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Single nucleotide polymorphisms (SNPs) are associated with many human diseases, so accurate and
efficient SNP detection is of great significance for early diagnosis and clinical prognosis. This report
proposes a universal and high-fidelity genotyping method in microfluidic point-of-care equipment based
on the clustered regularly interspaced short palindromic repeat (CRISPR) system. Briefly, by
systematically inserting the protospacer-adjacent-motif (PAM) sequence, we improved the universality of
the CRISPR/Casl2a based SNP detection; by removing the complementary ssDNA and introducing an
additional nucleotide mismatch, we improved the sensitivity and specificity. We preloaded the CRISPR/
Casl2a reagents into the point-of-care biochip for automating the process, increasing the stability and
long-term storage. This biochip enables us to rapidly and conveniently detect the genotypes within
20 min. In a practical application, the CRISPR/Cas12a biochip successfully distinguished three genotypes
(homozygous wild type; the homozygous mutant type; and the heterozygous mutant type) of the
CYP1A1*2 (A4889G, rs1048943), CYP2C19*2 (G681A, rs4244285), CYP2C9*3 (A1075C, rs1057910), and
CYP2C19*3 (G636A, rs4986893) genes related to multiple cancers from 17 clinical blood samples. This
CRISPR/Casl2a-based SNP genotyping method, being universal, accurate, and sensitive, will have broad
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Introduction

Single nucleotide polymorphisms (SNPs) refer to DNA sequence
polymorphisms caused by a single nucleotide variation at the
genomic level. SNPs are widespread in the human genome,
occurring on average once in every 300 base pairs, and the total
number is estimated to be 3 million or more. SNP detection is
widely used in population genetics research (such as biological
origin, evolution, and migration) and disease-related genetic
research due to its heritability."* SNP detection plays a vital role
in pharmacogenomics, diagnostics, and biomedical research.**
SNP mutations have a significant impact on human health, and
recent studies have shown that they are associated with various
forms of cancers.>® Detecting SNP genotypes with high sensi-
tivity and specificity is of great significance for the early diag-
nosis, prevention, and clinical prognosis. At present, there are
several methods for SNP detection, such as pyrosequencing,’
restriction fragment length polymorphism (PCR-RFLP), fluo-
rescent quantitative PCR (TagMan PCR),® mass array method
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applications in molecular diagnostics and clinical research.

(Mass assay),” and high-resolution melting (HRM).** They are
difficult to be widely used due to expensive professional
equipment, difficulty in automation, low sensitivity, difficulty in
optimization, and so forth.

The CRISPR/Cas-based detection platforms have become
broadly useful due to their high sensitivity and specificity."***
Recently, CRISPR/Cas-based detection platforms have also
demonstrated single nucleotide sensitivity.”**® The Cas13a-
based Specific High-Sensitivity Enzymatic Reporter UnLOCK-
ing (SHERLOCK) platform has identified subtypes of the Zika
virus and dengue fragments.’** The Casl4a-based DNA
Endonuclease-Targeted CRISPR Trans Reporter (DETECTR)
platform has discriminated single nucleotide mutation of the
HERC2 gene associated with eye color.” However, Cas13a and
Casl4a only bind RNA and ssDNA, respectively, requiring an
extra step to generate RNA or ssDNA from dsDNA to achieve
dsDNA detection. As a straightforward solution, the Cas12b-
mediated DNA detection (CDetection) platform provides a new
technology based on the trans-cleavage properties of Cas12b
nuclease triggered by targeted dsDNA.” However, the CDe-
tection platform faces significant challenges when applied to
clinical specimens: (1) dsDNA activators with PAM sequences
are not universal'® (only 20 000 point mutations contain PAM
sequences out of the 600 000 point mutations in the NCBI
ClinVar database'’); (2) the detection of heterozygous mutation
remains challenging. Thus, the CRISPR/Cas-based SNP

Chem. Sci, 2021, 12, 4455-4462 | 4455


http://crossmark.crossref.org/dialog/?doi=10.1039/d0sc05717g&domain=pdf&date_stamp=2021-03-27
http://orcid.org/0000-0002-5008-4703
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc05717g
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC012012

Open Access Article. Published on 09 February 2021. Downloaded on 11/7/2025 5:02:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

detection requires further improvement, and new platforms
with advanced features (such as universal applicability, high-
fidelity, convenience, and sensitivity) are still desired.

We establish a universal and high-fidelity method for
detecting SNP genotypes of clinical samples based on CRISPR/
Cas12a nuclease. Considering the PAM sequence constraint,
we inserted the PAM sequences at a predetermined position by
PCR amplification to extend the application scope. This strategy
is suitable for the detection of any SNP site. High resolution and
stability of the detection system are the prerequisites for
detecting a heterozygous mutation. We improved the signal-to-
noise ratio (SNR) of the CRISPR/Cas12a system by removing
complementary ssDNA and introducing an additional nucleo-
tide mismatch. To improve automation and decrease interfer-
ence, we preloaded the CRISPR/Cas12a reagents into the point-
of-care microfluidic biochip. Side-by-side comparison within
the microchip also provides the most stringent comparison
between the experimental groups and control groups. This
strategy realizes the automation of detection and long-term
storage of the detection biochip, which significantly improves
the analytical performance. In a practical application, we veri-
fied the correctness of CRISPR/Casl2a biochip detection by
comparing with pyrosequencing for four kinds of SNP sites,
CYP1A1*2  (A4889G, 1s1048943), CYP2C19*2 (G681A,
rs4244285), CYP2C9*3 (A1075C, rs1057910), and CYP2C19*3
(G636A, r54986893) genes, from 17 clinical blood samples. The
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final consistent results confirmed the stability and accuracy of
the CRISPR/Cas12a-based SNP detection biochip. We believe
that this universal and high-fidelity SNP detection platform will
have broad applications in molecular diagnostics and clinical
research.

Results and discussion
Principle of CRISPR/Cas12a for SNP detection

The CRISPR/Casl2a strategy can accurately and efficiently
distinguish genotypes for any SNP sites. As shown in Scheme 1,
our method consists mainly of two parts: (1) insertion of the
PAM sequences upstream of the mutation site by PCR amplifi-
cation; (2) detection of the SNP genotypes by the CRISPR/Cas12a
technique. In our experiment, the CYPIA1*2 (A4889G,
rs1048943) gene related to multiple cancers was selected as
a target model.”>* The base A at position 4889 replaced by G in
the 7th exon forms the mutant type, and there are three geno-
types in the human population, including the homozygous wild
type (A/A), the homozygous mutant type (G/G), and the hetero-
zygous mutant type (A/G). Compared with the allele-specific
PCR (AS-PCR) introduced tuned nucleotide at the 3’ terminal,
the inserted PAM sequences are far away from the 3’ terminal in
our method, significantly improving the amplification efficiency
and the success rate of primer design. So the primers contain-
ing PAM sequences can directly and efficiently amplify the
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Scheme 1 Schematic diagram of the CRISPR/Casl12a biochip for SNP detection. (a) The workflow of SNP site detection. The gDNA of whole
blood as the template DNA for PCR amplification to insert the PAM sequences. The PCR amplification product was divided into two for parallel
comparison detection in the uA-crRNA and uG-crRNA cells, respectively. (b) The SNP detection relies on the single nucleotide sensitivity of the
CRISPR/Cas12a system. Briefly, uA-crRNA generated a strong signal only for the A/A sample, while uG-crRNA generated a strong signal only for
the G/G sample. For the A/G sample, both reaction cells produced strong fluorescent signals.

4456 | Chem. Sci, 2021, 12, 4455-4462

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc05717g

Open Access Article. Published on 09 February 2021. Downloaded on 11/7/2025 5:02:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

g¢DNA extracted from whole blood (Scheme 1a). Moreover, both
wild-type and mutant-type were successfully amplified by the
same forward/reverse primers in our method, rather than the
designed two pairs of primers for the wild-type and mutant-
type, respectively, as in AS-PCR.**>* So our strategy is more
straightforward, versatile, and efficient in primer design than
AS-PCR.

The genotyping of SNPs mainly relies on the single nucleo-
tide sensitivity of the CRISPR/Cas12a system. The degree of
complementarity between crRNA and target DNA significantly
influences the trans-cleavage activity of Casl2a nuclease. As
shown in Scheme 1b, the PCR amplification products with PAM
sequences were added into the CRISPR/Casl2a biochip and
divided into two for parallel comparison detection reactions,
which contained both the Cas12a nuclease and tag ssDNA, but
the crRNA sequence was slightly different. The uA-crRNA with
the U base corresponds to the wild-type site A and uG-crRNA
with the C base corresponds to the mutant-type site G, respec-
tively. When the crRNA was complementary to the corre-
sponding target DNA, Casl2a nuclease could rapidly trans-
cleave tag ssDNA and produced a strong fluorescent signal.
However, the activity of Cas12a nuclease would significantly
decrease and it hardly generated the fluorescent signal when
the crRNA mismatched with the target DNA. In this way, only
the uA-crRNA reaction cell produced strong fluorescent signals
for the A/A sample; only the uG-crRNA reaction cell produced
strong fluorescent signals for the G/G sample; all the reaction
cells produced strong fluorescent signals for the A/G sample.
Thus, the CRISPR/Cas12a biochip can quickly, accurately, and
efficiently detect the SNP genotypes by comparing the real-time
fluorescence intensity in the reaction cell on the chip.

PAM sequence insertion

The PAM sequences are critical for SNP detection based on the
CRISPR/Cas12a system. However, most of the target DNA does
not contain the PAM sequences, or the PAM sequences are not
in an appropriate position. In our experiment, the PAM
sequences would systematically get inserted upstream of the
mutant site of target DNA by PCR amplification. For the PCR
primers, considering that the insertion of PAM sequences close
to the 3’ terminal would dramatically reduce the amplification
efficiency, we designed six forward primers with the PAM
sequences at different positions to compare the amplification
efficiency. These six designed primers are theoretically suitable
for all three genotypes because they do not contain the mutant
site. More primers were not attempted because the previous
report indicated that the single nucleotide sensitivity would be
significantly reduced when the PAM sequences were more than
six bases away from the mutation site.'® As shown in Fig. 1a, the
mutant sites of A/A and G/G genotypes are marked in blue and
red, and the PAM sequences are marked with an orange back-
ground. Then we synthesized two standard DNA samples (A/A
and G/G) to ensure the accuracy of the template DNA
sequence (Table S1}). The A/G standard sample was obtained by
mixing the A/A and G/G samples in equal amounts in the
subsequent experiment. All six forward primers yielded the pure

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a Primer 1 . .CAGCGGTTTA
Primer 2 . .CAGCGTTTAA
Primer 3 . .CAGCTTTCAA
Primer 4 . .CAGTTTGCAA
Primer 5 . .CATTTGGCAA
Primer 6 . . CITTGGGCAA
A/A . . CAGCGGGCAATGGTCTCACCGATAC. .
G/G . CAGCGGGCAACGGTCTCACCGATAC. .
b ) gDNA from whole blood
Primer 1 2 3 4 5 6 AA GIG AIG
300bp |t 300bp [
200bp |t 200bp [+
150bp === bl 150bp [~—
100bp |wwes ot & — @ 100bp [ W9 it vy
75bp | 75bp
50bp | =t 50bp
25bp 25bp
|
No PAM PAM

Mut@tions

Mu’gations

GGG

GACCWGTTGCCC.6.CTGG G

Fig.1 The PAM sequences were inserted upstream of the mutant site
by PCR amplification. (a) Sequence information of six forward primers,
A/A, and G/G target DNA. Six forward primers with slight differences in
the PAM sequences sites were suitable for all three genotypes because
they did not contain the mutant site. (b) Screening of the forward
primers. The PCR amplification efficiency and non-specific amplifi-
cation improved with the PAM sequences away from the 3’ terminal.
The A/A, G/G, and A/G gDNA all amplified the single target product
through primer No. 6. (c) The reverse pyrosequencing results of A/A
and G/G samples with primer No. 6 indicated that the PAM sequences
had successfully been inserted into the A/A and G/G amplification
products.

target band for the synthesized standard samples (Fig. S17).
However, as shown in Fig. 1b, when gDNA from whole blood
was used as the template DNA, the amplification efficiency of
primers No. 1 and 2 was significantly reduced, while the non-
specific amplification products of primers No. 3-5 increased;
only primer No. 6 amplified the pure target product with high
efficiency. Considering the importance of pure target products
and highly efficient amplification for ultrasensitive SNP detec-
tion, we thought that the inserted PAM sequences at the 6th
base upstream of the mutation site are appropriate. Fig. S27
shows the gel electrophoresis results of the amplification
products at different annealing temperatures, which indicate
that the annealing temperature of 59 °C can further improve the
amplification efficiency of primer No. 6. As we expected, we
obtained single bands for A/A, G/G, and A/G samples when
using primer No. 6 (Fig. 1b). Moreover, the reverse pyrose-
quencing results confirmed that the PAM sequences had
successfully been inserted into the expected position after PCR
amplification (Fig. 1c).
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Effect of the forward and reverse primer dosage ratio on SNP
detection

Fig. 2a shows the A-crRNA and G-crRNA sequences designed
according to the PAM sequence position in the amplification
products and the genotypes. The complementary sequences of
crRNA and target DNA are marked in green. Unfortunately, the
results were too bad to distinguish the SNP genotype when the
three standard DNA amplification products were added into the
CRISPR/Cas12a system (Fig. S31). According to previous reports,
the trans-cleavage activity of Cas12a nuclease can be activated
by targeting dsDNA with the PAM sequences or ssDNA
complementation with crRNA.'*** However, the CRISPR/Cas12a
system activated by ssDNA has no single nucleotide sensitivity,
significantly impacting SNP detection. So, in our opinion, when
the number of forward primers was less than or approximately
equal to that of reverse primers, a small part of complementary
reverse sSDNA would activate the trans-cleavage activity of
Cas12a nuclease without single nucleotide sensitivity, which
would interfere with the SNP detection system. And this
problem can be solved when excess forward primers are added
because the forward ssDNA cannot complement the crRNA. As

a A/A . . BEPFGGGCAATGGTCTCACCGATAC. .
G/G . . EEEGGGCAACGGTCTCACCGATAC. .
A-crRNA . . GGCAAUGGUCUCACCGAUAC
G-crRNA . . GGCAACGGUCUCACCGAUAC

b Reverse Primer excess

(ﬂﬂmTE No signal

T
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Fig. 2 Minimization of the interference of complementary reverse
ssDNA by controlling the dosage of the forward and reverse primers.
(@) The sequence information of crRNA and target DNA. The
complementary sequences of crRNA and target DNA are marked in
green, the mutant sites are marked in blue and red, and the PAM
sequences are marked with an orange background. (b) The excess
reverse primers interfere with the CRISPR/Casl2a-based SNP detec-
tion, because the trans-cleavage activity of Casl2a nuclease is acti-
vated by reverse ssDNA without single nucleotide sensitivity. (c) Excess
forward primers minimize the interference of the complementary
reverse ssDNA. The dsDNA without the PAM sequences does not
activate Casl2a nuclease.
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shown in Fig. 2b, to prove our hypothesis, we amplified the
CYP1A1 gene sequence with excess forward (no PAM sequences)
or reverse primers, respectively, and then detected the fluores-
cent signal by the CRISPR/Cas12a system. In this verification
experiment, the dsDNA without the PAM sequences cannot
activate Cas12a nuclease. When excess forward primers were
added, the amplification products were composed of dsDNA
without PAM sequences and forward ssDNA
complementary with the crRNA, and no signal was generated.
However, when excess reverse primers were added, the ampli-
fication products were composed of dsDNA without PAM
sequences and reverse ssSDNA complementary with the crRNA,
and the interference signal cannot distinguish the SNP geno-
type generated from reverse ssDNA. The results shown in Fig. 2¢
are consistent with our expectations. The CRISPR/Casl2a
system generated a strong fluorescent signal for both A-crRNA
and G-crRNA reactions when the reverse primers were excess.
However, there is no signal generated when the forward primers
were excess. So in the subsequent amplification process, we
would add more forward primers to minimize complementary
reverse ssDNA interference.

non-

Effect of the crRNA sequence on the SNP detection

The CRISPR/Casl2a detection system obtained the expected
results with standard DNA (A/A, G/G, and A/G) as the template
after the optimal steps of PAM sequence insertion and comple-
mentary reverse sSDNA removal (Fig. 3a). A strong signal was
observed when the crRNA and target DNA were completely
complementary, such as A-crRNA for the A/A genotype and G-
crRNA for the G/G genotype. Meanwhile, only half of the signal
strength was detected when the crRNA and target DNA were
mismatched, such as A-crRNA for the G/G genotype and G-crRNA
for the A/A genotype. For the A/G genotype, the signal strengths of
the two parallel detection systems (A-crRNA and G-crRNA) were
the same due to the amplification products containing equal
amounts of A/A and G/G genotypes. However, a doubling of the
signal difference is not enough to distinguish the SNP genotype
in the actual detection, which tends to produce ambiguous
results due to fluctuations in operation, especially for the
heterozygous mutant type, A/G genotype. The main reason is that
a single base mismatch is not enough to impact the stability of
crRNA and the target DNA significantly. The t¢rans-cleavage
activity of Cas12a nuclease decreased with the growth in the
number of mismatched nucleotides between crRNA and target
DNA. We designed an additional single nucleotide mismatch (A
— U, marked as “u”) adjacent to the mutant site (Fig. 3b). As
shown in Fig. S4,f when crRNA completely complements the
target DNA, the CRISPR/Cas12a system produced a fluorescent
signal only twice as strong as that produced by a single nucleotide
mismatch, and the signal strength again decreased by nearly ten
times when we added the additional nucleotide “u” mismatch
adjacent to the mutant site. Considering that further signal
reduction would affect the detection sensitivity and the 10-fold
signal difference was sufficient to distinguish SNP genotypes, we
decided to introduce only one additional mismatch base to
improve the SNP detection.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a A/A . . BEPGGGCAATGGTCTCACCGATAC. .
G/G . .[BEFEGGGCAACGGTCTCACCGATAC. .
A-crRNA . .GGCAAUGGUCUCACCGAUAC
G-crRNA . . GGCAACGGUCUCACCGAUAC
A-crRNA
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Fig. 3 Improvement of the SNR through an additional mismatch

nucleotide. (a) Real-time fluorescence kinetics measurement and
trans-cleavage rate histogram from the CRISPR/Cas12a system with A-
crRNA and G-crRNA. The two times signal difference is usually indis-
tinguishable in complex actual detection. (b) Real-time fluorescence
kinetics measurement and cleavage rate histogram from the CRISPR/
Casl2a system with uA-crRNA and uG-crRNA. An additional nucleo-
tide mismatch improves the SNR from 2-fold to nearly 10-fold.

In the PCR reaction, the amplification product amounts are
affected by many factors, such as the template concentration,
enzyme activity, and primer efficiency. To directly use the
amplification products for the CRISPR/Casl2a detection
without purification and quantification, we studied the influ-
ence of the dosage of Cas12a nuclease on the stability of the
detection system. The results in Fig. S5 show that the SNR of
the CRISPR/Casl12a system significantly improved with the
increase in the dosage of Cas12a nuclease and tag ssDNA. The
detection system is almost unaffected by the concentration of
amplification products when the Cas12a nuclease amount is
excess (Fig. S6,f 300 nM > 200 nm, the theoretical maximum
concentration of the amplification products in our experiment).

CRISPR/Cas12a detection chip

The stability of parallel experiments is crucial for SNP detection
using the CRISPR/Cas12a system. So we designed a centrifugal
microfluidic chip and the corresponding point-of-care analyt-
ical equipment to reduce the exogenous interference in the
detection process.”*° Considering the complexity of mixing

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reagents and the difficulty of storing-crRNA solution, as in our
previous reports, we preloaded the mixed reagents of the
CRISPR/Cas12a system into the biochip by freeze-drying tech-
nology.** As shown in Fig. 4a, the CRISPR/Cas12a biochip can
simultaneously test eight samples. Approximately 50 L sample
solution is required for each test, which enters the sample cell
through the sample hole, and the vent hole facilitates the
addition of samples. The sample solution enters each reaction
cell upon increasing the rotation speed and time when we put
the CRISPR/Casl2a biochip into the analytical equipment
(Fig. 4b). Each sample is divided into two well-controlled
experiments for side-by-side comparison (uA-crRNA and uG-
crRNA), and each contrast test contains two replications.
Three amplification products of the templates (A/A, G/G, and A/
G) were diluted and added into the CRISPR/Cas12a biochip for
genotype detection. The results shown in Fig. S7{ indicate that

. e<———— Vent Hole

‘,f = Sample Hole
flog e Sample Cell
™ T4
—~— Microchannels
‘O_\'O O"Oj— Reaction Cell
[ — T
UA-crRNA uG-crRNA

>
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C Sample add rotation rotation
AA G/IG AIG
d B uA-crRNA
B uG-crRNA
2
o
@
j=2]
©
>
@
2
o
1 week 2 week 3 week 4 week
Storage

Fig. 4 The structure of the CRISPR/Casl2a biochip. (a) Image of the
centrifugal microfluidic chip (® = 83 mm) and functional partitions.
The CRISPR/Casl2a biochip can simultaneously test eight samples,
and each sample is divided into two contrast tests (UA-crRNA and uG-
crRNA). (b) The flow stage of the sample liquid in the chip with the
increase of rotation speed and time. (c) The fluorescent images from
the reaction cell of the biochip after 20 min reaction, which indicate
that the endpoint detection is also in a fast and straightforward readout
mode. (d) The detection result of the three genotypes (A/A, G/G, and
A/G) after the chip was stored for one month.
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the CRISPR/Cas12a biochip has good stability and reproduc-
ibility. Moreover, we obtained the endpoint fluorescent image,
which is conducive to rapid detection in a low-resource field
(Fig. 4c).*> The results in Fig. 4d prove that the performance of
the CRISPR/Cas12a biochip has not significantly decreased after
a month of storage at —20 °C in the dark.

Human blood sample detection

Finally, we detected the genotypes for the CYP1A1*2 (A4889G,
rs1048943) gene from 17 human whole blood samples using the
CRISPR/Cas12a biochip. The significant signal differences from
the uA-crRNA and uG-crRNA reaction cells determined the SNP
genotypes, which showed 12 A/A samples, 4 A/G samples, and 1
G/G among the 17 human blood samples. As shown in Table
S2,T these results were consistent with pyrosequencing results
(the standard method for SNP detection). Further, we added the
comparative pyrosequencing results from forward/reverse
primers without mismatch nucleotides (forward/reverse
primer-L), which indicated that amplification products from
the forward/reverse primers containing PAM sequences did not
affect the mutation site (Table S27}). Fig. 5a shows the detection
results of representative samples No. 1, No. 3, and No. 5 ob-
tained using the CRISPR/Cas12a biochip and pyrosequencing.

To further confirm the universality of the CRISPR/Cas12a
biochip, we additionally detected three SNP sites from
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Fig. 5 The comparison of SNP genotyping detected through pyro-
sequencing and the CRISPR/Cas12a biochip. (a) The genotyping results
of three typical samples (No. 1, 3, and 5) from the CRISPR/Casl2a
biochip and pyrosequencing for the CYPIA1*2 (A4889G, rs1048943)
gene. (b) The gel electrophoresis image and SNP detection results for
CYP2C19%*2 (G681A, rs4244285), CYP2C9*3 (A1075C, rs1057910), and
CYP2C19*3 (G636A, rs4986893) genes.

4460 | Chem. Sci,, 2021, 12, 4455-4462

View Article Online

Edge Article

CYP2C19*2 (G681A, 1s4244285), CYP2C9*3  (A1075C,
rs1057910), and CYP2C19*3 (G636A, rs4986893) genes.* As
a special target sequence, the CYP2C19*2 (G681A, rs4244285)
gene itself contained PAM sequences upstream of the mutation
site, so we could achieve CRISPR/Cas12a-based genotyping by
traditional PCR amplification, indicating that the insertion of
PAM sequences can be adjusted flexibly according to the actual
target sequences. The corresponding target sequence, primer
sequence, and crRNA sequence are shown in Tables S3-S8.1 The
optimization results of the annealing temperatures for three
genes are shown in Fig. S8, which indicated that three forward/
reverse primers could successfully amplify the corresponding
samples. The above 17 clinical blood samples were again used
for genotyping these three SNP sites. The results showed that
there were 8 G/G samples, 8 G/A samples, and 1 A/A sample for
the CYP2C19*2 (G681A, rs4244285) gene; 15 A/A samples and 2
A/C samples for the CYP2C9*3 (A1075C, rs1057910) gene; 14 G/
G samples and 3 G/A samples for CYP2C19*3 (G636A,
rs4986893), which were consistent with pyrosequencing results
(Tables S3-S87). Fig. 5b shows the gel electrophoresis image of
the three target genes, and the comparison of SNP genotyping
results from pyrosequencing and the CRISPR/Cas12a biochip.

These results indicated that the CRISPR/Cas12a biochip
could effectively distinguish SNP sites. Thus, the technology of
combining the CRISPR/Cas12a biochip and PCR amplification
has good practicability and market application prospects for
SNP site detection.

Conclusions

This paper proposes a universal and high-fidelity CRISPR/
Casl2a-based SNP detection method in point-of-care micro-
fluidics. This approach has the following advantages: (1)
insertion of PAM sequences upstream of the mutant site of
target DNA to broaden applicability; (2) addition of excess
forward primers to minimize the interference from comple-
mentary reverse ssDNA; (3) introduction of an additional
mismatch in crRNA to improve the signal-to-noise ratio. To
demonstrate its application, we successfully detected three
genotypes of four SNP sites, CYPIA71*2 (A4889G, rs1048943),
CYP2C19*2  (G681A, 1s4244285), CYP2C9*3 (A1075C,
rs1057910), and CYP2C19*3 (G636A, rs4986893) genes, from 17
human blood samples. The genotyping results of the CRISPR/
Cas12a biochip were consistent with those of pyrosequencing.
The CRISPR/Cas12a biochip has the advantages of being rapid,
universal, and high-fidelity, and is expected to be applied in
medical diagnosis. This approach may also be useful for various
applications, such as family lineage analysis, agriculture, basic
research in biology/biochemistry, population genetics research,
biological origin, evolution, and migration.

Experimental
Regents and materials

Lachnospiraceae bacterium Cas12a (LbCas12a) protein was from
New England Biolabs (100 pM, Shenzhen Yiliang Biotech-
nology). The DNA/RNA nucleic acids (Tables S1-S4+) were from

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Nanjing GenScript Biotechnology. The Taq polymerases (5 U
uL~") and ANTP (2.5 mM) were from Takara Biomedical Tech-
nology (Beijing Bioroyee Biotechnology). The blood extraction
kit was from BioTeke Corporation (Shenzhen Baishun
Biotechnology). The centrifugal microfluidic chip and detection
equipment were from Shanghai Suxin Biotechnology."” The
eighteen human whole blood samples were from Shenzhen
People's Hospital (approved by the Medical Ethics Review
Committee of the Shenzhen People's Hospital, No. LL-KT-
201801125).

CRISPR/Cas12a reagent-loaded and microfluidic analytical
equipment

The point-of-care microfluidic chip is made of polymethyl
methacrylate (PMMA) by the microinjection molding method.
The chip is mainly composed of a sample cell, microchannel,
and reaction cell. An optimized 50 pL CRISPR/Cas12a reaction
contained 500 nM Cas12a, 500 nM crRNA (uA-crRNA and uG-
crRNA reactions were performed in different reaction cells),
500 nM tag ssDNA, 5% (w/w) trehalose, and 0.5% (w/w) Ficoll
400. The mixture was carefully added to the outer reaction cells
(about 5 pL) of the centrifugal microfluidic chip. We placed the
chip at a distance of 1 cm above liquid nitrogen to flash-freeze
the reagents for 2 min, followed by freeze-drying for 2 h. We
took out and sealed the chip with the bottom and top
membrane after the chip returned to room temperature. Finally,
we put the chip in a —20 °C dark environment for long-term
storage.

The automated analytical equipment can accurately control
the temperature of the reaction area, the rotation speed of the
chip to distribute the sample, and perform the collection of
fluorescent signals every 30 s for the 32 reaction cells to obtain
the fluorescence kinetics data. The program on the PC
communicates with the primary control circuit through the
serial port RS232 to realize information exchange and displays
the instrument status on the PC in real-time.

Preparation of PCR samples

The human blood gDNA was extracted using a blood extraction
kit and used as the template DNA for the PCR reaction. In the
PCR reaction, a 50 uL PCR reaction mixture contained 0.5 pL
Taq polymerase (5 U uL™"), 4 uL ANTP (2.5 mM), 5 uL PCR buffer
(10x), 2 pL forward primer (10 pM), 1 pL reverse primer (10 pM),
2 pL blood gDNA (1-10 ng of gDNA), and 35.5 L DNase/RNase-
free water. The thermal cycling protocol included an initial
activation of Taq polymerase at 95 °C for 3 min, followed by 30
cycles of 95 °C for 30 s, 59 °C for 30 s, and 72 °C for 20 s, and
a final extension step at 72 °C for 2 min.

SNP detection with the CRISPR/Cas12a point-of-care biochip

5 uL of the product, 0.42.5 uL of DNase/RNase-free water, and
2.5 uL of MgAc (280 mM) were mixed and added into the chip.
After putting the chip into the analytical equipment, we set the
low-speed rotation once at 500 rpm for 10 s, followed by the
high-speed rotation three times at 4500 rpm for 20 s each time.
The reaction temperature is set at 37 °C for 20 min. Finally, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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real-time fluorescence kinetics measurement of CRISPR/Cas12a
detection was obtained to identify SNP mutations.
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