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ABSTRACT: Viral proteases are critical molecular targets in viral
pathogenesis, representing pivotal biomarkers for understanding
viral infection mechanisms and developing antiviral therapeutics.
This study introduces a label-free electrochemical biosensor that
enables sensitive viral protease detection by integrating protease-
responsive CRISPR/Cas protein switches (CasPSs) with a hemin
aptamer-functionalized electrochemical interface. The biosensor’s
mechanism relies on viral protease-mediated proteolysis, which
leads to the release of active Casl2a proteins from CasPSs and
generates amplified electrochemical responses through continuous
cleavage of immobilized redox-active hemin/aptamer complexes.

1(pA)

S
= =
ﬂs-cleava&i

Q 18
— @& WOy
i
H !

§ ¥y

_|h|

)

».

Hemin/aptamer Label-free electrochemical interface

This biosensor achieved specific hepatitis C virus NS3/4A protease sensing with femtomolar sensitivity and could be readily
expanded to other viral proteases by replacing the CasPS module. The feasibility of this biosensor was demonstrated by monitoring
enterovirus 71 3C protease activities in virus-infected cell samples with different viral loads and postinfection times. This study
provides a promising strategy for integrating CRISPR biosensing with electrochemical platforms, offering a helpful analytical tool for

viral infection monitoring and antiviral drug screening.

Bl INTRODUCTION

The development of robust methodologies for detecting viral
infections and screening antiviral drugs is crucial for addressing
contemporary and emerging infectious disease challenges.'™
Viral proteases, which catalyze polyprotein peptide chain
hydrolysis, play pivotal roles during viral pathogenesis.” These
enzymes facilitate critical processes such as viral protein
cleavage, viral particle release, modification of cell surface
receptors, and modulation of immune responses.”” For
instance, 3C and 3C-like (3CL) cysteine proteases, principal
proteolytic enzymes found in coronaviruses, picornaviruses,
and enteroviruses, are involved in the proteolytic processing of
polyproteins and interference with the cellular processes of
host cells.” Due to their specificity and critical role in viral
infection, proteases represent compelling targets for antiviral
drug development.”~"> The 3C and 3CL proteases are
particularly important drug targets in the development of
antiviral therapies. Several drugs targeting the 3C or 3CL
proteases have been developed and tested in clinical trials.
Examples include rupintrivir for human rhinovirus (HRV) and
nirmatrelvir and ensitrelvir for severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2).”'* Furthermore,
viral protease activity serves as a reliable indicator of the
viral infection process, and studies have used viral proteases as
markers to monitor viral infection.'”'* Therefore, developing
highly sensitive viral protease assays is crucial for elucidating
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the mechanism of viral infection and facilitating the develop-
ment of antiviral drugs.

To monitor the active biological state of viral proteases,
researchers typically employ chemically modified substrate
peptide probes to profile their proteolytic activity."> These
peptides, functionalized with organic dyes or nanomaterials,
generate measurable fluorescent or colorimetric signals in
response to protease activity.'°”'® However, these methods are
constrained by limited sensitivity due to the absence of signal
amplification mechanisms.'’ Recently, RNA-guided CRISPR/
Cas systems have been repurposed as versatile biosensing tools
due to their inherent nuclease activity-derived signal
amplification capacity.”’~** Particularly, the Class 2 Type VI
Casl2a enzyme exhibits high collateral cleavage (trans-
cleavage) activity, capable of digesting nearby random single-
stranded DNA (ssDNA) sequences with high turnovers.”’ This
target-activated trans-cleavage activity endows Casl2a with
integrated functionalities, from molecular recognition to signal
conversion and amplification. By using chemically modified
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Scheme 1. Schematic Illustrations of the CasPS-Powered Label-Free Electrochemical Biosensor for Viral Protease Detection

Hemin/aptamer

Label-free electrochemical interface

ssDNA for signal reporting, the CRISPR-Casl2a system has
emerged as a powerful biosensing platform for advanced
nucleic acid diagnostics.zz*’25 Moreover, CRISPR-Casl2a-
mediated signal reporting systems have been exploited as a
versatile and efficient signal amplification platform for diverse
non-nucleic acid analytes by combining with other biorecog-
nition modules.”*~*’ Recently, our group expanded Casl2a’s
biosensing capabilities by en§ineering its responsiveness
toward specific viral proteases.”’ These protease-responsive
Casl2a enzyme switches offer an attractive tool for sensitive
protease activity assays, while their integration with advanced
measurement techniques remains to be fully explored.
Electrochemical techniques offer distinct advantages, includ-
ing high sensitivity, rapid response, operational simplicity, and
cost-effectiveness.”’ Their integration with CRISPR/Cas
systems has established new paradigms in biosensing.***’
Particularly, label-free electrochemical CRISPR biosensors
have garnered increasing attention due to their simplified
signal generation mechanisms.’* Here, we present a label-free
electrochemical biosensor that combines an electrochemical
interface with protease-responsive Casl2a protein switches
(CasPSs) for amplified viral protease detection. We first
demonstrate that the complexes formed by hemin and a
recently selected hemin aptamer can effectively report Casl2a
trans-cleavage activity through colorimetric and electro-
chemical signaling, exhibiting significantly improved perform-
ance compared to conventional hemin/G4 complexes. As
illustrated in Scheme 1, the CasPS module is engineered
through fusion of Casl2a to its truncated anti-CRISPR
counterpart (AAcrVA4) via a peptide linker incorporating
the substrate sequence of the target viral protease. Each
proteolytic event of the CasPS by the target viral protease
generates an active Casl2a, which continuously cleaves the
hemin/aptamer complexes immobilized on the electrode to
produce amplified electrochemical responses. Employing HCV
NS3/4A protease as a model, this label-free electrochemical
sensor achieves specific protease detection with femtomolar
sensitivity. By fine-tuning the CasPS module, the target scope
of this electrochemical biosensor could successfully expand to
different viral proteases. Moreover, the sensor demonstrates
remarkable capability in detecting viral 3C protease activity
within the lysates from cells infected with enterovirus 71
(EV71). Furthermore, we assess the sensor’s feasibility in
monitoring 3C protease activities during the infection process
of EV71 infection at varying viral loads and postinfection
times. Therefore, this study establishes a new electrochemical
biosensor for sensitive viral protease analysis, highlighting its

potential applications in viral disease diagnostics and antiviral
drug development.

B EXPERIMENTAL SECTION

Chemicals. Proteases, including HRV type 14 3C protease,
tobacco etch virus (TEV) protease, and 3C cysteine
proteinase, were obtained from Beyotime Biotechnology
(Shanghai, China). Thrombin (Thr) and matrix metal-
loproteinase-2 (MMP2) were purchased from Sigma-Aldrich
(Saint Louis, MO, USA). TMB One Solution (HRP-based
ELISA) was acquired from Yisheng Bio (Shanghai, China).
Additional reagents were sourced from various manufacturers:
isopropyl f-p-thiogalactoside (IPTG), imidazole, kanamycin,
dithiothreitol (DTT), and glycerol from Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China); heparin sodium and
tris hydrochloride from Sangon Biotech Co., Ltd. (Shanghai,
China); hemin and SYBR Green II from Thermo Scientific
(Waltham, MA, USA). Cell culture materials, including
Dulbecco’s modified Eagle’s medium (DMEM) and Roswell
Park Memorial Institute (RPMI)-1640 media, trypsin, and fetal
bovine serum (FBS), were obtained from Invitrogen (Gibco,
USA). HPLC-purified RNA and DNA oligonucleotide
sequences (detailed in Table S1) were synthesized and purified
by General Biology Co., Ltd. (Anhui, China) and Sangon
Biotech Co., Ltd. (Shanghai, China), respectively. Stock
solutions (100 uM) of oligonucleotides were prepared using
DEPC-treated water and stored at —20 °C until use. All
chemicals were of analytical grade, and solutions were prepared
using ultrapure water (18.2 MQ-cm).

Protein Expression and Purification. Protein expression
and purification procedures for LbCas12a, CasPSs, and HCV
NS3/4A protease followed previously established protocols.*
The expression vectors pET28a(+)-bCasl2a, pET28a(+)-
CasPSyss/4a PET28a(+)-CasPS;¢, and pET28a(+)-CasPStgy
were obtained from GenScript Biotech Corporation (Nanjing,
China). For LbCasl2a production, Escherichia coli (E. coli)
Rosetta (DE3) cells were induced with 0.2 mM IPTG and
cultured at 16 °C for 16 h. His-tagged LbCas12a was isolated
using nickel affinity chromatography, with sequential applica-
tion of wash buffer (50 mM Tris—HCI, 1.5 M NaCl, 30 mM
imidazole, pH 8.0) and elution buffer (50 mM Tris—HC, 1.5
M NaCl, 600 mM imidazole, pH 8.0). Final purification
involved buffer exchange using demineralization buffer (50
mM Tris—HCI, 150 mM NaCl, 2 mM DTT, 10% glycerol, pH
8.0). The expression of CasPSs adopted the same procedure.

HCV genotype 1a NS3/4A protease was expressed in E. coli
cells induced with 0.5 mM IPTG at 25 °C for 16 h. Cell lysates
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Figure 1. Reporting of Casl2a’s trans-cleavage activity based on hemin aptamer. (A) Assessment of the trans-cleavage of various hemin-binding
DNA scaffolds by Cas12a RNPs. (B) Gel electrophoresis analysis of the cleavage of the aptamer, G3, G4a, and G4b by the activated Cas12a RNPs.
(C) Colorimetric signals resulting from the oxidation of TMB catalyzed by the hemin/DNA complexes, with and without prior treatment with
activated Cas12a RNPs. (D) Colorimetric signals produced by the hemin/aptamer-based CRISPR/Casl2a biosensing system in response to
varying DNA target concentrations. The DNA concentrations were 0, 0.001, 0.01, 0.1, 1, 10, and 100 nM; aptamer, 1 yM; hemin, 1.2 yM; and
Cas12a/crRNA, 100 nM. (E) Changes in absorbance at 652 nm (AAbs) corresponding to different DNA concentrations. Data points are expressed

as mean + standard deviation (SD, n = 3).

in resuspension buffer (50 mM HEPES, 500 mM NaCl, 20
mM imidazole, pH 7.6) underwent Ni-NTA agarose
chromatography, followed by buffer exchange into desalination
buffer (50 mM HEPES, 150 mM NaCl, 1 mM DTT, 10%
glycerol, pH 7.6).

For electrophoretic analysis, proteins were diluted to
appropriate concentrations (1 M LbCasl2a and CasPS; $
UM NS3/4A protease) in DEPC water, combined with SDS-
PAGE loading buffer, and processed for gel-shift assay.
Samples (10 pL) were resolved on 10% denaturing
polyacrylamide gels at 110 V for 2 h and visualized using an
Azure 300Q imaging system (Azure Biosystems Inc., USA).

Preparation of the Electrochemical Biosensor. The
bare gold electrode (AuE) was purified by a piranha solution
and polished with 0.05 ym alumina slurry. After cleaning, the
electrode underwent cyclic scanning between —0.3 to 1.5 V in
0.5 M H,SO, solution until a stable voltammogram was
attained. Afterward, the electrode was immersed into a
stabilizing buffer (10 mM HEPES, 0.5 M NaClO,, and 1.0
mM TCEP, pH 7.0) with 2 uM aptamer for 2 h. The AuE was
then rinsed with purified water to remove loosely bound
probes, followed by overnight immersion in a 2 mM solution
of 6-mercaptohexyl alcohol (MCH) to ensure secure attach-
ment to the gold surface, preventing nonspecific adsorption.
After washing and drying, 7 yL of a 100 yuM hemin solution
was incubated in the buffer for 30 min.

Procedure for Electrochemical Analysis. All the
electrochemistry experiments were performed in a three-
electrode cell using a CHI660A CH electrochemical work-

station (Shanghai, China). The AuE was used as the working
electrode, and the saturated calomel electrode (SCE) and
platinum electrode served as reference electrode and auxiliary
electrode, respectively. Electrochemical impedance spectrosco-
py (EIS) was performed across a frequency range of 0.1 Hz to
100 kHz, with an applied amplitude of 5.0 mV and a potential
of 0.22 V referenced against the SCE. The cyclic voltammetry
(CV) was carried out in 0.1 M KCI solution containing 5.0
mM [Fe(CN)¢]*~/*" by scanning the potential from —0.2 to
0.6 V under a scan rate of SO0 mV-s~'. All electrochemical
measurements were carried out at room temperature (2sx2
°C).

Preparation of EV71-Infected Cell Lysates. Human
embryonic kidney (HEK 293T) cells were cultured in high-
glucose (4.5 g/L) DMEM supplemented with 10% FBS, 100
U/mL penicillin, and 100 pug/mL streptomycin. EV71 virus
purification was performed following established protocols
from previous literature.”® HEK293T cells were infected with
EV71 viruses at varying titers for a specified duration, then
washed with phosphate-buffered saline (PBS) and lysed using
radioimmunoprecipitation assay (RIPA) buffer composed of
150 mM sodium chloride, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate (SDS), and S0 mM
Tris—HCI (pH 8.0). Then, the lysates were supplemented with
2 g/mL aprotinin, 2 g/mL leupeptin, 20 g/mL phenyl-
methylsulfonyl fluoride, and 2 mM DTT to retain protease
activity.
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B RESULTS AND DISCUSSION

Reporting of Cas12a’s Trans-Cleavage Activity Based
on Hemin Aptamer. CRISPR/Casl2a ribonucleoprotein
(RNP) retains its active conformation following cis-cleavage of
target DNA and exhibits robust trans-cleavage activity toward
ssDNA, which has been repurposed as a versatile signal
amplification platform in biosensing.’” By utilizing fluoro-
phore- or redox-modified ssDNA substrates, the presence of
target analytes can be converted into amplified fluorometric or
electrochemical signal outputs.®® Although this strategy is
effective, the preparation of dual-labeled ssDNA substrates
typically requires complex synthesis and purification proce-
dures. To overcome this limitation, we sought to construct
DNA substrate probes by leveraging the noncovalent
interactions between aptamers and their ligands. In this
context, the recently selected hemin aptamer emerges as an
ideal candidate,*® owing to hemin’s diverse functionalities,
particularly its catalytic and electrochemical activities.

To evaluate the potential of hemin/aptamer complexes as
reporters for Casl2a RNP trans-cleavage activity, we
investigated the susceptibility of hemin/aptamer complexes
to cleavage by activated Casl2a RNPs (Figure 1A). To this
end, we selected various hemin-binding DNA scaffolds,
including G-triplex (G3), two G-quadruplexes (G4a and
G4b), and hemin aptamer for evaluation (Figure S1).
Subsequently, using the widely used Lachnospiraceae bacterium
ND2006 Casl2a as the model (Figure S2), these DNA
scaffolds were incubated with activated Casl2a RNPs and
analyzed by gel-shift assay. Gel analysis revealed that exposure
to activated Cas12a RNPs resulted in complete degradation of
the aptamer band, with a cleavage efficiency of 98% (Figure
1B). In comparison, G3, G4a, and G4b structures exhibited
lower cleavage efficiencies of 73%, 16%, and 44%, respectively.
This marked difference in cleavage efficiency suggests that the
stem-loop structured aptamer is more susceptible to Casl2a-
mediated degradation compared to conventional heme-binding
motifs such as G3 and G4, likely due to Casl2a’s preferential
recognition of hairpin DNA structures.®”

Additionally, the hemin/aptamer complexes demonstrate
robust peroxidase-like activity, catalyzing the oxidation of
3,3',5,5 -tetramethylbenzidine (TMB) to its blue-colored
oxidized form. This property enables the colorimetric
detection of Casl2a’s trans-cleavage activity. To evaluate this
potential, the formation of hemin/DNA complexes was
confirmed by the appearance of red-shifted Soret bands in
the absorption spectra (Figure S3). Then, the signal reporting
capacities of hemin/aptamer, hemin/G3, and hemin/G4s were
assessed based on the absorbance changes of oxidized TMB
(oxTMB) at 652 nm. As illustrated in Figure 1C, although all
hemin/DNA complexes showed reduced colorimetric signals
following treatment with activated Casl2a RNPs, the hemin/
aptamer system exhibited the most pronounced decrease in
absorbance, from 0.67 to 0.25. These findings indicate that
hemin/aptamer complexes are superior reporters of Casl2a
RNP’s trans-cleavage activity, establishing a novel substrate
probe for advanced CRISPR biosensing. Therefore, we
developed a colorimetric CRISPR assay using hemin/aptamer
complexes as reporting probes. Using a fragment of the E. coli
M13 bacteriophage gene III as the target sequence, we assessed
the response of this colorimetric CRISPR assay across gradient
target concentrations. The absorbance decreased proportion-
ally with increasing target concentrations from 0 to 100 nM

(Figure 1D). By plotting the absorbance changes at 652 nm
(AAbs) toward different target concentrations (Figure 1E), we
demonstrated that this colorimetric CRISPR bioassay could
detect target concentrations as low as 1 pM, which is
significantly more sensitive than conventional fluorescent
CRISPR assays (30 pM, Figure S4). These findings
demonstrate the efficacy of hemin aptamer as a reporter for
Casl2a’s trans-cleavage activity.

Coupling of CasPS with Hemin Aptamer for Colori-
metric Protease Detection. Having demonstrated the
efficacy of hemin/aptamer complexes in reporting Casl2a’s
trans-cleavage activity, we explored their application in
developing sensitive viral protease bioassays. Our previous
research established several protease-responsive CasPSs
through computational chemistry-directed rational protein
interface engineering.30 These CasPSs enable the conversion
of each viral protease-mediated proteolysis event into an
activated Casl2a RNP, offering a powerful tool for the
detection of viral proteases. The amalgamation of CasPSs with
hemin/aptamer-based probes could potentially elevate detec-
tion sensitivity. To validate this approach, we used the protease
of the HCV NS3/4A as a model. We expressed CasPSys3/4a
and confirmed its reactivity to HCV NS3/4A protease via
SDS-PAGE analysis. The emergence of a band corresponding
to the molecular weight of Cas12a signaled the effective release
of Casl2a from CasPSys;/4s through HCV NS3/4A protease-
mediated proteolysis (Figure SS).

Subsequently, the activity of the released Casl2a was
reported by the peroxidase-like hemin/aptamer complex. We
established a colorimetric assay for HCV NS3/4A protease
detection by measuring absorbance changes in the detection
system (Figure 2A). As depicted in Figure 2B, the absorbance
at 652 nm proportionally decreased as HCV NS3/4A protease
concentration increased from 1 pM to 10 nM. The response
signal displayed a linear relationship with the logarithm of
NS3/4A protease concentration in the range of S0 pM to 10
nM. The limit of detection (LOD) was calculated to be 22.6
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Figure 2. Coupling CasPS with hemin aptamer for colorimetric
protease detection. (A) Schematic representation of the colorimetric
detection of HCV NS3/4A protease utilizing CasPS and hemin
aptamer. (B) Colorimetric signals produced by the CRISPR
biosensing system in response to varying concentrations of NS3/
4A. NS3/4A concentrations, 0, 0.001, 0.01, 0.05, 0.1, 0.5, 1, and 10
nM; aptamer, 1 uM; hemin, 1.2 uM; CasPSygs/4s, 40 nM; and
dsDNA, 50 nM. (C) Changes in absorbance at 652 nm (AAbs)
corresponding to different NS3/4A concentrations. Data points
represent mean =+ SD (n = 3).
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Figure 3. CasPS-powered electrochemical sensors for label-free viral protease detection. (A) Schematic representation of the electrochemical
detection of HCV NS3/4A protease based on CasPSyg;/44 activation. (B) EIS of the electrochemical interface with and without the treatment with
Cas12a RNPs. The inset illustrates the equivalent circuit used to fit the electrochemical impedance data. R, and R, represent the solution resistance
and charge transfer resistances, respectively. Zyy denotes the Warburg impedance resulting from the diffusion of ions from the electrolyte bulk to the
interface, while CPE indicates the constant phase element of the electrode surface/solution interface. (C) DPV curves of CasPSygssa
electrochemical biosensors in the absence (gray) and presence (orange) of HCV NS3/4A proteases. (D) Electrochemical response demonstrating
the selectivity of the system toward HCV NS3/4A protease compared to other proteases, including HCV NS3/4A protease (1 nM), HRV 3C
protease (100 nM), TEV protease (100 nM), MMP2 (100 nM), and thormbin (Thr, 100 nM). (E) Response of the sensor’s DPV signal to varying
concentrations of HCV NS3/4A protease. CasPSygs/44 40 nM; crRNA, 40 nM; and dsDNA, 10 nM. (F) Linear fitting of the responses of HCV
NS3/4A protease to the DPV signal change (AI) at different concentrations. Al is defined as the blank value minus the value of the blank group.
Data points represent mean + SD (n = 3).

pM according to the 36 rule,*” where o represents the standard
deviation of blank samples. These results demonstrate that the
coupling of CasPS with the hemin/aptamer complex enables
highly sensitive viral protease detection.

CasPS-Powered Electrochemical Sensors for Label-
Free Viral Protease Detection. Electrochemical testing
techniques present significant advantages, including high
sensitivity, rapid response, operational simplicity, and cost-
effectiveness.”’ Consequently, exploring the potential of CasPS
for developing electrochemical protease sensors is particularly
promising. Leveraging hemin’s intrinsic redox-active proper-
ties, a novel label-free electrochemical interface can be
constructed using hemin/aptamer complexes. The viral
protease-mediated proteolysis facilitates the release of active
Casl2a from CasPS, which induces measurable electro-

chemical signal alterations through the progressive cleavage
of hemin/aptamer complexes (Figure 3A).

Thus, the rational integration of CasPS with a hemin/
aptamer-based electrochemical interface offers a robust
approach to developing label-free biosensors for viral protease
detection. To achieve this, we first constructed a hemin/
aptamer-based electrochemical interface. The hemin aptamer,
modified with a thiol group at the 5’-terminus, self-assembled
on the surface of a AuE through the formation of Au—S bonds,
after which the surface was blocked with MCH. The
electrochemical interface was then fabricated by hemin
binding. Subsequently, we utilized EIS and CV to characterize
each step of the electrochemical interface’s assembly. The
charge transfer resistance (R,) of the gold electrode
progressively increased from 118.8 € to 2838 € following
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aptamer probe modification (Figure S6A, curves a to b).
Subsequent replacement of the nonspecific adsorption probe
with MCH further elevated the R, to 3450 Q (curve c).
Finally, incubation with hemin resulted in a marked interfacial
impedance increase, yielding an R, of 4367 Q. Similarly, the
bare AuE exhibited a pair of well-defined redox peaks (Figure
S6B curve a), indicating its inherent electron transfer
efficiency. Subsequent stepwise surface modification through
aptamer immobilization (curve b), MCH treatment (curve c),
and hemin functionalization (curve d) progressively attenuated
the CV response signal intensity.

Next, the accessibility of the hemin/aptamer-based electro-
chemical interface to Casl2a RNPs was subsequently
evaluated. The accessibility of the hemin/aptamer-based
electrochemical interface to Casl2a RNPs was systematically
evaluated. Upon treatment of the electrode with activated
Casl2a RNPs, the R, decreased from 4367 Q to 2623 Q
(Figure 3B). This observation indicated that Casl2a RNPs
could efficiently cleave the immobilized hemin/aptamer
complexes, generating distinct electrochemical responses.
Subsequently, the electrochemical interface was integrated
with CasPSyg3/4n to develop a label-free viral protease
biosensor, with the electrochemical response determined by
differential pulse voltammetry (DPV). As illustrated in Figure
3C, pretreatment of CasPSyg;/44 with HCV NS3/4A protease
resulted in a 74% reduction of the DPV peak current
corresponding to the reductive peak of hemin.""** Notably,
no significant current variations were observed when
CasPSys3/4a Was exposed to other viral proteases, such as
HRYV 3C protease and TEV protease, as well as physiology/
pathology-related proteases, like MMP2 and thrombin (Figure
3D), demonstrating the biosensor’s good selectivity.

The surface density of aptamers immobilized at the interface
critically determines the capture efficiency of hemin molecules,
directly impacting the electrochemical signal generation.
Consequently, we systematically optimized the aptamer
concentration during electrode immobilization. As illustrated
in Figure S7, DPV signals for hemin demonstrated a
progressive increase and subsequent stabilization when
aptamer concentrations were incrementally varied from 0.1
UM to 2 uM, with a notable plateau observed between 1.5 and
2 uM. Based on these findings, an aptamer concentration of 2
UM was selected as the optimal parameter for subsequent
experimental procedures.

Under the optimized condition, the electrochemical
responses of HCV NS3/4A protease at varying concentrations
were evaluated using the CasPS-powered label-free electro-
chemical biosensor. As the HCV NS3/4A protease concen-
tration increased from 10 fM to 10 nM, the DPV peak current
demonstrated a gradual decline (Figure 3E). A linear
relationship was observed between the DPV peak current
change (AI) and the logarithm of HCV NS3/4A protease
concentration, ranging from 100 fM to 10 nM, with the linear
regression equation: Al = 3.24 + 0.23 Ig ¢ (R* = 0.9988).
Applying the 3o rule, the LOD was determined to be 142.0 fM.
The intra-assay relative standard deviation (RSD) was 2.2%
across six biosensors within the same batch (Figure S8A).
Additionally, interassay analysis of six different biosensor
batches under identical experimental conditions revealed an
RSD of 3.6% in electrochemical signal response (Figure S8B),
demonstrating the biosensor’s excellent reproducibility. By
integrating CRISPR/Cas systems with the electrochemical
interface, we have developed a CasPS-based electrochemical

biosensor capable of detecting target proteases with
femtomolar sensitivity.

Versatility in the Analysis of Different Viral Pro-
teases. A key advantage of the CasPS-powered electro-
chemical biosensor is its remarkable versatility, stemming from
its modular design. By strategically fine-tuning the CasPS
module with different proteolysis-responsive capacities, elec-
trochemical biosensors for various viral proteases can be
fabricated without modifying the electrochemical interface. In
our previous study, we constructed CasPSpy and CasPS;c to
detect TEV protease and HRV type 14 3C protease,
respectively, utilizing their corresponding substrate peptides
as flexible linkers (Figure 4A).*° The respective protease

Viral protease Substrate sequence

GGAGLEVLFQIGPAGG

3C protease

TEV protease = GGAGENLYFQISGAGG
B HRV 3C €3 TEV
3 - =M® = =M
2
<? <
= =
= 81% \1 90%
1
0 0
-04 -0.2 -04 -0.2
E (V vs. SCE) E (V vs. SCE)

Figure 4. Versatility in the analysis of different viral proteases. (A)
Schematic illustration of CasPSs containing various viral protease
substrates as linkers. (B) DPV curves of electrochemical biosensors in
the absence (gray) and presence (orange) of HRV 3C protease. (C)
DPV curves of electrochemical biosensors in the absence (gray) and
presence (orange) of TEV protease. Each CasPS, 100 nM; crRNA,
100 nM; dsDNA, S0 nM; HRV 3C protease, S00 nM; and TEV
protease, S00 nM.

biosensors were then fabricated by integrating these CasPSs
with the electrochemical interface. For CasPS;c, the DPV peak
current decreased from 2.64 to 0.49 uA upon the treatment
with HRV 3C protease, representing an 81% reduction in
signal intensity (Figure 4B). Similarly, pretreatment with TEV
protease resulted in a 90% signal intensity reduction (Figure
4C). These results demonstrate the good versatility of the
CasPS-based electrochemical biosensor for the label-free
detection of diverse viral proteases.

Detection of Viral Protease Activity in Virus-Infected
Cell Samples. To validate the CasPS-powered electro-
chemical biosensor’s capability for detecting viral protease in
complex biological samples with high sensitivity, virus-infected
cells were examined (Figure SA). EV71, a member of the
picornaviridae family of small, nonenveloped RNA viruses, is
highly contagious in the central nervous system.*’ The virus
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Figure S. Detection of viral protease activity in virus-infected cell
samples. (A) Schematic representation of the detection of 3C
protease activity in EV71-infected cells by CasPS-powered electro-
chemical sensing. (B) Structural analysis of EV71 and HRV 3C
protease. (C) Quantification of the relative expression levels of 3C
protease mRNA in infected and uninfected HEK293T cells using
qPCR. (D) Electrochemical response signals from lysates of infected
and uninfected HEK293T cells. (E) Peak DPV signal in HEK293T
cells infected by EV71 with varying MOL (F) Peak DPV signal of
HEK293T cells infected by EV71 with different hpi. Data points
represent mean =+ SD (n = 3).

can cause severe clinical symptoms, including meningitis,
encephalitis, poliomyelitis-like paralysis, and potentially fatal
complications. The viral 3C protease plays a critical role in
multiple pathological processes. Specifically, it has been
demonstrated to degrade DNA repair enzymes, thereby
activating caspases and inducing host cell apoptosis.**
Moreover, the protease suppresses innate immunity by
inhibiting the type I interferon response.”” As a key component
of EV71 in host cells, the 3C protease is crucial for viral
replication and apoptosis, making it a valuable target for viral
detection and antiviral drug design.*>*’

Sequence and structural analyses revealed a high degree of
homology between EV71 and HRV 3C proteases (Figures SB
and S9). More importantly, both proteases recognize
substrates sharing 83.3% sequence identity, preserving the
essential LFQ|GP core motif required for catalytic activ-
ity."¥* Therefore, CasPS;c could serve as an effective module
for sensing EV71 3C protease activity. Using HEK293T cells as
a model, we explored the electrochemical biosensor’s
effectiveness in assessing EV71 3C protease activity post-
infection. The infection efficacy was confirmed through
quantitative real-time PCR (Figures SC and S10). Upon
analyzing lysed cells using the CasPS-powered electrochemical
biosensor, a significant difference in DPV peak current
between infected and uninfected cells was observed (Figure
SD).

In infectious disease clinical practice and research, viral load
and exposure time are critical determinants that profoundly
influence disease progression and clinical outcomes.”’
Consequently, we investigated the utility of the CasPS-
powered electrochemical biosensor for detecting virus-infected
cells with varying viral loads and infection dynamics. Using
HEK293T cells infected with EV71 at multiplicities of
infection (MOI) ranging from 1 to 10, we observed a
significant correlation between response signals and viral load
in DPV peak current (Figures SE and S11). To comprehen-
sively assess the assay’s feasibility, we monitored dynamic 3C
protease changes by examining infected cells at different hours
postinfection (hpi). As depicted in Figures SF and S12,
response signals demonstrated a consistent and progressive
increase from 3 to 12 hpi. Notably, the expression level of 3C
protease in cell lysates escalated proportionally with post-
infection time, aligning with established literature. These
findings substantiate our biosensor’s potential for monitoring
viral protease activity in EV71 infection cell models and
underscore its promising applications in clinical surveillance of
viral infection.

B CONCLUSIONS

In conclusion, we have developed a CasPS-powered label-free
electrochemical sensor for ultrasensitive viral protease
detection. By leveraging the hemin aptamer as an innovative
signal reporting probe for CRISPR/Casl2a, we established a
label-free electrochemical biosensing interface. Through the
strategic integration of the protease-responsive CasPS with the
hemin aptamer-based electrochemical interface, we developed
a label-free electrochemical biosensor for the analysis of viral
proteases. Owing to the efficient coupling of CRISPR/Cas12a-
mediated signal amplification and advanced electrochemical
detection, this CasPS-powered sensor achieved specific viral
protease detection with femtomolar sensitivity. By modularly
replacing the CasPS component, we successfully developed
electrochemical biosensors targeting diverse viral proteases.
Furthermore, the sensor’s feasibility was validated by
sensitively assessing EV71 3C protease levels in cell lysates
across varying viral loads and infection times, underscoring its
potential applications in viral infection diagnostics and antiviral
drug screening. Ultimately, this work presents a promising
strategy for integrating CRISPR biosensing with electro-
chemical platforms, offering helpful tools for infectious disease
research.
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