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ABSTRACT: Quantitative polymerase chain reaction as a powerful tool for
DNA detection has been pivotal to a vast range of applications, including
disease screening, food safety assessment, environmental monitoring, and
many others. However, the essential target amplification step in combination
with fluorescence readout poses a significant challenge to rapid and
streamlined analysis. The discovery and engineering of the clustered regularly
interspaced short palindromic repeats (CRISPR) and CRISPR-associated
(Cas) technology have recently paved the way for a novel approach to nucleic
acid detection, but the majority of current CRISPR-mediated DNA detection platforms are limited by insufficient sensitivity and still
require target preamplification. Herein, we report a CRISPR-Cas12a-mediated graphene field-effect transistor (gFET) array, named
CRISPR Cas12a-gFET, for amplification-free, ultrasensitive, and reliable detection of both single-stranded DNA (ssDNA) and
double-stranded DNA (dsDNA) targets. CRISPR Cas12a-gFET leverages the multiturnover trans-cleavage activity of CRISPR
Casl2a for intrinsic signal amplification and ultrasensitivity of gFET. As demonstrated, CRISPR Cas12a-gFET achieves a limit of
detection of 1 aM for the ssDNA human papillomavirus 16 synthetic target and 10 aM for the dsDNA Escherichia coli plasmid target
without target preamplification. In addition, an array of 48 sensors on a single 1.5 cm X 1.5 cm chip is employed to improve data
reliability. Finally, Cas12a-gFET demonstrates the capability to discriminate single-nucleotide polymorphisms. Together, the
CRISPR Cas12a-gFET biosensor array provides a detection tool for amplification-free, ultrasensitive, reliable, and highly specific
DNA detections.

KEYWORDS: CRISPR-Casl2a, graphene field-effect transistor, amplification-free detection, ssDNA and dsDNA,
single-nucleotide polymorphism
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Recent technological advances in DNA testing have oping an integrated sample-to-result platform,'””** or
emerged into diverse aspects of biological applications, introducing sample pooling,” these attempts have failed to
ran§i7ng from disease diagnosis,' ~* prognosis,” and therapgel]l(; completely address the critical challenges associated with NAA.
tics”’ to food safety inspection,” environmental monitoring,” More importantly, NAA is a nonlinear process with relative
biodiversity conservation,11 security surveillance,12 and foren- quantification against standard curves,”** suggesting that the
sic analysis.13 To date, DNA detection has been predominantly reliability of results is heavily dependent on a variety of factors,
relying on the identification of specific DNA sequences offered such as template quality, primer efficiency, impurities in
by nucleic acid amplification (NAA) such as nonisothermal matrices, and operating procedures.””**™*® Altogether, it is

polymerase chain reaction (PCR) and isothermal recombinase
polymerase amplification (RPA). These conventional methods,
despite being highly sensitive and specific, are generally
confined to laboratory settings since they require expensive
analytical instruments and a high level of expertise for sample
treatment and assay preparation.lﬂ"15 Consequently, NAA-
based DNA testing often suffers from long turnaround time
from sample collection to delivery of results, involving the
transport of samples to licensed testing facilities and
complicated, time-consuming processes of DNA extraction
and amplification.'* Although ongoing efforts have largely
simplified and sped up the entire detection procedure, for
example, by employing extraction-free strategies,'*"" devel-

highly desirable to develop alternative amplification-free
nucleic acid detection platforms to circumvent these issues.
Current amplification-free technologies for DNA detection
primarily exploit base pair complementarity for highly specific
sequence recognition; however, most techniques do not
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possess sufficiently high sensitivity, especially in clinical
diagnostics where a minimum of femtomolar sensitivity is
desired.”” Derived from the prokaryotic adaptive immune
system,”” the clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated (Cas) technology has
paved a novel path for ultrasensitive DNA detection without
target amplification.”” As one of the first identified CRISPR-
Cas systems, Cas9 exhibits double-stranded DNA (dsDNA)
targeting capability when complexing with a guide RNA
sequence.”’ CRISPR-Chip took advantage of the binding
affinity of the catalytically inactive Cas9 complex to the target
sequence and demonstrated amplification-free detection of
Duchenne muscular dystrophy-associated mutations on a
graphene field-effect transistor (gFET) with a limit of
detection (LOD) of 1.7 fM.>" This platform was later validated
to discriminate single-nucleotide golymorphisms (SNPs) with
a similar femtomolar sensitivity.”” Nevertheless, the on-target
recognition of dsDNA by Cas9 limits its ability to become a
universal tool for DNA detection. Type II-C Cas9 variants can
target single-stranded DNAs (ssDNAs), but they have limited
dsDNA binding activity.”> Moreover, using different Cas9
orthologs requires further optimization of the detection assay
and introduces additional complexity. The discovery of
CRISPR-Cas12 that can detect both ssDNA and dsDNA
offers a promising solution. Remarkably, the Cas12 system can
perform nonspecific cleavage of bystander ssDNA probes,
known as collateral or trans-cleavage activity, upon the
detection of target DNA sequences.’” Such collateral activity
converts a single target recognition event into multiple
turnovers of probe cleavage and therefore, provides intrinsic
signal amplification compared with conventional single-turn-
over Cas9-mediated detection.>>*® So far, CRISPR-Casl2
systems have been integrated with diverse readout methods for
amplification-free DNA detection, including fluorescence,”” ™’
electrochemiluminescence,’ surface-enhanced Raman spec-
troscopy,’ electrochemical sensing,** and nanopore sensing.**
Yet, the detection limit of most of these methods lies within
the femtomolar-to-picomolar range. As a result, there has been
increasing interest in more sensitive amplification-free
CRISPR-based DNA detection platforms.

We have previously developed a set of CRISPR-based RNA
detection platforms without the need for target preamplifica-
tion by (1) coupling CRISPR Casl3a with ultrasensitive
detection platforms of gFETs*" or (2) engineering Casl3a
proteins for enhanced collateral activities.*> Nevertheless, these
platforms are limited to detecting RNA samples only; a lengthy
and complicated reverse transcription step is needed to detect
DNA targets. Additionally, the relatively large device-to-device
variations challenge the detection reliability. Finally, there has
been no demonstration of whether these platforms are able to
distinguish SNPs, which constitute nearly 60% of known
disease-associated variations in human genes.

Herein, we report a new class of CRISPR-based biosensor,
named Cas12a-gFET, to accommodate the ever-growing need
for DNA detection. This platform exploits the Casl2a-
mediated multiturnover collateral cleavage of nonspecific
DNA probes for signal amplification and transduces the signals
via ultrasensitive gFET. The high carrier mobility of graphene
allows gFET to sensitively probe biorecognition events
occurring at the surface. Consequently, the synergistic effect
of Casl2a signal amplification and gFET transduction enables
the ultrasensitive readout of amplified outputs from collateral
cleavage of probes anchored on the graphene surface, which
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affords the attomolar sensitivity of CRISPR Casl2a-gFET,
beyond the femtomolar level of Cas9-based gFET biosensor
CRISPR-Chip®' and SNP-Chip.”> Moreover, we adopt a 48-
channel array design on a single sensor chip for enhanced
reliability by reducing the effects of measurement outliers as a
result of device-to-device variations. Compared with CRISPR-
based optical methods, like CRISPR-Casl2a-mediated SERS
assay,’”"” CRISPR Cas12a-gFET eliminates the need for
expensive optical labels and modules and therefore is more
compatible with point-of-use applications (Table S1). The
versatility for ultrasensitive identification of various DNA
sequences is demonstrated by the detection of both bacterial
DNA target from Escherichia coli with an LOD of 10 aM and
DNA virus human papillomavirus 16 (HPV-16) with an LOD
of 1 aM. Finally, our device successfully discriminates SNPs
beyond simple differentiation of different pathogen targets.
Together, CRISPR Casl2a-gFET array offers a promising
solution to ultrasensitive, reliable, and highly specific DNA
detection free of target amplification.

B RESULTS

Working Principle of CRISPR Cas12a-gFET for DNA
Detection. The ultrasensitive CRISPR Casl2a-mediated
amplification-free DNA detection leverages the synergy of
multiturnover Casl2a collateral activities for intrinsic signal
amplification and high-performance sensing capabilities of
gFET enabled by the exceptional carrier mobility of graphene
for sensitive probing of changes in the local electric field.
Casl2a recognizes the hairpin structure of crRNA and forms a
functional ribonucleoprotein (RNP) complex that can bind to
the DNA target via base pairing between crRNA spacer and
target sequence,””"” thereby resulting in high specificity of the
system. The binding of ssDNA or dsDNA target initiates
target-specific cis-cleavage as well as trans-cleavage of by-
stander ssDNA probes in a sequence-independent manner,”*
and this trans-cleavage process demonstrates a multi-turnover
behavior over target binding,’* suggesting a promising
biological transduction pathway for amplified signal generation.

Here, we combine this mechanism with the unique working
principle of field-effect transistor (FET) for ultrasensitive DNA
detection. A typical three-terminal FET device has a pair of
source—drain electrodes connected by a FET channel for
current flow, and the third electrode, called gate electrode,
provides an external electric field to regulate the charge carrier
density in the FET channel, thereby modulating the channel
conductivity and ultimately the source—drain current. This
modulation, known as the field effect, is characterized by
transfer characteristics that define the relationship between the
source—drain current and the gate voltage at a constant
source—drain voltage.50 For biosensing applications, local
biorecognition events at the surface of the FET channel alter
the charge carrier density and are transduced into a shift in
transfer characteristics.”’ Among a variety of FET channel
materials, graphene, a two-dimensional (2D) nanomaterial
made of a monolayer of sp’ hybridized carbon atoms in a
honeycomb lattice,””>* is an excellent candidate for its high
mechanical strength,54 specific surface area,”® thermal con-
ductivity,” and charge carrier mobility.”> The zero bandgap of
graphene leads to the free movement of charge carriers and
contributes to the exceptional electrical conductivity. The
ambipolarity of graphene indicates that under an external
electric field, the charge carriers can be tuned between
negatively charged electrons and positively-charged holes.>”
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Figure 1. CRISPR Cas12a-gFET biosensor array for ultrasensitive and reliable detection of unamplified DNA. (A) Step-by-step illustration of DNA
detection using CRISPR Cas12a-gFETs. (B) Demonstration of charge neutrality point (CNP) voltage (Vyp) shift for detection of the 1 nM E. coli
plasmid target. (C) Exploded schematic of the 48-channel array. (D) Photograph of source-drain contact pads of gFETs (left) and a representative
scanning electron microscope (SEM) image of a single gFET. (E) Optical image of a total of 21 devices fabricated on a 4-inch wafer; each device

contains a 48-channel gFET array.

Consequently, gFET exhibits V-shaped transfer characteristics,
in which the local minimum is referred to as the charge
neutrality point (CNP). The shift in the gate voltage at CNP is
used to determine the shift of transfer characteristics and thus
quantify the number of biorecognition events.*’

In the case of the CRISPR Cas12a-gFET biosensor (Figure
1A), negatively charged ssDNA probes tethered to the
graphene surface via 1-pyrenebutyric acid N-hydroxysuccini-
mide ester (PBASE) linker are cleaved by Casl2a in the
presence of target DNA, primarily causing a decrease in the
gating effect. As a result, an increase in the electron carrier
density is observed, leading to a left shift of transfer
characteristics and CNP voltage (Figure 1B). In general, the
collateral cleavage of Casl2a follows Michaelis—Menten
kinetics;*>*°¢ therefore, probe cleavage in terms of the
magnitude of the shift can be associated with the concentration
of activated enzymes. When Casl2a is in excess over DNA
targets, this concentration corresponds to the target concen-
tration for quantitative measurement. To compensate for
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device-to-device variations, the shift is standardized using the
relative change in the charge neutrality voltage before (Vinp,)
and after (Vnp,;) CRISPR assay application (eq 1).

Vene, 1 — Venryo

AVinp = X 100%

(1)

Design and Fabrication of 48-Channel Biosensor
Array. Despite the outstanding properties of graphene, it is
challenging to prepare 2D graphene sheets with identical
parameters. Moreover, the transfer of chemical vapor
deposition-grown graphene onto a desired substrate may lead
to defects and/or impurities, causing device failure (defects) or
significantly altering the properties of graphene via doping
(impurities). In addition, parasitic effects such as contact
resistance between the graphene channel and the source—drain
electrodes may also introduce additional artifacts.”” These
issues suggest relatively large device-to-device variations among
gFETs compared with conventional biosensor platforms. One

VCNP,O
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Figure 2. On-chip detection of ssDNA HPV-16 synthetic targets with attomolar sensitivity. (A) Cas12a-crRNA RNP complex binds with the DNA
target, initiating trans-cleavage of 20-nt polyA probes tethered to the graphene surface. (B) Demonstration of Vyp shift for detection of the 1 fM
HPV-16 synthetic target. (C) Shift in Viyp at different synthetic HPV-16 ssDNA target concentrations (control: n = 18, 1 aM: n = 20, 10 aM: n =

26, 100 aM: n = 38, 1 fM: n = 28, *** p < 0.001).

way to address strong variability is to harness the
miniaturization capability of gFET by fabricating high-density
devices within a small area and generate a large data set for
accurate detection. Taking advantage of this design, our
platform features an array of 48 gFET's on a single 1.5 cm X 1.5
cm Si/SiO, wafer chip (Figure 1C), with an active graphene
sensing area of 80 ym X 20 um (Figure 1D). Liquid gating
using an Ag/AgCl electrode provides uniform electric field
distribution and modulates charge carrier density in a relatively
small gate voltage sweep range for transfer characteristics
measurement. The biosensor array can generate a maximum of
48 data values for statistical analysis given a single 20 uL
CRISPR assay (1 uL input sample). Compared with the
majority of biosensor platforms, the 48-channel device offers
an adequate statistical sample size to achieve a high level of
measurement confidence. The small size of gFET allows
biosensing applications where only a limited sample volume
can be collected. To prevent parasitic source—drain current
leakage, an SU-8 photoresist layer encapsulates graphene
channels (Figure 1D). A total of 21 devices can be fabricated
on a 4-inch wafer (Figure 1E), indicating the compatibility
with large-scale manufacturing for potential distribution to the
community.

On-Chip Detection of ssDNA HPV-16 Synthetic
Targets. To first demonstrate the feasibility of the CRISPR
Cas12a-gFET platform for ultrasensitive DNA detection, we
used a previously reported Casl2a-crRNA-target-probe
combination for amplification-free HPV-16 detection on an
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electrochemical sensor.*” Since target ssDNA complementary
to crRNA is sufficient for the activation of Casl2a collateral
activities, we intentionally employed single-stranded rather
than double-stranded HPV-16 target sequence to demonstrate
the versatility for ssDNA detection by our biosensor array. The
Lachnospiraceae bacterium ND2006 Casl2a (LbCasl2a)-
crRNA complex binds with HPV-16 ssDNA target sequence
and cleaves 20-nt polyA probe sequence on the graphene
surface (Figure 2A). The successful functionalization of
PBASE linker to anchor 20-nt polyA probes is confirmed by
a decrease in the intensity ratio of 2D to G Raman peak (I,p/
I) and right shifts of both G and 2D peaks from pristine
graphene to PBASE-modified graphene due to the doping
effect (Figure S1). A small peak at 1625.66 cm™ is attributed
to pyrene group resonance through z—z stacking.’® A
representative measurement of transfer characteristics reveals
a negative shift after the introduction of CRISPR assay
containing 1 fM synthetic target (Figure 2B), corresponding to
an increase in the electron carrier density after probe cleavage.
The CRISPR Cas12a-gFET sensor could detect synthetic
ssDNA HPV-16 target with an LOD of 1 aM (Figure 2C), and
a linear relationship between the sensor response and the
logarithmic concentrations of HPV-16 synthetic targets over a
dynamic range of 1 aM to 100 pM was obtained (Figure S2),
clearly showing the viability for ultrasensitive DNA detection
free of target preamplification.

Nonpathogenic E. coli CRISPR Assay Development.
Encouraged by the ultrasensitive detection of ssDNA targets,

https://doi.org/10.1021/acssensors.2c02495
ACS Sens. 2023, 8, 1489—-1499
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Figure 3. Screening of LbCas12a crRNAs targeting the 16S rRNA gene of E. coli. (A) Initial velocities of trans-cleavage activities are calculated for
all 12 crRNAs from the first 10 min to screen for fast kinetics and short detection time. (B) Target site mismatches are shown compared to the
perfect match. The red letter is the mismatched nucleotide. PM: perfect match. PAM: PAM mismatch. MM1: mismatch at nucleotide position 1.
(C) Initial velocities of crRNA7 when detecting target sites with mismatches. All the data are normalized to the perfect match target site. For (A),
data are represented as mean + s.d. from three technical replicates. For (C), data are represented as mean =+ s.d. from two technical replicates.
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Figure 4. On-chip detection of dsDNA nonpathogenic E. coli plasmid targets using Cas12a-gFET arrays. (A) Comparison of 20-nt polyA and
polyC probe for LbCas12a-mediated detection (polyC: n = 43, polyA: n = 45). (B) Shift in Viyp at different E. coli target concentrations (control: n
=37,10 aM: n = 47, 1 fM: n = 48, 1 pM: n = 36, 1 nM: n = 47, ¥¥¥* p < 0.0001). (C) Dose—response curve for the on-chip detection of
nonpathogenic E. coli plasmid targets using the CRISPR Cas12a-gFET array. (D) Single-nucleotide polymorphisms (SNP) discrimination at 1 pM
E. coli plasmid target concentration (PM: n = 27, MM3: n = 32, MM9: n = 7, MM1S: n = 33, MM19: n = 45, *¥¥% p < 0.0001). The detailed target
sequences for PM, MM3, MM9, MM15, and MM19 can be found in Figure 3B.

we wondered whether the CRISPR Casl2a-gFET could be techniques, the 16S rRNA gene is often selected as the target

used to detect dsDNA targets such as pathogenic bacterial DNA sequence when the contaminant is unknown because it
DNAs. Pathogenic bacteria have caused many food recalls and exists in almost all bacterial species and has both highly
disease outbreaks in the past decades.’”™®' A variety of conserved regions that help differentiate prokaryotes from
conventional and novel methods can be applied to quickly and eukaryotes and variable regions that are different across
accurately identify the pathogenic bacteria species.”> Among bacteria species and strains.”* These two regions allow for
them, DNA sequencing and quantitative PCR are popular both the confirmation of bacteria presence and the initial
technologies based on the detection of nucleic acids.’® In these identification of bacteria species. Hence, we selected non-
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pathogenic E. coli (Migula) Castellani and Chalmers (Cat. No.:
25922; ATCC, Manassas, VA, USA) as a surrogate for
pathogenic E. coli O157:H7 and retrieved its 16S rRNA gene
from the National Center for Biotechnology Information
(NCBI) database to find potential LbCas12a target sites with
TTTV protospacer adjacent motif (PAM). We aligned these
potential target sites to the genome of 12 common foodborne
pathogens to only include E. coli-specific sequences.”” To
achieve high specificity, at least three mismatches are required
between the E. coli target sites and the 12 foodborne
pathogens. A total of 12 sites were found, and their
corresponding LbCasl2a CRISPR-RNAs (crRNA) were
named from crRNAI to crRNA12 (Table S2). Because
different combinations of crRNA and complementary target
site result in different trans-cleavage efficiencies, all 12 target
sites were tested using a fluorescence-based plate reader
assay.”* We subtracted background noises from raw
fluorescence signals for each crRNA and compared their initial
velocities (Figure 3A). Of all 12 candidates, nine crRNA-target
pairs showed different levels of trans-cleavage activities, while
the other three had little to no trans-cleavage. Among them,
crRNA7 had the fastest kinetics and was chosen for further
testing. To validate the applicability of the developed assay for
quantitative measurement, we investigated the kinetics of
LbCas12a collateral cleavage activity. The collateral cleavage of
LbCasl2a was found to be governed by Michaelis—Menten
kinetics at a turnover rate of 0.17 s™' and a catalytic efficiency
of 6.3 x 10° M~ s! (Figure S3), comparable to previously
reported values.””®” Additionally, to ensure high specificity of
ctRNA7, a series of single-nucleotide mismatches was
introduced to the target site but not the crRNA (Figure 3B).
The crRNA?7 had almost no activities when the mismatch was
close to the PAM site from nucleotide 1 to 7 (Figure 3C). It
was tolerant on most other nucleotide positions and had up to
50% of the perfect match activities. This level of mismatch
tolerance is in good agreement with previous findings and
shows high specificity of LbCas12a-based detection of E. coli
using crRNA7.%*

On-Chip Detection of dsDNA Nonpathogenic E. coli
Plasmid Targets. Previous studies have reported that
LbCasl2a shows the highest trans-cleavage efficiency toward
cytosine (C)-rich probes,”” ™" so we compared the collateral
cleavage performance on 20-nt polyC and polyA sequence
using our designed CRISPR-Casl2a E. coli assay and gFET
array. PBASE functionalization contributes to a right shift in
transfer characteristics due to the electron-withdrawing
property by the ester group, and polyC probe immobilization
induces a further positive shift mainly due to the increased
gating effect from negative charges in DNA backbones (Figure
S4). Using the same E. coli plasmid concentration (1 fM final
concentration in assay), we observed a similar trans-cleavage
response toward these probes (polyC 10.15% vs. polyA
11.53%, Figure 4A), probably due to the the saturation of
trans-cleavage response after 30 min assay incubation time.

To demonstrate the flexibility of the Cas12a-gFET on probe
choice, we used 20-nt polyC probes in subsequent experi-
ments. We added serial dilutions of E. coli target plasmids into
Casl2a assay and determined the LOD to be 10 aM, and
meanwhile, the detection signals reached saturation at 1 nM
with a change of 23.12% (Figure 4B). Fitting the CNP voltage
shift at different logarithmic concentrations ofE. coli plasmid
into a dose—response relationship generated a calibration
curve (Figure 4C). It should be noted that although the
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conformation of Casl2a RNP complex is stabilized by the
nontarget strand of a dsDNA target, thus favoring trans-
cleavage activated by dsDNA, the potential difference in the
trans-cleavage efficiency between the E. coli plasmid and
synthetic HPV-16 ssDNA assays may shed light on the
decreased sensitivity in this case.

To investigate the capability of the CRISPR Casl2a-gFET
platform to distinguish SNPs, we tested our platform against
the perfect match target and four single-mismatch off-targets.
We selected MM19, which showed the highest off-target
collateral cleavage activity (Figure 3C), and three mismatches
across different positions in the target region (MM3, MMO9,
and MM15). Since SNP discrimination has been validated with
other mismatch targets in fluorescence-based detection (Figure
3C), we believe four mismatch targets should be sufficient to
generalize the SNP detection capability of our platform. We
measured the signal responses of CRISPR Cas12a-gFET using
1 pM mismatched targets to investigate the Casl2a collateral
activity on this platform at a high concentration of off-targets.
All mismatched crRNA-target pairs, despite causing changes in
CNP voltage, generated shifts significantly lower than the
signal response from the perfect match target (Figure 4D),
indicating the high specificity of CRISPR Cas12a-gFET in
differentiating SNPs.

B DISCUSSION

Overall, we have demonstrated a CRISPR-Casl2a-mediated
gFET platform for amplification-free and reliable DNA
detection with attomolar sensitivity and single-nucleotide
selectivity. This CRISPR Casl2a-gFET array is among the
most sensitive amplification-free CRISPR-based DNA detec-
tion platforms to date (LOD: 1 aM for ssDNA HPV-16 and 10
aM for dsDNA nonpathogenic E. coli plasmid target; 30 min
incubation time at room temperature), therefore satisfying
more stringent clinical requirements when only a small amount
of target DNA is present;” it is at least two orders of
magnitude more sensitive than the Cas9-based CRISPR-Chip
gFET biosensor (LOD: 1.7 fM)*" and six orders of magnitude
more sensitive than the E-CRISPR platform (LOD: S0 pM),
which integrates the trans-cleavage activity of CRISPR Casl2a
with conventional electrochemical sensors.”” Additionally,
compared with the Cas9-based CRISPR-Chip gFET bio-
sensor,””*” our device is able to expand the DNA targeting
capacity beyond dsDNA and include ssDNA. To cope with the
identification of diverse DNA targets, CRISPR-Chip requires
the immobilization of different target-specific dCas9-gRNA
complexes to the device surface. Similarly, a recent hybrid-
ization-based gFET biosensor for attomolar DNA detection
and SNP discrimination”’ has to change the probe DNA
sequence immobilized on the graphene surface if the detection
of a different target is desired. In contrast, the preparation of
our CRISPR Cas12a-gFET transducer components is stream-
lined and only the crRNA sequence in the solution-based assay
needs to be changed. Thus, the CRISPR Casl12a-gFET is a
universal DNA detection platform highly suitable for large-
scale production and widespread distribution.

Furthermore, as opposed to other amplification-free
CRISPR-derived DNA detection platforms with attomolar
sensitivity,"””” the Cas12a-gFET relies on electrical measure-
ments, avoiding the need for expensive optical modules for
fluorescence or Raman measurements. Our device can
potentially be integrated with miniaturized electronics for
data acquisition, thus realizing point-of-care testing. We also
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show that our Casl2a-gFET system is highly specific and
capable of detecting SNPs. This allows a wider range of
applications for the identification of pathogen variants and
disease-related gene mutations rather than merely discrim-
ination of different species. In addition, our gFET platform
holds promise for clinical diagnostics, which has been validated
in our CRISPR Cas13a-gFET to detect clinical SARS-CoV-2
samples.** More importantly, ssDNA probes immobilized on a
gold electrode are stable for CRISPR-mediated electrochemical
detection for approximately 3 days when stored at 4 °C in a
humid chamber.”> Combining with lyophilization of CRISPR
reagents,”” the preparation of devices and assays can be
potentially decoupled from the detection process, thus
facilitating field deployment. Overall, we have demonstrated
an ultrasensitive, reliable, highly specific, and target amplifica-
tion-free DNA detection platform that can be readily adapted
for diverse applications.

B MATERIALS AND METHODS

Design of crRNA for Nonpathogenic E. coli Detection. The
DNA sequence of E. coli 16S rRNA was retrieved from the NCBI
database (https: //www.ncbi.nlm.nih.gov/ ). TTTV sites were identi-
fied, and the 20 nucleotides downstream of these PAM sites were
selected as potential target sites. All target sites were compared with
the whole genome of 12 common foodborne pathogens, including
Campylobacter jejuni, Enterococcus faecalis, Listeria ivanovii, Listeria
monocytogenes, Proteus mirabilis, Salmonella enterica, Shigella dysenter-
iae, Staphylococcus aureus, Streptococcus pyogenes, Vibrio fluvialis, Vibrio
parahaemolyticus, and Yersinia enterocolitica, through BLAST (https://
blast.ncbi.nlm.nih.gov/Blast,cgi). Any target sites with fewer than
three mismatches were excluded.

Construction of Nonpathogenic E. coli and crRNA Plasmids.
Primers were ordered from Integrated DNA Technologies (IDT,
Coralville, IA, USA). E. coli 16S rRNA DNA sequence was cloned
from American Type Culture Collection (ATCC, Manassas, VA,
USA) E. coli strain 25922. LbCasl2a crRNAs were ordered as
overlapping primers and later extended and cloned downstream of a
T7 promoter (pLSB-NAT, plasmid #166698; Addgene, Watertown,
MA, USA) via Golden Gate cloning (Cat. No.: E1601L; New England
Biolabs, Ipswich, MA, USA). Plasmids were transformed into Stbl3
competent E. coli cells (Cat. No.: C737303; Thermo Fisher Scientific,
Waltham, MA, USA). Transformed cells were streaked on ampicillin
LB agar plates and incubated at 37 °C overnight. Single colonies were
selected and grown in S mL LB culture media supplied with ampicillin
overnight at 37 °C at 280 rpm. The plasmid was extracted using
QIAprep Spin Miniprep kit following the manufacturer’s instructions
(Cat. No.: 27104; QIAGEN, Hilden, Germany). The plasmid
sequence was confirmed by Sanger Sequencing (GENEWIZ, South
Plainfield, NJ, USA).

In Vitro Transcription of crRNA. The desired fragments
containing the T7 promoter, direct repeat, and spacer sequence
were PCR amplified from the plasmids and purified using the
QIAquick Gel Extraction kit (Cat. No.: 28704; QIAGEN, Hilden,
Germany). The crRNA was transcribed in vitro using HiScribe T7
Quick High Yield RNA Synthesis kit (Cat. No.: E2050S; New
England Biolabs, Ipswich, MA, USA) and purified using VAHTS RNA
clean beads (Cat. No.: N412-02; Vazyme, Nanjing, Jiangsu, China).
The RNA products were aliquoted into PCR tubes and stored at —80
°C until use. All procedures followed manufacturers’ instructions.

Validation of CRISPR Assay by Fluorescence Detection. The
collateral activities of LbCas12a proteins (Cat. No.: M0653T; New
England Biolabs, Ipswich, MA, USA) were tested using a
fluorescence-based assay. The LbCas12a proteins and crRNAs were
first incubated at 37 °C for 15 min to form RNP complexes. The
targets and the reporters were subsequently added into the reaction
mixture to initiate the reaction. The samples were quickly mixed and
transferred to a 384-well plate (Cat. No.: 3820; Corning Inc.,
Corning, NY, USA) by pipetting. The final concentration was 50 nM
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LbCasl2a protein, 62.5 nM crRNA, 250 pM target plasmid, 1X NEB
r2.1 buffer (Cat. No.: B6002S; New England Biolabs, Ipswich, MA,
USA), and 50 nM DNase Alert reporters (Cat. No.: 11-04-02-03;
IDT, Coralville, 1A, USA) in a 20 uL reaction or the same
composition without the target plasmid for no template controls.
The fluorescence signals were measured every minute (4,, = 526 nm,
Aem = 556 nm, gain = 150) using a microplate reader (Model: Infinite
M200; Tecan Group Ltd., Mannedorf, Switzerland).

Fabrication of 48-Channel gFETs. The fabrication of a 48-
channel gFET array can be divided into three steps: (1) preparation
of source—drain contact pads, (2) transfer of graphene sheet and
patterning of 48 graphene channels, and (3) encapsulation to reduce
source—drain current leakage. An overview of the fabrication process
is provided in Figure SS, and the detailed protocols can be found in
Supplementary Note 1.

The patterning of source—drain contact pads followed the standard
photolithography process in combination with thin film deposition.
Briefly, AZ S5214E photoresist (MicroChemicals GmbH, Ulm,
Germany) was spin-cast onto a Si/SiO, wafer, followed by prebaking
at 110 °C for 3 min. The photoresist was exposed under a 365 nm
LED light source using a maskless aligner (Model: uMLA; Heidelberg
Instruments, Heidelberg, Germany), and the entire wafer was
immersed in a solution of 1:4 (v/v) AZ 400 K developer
(MicroChemicals GmbH, Ulm, Germany): deionized (DI) water
for 25 s. The developing process was stopped by rinsing with DI
water, thereby forming desired microscale patterns ready for thin film
deposition. Sequential sputtering (Model: A300; AJA International,
Inc., MA, USA) of 15 nm chromium (Cr) or titanium (Ti) adhesion
layer and 90 nm gold (Au) layer, along with subsequent lift-off of the
photoresist by soaking in acetone (Sigma-Aldrich, St. Louis, MO,
USA) for 1 h, resulted in source—drain gold electrodes for gFETs.

Following the fabrication of contact pads, a monolayer of graphene
film was transferred onto the device based on a poly(methyl
methacrylate) (PMMA)-assisted method.**”> A droplet of PMMA
A4 solution (4-wt % PMMA dissolved in anisole, Sigma-Aldrich, St.
Louis, MO, USA) was allowed to spread over CVD-grown graphene
on copper foil (Graphenea, Cambridge, MA, USA). After evaporation
of anisole, the PMMA-covered graphene film on the copper foil
substrate was placed in the copper etchant for approximately 30 min
and transferred, using a clean wafer chip as a substrate, into dilute
hydrochloric acid (HC], three droplets of 1 M HCI in ~300 mL DI
water; Sigma-Aldrich, St. Louis, MO, USA) to remove residual copper
etchant. The graphene film was then transferred to DI water to
remove HCI, and this step was repeated twice. Subsequently, the clean
graphene film was transferred onto a set of patterned gold electrodes.
After water evaporation, a droplet of PMMA A2 solution (2-wt %
PMMA in anisole) was added to relax the wrinkled graphene film, and
again, the anisole was allowed to evaporate. The wafer was soaked in
acetone for 1 h to remove PMMA, and the standard photolithography
process as previously described in the contact pad fabrication was
applied to define graphene patterns. Finally, the unwanted regions of
the graphene films were completely etched away by oxygen plasma
(Model: Tergeo Plus; PIE Scientific LLC, Union City, CA, USA), and
the AZ S5214E photoresist was removed by soaking the wafer in
acetone for 1 h.

To reduce current leakage, an encapsulation layer made of SU-8
2000.5 photoresist (Kayaku Advanced Materials, Westborough, MA,
USA) was formed by photolithography. The photoresist was spin cast
onto the as-prepared gFET's and prebaked at 110 °C for 1 min. After
the exposure, the photoresist was postbaked at 110 °C for 4 min. An
encapsulation pattern was generated by immersing the wafer in SU-8
developer (Kayaku Advanced Materials, Westborough, MA, USA) for
1 min and rinsing with isopropanol (Sigma-Aldrich, St. Louis, MO,
USA). The fabricated gFET arrays were cut into individual 1.5 cm X
1.5 cm chips using a diamond scribe.

Functionalization of DNA Probes on the Graphene Surface.
A gFET chip was immersed in a 2 mM or 5 mM 1-pyrenebutyric acid
N-hydroxysuccinimide ester (PBASE; Sigma-Aldrich, St. Louis, MO,
USA) solution in methanol (Sigma-Aldrich, St. Louis, MO, USA) in a
chamber with methanol for 2 h. The chip was then rinsed with
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methanol and DNase/RNase-free distilled water (Invitrogen,
Waltham, MA, USA) and incubated in 1 M amino-modified 20-nt
poly-C probes (/SAmMC6/CC CCC CCC CCC CCC CCC CCC;
IDT, Coralville, IA, USA) in a humid chamber with nuclease-free
water for 2 h. After rinsing with nuclease-free water, the unreacted
PBASE linkers were quenched by 1 mM amino-PEGS-alcohol
(BroadPharm, San Diego, CA, USA) in a humid chamber for 10
min and 1 M ethanolamine hydrochloride (Sigma-Aldrich, St. Louis,
MO, USA) in a humid chamber for another 10 min to prevent
nonspecific adsorption during CRISPR reaction.

Detection of Nonpathogenic E. coli and HPV-16 by Cas12-
Mediated gFET. The Casl2a crRNA-target pair for HPV-16
detection has been previously reported*” and ordered from IDT.
To demonstrate the versatility of CRISPR-mediated gFET for both
ssDNA and dsDNA detection, we intentionally used a single-stranded
HPV-16 target sequence. The CRISPR-Casl2a crRNA and non-
pathogenic E. coli target plasmid were prepared as previously
discussed. For on-chip CRISPR reaction, an amplification-free assay
consisting of LbCas12a, crRNA, synthetic DNA target, nuclease-free
water, HEPES buffer (Invitrogen, Waltham, MA, USA), and
magnesium chloride solution (MgCly; Invitrogen, Waltham, MA,
USA) was applied to the probe-functionalized gFET array. A 20 uL
CRISPR assay was assembled as shown in Table 1 below.

Table 1. CRISPR-Cas12a Assay for Nonpathogenic E. coli
and HPV-16 Detection

volume
step reagent (uL)
1 nuclease-free water 13.8
2 HEPES buffer (1 M) 0.4
3 MgCl, (50 mM) 3.6
4 LbCasl2a (1 M in NEB r2.1 buffer) 0.6
S E. coli or HPV-16 crRNA (1 M in nuclease-free water) 0.6
6  incubate in the dark at room temperature for 10 min
7 E. coli or HPV-16 synthetic DNA target (20X final 1

concentration)

8  incubate in the dark at room temperature for 10 min

For transfer characteristics measurement, the gFET array was gated
by 2 mM MgCl, solution or 1X phosphate-buffered saline (PBS, pH
7.4; Invitrogen, Waltham, MA, USA) with a silver/silver chloride
(Ag/AgCl) gate electrode. Using a semiconductor device analyzer
(Model: B1500A; Keysight Technologies, Santa Rosa, CA, USA), the
transfer characteristics were recorded by sweeping the gate voltage
from —1 to 1 V with a step size of 1 mV under a 100 mV source—
drain bias voltage.

Prior to the measurement of transfer characteristics, whether pre-
or postcleavage, the probe-functionalized gFET chip was incubated in
40 pL test solution (2 mM MgCl, or 1X PBS) for 15 min to soak the
graphene channels with the test solution for stable signal responses
and then rinsed with the test solution to remove loosely bound
blocking agents (precleavage) or residual cleaved probes (postcleav-
age). Therefore, the gFET array was ready for measurement when
another 40 uL test solution was added. After recording precleavage
transfer characteristics, the chip was rinsed with nuclease-free water.
The CRISPR-Cas12a assay, as prepared in Table 1, was applied to the
chip followed by incubation in the dark at room temperature in a
humid chamber for 30 min. Finally, the chip was washed with
nuclease-free water to remove the assay, and postcleavage transfer
characteristics were measured after the incubation and rinsing
procedure.
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Experimental data are expressed as the mean =+ standard
derivation (SD). One-way ANOVA with Tukey’s test is used
for significance analysis. The software used for statistical
analysis is OriginPro 2022.

All data needed to evaluate the conclusions in the study are

present in the paper and/or the Supplementary Information.
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