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ABSTRACT: The Clustered Regularly Interspaced Short Palin-
dromic Repeats (CRISPR) sensing technology proved to be
valuable during the COVID-19 pandemic through its sensitivity,
specificity, robustness, and versatility. However, issues such as
overreliance on amplification, susceptibility to false positives, lack
of quantification strategies, and complex operation procedures have &8 - P
hindered its broader application in bioanalysis and clinical [§ g
diagnostics. The collision between micronano-collaborative chips
and CRISPR technology has effectively addressed these bottlenecks,
offering innovative solutions for diagnosis and treatment. Unlike
conventional micronano chips, micronano digital chips enhance
CRISPR’s response to trace amounts of target molecules by
leveraging highly controllable local environments and compart-
mentalized microreactors. This advancement improves detection efficiency and revolutionizes traditional in vitro bioanalytical
processes. First, the working principles, fabrication techniques, and performance metrics of CRISPR-based digital droplet
microfluidics and microarray chips are examined. Then, the applications of CRISPR digital sensing chips in bioassays are
reviewed, emphasizing their importance in advancing in vitro detection systems for gene editing. Finally, the prospects of
CRISPR digital sensing technology are explored, particularly its potential for body surface biomonitoring and its broader
development opportunities in the biomedical field.

Micro-Nano-Collaborative Chip -

CRISPR Digitalization
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1. INTRODUCTION well as one of the seven technologies® of the future by the
Modern analytical sciences, along with biological and life Journals of Science and Nature. This is an adaptive immune
sciences, strive to attain biological detection that exhibits system that widely exists in bacteria and archaea. Bacteria use
ultrahigh sensitivity and specificity. In the contemporary CRISPR/Cas system as an adaptive defensive mechanism
context, marked by high population density, extensive mobility, against invading genetic elements.” This highly efficient system
a frenetic pace of life, and severe subhealth issues, the specter functions by employing RNA-guided nuclease enzymes to
of new global diseases looms large. Early precise detection specifically identify and degrade foreign nucleic acids.

technology can furnish precise details of diseases essential for According to the arrangement of their loci and distinct
an immediate medical verdict, effectively curbing mortality proteins, the CRISPR/Cas system is classified into two main
rates and improving survival rates. The fight against COVID- classes: Class I and Class II, each with multiple types and

19 serves as a prime example, where timely identification and
diagnosis were pivotal in mitigating the pandemic’s impact.'
Consequently, propelling the development of precise detection

technologies has emerged as a linchpin in safeguarding life and Received:  February 25, 2025
health. Revised: ~ May 12, 2025

Accepted: May 13, 2025

subtypes.® Class I CRISPR/Cas system, including Types I, III,

The CRISPR/Cas system is revolutionizing biological
detection and bringing more opportunities to achieve this
goal.” CRISPR technique has been designated as a next-
generation gene-editing molecular diagnostic technology,3 as
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and 1V, utilize multisubunit effector complexes.” Class II
CRISPR/Cas systems rely on a single RNA-guided multi-
domain Cas protein to recognize and cleave target sequences.
Prominent examples in this class are Cas9, Casl2, Casl2f
(originally denoted Casl4) of Type V, and Casl3 of Type
VL*™"* Among these, in vitro diagnostic methods based on
CRISPR/Cas12, CRISPR/Casl3 and CRISPR/Casl4 are
emerging and gaining prominence.”*™'® Once the target
DNA is recognized, the RNA-guided CRISPR/Cas12 system
cleaves it, generating site-specific double-strand breaks. Then,
CRISPR/Casl2 nonspecific cleavage the nearby single-
stranded DNA (ssDNA), significantly enhancing DNA
detection sensitivity in practical applications.” Once the target
RNA is recognized, the RNA-guided CRISPR/Cas13 system
initiates an effective trans-cleavage activity, which can cleave
the surrounding RNA probes nonspecifically, enabling ultra-
sensitive target RNA recognition.”” Notably, CRISPR/Cas14
exhibits a distinctive targeting activity against ssDNA without
requiring a PAM sequence.18 This unique property has
facilitated their application in nucleic acid detection.
CRISPR-based diagnostics have advanced from molecular
biology to incorporate multiple COVID-19 assays that have
obtained FDA approval.”*'

Precision is a prerequisite for the application of detection
technologies, RNA-guided Cas proteins in CRISPR/Cas have
bindin§ affinities on the picomolar scale for targeted nucleic
acids.””*’ For in vitro detection of ultralow abundance analytes
(e.g., RNA viruses or miRNAs), Cas proteins must implement
strategies to enhance the likelihood of encountering and
interacting with the target analyte, thereby producing a signal
that is sufficiently elevated above the background in a
reasonable amount of time. As a result, CRISPR-based assays
are frequently administered in conjunction with numerous
amplification techniques.” By capitalizing on the excellent
specificity and high resolution of CRISPR, numerous scientists
have developed one-tube, visualization, and other assays for
nucleic acid molecules.”*™>* The CRISPR/Cas13 assay, when
used in conjunction with amplification, can result in a one
million-fold increase in sensitivity.”” Feng Zhang groups
combined the detection capability of Casl3 with the
isothermal amplification to raise the detection limit to the
aM level.’” CRISPR-based amplification-free biosensing
methods are not commonly employed. Even though front-
end nucleic acid amplification technology has significantly
increased the detection sensitivity, the multistep detection
process and uncontrollable reaction flow have led to problems
with laborious operation, extended detection times, easy cross-
contamination, and high false positives, which have become a
bottleneck in the practical application of point-of-care testing
(POCT).*** On the other hand, in complicated biological
samples, pretreatments such as isolation and purification are
often required to extract the target. By avoiding these
purification steps, CRISPR-based biosensors would be
substantially improved, allowing for faster measurement and
better handling of the target analyte.

Over the years, a lot of time and effort have been invested by
researchers in attempting to overcome these two challenges.
No doubt mastering the ability to directly detect biological
samples without amplification would extend the practical
application of CRISPR technology.”® Li Wei’s group
discovered that once activated, the Cas12b mechanism could
cut ssDNA at random. They successfully developed the
method known as CDetection (Casl2b-mediated DNA

detection), which enables the rapid and simple identification
of trace DNA.”* SARS-CoV-2 detection kits based on the
CRISPR technology have also been marketed since the
COVID-19 pandemic. For instance, the US FDA has
authorized the use of CRISPR-based products SHERLOCK’
and DETECTR'' in emergency conditions. This is the first
time that the FDA has authorized the use of CRISPR
technology for the identification of infectious disease
identification. Even though the relevant technology has already
reached a stage of intense competition, the aforementioned
two components of the problem remain unresolved, limiting
the technology’s potential for further clinical transformation
and application.

CRISPR digital sensing provides a viable platform for future
CRISPR-based diagnostic applications.””~*" Based on droplet
microfluidic chips and microarray chips, samples can be
exquisitely confined within the picoliter to nanoliter scale
range. This precise confinement, a consequence of the
confinement effect, leads to a substantial increase in the
relative concentration of targets. As a direct result, the
sensitivity of the detection system is markedly enhanced.
Direct quantification of target biomolecules becomes feasible
by measuring the fluorescence end point counts in each
partition. This approach obviates the necessity for endogenous
references, enabling absolute quantification of biomolecules.
Moreover, it allows for single-nucleotide-specific detection,
which is crucial for high-resolution molecular analysis.*”*’
Compared with conventional CRISPR sensing, digital CRISPR
sensing is more robust for absolute measurement. It can
effectively amplify single molecules and exhibit greater
resistance to reaction inhibitors, ensuring more reliable and
accurate results. With the rapid advancement of micronano
processing technology, two distinct types of CRISPR-based
digital sensing chips have emerged: droplet microfluidic and
microarray.

Research in magnetic separation has enabled the integration
of nucleic acid extraction, purification, amplification, and
detection into a single digital biochip. Magnetic bead-modified
probes can capture targets in complex samples through specific
chemical reactions. By application of an external magnetic field,
these magnetic beads can be rapidly and efficiently captured
and separated from the reaction system. Additionally, the
magnetic field facilitates the removal of nonspecifically
adsorbed substances, ensuring high detection accuracy and
specificity.” ™" Wu et al. designed a droplet magnetic-
controlled microfluidic chip that integrates nucleic acid
extraction, amplification, and detection.”” This chip leverages
the interfacial tension between droplets and the oil phase,
while permanent magnets automate the movement, splitting,
and fusion of droplets to maintain a closed environment. This
design prevents cross-contamination and aerosol formation,
enabling direct in situ amplification. Magnetic-controlled
microarray chips have been successfully validated for highly
sensitive and specific biomolecule detection, capable of
capturing single molecules and detecting fluorescence signals.
Currently, a variety of fabrication methods exist for microarray
chips, which allow for the simultaneous analysis of multiple
targets.‘}s’49

This review provides a comprehensive overview of the latest
advancements in CRISPR digitization, covering both amplifi-
cation and amplification-free strategies (Figure 1). It
emphasizes the integration of micronano collaborative
chips—such as droplet microfluidic chips and microarray
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Figure 1. Applications of CRISPR digital biosensors based on
micronano collaborative chips.

chips, with CRISPR sensing technologies to address key
challenges in biodetection and to advance digital concepts for
diagnosis and therapy. It systematically summarizes and
compares the performance metrics of various CRISPR digital
platforms including sensitivity, specificity, and throughput.
Rather than focusing solely on qualitative research, this review
emphasizes digital absolute quantification, POCT, and
wearable real-time monitoring using CRISPR digital bio-
sensors. These technologies enable biomolecular detection in
real-world samples with minimal user intervention, providing
automated testing to reduce false positives and streamline
pretreatment processes. The potential of CRISPR digital
sensing technology is explored, particularly its high accuracy
in identifying single-base mutations, its multiplexing capa-
bilities, and its potential for integrating diagnosis and therapy.
Finally, the review concludes with a comprehensive outlook
and prospective discussion of this rapidly evolving field.

2. PRINCIPLE OF CRISPR-BASED MICRONANO
DIGITAL SENSING CHIPS

Table 1 provides an overview of the features and capabilities of
CRISPR-based digitization chips, including droplet micro-
fluidics biochips, microarray biochips, and other unique digital
CRISPR biochips for single- or multiple- target detection.
CRISPR-integrated digital sensing chips have distinct advan-
tages over those combined with other nucleic acid detection
methods. CRISPR’s unique nucleic acid recognition mecha-
nism provides ultrahigh specificity, enabling precise discrim-
ination of highly similar sequences. In terms of sensitivity,
CRISPR-integrated digital sensing chips can achieve single-
molecule detection, outperforming some traditional techni-
ques. They are more user-friendly with an integrated design
that effectively reduces errors and contamination risks.
Additionally, their programmable nature enables a powerful
multiplex-detection function, allowing for the simultaneous
detection of multiple targets on one chip. Thus, this
technology is widely applied in emerging fields such as liquid
biopsy and viral mutation monitoring.

The volume of droplets in droplet-based microfluidics
biochips is consistently at the picoliter level, while the chamber
volume in microarray biochips is consistently at the nanoliter
level. Generally, the volume of the sensing unit is associated
with the detection limit. The volume of the droplets could be
regulated by the oil-to-aqueous phase flow rate ratio and the
size of the microfluidic channel. The lower volume of the
microarray chamber needs more precise micronano processing

amplification strategies, the uniquely shaped chips are utilized
to prevent cross-contamination caused by amplification
reagents. For amplification-free strategies, the special CRISPR
assay design, precise dimensions, and fine machining of
droplets or microchambers are required to lower the detection
limit. With the development of CRISPR and micronano
technologies, the limit of detection (LOD) of amplification-
free CRISPR digital biosensors could be lower as well as
amplification strategies. The detailed design of the micronano
collaborative chip applied for CRISPR digitization is discussed
in this section.

2.1. Droplet Microfluidic Sensing Chips. 2.1.1. Flow-
Based Microfluidic Biochips. Utilizing micronanotechnology,
the flow-based microfluidic biochips which is based on the
fluid focusing principle, shears the oil and aqueous phases to
achieve CRISPR digital sensing detection.”>~*” This process
quickly and precisely divides the sample fluid into multiple
independent microdroplets in the picoliter (pL) to nanoliter
(nL) range.m_74 Microdroplets enhance local molecule
concentration based on the confinement effect, enablin
ultrasensitive marker detection and response sensitivity.”>”’
Additionally, it enables rapid and controlled fluid mixing in the
droplet reactor, thereby reducing reaction times. Achieving
digital quantitative marker detection can be done by counting
the percentage of positive droplets. The droplet volume may
be controlled by the micronanofabrication processing and the
oil-to-aqueous phase flow rate ratio. Thus, droplet microfluidic
sensing chips are promising to offer low cost, tiny volume,
scalable size, and high throughput for multiple-step parallel
operations.

As shown in Figure 2, various micronano droplet micro-
fluidic structures have been developed to advance CRISPR
digital sensing technology. To address the issue of false
positives in CRISPR assays, several innovative designs have
been implemented. These include a microinjector serving as a
postinjection device (Figure 2a),”° a Y-channel structure that
separates the target from the amplification reagent (Figure
2b),>° and a two-step microfluidic structure that integrates
amplification and detection processes (Figure 2c).”’ By
physically isolating the target and amplification reagent,
premature amplification is prevented, ensuring that the
amplification reaction is initiated only after droplet formation.
To enhance the control of the CRISPR sensing process, a
microfluidic chip utilizing negative pressure actuation was
developed (Figure 2d).”” Additionally, to simplify fabrication
requirements, membrane-based (Figure 2¢)** and vortex-based
technologies (Figure 2f)°® were ingeniously designed for rapid
and efficient droplet generation, eliminating the reliance on
shear forces between the oil and aqueous phases. Furthermore,
multiplexed droplet microfluidic devices have been engineered
to enable simultaneous multitarget detection (Figure 2g),59
significantly expanding the versatility and applicability of
CRISPR-based sensing platforms.

2.1.2. Digital Microfluidic Biochips. The working principle
of digital microfluidic biochips (DMFB) is mainly based on
electrowetting. It enables precise manipulation of discrete
picoliter (pL) to microliter (4L) droplets through an electrode
array, facilitating various biological and chemical analyses.”
The most widely used droplet actuation mechanism in DMF
chips is electrowetting on dielectric (EWOD). The chip
consists of a bottom plate with an electrode array and a top
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Figure 2. Structure of CRISPR-enabled flow-based microfluidic biochips. (a) Micronano structure with Y-shaped channel inlet. Adapted with
permission from ref 56. Copyright 2022, American Chemical Society. (b) A microinjector-based postinjection micronano structure. Adapted
with permission from ref 50. Copyright 2022, Elsevier. (c) A microinjector-based, two-step microfluidic structure. Adapted with permission
from ref S1. Copyright 2022, Elsevier. (d) A negative pressure actuation micronano structure with syringe pumping. Adapted with
permission from ref 57. Copyright 2021, American Chemical Society. (e) Structure with PMMA membrane-assisted droplet generation
strategy. Adapted with permission from ref 54. Copyright 2023, American Chemical Society. (f) Structure with vortex-assisted droplet
generation strategy. Adapted with permission from ref 58. Copyright 2023, American Chemical Society. (g) Multiplexed micronano
structure of multiple detections. Adapted with permission from ref 59. Copyright 2023, American Chemical Society.

plate. The bottom electrode plate is patterned through
processes such as photolithography and etching and is coated
with a dielectric layer and a hydrophobic layer. The top plate,
usually made of glass or plastic, is also coated with a
hydrophobic layer. When a continuous potential is applied to
the electrode array through a computer-controlled program,
the interfacial tension between the droplet and the electrode
surface changes, enabling actuation of the droplet. This
actuation method allows droplets to be moved, merged, split,
and dispensed on the chip surface. It is like building a
miniature “liquid manipulation factory” on the chip, which can
precisely control the behavior of each droplet.

As shown in Figure 3, the digital microfluidic biochip
consists of two parallel glass plates, including a bottom
electrode plate and a top indium—tin oxide (ITO) glass. The
bottom electrode plate forms an electrode array through
photolithography and wet etching. Subsequently, a 15-um-high
layer of SU-8 photoresist is coated as a dielectric layer. The
surface of the chip is hydrophobically treated, and combined
with the coverage of fluorocarbon oil, it can effectively reduce
nucleic acid adsorption and contamination, minimize external
interference, and, at the same time, reduce droplet evaporation.
The chip is equipped with multiple reservoirs for storing
various reagents required for the reaction, such as lysis buffer,
RPA mixture, Casl2a mixture, etc., providing a material basis
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Figure 4. Structure of CRISPR-based micronano digital microarray chips. (a) Micronano structure with highly integrated pretreatment and
detection module. Adapted with permission from ref 38. Copyright 2023, American Chemical Society. (b) A self-priming liquid-dispensing
digital microarray chip. Adapted with permission from ref 82. Copyright 2021, Elsevier. (c) A microarray chip with multiplexing. Reprinted
with permission under a Creative Commons CC-BY 4.0 License from ref 80. Copyright 2020, Springer Nature. (d) Multiplexed microarray
chip combined with commercial Fluidigm chips and equipment. Reprinted with permission under a Creative Commons CC-BY 4.0 License
from ref 81. Copyright 2022, Springer Nature. (e) Commercial QuantStudio 3D digital microarray chip. (f) Commercial QIAcuity digital
microarray nanoplate.

for subsequent reactions. It was shown that the coefficients of
variation of droplet volumes dispensed from the same reservoir
or different reservoirs were small, 3.3% and 4.8%, respectively,
which demonstrated the good homogeneity and stability of
droplet generation on the DMFB and ensured the reliability of
the reaction.

2.2. Microarray Sensing Chips. Millions of nanoliter or
femtoliter micropores, carved by micronano manufacturing
processes, make up the microarray chip. Accurate quantitative

results are produced by accurately controlling the reaction
volume and distributing the sample uniformly throughout the
equal volume of microporous chambers.”***>*! It solves the
shortcomings of the droplet microfluidic chip, which makes it
difficult to control the droplets and ensure a precise uniform
droplet size.

As shown in Figure 4, several micronano microarray sensing
chips were developed to facilitate the development of CRISPR
digital sensing. Based on advances in micronano fabrication
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Figure 5. CRISPR-based amplification digital sensing with a droplet microfluidic chip. (a) Schematic diagram of ddRECD biosensor based
on RT-LAMP-CRISPR/Cas12b and T-junction droplet microfluidic chip. Adapted with permission from ref 52. Copyright 2021, Elsevier.
(b) Schematic diagram of DropCRISPR biosensor based on LAMP-CRISPR/Casl2a and two-step droplet microfluidic system with a
picoinjector. Adapted with permission from ref S1. Copyright 2022, Elsevier. (c) Schematic diagram of PADLOCK-CRISPR biosensor based
on postinjection microfluidic device and one-pot RPA-CRISPR/Cas13a. Adapted with permission from ref 50. Copyright 2022, Elsevier. (d)
Schematic diagram of DMF-Cas12a biosensor. Adapted with permission from ref 40. Copyright 2023, Elsevier. i: Inmunomagnetic beads-
based samples pretreatment; ii: Detection process based on electrowetting on a dielectric. (e) Schematic diagram of the ddHECTelo
biosensor based on vortex-assisted droplet generation for assisted telomerase activity detection. Adapted with permission from ref 53.
Copyright 2023, Elsevier.
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technology, the process units required for target detection,
including sample pretreatment, nucleic acid extraction, target
sequence amplification, and signal detection, can be partly or
entirely integrated into a single microarray chip (Figure 4a).*
This helps to automate and integrate detection, improve
detection efficiency, minimize operational errors, lower
detection costs, and reduce the risk of aerosol contamination.
To eliminate the external power supply and reduce the sample
loading time, a self-priming liquid-dispensing digital microarray
chip was designed (Figure 4b).** Multiplexed microarray chips
are designed to achieve multigene detection (Figure 4c, d).5o%!
Commercially available microarray chips are being produced to
support the development of automated droplet screening
assays and miniature analytical tools (Figure 4e, f).

Both droplet microfluidic chips and microarray chips have
great potential in CRISPR digitization, with their own
characteristics and application scenarios. Micronano collabo-
rative chips have greatly facilitated the application of CRISPR
digital sensing and promoted their development in healthcare
and related industries. The ease of mass production and lower
manufacturing costs of CRISPR digital sensing chips facilitate
their popularization and dissemination.

3. DIGITAL CRISPR BIOSENSORS BASED ON
DROPLET MICROFLUIDIC CHIPS

The integration of CRISPR with droplet microfluidic chips has
advanced digital CRISPR biosensors, balancing sensitivity and
accuracy.” ™ This section highlights progress in amplifica-
tion-based and nonamplification-based digital CRISPR bio-
sensors, showcasing improved performance and practicality. It
also outlines steps for future precise detection technologies and
explores applications in biological detection.

3.1. Amplification Strategy. Leveraging CRISPR tech-
nology, platforms such as DETECTR,"" SHERLOCK,’
HOLMES,86 and HOLMESv2*” have been developed, offering
high-sensitivity and high-specificity nucleic acid detection. To
achieve ultrasensitive detection for clinical diagnostics,
isothermal amplification approaches, like loop-mediated
isothermal amplification (LAMP)®® and recombinase polymer-
ase amplification (RPA)* have been integrated into CRISPR-
based droplet microfluidic chips. Compared with conventional
gPCR, isothermal amplification techniques are more resource-
friendly. They amplify nucleic acids isothermally, removing the
need for thermal cyclers. This cuts down on equipment costs
and reduces the requirements for specialized skills and
laboratory facilities, expanding their application scope.

Luo et al. integrated the CRISPR/Cas12b system and RT-
LAMP technology to develop the ddRECD platform (Figure
5a).> A simple T-junction droplet microfluidic chip was
utilized to generate ~0.3 nL of droplets for digital viral RNA
detection. On this platform, Cas12b binds to sgRNA, forming
a complex. Once the complex identifies the target DNA
amplified by RT-LAMP, it triggers the nonspecific trans-
cleavage activity of Casl2b, cutting a single-stranded DNA
reporter. This cleavage separates the fluorescent and quenching
groups, producing a fluorescent signal for quantification. The
ddRECD platform has an LOD of 14 copies/uL and can
accurately distinguish samples with very small concentration
differences. While traditional RT-LAMP often produces false
positives, Cas12b’s sequence-specific binding helps reduce false
signals caused by primer dimers or spurious amplicons. Tests
comparing RT-LAMP and ddRECD on negative samples

showed that ddRECD effectively eliminates false positives,
significantly improving the detection specificity.

Similarly, Wu et al. combined LAMP and CRISPR/Casl2a
to establish the DropCRISPR platform (Figure 5b).”' They
optimized the CRISPR/Casl2a system using a dual-gRNA
strategy, where each target recruits two Casl2a proteins,
enhancing trans-cleavage activity and amplifying the signal.
The platform features a unique two-step microfluidic design
consisting of a droplet generator and a picoinjector. First, the
droplet generator produces stable droplets containing LAMP
reagents for isothermal amplification. As the amplified droplets
flow through the chip, an electric field weakens the water—oil
interface, allowing the picoinjector to inject CRISPR/Casl2a
reagents. This design resolves compatibility and interference
issues caused by the different optimal temperatures required
for LAMP and CRISPR/Casl2a, ensuring efficient reactions.
The DropCRISPR platform achieves a detection limit of 3 fM
for the invA-containing model plasmid and 10* CFU/mL for
Salmonella typhimurium (St). It is 100 times more sensitive
than traditional bulk LAMP and 10 times more sensitive than
bulk LAMP/Casl2a reactions. The two-step microfluidic
system effectively addresses temperature-related compatibility
issues, improving the detection accuracy. Additionally, the
platform can detect Salmonella in raw samples like LB medium
and milk without requiring nucleic acid extraction. Compared
with the ddRECD platform, DropCRISPR, despite its
advantage in temperature compatibility, shows limited
improvement in detection sensitivity. This may be due to the
separation of amplification and detection into two stages,
which complicate process integration and introduce errors in
quantifying initial target concentrations.

RPA, with a reaction temperature near ambient (37—42 °C),
is well-suited for developing one-pot CRISPR digital
systems.”””" Unlike PCR or LAMP, it starts without a hot
start. Adding magnesium acetate (MgOAc) initiated the
reaction, even at room temperature. Nevertheless, premature
bulk amplification during prediscretization sample analysis
often overestimates the target concentration, so quantitative
accuracy remains a challenge for the RPA-CRISPR system.

Cui et al. combined RPA-CRISPR/Casl3a with a post-
injection microfluidic chip to develop the PADLOCK platform
(Figure 5¢).>° The picoinjector features a pressurized injection
channel and a pair of electrodes. This unique design generates
a Laplace pressure barrier between the injection phase and the
oil phase. The nozzle’s small diameter ensures sufficient
Laplace pressure for stable and consistent reagent injection.
Leveraging the Venturi effect, which decreases fluid pressure
when the fluid flows through a constricted section of the tube,
enhances the contact between the droplet and the injection
phase. First, a MgOAc-deprived RPA master mix was
partitioned into droplets. Then, MgOAc was injected into
the droplets via the picoinjector to initiate the reaction,
avoiding premature amplification. Droplets containing target
nucleic acids initiate amplification reactions and emit
fluorescence, marking them as positive droplets (“1”). Droplets
without targets remain dark, marking them as negative droplets
(“0”). Using a fluorescence microscope and Image] software,
the platform counts the proportion of positive droplets and
applies a Poisson distribution to achieve single-molecule
detection with a limit of detection (LOD) of 10 copies/uL
and a high signal-to-noise ratio (S/N ratio >6). When tested
on 22 clinical samples for HPV16 viral load detection, the
PADLOCK platform showed 100% agreement with qPCR
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Figure 6. CRISPR-based amplification-free digital sensing was performed with droplet microfluidic chips. (a) Schematic diagram of
ultralocalized Cas13a biosensor for RNA detection. Adapted with permission from ref 57. Copyright 2021, American Chemical Society. i:
Concept of ultralocalized Cas13a assay; ii: Confinement effect on the local concentration. (b) Schematic diagram of ultralocalized Cas12a
biosensor for DNA detection. Adapted with permission from ref 55. Copyright 2021, American Chemical Society. (c) Schematic diagram of
STAMP-CRISPR biosensor based on self-digitization automated partitioning through commercial polycarbonate track etch membrane.
Adapted with permission from ref 54. Copyright 2023, American Chemical Society. i: STAMP process; ii: Utilization of the STAMP device
and CRISPR assay for HIV-1 quantification. (d) Schematic diagram of the double crRNA-mediated CRISPR/Cas12a biosensor for plasma
EBV DNA quantification based on QX200 droplet system. Adapted with permission from ref 41. Copyright 2023, Elsevier.

results. The platform reduces detection time to 30 min at 37
°C. However, the separation of amplification and detection
into two stages remains a challenge. Droplets must be
transferred to a 40-um-high PDMS chamber via tubes for
quantitative monitoring, which increases the false-positive rate
and complicates workflow integration. This limits full
automation and hinders the practical application of CRISPR
digital detection systems in POCT.

To achieve an in situ CRISPR digital microfluidic system, Lu
et al. ingeniously constructed DMF-Casl2a system based on
the synergistic effect of immunomagnetic bead enrichment,

nucleic acid amplification, and the CRISPR/Cas12a system to
achieve highly sensitive detection of pathogens. (Figure 5d).*
Unlike the pressure-driven fluid system, the DMF-Casl2a
system uses EWOD technology. This approach uses a
computer to apply continuous potentials to an electrode
array, enabling independent control over RPA amplification,
cell lysis, and Casl2a trans-cleavage within droplets. EWOD
technology allows for precise droplet manipulation without the
need for pipelines, offering high reconfigurability and
automation. The system also incorporates magnetic bead-
based pre-enrichment, enhancing the sensitivity of S. aureus
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detection with the LOD of 32 CFU/mL in just 55 min, using
only 6.6 uL reagent. Compared to traditional PCR, the
sensitivity is improved by 2—3 orders of magnitude and the
detection time is drastically reduced, greatly increasing
efficiency. The method performs exceptionally well with
complex biological samples, such as milk and urine, achieving
analytical recoveries of 88.2% to 109% for spiked samples, with
coefficient of variation (CV) values below 15%. This
demonstrates its potential for automated, highly sensitive
pathogen detection in diverse biological applications, including
scenarios such as simulated urinary tract infections and food
contamination testing. This assay integrates amplification, cell
lysis, and detection processes, overcoming the traditional two-
step detection model of RPA/LAMP-CRISPR. However, the
preenrichment step, where immunomagnetic beads are mixed
with the sample on a spinner for 20 min, is not integrated into
the digital chip. Instead, centrifugation is required to collect
the immunomagnetic beads with the enriched sample before
loading them onto the chip. A key area for future advancement
in CRISPR digitization is the development of a simple, user-
friendly integrated module.

Recent studies have aimed to simplify the CRISPR
digitization process. Rolando et al. utilized a commercially
available microfluidic chip for real-time digital LAMP.”” Lin et
al,, by using easily accessible membranes, conducted LAMP
digitization experiments without the need for complex chip
fabrication or specialized equipment.”” Notably, Luo et al.
developed a droplet digital hyperbranched amplification-
enhanced CRISPR/Casl2a-based telomerase detection plat-
form (ddHECTelo) to detect telomerase activity, skillfully
applying a vortex technique without relying on a microfluidic
device. (Figure 5e).”” In this system, Casl2a combines with
crRNA to form a complex. When the complex recognizes the
TTAGGG-rich DNA sequence extended by telomerase,
Casl2a is activated. Subsequently, it cleaves single-stranded
DNA reporters, separating the fluorescent and quenching
groups and generating a signal. The experimental steps are as
follows: First, telomerase was extracted and used to add repeat
sequences to the TS primer. Then, a reverse primer initiated
hyperbranched amplification, increasing the amount of relevant
DNA. The reaction mixture was vortexed for one s to form
droplets. After different crRNAs were designed and compared
(selecting crRNA2 for its high efficiency) and the reaction
conditions were optimized, the fluorescence signals from the
droplets were measured. Finally, telomerase activity was
accurately quantified based on the number of fluorescent
droplets. This method can detect telomerase activity at a level
as low as 0.6 MCF-7 cells/uL. Compared with the traditional
CRISPR system, ddHECTelo can detect low-abundance target
nucleic acids and features a simplified operation. In
comparison to PCR, the digital system of ddHECTelo is
10,000 times more sensitive. What makes ddHECTelo unique
is its simple droplet-forming process and the incorporation of a
hyperbranched amplification. However, to ensure the method’s
reliability, the uniformity of the droplets during the vortexing
process needs to be further regulated. This investigation is
crucial for achieving accurate and straightforward quantifica-
tion in precision medicine.

As illustrated in Figure 4—S5, and Table 1, digital CRISPR
microfluidic platforms with amplification offer significant
advantages over traditional PCR and CRISPR methods.
These platforms achieve exceptionally high sensitivity with
detection limits in the aM to fM range and are capable of

handling diverse sample types. Casl2, a thermophilic RNA-
guided endonuclease, is often paired with LAMP for
amplification. Compared with LAMP-CRISPR platforms,
those incorporating RPA can achieve faster detection. For
example, the ddRECD platform requires 120 min for
detection, while the PADLOCK platform completes the
process in just 30 min. However, current amplification-based
strategies have notable limitations. They are time-consuming,
involve complex manual operations, and are prone to false
positives due to nonspecific activation, which restricts their
applicability in clinical diagnostics and biological analysis. To
address these challenges and enhance detection sensitivity, it is
essential to optimize both microfluidic chips and the CRISPR
system. One promising approach is to explore Cas effector
proteins further and refine the design of crRNA or gRNA to
improve CRISPR sensing capabilities.”””* Additionally, devel-
oping integrated chips that combine sample pretreatment with
CRISPR detection can significantly reduce contamination
risks, enhance portability and controllability, and drive
advancements in related fields.

3.2. Amplification-Free Strategy. According to the
reported literature,”* ™" the use of multiple crRNAs, sensitive
readout systems, high-cleavage-activity Cas proteins, and
reaction digitization makes it possible to construct amplifica-
tion-free biosensors, which help balance the sensitivity and
specificity of CRISPR technology.

The ultralocalized Cas13a platform developed by Tian et al.
allows for ultrasensitive detection (6 copies/ul) without
nucleic acid amplification (Figure 6a).”” It mainly relies on
increasing the local molecular concentration and using the
efficient Casl3a system. The droplet microfluidic biochip is
cleverly designed with a sample inlet, two oil inlets, and an
outlet connected to a syringe. In experiments, mineral oil is
filled into the chip first, followed by the Casl3a reaction mix.
Pressure differences and the chip’s flow-focusing structure
generate a uniform monolayer of droplets. These droplets
contained all reaction components: target RNA, Casl3a,
crRNA, and fluorescent RNA reporters. Then, the droplets
are incubated at 37 °C. If target RNA is present, it binds to
crRNA, activating Casl3a to cleave the fluorescent reporters
and emit a signal. The reaction occurs in the chip’s tiny,
independent droplets, avoiding interference and ensuring
reliable results. Compared with traditional RNA detection
methods like RT-PCR, the ultralocalized Cas13a platform does
not require amplification or reverse transcription, thus avoiding
issues like amplification bias, cross-contamination, and sample
loss. Compared with bulk Cas13a assays, it is over 10,000 times
more sensitive. It can precisely distinguish homologous
miRNA sequences and quantify various RNA molecules in
different samples, such as microRNAs, 16S rRNAs, and SARS-
CoV-2 RNA in cell-line samples, clinical serum, and
nasopharyngeal swabs. When detecting miRNA-17 in complex
samples, its results are similar to qRT-PCR and ddPCR, but
they show a slightly higher miRNA-17 level due to bypassing
reverse-transcription problems.

Using the same biochip, Yue et al. developed the
ultralocalized Casl2a platform for single-molecule-level DNA
quantification without amplification (Figure 6b).>> Generally,
Casl2a was less efficient than Casl3a in trans-cleavage. Thus,
the platform uses a dual-crRNA targeting strategy and focuses
on screening the optimal reaction parameters of an efficient
Casl2a assay. Just by optimizing these parameters, the LOD of
this assay can reach 100 fM DNA, which is 50 times more
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Copyright 2023, American Chemical Society.

sensitive than the traditional Casl2a assay. Based on this, the
ultralocalized Casl2a platform with comprehensive optimiza-
tions shows superior performance. It can accurately quantify
African Swine Fever Virus (ASFV) DNA with an LOD of 17.5
copies/uL. The reaction occurs at 37 °C, and the detection
time is 60 min, making it easy to carry out. The flexible
programmability of crRNA in the biosensor holds great
potential in constructing quantitative analysis tools for DNA.

To expedite the CRISPR/Cas digitization process, Nouri et
al. developed a self-digitization approach using the Automated
Membrane-based Partitioning (STAMP) for amplification-free
detection of HIV-1 with the LOD of 1 fM in less than 30 min
(Figure 6¢).”* A commercial PCTE membrane was used in the
STAMP platform to create droplets, which has a simple 4-step
operation process. Casl3a forms a complex with crRNA, and
when it binds to the specific HIV-1 RNA target, it activates and
performs trans-cleavage on the FQ-labeled single-stranded
reporter, generating a fluorescent signal. By surface tension-
induced capillary action, the mixture is pushed into the
membrane’s pores, which are extremely dense with uniformly
sized holes. A sealed digital system is created when the
STAMP is positioned on a mineral oil-filled surface, the sample
is kept in place by surface tension and it only takes 8 uL of the
sample to fill. This platform constructs a simple amplification-
free platform, eliminating the need for sophisticated instru-
ments and intricate microarray construction. Compared with
traditional RT-qPCR, the detection results of STAMP platform
are highly consistent. However, it is limited in detecting low-
positive samples (plasma viral load <2000 copies/mL) due to
subsampling errors. Despite this limitation, the STAMP-
dCRISPR platform shows great potential for clinical
applications. In the future, its overall performance can be
enhanced in three aspects: improving sensitivity (by increasing
sample volume, reducing reaction volume, preconcentrating

samples, and using multiple membranes for detection),
standardizing operations (by developing an automated
membrane filling system), and expanding the dynamic range
(by optimizing membrane pore parameters).

To increase the amplification-free CRISPR method’s
detection effectiveness, Jiang et al. employed CRISPR/
Casl2a-crRNA duplexes with the commercial QX200 droplet
system for the detection of Epstein—Barr virus (EBV) DNA,
targeting the repetitive BamHI—W region of the EBV genome
(Figure 6d).*" The assay leverages the cis-cleavage activity of
Casl2a to fragment EBV DNA before droplet generation,
increasing the number of detectable targets by 5—11 times
depending on the repeat number. The fragmented DNA is
then compartmentalized into picoliter-sized droplets, where
activated Casl2a-crRNA complexes cleave fluorescent report-
ers, generating a digital signal for quantification. This approach
eliminates the need for preamplification, reducing amplification
bias and contamination risks. The assay demonstrated superior
sensitivity (99.0%) and specificity (92.6%), outperforming
conventional qPCR, particularly in detecting low EBV DNA
loads and early stage nasopharyngeal carcinoma (NPC), with
an AUC of 0.9883. A key strength of this assay lies in its use of
double crRNA-mediated cis-cleavage, which eliminates the
need for Cas protein activity or highly complex micronano
fabrication technologies, thereby enabling amplification-free
detection. It also verified that digital CRISPR biosensors can
be integrated with commercial systems to enhance detection
stability and practicability. The amplification-free design,
coupled with its absolute quantification capability, simplifies
standardization across testing centers, positioning it as a
promising alternative to PCR-based methods for NPC
management.

Compared with traditional PCR and amplification-based
CRISPR platforms, CRISPR-based digital microfluidic plat-
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Figure 8. continued

chip. Adapted with permission from ref 36. Copyright 2021, Elsevier. (b) Schematic diagram of CASMART biosensor for precise
quantitative detection of rare mutant alleles based on one-pot RPA-CRISPR/Casl2a and Quantstudio 3D digital chip. Adapted with
permission from ref 63. Copyright 2022, Elsevier. (c) Schematic diagram of deCOViD biosensor for SARS-CoV-2 quantitative detection
based on one-pot RPA-CRISPR/Cas12a and Quantstudio 3D digital chip. Reprinted with permission under a Creative Commons CC-BY 4.0
License from ref 37. Copyright 2021, Wiley. (d) Schematic diagram of dWS-CRISPR biosensor for SARS-CoV-2 quantitative detection based
on one-pot RT-DAMP-CRISPR/Cas12a and Quantstudio 3D digital chip. Adapted with permission from ref 60. Copyright 2021, Elsevier.

forms without amplification have a shorter detection time,
requiring only 30 to 60 min (Table 1). These platforms
achieve single-molecule sensitivity, enabling absolute quantifi-
cation of DNA and RNA without the need for preamplifica-
tion, thus avoiding issues such as amplification bias, cross-
contamination, and sample loss.”**'°" Moreover, the droplets
used in these platforms are all in the picoliter range, which
helps to further enhance the detection sensitivity. Compared
with amplification strategies, the reaction temperature of
amplification-free strategies is always 37 °C, which enables the
realization of numerous application scenarios. However,
challenges remain, including the need for further optimization
of reaction conditions and droplet readout techniques to
improve multiplexing capabilities and detection robustness.
Future advancements in CRISPR-based droplet assays could
focus on integrating sample preparation steps, enhancing
crRNA design, reducing the reaction time, and developing
portable detection systems to expand their applicability in
point-of-care diagnostics and large-scale screening.

4. DIGITAL CRISPR BIOSENSORS BASED ON
MICROARRAY CHIPS

Droplet-based digital CRISPR technology has been developed
to identify RNA and DNA, etc. 51027195 1t takes some time for
the droplet’s reaction time to identify the fluorescence signal of
a single droplet. In addition, factors such as surface tension
might hinder droplet stabilization in the detection process.
Compared with microdroplets, microarrays are produced using
soft etching and have a more uniform size. It is expected that
microarray chips will reach even higher sensitivity and more
precise detection. Thus, this section analyzes the performance
of the digital microarray CRISPR technology, both amplifica-
tion-based and amplification-free. Specifically, the combination
strategies, strength, and potential applications.

4.1. Amplification Strategy. Xia et al. developed a self-
priming digital PCR microarray chip with rapid sampling,
precise quantification, low evaporation, and power-free
operation (Figure 7a).*> The biochip is composed of three
layers: glass, microstructure, and a Scotch-tape-based adhesive
layer for preventing evaporation. The 20160 cylindrical
microchambers allowed for independent PCR amplification.
The pressure difference between the chip’s inside and exterior
causes it to draw in the reaction solution. The chip can detect
the epidermal growth factor receptor (EGFR)T790 M
mutation in plasma with 100% accuracy and 0.01% sensitivity,
simplifying the workflow and boosting the detection efficiency.
Using this self-priming digital chip, a direct digital dual-
crRNAs assay (3D assay) was proposed to precisely quantify
pathogens (Figure 7b).”> The chip features a hydrophilic
modification to prevent protein adsorption, enabling one-pot
RPA amplification and CRISPR/Cas12a detection on a single
microarray platform. Salmonella could be detected within 30
min with a LOD of 0.2 cells/mL in the range of 2.58 X 10 to
2.58 X 10* cells/mL. This platform overcomes the limitations

of traditional two-step CRISPR assays and protein adsorption
issues in microfluidic chips, offering a robust solution for rapid
and accurate pathogen detection.

Many commercial microarray chips, such as QuantStudio
and Clarity chips, are used to accelerate the CRISPR/Cas
digitization process. Wu et al. integrated isothermal amplifica-
tion, CRISPR/Cas12a detection, and digital PCR partitioning
to develop RADICA (Figure 8a).*® In RADICA, RPA amplifies
the target nucleic acid and the Casl2a-crRNA complex
specifically binds and cleaves the target, generating a
fluorescent signal. A single reaction mixture was partitioned
into tens of thousands of compartments on the high-density
chip, with an average volume of 1.336 nL. RADICA can
quantify nucleic acids in 40—60 min, four times faster than
dPCR-based detection. RADICA can detect SARS-CoV-2 in
the linear dynamic range of 0.6—2027 copies/uL (R* > 0.99),
showing high accuracy, low variability, negligible cross-
reactivity to similar targets, and high tolerance to human
background DNA. It can be combined with reverse tran-
scription for RNA quantification and is customizable for other
amplification platforms and Cas proteins. Based on the same
chip, the Warm-Start RApid DIgital CRISPR Approach (WS-
RADICA) based on RT-LAMP was proposed to detect SARS-
CoV-2 in 60 min with a LOD of 1 copy/uL,’" which prevents
amplification at room temperature before sample loading and
enables accurate digital quantification.

Previous studies have mainly focused on nucleic acid and
bacterium detection. The rapid spread of diseases like COVID-
19 is directly related to early mutations in the SARS-CoV-2
viral genome, which alters its structure. Thus, prompt and
reliable mutant gene detection is crucial for limiting viral
transmission. For accurate mutant allele quantification, Zhang
et al. integrated RPA and CRISPR/Casl2a trans-cleavage to
develop the CASMART platform (Figure 8b).°> A commercial
QuantStudio 3D Digital PCR Chip was used to partition the
reaction mixture into ~20,000 microwells for digital detection.
In CASMART, RPA amplifies the target nucleic acid, and the
Casl2a-crRNA complex specifically binds to and cleaves the
target, triggering the trans-cleavage of the ssDNA-FQ reporter
and generating a fluorescence signal. LbCas12a, AsCas12a and
their variants were selected for the CASMART platform due to
their different sensitivities to gRNA-target substrate incom-
plete base pairing. Mutant crRNA2 and wild-type crRNA6
were selected for subsequent cleavage studies to find rare
mutant alleles due to their strong target sensitivity and weak
nonspecific fluorescence signals. This platform can accurately
quantify the variant allele frequency of EGFR L858R within 60
min at 42 °C and detect mutant targets as low as 0.3 copies/uL
(0.498 aM) in mock multiplex cfDNA samples. Compared
with Next Generation Sequencing (NGS), the CASMART
platform shows good concordance in quantifying mutant
alleles in human genomic samples.

Utilizing the same commercial microarray chip. Park et al.
developed a one-pot digital RPA-CRISPR/Casl2a platform
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Figure 9. CRISPR-based amplification-free digital sensing was performed with microarray chips. (a) Schematic diagram of high-integrated
microwell array and magnetic-bead-based dCRISPR biosensor. Magnetic beads are used to extract and enrich targets from large sample
volumes, achieving the integration of sample pretreatment and detection. Adapted with permission from ref 38. Copyright 2023, American
Chemical Society. (b) Schematic diagram of ultrarapid SATORI biosensor based on fL-level microchambers and the strong cleavage activity
of LwaCas13a. Reprinted with permission under a Creative Commons CC-BY 4.0 License from ref 64. Copyright 2021, Springer Nature.

called deCOViD (Figure 8¢).”” In deCOViD, SARS-CoV-2
RNA or heat-inactivated SARS-CoV-2 is reverse transcribed
and amplified by RT-RPA. The resulting DNA amplicons
activate Casl2a-guide RNA complexes, which cleave single-
stranded DNA fluorogenic reporters to produce fluorescence.
This allows deCOViD to achieve qualitative detection in <15
min and quantitative detection in 30 min, with high sensitivity
down to 1 genome equivalent (GE)/uL of SARS-CoV-2 RNA
and 20 GE/uL of heat-inactivated SARS-CoV-2. In detecting
heat-inactivated SARS-CoV-2, deCOViD can directly detect
samples without RNA extraction and shows a 5-fold improve-
ment in sensitivity compared to the bulk assay. However,
neither RADICA nor deCOViD resolves the challenge of
overestimating the initial targets induced by the RPA. Because
RPA could be initiated at room temperature. The reaction
assay must be prepared on ice and loaded into chips within 1
min, which complicates the detection procedure and remains
difficult in massive testing applications. Ding et al. developed
the digital warm-start CRISPR (dWS-CRISPR) platform by
integrating RT-DAMP and CRISPR/Casl2a detection to
tackle issues like premature target amplification and false
positives (Figure 8d).%° Using the same QuantStudio 3D
digital chip, the reaction mixture was partitioned into over
10,000 subnanoliter microreactions. In the dWS-CRISPR
assay, six RT-DAMP primers recognize target sequences to
initiate nucleic acid amplification. Subsequently, the Casl2a-
ctRNA complex binds to the amplicons, activating the
collateral cleavage activity that cleaves ssDNA-FQ_reporters
and generates fluorescence. This assay can detect down to S
copies/uL SARS-CoV-2 RNA in the chip and was clinically
validated on 32 clinical swab samples and 3 clinical saliva
samples. It can also directly detect SARS-CoV-2 in heat-treated
saliva samples without RNA extraction. The dWS-CRISPR
platform is efficiently initiated at 50—55 °C, preventing
premature amplification at room temperature. This platform

offers high specificity and is 10 times more sensitive than
traditional tube-based bulk assays.

RPA, LAMP, DAMP, efc. are always used in microarray-
based digital CRISPR biosensors to enhance detection
sensitivity. In addition, commercial digital chips are always
used to eliminate manual steps and reduce operational errors.
Compared to microfluidics-based CRISPR biosensors, micro-
array-chip-based CRISPR biosensors have a lower LOD in the
aM range, and their microchambers have a larger volume than
droplets. The detection time for these biosensors typically
ranges from 30 to 90 min, and the dWS-CRISPR has a
relatively long detection time of 90 min. Future improvements
for microarray-chip-based CRISPR biosensors include explor-
ing new adaptive digital chips, optimizing reagent concen-
trations, enhancing user-friendliness, replacing fluorescence
microscopy with mobile phone-based detection for portability,
and applying it to study the relationship between SARS-CoV-2
viral load and the COVID-19 state and to detect other
diseases.

4.2. Amplification-Free Strategy. From the perspective
of sample pretreatment, Wang et al. created the dCRISPR
platform based on high-integrated microarray chips and
magnetic beads-integrated CRISPR/Casl3a to avoid amplifi-
cation process (Figure 9a).38 Sample pretreatment is the most
difficult step in nucleic acid testing since it involves complex
processes, such as sample lysis, nucleic acid extraction, and
purification. Magnetic beads are used to extract and enrich
RNA from large sample volumes, allowing for less aerosol
contamination. The complete process takes less than SO min,
which is shorter than most CRISPR/Cas systems and PCR
systems combined. Moreover, the distribution and limitation
of the target-induced CRISPR/Casl3a cleavage reaction to
one million unique femtoliter-sized microwells enhance the
local signal intensity and allow SARS-CoV-2 detection at the
extremely detection limit of 2 aM without the requirement for
single-molecule amplification.
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Figure 10. Digital CRISPR sensing applications in multigene detection based on droplet microfluidic chips. (a) Schematic diagram of the
MEDICA biosensor for HPV16 and HPV18 detection based on RPA-CRISPR one-pot reaction. Adapted with permission from ref 56.
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Figure 10. continued

Copyright 2022, American Chemical Society. (b) Schematic diagram for stimulation detection of HPV 16 and HPV 18 based on an
integrated dual-droplet device called M-D3.> i: Working principle of the M-D3; ii: Dual-droplet microfluidic platform setup. Adapted with
permission from ref 59. Copyright 2023, American Chemical Society. (c) Schematic of the PddCas biosensor for amplification-free dual-gene
detection based on vortex-assisted droplet generation. Adapted with permission from ref 58. Copyright 2023, American Chemical Society. i:
The detection process with the portable digital platform; ii: Data processing to quantify the number of positive droplets; iii: Clinical

validation of HPV 18 and SARS-CoV-2.

To further achieve the ultraquick detection of RNA, Makino
et al. created the CRISPR digital microarray biosensor called
SATORI, which does not require amplification (Figure 9b).%*
Utilizing fL-level microchamber and robust cleavage activity of
LwaCasl13a (k = 1.1 X 10" X [FQ rep.] M~'s™!), SATORI
achieved massively parallel monitoring of chemical reactions at
the single-molecule level in just S min at 37 °C. SATORI’s
detection efficiency is highly attractive, considering its $9.10
cost ($5.20 for the microchamber and $3.90 for the reagents).
Containing more than 1 X 10° microchamber, it is a quick and
efficient diagnostic tool with a LOD of S fM. From the
biosensor of dCRISPR and SATORI, reducing the micro-
chamber volume and promoting sample pretreatment
efficiency is suggested to further minimize the detection limit
or response time.

The development of microarray chips has significantly
advanced CRISPR-based digital sensing technologies, driving
progress in healthcare and related fields. Among the CRISPR
digital biosensors discussed, the SATORI platform demon-
strates the fastest detection capability, achieving results in just
S min. However, its detection sensitivity remains relatively
limited at 5 fM. Optimizing the microchamber volume could
potentially improve this sensitivity. Compared with the
CRISPR droplet microfluidic biosensor, the digital CRISPR
biosensors based on microarray chips have a faster initial
detection speed, since it does not necessitate the creation of
droplets. Because there are fewer reaction channels in the
microarray approach, it saturates at high concentrations,
resulting in a linear range shorter than that of the droplet
microfluidic biosensor. Consequently, the two techniques can
cooperate to yield better detection results.

5. DIGITAL CRISPR SENSING APPLICATIONS IN
MULTIGENE DETECTION

Technologies utilizing digital CRISPR biosensing are re-
nowned for their high sensitivity and specificity in detection.
However, the CRISPR/Cas system is nonspecific for the trans-
cleavage of reporter genes, making it difficult to distinguish
signals in situations with multiple targets. As a result, multiple
target detection is not a suitable use for the CRISPR digital
biosensors discussed above, which are primarily intended for
single target identification. Ideal diagnostic and monitoring
technologies should be highly multiplexed and easily scalable
to hundreds of samples to detect multiple viruses, distinguish
between viral variants, and quantify viral load.*>'**~""* The
intersection of CRISPR technology with droplet microfluidics
and microarray chips for multiplexed detection is thus
summarized in this section. It also explores the opportunities
and development of digital CRISPR multiplexed detection
technology, focusing on mutual interference, sensitivity,
specificity, and sensitive element recognition mechanisms.
5.1. Multigene Detection Based on Droplet Micro-
fluidic Chips. By altering the crRNA or tracrRNA in the
CRISPR/Cas system, most previous studies have employed the

. . 31,106,111,112
same Cas mechanism to target multiple sequences.

While this approach simplifies signal interpretation, it also
necessitates separate assays and extends detection time. An
alternative approach involves using multiple CRISPR/Cas
proteins in a single assay, such as combining Casl2a and
Casl3a or utilizing the four enzymes of LwaCasl3a,
PsmCas13b, CcaCas13b, and AsCasl2a.''>''* The aforemen-
tioned orthologous Cas proteins are introduced together with
nucleic acid reporters that are modified with different
fluorophores to accomplish this. Each Cas mechanism will
cleave the matching reporter labeled with a particular
fluorophore. This is feasible, but expensive multichannel
fluorescence detectors and screening of Cas proteins are
required. Utilizing the unique features of droplet microfluidic
devices, such as parallel sample processing and multianalysis
integration, multiple detection can be achieved by dividing up
the Cas protein/crRNA reaction solutions for different targets
among the various microcavities.

Achieving ideal one-step multiplexed detection addresses
macromolecular crowding and enzymatic incompatibility to
achieve comparable performance to the two-step method. In
the RPA-CRISPR one-pot reaction, local reagent depletion will
occur in the Casl3a reaction if the RPA reaction mixture is
added to the system without sufficient diffusion or mixing. Liu
et al. demonstrated that reducing the concentration of PEG-
8000 could alleviate the crowding effect and improve the
reproducibility of one-pot reactions (Figure 10a).*° Addition-
ally, enzymatic incompatibility was resolved by designing a
dual-Y-channel droplet microfluidic device to isolate MgOAc
from the target-containing master mixture. This design ensures
that the RPA-Casl3a reaction is activated only after the two
reagents are mixed within the droplets, preventing premature
cleavage of unamplified targets. The technique enhances
molecular mobility within the less viscous droplets, facilitating
efficient reagent mixing and concentrating the detection signal,
thereby improving the overall assay performance.

The designed MEDICA based on the one-pot RPA-
CRISPR/Casl13a was utilized for clinical detection of HPV16
and HPVI18 within 25 min, which enhanced the CRISPR
system’s multiple detection process by exploiting the multi-
plexing property of droplet microfluidics. It is worth noting
that approximately 70% of invasive cervical cancers globally are
caused by two of the most common and deadly HR-HPV
subtypes: HPV16 and HPVI18.'""~'"'" Co-detection for
HPV16/18 improves the chance of identifying precancerous
cellular structures early and initiating therapy promptly to halt
the spread of cancer. It is crucial to consider that employing
multistep procedures can increase the risk of contamination
and sample loss during the detection phase, as well as make it
more difficult to measure the targets precisely. However, in
MEDICA, two sets of RPA and Casl3a sequences were
designed to enable multiplex detection. Each set was applied to
the detection process separately rather than simultaneously.
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Figure 11. Digital CRISPR sensing applications in multigene detection based on microarray chips. (a) Microarray chip used in CARMEN®’
(i) and mCARMEN®' (ii), CARMEN and mCARMEN are driven by pairwise combinations of droplets and Fluidigm 192.24 IFC,
respectively. (b) (i) Schematic of CARMEN workflows: each amplified sample or CRISPR/Cas13a assay reagent mixture is fluorescently
labeled and emulsified to form droplets, respectively. Two droplets are self-organized and merged to activate the CRISPR/Cas13a detection
reaction in each well of the chip. (ii) Schematic diagram of mCARMEN workflows: without emulsion and color-coding steps, up to 196
amplified samples and up to 24 detection assay reactions are added to the Fluidigm IFC, respectively. Droplet mixture and CRISPR
detection are achieved automated. Reprinted with permission under a Creative Commons CC-BY 4.0 License from ref 80. Copyright 2020,
Springer Nature. Reprinted with permission under a Creative Commons CC-BY 4.0 License from ref 81. Copyright 2022, Springer Nature.

To identify multiple targets in one chip simultaneously,
Zhao et al. developed the CRISPR-based dual-droplet
microfluidic (M-D3), which made it possible to detect
HPV16 and HPV18 simultaneously on a single chip (Figure
10b).”” M-D3 is a two-branch system that efficiently and
economically generates two sets of droplets in parallel that
contain the fluorescent probes and Casl2a/crRNA, respec-
tively. To differentiate between HPV subtypes based on the
fluorescence color of the droplets, EVOS FL Auto 2 imaging
equipment and Image]J software were used for the fluorescence
imaging analysis. When paired with RPA amplification, M-D3
can simultaneously detect HPV16 and HPV18 in less than 30
min, with an LOD of 107" M (1 copy/reaction). After being
thermally lysed and amplified, 20 clinical patient samples at
risk of HPV infection were classified as positive or negative
with 92.3% sensitivity and 100% specificity. The rapid analysis
time and few sample consumptions of M-D3 dual-target
biosensors make it a promising tool for multiplex nucleic acid
detection applications. With its excellent scalability, this digital
CRISPR multiplexing technique can be developed into a three-
plex or six-plex droplet device to detect multiple targets. Its
independent parallel channels and the need for RPA
amplification limit further development.

The biosensors described above are all for multiple RNA or
DNA detection. Combining Cas12a and Cas13a enables dual-
gene detection of DNA and RNA as Cas12a is an enzyme that

breaks down DNA and Casl3a is an RNase. Xue et al.
developed PddCas, a microarray-free dual-gene technique for
DNA and RNA amplification-free detection (Figure 10c).>®
Because of the cleavage preference of CRISPR/Cas, PddCas
can detect target DNA and RNA using fluorescent reporter
genes matching those of LbaCasl2a and LbuCasl3a. The
mixture of CRISPR/Cas reagents and oil was separated by the
vortex mixer spinning at a steady speed of 2500 rpm, resulting
in picoliter-scale polydisperse droplets in seconds. PddCas’
confinement effect enables it to detect target DNA and RNA in
20 min with LOD of about 100 and 10 aM, respectively. In
addition to being about 3 X 10*—10° times more sensitive than
similar bulk CRISPR assays, this also reduces false-positive
interference and avoids carry-over contamination. To distin-
guish positive and negative droplets correctly, the fluorescence
image was transformed into a binary representation with the
threshold being the mean fluorescence intensity of the NTC
plus three times the standard deviation. PddCas has
demonstrated 100% sensitivity and specificity in clinical
validation using 32 nasopharyngeal swabs for SARS-CoV-2
and 23 cervical epithelial cell samples for HPV 18. Combining
a vortex mixer, thermostat, and a homemade portable device
with a smartphone, PddCas achieves a portable application
with a device cost of less than $400, and reagents cost $0.50
per reaction. It works better for qualitative monitoring and
accurately differentiates between the positive and negative
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Figure 12. Digital CRISPR sensing applications in wearable technology. (a) CRISPR/dCas9-based wearable microneedle patch for real-time
monitoring. Reprinted with permission under a Creative Commons CC-BY 4.0 License from ref 123. Copyright 2022, Springer Nature. (b)
CRISPR/Casl2a/Casl13a embedded textiles as wearable biosensors. Adapted with permission from ref 124. Copyright 2021, Springer
Nature. (c) Smartphone-enabled digital CRISPR/Cas12a device for rapid and portable quantification of HIV viral load. Adapted with

permission from ref 125. Copyright 2024, Elsevier.

samples. The quantification of positive droplets using the
improvised portable device demonstrates lower accuracy,
compared to that obtained through fluorescent microscopy
analysis. Precise quantitative identification requires deep
learning techniques and modified statistical models.

The ideal diagnostic should have the monitoring capability
to simultaneously process hundreds of patient samples, detect
multiple viruses, distinguish between viral variants, and
quantify viral loads. Nonetheless, most CRISPR diagnostics
only identify one to three targets per sample, which is
insufficient for differential diagnosis via comprehensive
microbe or variant identification. Other techniques, such as
RT-qPCR, are high-throughput and can identify at least 88
samples in a single run but only 1-3 analytes. Multiplex
technologies such as Cepheid Xpert Xpress can detect 4
respiratory viruses in up to 16 samples per run, while BioFire
can simultaneously detect 22 respiratory pathogens in one
sample. Only a few clinical diagnostic techniques are capable of
fully detecting the SARS-CoV-2 mutation. However, it is time-
consuming and expensive and requires bioinformatic expertise
to interpret. The multiple detection capabilities of CRISPR
may be further enhanced to overcome the limits above. Thus,
interdisciplinary or multitechnology synergies are needed to
enhance digital CRISPR sensing.

5.2. Multigene Detection Based on Microarray Chips.
To meet the public health requirements for rapid detection of
a wide spectrum of viruses and variants, it is critical to expand
the capabilities of CRISPR-based digital biosensors to enable
multitarget detection. Ackerman et al. have developed the
biosensors called combinatorial arrayed reactions for multi-
plexed evaluation of nucleic acids (CARMEN)®*’ and micro-
fluidic CARMEN (mCARMEN),*" which are clinically useful
surveillance technologies (Figure 11). Microtiter microarrays
and CRISPR/Casl3a are used in the CARMEN biosensor for
large-scale multiplexed nucleic acid detection. M sample*N
crRNAs are utilized to form M*N tests at a time on the chip
(4500 statistically repeated tests per chip) without preloaded
reagents preloaded. Each amplified sample or CRISPR/Cas13a
assay reagent mixture is prepared, fluorescently labeled, and
emulsified in fluorine oil to form a 1 nL droplet in a standard
microtiter plate. Each microwell in the microarray can hold
two droplets at random, allowing droplets of amplified samples
and CRISPR/Casl3a detection reagents to self-organize into
pairs. An electric field causes the droplet pairs in each
microwell to merge, initiating each detection reaction
simultaneously. This biosensor, which uses color barcoding,
can simultaneously distinguish all 169 viruses associated with
humans in a single test and detect the pathogens responsible
for the COVID-19 pandemic. CARMEN is practically scalable
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due to its built-in multiplexing and throughput capabilities, and
its miniaturized design reduces reagent costs per assay by more
than 300-fold. It has made it possible for surveillance and
diagnostic operations to switch from the focused examination
of high-priority samples to the extensive testing of sizable
sample sets. Microarray-based, scalable digital CRISPR
biosensors have significantly improved patient prognosis and
public health. However, they are challenging to apply in clinical
due to their high workload (8—10 h) and low-throughput
sample examination.

Based on the CARMEN concept, nCARMEN was designed
to combine with commercial Fluidigm chips and equipment
with a detection time of 140—170 min. For less than $13 per
sample, it is possible to simultaneously detect up to 196
preamplified samples and 24 detection assay reactions
containing Casl3-ctRNA complexes. By utilizing Fluidigm
192.24 integrated with fluidic circuits (IFCs), mCARMEN
eliminates the need for color coding and droplet station.
Further advancements in public health surveillance are
anticipated due to the reduction of manual handling and
optimization of the mCARMEN test procedure through the
utilization of the commercially available Fluidigm microarray
chip, control system, and analytic software.

Compared with the other multiplexing methods, the
CARMEN or mCARMEN methodology offers the advantage
of high throughput and multiplexing capabilities. mnCARMEN
has a 100% sensitivity rate, which is higher than the 86%
sensitivity rate of CARMEN. With a LOD of 10* copies/uL
and the ability to detect 192 samples with 24 detection assays
simultaneously, mCARMEN is ideal for monitoring multiple
viruses and variants. However, the two-step PCR-Casl3a
procedure restricts further advancement. mCARMEN might
be enhanced by upcoming CRISPR-based amplification-free
technologies.

Droplet microfluidics and microarray-based CRISPR digital
biosensors can achieve absolute quantification and multiplex
detection simultaneously. It solves mutual interference and
regulation issues, enabling rapid, high-throughput, and
integrated digital detection. Technological developments in
micronano machining, 3D/4D printing, and CRISPR amplifi-
cation-free technology will further enhance precision, reduce
costs, and facilitate automation, commercialization, and
extensive use of CRISPR-based digital multiplex detection.

6. DIGITAL CRISPR SENSING APPLICATIONS IN
WEARABLE TECHNOLOGY

As healthcare reform progresses, wearable technology is rapidly
advancing in the field of modern personalized treatment and
real-time monitoring."'®""***'*° Microfluidics is recognized as
a powerful tool for digitizing wearable devices, owing to its
superior functional diversity, microscopic scale, and superior
mechanical properties.''®'*"'**

CRISPR microfluidics based on microneedles were created
to capture and track generic cell-free DNA over an extended
period. Skin-piercing hydrogel microneedles were used to
harvest and concentrate nucleic acids in tissue fluids by a
capillary action. To further improve the real-time monitoring
performance, a graphene interface was decorated on the
microneedles to enable efficient interactions with charged
compounds and electron transport (Figure 12a)."*” Inactivated
Cas9 enzyme and single guide RNA (dCas9/sgRNA) were
covalently attached to the graphene interface as a driving force
for the continuous search and detection of target DNA.

However, these approaches inevitably have some limitations.
For example, maintaining the viability and functionality of
wearable sensing systems based on live cells requires managing
temperature and gas levels, removing waste, and supplying
nutrients—all of which present technical challenges. Concerns
about biocontainment and biohazards may also arise from
genetically engineered cells. Expanding the applications of
CRISPR-based digital wearable sensing could involve address-
ing the discrepancy between the practical requirements of
wearable devices and the limits of existing CRISPR sensing.

Cell-free synthetic biology reactions, which are self-
contained and nonbiochemical systems, offer excellent
solutions.**"*” It contains all of the biomolecular components
required for efficient transcription and translation. By employ-
ing porous matrices to freeze-dry these systems into shelf-
stable formats, robust distribution, storage, and usage are made
possible without the need for special environmental or
biocontainment requirements. Wearable technology that
incorporates synthetic biology may make it possible to monitor
disease states, pathogen exposure, and physiological conditions
noninvasively.

Based on this principle, Nguyen et al. integrated a freeze-
dried cell-free (FDCF) reaction with the CRISPR/Casl2a/
Cas13a system onto a flexible textile substrate (Figure 12b)."%*
This substrate can be activated through simple rehydration and
enables the detection of molecular targets in respiration and
the environment by using colorimetric, fluorescent, and
bioluminescent techniques. The design features two layers of
hydrophobic patterned fabrics interwoven with polymeric optic
fibers (POFs) in a coplanar arrangement, embedding both the
FDCF reaction elements and the excitation and emission
illumination components. When a sample enters through the
input port, it rehydrates the FDCF synthetic bioreaction
immobilized within the hydrophilic textile fibers, activating the
sensor circuitry. The excitation POF is illuminated by an array
of LEDs, while the emission POF is bundled into a backbone
and connected to the optical sensor of a wearable
spectrometer, enabling the generation of fluorescent or
luminescent signals for digital quantitative analysis. The
method achieves a limit of detection (LOD) comparable to
that of qPCR. Additionally, the technique was incorporated
into a biosensor mask designed for noninvasive respiratory
aerosol sampling and analysis. This portable system allows
users to perform SARS-CoV-2 detection at room temperature
within 90 min by simply pressing a button. However, the
biosensor’s reproducibility requires further improvement due
to challenges posed by RNase contamination. Addressing this
issue could involve incorporation of an internal RNase
contamination reference to enhance reliability. Potential
applications of this biosensor extend to clinicians, healthcare
workers, and researchers operating in environments with
specific chemical or biological threats, suspected hazards, or
high-risk areas. For example, integrating the sensor into
hospital white coats could trigger alarms to help prevent the
spread of nosocomial infections, showcasing its potential to
enhance safety and infection control in healthcare settings.

A smartphone-enabled digital CRISPR platform was
developed for rapid and portable quantification of HIV RNA
(Figure 12¢)."*® The digitization of the RT-RPA-CRISPR/
Casl2a assay facilitated quantification and accelerated the test
speed, especially for low RNA concentrations. The device can
detect HIV RNA within 15 min, achieving an LOD of 75
copies and a dynamic range spanning at least 2 orders of
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magnitude. Additionally, deep learning algorithms were
employed to analyze fluorescence images captured by the
device, offering superior accuracy in identifying positive
reaction wells compared with traditional methods such as
Image] and threshold-based analysis.

CRISPR-based wearable digital technologies enable real-
time, continuous monitoring of biological processes, allowing
for noninvasive or minimally invasive detection of disease-
related genetic mutations or changes in gene expression. These
devices could serve as convenient platforms for gene therapy,
with applications in disease diagnosis, drug development, and
personalized medicine."'®"'”"**'** However, CRISPR-based
wearable technologies are still in their early stages. Current
wearable microfluidic devices mainly focus on nucleic acid
detection rather than on macromolecules. Many CRISPR-
based biosensors also depend on time-consuming amplification
steps, which are impractical for wearable applications. Addi-
tionally, these devices need more robust methods for precise
signal output. If CRISPR-based wearable microfluidic devices
can match the efficiency and reliability of tools such as the
Abbott blood glucose meter, they could revolutionize the
bioanalysis and diagnostics industry.

As the biofunctional potential of micronano chips continues
to be explored, digital CRISPR technology demonstrates
significant promise for biomedical applications. Li et al
employed a digital cell microfluidic platform to investigate
the effects of zinc oxide nanorod arrays (ZnO NRs) on breast
cancer cells.'”” This platform facilitates single-cell analysis of
breast cancer cells following exposure to ZnO NRs and enables
the simultaneous detection of 12 cytokines. Its key strengths
include single-cell resolution, multiplexed cytokine detection,
high-throughput capabilities, and physiological relevance.
Moreover, bionanomaterial-based platforms are paving the
way for the future advancement of digital CRISPR sensing in
biomedical applications."*® These platforms exhibit unique
properties and capabilities, offering innovative approaches with
the potential to transform the use of digital CRISPR sensing
across critical domains.

7. OUTLOOK AND PERSPECTIVE

CRISPR technology plays a crucial role in promoting precise
detection for multidisciplinary fields. However, issues such as
overreliance on amplification, susceptibility to false positives,
lack of quantification strategies, and operational complexity
impede its further application. This review focuses on CRISPR
digital biosensors, which address these challenges by
integrating micronano collaborative chips and CRISPR
technology. These biosensors can be summarized in the
following five points: (1) Droplet-based CRISPR digital
biosensors for quantitative determination; (2) Microarray-
based CRISPR digital biosensors for semiautomated detection
and reducing manpower requirements; (3) CRISPR digital
biosensors with amplification strategies for highly sensitive
detection; (4) CRISPR digital biosensors with amplification-
free strategies to avoid false positives and simplify the detection
process; (S) Applications of CRISPR digital sensing in
multigene detection and wearable technology.

CRISPR digital sensing technology, utilizing droplet micro-
fluidics, microarray chips, and wearable devices, holds great
promise for various applications. Droplet microfluidics-based
CRISPR biosensors enable high-throughput, sensitive nucleic
acid detection. They can quickly identify specific pathogen
gene sequences, making them valuable for early disease

diagnosis and epidemic prevention, such as in COVID-19
detection. Microarray chip-based CRISPR biosensors allow the
simultaneous analysis of multiple targets. They are widely used
in genetic research and precision medicine such as detecting
cancer-related gene mutations to guide targeted therapies.
Wearable CRISPR biosensors enable real-time, continuous
monitoring of health and fitness. They can detect disease-
related gene changes noninvasively or minimally invasively,
supporting early diagnosis and personalized treatment.

Droplet microfluidic chips and microarray chips are widely
used in CRISPR digitization, combining both amplification and
amplification-free strategies. Specialized digital CRISPR chips,
such as vortex-driven, electrokinetic-driven, and membrane-
driven droplets, introduce innovative approaches for CRISPR
applications. Amplification-based CRISPR biosensors offer
high sensitivity and rely on well-established methods, but
they are labor-intensive, time-consuming, and prone to false
positives. In contrast, amplification-free methods are simpler
and more practical but require advanced technologies, such as
high-precision micronano chips and customized CRISPR
assays. Regardless of the strategy, reducing the reaction times
remains a critical goal. Compared to droplet microfluidic
biosensors, microarray-based CRISPR biosensors have faster
initial detection speeds since they skip droplet formation.
However, due to fewer reaction channels, microarray chips
saturate at high concentrations, resulting in a linear detection
range shorter than that of droplet microfluidics. These two
approaches can complement each other, combining their
strengths to achieve better detection outcomes. However, to
compete as the next generation of molecular diagnostics,
CRISPR digital biosensors need improvement in robustness,
usability, and automation to match the advances that nucleic
acid amplification has made over the last two decades. Here are
their specific prospective directions:

Cas Proteins Exploration: Discovering modified Cas
proteins is key to digital CRISPR technology. For example,
the newly discovered Casl4 protein allows for RNA-guided
single-stranded DNA targeting without a PAM sequence,
simplifying CRISPR nuclease function. Research on Cas12a led
to a “split-recombination” system, where crRNA divides into
two modules that recombine with Casl2a to form a
biologically active nucleoprotein complex, enabling instant,
amplification-free RNA detection. Although the benefits of
these proteins for CRISPR digital biosensor are not clear, they
point to future research directions. Expect to find more highly
active, precisely targeting, and uniquely cleaving proteins to
enrich gene-editing tools and drive CRISPR diagnostic
technology.

CRISPR-Artificial Intelligence (AI) Integration: CRISPR
technology offers unparalleled precision in gene editing, while
Al enhances data processing and analysis, opening new
possibilities for CRISPR digital biosensors. Al can optimize
guide RNA (gRNA) design, predict the gRNA-target binding
efficiency, and analyze high-throughput CRISPR data. This
integration improves the identification of single-nucleotide
variations, reduces false positives, and enhances the assessment
of gene-editing outcomes. Combining computer-controlled
microfluidic chips with CRISPR further boosts automation,
increases throughput, and enables precise control over
reactions. Additionally, Al-powered diagnostic tools can
rapidly interpret CRISPR results, enabling faster disease
diagnosis and advancing personalized medicine and precision
diagnostics.
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Micronano Fabrication in CRISPR Biochips: Advances in
technology allow integrating all functional units on a single
chip for fully automated detection, reducing errors and
contamination. 3D and 4D printing offer new ways for
CRISPR-based digital biochips. 3D printing enables custom
biochip prototyping for specific CRISPR applications, and 4D
printing adds time-dependent shape transformation, enabling
dynamic digital CRISPR biochips. For example, a 4D-printed
droplet microfluidic chip can keep droplets separate for easy
loading, automatically merge them for reactions, and transition
to subsequent steps, streamlining the process and reducing
human intervention and errors. These fabrication advance-
ments drive next-generation CRISPR biochips.

Deeper CRISPR-Based Single-cell Analysis: Digital CRISPR
overcomes traditional bulk-detection limitations, enabling
single-molecule characterization. In-depth single-cell analysis
at the transcriptional, translational, and epigenetic levels could
be further studied. When combined with microfluidics, it
uncovers the impact of genetic modifications on cell function,
providing precise data for cell biology research. It also helps
monitor Cas proteins, enhancing gene-editing precision and
single-cell analysis efficiency.

POCT and Home Testing Advances: Growing demand for
POCT and home testing faces limitations as the CRISPR
digital biosensor remains largely lab-bound. Expanding its use
requires automated, integrated systems with higher sensitivity
and portable imaging. Disposable CRISPR detection kits
paired with smartphone-compatible devices could enable
nonexperts to perform early disease detection, making
advanced diagnostics accessible and user-friendly.

CRISPR digital biosensors, as powerful detection platforms,
have the potential to lead next-generation biosensing
technologies. By integrating with micronano collaborative
chips, they can enhance detection performance in molecular
detection and POCT, competing with digital nucleic acid
amplification detection. Multidisciplinary integration of med-
icine, materials science, engineering, and Al will unlock their
biosensing potential.
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VOCABULARY

Confinement effect: spatial restriction at micro/nanoscales
that significantly alters the physical, chemical, or biological
properties of materials or molecules, commonly exploited to
enhance catalytic efficiency, energy storage capacity, and
molecular detection sensitivity.

Trans-cleavage activity: enzymatic property of certain Cas
proteins that induces nonspecific degradation of surround-
ing single-stranded nucleic acids after target recognition,
enabling ultrasensitive molecular detection through signal
amplification.

CRISPR digitization: quantifies and analyzes CRISPR-
based gene editing outcomes through computational
algorithms and digital signal processing.

Micronano chips: miniaturized integrated devices fabri-
cated at micrometer to nanometer scales that combine
electronic, fluidic, and optical components to perform high-
precision biological/chemical analyses.

Biological detection: identifies and quantifies biological
entities (cells, proteins, nucleic acids, etc.) or their
interactions through physicochemical transduction mecha-
nisms, forming the technological foundation for modern
medical diagnostics, environmental monitoring, and bio-
security applications.
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