleavage
of the DNA hydrogel layer.

Furthermore, the cleavage of the DNA hydrogel in the ID-reporter
was observable in the reflection spectrum as a blue shift. Through
further analysis of this spectral shift, we calculated the optical path
length reductions for the ID-reporter treated with the mutant type, wild
type, and water (NC) to be 9.88 + 0.40, 0.45 + 0.08, and 0.13 + 0.05
nm, respectively (Fig. 3E). Therefore, above results confirm the cleav-
ability of the DNA hydrogel and the ability to distinguish between
cleaved and uncleaved ID-reporters using hyperspectral interferometric
detection, thereby validating the ID-CRISPR principle’s feasibility.

3.3. Performance analysis of ID-CRISPR in detecting rare mutations

It is crucial for SNV detection systems to effectively identify muta-
tions in the heterogeneous genomic DNA samples. Therefore, ID-
CRISPR’s selectivity and sensitivity were evaluated using mock samples,
as depicted in Fig. 4A. The selectivity assessment involved testing ID-
CRISPR with mock samples featuring varying MAFs: 0%, 0.1%, 1%,
5%, 10%, 50%, and 100%, each at a concentration of 50 fM. The cor-
responding changes in optical length for these samples were 0.39 +
0.09, 0.97 £ 0.04, 1.55 £+ 0.47, 4.48 + 0.52, 5.52 £ 0.22, 8.26 + 0.38,
and 10.96 + 0.89 nm, respectively, with a negative control (water)
yielding a value of 0.18 & 0.07 nm (Fig. 4B). Furthermore, the analytical
sensitivity of ID-CRISPR was evaluated with mock samples containing
the EGFR L858R mutation across a concentration gradient from 5 aM to
50 fM. As shown in Fig. 4C, there is a proportional increase in the change
of optical length as the concentration increases with a good linear
relationship (R? = 0.936), which suggests the quantitative potential of
ID-CRISPR. ID-CRISPR demonstrated superior sensitivity and specificity
compared to the FQ-ssDNA reporter-based CRISPR system, capable of
detecting MAFs down to 0.1% and achieving a LOD as low as 5 aM,
whereas the FQ-ssDNA reporter-based system can detect MAFs of 1 %
with a LOD of 50 aM (Fig. S5).
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3.4. Validation of ID-CRISPR using clinical samples

Finally, we assessed the clinical applicability of ID-CRISPR by
analyzing three tissue samples obtained from lung cancer patients, with
the EGFR L858R mutation abundance determined by sequencing. As
depicted in Fig. 4D, after DNA extraction and RPA reactions, each
sample was divided into two aliquots. One aliquot underwent ID-CRISPR
detection and analysis; and the other was sent to high-throughput
sequencing to determine the presence and abundance of EGFR L858R
mutations. The spectrum results of sample 1 and sample 2 exhibited a
blue shift (Fig. 4E), indicating DNA hydrogel degradation by Casl2a’s
trans-cleavage. Optical length decreases were calculated using our al-
gorithm based on the spectral changes and then compared with MAFs
determined by sequencing (Fig. 4F). Sample 1 and Sample 2, with MAFs
of 12.51% and 22.84%, respectively, exhibited decreases in optical
length of 7.03 + 0.25 nm and 9.54 + 0.43 nm. In contrast, Sample 3,
with an remarkably low MAF of 0.09% and a negative mutation diag-
nosis, exhibited a minimal decrease of 0.23 + 0.08 nm, which was
indistinguishable from the negative control. These results confirm the
concordance between our ID-CRISPR results and sequencing data, in
terms of both mutation presence and quantity. However, the current

sample size is limited, requiring validation with a larger cohort of
samples in the future.

4. Conclusion

In conclusion, we have proposed a novel SNV detection platform
named ID-CRISPR, which innovatively integrated hyperspectral inter-
ferometry and DNA hydrogel to achieve sensitive label-free detection.
Demonstrated through the detection of the EGFR L858R SNV, ID-
CRISPR combined with RPA is capable of detecting SNV down to the
attomolar molecular weight level (5 aM) and MAFs as low as 0.1%. Its
clinical practicability was confirmed using lung tumor samples, with
results consistent with gold-standard sequencing (Jr and Bardelli, 2014).
Compared with other detection strategies for EGFR mutations
(Table S4), ID-CRISPR outperforms fluorescence-based methods in
selectivity and sensitivity by employing DNA hydrogel as signal re-
porters, thereby circumventing fluorescence fluctuations; it surpasses
electrochemistry-based  methods in  detection speed and
user-friendliness by eliminating the need for complex labeling processes.

Although our platform achieved high sensitivity, selectivity, and ease
of use in detecting rare mutant alleles, there are areas where ID-CRISPR
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can be further improved. Currently, the high sensitivity of the assay
necessitates separate RPA reactions for preamplification, which in-
creases the risk of aerosol-induced contamination. Future iterations
could integrate sample processing and preamplification steps, enabling a
more reliable and integrated detection system (Mao et al., 2024; Wu
et al., 2021; Zhou et al., 2024). Additionally, ID-CRISPR’s multiplex
analysis ability should be expanded to enhance its clinical application
value, which could be achieved by incorporating orthogonal Cas en-
zymes (Gootenberg et al., 2018), introducing partitions in DNA hydrogel
chips (Guo et al., 2023), or utilizing microfluidics (Bruch et al., 2021; Li
et al., 2024).
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