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Regulating CRISPR/Casl2a trans-cleavage on the
hairpin DNA-MB nanointerface for enhanced
multiplexed sensing applicationf
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RNA-programmed clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-
associated systems (Cas) have garnered considerable attention in gene editing and molecular
diagnostics. However, the precise control over the catalytic activity and cleavage site of Casl2a, a typical
subtype of the Cas family, as well as its combination with downstream dynamic DNA technology remains
challenging. Here, it was demonstrated that the cleavage activity and site can be modulated by adjusting
the root, loop and stem of hairpin DNA reporters attached onto magnetic beads (MBs). The accelerated
and controlled Casl2a trans-cleavage on the MB-hairpin DNA nanointerfaces is leveraged to trigger
downstream hybridization chain reaction (HCR). Capitalizing on fluorescence (FL) labeling or double-
stranded DNA (dsDNA) intercalators (SYBR green | or Ru-dppz), multiplexed detection (label or label-
free, single-mode FL or dual-mode FL/ICP-MS) can be realized. Taking porcine pseudorabies virus (PRV)
DNA as a model target, the potential application of this approach was demonstrated in clinical diagnosis,
which achieves 100% accuracy that rivals the gold standard PCR. This methodology holds promise in
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Introduction

The efficient trans-cleavage nuclease activity of the RNA-
programmed CRISPR-Casi2a system has spurred intense
research interest from gene editing to imaging and molecular
diagnostics.'” Upon the base pairing of a nucleic acid target to
the complementary crRNA guide, the trans-cleavage activity of
Cas12a nuclease is activated, randomly cleaving single-stranded
DNA (ssDNA) fragments.* Typically, in the presence of a reporter
ssDNA with a fluorophore and a quencher labelled at both ends
(FQ-ssDNA), the fluorescence will witness a gradual increase
with the degradation of the ssDNA reporter, entailing the signal
transduction of molecular recognition events and diagnostics.®

Although CRISPR/Cas12a-based technology has demon-
strated great potential in molecular diagnostics,® limitations
become evident when low levels of specific nucleic acid targets
in complex real samples are to be rapidly detected. For example,
the trans-cleavage activity is highly dependent on the random
diffusion and collision between the activated Cas12a protein
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a wide array of biological applications.

and the DNA reporter.” In the case of free FQ-ssDNA reporters,
the binding and interplay with activated Cas12a protein is far
from sufficient.® Besides, the inefficient quenching of the fluo-
rophore by the quencher leads to a relatively high fluorescence
background and compromises the detection sensitivity. There-
fore, a reporter ssDNA with a length of less than 30 nt has been
usually adopted to ensure proximity and efficient Forster reso-
nance energy transfer (FRET) between the fluorophore and
quencher.’ The use of short free FQ-ssDNA reporters, however,
brings about a new dilemma. That is, the resultant DNA frag-
ments from the arbitrary site of trans-cleavage cannot be
leveraged for downstream dynamic DNA nanotechnology (such
as hybridization chain reaction or strand displacement ampli-
fication), which has considerably limited the flexibility of sensor
design and analytical performance. Probably because of this,
current signal amplification strategies mainly concentrate on
upstream pre-amplification including polymerase chain reac-
tion (PCR) and isothermal techniques (e.g. recombinase poly-
merization amplification, RPA and loop-mediated isothermal
amplification, LAMP). Most noteworthy are those that are well-
known such as DETECTR," SHERLOCK," HOLMES,"
Cas12aVDet" and so forth. To address these limitations and
fulfil the capability of CRISPR-Cas systems, it is imperative to
control the kinetics, activity and site of CRISPR-Casl2a
cleavage, and bridge the gap with downstream dynamic DNA
technology.

Regarding kinetics, a feasible resolution may be the use of
simple three-dimensional scaffolds that colocalize DNA

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reactants in a confined space, such as loading abundant DNA
onto gold nanoparticles (AuNPs) or magnetic beads (MBs).'**
Accelerated reaction kinetics and enhanced performance have
been widely observed in the literature and our previous
work.''® Featuring cost-effective and facile magnetic separa-
tion, trans-cleavage on the MB-DNA nanointerfaces enables
simpler, faster, and improved diagnosis of possible HBV
infections. In the pursuit of higher Casl2a trans-cleavage
activities, other DNA secondary structures (e.g. hairpin,*
triplex,*® and G-quadruplexes®***) have been embraced by
researchers. The special structural arrangement of these DNA
secondary structures has, for some unknown reasons, contrib-
uted to faster reaction kinetics and enhanced activities.
Molecular dynamics studies have demonstrated that the stem-
loop DNA has a higher affinity to the Cas12a catalytic pocket
than ssDNA, and hairpins with different loop lengths make
a big difference.”® This has significant implications in the
design of CRISPR-Cas systems with controllable activity and site
of cleavage, potentially compatible with dynamic DNA nano-
technology and holding promise for an array of biological
applications. In terms of signal output, alternative methods,
such as electrochemical methodology,* visual detection®*** and
inductively coupled plasma mass spectrometry (ICP-MS),>”?®
have been well established, among which ICP-MS has the
advantage of low background, high sensitivity and wide
dynamic range. Nonetheless, the developed detection platforms
are mostly single-mode methods. The combination of two or
more approaches, namely dual-mode or multi-mode detection,
could potentially enhance the accuracy and reliability of
bioassays by the cross validation between/among different
methods.”*' However, to the best of our knowledge, the
rational control of CRISPR-Cas12a trans-cleavage on the MB-
hairpin DNA nanointerfaces has not been reported, nor its
marriage with downstream dynamic DNA technology, nor have
the ICP-MS based dual-mode or multiplexed detection plat-
forms been developed for molecular diagnostic purposes.
Herein, we proposed the construction of various hairpin
DNA-modified MBs and investigated the trans-cleavage
behavior on these different 3D nanointerfaces. The use of MB-
hairpin DNA probes promises to accelerate the trans-cleavage
kinetics, simplify the separation and purification process, and
serve as a platform for the implementation of downstream
reactions. After a critical evaluation of the impact of the spacer
(or root), stem and loop domain, the controlled CRISPR-Cas12a
trans-cleavage with desirable catalytic activity and cleavage site
was attained. On top of that, the hybridization chain reaction
(HCR) was further conducted with the hairpin DNA-MB resi-
dues after controlled Cas12a cleavage. In addition to fluorescent
labelling, capitalizing on the intercalation of SYBR green I or
Ru-dipyridophenazine (dppz) to the long dsDNA concatemers
from the HCR, label-free fluorescence and/or inductively
coupled plasma mass spectrometry (ICP-MS) detection were
also described. Taking porcine pseudorabies virus (PRV) DNA as
a model target, the potential application of the FL/ICP-MS dual-
mode CRISPR-Cas12a detection platform in clinical diagnosis
was explored, achieving 100% accuracy that rivals the gold
standard PCR. This study attempts to provide a deeper
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understanding and better control of the Cas12a cleavage that
can be used to assist the development of improved diagnostic
platforms and holds promise in a wide array of biological
applications.

Results and discussion

Feasibility of trans-cleavage on the hairpin DNA-MB
nanointerface

The feasibility of trans-cleavage on the hairpin DNA-MB inter-
face was investigated in the first place employing fluorescence
for signal output, and compared to those using a free ssDNA
and a free hairpin DNA as substrates (Fig. 1A). To this end, the
two terminals of the free sSDNA and hairpin DNA strands were
labeled with a fluorophore (F) and a quencher (Q), respectively,
while those of the hairpin DNAs to be assembled on MBs were
labeled with biotin (B) and a fluorophore (F), yielding hairpin
DNA-MB nanointerfaces via specific streptavidin-biotin inter-
action. The sequences of the ssDNA-FQ, the hairpin DNA-FQ
and the hairpin DNA-FB were listed in Table S1.f Unless
otherwise specified, a conserved sequence of PRV DNA con-
taining a 5 TTTG protospacer-adjacent motif (PAM) was
selected as a model target and used to activate the CRISPR-
Casl2a system in a feasibility test and experimental condi-
tions exploration. Once activated, the ssSDNA-FQ, the hairpin
DNA-FQ, and the hairpin DNA-FB-MBs were degraded with the
fluorescence of the labeled fluorophores recovered. The fluo-
rescence emission of 6-FAM at 520 nm (Ex = 480 nm) was
recorded at cleavage time of 3, 5, 10, 15 and 20 min for each
system. As shown in Fig. 1B and S1,f in the presence of target
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Fig.1 (A) Schematic illustration of the CRISPR-Cas12a trans-cleavage
of the ssDNA-FQ, the hairpin DNA-FQ and the hairpin DNA-FB-MBs;
and (B) the fluorescence intensities at different cleavage time using the
ssDNA-FQ, the hairpin DNA-FQ and the hairpin DNA-FB-MBs as
substrates, respectively.

Chem. Sci., 2025, 16, 11456-11463 | 11457


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01759a

Open Access Article. Published on 19 May 2025. Downloaded on 3/29/2026 10:10:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

PRV DNA, the fluorescence intensities gradually increased with
cleavage time, indicating that CRISPR-Cas12a worked well on
not only the free ssDNA and the hairpin DNA, but also the
hairpin DNA-MB nanointerfaces. Note that an HIM microplate
reader was used throughout this work for fluorescence detec-
tion, and the fluorescence intensities recorded at a specific
wavelength (as in Fig. 1B) were different from those read from
the fluorescence spectra (Fig. S11). Compared with the free
ssDNA-FQ, the hairpin-FQ and the hairpin-FB-MB substrates
featured a significantly lower fluorescence background due to
the close contact between the fluorophore and the quencher,
coinciding with previous publications,**** with further advan-
tages such as higher affinity of CRISPR-Cas12a towards hairpin
DNA structures and faster rate of trans-cleavage. More impor-
tantly, the localized MBs with high hairpin DNA density showed
an even faster trans-cleavage rate and higher signal-to-
background ratios (Fig. S21), and this is of great importance
for practical applications allowing for the easy separation and
purification of the MBs simply using a magnet.

Exploring controlled cleavage on the hairpin DNA-MB
nanointerface

Hairpin DNA, also known as a stem-loop structure, is one of the
specific DNA secondary structures consisting of an unpaired
loop and a double-stranded stem occasionally with elongated
sticky ends (or called root).** Since activated Cas12a indistin-
guishably cleaves single strands, both the loop and root region
of the hairpin structure can be cleaved. Therefore, the
controlled trans-cleavage of the hairpin DNA on MBs is crucial
for biosensor development.

To evaluate the influence of the root region on the trans-
cleavage of CRISPR-Cas12a, a series of hairpin DNA sequences
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Fig. 2 (A) Schematic illustration of the CRISPR-Cas12a trans-cleavage
of hairpin DNA-MBs with different root lengths; (B) the fluorescence
intensities of the supernatant solutions from the cleavage of hairpin
DNA-MBs with different root lengths; and (C) the estimated propor-
tions of cleavage occurring at the root region.
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with the same loop but different root length (0, 3, 6, 10 nt) were
separately assembled onto the MBs (Fig. 2A). All the hairpin
DNA sequences were labeled with a FAM fluorophore at the 5’
end. When activated Cas12a cleaved the root, the hairpin DNA
will detach from the surface of MBs into the supernatant,
generating a fluorescence emission signal; while activated
Cas12a cleaved the loop portion, the stem structures remained
stable at room temperature due to the high melting tempera-
tures (Tm, Fig. S31), thereby no fluorescence was detected in the
supernatant. As can be clearly seen from Fig. 2B and S4,T with
the increase of the root length, more intense fluorescence was
detected in the supernatant, implying higher probability of
cleavage occurring at the root region. The proportions of
hairpin DNA-MBs cleaved at the root region were roughly esti-
mated, which reached approximately 50% when the root length
was 10 nt (Fig. 2C). Presumably, the hairpin DNA-MBs with
longer roots featured lower steric hindrance and more acces-
sible cleavage sites, thus facilitating the recognition and
cleavage of Casl2a to release more fluorophores. In contrast,
when the root length was 0 nt, the trans-cleavage towards the
root could be largely inhibited and cleavage was confined to the
loop section, achieving precise control of the cleavage site.

Since the RuvC domain is responsible for the trans-cleavage
activity of Cas12, and it has a higher binding affinity towards the
hairpin structures than the ssDNA, hairpin sequences with the
same stem structure but different loop lengths (0C, 5C, 10C, 15C
and 20C, C represents cytosine) were attached to the MBs to
investigate the impact of the loop structure. Here, the root and
stem lengths were kept at 0 nt and 24 nt, respectively, and the
hairpin DNA sequences were all labeled with a FAM fluorophore
at the 5’ end. As expected, in the presence of activated CRISPR-
Cas12a, only the loop domain will be cleaved. However, the
hairpin DNA with cleaved loops would not dissociate from the
MBs as the stem part was rather stable (7}, = 69.2 °C, Fig. S57).
To visualize the proportions of hairpin DNA with Cas12a-
cleaved loops, two means were adopted to denature the stem
dsDNA and release the FAM-labelled ssDNA (Fig. 3A), heating at
75 °C for 10 min or Exonuclease III (Exo III) digestion. In this
manner, the detected fluorescence intensities of FAM could
reveal the impact of loop length on the trans-cleavage activity of
CRISPR-Cas12a. As demonstrated in Fig. 3B and C, irrespective
of the denaturing method adopted (heating or Exo III), the
supernatant fluorescence increased with the loop length,
reaching the maximum at a loop length of 15 nt and then lev-
elled off. This suggests a stronger binding of hairpin DNA with
greater loop lengths to the Cas12a catalytic pocket, substanti-
ating that the loop length can be used to regulate the trans-
cleavage activity.

Stem length has a direct impact on the stability of the
hairpin structure. Hairpin sequences with the same loop
structure (10 nt) but different stem lengths (6, 8, 10, 12 and 14
bp) were then assembled on the MBs (Fig. S61). Hereafter, the
hybridization chain reaction (HCR) was incorporated to facili-
tate the combination of CRISPR-Casl2a with downstream
dynamic DNA technology, and in turn, to evaluate the impact of
stem length on the trans-cleavage (Fig. 4A). Specifically, the
ssDNA fragment between the loop and the MBs served as an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Schematic illustration of the CRISPR-Cas12a trans-cleavage
of hairpin DNA-MBs with different loop lengths. The loop-cleaved
hairpin DNA-MBs were denatured by either heating at 75 °C for 10 min
or digesting with exonuclease Il to release the fluorophores; (B) the
fluorescence intensities of the supernatant solutions from the
cleavage of hairpin DNA-MBs with different loop lengths (loop-
cleaved hairpin DNA-MBs denatured by heating); and (C) the fluo-
rescence intensities of the supernatant solutions from the cleavage of
hairpin DNA-MBs with different loop lengths (loop-cleaved hairpin
DNA-MBs denatured by Exo llI).

initiator (HO) to trigger the chain hybridization reaction with
H1-FAM and H2 strands. The HCR among HO, H1 and H2 in
solution was verified by the polyacrylamide gel electrophoresis
(PAGE) analysis of the HCR products (Fig. S7t). Changes in the
Gibbs free energy during the HCR simulated by NUPACK soft-
ware also proved the hybridization of HO, H1 and H2 (Fig. S81).
In addition, the HO-modified MBs became more negative after
H1 and H2 were introduced (Fig. S9f), demonstrating the
feasibility of the HCR among HO, H1 and H2 on MBs. Since
a free poly-C tail may be generated when the hairpin was cleaved
by Cas12a, HO with different lengths of poly-C tail (0, 5C, 10C)
were used to trigger the HCR either in solution or on the MBs
(Fig. S101). PAGE analysis demonstrated that long-chain frag-
ments exceptionally occurred in the lanes loaded with the HCR
products from HO-xC, H1 and H2 (Fig. S10B}). Moreover, the
fluorescence intensities originating from the HCR of MBs-H0-
xC with H1-FAM and H2 were less affected by the length of the
poly-C tail (Fig. S10Ct), implying that the poly-C tail would not
interfere with the HCR reaction.

The Cas12a trans-cleavage of hairpin DNA-MBs with different
stem length was studied and the results are presented in Fig. 4
(here the HO sequence was kept the same for all stem lengths of
hairpin DNA-MBs). With stems of length 6 or 8 bp, the HO
fragment within the hairpin structure easily hybridized with H1-
FAM and H2, yielding intense fluorescence whether in the
absence of PRV DNA (inactivated CRISPR-Cas12a, NC, Fig. 4B) or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Schematic illustration of the CRISPR-Cas12a trans-cleavage

of hairpin DNA-MBs with different stem lengths. The loop-cleaved
hairpin DNA-MBs were separated, heated or otherwise, and hybrid-
ized with H1-FAM and H2; (B) the fluorescence intensities from the
HCR of loop-cleaved hairpin DNA-MBs (no heating) with H1-FAM and
H2; and (C) the fluorescence intensities from the HCR of loop-cleaved
hairpin DNA-MBs (heating) with H1-FAM and H2.

in the presence of PRV DNA (activated CRISPR-Casl2a, PC,
Fig. 4B); whereas with stems of length 10 bp and longer, the
hairpin structure on MBs was so stable that the HCR became
rather difficult, generating negligible fluorescence whether the
loop was cleaved or not (NC/PC, Fig. 4B); however, if heating
denaturing was implemented on the loop-cleaved hairpin DNA-
MBs prior to the HCR, significant fluorescence can be observed
for those with stem length longer than 10 bp (PC, Fig. 4C). To
better visualize this process, FAM-labeled hairpin DNAs (root
length 10 nt, stem length 14 bp, loop length 10 nt) were
assembled onto the MBs (Fig. S11Af). In the presence of acti-
vated Casl2a, both the loop and the root domain would be
cleaved, releasing root-cleaved FAM-hairpin into the solution
and loop-cleaved DNA hairpins were retained on MBs. After
heating, the loop-cleaved hairpin DNA-MBs were denatured and
the FAM-labeled ssDNA fragments were further released into the
solution. Following the introduction of ROX-labeled H1 (H1-
ROX) and H2 strands, the HCR would be initiated on the MBs.
The emergence of 6-FAM fluorescence in the solutions from both
the root-cleaved hairpin DNA and the heating-denatured loop-
cleaved hairpin DNA-MBs, as well as the ROX fluorescence
after the HCR on MBs, altogether verified the whole process
described above (Fig. S11B7). MBs-HP with longer stem lengths
allowed further implementation of downstream HCR on the MBs
after trans-cleavage and heating denaturing. Of note, the fluo-
rescence from the loop-cleaved hairpin undergoing heating
denaturing was higher than that from the root cleaved, which,
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again, proved the higher binding affinity of Cas12a to the loop
domain than the root.

Leveraging the controlled trans-cleavage on hairpin DNA-MB
nanointerfaces and the HCR for multiplexed detection of PRV
DNA

From the above discussion, it can be concluded that the stem
length and root length would exert a significant impact on the
stability of the hairpin structure and the cleavage site, while the
cleavage activity was partially affected by the loop domain
(higher binding affinity of Cas12a to the loop domain than
ssDNA) and undoubtedly, the concentration of activated
Cas12a. The controlled trans-cleavage on the hairpin DNA-MB
nanointerfaces was leveraged for the detection of the model
target PRV DNA, combining downstream isothermal HCR
amplification and various methods for multiplexed signal
readout.

To this end, hairpin DNA with the same loop sequence (10C)
but different stem/root lengths (6 bp/18 nt, 12 bp/12 nt, 14 bp/10
nt, 24 bp/0 nt) was modified on MBs (denoted as MBs-HP-6,
MBs-HP-12, MBs-HP-14 and MBs-HP-12, respectively), and
subjected to trans-cleavage by the CRISPR-Cas12a activated with
different concentrations of PRV dsDNA (Fig. 5A). The MBs were
collected after cleavage, heating denatured or otherwise, fol-
lowed by the introduction of H1-FAM and H2 strands to initiate
possible HCR assembly. In this fashion, the ultimate fluores-
cence intensities were closely correlated to the concentration of
PRV DNA. Since Casl2a specifically cleaves ssDNA instead of
RNA, DNA-RNA chimera hairpin structures have been recently
used to control the cleavage site of Cas12a and expose the
ssRNA sequence for subsequent assays.**” Here, DNA-RNA
chimera hairpin assembled MBs (denoted as MBs-HP-D-R,
0 nt of root, 24 bp of stem, 10 nt of loop) were prepared in
parallel, following the same procedures as DNA hairpin-MBs.
Theoretically, the activated Cas12a merely cleaves ssDNA in
the DNA-RNA chimera hairpin, generating MBs-ssRNA to trigger
the HCR assembly with H1 and H2 strands. The feasibility to
use the Cas12a-cleaved DNA-RNA chimera hairpin to initiate the
HCR assembly with H1 and H2, both in solution and on MBs,
was experimentally verified as shown in Fig. S12 and S13.}

Parameters affecting the Cas12a trans-cleavage were care-
fully evaluated, taking MBs-HP-D-R as an exemplified substrate
(Fig. S141). After that, the fluorescence intensities (Fig. 5) and
corresponding fluorescence spectra (Fig. S157) were recorded
for Cas12a activated with different concentrations of PRV DNA
using MBs-HP-6, MBs-HP-12, MBs-HP-14, MBs-HP-24 and MBs-
HP-D-R as cleaving substrates, respectively. The results are
presented in Fig. 5B-G. In the case of HP-6 with a root length of
18 nt and a stem length of 6 bp, the hairpin was ready to initiate
the HCR with H1-FAM and H2 in the absence of PRV DNA and
without heating denaturing. Note that the CRISPR-Casl2a
system was inactivated when no target PRV DNA was added
and the ultimate fluorescence in Fig. 5 referred to the portion
retained on the MBs. With the increase in the concentration of
PRV DNA, the fluorescence from the HCR gradually decreased,
likely because the activated Cas12a easily cleaved the root of HP-
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and the HCR for amplification. The relationship between the fluores-
cence intensities and the concentrations of PRV DNA using: (B) MBs-
HP-6 as trans-cleavage substrates without heating denaturing; (C)
MBs-HP-12 as trans-cleavage substrates without heating denaturing;
(D) MBs-HP-12 as trans-cleavage substrates with heating denaturing;
(E) MBs-HP-14 as trans-cleavage substrates with heating denaturing;
(F) MBs-HP-24 as trans-cleavage substrates with heating denaturing;
or (G) MBs-HP-D-R as trans-cleavage substrates without heating
denaturing.

6 on this occasion, and thus part of the HP-6 was detached from
the MBs and subsequent HCR assembly was inhibited. When
MBs-HP-12 (stem length 12 bp, root length 12 nt) served as the
trans-cleavage substrate, the hairpin structure was stabler due
to the greater stem length, and thus the HCR hardly occurred
among HP-12, H1-FAM and H2, and much lower fluorescence
(<2000 a.u.) was observed when no PRV DNA was added. The
fluorescence intensities augmented at low concentrations of
PRV DNA but declined at higher concentrations of PRV DNA,
regardless of whether heating denaturing was applied or not
(Fig. 5B and C). Presumably, at low concentrations of PRV DNA,
the activated Cas12a preferentially cleaved the loop section due
to the higher binding affinity, hence favouring the following
HCR process and yielding stronger fluorescence; however, when
the concentration of PRV DNA further increased, the probability
of HP-12 to be cleaved at the root section soared so that less HP-
12 was retained on MBs for the ensuing HCR. Note that heating
denaturing seemed to facilitate the HCR at low concentrations
of PRV DNA in the case of HP-12 and HP-14 (Fig. 5D and E),
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probably by exposing more single strands containing the HO
sequence. Furthermore, when MBs-HP-24 with the maximum
stem length and minimum root length were to be cleaved, the
trend became totally different, and the fluorescence intensities
keeping increasing with the concentration of PRV DNA from
0 nM to 20 nM (Fig. 5F). This clearly indicates that controlled
Cas12a trans-cleavage can be attained via hairpin DNA structure
design and leveraged for biosensing purposes. It should be
noted that when the MBs-DNA-RNA chimeric hairpin was used
as the cleaving substrates, the HCR assembly could be triggered
after Casl2a trans-cleavage of the DNA fragments without
heating denaturing, likely due to the instability of DNA-RNA
duplexes. The changes in fluorescence intensities versus the
concentration of PRV DNA resembled that of MBs-HP-14 with
heating denaturing (Fig. 5G). Despite that, DNA-RNA chimera
hairpins were high in acquisition costs and low in stability and
HCR efficiency, thus highlighting the advantage of using
hairpin DNA-assembled MB substrates over their DNA-RNA
counterparts in this study.

Apart from fluorescence labeling, label-free detection
methods can be developed by taking advantage of the binding of
intercalators (such as DNA-staining dye, SYBR green I, and Ru-
dppz complexes) with the long dsDNA concatemers derived
from the HCR. Moreover, the fluorescence of Ru-dppz and the
considerable Ru atoms embedded into the dsSDNA may be further
exploited for an FL/ICP-MS dual-mode signal output (Fig. S167).
In this way, the label-free and dual-mode detection of PRV DNA
can be realized. As manifested in Fig. S17,7 capitalizing on SYBR
green I or Ru-dppz for dsDNA staining, the fluorescence inten-
sities of SYBR (single-mode) as well as the fluorescence intensi-
ties of Ru-dppz and the ICP-MS intensities of '*'Ru (dual-mode)
increased linearly with the concentration of PRV DNA from 0.5 to
10 nM following the procedures described earlier.

Clinical sample analysis

To date, various methods have been developed for the diagnosis
of PRV DNA*** mostly relying on real-time PCR (RT-PCR).
Herein, a dual-mode FL/ICP-MS protocol was employed for
the clinical diagnosis of possible PRV infections in swine.
Twelve blood samples were collected from healthy and diseased
swine, and the PRV-relevant DNA was extracted from the blood
samples and identified by RT-qPCR as six PRV-negative and six
PRV-positive samples (Table S4t). Meanwhile, the PCR ampli-
cons were analyzed by the dual-mode method established in
this work, combining controlled Cas12a trans-cleavage of MBs-
HP-24, HCR assembly and Ru-dppz staining (Fig. 6A). The
fluorescence and ICP-MS signals were recorded for these
samples and visualized by heatmaps (Fig. 6B and E) and box
plots (Fig. 6C and F). Evidently, there were significant differ-
ences in the FL and ICP-MS intensities between the group of
negative and positive samples. Diagnoses by the developed
dual-mode approach were in good agreement with those by RT-
gPCR (Table S4t). Besides, the receiver operating characteristic
(ROC) curve demonstrated that the Area Under the Curve (AUC)
of both fluorescence and mass spectrometry methods was 1
(Fig. 6D and G), suggesting that this method should have
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Fig. 6 (A) Schematic illustration of the workflow for the clinical
diagnosis of PRV infection using the developed protocol, combining
controlled Casl2a trans-cleavage of MBs-HP-24, HCR assembly, Ru-
dppz staining and FL/ICP-MS dual-mode detection. (B—D) Heatmaps,
box plots and ROC curves of the PRV-negative and PRV-positive
samples by fluorescence detection; and (E-G) heatmaps, box plots
and ROC curves of the PRV-negative and PRV-positive samples by
ICP-MS detection. Data presented as mean =+ SD (n = 3) and compared
with a two-tailed paired Student's t-test, **P < 0.01.

important implications in clinical diagnosis with utmost
sensitivity, specificity and accuracy of 100% that rivals the gold
standard PCR.

Conclusions

In summary, the site, activity and kinetics of CRISPR-Cas12a
trans-cleavage were regulated by conducting cleavage on the
hairpin DNA-MB nanointerfaces. The results in this work
demonstrated that the root length and stem length determined
the cleavage site and stability of the hairpin structure (both
uncleaved and loop-cleaved), while the cleavage activity was
mainly affected by the loop domain (higher binding affinity of
Cas12a to the loop domain than ssDNA) and the concentration
of activated Casl12a. The controlled trans-cleavage on the
hairpin DNA-MB nanointerfaces was leveraged for biosensing
and molecular diagnostic combining isothermal HCR
assembly, bridging the gap between the CRISPR-Cas system
with downstream dynamic DNA technology. Apart from fluo-
rescence labelling, label-free methods adopting dsDNA inter-
calators such as SYBR Green I and Ru-dppz were also exploited
for single-mode or FL/ICP-MS dual-mode signal readout. Label-
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free detection, together with the cross-validation capability
endowed by dual-mode signal readout, permitted simple, reli-
able and accurate clinical diagnosis of PRV infections that
rivalled the gold-standard PCR. Above all, this study provides
a deeper understanding and better control of the Casl2a
cleavage that can be used to assist the development of improved
diagnostic platforms, with significant implications in a wide
array of biological applications.
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