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ABSTRACT: A rapid and sensitive isothermal method is crucial for

point-of-care (POC) nucleic acid testing. Recently, RNA-guided CE-ENA Srrrrrrrrrerr—
CRISPR/Casl2a proteins were discovered to exhibit target-triggered Target B 4
nonspecific single-stranded deoxyribonuclease (ssDNase) activity. Casilzh Ruv€
Herein, the ssDNase cleavage capacity of the CRISPR/Cas12a system Without target

for interfacial hairpin DNA (hpDNA) and linear DNA was  \__J . « ""E With target 2\
investigated in detailed. A novel electrochemical DNA biosensor ? N\

was then developed via target-induced Casl2a cleaving interfacial g

hpDNA. In this strategy, the RNA-guided target DNA binding T S /
activates the robust Casl2a ssDNase activity. The immobilized \ - y - Potonial 1V GE

hpDNA electrochemical reporters with a low surface coverage and
incompact morphological structure present accessible substrates for
highly efficient Cas12a cleavage, leading to a highly sensitive electrochemical DNA biosensor. Under the optimal conditions, as low
as 30 pM target DNA was detected in about 60 min with 3.5 orders of magnitude dynamic range from 50 pM to 100 nM.
Furthermore, the practical application ability of the established sensing method for detecting the target in complex matrices was also
demonstrated. The proposed strategy enables rapid and sensitive DNA determination, providing a potential tool for POC molecular
diagnostics.

KEYWORDS: CRISPR/Cas12a, DNase, electrochemical biosensor, hairpin DNA, nucleic acid testing

Rapid, sensitive, and selective detection of nucleic acids on easier design of guide RNAs, these programmable effectors are
a portable platform is crucial for point-of-care (POC) now being promisingly exploited for universal molecular
molecular diagnostic applications, for example, pathogen diagnostic methodologies.18_20 Casl2a, belonging to the

determination, ” genotyping,” disease monitoring,” etc. Due class I type V-A CRISPR system,”’ can be programmed
to the limitation of complicated thermal cycling procedures in with CRISPR RNAs (crRNAs) to specifically recognize and
PCR-based technologies, various isothermal methods such as cleave dsDNA or single-stranded DNA (ssDNA) with a RuvC

enzyme-assisted cycle amplification and DNA self-assembly catalytic pocket. Upon recognition of its target dsDNA, Cas12a
technologies have been proposed.”’ However, most of the can unleash single-stranded deoxyribonuclease (ssDNase)
isothermal methods still rely on an initial heat-denaturation activity to indiscriminately cleave nearby ssDNAs (namely
step to unwind double-stranded DNA (dsDNA) substrates, trans-cleavage).”>** This crRNA-programmed ssDNase activ-
thereby limiting their applications.'’ In addition, the existing ity has been utilized for detection of sequence-specific DNA in
strategies often suffer from several drawbacks including long vitro.””** Combined with enzymatic amplification, Casl2a-
turnaround times and high operation expense as they require based diagnostic technologies have been proposed for testing
tedious handling procedures, harsh experimental conditions, various substances, including patho%ens, single nucleotide
and sophisticated devices.'" Therefore, there is an urgent need polymorphisms (SNPs), and others.””** Almost all of these
to develop novel alternative methods to overcome the methodologies utilized a linear ssDNA labeled with both a
drawbacks associated with conventional strategies, especially fluorophore and quencher as a substrate of activated Cas12a,
the ones that can be implemented at a constant temperature in which can be cleaved and release a fluorescence signal in a
the whole detecting procedures and integrated compact
platforms for rapid and convenient POC testing applications. Received: December 12, 2019

Recently, RNA-guided CRISPR-associated (Cas) proteins Accepted: February 4, 2020
with different target specificities and activities, including Cas9, Published: February 4, 2020

Casl12a, Casl3a, etc., have been exploited for sequence-specific
DNA/RNA targeting and detection.'””"” Owing to relatively
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homogeneous environment. Although high sensitivity and
specificity can be observed, such homogeneous analysis
patterns rely on fluorescence readout, resulting in the
requirements of bulky and expensive optical equipment, and
thus limited in their ability to process point-of-care diagnostics
and field analyses.

An electrochemical technique has received much attention
due to easy construction, cost-effective, miniaturization, rapid
response, high selectivity, and sensitivity.”” ' More recently, a
universal CRISPR/Casl2a-based electrochemical biosensor,
termed E-CRISPR, has been established for DNA and protein
detection.>” However, in this method, a conventional linear
ssDNA reporter is still employed to assemble on the electrode
as a sensing interface, which may compromise the analytical
performance of the biosensor. Two possible reasons are as
follows: (i) the long distance from redox labels to the electrode
surface reduces the electron transfer rate constant and results
in a low electrochemical response,”” and (i) the steric
hindrance effect on the interface may influence the interaction
between Casl2a and ssDNA, producing relatively low cleavage
efficiency.

Herein, a hairpin DNA (hpDNA) linked with methylene
blue (MB) tag is employed to investigate the interfacial
cleavage activity of Casl2a for developing an electrochemical
DNA sensor. In comparison with linear DNA, the rationally
designed hpDNA can shorten the electron tunneling distance
between redox labels and the electrode surface and decrease
the steric hindrance effect on Casl2a interfacial cleavage.
Taking advantage of the hpDNA reporter and the high
turnover Casl2a ssDNase activity, a dramatic electrochemical
response change is achieved, producing a greatly increased
analytical sensitivity with a low detection limit and a wide
dynamic range. Human papillomavirus (HPV)-related DNA
was chosen as the model target, which is considered to be the
main cause of cervical cancer.”* Under the optimal conditions,
as low as 30 pM unamplified target DNA was detected in
about 60 min with 3.5 orders of magnitude dynamic range
from 50 pM to 100 nM. Moreover, the established biosensor
was applied to detect target DNA in complicated DNA
extracts. With excellent specificity, sensitivity, and easy to
perform features, the proposed strategy promises a great
potential for molecular diagnostic applications.

B EXPERIMENTAL SECTION

Materials and Reagents. EnGen Lba Cas12a and 10 X NEBuffer
3.0 (1 M NaCl, 0.5 M Tris-HCI, 0.1 M MgCl,, and 0.01 M DTT, pH
7.9) were obtained from New England Biolabs (Ipswich, MA, USA).
HPLC-purified crRNAs, RNase inhibitor, RNase-free water, and DNA
Marker were obtained from Takara Biotech. Inc. (Dalian, China).
Gold View I was obtained from Solarbio Tech Co., Ltd. (Beijing,
China). 6-Mercapto-1-hexanol (MCH), tris(2-carboxyethy)-
phosphine hydrochloride (TCEP), and polyethylene glycol sorbitan
monolaurate (Tween-20) were purchased from Sigma-Aldrich (St.
Louis, USA). All DNA oligonucleotides (Table S1) were synthesized
and purified from Sangon Biotech Co., Ltd. (Shanghai, China). All
chemical reagents were of analytical grade, and RNase-free water was
used throughout this study.

Instrumentation. All electrochemical measurements were carried
out with a CHI 660D electrochemistry workstation (Shanghai
Chenhua Instrument, China). A three-electrode system included a
gold electrode (GE, 3 mm in diameter), a Ag/AgCl electrode, and
platinum wire as working, reference, and counter electrodes,
respectively. A Cary Eclipse fluorescence spectrophotometer (Agilent
Technologies, Palo Alto, CA) was employed to monitor the
fluorescence spectra. A NanoDrop 1000 spectrophotometer (Thermo
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Scientific, USA) was used to quantify DNA suspensions. The gel
electrophoresis analysis was performed by an electrophoresis analyzer
(Bio-Rad, USA) and imaged on a ChemiDoc XRS system (Bio-Rad,
USA).

Preparation of the hpDNA-Modified Biosensing Electrode.
The bare GE was freshly polished by using 0.0S ym alumina powder
to obtain mirror-like smoothness followed by sonicating with ethanol
and deionized water in an ultrasonic bath. The electrode was then
immersed into piranha solution (H,SO,/H,0, = 3:1) for 10 min to
remove the residue and washed thoroughly with deionized water.
Prior to immobilizing onto the GE surface, thiolated hpDNA was
dissolved in 100 mM Tris-HCI buffer solution (containing 0.5 M
NaCl, S mM MgCl,, and 10 mM TCEP, pH 7.4). Then, 10 uL of 300
nM hpDNA was dropped onto the pretreated electrode surface and
incubated at 4 °C for 12 h. After being rinsed with the washing buffer
(10 mM PBS containing 0.05% (w/v) Tween-20, pH 7.4), the
electrode was immersed into 100 yL of 1 mM MCH solution for 2 h
to block the nonspecific sites and obtain a well-aligned DNA
monolayer. Finally, after being thoroughly rinsed with the washing
buffer, the electrode was allowed to be used for the following
operation.

Target DNA Detection Protocol. Before the testing, the
modified biosensing platform was further rinsed with the washing
buffer. Subsequently, the Casl2a-mediated cleavage assay was carried
out by adding 10 yuL of mixture solution (S0 nM Casl2a, 45 nM
crRNA, 10 U RNase inhibitor, 1 X NEBuffer 3.0, and 4 uL of target
DNA) and incubated for 10 min at room temperature. Afterward, the
solution was dropped onto the sensor surface and incubated at 37 °C
for 1 h and washed with the washing buffer. The electrochemical
differential pulse voltammetry (DPV) measurements were performed
in 4 mL of 10 mM PBS (pH 7.4) containing 0.5 M NaCl and S mM
MgCl, with a modulation time of 0.0S s, an interval time of 0.017 s, a
step potential of S mV, a modulation amplitude of S0 mV, and a
potential scan from —0.5 to 0.0 V.

Gel Electrophoresis Analysis. The 12% native polyacrylamide
gel was prepared to verify the ssDNase activity of Casl2a.
Electrophoresis was performed in 1 X TBE buffer (2 mM EDTA
and 89 mM Tris-boric acid, pH 8.3) at a 100 V constant voltage for
4S min before staining with Goldview. Finally, the gel was visualized
via a gel image system.

B RESULTS AND DISCUSSION

Principle of the Electrochemical Biosensing Strategy.
The principle of the electrochemical biosensor based on
Casl2a-mediated interfacial cleaving of hairpin DNA
(hpDNA) reporter is illustrated in Scheme 1. First, crRNA,
which contains a repeat sequence and a programmable target-
specific sequence, can bind into Cas12a for the formation of a
Casl12a-crRNA duplex. Then, the Casl2a-crRNA duplex can
specifically recognize and cut target DNA based on crRNA
sequence and the protospacer adjacent motif (PAM) located in

Scheme 1. Schematic Representation of the CRISPR/
Casl2a-Based Electrochemical DNA Biosensing Method

%
crRNA rrmrr(“""um‘\cyrn—
Target PAM
Casl2a
Without target

Current / pA

Potential / V

https://dx.doi.org/10.1021/acssensors.9b02461
ACS Sens. 2020, 5, 557-562


http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b02461/suppl_file/se9b02461_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02461?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02461?fig=sch1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.9b02461?ref=pdf

ACS Sensors

pubs.acs.org/acssensors

the target."> After that, nonspecific nearby ssDNA can be
digested by a Casl2a-crRNA-target DNA ternary complex.
Here, an hpDNA consisting of a thiol group at the 5" terminus
and a methylene blue (MB) tag at the 3’ terminus is covalently
modified to a gold electrode (GE) through S—Au bonding. In
the absence of the target, the Casl2a cannot cleave the
hpDNA reporter. So, the formation of a stem-loop structure
brings the MB tag near the GE surface, resulting in a high
redox response being detected. In the presence of the target,
the ssDNase activity of Casl2a is activated, cleaving the loop
region of hpDNA into short fragments and leading to the
dissociation of the stem part of hpDNA. The melting
temperature (T,) of the duplex stem decreases from about
48 °C to lower than 10 °C (estimated with the IDT Oligo
Analyzer, under the conditions of 10 mM Mg** and 100 mM
Na*), therefore releasing the MB from GE and decreasing the
peak current. Therefore, the established electrochemical
biosensor could convert per target recognition event into
numerous disintegration of the hpDNA reporter on the
interface for highly sensitive electrochemical DNA biosensing.

Feasibility of the Cas12a-Mediated Cleavage on the
Interface. To verify the feasibility of the Casl2a-mediated
cleavage effect, different reaction products were examined by
polyacrylamide gel electrophoresis (PAGE). For clear electro-
phoretic imaging, a 32 nt linear ssDNA was used as the
nonspecific substrate and incubated with a ternary complex of
the Casl2a-crRNA-target. As shown in Figure 1A, the target
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orRNA + - + + o+ 1 —— Cas12a-crRNA
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Figure 1. (A) Electrophoretic analysis of the feasibility of Casl2a-
mediated cleavage assay (32 nt ssDNA as the substrate). (B)
Fluorescence spectra of Cas12a-mediated cleavage fluorescence assay
(dex 492 nm, dem 518 nm). (C) EIS at (a) bare GE, (b) hpDNA
immobilized GE, and (c) hpDNA immobilized GE after Casl2a
cleavage in 0.1 M KCl containing 5 mM Fe(CN),*~/*~ (pH 6.1). (D)
Typical DPV curves of MB before and after Casl2a-mediated
interfacial cleaving of the hpDNA reporter.

DNA could be specifically recognized and cleaved by the
Casl2a-crRNA duplex (lane 4). When the Casl2a-crRNA-
target DNA complex formed, the nonspecific ssDNA was
completely degraded (lane 5), indicating that the ssDNase
activity of Casl2a could be successfully activated with the
Casl2a-crRNA-target triplex assembly. Next, a S nt 5'-FAM
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and 3’-BHQ:-labeled linear ssDNA (FQ-ssDNA) reporter was
introduced into the Casl2a-mediated cleavage reaction. The
result of fluorescence spectroscopy indicated that only in the
formation of the Casl2a-crRNA-target DNA ternary complex
could the FQ-ssDNA be efficiently cleaved and release
fluorescence signals (Figure 1B). These consistent results
demonstrated that, in our CRISPR/Cas12a system, the Casl2a
ssDNase activity can be successfully induced with target duplex
DNA for further development of the electrochemical
biosensor.

In order to verify the successful fabrication of the
electrochemical biosensor, electrochemical impedance spec-
troscopy (EIS) and cyclic voltammetry (CV) were employed
to characterize the construction procedure. EIS was carried out
with 5 mM Fe(CN),/# in 0.1 M KCI solution. The
semicircle diameter of the EIS curve equaled the charge-
transfer resistance (Ret). As displayed in Figure 1C, the bare
GE exhibited an almost straight line (curve a), reflecting
excellent electrochemical conductivity. After hpDNA was
immobilized onto the surface of bare GE, the Ret increased
significantly (curve b). The phenomenon can be explained as
that DNA has a negatively charged backbone, repulsing with
the negatively charged redox probe, therefore increasing the
electron transfer distance of the probe during the electro-
chemical reaction, which results in the higher surface
impedance.”*® At the presence of the Casl2a-crRNA-target
complex, the Casl2a ssDNase activity is activated, cutting the
hpDNA off the GE surface. So, the Ret was significantly
decreased in the curve c. This proved the successful assembly
and target-induced cleavage of hpDNA on the sensor surface.
These results were in agreement with those obtained by CV
(Figure S1). Then, DPV measurements were also performed to
further characterize the feasibility of the method. As displayed
in Figure 1D, the high redox peak of MB at about —0.22 V was
observed when the sensor was incubated without and with
target DNA in the absence of the Casl2a or crRNA. In the
presence of the target and Casl2a-crRNA complex, the peak
current of MB dramatically decreased, which was the direct
evidence of successful cleavage of hpDNA and release MB on
the sensor surface.

Investigation of the Cleaving Efficiency for Interfacial
hpDNA and ssDNA. To investigate the Cas12a trans-cleavage
capacity for assembled hpDNA and linear DNA on the
electrode surface, the DPV response was first compared in the
same experimental condition. In the presence of target DNA
and the Casl2a-crRNA complex, the peak current of the
hpDNA reporter dramatically decreased from about 4.5 yA to
approximately zero, resulting in about a 96% rate of response
change (represented by AI%) (Figure 2A,C). However, when a
linear DNA was utilized as an assembled reporter, the initial
background peak current (2.5 #A) was much lower, and the
sequent peak current after cleavage was still distinct (1.1 uA).
The obtained AI% for the linear DNA reporter is only about
56%, which is similar to the results of established E-CRISPR*
and significantly lower than that for the hpDNA reporter
(Figure 2B,C). The higher initial background peak current of
the hpDNA reporter is due to its higher electron transfer rate
constant with closer distance between redox labels and the
electrode surface than the linear DNA reporter. Meanwhile,
the activated Casl2a toward a loop portion of the hpDNA
exposed on the surface exhibits extremely higher cleavage
efficiency owing to its different interfacial properties from the
linear DNA reporter.
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Figure 2. (A, B) Typical DPV curves of before and after Casl2a
cleavage by using (A) hpDNA reporter and (B) linear DNA reporter.
(C) Comparison of AI% of hpDNA reporter and linear DNA
reporter. (D) EIS at (a) linear DNA modified GE, (b) hpDNA
modified GE, (c) linear DNA modified GE after Cas12a cleavage, and
(d) hpDNA modified GE after Casl2a cleavage in 0.1 M KCl
containing 5 mM Fe(CN)~*~ (pH 6.1). Error bars represent
standard derivation obtained in three parallel experiments.

Thus, the electrochemical impedance technique was further
carried out to explore the interfacial properties of the
immobilized linear DNA and hpDNA. Figure 2D shows the
EIS of the linear DNA and hpDNA modified GE before and
after Cas12a cleavage, respectively. Before the cleavage process,
the Ret of the linear DNA modified GE are higher than that of
the hpDNA modified GE, indicating higher coverage and a
more compact structure of the linear DNA assembly.
Meanwhile, it can be clearly observed that, for the hpDNA
reporter, larger variations of the Ret are recorded upon Casl2a
cleavage compared to the linear DNA reporter, indicating
higher cleavage efficiency toward hpDNA. These results
proved that both the lower surface coverage density and
incompact morphological structure contributed to a lower
steric hindrance effect and higher efficiency Casl2a cleavage of
the hpDNA reporter, consequentially leading to improved
analytical sensitivity.

Optimization of Biosensor Preparation and Detec-
tion Conditions. Several experimental conditions were
optimized via the DPV measurements for achieving optimal
analytical performance. Primarily, we investigated the effect of
the hpDNA packing density, which was controlled by the
hpDNA incubating concentration. As can be clearly seen in
Figure 3A, the peak current increased from 100 to 300 nM and
then tended to a constant value. Meanwhile, after the cleavage
process, the peak current dramatically decreased to approx-
imately zero at any hpDNA concentration, indicating an
extremely high Cas12a ssDNase activity and a negligible steric
hindrance effect of immobilized hpDNA. Therefore, 300 nM
hpDNA was chosen as the optimal concentration for the
subsequent experiments. Then, the concentration of Casl2a
was examined from 20 to 60 nM (Figure 3B). After S0 nM, the
AI% reached a plateau, so 50 nM was chosen as the
appropriate concentration. The concentration of crRNA was
another important factor. The AI% increased until the
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Figure 3. Optimization of the concentration of (A) hpDNA, (B)
Casl2a, and (C) carRNA and (D) the reaction time. Error bars
represent standard derivation obtained in three parallel experiments.

concentration of crRNA exceeded 45 nM, which was then
selected as the optimal concentration (Figure 3C). In addition,
as the cleavage reaction time increases, the AI% improved as
well (Figure 3D), indicating that the trans-cleavage mechanism
is an ongoing reaction, and the amount of cleaved hpDNA is a
time-dependent progress. Considering the timeliness of the
method, 60 min was selected as the appropriate reaction time.

Analytical Performance of the Sensor. Under opti-
mized experimental parameters, the dynamic range and
sensitivity of the constructed biosensor was assessed. As
depicted in Figure 4A, the DPV signal exhibited a gradual
decrease in the range from 50 pM to 100 nM. The AI% versus
the logarithm of target DNA concentration showed a good
correlation in the investigated concentration range (Figure 4A,
inset). The regression equation is AI% = 0.292 lg C + 0.476
(R* = 0.982). The LOD was calculated to be 30 pM (30 rule).
In comparison with the linear DNA reporter-based E-CRISPR,
our established biosensor shows an improved detection limit
and broadened linear range.

Furthermore, the specificity of the established biosensor was
investigated by using HPV types 16 and 18. As indicated in
Figure 4B, HPV-16 and HPV-18 with their corresponding
crRNA can induce specific electrochemical responses without
obvious cross-reactivity. These results demonstrate that the
established detection platform is capable of testing the target
DNA with high specificity. Meanwhile, due to the programm-
ability of crRNA, the Casl2a-based electrochemical biosensor
allows development of the universal biosensing platform for
any other target DNA by easily changing the crRNA guide
region sequence. Moreover, the reproducibility of the
biosensor has been demonstrated. According to the standard
sensor construction and detection process, five parallel
measurements have been performed for 1 nM target DNA. A
superior reproducibility has been observed with a low relative
standard deviation (RSD < 5%).

Interference Assay. To further investigate the applicability
and specificity of the method for detecting target DNA in
complicated DNA extracts, the DPV signal was evaluated by
spiking target DNA with different concentrations in 1 yg mL™"
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Figure 4. (A) Typical DPV curves responding to 0, 0.05, 0.1, 0.5, 1, S,
10, 50, and 100 nM target DNA (from (a) to (i)). Inset shows the
calibration curve for the AI% versus the logarithm of target DNA. (B)
Specificity and universal ability of the Casl2a-based electrochemical
biosensor. crRNA-16 and crRNA-18 were designed to target HPV-16
and HPV-18, respectively. (C) Typical DPV curves of 0 nM target in
(a) water and (b) total DNA extracts, in (c) 0.1 nM targets in total
DNA extracts and (d) water, and in (e) 10 nM targets in total DNA
extracts and (f) water. (D) Comparison of AI% of different
concentrations of target DNA (0.1 and 10 nM) prepared with
water and DNA extracts. Error bars represent standard derivation
obtained in three parallel experiments.

total DNA extracted from vaginal/anal swabs of healthy
women. Figure 4C shows the comparison of the peak currents
of target DNA with different concentrations in water and total
DNA extracts under the same experimental condition. The
DPV signals were increased a little in total DNA extracts due
to the interference of the sample matrix during the target-
triggered cleavage reaction. However, it can be seen that, even
100 pM target DNA in 1 ug mL™" total DNA extracts, their
ratio of molar concentrations was calculated to be 0.4% and
was still obviously detected. The results indicated the
applicability of the established system for target DNA
detection in a complicated real sample.

B CONCLUSIONS

In summary, a novel electrochemical sensor platform has been
established for rapid and sensitive detection of nucleic acids via
Casl2a-mediated interfacial cleaving of the hpDNA reporter. It
was proved that both the lower surface coverage density and
incompact morphological structure contributed to the lower
steric hindrance effect and higher efficiency Cas12a cleavage of
the hpDNA DNA reporter, consequentially leading to
improved analytical sensitivity. Because of the programmability
of the crRNA, the proposed biosensor will be able to detect
any DNA sequences, providing a universal detection platform.
Moreover, the true isothermal reaction process makes the
strategy suitable for POC testing applications. In addition, the
proposed strategy can also be combined with other isothermal
amplification methods to construct a higher sensitivity
electrochemical biosensor in the future. In a word, the
proposed biosensing strategy can promise a great potential
for molecular diagnostic and biochemical research applications.
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