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1 | INTRODUCTION

Razvan Matei? | William Marx?

Abstract

Accurate, rapid, and multiplexed nucleic acid detection is of great value for applica-
tions in biomedicine and agriculture. Here, we demonstrated a one-step Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR) diagnostic method for the
digital and multiplexed detection of both single-stranded (ss) and double-stranded
(ds) DNA on a handheld smartphone device. ssDNA targets exhibited faster reaction
kinetics of this single-step CRISPR-Cas12a assay than dsDNA counterparts. Under
optimized conditions, picomolar levels of ssDNA targets can be detected in 96-well
plates by using a benchtop plate reader. The detection sensitivity can be further
improved to 5 fM when running the reaction in a microwell-based digital assay chip.
Multiplexed detection of hepatitis B virus and human papillomavirus DNA markers
was demonstrated on the smartphone-based platform. Finally, the one-step CRISPR-
Cas12a assay performed robustly in human serum samples with a recovery rate of
ssDNA detection between 96% and 105.6%, suggesting a high potential for clinical

diagnostic applications in point-of-care settings.
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HBV diagnosis and treatment monitoring, whose concentration can

exceed 107 copies/ml in serum.*®

Detection of diseases caused by pathogens at early or asymptomatic
stages is of tremendous importance in containing disease spread and
improving treatment outcome.l™® DNA targets are important bio-
markers for many diseases, which can exist in the forms of either
single-stranded (ss) or double-stranded (ds) helices. Some pathogens
even have hybrid genomes with coexistence of ssDNA and dsDNA
sequences. For example, hepatitis B virus (HBV), a partially ds circular
DNA virus with a variable-length ssDNA region, can cause severe liver
infections, including inflammation, cirrhosis, and even carcinoma, but
has no noticeable symptoms during the initial infection stages.
Although vaccination has been an effective way to reduce its preva-
lence, about 3.5% of the global population is infected by chronic

HBV.” The presence of HBV DNA in serum is a primary biomarker for

Although dsDNA is commonly targeted for medical diagnostics,
the promise of ssDNA as detection biomarkers is often overlooked.
ssDNA viruses are widespread in different environments, from geo-
thermal springs to human guts® Although many of them
(e.g., mycoviruses and ssDNA phages) do not directly infect

humans,”1©

others like adeno-associated virus (AAV), a promising vec-
tor for gene therapy,*! closely impact human health and require fre-
quent bioanalytical examinations to test their presence. In the field of
liquid biopsy, cell-free DNA (cfDNA) is an emerging biomarker for
noninvasive diagnosis of cancer and other diseases, which contains
both ssDNA and dsDNA fragments. Recent studies showed that
ssDNA sequencing of cfDNA in human plasma can better deduce

nucleosome positioning and the tissues of origin of cfDNA than the
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conventional dsDNA-seq methods.*? Moreover, there is evidence that
the ratio of ssDNA to dsDNA could be used as a novel indicator for
cancer diagnosis.'® Finally, viruses with RNA genomes are also very
prevalent. Although RNA-specific assays do exit, it is also possible to
detect RNA targets with DNA diagnostic assays by converting RNA
into ssDNA through a single isothermal step of reverse transcription
followed by degradation of the hybridized RNA with RNase H.
Recently, various methods have been developed for the nucleic

t,** colorimetric,® and electro-

acid detection, including fluorescen
chemical®® biosensors. Polymerase chain reaction (PCR) is still consid-
ered the standard of care for nucleic acid detection due to its high
sensitivity and specificity. However, PCR requires precise thermal
cycling and well-trained personnel to operate, making it less than ideal
for point-of-care (POC) use. Therefore, development of novel and
simpler POC nucleic acid tests that can be applied to both ssDNA
and dsDNA targets is still essential to improve the efficiency of medi-
cal intervention, especially for the early detection and containment of
infectious diseases.

RNA-guided Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)/Cas systems, including RNA-targeting Cas13a/
Cas13b (RNases) and DNA-targeting Cas12a/Cas14 (DNases), have
recently been used for highly accurate and rapid nucleic acid detec-
tion.”~22 CRISPR-Cas12a (formerly Cpf1) proteins are RNA-guided
enzymes that can recognize and cleave a dsDNA target based on the
(PAM)

the endonucleolytic RuvC domain. Such genome editing action is well

T nucleotide-rich protospacer-adjacent motif through
recognized as a self-defense mechanism in the bacterial immune sys-
tem toward invasive virial species.?3~2¢ For molecular diagnostic appli-
cations, Cas12a-mediated collateral cleavage has been combined with
nucleic acid pre-amplification, such as recombinase polymerase
amplification (RPA),>®?” loop-mediated isothermal amplification
(LAMP),28-31 or PCR?3%2 to enable attomolar detection sensitivity.
However, the separated pre-amplification and CRISPR reaction pro-
cesses complicates their use in POC settings.>® To simplify the assay
procedure, efforts to combine CRISPR and preamplification reactions
(e.g., RPA) in a one-pot system have been explored. For instance,
Wang et al. integrated RPA with Cas12a cleavage into a single reac-
tion tube, where the Cas12a enzyme was stored on the wall of the
tube to be physically separated from the RPA mix, and then cen-
trifuged into the reaction mix after the completion of the RPA reac-
tion.3* This system, named Cas12aVDet, could detect attomolar DNA
targets within 30 min. Similarly, Wang et al. stored the Cas12a protein
in the tube lid and spun it down after 15 min of RPA preamplification.®®
This one-pot platform, termed OCTOPUS, achieved a limit of detection
(LOD) of 1 CFU/ml of foodborne bacteria in less than 50 min total assay
time. However, the requirement of a centrifugation step in the above
methods for transferring the Cas12a protein to the test solution may hin-
der their POC applications. In contrast, Yin et al. combined RPA and
Cas12a-derived fluorescent detection in a one-pot dynamic aqueous
multiphase reaction system, where two reactions occurred simulta-
neously in spatially separated but connected aqueous phases.3
Pre-amplification-free CRISPR assays have also been developed

recently. For instance, Dai et al. reported a CRISPR-Cas12a based

electrochemical biosensor without using the pre-amplification step,
which achieved picomolar sensitivity.%” Zhang et al. employed a hair-
pin DNA (hpDNA) linked with methylene blue tag as an electrochemi-
cal reporter to improve the interfacial cleavage activity of Cas12a and
therefore the detection sensitivity of the electrochemical biosensor.
Compared with a conventional liner ssDNA reporter, hpDNA showed
lower steric hindrance to Cas12a.%® Under optimal conditions, this
system was able to detect as low as 30 pM target DNA within 60 min.
More recently, Nouri et al. reported a label-free electronic sensing
platform with a glass nanopore structure to detect HIV-1 DNA bio-
markers.3? In this assay, nanopore analysis was performed after the
Casl12a-based CRISPR reaction, the abundance of ssDNA reporter
was quantified by nanopore counting, where as low as 10 nM of tar-
get DNA was detected within 1 h.

Although electronic biosensors can achieve amplification-free
CRISPR detection, they have several drawbacks, such as the complex
instrumentation and moderate detection sensitivity. In contrast, the
optical detection scheme is more sensitive, specific, and can be easily
adapted to POC sensor platforms such as smartphone-based micros-
copy devices. Recently, handheld and cost-effective smartphone
microscopes have demonstrated various POC applications ranging
from cancer mutation detection,”® immunodetection in whole
blood,** plant disease detection,*? to environmental monitoring.** To
our knowledge, the full potential of combining digital CRISPR diagnos-
tics with smartphone devices has not been systematically
explored,***> whether for detecting individual or multiple nucleic
acids.

Here, we report a one-step Cas12a-based CRISPR diagnostic sys-
tem running on a smartphone imaging platform (Figure 1). The pro-
posed method does not require any preamplification steps (e.g., RPA,
LAMP, etc.) to achieve femtomolar (fM) detection sensitivity by opti-

mizing the assay kinetics and compartmenting the CRISPR reaction in
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FIGURE 1 lllustrations of the CRISPR assay and smartphone

platform for the detection of nucleic acids. (A) Schematic
representation of the Cas12a-based detection assay. (B) 3D
illustration of the smartphone device with the cutaway view of the
attachment [Color figure can be viewed at wileyonlinelibrary.com]
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a digital assay format. The assay procedure is different from the con-
ventional CRISPR assay protocols, where the Cas protein and crRNA
(and/or target) are preincubated, followed by the addition of reporter
molecules (referred to as the two-step reaction).2%#¢ In the one-step
protocol, the signal is generated and read out in real time after the
addition of analytes, and the whole detection procedure can be com-
pleted less than 30 min. As a proof of concept, different synthetic DNA
sequences including both ssDNA and dsDNA were involved in the assay
demonstration. For the solution assay, as low as picomolar (pM) level of
DNA was detected under the optimal conditions with a dynamic range
of over 4 orders of magnitude for all ssDNA and dsDNA targets by using
a benchtop plate reader. For the digital chip assay coupled with
smartphone readout, the detection sensitivity can be improved to 5 fM
of ssDNA in either standard buffer solutions or serum samples by using
a microwell-based digital assay chip. Moreover, multiplexed detection of
ssDNA and dsDNA biomarkers related to HBV and human papillomavi-
rus (HPV) was successfully demonstrated on the smartphone.

2 | MATERIALS AND METHODS

21 | Chemicals and apparatus

All the chemicals and human serum were obtained from Sigma-Aldrich
(MO, USA, analytical grade) and used without further purification and
modification. LbaCas12a and NEBuffer™ 2.1 are purchased from New
England Biolabs (MA, USA). Microfluidic chips were designed by
Adobe lllustrator and fabricated by OAl's exposure system (CA, USA).
Polydimethylsiloxane (PDMS) was purchased from Sylgard 184, Dow
Corning (MI, USA). Silicon wafers were purchased from Wafer
Universe (MA, USA). Ultrapure water (18.3 MQ cm) was produced by
the Milli-Q system (Millipore, Inc., USA) and used throughout the
experiments. All of the oligonucleotides used in this work were
ordered from Integrated DNA Technologies (Coralville, IA, USA).
The sequences of the DNA and microRNA molecules are listed in
Table S1. Real-time fluorescent data were recorded on a multimode

microplate reader (SpectraMax M2, Molecular Devices).

2.2 | Gel electrophoresis analysis

2% agarose gels were prepared using 1x TBE (Tris/Borate/EDTA) buffer
(89 mM Tris, 89 mM borate acid, 2 mM EDTA, pH 8.3) and 1x SYBR gel
stain. Ten microliters of different reaction products with loading buffer (5:1,
v/v) were added to each well. Electrophoresis was run at 100 V for 60 min
in 1x TBE buffer at room temperature, and finally the agarose gels were
scanned and recorded by using the E-Gel Imager system (Invitrogen, USA).

2.3 | Casl2a/crRNA-based fluorescent assays

All DNA and RNA strands were stored in 10 mM Tris-HCI buffer
(pH 7.5) at 10 uM concentrations in a —20°C refrigerator and

prewarmed at 37°C for 30 min before mixing. The dsDNA targets
were formed by mixing the ssDNA and their complementary
sequences (CT1, CT1+PAM, and LCT1+PAM) at the 1:1 ratio in 1x
hybridization buffer (20 nM Tris-Cl, pH 7.5, 100 mM KCI, 5 mM
MgCl,). For the CRISPR assay, analyte solutions with different con-
centrations of ssDNA1 were added into the CRISPR reaction
reagents, consisting of 40 nM LbaCas12a, 20 nM crRNA, 600 nM F-Q
reporter, and 1x reaction buffer (50 mM NaCl, 10 mM Tris-HClI,
10 mM MgCl,, 100 pg/ml BSA, pH = 7.9 at 25°C). The total reaction
volume was 80 pl, which was incubated in a microplate reader at
37°C for 45 min with fluorescence measurements (FAM channel, Jcy
490 nm, Aem 520 nm) taken every 30 s.

24 | Serum sample denaturation protocol

Briefly, 80 pl of 1x PBS was added into 20 pl of spiked serum sample
and the solution was heated to 95°C for 5 min. Then the solution was
cooled rapidly to 4°C and kept for 3 min. Then the denatured serum

solutions were centrifuged at 14,000 rpm for 30 min at 4°C.

2.5 | Fabrication of microfluidic chips

The microfluidic chips were composed of a layer of silicone elastomer
PDMS and a microscope glass slide. UV-curable SU-8 was patterned
on the silicon wafer by the standard photolithography protocol as a
model to replicate PDMS layers. Holes for fluid control were punched
on the PDMS layer after peeling away from the mold. Finally, after
the surface plasma oxidization, the PDMS layer and glass slide were
spontaneously bonded together. For the digital assay chip, there has
three parallel channels, each channel is 3 mm in width and 50 um in
height. Each microwell is about 15 pm in diameter and 20 pm
in height, the volume for each microwell is ~3 pl. The fabricated
microfluidic chip in the smartphone platform contains five parallel
channels with inlets and outlets; each channel is ~300 um in width
and ~100 pm in height.

2.6 | Preparation of a smartphone-based
fluorescence reader

The smartphone-based reader consists of an LG V10 smartphone and
a 3D-printed optomechanical attachment. The LG V10 smartphone is
equipped with a 1/2.6”, 16 megapixels (5312 x 2988) complementary
metal-oxide semiconductor (CMOS) image sensor. The built-in
smartphone camera lens has a focal length of f; = 28 mm. The 3D-
printed attachment was designed by the Autodesk Inventor software
and prepared by 3D printing (uPrint SE Plus, StrataSys). The system
included a base attachment to be mounted on the smartphone and a
removable sample holder. Inside the attachment, a blue laser diode
(465 nm, 100 mW, DTR's Laser Shop) powered by three AAA batte-
ries was connected with a heatsink and was mounted together on the
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base attachment. The laser diode was tilted to illuminate the micro-
fluidic chip with an incidence angle of ~15°. The fluorescence signal
from the sample was then collected by an M12 lens module
(f» = 16 mm, Uctronics), which gives a magnification that can be cal-
culated as M = f1/f, ~ 1.75. A 525-nm band-pass filter (Edmund
Optics, #86-354) was placed in front of the smartphone camera as an
emission filter to collect fluorescence from the sample as the beam
excited the fluorophores. A sample holder was used to hold the micro-
fluidic chip, which could be inserted into the reader during the test. A
1/2" dovetail translation focusing stage (DT12, Thorlabs) was
mounted on the base attachment and was connected to the sample
tray to move the sample.

2.7 | Estimation of trans-cleavage rate/activity

Trans-cleavage rate/activity was estimated by calculating the reaction
rate V (V = AF/AT), where AF is the change of fluorescence intensity
before reaching the plateau and AT is the corresponding reaction

time (min).

2.8 | Statistical analysis

Statistical analysis (e.g., box chart) was performed with OriginPro ver-
sion 8.5. All experiments in this study consisted of three repeats for
each sample, unless otherwise indicated. The results are presented as

mean * SD.

3 | RESULTS AND DISCUSSION

3.1 | One-step Cas12a reaction on a smartphone
The principle of the one-step Cas12a/crRNA-based ss(ds)DNA assay is
illustrated in Figure 1(A). The crRNA for LbaCas12a consists of two
parts: a 21-nt guide sequence (gray region) that can assemble with the
Cas12a nuclease and a programmable probe sequence (blue region) that
recognizes complementary DNA targets. Fluorophore (FAM)- and
guencher (BHQ1)-labeled poly-A (FQ5A) were used as the fluorescent
reporter (or ssDNA substrate). The fluorescence background of the
detection system is low due to the fluorescence resonance energy trans-
fer (FRET) effect. Upon the addition of target DNA, the crRNA directs
Cas12a to assemble target DNA, thereby triggering Cas12a to cleave the
FQ5A reporter nonspecifically via the activated RuvC domain. As a
result, the fluorescence signal is increased accordingly, which can be
quantified by the plate reader or smartphone-based platform.

The smartphone-based fluorescence microscopy attachment was
designed and prepared by 3D printing (Figure 1(B)). A bandpass emis-
sion filter (1 = 525/15 nm) and an external lens (f = 16 mm) were
placed between the smartphone camera and the microfluidic chip. A
compact laser diode (465 nm) powered by three AAA batteries was

used to illuminate the chip uniformly. The microfluidic chip

was inserted into the device by a sample tray, and sat on a moving
stage, which was connected to the base attachment via a dovetail
translation stage for lateral translocation. The smartphone fluorescent
images were captured by the default camera app on the smartphone
with an exposure setting of 1 s at an ISO of 150. The captured digital
images from the smartphone were analyzed by the ImageJ software
on a computer, only the green channels of the RGB images were used

for intensity analysis.

3.2 | Kinetics of one-step and two-step Cas12a

reactions

To investigate the influence of target structure (sequence length,
with/without PAM, ds/ssDNA) and mixing steps on the trans-
cleavage activity of Cas12a, we used six DNA targets, including three
ssDNA targets: ssDNA1 (20 nt, without PAM), ssDNA1 + PAM
(24 nt), and single-stranded long DNA1 (ssLDNA1) + PAM (55 nt),
and their dsDNA forms to study the reaction kinetics (see Table S1
for sequences).

In our one-step reaction protocol, the target was added to the
pre-mixed CRISPR reagents in the 1x reaction buffer (including
Cas12a, crRNA, and reporters) to initiate the reaction. In contrast, in a
conventional two-step reaction, the target was added into the
Cas12a/crRNA solution first and incubated for 15 min to activate
the Cas12a/crRNA/target complex, and then the fluorescent reporter
was added to produce signals (Figure 2).2% Such a small difference in
the sequence of reagent mixing impacts the reaction kinetics, espe-
cially for dsDNA targets.

As shown in Figure 2, six different ssDNA and dsDNA targets
were tested in the one-step reaction (Figure 2(A-C)) and conventional
two-step reaction side by side (Figure 2(D-F)) to investigate the
Cas12a DNase activity. Firstly, for the short DNA targets without
the PAM sequences (e.g., ssDNA1 and dsDNA1), there were no
apparent differences in the reaction kinetics between the one-step
and two-step reaction protocols (Figure 2(A,D)). The results confirmed
that the activation of the Cas12a from ssDNA does not require a
PAM sequence. However, for dsDNA1 without the PAM sequence,
there was no obvious trans-cleavage activity of Cas12a observed, in
line with many previous studies.2*? This was also confirmed by the
results of agarose gel electrophoresis (Figure S1), where the ssDNA1
can active Casl12a to cleavage the substrate (95 nt ssDNA), but
dsDNA1 cannot. Secondly, for the short DNA targets with the PAM
sequences (e.g., sSSDNA1+PAM and dsDNA14-PAM), there are no
obvious kinetic differences for ssDNA1+PAM between one-step and
two-step reactions (black curve, Figure 2(B, E)). However, for dsDNA1
+PAM, the trans-cleavage activity of Cas12a was much higher for the
two-step reaction than for the one-step reaction (~2.5 times). This
indicates that the pre-incubation step (target+Cas12a/crRNA) played
an important role in the reaction process. During the pre-incubation
step, Cas12a recognizes the PAM sequence and forms a new duplex
structure between crRNA and target strand. The data suggest that the
strand separation of dsDNA targets and hybridization to crRNA
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(a process referred to as R-loop propagation) is a rate-limiting step for
dsDNA detection, as shown in Figure 2(B,E), consistent with previous
observation.*” Finally, for the long DNA targets with PAM sequences
(e.g., ssSLDNA1+PAM and dsLDNA1+PAM), the activities of the
Cas12a were similar for both targets in the one-step reaction
(Figure 2(C)). However, for the two-step reaction, ssLDNA1+4-PAM-
activated Cas12a had slightly lower activity than the double-stranded
counterpart (Figure 2(F)). These results again suggested that pre-
incubation can accelerate dsDNA detection in the reaction. In addi-
tion, longer dsDNA targets with sequences on both sides of the PAM
could further enhance the trans-cleavage activity of Cas12a system
(Figure 2(B,C), To verify the reliability of the
abovementioned conclusions, we changed the crRNA sequence and

red curves).

its corresponding target DNA sequences (ssDNA2 and dsDNA2 with
different lengths and with/without PAM) to test the activity of
Cas12a, and the results were consistent with DNA1 (Figure S2). The
results suggest that one-step reaction can greatly simplify the assay
process, and only minimally influences the reaction kinetics when
compared with the previous two-step method. Kinetically, the one-
step method is also more favorable to ssDNA than dsDNA targets.

%0 120 150 30 60

Time / min

T T T 1
90 120 150 180

Time / min

) 0
180 0

Evaluation of the reaction activities of the Cas12a/crRNA system for the one-step (A-C) and two-step reactions (D-F). The

the data were collected on the plate reader [Color figure can be viewed at

To better visualize the kinetic differences between ssDNA and
dsDNA in the one-step reaction, we expanded the comparison to
higher concentration targets (100 nM, Figure S3). Without the
PAM sequence, the activity of Cas12a initiated by high concentra-
tion dsDNA1 was still very low compared with that by ssDNA1
(Figure S3(A)). However, in the presence of PAM sequences,
although dsDNA1+PAM
reached the same signal plateau as the ssDNA1+PAM after suffi-
cient reaction time (3 times ssDNA1-+-PAM, Figure S3(B)). This indi-

cates that besides the reaction kinetics, there is essentially no

reacted much slower, it eventually

major biochemical difference in the reactions between Cas12a and
PAM-appended ssDNA or dsDNA targets. For longer DNA targets
with PAM sequences, the time gap between ssDNA and dsDNA to
reach the signal plateau was even smaller (~10 min for ss(ds)LDNA1
+PAM, Figure S3(C), and ~35 min for ss(ds)DNA1+PAM, Figure S3
(B)). The results again suggest that the appended sequences on
both sides of the PAM would greatly promote the binding of
Casl12a and strand separation of the dsDNA, which may be due to
the lower binding efficiency of many enzyme molecules to the end
of DNA strands.
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To quantitatively investigate the kinetics of trans-cleavage activ-
ity of LbaCas12a, reaction mixtures consisting of 40 nM LbaCas12a,
20 nM crRNA, 0.1 nM ssDNA or dsDNA targets, and different con-
centrations of FQ5A reporters (0.01, 0.1, 0.2, 0.5, 1, 2, and 5 pM)
were prepared for the Michaelis-Menten analysis (Figure S4). Reac-
tions were performed at 37°C with fluorescence measured every
30 s. The initial velocity (V,) was plotted against the substrate concen-

tration to obtain the Michaelis-Menten constants K,.:

Vo = (Vinax [S))/(Kin + [S]),where Vp.x is the maximum reaction
rate, [S] is the substrate (FQ5A) concentration, and K, is the Michaelis
constant. The turnover number (K.,;) was determined by using the
equation:

Keat = Viax/Ev,where E; is the total activated enzymes (0.1 nM for
this reaction, limited by the target concentration). For the two-step
reaction, the calculation showed that ssLDNA1-+PAM-activated

LbaCas12a-crRNA complex had a turnover number (K., of ~1.39
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and a catalytic efficiency (Keat/Kim) of 2.9 x 10° s~ M~ where the
corresponding dsLDNA1+PAM-activated complex had a K, of ~2.71
and Keae/Kim Of 4.8 x 10° s7* M~ (Figure S4(E)). The results are con-
sistent with the literature reports. Later, the Michaelis-Menten analy-
sis for 12 different assay conditions (one-step and two-step reactions
with six different targets, ssDNA1, dsDNA1, ssDNA1+PAM, dsDNA1
+PAM, ssLDNA1+PAM, and dsLDNA1+PAM) was demonstrated.
The calculated values of Kcat, K, and Ke,t/K., are listed in Table S2,
which are consistent with the results of Figure 2, suggesting that
ssDNA target in the absence of PAM sequence is approximately
5 times faster than dsDNA counterpart in terms of reaction rate for
the one-step protocol.

From the abovementioned experiments, it can be concluded that
the Cas12a system is a general method for both ssDNA and dsDNA
(with PAM) detection. Cas12a-based diagnostics is also more flexible
than conventional PCR by its ability to detect very short DNA targets
(e.g., 20 nt), which is equal or even shorter than most PCR primers in

TABLE 1 Recovery rates of the one-step CRISPR-Cas12a assay
for ssDNA detection in the treated serum sample (spiked ssDNA in
undiluted serum sample)

Added (nM) Determined (nM) Recovery RSD% (n = 3)
1 0.986 98.6% 43
0.2 0.192 96.0% 41
0.05 0.0528 105.6% 57

Abbreviations: RSD, relative standard deviation; ssDNA, single-
stranded DNA.

FIGURE 5
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length. For dsDNA detection, however, a few conditions need to be
met to enable rapid Cas12a-based detection: (1) a PAM sequence is
required to be present in the target; (2) longer target sequences are pre-
ferred to facilitate Cas12a binding; and (3) a pre-incubation step (as in
the conventional two-step reaction) will speed up the recognition of the
dsDNA targets, thereby increasing the overall reaction rate for the assay.
In contrast, the Cas12a system seems better suited for ssDNA detection,
as (1) no PAM sequence is required for the ssDNA targets; (2) the reac-
tion kinetics of the Cas12a assay is minimally influenced by the length of
ssDNA target; and (3) the reaction rate is insensitive to the reaction pro-
tocol (e.g., one-step vs. two-step reactions).

Moreover, the one-step reaction protocol is more preferred for
the POC applications, as it demonstrates the feasibility of premixing
of all CRISPR reagents in one pot and reaching a high reaction rate
(Table S2). In addition, the one-step protocol is advantageous over
the two-step reaction in the detection sensitivity, because the
Cas12a/crRNA could also potentially collaterally cleave the ssDNA
targets during the pre-incubation step, even in the absence of
fluorescent reports.

3.3 | Optimization of the CRISPR assay for ssDNA
detection

In order to achieve the best performance of Casl2a for detecting
ssDNA targets, the assay conditions were further optimized by testing
the different stoichiometric ratios of the reaction components. To do
that, the concentration of Casl2a was set at 40 nM, and the
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The smartphone-CRISPR detection platform. Photographs of (A) the microfluidic chip, (B) smartphone device, and (C) the interior

design of the attachment. (D) A representative fluorescence image of microfluidic channels captured by the smartphone. (E) The channel
intensities analyzed in a box chart. The experiments were repeated five times for the statistics. ~ represents p < 0.001, and ~ represents

p < 0.0001 [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Multiplexed detection of ssDNA1, HBV ssDNA, HPV16, and HPV18 dsDNA using the smartphone platform. (A) Smartphone
fluorescence images of different testing samples (ISO 250, exposure time 1 s), and (B-E) the corresponding G values of each channel for each
sample. The actual concentrations of exist targets were labeled on the top of the intensity columns. The blue dashed line represents signals
obtained from pure 0.2 nM ssDNA1 target [Color figure can be viewed at wileyonlinelibrary.com]

concentration of crRNA varied from 80, 60, 50, 40, 30 to 20 nM, rep-
resenting a Cas12a-to-crRNA ratio of 1:1.25 to 1:0.5. ssDNA1 were
selected as a target model to optimize the ratios, and its concentration
was varied from 50 pM, 200 pM, 5 nM, to 20 nM (Figure S5). We
found that the combination of 40 nM Casl12a and 20 nM crRNA
(Cas12a-to-crRNA 1:0.5) achieved the highest trans-cleavage rate
(see Section 2) at all different target concentrations. The results sug-
gest that an excess amount of crRNA (Cas12a-to-crRNA ratio <1)
would greatly hinder the reaction kinetics, which is probably caused
by the competition between free crRNA and crRNA-Cas12a complex
to bind with the targets. After the optimization, the detection sensitiv-
ity and dynamic range of the assay were quantified by using a series
of dilutions of ssDNA1 (from 0, 2 pM, 10 pM, 50 pM, 200 pM, 1 nM,
5 nM to 20 nM) in standard buffer solutions (1x PBS). At first, this
assay was conducted for 120 min, and fluorescent intensities were
recorded every 30 s (Figure S6(A)). We can find that the signal resolu-
tion of low-concentration target (2 pM) increases with the reaction
time (Figure S6(B-F)), and 2 pM target can be clearly distinguished
from the background at 45 min (Figure S6(D)). In the following plate
reader-based experiments, the fluorescence intensities at the 45-min
time point were used for the quantitative analysis (Figure 3). The sig-
nal of 20 nM target plateaued at about 20 min into the reaction, and
that data were therefore not included in the LOD quantification
(Figure 3(A)). By plotting the fluorescence intensity versus the concen-
tration of ssDNA1, an almost linear calibration curve was obtained
(Figure 3(B)). The LOD was calculated by finding the corresponding
ssDNA1 concentration where its assay signal is above that of the
blank (zero) plus 3x the SD of the blank (inset of Figure 3(B)).
The LOD was quantified to be 8.15 pM for the one-step assay, which

is among the best for Cas12a to detect nucleic acids without any pre-
amplification steps.2647:48

Next, the robustness of this assay in complicated biofluid samples
such as human serum was investigated. Undiluted healthy human
serum samples were spiked with different concentrations of ssDNA1
solutions in a volume ratio of 19:1, and then 10 pl of spiked samples
(95% serum) were detected by using the one-step CRISPR assay
(Figure 4(A)). As shown in Figure 4(B), the fluorescent background of
the serum samples (~180 a.u.) was much higher than the buffer solu-
tions (~ 20 a.u.) (Figure 3(A)). In this situation, an LOD of 450 pM was
achieved in 95% human serum (Figure 4(C)), which is 2 orders of mag-
nitude higher than that of buffer solutions (Figure 3(B)). However, if
the serum samples were treated by a protein denaturation protocol*’
before adding into the CRISPR reagents, the performance of ssDNA
detection could be significantly improved (Figure 4(D)). The test
results are shown in Figure 4(E,F), where an LOD of 9.54 pM was
achieved, which is close to the performance in the buffer solution
(Figure 3(B)). The recovery rates of ssDNA1 detection in the treated
human serum samples were higher than 96% for all samples tested
([ssDNA] = 0.05, 0.2, 1 nM) (Table 1).

3.4 | One-step Casl2a assay in microfluidic chips
combined with smartphone readout

We then investigated the performance of chip-based CRISPR assay
coupled with the smartphone readout. A 3D-printed smartphone fluo-
rescence reader device was prepared as described in the Section 2.

Two different microfluidic chips, a linear channel chip and a digital
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FIGURE 9 Performance of the Cas12a-based CRISPR assay for
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and 100 fM HPV 18). The fluorescence images of different chips are
shown on the top, and the corresponding detected concentrations are
listed below each picture. Scale bar: 150 um [Color figure can be
viewed at wileyonlinelibrary.com]

assay chip, were used in this work for running the CRISPR assay. As
shown in Figure 5(A), the linear channel chip (13 x 30 x 2 mm) con-
tained five parallel channels (width = 300 pm). Each channel contains
one inlet and one outlet (L.D. =2 mm). A smartphone fluorescent
image of the chip loaded with 150 nM FAM dye is shown in
Figure S7, indicating the uniformity of the smartphone imaging
system.

The CRISPR reagents (~2 l), including Cas12a, programed crRNA,
and FQ5A reporter, were first loaded in the channels. The assay solu-
tions were then evacuated in the vacuum to dry the reaction reagents,
and the chips were stored in the refrigerator before use. The
rehydrated reagents showed recovered activity of Cas12a from 40%
to 60% in the next 7 days, compared with their original aqueous coun-
terparts (Figure S8). Different dehydration procedures were tested,
namely vacuum dry on ice, vacuum dry at 20°C, and evaporation dry
at 40°C. Among the three, vacuum dry on the ice showed the best
activity recovery (Figure S8).

In a proof-of-concept experiment, ~5 pl of analyte solutions
(ssDNA1 in PBS buffer; [ssDNA1] = 0, 0.2, 1, 5 to 20 nM) were added
into the inlets of the chip and quickly diffused into channels to rehy-
drate the CRISPR reagents. After 30 min of one-step reaction at
37°C, the microfluidic chip was inserted into the smartphone attach-
ment for image collection. Figure 5(D) shows a typical smartphone
fluorescence image of the chip, which was captured after 30 min of
reaction time. Five microfluidic channels exhibited different fluores-
cence intensities, corresponding to different analyte concentrations.
For intensity analysis, the average gray values of pixels in the yellow
squares were used to quantify the fluorescence intensity from each

channel (Figure 5(D)). The experiment was repeated five times

independently, and the results are shown in a box chart (Figure 5(E)).
The smartphone-microfluidic platform can clearly differentiate
200 pM of targets from the blank control (Figure 5(E) p < 0.001).

Then, multiplexed detection was performed with the linear chan-
nel chip on the smartphone platform. ssDNA targets (sDNA1,
ssDNA2, ssDNA3, and ssDNA oligos that are specific to HBV) and
dsDNA targets (HPV16, HPV18) were chosen to demonstrate the
multiplexing ability of the smartphone-CRISPR diagnostic system
(Figures 6 and S9; see sequences in Table S1). The LODs of these tar-
gets (ssDNA2, ssDNA3, HBV, HPV16, and HPV18) by the one-step
Casl12a assay were all around 10 pM when measured by the plate
reader (Figure S$10). In the smartphone platform, the detection chan-
nels were pre-loaded with CRISPR reagents for ssDNA1, HBV,
HPV16, HPV18, and blank control, respectively (Figure 6(A)). The ana-
lyte solutions contained different combinations of multiple DNA tar-
gets ranging from 0.2 to 10 nM (Figure 6(B-E)). As shown in Figure 6
(A), detectable fluorescent signals were generated when there was a
target present in the corresponding detection channel, and the inten-
sities were correlated with the concentration of target. The averaged
green pixel (G) values of each channel were analyzed for the quantita-
tive measurement of different targets (Figure 6(B-E)). A threshold line
(blue dashes) at the gray value of 39 (corresponding to 0.2 nM ssDNA
in Figure 5(E)) was used to exclude nonspecific autofluorescence or
false positive signals from the channels. Four different mixing ratios
(ssDNA1:HBV:HPV16:HPV18 = 0:0:5:0, 1:1:1:1, 0:5:0:5, and
0.2:1:10:2) were prepared to challenge the smartphone system. The
platform accurately detected all samples tested, including the cop-
resence of ssDNA and dsDNA targets (Figure 6(B-E)). Similar multi-
plexed detection performance was also achieved with four additional
ssDNA targets (ssDNA1, ssDNA2, ssDNA3, and HBV) on the
smartphone (Figure S9).

3.5 | Development of the digital CRISPR-
Cas12a assay

In the abovementioned on-chip multiplexed detection, as low as
200 pM target DNA can be detected with the smartphone (Figure 5(D)).
To further improve the detection sensitivity, we converted the bulk
solution-based analog CRISPR assay into the microwell-based digital
assay format with a digital microfluidic chip (Figure 7(A)). PDMS-based
microarrays were prepared through a standard photolithography proto-
col (see Section 2). For the digital reaction, CRISPR reagents and DNA
targets were first pipetted into the main channel of the digital chip at a
flow rate of 100 pl/min. The concentration of Cas12a and crRNA used in
the chip was 2 and 1 pM, respectively, which achieved the highest
cleavage rate based on the optimization test (Figure S11). Then, mineral
oil was injected into the chip (150 pl/min) through the main channel to
seal the microwells (Figure S12). Finally, the digital chip was placed in the
oven to start the CRISPR reaction (37°C, 90 min). We performed the
digital assay for various concentrations of ssDNA1, ranging from O to

90 fM in buffer solution and denatured human serum samples, and the
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signals were collected by both smartphone device (Figure 7(B)) and
benchtop microscope (Figure S13). As the target concentration increased,
more positive wells (green spots) were observed from the fluorescence
images. Two linear calibration curves (Figure 7(C), black for buffer and red
for serum sample) were obtained by plotting the number of positive wells
against the concentration of ssDNA1. Both smartphone reader and
conventional benchtop microscope provided comparable detection sensitivity
down to 5 fM targets (Figure 7 and Figure $13). Compared with the previous
analog CRISPR assay in the 96-well plate (Figure 3B), the sensitivity of the
digital CRISPR assay was increased by ~3 orders of magnitude.

Later, we also performed the multiplexed digital assay on the
smartphone platform. Six samples, including HBV, HPV16, and
HPV18 targets at concentrations of 10 and 50 fM respectively, were

used to test the smartphone-digital CRISPR system. Representative
fluorescence images of the digital assay captured by the smartphone
are shown in Figure 8(A,B). In each chip with specific crRNA, the frac-
tion of positive fluorescence wells matched with the spiked concen-
tration well, and the detected target concentrations agreed with the
true target concentrations (Figure 8(C)). The smartphone results were
also comparable with the results obtained from the benchtop micro-
scope (Figure S14), indicating the reliability of the smartphone
platform.

Then, a sample mixture containing 50 fM ssDNA1, 10 fM HBYV,
50 fM HPV16, and 100 fM HPV 18 was used to test the multiplexed
ability of the digital CRISPR chips. Four kinds of digital chips with differ-
ent crRNA were used to detect corresponding target (s) in the sample
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mixture: ssDNA2 chip (#1), HBV chip (#2), HPV16 chip (#3), and HPV16
and HBV chip (#4). As shown in Figure 9, no fluorescence was detected
in chip #1, since there was no matched target in the sample mixture. For
chips #2 and #3, the corresponding targets, HBV and HPV16, were
detected, respectively. Finally, chip #4 was preloaded two different
crRNA toward HBV and HPV16, and therefore generated combined
fluorescent signals for HBV and HPV16 targets.

Finally, to test the specificity and effectiveness of the assay, dif-
ferent mismatches were introduced to the crRNA-ssDNA pairs. As a
proof of concept, ssDNA1 was selected as the wild DNA, the trans-
cleavage rate of the FQ5A was plotted against the different positions
for the double base (Figure 10(A)) and triple base (Figure 10(B)) muta-
tions. The mismatched bases in the target ssDNA1 were marked in
red. The double-base mutations on positions 7-8 and 9-10 had the
strongest deactivation effect (~95-98% reduction) of the trans-cleav-
age ability of Cas12a, where the other positions dropped by ~50% to
~85% of the original activity (Figure 10(A)). For triple-base mutations,
the Cas12a was broadly inhibited for most mutation positions. The
Cas12a showed nearly no activities for mutations on the positions 7-
9 and 10-12, and ~95% activity reduction on the positions 4-6 and
13-15 (Figure 10(B)). These results show that, compared with the two
ends, the central region (e.g., positions 7-12) of the crRNA-ssDNA

2426 or three

structure has a stronger discrimination ability for two
base mutations, indicating the central region is critical to the binding
and activation of the Cas12a. Finally, the wild ssDNA1 and its two-
base and three-base mutation ssDNA1 (20 fM) were tested in the dig-
ital chip, and the images were captured by the smartphone device
(Figure 10(C)). The fluorescence results of the digital assay are consis-
tent with the previous conclusion; however, it can detect the two-

base or three-base mutation at lower concentrations (fM level).

4 | CONCLUSION

We developed a convenient, sensitive, and one-step smartphone-based
CRISPR diagnostic platform to detect different DNA targets (ssDNA and
dsDNA) by utilizing the trans-cleavage activity of Cas12a. The influence
of target structure (e.g., length, with/without PAM) and reaction protocol
on the CRISPR trans-cleavage activity was systematically investigated.
Under the optimal conditions, an LOD of 8 pM was achieved by the
one-step Casl12a reaction without pre-amplification and a further
improved detection sensitivity down to 5 fM was obtained in the digital
assay format. Finally, the chip-based CRISPR assay (both linear-channel
and digital format) has been coupled with a smartphone-based fluores-
cence reader for the multiplexed detection of HBV and HPV target
DNA:s. This simple, one-step CRISPR diagnostic system can in principle
be expanded to RNA targets as well, by incorporating a simple reverse
transcription and RNase H step.
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