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ABSTRACT: The CRISPR-Cas system, particularly CRISPR-Casl2a and CRISPR-
Cas13a, has been widely utilized in constructing various biosensors due to their “trans-
cleavage” ability as a means of signal amplification. However, this universal “trans-
cleavage” characteristic also presents a challenge for realizing CRISPR-Cas multiplexed
bioanalysis. Besides, potential signal cascading interference and complicated design are
notable obstacles in CRISPR-Cas multiplexed bioanalysis. Herein, we propose a mass
spectrometry method that leverages the CRISPR-Casl2a/13a system to achieve
simultaneous detection of ctDNA and miRNA. Based on the properties of the CRISPR-
Cas12a/13a system, two types of nanoparticle reporter probes have been engineered,
using cancer-related biomarkers ctDNA and miR-21 as our model analytes. The
nanoparticle tags, which intrinsically incorporated millions of detectable atoms,
combined with the CRISPR-Cas12a/Cas13a system’s “trans-cleavage” ability, allow the
proposed mass spectrometry strategy to achieve fmol-level detection limits without any
nucleic acid amplification procedures. The assay was successfully applied to human

serum samples, demonstrating its potential for early disease diagnosis and progression tracking.

lustered regularly interspaced short palindromic repeats

(CRISPR) and their associated proteins (Cas) collec-
tively form the CRISPR-Cas system,”” which has rapidly
captured the world’s imagination as a groundbreaking tool for
gene editing and epigenetic regulation.” Over the past few
years, the CRISPR-Cas system, especially CRISPR-Cas12a and
CRISPR-Casl3a, has emerged as a potent tool for
biomolecular diagnostics, due to their “trans-cleavage” ability,
which is particularly effective in detecting nucleic acid
molecules like circulating tumor DNA (ctDNA) and micro-
RNAs (miRNA), as well as other non-nucleic acid
biomolecules.”~” With the guidance of crRNA, the Cas protein
rapidly recognizes and binds to its target, initiating the
activation of either the CRISPR-Casl2a or the CRISPR-
Casl3a system. This activation subsequently prompts the Cas
protein to perform collateral cleavage, a mechanism that
cleaves adjacent ssDNA or ssRNA in a nonspecific manner to
amplify the signal.*” However, the “trans-cleavage” mechanism
of the CRISPR-Cas system is also constrained to the analysis of
single-target biomolecules in one test, posing a challenge to
multiplexed bioanalysis.'”""

In recent years, scientists utilized the properties of CRISPR/
Cas in combination with fluorescence, microfluidics, and other
technologies to realize CRISPR-Cas multiplexed bioanaly-
sis.'”"” In 2018, Zhang et al. proposed an approach utilizing
the distinct base-cleavage preferences of various Cas13 protein
subtypes to enable multiplexed detection within the CRISPR-
Cas system.M’15 Furthermore, the incorporation of separation
methods such as microfluidics also facilitated the pursuit of
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multiplexed detection using the CRISPR-Cas system.'®'”
Leveraging the “cis-cleavage” activity of CRISPR-Cas9 and
incorporating protospacer adjacent motif (PAM) sequences
provide an effective approach to enable CRISPR-Cas multi-
plexed bioanalysis.'® Despite these encouraging achievements,
research on CRISPR-Cas multiplexed bioanalysis is still rare,
with signal crosstalk and the complicated design of PAM
posing as significant bottlenecks. Consequently, there is an
urgent need for a CRISPR-Cas-enabled multiplexed bioanalysis
assay that is simple, quick, highly efficient, and cost-effective.

The accelerating development of metal element tags capable
of various mass spectrometry methods, without the hindrance
of spectral overlap interference, has substantially addressed the
current need for advancements in multiplexed bioanalysis."*°
Additionally, the ability of mass cytometry (CyTOF),
inductively coupled plasma mass spectrometry (ICP-MS),
and other mass spectrometry methods to support simulta-
neous, rapid, high-throughput, and high-sensitivity analysis of
multiple elements contributes enormous potential to multi-
plexed bioanalysis.”' ~>* Currently, metal element labeling
methods can be broadly categorized into lanthanide labeling
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Scheme 1. Multiplexed Detection Mechanism of ctDNA and miRNA Utilizing CRISPR-Cas12a/Cas13a Integrated with ICP-

MSs“

a

b

“(a) Activation of CRISPR-Cas12a by ctDNA, triggering cleavage of the DNA reporter probe Pt-PS1. (b) Activation of CRISPR-Cas13a by miR-
21, triggering cleavage of the RNA reporter probe Au-PS2. (c) CRISPR-Cas12a/Casl3a dual-targeting behavior under multiple conditions: absence
of both ctDNA and miR-21, presence of only ctDNA, presence of only miR-21, and presence of both ctDNA and miR-21.

utilizing macrocyclic compounds, metal-containing nano-
particles, metal nanocluster labeling, and polymeric element
tags.25’26 Utilizing various metal element tags for multiplexed
bioanalysis offers high-throughput, cost-effectiveness, and
multibiomarker analysis in one run, making it ideal for
complex sample analysis. This has been applied to the
detection of multiple nucleic acids,”’~*° proteins,” =
enzymes,3’4 small biological molecules,® and even facilitating
single-cell analysis.**"*” Despite the great potential, it is still
challenging to establish a sensitive mass spectrometric
CRISPR-Cas multiplex bioassay, mainly due to two obstacles:
(1) the nonspecific “trans-cleavage” characteristic of the
CRISPR-Cas system and (2) the sophisticated nanoprobe
bioconjugation procedure.

Herein, we developed a mass spectrometry assay that
combines CRISPR-Cas12a/Cas13a systems with the sensitivity
of nanoparticle labeling, enabling the simultaneous detection of
ctDNA and miRNA in a simple and efficient manner (Scheme
1). The ctDNA and miR-21, both of which are closely related
to the occurrence of various diseases, are used as model target
analytes for analysis."”*" Specifically, biotin-modified PS1
DNA and PS2 RNA were labeled onto PtNPs and AuNPs,
respectively, to obtain the DNA reporter probe Pt-PS1 and the
RNA reporter probe Au-PS2. Once the CRISPR-Casl2a/
Casl3a system detects its target analytes, ctDNA and miR-21,
it activates the Casl2a and Casl3a enzymes, causing them to
selectively cleave the DNA reporter probe Pt-PS1 and the
RNA reporter probe Au-PS2, thereby releasing abundant
PtNPs and AuNPs into the supernatant. Subsequently,
streptavidin-modified magnetic beads (MBs) were employed
to separate the uncleaved reporter probes from the cleaved
probes,”** which were then processed for detection by ICP-

MS. When the target analytes are absent, the CRISPR-Cas12a/
Casl3a system remains inactive and yields no signal. The
signal intensity measured by ICP-MS is directly proportional
to the quantity of metal atoms released into the supernatant,
allowing for the accurate quantification of ctDNA and miR-21.
Due to the millions of detectable atoms in each nanoparticle
tag, and the catalytic trans-cleavage ability of the CRISPR-
Casl2a/Casl3a system, the proposed ICP-MS strategy
provides remarkable sensitivity without any nucleic acid
amplification procedures.

B EXPERIMENTAL SECTION

Reagents and Apparatus. The signals of '**Pt and '*’Au
were primarily measured and acquired by inductively coupled
plasma mass spectrometry (iQuad ICP-MS, Hengsheng,
Beijing, China). Detailed information on the apparatus used
for characterization, the materials and reagents employed, the
buffers and solutions prepared, as well as the related nucleic
acid sequences, can be found in the Supporting Information.

Synthesis of Reporter Probes. The preparation of signal
reporter probes, which encompassed platinum nanoparticles
modified with PS1 DNA (Pt-PS1) and gold nanoparticles
modified with PS2 RNA (Au-PS2), primarily referred to
previously reported literature with slight modifications.**
Diverse PtNPs and AuNPs, categorized by their particle
sizes, were placed in a 2 mL centrifuge tube. Following this, Pt-
PS1 and Au-PS2, which function as reporter probes modified
with varying densities on the nanoparticles, were accomplished
by precisely adjusting the ratio of spacer DNA to PS1 DNA/
PS2 RNA. After mixing PtNPs with spacer DNA and PSI
DNA, and AuNPs with spacer DNA and PS2 RNA,
respectively, they were stored in a freezer at —80 °C for 15
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Figure 1. TEM characterization of PtNPs, AuNPs. (a) PtNPs (small size), (b) PtNPs (medium size), (c) PtNPs (large size), (d) AuNPs (small

size), (e) AuNPs (medium size), and (f) AuNPs (large size).

min. Thereafter, they were dissolved at room temperature,
washed, and centrifuged three times with DEPC H,O. Finally,
they were redissolved separately in 600 #L and 900 uL DEPC
H,O and stored in a refrigerator at 4 °C for future use.

CRISPR-Cas12a/Cas13a for Simultaneous Detection
of ctDNA and miRNA. At room temperature, LbCas12a and
crRNA1, as well as LbuCas13a and crRNA?2, were allowed to
preincubate for 20 min, yielding the LbCas12a/crRNAI and
LbuCasl13a/crRNA2 binary complexes, respectively. These
complexes were subsequently dispensed into 200 yL PCR
tubes. Next, 10 uL of Pt-PS1 and Au-PS2 were added, followed
by the addition of 5 uL of ctDNA and S pL of miR-21. The
mixture was then incubated at 37 °C to activate the CRISPR-
Cas12a/Casl3a. After 40 min, the reaction was terminated by
heating at 65 °C for S min to stop the enzymatic cleavage.
Notably, Tris-HCl buffer acted as the diluent, solvent, and
reaction buffer to guarantee optimal conditions for all Cas
proteins involved in the reactions. Once the enzymatic
cleavage reaction was terminated, an equal volume of
streptavidin-modified magnetic beads diluted in B&W buffer
was added, and the mixture was allowed to react at 37 °C for
20 min. Upon completion of magnetic separation, the
supernatant was extracted and mixed with aqua regia to digest
the CRISPR-Casl2a/Casl3a-specific cleavage products of Pt-
PS1 and Au-PS2. This facilitated the release of PtNPs and
AuNPs into the supernatant, which were then converted to
9Pt and '"Au ionic signals. After allowing 30 min for
digestion, 8 mL of ultrapure H,O was added, and the mixture
was thoroughly mixed and prepared for analysis via ICP-MS.

Gel Electrophoresis and Imaging. Following the
blending of the sample and loading buffer at a 1:6 proportion,
the mixture was delicately loaded onto a 12% precast-GLgel
TBE PAGE. Then, after filling with 1 X TBE buffer, the
electrophoresis process began for 30 min at 70 V, followed
immediately by 40 min at 90 V. After the electrophoresis was
completed, we removed the gel and immersed it in 4s Red Plus
nucleic acid stain for an hour to ensure complete staining.
Finally, the gel was transferred to the FluoChem M to carry
out the imaging process.

Serum Sample Assay. First, the serum was centrifuged at
12,000 rpm and 4 °C for 10 min and then underwent a 100-
fold dilution. Following this, it was subjected to further heat
inactivation, and the RNase inhibitor was introduced. The
mixture was then incubated at 37 °C for 30 min. Ultimately,
spiked recovery experiments were performed by adding varying
concentrations of ctDNA and miR-21 to the serum samples.

B RESULTS AND DISCUSSION

Characterization of Nanoparticles and Reporter
probes. The TEM images demonstrate that the prepared
PtNPs are composed of three different sizes, with diameters of
approximately 18, 25, and 35 nm. In parallel, the AuNPs
display particle sizes approximately equal to 13, 25, and 37 nm
(Figure 1). For clarity, we categorize the PtNPs/AuNPs into
three groups named small, medium, and large PtNPs/AuNPs,
based on their particle dimensions. To further investigate this,
we applied dynamic light scattering (DLS) to characterize the
PtNPs and AuNPs. The results concurred with previous
findings, as shown in Figure SI. The preparation of the
reporter probe is crafted by leveraging the robust adsorption of
polymeric adenine DNA or RNA onto metal nanoparticles
under frozen conditions.”* By adjusting the ratio of spacer
DNA to the desired PS1 DNA or PS2 RNA, we can
programmatically regulate the surface coverage of PS1 DNA
or PS2 RNA on the nanoparticles. The variations in DLS and
zeta potential depicted in Figure 2 for PtNPs (medium) vs Pt-
PS1 (medium), and AuNPs (small) vs Au-PS2 (low), confirm
the successful fabrication of the reporter probes Pt-PS1
(medium) and Au-PS2 (low). Notably, the DLS growth
patterns (Figures S2 and S3) observed for PtNPs and AuNPs,
along with their respective low-, medium-, and high-density
reporter probes (Pt-PS1 and Au-PS2), in conjunction with the
zeta potential transitions (Figures S4 and SS) and UV-—vis
spectral redshifts (Figure S6) documented in the Supporting
Information, conclusively demonstrate the successful prepara-
tion of these reporter nanoprobes.

Feasibility Investigation. Built upon the discriminative
cleavage mechanisms of CRISPR-Casl2a for ssDNA and
CRISPR-Casl3a for ssRNA,”” we propose our analytical assay.
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Figure 2. DLS and zeta potential characterization of reporter probes
Pt-PS1 and Au-PS2. (a) DLS characterization of Pt-PS1 (medium).
(b) Zeta potential investigation of Pt-PS1 (medium.) (c) DLS
measurement for Au-PS2 (low). (d) Zeta potential characterization of

Au-PS2 (low).

Prior to its implementation, it is imperative to verify that there

tively degrades the PS2 RNA band, without disturbing the PS1
DNA band, emphasizing that Casl3a specifically targets and
degrades the PS2 RNA. The observations from Figure 3ab
indicate that CRISPR-Casl2a and CRISPR-Casl3a function
independently, without disrupting each other’s cleavage of
specific probe sequences, lending preliminary support to the
teasibility of this assay. Additionally, aiming to make a double
verification of the practicality of our protocol, which utilizes
ICP-MS as the foundation for a biosensing platform capable of
simultaneous detection of ctDNA and miRNA, we prepared a
series of target gene fragments and subjected them to ICP-MS
analysis. As presented in Figure 3c, the absence of both ctDNA
and miRNA yields no signal response, but the presence of one
or both triggers a high signal response, with dual high signals
from Pt and 'Au observed when both are present,
underscoring its cross-reactivity and confirming the practicality
of this assay.

Optimization of Experimental Conditions. Optimiza-
tion of the Composition of Reporter Probes. The reporter
probes, Pt-PS1 and Au-PS2, serving as the substrate for
CRISPR-Cas12a/Casl3a cleavage, are indispensable for signal
transmission. The intensity of the signal output is closely tied

is no cross-reactivity or unintended cross-linking between
Casl2a and Casl3a, preventing them from mistakenly cleaving
each other’s designated probes. As depicted in Figure 3a, the
activation of CRISPR-Casl2a by ctDNA selectively removes
the PS1 DNA band, without altering the PS2 RNA band,
emphasizing Cas12a’s specific cleavage activity toward the PS1
DNA. In the meantime, Figure 3b displays a similar specificity
phenomenon, where miRNA-activated CRISPR-Casl13a selec-

to the size of the nanoparticles, and the distribution of PS1
DNA and PS2 RNA loaded onto them significantly dictates the
amount of PtNPs and AuNPs that are liberated from the
probes Pt-PS1 and Au-PS2. This distribution also affects the
separation of uncleaved reporter probes from magnetic beads
for signal isolation postreaction. As depicted in Figure 4a, the
optimal modification density of PS1 DNA, which falls in the
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middle range, consistently enhances performance across
different PtNP sizes. An excess of PS1 DNA may prevent
complete Pt-PS1 cleavage when CRISPR-Casl2a is not fully
activated by low target concentrations, thus impeding PtNP
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Figure 3. Assessment of feasibility. (a) Gel electrophoresis character-
ization of the trans-cleavage ability of CRISPR-Cas12a activated by a
target against the substrate of PS1 DNA or PS2 RNA. (b) Gel
electrophoresis characterization of the trans-cleavage ability of
CRISPR-Cas13a activated by a target against the substrate of PS1
DNA or PS2 RNA. (c) Validation of the cross-reactivity between
CRISPR-Casl2a and CRISPR-Casl3a by ICP-MS.

Figure 4. Enhancing the performance of reporter probes. (a)
Assessing Pt-PS1 probes’ performance across PtNPs sizes and PS1
DNA densities. (b) Maximizing Pt-PS1 probe efficiency via PS1 DNA
length adjustment. (c) Comparing Au-PS2 probes’ performance
across AuNPs sizes and PS2 RNA densities. (d) PS2 RNA length
optimization for enhanced Au-PS2 probe sensitivity.

https://doi.org/10.1021/acs.analchem.4c05961
Anal. Chem. XXXX, XXX, XXX-XXX


https://pubs.acs.org/doi/10.1021/acs.analchem.4c05961?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05961?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05961?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05961?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05961?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05961?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05961?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05961?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05961?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05961?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05961?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05961?fig=fig4&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c05961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

release. In contrast, insufficient PS1 DNA makes it difficult to
bind the probes to the magnetic beads, hindering the ability to
effectively separate signals and resulting in a higher background
signal and lower signal quality. The Pt-PS1 (medium), with
medium-sized PtNPs, and adorned with medium PS1 DNA
density, emerged as the optimal choice for the CRISPR-
Casl2a-ctDNA detection system (Casl2a-ctDNA). Smaller
probes were limited by metal atom count, while larger ones
suffered from excessive background noise, detracting from
performance.

Another factor that impacts the performance of Pt-PS1 is the
length of the PS1 DNA. A PS1 length that is too short can lead
to excessive steric hindrance, which can impede Casl2a’s
cleavage ability. Through optimization, it was found that a PS1
length of S0 nt maximizes the signal-to-noise ratio (S/N), as
depicted in Figure 4b. Surprisingly, 20 nt PS2 RNA in Au-PS2
probes shows the best S/N (Figure 4d), suggesting that
Cas13a may be less vulnerable to steric hindrance than Casl12a.
Across the CRISPR-Casl3a-miRNA detection system
(Cas13a-miRNA), probes Au-PS2, regardless of the particle
size of the AuNPs, consistently displayed superior performance
when modified with low-density PS2 RNA, with those
prepared with small AuNPs showing the best results (Figure
4c). The inconsistency between Casl2a-ctDNA and Casl3a-
miRNA systems’ optimal probes may lie in the longer length of
PS1 DNA compared to PS2 RNA. Since both DNA and RNA
are flexible, they tend to wrap around and fall onto the surface
of nanoparticles as their length increases, reducing the number
of exposed biotin sites for binding to magnetic beads.
Therefore, in Casl2a-ctDNA, medium-density DNA probes
perform best. In contrast, Cas13a-miRNA’s short 20 nt PS2
RNA mostly remains upright, exposing more biotin sites for
binding to magnetic beads, thereby favoring probes modified
with low-density RNA.

Optimization of Dilution Ratios for Reporter Probes. The
selection of the appropriate dilution ratio for the reporter
probes Pt-PS1 and Au-PS2 is crucial for enhancing
experimental performance. Too much probe can elevate
background signals, while too little can diminish the desired
signal intensity. For Pt-PS1, a 1:1 dilution offers the optimal S/
N (Figure Sa), whereas Au-PS2 performs best at a 1:3 dilution
(Figure Sb).

Optimization of the Amount of Casi2a/Cas13a. The
amount of Cas proteins is a decisive factor in regulating the
vigor and productivity of the cleavage reaction. Insufficient Cas
proteins may hinder the complete cleavage of the reporter
probe, resulting in a weakened signal. On the other hand,
excess Cas proteins can trigger elevated background interfer-
ence. As illustrated in Figure 5c,d, the ideal amount for Casl2a
is 0.25 uL, whereas for Cas13a, it is 0.35 L.

Optimization of the Ratio for Cas Proteins and crRNA. Tt
is commonly acknowledged that CRISPR-Casl2a and
CRISPR-Cas13a are both directed by crRNA to recognize
and bind to their respective targets, resulting in the formation
of a “Casl2a/crRNA/ctDNA” or “Casl3a/crRNA/miRNA”
ternary structure that activates the respective Cas enzymes for
efficient collateral cleavage. To expedite this process, an ample
supply of crRNA is often necessary. However, excessive crRNA
can lead to premature binding of individual crRNA molecules
to the target, blocking the formation of the ternary complex
with Cas proteins and consequently weakening the signal.
Experimental evidence points to a 1:4 Cas12a to crRNAI ratio
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Figure S. Optimization of various experimental conditions. (a)
Optimization of the dilution ratio for the reporter probe Pt-PS1. (b)
Optimization of the dilution ratio for the reporter probe Au-PS2. (c)
Comparison of Casl2a performance with varying dosages. (d)
Comparison of Casl3a performance with varying dosages. (e)
Optimization of the ratio between Casl2a and crRNAL. (f)
Optimization of the ratio between Casl3a and crRNA2. (g)
Optimization of the amount of MBs for Pt-PS1 separation in the
Cas12a-ctDNA system. (h) Optimization of the amount of MBs for
Au-PS2 separation in the Cas13a-miRNA system.

as optimal (Figure Se), whereas for Cas13a, a 1:2 Casl3a to
crRNA2 ratio achieves the best performance (Figure 5f).

Optimization of Other Factors Impacting Cas Proteins’
Cleavage Efficacy. The Mg** concentration in the reaction
bufter is crucial for maintaining the correct folding of crRNA
and initiating the trans-cleavage mechanism of Cas12a/Casl3a,
while the reaction temperature and time are essential
parameters that amplify the effectiveness of these enzymes.
Considering all factors, a Tris-HCI buffer with 10 mM Mg2+,
conducted at 37 °C for 40 min, is advised for the simultaneous
detection of ctDNA and miRNA (Figure S7).

Optimization of the Amount of MBs. The amount of MBs
is paramount in differentiating the Cas-mediated cleavage
signals from those of intact reporter probes. Insufficient MBs
hinder eflicient separation, while excessive MBs can com-
promise signal intensity by attracting nanoparticles nonspecifi-
cally, diminishing their release into the supernatant. Our data
indicate that 0.75 uL of MBs per tube is optimal for Casl2a-
ctDNA assays (Figure Sg), and 1 uL of MBs yields the best S/
N for Cas13a-miRNA detection (Figure Sh). Consequently, a
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combined 1.75 uL of MBs per tube is proposed for subsequent
experiments, allowing simultaneous Casl12a/Casl3a-mediated
analysis of ctDNA and miRNA, while efliciently segregating
residual Pt-PS1 and Au-PS2 probes.

Analytical Performance of Simultaneous Detection of
ctDNA and miRNA. Upon utilizing the previously optimized
experimental parameters, we examined the analytical capa-
bilities of the CRISPR-Casl2a/Casl3a system for the
simultaneous quantification of ctDNA and miRNA. By
introducing various concentrations of c¢tDNA and miR-21 to
activate Casl2a and Casl3a, respectively, these enzymes
execute trans-cleavage on their corresponding probes Pt-PS1
and Au-PS2, resulting in the release of PtNPs and AuNPs,
respectively. The quantity of nanoparticle liberation is reflected
in the dual peaks of Pt and '*’Au detected by ICP-MS. As
shown in Figure 6a,b, within a certain range of concentrations,
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Figure 6. Analytical performance and selectivity. (a) '"*Pt signal
response to varying amounts of ctDNA. (b) '*’Au signal response to
varying amounts of miR-21. (c) Linear logarithmic relationship
between the '**Pt signal intensity and the ctDNA concentration. (d)
Linear logarithmic relationship between the '*’Au signal intensity and
the miRNA concentration. (e) Selectivity and specificity of the
Casl2a-ctDNA system. (f) Selectivity and specificity of the Cas13a-
miRNA system.

the intensities of '**Pt and '"’Au increase proportionally with
the augmentation of added ctDNA and miRNA, respectively.
Specifically, for the Casl2a-ctDNA system, the '**Pt signal
intensity demonstrated a robust linear logarithmic correlation
with the concentration of ctDNA ranging from 2.5 to 125 fmol,
adhering to the equation y = 14,736 lg x (fmol) — S041.
Notably, the limit of detection (LOD, calculated as 30/k) was
exceptionally low at 1.1 fmol (Figure 6¢ and Table 1).**
Similarly, in the Casl3a-miRNA system, the '*’Au signal
intensity correlated linearly and logarithmically with the miR-

21 concentration over the range of 2.5—1000 fmol, adhering to
the equation y = 10,658 lg x (fmol) — 4364, with an LOD of
1.0 fmol (Figure 6d and Table 1). The integration of CRISPR-
Casl2a/Casl3a and ICP-MS as the signal transduction
platform for the simultaneous quantification of ctDNA and
miRNA exhibits exceptional quantitative analytical abilities.
This is attributed to the potent trans-cleavage function of
CRISPR-Cas12a/Casl3a and the unparalleled strengths of
ICP-MS, including its superior capacity for multielement
analysis and immunity to spectral interference. Apart from that,
we evaluated the analytical performance of our proposed
method against other recent amplification-based assays for
quantifying ctDNA and miR-21 (Table $3),"*® as well as
dual-amplification systems that integrate CRISPR with other
amplification protocols (Table $4).*”°° Encouragingly, our
method’s performance is mostly superior or comparable,
suggesting that its integration with amplification technologies
in the future may pave the way for even more sensitive
simultaneous detection of ctDNA and miRNA, enabling the
examination of complex clinical samples and contributing to
early disease diagnosis.

Specificity and Serum Assay. In order to assess the
selectivity and specificity of our proposed analytical method-
ology, we compared the signal intensities of the CRISPR-
Casl2a/Casl3a systems with target concentrations (50 fmol
ctDNA for Casl2a, 500 fmol miR-21 for Casl3a) and
interfering substances at 10-fold higher concentrations. For
the CRISPR-Cas12a system, HIV, HAV, and HPV are selected
as the interfering substances, and for the CRISPR-Casl3a
system, miR-125b, miR-223, and miR-141 are employed.
Figure 6e,f clearly shows that the signal response remains
subdued, even in the presence of interferents at concentrations
much higher than the target. Furthermore, even when the
CRISPR-Cas12a/Casl3a systems are activated with a mixture
containing the target at its native concentration and
interferents at 10 times that concentration, the resulting signal
intensity is comparable to that observed with the target alone,
emphasizing the favorable selectivity and specificity of our
analytical methodology. To assess the practical viability of our
analytical method, we conducted spiked recovery assays on
human serum samples. Herein, we spiked a range of
concentrations of ctDNA and miR-21 into different serum
samples and subsequently analyzed them. The results,
summarized in Table S5, show recovery rates ranging from
93.1 to 108.3%, with RSD varying from 1 to 7.9%. This affirms
the promising potential of our method, which employs
CRISPR-Casl2a/Casl3a and ICP-MS as signal transduction
platforms, for the simultaneous quantification of ctDNA and
miRNA in complex clinical samples.

B CONCLUSIONS

In summary, we developed a simple and rapid mass
spectrometry method that leverages CRISPR-Cas12a/Casl13a
and ICP-MS in conjunction with freeze-labeled nanoparticles
as signal reporters for simultaneous analysis of ctDNA and
miRNA. The potent trans-cleavage function of CRISPR-

Table 1. Analytical Performance for the Simultaneous Detection of ctDNA and miRNA

detection method target liner range (fmol)
CRISPR-Casl2a ctDNA 2.5-125
CRISPR-Casl3a miR-21 2.5—1000

liner relationship LOD (fmol)
y = 14,736 lg x (fmol) — 5041 1.1
y = 10,658 Ig x (fmol) — 4364 1.0
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Casl2a/Casl3a, ICP-MS unparalleled sensitivity and versa-
tility in multielement analysis, as well as the nanoparticle
intrinsic self-amplification facilitate ultrahigh sensitivity detec-
tion of ctDNA and miRNA, eliminating the requirement for
further nucleic acid amplification. Furthermore, this method
demonstrates favorable specificity and potential for further
clinical applications, positioning it as a promising platform for
integrated diagnostic-therapeutic systems aimed at early
disease detection.
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