cles.

Glycine/PVP-Enabled One-Pot CRISPR/Cas13a Detection of Vibrio
parahaemolyticus by Tetrahedron-Mediated Electrochemistry
Published as part of ACS Sensors special issue “CRISPR in Sensing”.

pubs.acs.org/acssensors

Jincheng Zhang,T Shuang Liang,T Yue Sun, Cuixing Zhan, Gan Xue, and Xin Zhou*

I:I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acssensors.6c00902

ACCESS | M Metrics & More | e Supporting Information

\_ Cas13a/crRNA

1
1 1
1 1
1 1
! In vitro Negative !
y ( RAA transcription :
1 SRR SRR
1 N TTURGNGS SN 30NOR e ositive |
! PAA —b BB =W L i :
: SRR Target RNA /}5 * 1
1 Q —/\ i} 1
CRISPR ; © g5 A
1 Feh j\; : §£ ‘fs% v |
- — —> % ) ® She |
: ﬁ'r T PRI E 1
Glycine/PVP sl E i
: R)égulated Target RNA 1
1 el 1
1 Cas13a/crRNA activation 1
1 1

ABSTRACT: Vibrio parahaemolyticus is a major foodborne pathogen widely distributed in aquatic environments and seafood
supply chains, necessitating rapid and ultrasensitive detection strategies adaptable to diverse testing scenarios. Here, we present a
glycine/ PVP- and tetrahedron-integrated one-pot CRISPR sensing platform (termed GPT-CRISPR) for robust and ultrasensitive
nucleic acid detection. The platform introduces chemical regulation into a multienzyme one-pot RAA—CRISPR/Cas13a network,
where , possibly through weak competitive interactions, while
. This
coordinated microenvironment enables stable amplification and CRISPR activation within a single closed vessel while minimizing
background interference. Upon target recognition, activated Casl3a cleaves uracil-containing, surface-immobilized DNA tetrahedra,

translating molecular recognition into amplified electrochemical signals. This transduction strategy enables quantitative detection with a
linear dynamic range of QU RORENED . - -~ <hemically regulated one-pot
CRISPR framework remains compatible with fluorescence and lateral flow readouts. The assay operates under isothermal conditions
and delivers results within 30 min without complex sample preparation. Validation across real-world samples demonstrates robustness

in complex matrices. Collectively, GPT-CRISPR integrates chemical stabilization of a one-pot CRISPR framework with electrochemical
transduction, defining a robust sensing architecture with adaptable readout capability.

KEYWORDS: Vibrio parahaemolyticus, chemical regulation, one-pot CRISPR, tetrahedron, electrochemical biosensing

Vibrio parahaemolyticus is a Gram-negative halophilic bacterium
widely distributed in marine and estuarine environments and

reported and applied, they are often limited by a long assay
time, instrumentation dependence, insufficient sensitivity, or

is a leading cause of seafood-borne gastroenteritis worldwide.'?
Infection through contaminated seafood can result in gastroin-
testinal illness and, in severe cases, septicemia, posing a persis-
tent threat to food safety and public health.>* The increasing
prevalence of Vibrio parahaemolyticus in aquaculture and food
products highlights an urgent need for rapid, sensitive, and
deployable detection technologies. Current detection methods
for Vibrio parahaemolyticus include culture-based assays, immu-
nological methods,” and nucleic acid-based diagnostics,® such as
gPCR,” CRISPR-associated/derived assays,®~'° and isothermal
amplification.!! Although these approaches have been widely
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susceptibility to nonspecific signals in complex matrices. There-
fore, more robust and practical diagnostic strategies remain
highly desirable. Our previously developed visualization-based
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detection strategies for Vibrio parahaemolyticus using engineered
phage probes were combined with DFM.'*> However, the reli-
ance on imaging instrumentation and susceptibility to matrix
interference underscore the need for molecular-level sensing
platforms with improved robustness and broader applicability.

In this context, CRISPR-based molecular diagnostics have
rapidly emerged as a versatile class of nucleic acid detection
technologies, owing to the programmable recognition and collat-
eral cleavage activities of CRISPR-associated enzymes.'>'* Both
Cas12 and Casl3 systems have been extensively engineered to
develop diverse sensing strategies, including amplification-free
assays, preamplification-assisted formats, target preconcentration
schemes, crRNA engineering for differential activation, and reac-
tion network optimization through modulation of Cas—crRNA
interactions.'> In parallel, substantial efforts have been devoted to
signal readout innovation, leading to a broad spectrum of visuali-
zation and detection modalities such as lateral flow strips,'® micro-
fluidic platforms,'” portable devices,'® and even automated result
interpretation based on machinelearning and convolutional neural
networks.!” Despite these advances, many CRISPR-based assays
still suffer from intrinsic limitations, including complex multi-
step workflows,* susceptibility to contamination in two-step
formats,*' high probe or reagent cost,*” and insufficient robustness
across heterogeneous application scenarios.”® In particular, the
incompatibility among multiple enzymes in integrated one-pot
systems often compromises reaction efliciency and analytical
sensitivity.'¥** Recent studies have highlighted the potential of
chemical regulation strategies to address these challenges, where
various additives such as polyols, polymers, amine-containing
compounds, and metal-ion-derived solvent modifiers have been
introduced to stabilize proteins and/or modulate the physi-
cochemical properties of reaction media, thereby influencing
enzymatic kinetics and system performance.?>~?” These findings
suggest that chemical additive-assisted regulation is promising for
improving the robustness and sensitivity of one-pot CRISPR diag-
nostics. Nevertheless, signal transduction strategies that can simul-
taneouslyachieve high sensitivity, quantitative output, operational
simplicity, and compatibility with complex real-world matrices
remain insufficiently developed. Collectively, these challenges
highlight the need for improved CRISPR diagnostic architectures
that integrate simplified one-pot operation with enhanced signal
fidelity and practical deplorability.

Electrochemical sensing represents a highly promising
approach for the development of practical point-of-care testing
(POCT) systems, owing to its high sensitivity, quantitative capa-
bility, miniaturization potential, and compatibility with portable
instrumentation.”®™3° Nevertheless, directly coupling CRISPR
collateral cleavage activity to reliable electrochemical outputs
remains challenging, largely due to nonspecific adsorption, uncon-
trolled probe orientation, and signal instability at the electrode
interface.’! 73* Rational engineering of the sensing interface is
therefore essential for achieving robust and reproducible electro-
chemical CRISPR diagnostics. In this context, DNA tetrahedra
(TD) have emerged as well-defined three-dimensional nanostruc-
tures for constructing highly ordered biosensing interfaces.*>~%’
DNA TD exhibit a rigid architecture and nanoscale dimensions
and can be conveniently assembled with high yield through
programmable self-assembly.*® Importantly, their geometrically
defined structure enables precise spatial presentation of functional
probes and effective suppression of nonspecific surface interac-
tions when immobilized on electrode surfaces.*”*° These charac-

teristics make DNA TD particularly suitable as interfacial scaffolds
for organizing CRISPR-responsive probes and enhancing the
efficiency and reliability of electrochemical signal transduction.
In this work, we introduce a chemically regulated one-pot
CRISPR sensing framework that integrates glycine/PVP-enabled
coordination of a multienzyme reaction network with a
surface-engineered electrochemical interface. Rather than relying
solely on reaction optimization or readout enhancement, this
strategy establishes cooperative regulation between molecular
amplification, CRISPR activation, and signal transduction within
a single closed system. By stabilizing enzyme compatibility at the
reaction level and structuring signal conversion at the interface
level, GPT-CRISPR resolves two central challenges in practical
CRISPR biosensing: maintaining reaction robustness in one-pot
formats and achieving quantitative electrochemical transduction
with reduced interfacial variability. Importantly, the molecular
recognition framework remains modular, allowing alternative
output formats without altering the core reaction chemistry.
This integrated design provides a unified yet adaptable sensing
architecture for pathogen detection in heterogeneous matrices.

B EXPERIMENTAL SECTION

Detailed descriptions of the reagents and instruments, strain prep-
aration, one-pot CRISPR optimization, establishment of the gly-
cine/PVP-enabled one-pot CRISPR framework, optimization of the
TD-mediated electrochemical interface, integration with LFA detection,
electrochemical performance evaluation, and methodological validation
in real samples are provided in the Supporting Information.

Bl RESULTS AND DISCUSSION

Design Principle of a GPT-CRISPR Sensing Platform
for Ultrasensitive Detection of Vibrio parahaemolyticus

We developed a platform termed GPT-CRISPR for rapid and
ultrasensitive detection of Vibrio parahaemolyticus, in which
RAA is seamlessly coupled with programmable CRISPR-based
signal transduction and a tetrahedron-modified gold electrode
enables quantitative electrochemical readout. As illustrated in
Figure 1, the incorporation of glycine and PVP stabilizes
the multienzyme reaction network, enabling robust one-pot
operation while minimizing manual handling and reducing
the risk of cross-contamination. In addition, we constructed
a TD-mediated electrochemical interface that establishes a
well-defined sensing architecture, suppresses nonspecific adsorp-
tion, and improves analytical robustness and quantitative per-
formance. Upon target recognition, Casl3a-mediated collateral
cleavage triggers the release of embedded MB reporters, result-
ing in a measurable electrochemical signal change. The same
one-pot CRISPR framework also supports fluorescence and
LFA readouts, allowing flexible deployment across laboratory,
field, and point-of-need settings. The workflow consists of rapid
sample pretreatment (~S min), a GPT-CRISPR reaction (~20
min), and optional fluorescence or LFA readout (~2 min),
allowing completion within approximately 27 min.

Optimization of RAA Amplification and CRISPR/
Cas13a Cleavage Conditions

To ensure sufficient sensitivity for detecting low-abundance
Vibrio parahaemolyticus in complex matrices, we adopted nucleic
acid preamplification as a foundational step for the CRISPR/
Casl3a assay. Although amplification-free CRISPR strategies
have been reported,'® their performance in real samples is often
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Figure 1. Schematic illustration and assay timeline of the GPT-CRISPR electrochemical sensing platform for Vibrio parahaemolyticus. The assay
integrates RAA, T7-mediated in vitro transcription, and Casl13a collateral cleavage into a single isothermal reaction enabled by glycine/PVP-mediated
chemical regulation. Following rapid sample pretreatment and nucleic acid release, target DNA is amplified by RAA using primers containing a
T7 promoter. The resulting amplicons are transcribed in situ to generate target RNA, which activates the Cas13a—crRNA complex and triggers
collateral cleavage of reporters within the same reaction vessel. In the GPT-CRISPR configuration, Cas13a activity is primarily transduced through a
TD-engineered electrochemical interface, enabling quantitative electrical signal readout. Within the same one-pot CRISPR framework, fluorescence
and LFA are additionally supported as complementary readout options for scenario-specific visualization and deployment. Schematic illustrations were

created using BioRender.com.

constrained by limited target copy numbers and susceptibility to
background interference. RAA was selected because of its rapid
kinetics and low operating temperature, which make it a suita-
ble amplification module for integration with CRISPR-based
detection.”! However, direct integration of RAA with Casl3a
cleavage is often hampered by enzymatic incompatibility and
reaction interference. Therefore, we first optimized key assay
parameters using a two-step RAA—CRISPR/Cas13a format and
subsequently improved reaction compatibility during the con-
struction of the one-pot system.

Primer performance was first evaluated, and 10 primer pairs
targeting the VPA1585 gene were designed for screening. Agarose
gel electrophoresis showed that the primer pair RAA-1-Fw/Rv
generated the strongest and most specific amplification band
(Figure S1A). Using this primer pair, reaction temperature and
incubation time were systematically optimized. The highest ampli-
fication efficiency was obtained at 43 °C with a reaction time of
25 min, as evidenced by increased band intensity and quantitative

grayscaleanalysis (Figure S1B,C). Inaddition, the sensitivity of the
optimized RAA assay was evaluated, and the method was able to
detect as low as 3 X 107 copies pL~! of target DNA (Figure S1D).

Based on the RAA-1 amplicon sequence, four crRNAs were
designed and evaluated using in vitro transcribed RNA targets.
Kinetic fluorescence analysis showed that crRNA-1 exhibited the
strongest cleavage activity and the fastest response among the
candidates (Figure S2A) and was therefore selected for subsequent
experiments. Finally, key components of the CRISPR/Cas13a
system were systematically optimized to improve reaction effi-
ciency and analytical sensitivity. Individual variation of crRNA,
Casl3a protein, and ssRNA reporter concentrations revealed
that optimal performance, balancing sensitivity and economy,
was achieved with 12 nM crRNA, 50 ng Cas13a, and 40 pM
reporter (Figure S2B—D). In addition, the amounts of T7 RNA
polymerase and rNTP were further optimized, showing that
0.25 pL of T7 RNA polymerase and 8 nM rNTP provided the
most efficient transcription cleavage coupling and fastest signal
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Figure 2. Feasibility validation of the glycine/PVP-enabled one-pot assay. (A, B) Sensitivity analysis of the two-step RAA—CRISPR/Cas13a assay. (C,
D) Sensitivity analysis of the one-pot RAA—CRISPR/Cas13a assay obtained by directly integrating the optimized two-step conditions into a single
tube. (E, F) Evaluation of the effects of chemical additives on assay performance using 3 X 10" copies pL~! of target DNA, showing the influence of
different concentrations of glycine (E) and PVP (10 kDa) (F) on signal enhancement. (G, H) Evaluation of assay performance using 3 copies pL™!
of target DNA in the absence of additives, with glycine alone, PVP (10 kDa) alone, or their combination, shown as fluorescence kinetics (G) and
endpoint signal comparison (H). (I) Stability of the glycine/PVP-enabled one-pot assay in complex matrices. Statistical analysis was performed using
one-way ANOVA in GraphPad Prism 8. Significance levels are indicated as ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.

generation (Figure S2E,F). These optimized parameters were two optimized reaction modules led to a pronounced loss of
subsequently applied to the construction and evaluation of the sensitivity. As shown in Figure 2C,D, the limit of detection of
one-pot RAA—CRISPR/Casl3a detection platform. the one-pot system was approximately 10-fold poorer than that

of the two-step assay, despite using the same optimized reaction
components. This performance deterioration is consistent with
previous reports and can be attributed to enzyme incompatibil-

Sensitivity of the Glycine/PVP-Enabled One-Pot Framework
Comparable to the Two-Step Workflow

Under the optimized conditions established, a two-step ity, competition among reaction components, and elevated back-
RAA—CRISPR/Cas13a assay was first constructed by separating ground activity in complex multienzyme reaction networks.*

RAA amplification from the subsequent T7-mediated transcrip- On this basis, we investigated whether chemical additives could
tion and Cas13a cleavage reaction. As shown in Figure 2A,B, this improve one-pot reaction performance. Glycine and polyvinylpyr-
configuration exhibited high analytical sensitivity toward target rolidone (PVP, 10 kDa), two additives previously reported to
DNA. Specifically, target concentrations >3 copies pL™! gen- enhance enzymatic reactions, were therefore selected for further
erated fluorescence signals significantly above the background evaluation.>*” As shown in Figure 2E and Figure S3A, supple-
level, confirming the sensitivity of the two-step workflow. To mentation with glycine alone improved the performance of the
further simplify operation and reduce overall assay time, we sub- one-pot system when challenged with 3 X 10' copies pL™" of
sequently integrated all components into a single-tube one-pot target DNA. Among the glycine concentrationstested, 10% glycine
format, in which RAA amplification, in vitro transcription, and produced the strongest signal enhancement and enabled the
Cas13a-mediated collateral cleavage proceeded concurrently fluorescence signal to reach the plateau level. This result indicates
under isothermal conditions. However, direct integration of the that glycine contributes positively to the functional performance
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of the one-pot assay. A possible explanation is that glycine, as
a classical zwitterionic small molecule,** may weakly modulate
the local microenvironment around proteins and nucleic acids
through hydration-mediated interactions and subtle effects on
conformational equilibrium.*** In the context of Cas13a, glycine
may help reduce nonspecific background activity in the nonactiva-
ted state by weakly stabilizing the catalytic system, thereby making
spontaneous collateral cleavage less favorable. Once target recog-
nition triggers the correct conformational activation, this weak
inhibitory effect may be overcome. Notably, our experimental
results also show that glycine enhances the overall fluorescence
output of the one-pot system, indicating that its net effect is to
improve assay performance rather than simply inhibit enzyme
activity. Thisbehavioris consistent with reduced backgroundinter-
ference together with enhanced effective output of the cascade
reaction. Therefore, the observed effect of glycine is consistent with
suppression of nonspecific Cas13a background activity, although
this interpretation remains a plausible mechanistic hypothesis
rather than direct molecular proof.

Similarly, supplementation with PVP alone also improved
the performance of the one-pot assay (Figure 2F). Both 1%
and 0.5% PVP enabled the fluorescence signal to approach
the plateau level, although 1% PVP reached the plateau more
rapidly than 0.5% PVP (Figure S3B), indicating improved assay
performance within an appropriate concentration range. While
the present results do not provide direct mechanistic evidence,
this concentration-dependent effect is consistent with the repor-
ted physicochemical properties of PVP-10k as a polymeric
crowding additive.*° PVP may therefore contribute to improved
one-pot assay performance by modulating the local reaction
environment and enhancing compatibility among the multiple
enzymatic steps.*”*® Notably, the beneficial effect of PVP was
concentration-dependent rather than monotonic, supporting the
view that its action is related to optimization of the reaction
microenvironment rather than simple signal enhancement.

Encouraged by these results, we next investigated whether
glycine and PVP could act cooperatively in the one-pot system.
Under the same challenge condition of 3 copies pL™! target
DNA, 10% glycine, 1% (w/v) PVP, or their combination all
generated detectable fluorescence signals (Figure 2G). However,
only the combined condition enabled the fluorescence signal
to reach the plateau level (Figure 2H), indicating a cooperative
functional effect. In addition, the regulatory effects of glycine and
PVP showed no significant variation across the different sample
matrices, suggesting that their performance was not substantially
affected by matrix interference (Figure 2I). This behavior is con-
sistent with complementary contributions of glycine and PVP to
one-pot assay performance, although the underlying mechanism
remains to be established.

TD-Mediated Electrochemical Performance of the One-Pot
CRISPR Assay

To further improve analytical robustness and quantitative per-
formance, the TD-mediated electrochemical interface was inte-
grated into the one-pot CRISPR framework. As schematically
shown in Figure 3A, the TD nanostructure functions as a
well-defined scaffold to spatially organize redox reporters on
the electrode surface while minimizing nonspecific adsorption,
thereby enabling eflicient transduction of Casl3a activity into
electrical signals. Native PAGE confirmed successful TD assem-
bly, as evidenced by the stepwise mobility shift upon sequential
addition of strands S1—S4 (Figure 3B). DLS analysis revealed a

narrow size distribution with an average hydrodynamic diameter
of 10.98 nm and a zeta potential of approximately —30 mV
(Figure S4A,B), consistent with typical DNA nanostructures.
TEM analysis further confirmed the successful formation of
monodisperse and structurally well-defined TD (Figure 3C).
The TD probes were immobilized onto gold electrodes via
Au—S bonds to construct the sensing interface. Electrochemical
measurements revealed stepwise changes corresponding to each
surface modification. Compared with the bare electrode, TD
immobilization led to a clear decrease in redox peak currents
and an increase in charge-transfer resistance, consistent with the
introduction of an insulating DNA layer. Subsequent passivation
with mercaptohexanol (MCH) further amplified this blocking
effect, confirming successful surface backfilling (Figure 3D,E).
After loading MB, additional changes in the electrochemical
responses were observed, indicating the successful incorporation
of the redox reporter into the TD-modified interface.

To verify that the TD could serve as a Casl3a-responsive
substrate, trans-cleavage experiments were performed. As illustra-
ted in the schematic model, the intact TD remained structurally
stable in the presence of Casl3a or Casl3a—crRNA complexes
alone, whereas addition of the target RNA triggered Cas13a acti-
vation and selective cleavage of the uracil-containing TD strands
(Figure 3F). This native PAGE result confirms that TD serves
as an effective trans-cleavage substrate for Cas13a (Figure 3G).
Electrochemical signal transduction was further evaluated using
the TD-modified sensing interface. In the absence of the target, the
intact TD structure retained abundant MB molecules on the elec-
trode surface, resulting in strong electrochemical responses. Upon
target recognition, activation of Cas13a triggered trans-cleavage of
the TD strands, leading to TD disassembly and the release of MB
from the electrode interface. This process produced a pronounced
decrease in peak current accompanied by corresponding changes
in impedance, clearly distinguishing target-positive samples from
controls (Figure 3H-J).

Performance Evaluation of the GPT-CRISPR Sensing
Platform with Electrochemical Readouts

The analytical performance of the proposed platform was sys-
tematically evaluated using the TD-mediated electrochemical
readout, which showed strong quantitative capability and high
sensitivity. Under the optimized conditions, serial dilutions of
the VPA158S plasmid standard were analyzed to construct the
calibration curve. The electrochemical peak current exhibited
a clear concentration-dependent response, and a linear relation-
ship between the signal change (AI) and the logarithm of target
concentration was observed (Figure 4A). The resulting calibra-
tion curve yielded the regression equation Y = —4.499X +
29.88 with a correlation coefficient of R? = 0.9495, and the lin-
ear dynamic range was 1.5 to 3 X 10% copies pL~! (Figure 4C).
The limit of detection (LoD) was determined to be 0.38 cop-
ies pL~!, which was approximately one order of magnitude
lower than that of the fluorescence-based one-pot assay (3 cop-
ies pL™!), highlighting the sensitivity advantage of the electro-
chemical transduction format. Notably, this sensitivity is also
at least one order of magnitude better than that reported in a
recent study employing a conventional one-pot RPA—CRISPR/
Casl12a system combined with microfluidic detection for Vibrio
parahaemolyticus.*’

To further validate the applicability and robustness of this
plasmid-based calibration in biologically relevant samples, Vibrio
parahaemolyticus cultures were serially diluted, and genomic DNA
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Figure 3. Characterization of the TD-mediated electrochemical interface and Cas13a-responsive signal transduction. (A) Schematic illustration of TD
assembly and modification of the gold electrode surface for electrochemical sensing. (B) 10% Native PAGE analysis showing stepwise TD assembly
from strands S1—S4 (M: marker; 1: S1; 2: S1 + S2; 3: S1 + S2 + S3; 4: S1 + S2 + S3 + S4). (C) TEM characterization of TD assembly. (D, E)
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) responses of the electrode at different modification stages (bare GE,
TD-modified GE, MCH-passivated GE, and MB-loaded TD interface). (F) Schematic illustration of TD cleavage by activated Cas13a. (G) Native
PAGE analysis of Cas13a-mediated trans-cleavage of TD in the presence of target RNA (M: DNA marker; 1: TD; 2: TD + crRNA; 3: TD + crRNA +
Cas13a; 4: TD + crRNA + Cas13a + target RNA). (H—]) Electrochemical responses of the TD-modified interface before and after Cas13a activation,

including CV (H), EIS (I), and square wave voltammetry (SWV) (J).

was then extracted from each dilution for GPT-CRISPR analy-
sis. Positive signals were obtained over the range of 10'—10°
CFU/mL (Figure SSA). Moreover, within 102—10° CFU/mL, the
GPT-CRISPR signals showed a good linear relationship, yielding
the regression equation Y = —3.958X + 34.17 with R* = 0.9590
(Figure SSB). In addition, the GPT-CRISPR results showed a
strong correlation with the genomic copy numbers determined
by qPCR, with a Pearson’s correlation coefficient of 0.9885
(Figure 4D).

To further evaluate the contribution of the interfacial archi-
tecture to electrochemical performance, the TD-mediated
GPT-CRISPR platform was compared with a conventional linear
DNA probe-mediated CRISPR format under otherwise identi-
cal assay conditions. The linear DNA probe format showed an
approximately 10-fold higher LoD than the TD-mediated system
(Figure SSA), together with a relatively narrower linear dynamic
range (3 to 3 X 10° copies pL™!') (Figure SSB). We further
assessed the stability of the two formats in complex matrices,
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Figure 4. Performance evaluation of the one-pot CRISPR framework with multimodal readouts. (A) Electrochemical signal changes of the
TD-mediated interface in response to serial dilutions of VPA158S plasmid DNA over the range of 3 X 10% to 0.38 copies pL™'. (B) Specificity
evaluation of the electrochemical readout using Vibrio parahaemolyticus and nontarget bacterial species. (C) Linear relationship between the
electrochemical current response and the logarithm of the standard plasmid copy number. (D) Correlation between the GPT-CRISPR results for
genomic DNA extracted from serially diluted Vibrio parahaemolyticus cultures and the genomic copy numbers determined by qPCR. (E) Sensitivity
of the fluorescence readout toward serial dilutions of VPA1585 plasmid DNA (3 X 10° to 3 X 107 copies uL™!). (F) Specificity evaluation of
the fluorescence readout using Vibrio parahaemolyticus Vp17802 and nontarget bacterial species (Vibrio alginolyticus Va222S, Vibrio vulnificus Vv-1,
Salmonella C5004, and Escherichia coli ER2738). (G) Blue-light visible endpoint visualization corresponding to the fluorescence sensitivity assay. (H)
Blue-light visible visualization corresponding to the fluorescence specificity assay. (I) Schematic illustration of the lateral flow test strip. (J) Sensitivity
of the LFA readout toward serial dilutions of VPA158S plasmid DNA (3 X 10° to 3 X 107 copies pL™1). (K) Specificity evaluation of the LFA readout
using Vibrio parahaemolyticus and nontarget bacterial species.

including buffer, 3% NaCl APW, pond water, and healthy shrimp
tissues. The results showed that the linear DNA probe format
exhibited a larger relative standard deviation (RSD = 4.095%)
than the TD-mediated GPT-CRISPR platform (RSD = 2.386%)
(Figure SSC). In addition, six repeated measurements using
independent biosensors indicated relatively lower reproducibil-
ity for the linear DNA probe format (RSD = 4.095%) than

for the TD-mediated GPT-CRISPR platform (RSD = 2.386%)
(Figure SSD). Together, these results support the advantage of
the TD-mediated surface-engineered electrochemical interface,
which provides more efficient signal amplification and improved
analytical performance in the GPT-CRISPR platform.
Specificity was evaluated using genomic DNA from closely rela-
ted and commonly encountered bacterial species, including Vibrio
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alginolyticus, Vibrio vulnificus, Salmonella, and Escherichia coli. Only
Vibrio parahaemolyticus induced a pronounced decrease in the
electrochemical signal, whereas nontarget bacterial species pro-
duced responses comparable to the negative control (Figure 4B),
confirming the high specificity of the system.

Fluorescence (real-time and endpoint blue-light visualization)
(Figure 4E,G) and LFA (Figure 41]) readouts were further evalu-
ated. Both formats enabled reliable detection down to 3 copies
pL™! (LoD) and provided qualitative or semiquantitative signal
outputs. High specificity was also confirmed for both readouts,
as no responses were observed for nontarget bacterial species
(Figure 4F, H, and K). These complementary readout modes fur-
ther support the adaptability of the glycine/PVP-enabled one-pot
CRISPR framework. Collectively, these results demonstrate that
the GPT-CRISPR enables highly sensitive, specific, and quantita-
tive detection of Vibrio parahaemolyticus, while the same glycine/
PVP-enabled one-pot CRISPR framework can be configured with
fluorescence or LFA readouts for flexible deployment.

Detection of Vibrio parahaemolyticus in Multiscenario
Real Samples

To evaluate the practical applicability of the proposed detection
platform, a total of 30 real samples representing five distinct cate-
gories were collected, including diseased Litopenaeus vannamei
samples and aquaculture water from multiple aquaculture farms
in Jiangsu Province (China), wastewater from seafood markets,
double-blind artificially contaminated samples, and chilled salmon
purchased from supermarkets. All samples were analyzed using
the established one-pot CRISPR framework with three independ-
ent readout formats, including GPT-CRISPR electrochemical
sensing (Figure SA), fluorescence detection (Figure SB), and
LFA (Figure SC). Quantitative real-time PCR (qPCR) was
employed as the reference method, with samples showing Ct
values < 35 defined as positive for Vibrio parahaemolyticus.
Across all 30 samples, the detection results obtained from electro-
chemical, fluorescence, and LFA readouts were fully consistent
with qPCR analysis, yielding a concordance rate of 100%. These
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Figure 5. Detection of Vibrio parahaemolyticus in multiscenario real samples using the one-pot CRISPR framework. (A) GPT-CRISPR electrochemi-
cal detection results for real samples (n = 6 per type). Sample type 1: diseased Litopenaeus vannamei samples; sample type 2: aquaculture water
collected from multiple aquaculture farms in Jiangsu Province (China); sample type 3: wastewater from seafood markets; sample type 4: double-blind
artificially contaminated samples; sample type S: chilled salmon purchased from supermarkets; (B) fluorescence-based detection results for 30 real
samples collected from five different sample categories. (C) LFA readout results for the same set of real samples. The upper illustrations in A, B,
and C were created using BioRender.com. (D) Correlation analysis between electrochemical signal responses and fluorescence quantitative results
for positive samples (Pearson’s » = 0.9728), demonstrating strong agreement between the two modalities. Heatmaps were generated using locally

deployed TBtools-II software.>°

https://doi.org/10.1021/acssensors.6c00902
ACS Sens. XXXX, XXX, XXX-XXX


https://pubs.acs.org/doi/10.1021/acssensors.6c00902?fig=fig5&ref=pdf
https://www.biorender.com/
http://pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.6c00902

ACS Sensors

pubs.acs.org/acssensors

results demonstrate that the proposed one-pot CRISPR frame-
work can reliably identify Vibrio parahaemolyticus in complex
real-world matrices.

To further assess quantitative consistency, correlation analysis
wasperformedbetween the GPT-CRISPR electrochemical signals
and qPCR results for positive samples (Table S4). A strong
correlation was observed (Pearson’s r = 0.9728; Figure SD), indi-
cating excellent agreement between different detection modalities.
Notably, while qPCR required approximately 1 h for completion
following bacterial lysis, all three one-pot CRISPR-based frame-
works delivered results within 30 min, highlighting the superior
speed and field applicability of the proposed platform.

The glycine/PVP-regulated one-pot framework described in
this study may be adaptable to a broader range of nucleic
acid targets, including pathogens, disease-associated biomarkers,
and other diagnostically relevant sequences, provided that the
corresponding amplification primers and CRISPR guide RNAs
are appropriately redesigned. Thus, the present strategy may
not be restricted to Vibrio parahaemolyticus detection alone
but may offer a generalizable one-pot assay framework for
diverse nucleic acid targets. The chemical regulation strategy
may also be extendable to other CRISPR-associated nucleases,
although this will require further experimental validation. Since
the observed effects of glycine and PVP appear to be related
mainly to modulation of reaction compatibility and background
control within the one-pot system, similar principles may also be
relevant to other CRISPR platforms, such as Cas12a. In addition,
newly identified nucleases with stronger catalytic activity may
potentially be incorporated without altering the core reaction
architecture, highlighting the modularity and evolvability of the
GPT-CRISPR platform.

Several limitations of the present study should be noted. The
assay remains dependent on target-specific primer and crRNA
design and thus may require sequence-dependent reoptimization
for other applications. In addition, although the electrochemical
format provided the best quantitative performance, it still relies
on dedicated instrumentation. Moreover, the long-term stability
of the regulated one-pot reagents and sensor components has not
yet been systematically evaluated. Future work should therefore
focus on sequence generalization, instrument simplification, and
storage stability to further strengthen the practical utility of the
GPT-CRISPR platform.

Overall, these findings suggest that GPT-CRISPR has prom-
ising robustness, accuracy, and practical feasibility for diverse
target detection, with potential applications in water surveil-
lance, aquaculture, food safety monitoring, and broader molecu-
lar diagnostics.

B CONCLUSIONS

In summary, we developed a glycine/PVP-enabled one-pot
CRISPR sensing framework that integrates chemical regulation
of a multienzyme reaction network with tetrahedron-mediated
electrochemical transduction for rapid and ultrasensitive detec-
tion of Vibrio parahaemolyticus. Compared with other repor-
ted CRISPR-based assays for Vibrio parahaemolyticus detection
(Table SS), the present platform integrates glycine/PVP-mediated
chemical stabilization, which appears to improve reaction compati-
bility in a closed one-pot system, with a TD-engineered gold elec-
trode that enables quantitative electrochemical readout of Casl3a
activity, achieving a detection limit of 0.38 copies pL ™! with a total
assay time of less than 30 min.

The framework maintains a unified molecular recognition
mechanism while supporting modular readout modes, including
electrochemical, fluorescence, and LFA outputs, and shows robust
performance in diverse real-world sample matrices. The proposed
mechanistic roles of glycine and PVP are based on their repor-
ted physicochemical properties and the functional enhancement
observed in this study and should therefore be considered func-
tionally supported hypotheses rather than definitive molecular
conclusions. Elucidation of the underlying regulation mechanism
will be an important direction of our future work.
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