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ABSTRACT: Methods that can detect and quantify single nucleotide variations (SNVs)/single nucleotide polymorphisms (SNPs)
are greatly needed in bioanalysis measuring gene mutations and polymorphisms. Herein, a visual and instrument-free SNV
quantification platform is developed. Platinum nanoparticles tethered to magnetic beads by single-stranded DNAs are designed as
quantitative readout reporters for CRISPR-Cas12a nucleic acid detection system. The integration of platinum nano-reporter and the
CRISPR-Cas system with a volumetric bar chart chip realizes volumetric quantification of nucleic acids. This platform enables
quantification of multiple cancer mutations in pure DNA samples and mock cell-free DNA samples in serum, with allelic fractions
as low as 0.01%. This platform could have great potential in quantification of SNVs/SNPs as well as other types of nucleic acid

targets at the point of care.

Identification and quantification of single nucleotide
variations (SNVs)/single nucleotide polymorphisms (SNPs) is
greatly needed in many areas ranging from detection of disease-
related mutations!~ to genotyping of human3#, animals®, plants®
and microbes’®. In the past few decades, many methods have
been developed to identify and/or quantify SNVs/SNPs based
on different types of technologies®!>. These methods are often
limited by the long detection time, complicated procedures or
dependence on sophisticated instruments. Particularly,
quantification of SNVs/SNPs at the point of care is still very
challenging to date. Very recently, the clustered regularly
interspaced short palindromic repeats (CRISPR) and CRISPR-
associated (Cas) nuclease systems have been deployed in
nucleic acid detection'®?’, These systems show great promise
by providing high sensitivity, single-base specificity and point-
of-care compatibility. Nevertheless, the readout in these
systems mainly rely on fluorescent reporters!®!”!° or lateral
flow strips'®29, both of which provide insufficient quantification
capability at the point of care. Simple and quantitative readout
methods with point-of-care capability would enhance the
performance of CRISPR-based nucleic acid detection methods
and broaden their applications.

Microfluidics and nanotechnology have contributed a lot to
improve the performance of numerous analytical methods and
could also contribute to the newly emerged CRISPR-based
detection methods if properly designed. Our laboratory has
previously developed a multiplexed volumetric bar chart chip
(V-Chip) platform, which employs ink bar charts to measure
oxygen produced from the reaction between catalase/platinum
nanoparticle (PtNP) and hydrogen peroxide (H,O,), realizing
direct visual quantification of protein/nucleic acid molecules
without instruments or data processing?!-?4. Herein, we report a
magnet-assisted V-Chip (MAV-Chip) combined with PtNP
reporter and CRISPR-Casl2a for visual and sensitive

quantification of SNVs. In this platform, magnetic Bead-single-
stranded DNA (ssDNA)-PtNP (BDNP) conjugates were
introduced into the CRISPR-Casl2a nucleic acid detection
system as a reporter to replace the conventional fluorescent
reporter. Once the guide RNA binds to the target DNA, the non-
specific ssSDNA cleavage of Cas12a is activated and the ssDNA
linker in BDNPs is degraded to unleash PtNPs from the
magnetic beads. Applying the whole reaction to V-Chip and
using a magnet to hold the magnetic bead PtNP conjugates with
separating unleashed PtNPs from intact and cleaved BDNPs,
PtNP-initiated oxygen production and direct visual
quantification of the target could be realized on the MAV-Chip.
Multiplex and sensitive quantification of cancer-related SNVs
was performed to demonstrate the feasibility and practicality of
the platform.

Materials & Methods
Materials

Glass slides (75x50x1 mm) were purchased from Corning
Inc. (Corning, NY). SPR220-7 was purchased from MicroChem
Corp. (Newton, MA). MF-CD26 was obtained from Rohm and
Haas Electronic Materials (Marlborough, MA). Polyvinyl
chloride sealing tape was obtained from 3M (St. Paul, MN).
H,0, (35% wt in H,0), NH4F, HF, HNO;, bovine serum
albumin (BSA), human serum and Tridecafluoro-1,1,2,2-
tetrahydrooctyl-1-trichlorosilane were obtained from Sigma-
Aldrich, Inc. (St. Louis, MO). Amorphous diamond-coated drill
bits (0.031-inch cutter diameter) were purchased from Harvey
Tool (Rowley, MA). FC-70 (a mixture of perfluoro-tri-n-
butylamine and perfluoro-di-n-butylmethylamine)  was
purchased from Hampton Research (Aliso Viejo, CA). Lba
Casl2a was purchased from New England Biolabs Inc.
(Ipswich, MA). DynabeadsTM MyOneTM Streptavidin T1,
PierceTM Premium-Grade TCEP HCL and nuclease-free water
were purchased from Thermo Fisher Scientific (Waltham, MA).
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BioPure™ 5 nm platinum nanoparticle was purchased from
nanoComposix Inc. (San Diego, CA). Block magnet
(BY0X0X0, 2" x 1" x 1", neodymium) was purchased from
K&J Magnetics Inc (Pipersville, PA). PBS buffer (0.1 M,
pH7.4) was obtained from Corning, Inc. (Manassas, VA).
Food color was obtained from AmeriColor (Placentia, CA).
All devices were designed as computer graphics using
AutoCAD 2016 software and then printed out as transparency
photomasks by CAD/Art Services, Inc. (Bandon, OR) with
resolution at 10 pm. All DNA oligomers and guide RNA were
synthesized by Integrated DNA Technologies, Inc (Coralville,
IA) and listed in Supporting Information. The crRNA needs to
be designed to target a sequence with TTTV PAM (V = A, C,
or G). Detecting an allele needs PAM mutations or mismatches
in PAM-adjacent “seed region”!”.

Fabrication of the V-chip

Standard photolithography process was used to fabricate the
V-chip device, as described in our previous studies??. In brief, a
10-pm layer of SPR220-7 photoresist was molded on glass slide
(75%x50%1 mm) as designed, followed by etching with glass
etchant (1:0.5:0.75 mol/L HF/NH,F/HNO3) to get the wells and
channels. Holes for loading reagents were then drilled with a
diamond drill bit. The glass slides were thoroughly cleaned by
Piranha solution (H,SO4H,0, = 3:1), treated with oxygen
plasma, and surface-coated with tridecafluoro-1,1,2,2-
tetrahydrooctyl-1-trichlorosilane for hydrophobic modification.
To minimize the nonspecific binding of BDNPs to the surface
of reaction wells, the reaction wells was pre-blocked with BSA.

Operation of the MAV-chip

To assemble the device, five microliters of FC-70 were
applied to the top slide of the V-chip with the patterns facing
up. The top slide was then assembled with the bottom slide and
slid against each other repeatedly to completely spread the FC-
70 oil onto the surfaces of the two slides. The ultrathin FC-70
layer served as a binder for sealing of the two glass slides as
well as a lubricant for preventing air pockets during sliding. The
two slides were then aligned to connect the relevant wells and
channels to the inlets and outlets. Reagents were loaded into the
channels and wells via pipetting. To obtain readout, the
assembled device was put on a flat magnet which could cover
the whole area of the reaction wells for one minute to
thoroughly drag down the magnetic BDNPs to the bottom wells.
The top slide was then slid vertically up to bring reaction
solution in the top reaction wells to the gas generating wells
filled with H,0,. The horizontal fluidic paths were also
separated and re-formed into independent units arranged in
parallel in the vertical direction as a result of the sliding. In each
independent unit, PtNPs released into the reaction solution
could react with H,O, and generate oxygen to push red ink
moving up in the channels. The results were recorded by the
back camera of an Honor V10 cellphone and the frontiers of ink
advancement were marked for quantitation.

BDNP conjugation

Conjugation of ssDNA linker with PtNPs was performed
according to methods reported previously?2°. In brief,
disulfide-labeled ssDNA (50 uM) was reduced by TCEP, then
mixed with PtNPs (2.4 uM) at a 20:1 molar ratio in the presence
0f 0.01 M Phosphate Buffer (PB) and 0.01% SDS. The solution
was vortexed and identical volume of NaCl (4 M) was added
every 20 min to reach a concentration of 1 M after 10 times of
adding. The mixture was vortexed for 24 hours more to

complete the conjugation. After washing, the DNA-PtNP
conjugates and the Streptavidin-coated Dynabeads were pre-
incubated in 1% BSA overnight at 4 °C individually to avoid
nonspecific binding of the DNA-PtNP conjugates to the surface
of the Dynabeads. Then the DNA-PINP conjugates and the
Dynabeads were mixed together and vortexed at room
temperature for two hours to enable the binding of biotin on the
DNA to Streptavidin on the Dynabeads. The BDNP conjugates
were then washed with the washing buffer plus 1% BSA for
three times, followed by resuspension in washing buffer plus
1% BSA. The final conjugates were stored at 4 °C for
following experiments.

BDNP characterization

DNA-PINP conjugates were characterized by both
spectrophotometry analysis of the DNA content in the
conjugates using Nanodrop (Thermo Fisher Scientific,
Waltham, MA)* and hybridization with fluorescent-labeled
oligo probe?’. BDNP conjugates were firstly characterized by
hybridization with fluorescent-labeled oligo probe. The
conjugates before and after Casl2a-mediated cleavage were
then prepared respectively and characterized by transmission
electron microscopy (TEM). TEM images were obtained on a
JEOL JEM-1400 transmission electron microscope (JEOL,
USA) at 80 kV.

Preparation of the DNA targets

Sequences of the SNV-contained targets, corresponding wild
type sequences and their complementary sequences were
obtained from database and synthesized commercially. The
SNV-contained or wild type dsDNA targets were prepared by
annealing of the two complementary ssDNA using a thermal
cycler (Bio-Rad C1000 TouchTM).

SNV detection via fluorophore quencher (FQ)-labeled
reporter in 384-well microplate

SNV detection via FQ-labeled reporter was performed
according to the reference!” and the instruction of the
manufacturer of LbCasl2a. Briefly, LbCasl2a-crRNA
complexes were preassembled by incubating 200 nM LbCpfl
with 200 nM crRNA at room temperature for 10 min.
Afterwards, a desired amount of DNA sample and 200 nM
ssDNA FQ reporter were added into the reaction mixture to
initiate the reaction. A final concentration of 20 nM LbCas12a,
20 nM crRNA, 20 nM target, 20 nM FQ reporter and 1x
NEB2.1 Reaction Buffer is applied in a 20 pL reaction.
Reactions (20 pL, 384-well microplate format) were incubated
in a fluorescence plate reader (BioTek Synergy H4 Hybrid
Reader) for 30 min at 37 °C with fluorescence measurements
taken every minute (Aex: 485 nm; Aem: 535 nm).

SNV detection via BDNP reporter in PCR tubes

The reaction mixture for SNV detection via BDNP reporter
was prepared as described above, with the following
modifications: BDNP reporter was added into the reaction
mixture in replace of the ssDNA FQ reporter. The reaction
mixtures were incubated at 37 °C for one hour. After the
reaction complete, the PCR tubes were put on a magnetic rack
for one minute to separate BDNPs from the solution containing
unleashed PtNP. The supernatant was carefully collected and
mixed with H,O, in new PCR tubes. Generation of oxygen
bubbles was recorded by the back camera of an Honor V10
cellphone.

SNV detection on the MAV-chip via BDNP reporter
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Figure 1. Working principle of the platinum nano-reporter-based CRISPR-Cas12a detection system on the MAV-Chip. (a)_
B R R O BN | 1 i reprosont the three key processes in the detection
assay, i.e., Cas12a-mediated cleavage of the BDNP reporter, magnetic separation of the intact/partially-reacted BDNP from unleashed PtNPs
and oxygen generation catalyzed by PtNPs, respectively. (b) Schematic views of the MAV-Chip design and operation. (¢). Schematic cross-
section view of the MAV-Chip in the state of assay/reagent loading, shifting and readout.

The reaction mixture was prepared as described above, with
the following modifications: Doubled concentrations of
LbCasl2a and crRNA were applied, as well as a final
concentration of 1% BSA was added into the reaction mixture.
MAV-chip was pre-blocked and assembled as described above.
Two microliters of each reaction mixture were individually
loaded into the reaction wells by pipetting through the inlet. The
inlets and outlets of the reaction wells were sealed by adding
drops of mineral oil on them. The chip was incubated at 37 °C
for one hour. Afterwards, 10 uL H,O, and red ink were loaded
into their respective fluidic paths by pipetting. The following
readout was performed as described above.

The detailed experimental procedures are available in the
Supporting Information.

Results

Working principle of the platform. Figure 1a shows the
scheme of the modified CRISPR-Cas12a nucleic acid detection
system based on the BDNP reporter. The BDNP reporter is
synthesized by linking PtNPs to a streptavidin-coated magnetic
bead via an ssDNA which is modified with a biotin group on
one end and a thiol group on the other end. The biotin binds to
the streptavidin with a very strong affinity, while the thiol group
reacts with the PtNP via coordination bonding. Once the BDNP
reporter is added to CRISPR-Casl2a nucleic acid detection
system, specific guide RNA binds to its target DNA and
activates indiscriminate single-stranded DNase activity of
Casl2a. Activated Casl2a cleaves the ssDNA linker between

the PNP and the magnetic bead (Figure 1a i). After the reaction,
the unleashed PtNPs are magnetically separated from the
magnetic beads (Figure 1a ii) and transferred to catalyze H,0,
to generate oxygen (Figure la iii). The amount of produced
oxygen indicates the amount of the unleashed PtNPs as well as
the amount of the target DNA in the reaction.

To realize the whole idea and achieve visual quantification of
the target DNA, we designed the MAV-Chip, shown in Figure
1b and Figure lc. Firstly, the top plate and the bottom plate are
assembled and multiple BDNP reporter-contained Casl2a
cleavage assays are loaded into the reaction wells individually.
After the reaction, hydrogen peroxide and ink are loaded into
their corresponding flow paths respectively. Finally, the top
plate is shifted vertically to transfer the reaction solution in the
reaction wells of the top plate to the oxygen-generating wells
filled with H,O,. The horizontal fluidic paths are separated and
re-formed into independent vertical fluidic units arranged in
parallel during the shifting. A flat magnet is put under the
reaction area of the chip during the shifting to make sure that
magnetic beads with leashed PtNPs remain in the bottom
reaction wells while unleashed PtNPs can be transferred to mix
with H,O,. The advancements of the red ink bars resulted from
the generated oxygen gas indicate the amounts of targets in the
corresponding Casl2a cleavage reactions. A schematic cross-
section view of the MAV-Chip in the state of assay/ reagent
loading, shifting and readout is shown in Figure 1c for clearer
demonstration of the reagents handling. Top and bottom plates
of a 6-plexed MAV-Chip with dimensions are shown in Figure
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S1. Representative pictures of the 6-plex MAV-Chip operation
and readout are shown in Figure S2a and Figure S2b,
respectively.

Synthesis and characterization of the BDNP conjugates.
PtNPs with an average diameter of five nanometers were
utilized for the synthesis. A relatively long 100-mer Poly-T
ssDNA was synthesized as the linker between the PtNP and the
magnetic bead to reduce the steric hindrance during the
cleavage of the ssDNA by Casl2a and increase the cleaving
efficiency. Poly-T ssDNA with a length of 35 nucleotides was
also tested in Casl2a cleavage assays and showed much lower
PtNP release (data not shown), probably due to the steric
hindrance between streptavidin and PtNP. A scheme of the two-
step BDNP conjugation process is shown in Figure S3. Briefly,
the ssDNA linker was firstly conjugated to the PtNPs. After
washing off unbounded ssDNA and blocking the remaining
activate site, the ssDNA-PtNP conjugates were mixed with the
streptavidin coated magnetic Dynabeads to form the final
BDNP conjugates. Detailed experimental procedures of the
BDNP conjugation can be found in the Supporting Information.

To validate the conjugation of ssDNA to PtNPs, the PtNP-
ssDNA conjugates and bare PtNPs were hybridized with a
fluorescently-labeled 30-mer poly-A probe at 50 °C for two
hours respectively.?” After washing, the fluorescent probe was
stripped from the conjugates by denaturation at 95 °C and
immediate ice bath (Figure 2a). Spinning down the conjugates,
the stripped fluorescent probe in solution was recovered and
then analyzed by fluorescent microscopy. As shown in Figure
2b, the PtNP-ssDNA conjugates resulted in a 22-fold increase
of the fluorescence in comparison to the bare PtNPs, indicating
successful conjugation of the ssSDNA to the PtNPs. The average
DNA loading density on a PtNP was further estimated as eight
via spectrophotometry analysis of the conjugates and DNA
(Figure S4a)?¢. The conjugation of PtNPs to the magnetic bead
was confirmed by TEM images. Compared to intact BDNP,
cleaved BDNP after the Casl2a-based cleavage assay shows
significant decrease in the number of PtNPs on the surface of
the magnetic bead, further proved the conjugation is via the
ssDNA linker (Figure 2¢). The presence of the ssDNA linker in
the conjugates was also validated by fluorescent probe
hybridization. As expected, BDNPs show much higher
fluorescence compared with bare magnetic beads after the
hybridization (Figure 2d). The final concentrations of ssDNA
and PtNP in BDNPs, as well as the yield of BDNPs were
estimated in Figure S4b, c and e. A BDNP yield of ~35% was
gained by calculating ratio of the PtNP content in the final
BDNPs to the starting PtNP content. This relatively low yield
can be mainly explained by the excess amount of the ssDNA-
PtNP conjugates that was used to mix with the magnetic beads
to maximize the density of PtNP on the magnetic beads. The
average PtNP loading density on a magnetic bead was estimated
as 1.70-2.43 x 10%bead. In our experiments, one milligram of
the beads can bind about 280 pmol ssDNA-PtNP conjugates via
calculation. As a reference, one milligram of the beads can bind
about 500 pmol biotinylated ss-oligonucleotides according to
the manufacturer’s description. In consideration of the steric
hindrance caused by PtNPs, we believe that our conjugation
efficiency is comparable to the manufacturer’s description.

BDNP can serve as a reporter for Cas12a-based nucleic
acid detection system. To further confirm the success of the
BDNP conjugation and the feasibility of applying BDNPs to
Cas12a-based nucleic acid detection system as a reporter, we
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Figure 2. Validation of the BDNP Conjugation and target-
activated cleavage of the conjugates by Cas12a. (a) Schematic view
of hybridization-based validation of ssDNA-PtNP conjugation. (b)
Fluorescent images of the stripped probe solution and quantitation
of the fluorescence. (c) Representative TEM images of the intact
BDNPs and Casl2a-cleaved BDNPs. PtNPs are marked with
arrows in the inset. Scale bars are 100 nm. (d) Representative
images of the BDNPs/bare beads before/after hybridized with
FAM-labeled ssDNA probe. Scale bars are 25 um. (¢) Oxygen
generation for different targets after the modified CRISPR-Cas12a
assays based on BDNPs. (f) Oxygen generation for different
reaction conditions in which each key component of the reaction
was deleted respectively.
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synthesized several DNA targets and corresponding guide
RNAs. BDNPs were introduced into the Casl2a-based
detection assays to test if detection of these DNA targets could
be achieved via oxygen production resulted from the PtNPs
unleashed from the BDNPs. After the cleavage reaction, a
magnetic rack was applied to separate magnetic beads from
other components in solution, including the unleashed PtNPs.
The supernatants were then recovered and mixed with H,O, in
PCR tubes to observe the generation of oxygen bubbles. A pair
of sequences (i.e., Test and its protospacer adjacent motif
(PAM) mutant (Mut-PAM)) reported in the literature was first
employed for the testing!’. As shown in Figure 2e left, oxygen
production was observed in the tubes that contained
supernatants from the Test sequence-contained reaction, but not
in the tubes that contained supernatants from the PAM mutant
sequence-contained reaction or from the non-specific sequence-
contained reaction. This result not only further confirmed the
success of BDNP conjugation but also demonstrate the
functionality and sequence specificity of the modified Casl2a
detection system. By testing another group of DNA targets
including wild type double-stranded DNA (dsDNA) of
CTNNBI1 (catenin beta 1) and its corresponding dsDNA
contains the S37F mutation, we demonstrated that the guide
RNA which is specific to the S37F mutation clearly
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Figure 3. Visual detection of single nucleotide variations on the MAV-Chips. (a, b) Uniformity of the MAV-Chip-based detection platform
demonstrated by detection of CTNNB1-S37F mutant dsDNA and its wild type dsDNA. (c) Multiplex detection of four SNVs on a MAV-
Chip. Corresponding wild type DNAs were also applied as controls. (d) Detection of the four SNVs using fluorescent reporter enabled the
Casl2a-based detection method. (e, f) Detection limit of the MAV-Chip platform for detecting SNVs in background DNAs. Scale bars are
1 cm for (a), (c) and (e). (b), (d) and (f), n = three technical replicates, two-tailed Student’s t test; *P<0.05, **P<0.01, and ***P < 0.001;

error bars represent the SD of three measurements.

distinguished the mutated sequence from the wild type
sequence at the single base resolution (Figure 2e right). In
addition, the system was also proved to be able to recognize
ssDNA targets by successful detection of a truncated ssDNA of
CTNNBI that contains a S37F mutation. We further proved that
the oxygen production is dependent on the presence of the
target, the Casl12a enzyme, as well as the specific guide RNA
(Figure 2f).

Cas12a-based visual detection of SNV on the MAV-Chip.
After validation of the BDNP Conjugation and Casl2a-based
cleavage of the reporter, we then tried to employ the modified
Cas12a detection system in the MAV-Chip platform. Firstly, to
evaluate the uniformity of the MAV-Chip, a uniform
concentration of bare PtNPs (2 nM) was loaded into five of the
six reaction wells of the chip individually and PBS was loaded
into the remaining reaction well as a negative control. The
topplate of the chip was shifted vertically to mix the PtNPs in
individual reaction wells with 35% H,0, to generate oxygen.
Uniform readout distances were observed as expected (Figure
S5). Next, we chose a pair of target DNA, i.e., truncated
CTNNBI1-S37F mutant dsDNA as the target and its
corresponding wild type dsDNA as the negative control, to
evaluate performance of the modified Cas12a detection system
on the MAV-Chip. As shown in Figure 3a, b, CTNNB1-S37F
mutant group resulted in long and uniform readout distances
while the wild type DNA resulted in readout distances of nearly
zero. We found that pre-incubation with BSA in the reaction
wells before loading the reaction mixtures could significantly

reduce non-specific binding of the BDNPs on the surfaces of
the top reaction wells thus significantly reduce background
signals (Figure S6). Cleavage time were optimized by
comparing signal-to-noise ratios (ratio of the readout distance
of mutant DNA to the readout distance of control wild type
DNA) of 30 minutes, 60 minutes and 120 minutes of cleavage
assays. The biggest signal-to-noise ratio was obtained in 60
minutes assay (data not shown). This assay time was then
adopted by following on-chip assays.

To demonstrate multiplicity of the MAV-Chip, we chose four
SNVs that are frequently detected in liver cancer (i.e.,
CTNNBI1-S37F, CTNNBI-S45F, P53-R273C and P53-
R273H)?® as targets and their corresponding wild type DNAs as
controls to perform the modified Cas12a-based detection assays
on the MAV-Chip as well as the conventional Casl2a-based
detection assays in microplate using fluorescent reporter, as
described in the literature!”. All the four mutant alleles were
successfully detected by both methods, while the wild type
alleles showed negative signals in both types of assays (Figure
3c, d). We noticed that different SNVs resulted in slight
differences on the bar chart length on the MAV-Chip as well as
on the fluorescence intensity in the microplate, which may be
owing to different binding kinetics between different targets
and their guide RNAs.

To evaluate the sensitivity of the MAV-Chip, mutant DNAs
of each target were spiked in their corresponding wild type
DNAs (200 nM) with a series of ratios (i.e., 0%, 0.01%, 0.1%,
0.5%, 1%, 10%) and test on the MAV-Chip. As the
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Figure 4. Multiplex detection of cancer-related SNVs in wild-type-DNA spike-in samples and serum spike-in samples. (a-c) Multiplex
detection of the cancer-related SNVs in wild-type-DNA spike-in samples. CrRNAs of CTNNBI1-S37F, CTNNB1-S45F, P53-R273C and
P53-R273H were applied in lane 2-5 (from left to right) of each chip, respectively. Lane 1 and lane 6 served as negative controls as no
CrRNA was applied in them. Three of the four dsDNAs each containing a SNV (2 nM), as indicated in (a-c), were mixed and spiked in the
mixture of their corresponding wild type DNAs (200 nM final concentrations each) to serve as samples for the multiplex detection. (d-f)
Multiplex detection of the cancer-related SNVs in mock cfDNA samples spiked in human serum. CrRNAs of Test, CTNNBI1-S37F,
CTNNB1-S45F, P53-R273C and P53-R273H were applied in lane 1-5 (from left to right) of each chip, respectively. Lane 6 served as a
negative control with no CrRNA applied. Mixtures containing various concentrations of SNV dsDNA, 200 nM of each wild type DNA and
25% human serum were used as mock cfDNA samples for the detection. Scale bar is 1 cm for (a-e). (f), n = three technical replicates, two-
tailed Student’s t test; *P<0.05, **P<0.01; error bars in (b), (d) and (f) represent the SD of three measurement.

concentration of the target DNA increased, the signal
advancement of the MAV-Chip bar charts exhibited correlated
increase (Figure 3e, ). The detection limits for all the four liver
cancer related mutations were evaluated either by the modified
Casl2a-based detection assays on the MAV-Chip (Figure S7)
or by the conventional fluorescent reporter-based detection
approach (Figure S8). For the MAV-Chip-based approach,
three of the four SNVs (i.e. CTNNB1-S37F, CTNNBI1-S45F,
P53-R273C) were detected at a spike-in ratio as low as 0.01%,
and P53-R273H was detected at a spike-in ratio of 0.1%. The
detection limits of fluorescent reporter-based approach is
~0.1%, which are consistent with the data from literature!'.
These results suggest that MAV-Chip-based approach is
competent for detection of SNVs at low allelic fractions in the
clinically relevant range®.

Multiplex detection of cancer-related SNVs in simulated
samples. Detection of cancer mutations in cfDNA samples has
shown increasing significance in clinic for both diagnostic and
prognostic purposes®®. To illustrate the application of MAV-
Chip platform in detection of cancer mutations, we performed
multiplex detection of the four liver cancer-related SNVs in two
types of samples on the MAV-Chips (Figure 4). For each
sample in the first group, three of the four dsDNAs each

containing a SNV (2 nM) were mixed and spiked in the mixture
of their corresponding wild type DNAs (200 nM final
concentrations each). In a detection assay on a MAV-Chip,
guide RNAs targeting the four SN'Vs and two negative controls
without guide RNAs were applied to six different reactions
respectively while the same sample was used for all the six
reactions. For the three samples in this group, all of the three
presented SNVs in each sample were detected while the other
absent SNV and the two negative controls were not detected, as
expected (Figure 4a-c). In the second group, to further mimic
clinical serum samples, two mock serum cfDNA samples were
prepared by mixing the four dSDNAs containing liver cancer
SNVs and the Test dsDNA as a positive control at different
concentrations with all wild type DNAs (200 nM each) and
human serum (with a final concentration of 25%). All of the
mutations presented in the mock samples were successfully
detected and their concentrations quantified from the MAV-
Chip readout were near the actual concentrations, which
demonstrates the great potential of MAV-Chip in quantification
of real cfDNA samples (Figure 4d-f). Results obtained by
MAV-Chips were also validated by conventional FQ-labeled
reporter-based Casl2a detection assays (Figure S9). The two
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series of results are mainly consistent but fluorescence-based
assays failed in detecting R273C and R273H at 20 pM.

Conclusion

Current CRISPR/Cas-based nucleic acid detection systems
mainly rely on fluorescent reporters or lateral flow strips for
readout. The former requires a fluorescent reader for
quantification while the later generally provides qualitative
results. Both of them provide insufficient quantification
capability at the point of care. The integration of platinum nano-
reporter and MAV-Chip into CRISPR-Casl2a nucleic acid
detection system enables rapid, quantitative and instrument-free
detection of SN'Vs in the high concentration DNA background.
Owing to the target DNA-activated indiscriminate single-
stranded DNase activity of Cas12a, one type of BDNP can serve
as a universal reporter for detection of all targets. Only different
guide RNAs need to be specifically designed for detecting
different targets. The platinum nano-reporter is also stable, as
no significant loss of functionality was observed in at least three
months during the experiments if preserved in 1% BSA and
stored at 4 °C. Although we only applied Cas12a as the sensing
enzyme, other Cas family enzymes that have been reported for
nucleic acid detection (i.e., Cas13a, Cas13b and Cas12b) could
also be applied in our platform by adjusting the linker in
BDNPs. The platform can be applied in point-of-care
quantification of SNVs/SNPs for disease diagnosis and
genotyping, as well as point-of-care quantification of other
types of nucleic acids, which do not require single-base
resolution and could be even less challenging. Furthermore, this
platform can analyze complex biospecimen like serum samples
without nucleic acid extraction while not compromising
sensitivity of the detection, which is an added advantage for
point-of-care applications. Although no pre-amplification was
performed before MAV-chip detection currently, it may further
increase the assay sensitivity if integrated'¢. As a promising tool
for next-generation nucleic acid detection, the CRISPR-Cas
system has a great potential to be combined with other
technologies to enhance its performance and broaden its
applications. It could be combined with existing nucleic acid
amplification technologies (e.g., RPA, RCA, LAMP, etc.) for
better sensitivity, as well as existing nucleic acid detection
platforms such as digital PCR, sequencing, electrochemical and
colorimetric detection methods for broader applications. It
could even be used in detection of proteins by detecting DNA
barcodes labelled on antibodies, using the similar formats for
immuno-PCR and digital ELISA. Our demonstration of
combining CRISPR-Cas12a detection with microfluidics and
platinum nano-reporter for point of care detection of SNVs
could expand to other types of designs and integrations.
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