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ABSTRACT

In this study, a hydrazone chemistry-mediated clus-
tered regularly interspaced palindromic repeats
(CRISPR)/CRISPR-associated protein 12a (Cas12a)
system has been proposed for the fist time and con-
structed. In our system, hydrazone chemistry is de-
signed and employed to accelerate the formation of
a whole activation strand by taking advantage of
the proximity effect induced by complementary base
pairing, thus activating the CRISPR/Cas12a system
quickly and efficiently. Moreover, the introduction
of hydrazone chemistry can improve the specificity
of the CRISPR/Cas12a system, allowing it to effec-
tively distinguish single-base mismatches. The es-
tablished system has been further applied to analyze
Pseudomonas aeruginosa by specific recognition of
the probe strand with a characteristic fragment in
16S rDNA to release the hydrazine group-modified
activation strand. The method shows a wide linear
range from 3.8 x 102 colony-forming units (CFU)/ml
to 3.8 x 10° CFU/ml, with the lowest detection limit
of 24 CFU/ml. Therefore, the introduction of hydra-
zone chemistry may also broaden the application of
the CRISPR/Cas12a system.

INTRODUCTION

Casl2a (CRISPR-associated protein 12a) is a nucleic acid
endonuclease from the V-A-type clustered regularly inter-
spaced palindromic repeats (CRISPR) system for genome
editing by processing CRISPR RNAs (crRNAs) from ar-
rays using its dedicated RNase functional domain (1,2).
It can indiscriminately cleave single-stranded DNA (ss-
DNA) after activation of intrinsic nuclease activity by rec-
ognizing its target site, which has been used for the detec-

tion of nucleic acids (3,4). However, there are still many
challenges to overcome. The system is unsuitable for dis-
tinguishing very similar ssDNA sequences (1,5). More-
over, the interference between similar ssDNA sequences
may cross-react for multiple target detection in a sin-
gle reaction system, which affects the analytical sensitiv-
ity and specificity (6). Usually, it may also be difficult to
find a protospacer adjacent motif (PAM) sequence match-
ing with Casl2a protein for the direct detection of short
target sequences. So, the effector protein and target se-
quence need to be carefully selected to avoid background
signals (7).

Hydrazone chemistry has the advantages of rapid reac-
tion, mild reaction conditions and good selectivity (8,9).
Since the programmability of a CRISPR/Cas system re-
lies on the interaction of guide RNA and nucleic acid,
we envisage that hydrazone chemistry can be introduced
into the initiation sequence of the system to activate the
CRISPR/Casl12a system more flexibly, which may not only
improve the specificity, but may also be widely used in
the analysis of different targets (2,10,11). Here, we have
constructed a detection platform based on a hydrazone
chemistry-mediated CRISPR/Casl2a system. In our sys-
tem, the activation strand is subtly designed as a hairpin
structure, which is elaborately split into two segments sepa-
rately modified by two hydrazone-linked groups, hydrazine
and an aldehyde group. Meanwhile, the probe complemen-
tary sequence is carefully designed to release the hydrazine
group-modified split segment due to the specific binding
of the target sequence to the probe, leading to the forma-
tion of the whole activated strand and the activation of
the hydrazone chemistry-mediated CRISPR/Casl2a sys-
tem. Therefore, the introduction of hydrazone chemistry
not only improves the specificity of the CRISPR/Casl2a
system, but also accelerates the activation process of the
CRISPR /Casl12a system.

Pseudomonas aeruginosa is a common environmental
bacterium that can spread rapidly through animal feces,
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food and water. The bacterium can cause infectious diseases
such as otitis, pneumonia, keratitis, sepsis and endocarditis
(12). The traditional detection methods for this bacterium
include colony culture and counting, which is routine, ac-
curate and reliable for microbial detection (13,14). How-
ever, these methods are always labor-intensive and time-
consuming (15), which has greatly limited their applica-
tion. Therefore, it is urgent to develop a new method to
detect P aeruginosa. In this work, we have proposed a
simple and sensitive method for the analysis of P aerugi-
nosa based on the proposed hydrazone chemistry-mediated
CRISPR/Casl2a system, which may have great potential
application in the future.

MATERIALS AND METHODS
Materials and reagents

All oligonucleotides (as shown in Supplementary Table S1)
were synthesized and purified by Shanghai Sangon Biotech-
nology Co., Ltd (Shanghai, China), EnGen®)LbaCas12a
(Cpfl) (M0653T) was purchased from NEB (Beijing,
China), RNase inhibitor (K1046) was purchased from
APExBIO (Shanghai, China) and diethylpyrocarbonate
(DEPC) water was purchased from Shanghai Sangon
Biotechnology Co., Ltd. 4-Hydrazinobenzoic acid was
obtained from Wokai Biotechnology, Co., Ltd (Beijing,
China). All experimental water was obtained through the
Milli-Q purification system (R >18 MQ/cm). All other
chemicals are analytical reagent grade.

Preparation of the TS1-NHNHj; strand

First, 95 mg of EDC [1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide] and 11 mg of NHS
(N-hydroxysuccinimide) were dissolved in 1 ml of deionized
water to prepare the cross-linking agent, and then 0.5 mM
4-hydrazinobenzoic acid was added to the cross-linking
agent for 20 min, followed by the addition of 100 pM
TS1-NH; strand. After sonicating for 30 s, the mixture was
kept for 12 h with regular shaking. Finally, the mixture was
separated by using a gel column (illustrra MicroSpin G-25
columns) to obtain TSI-NHNH,, which was characterized
by Fourier infrared spectroscopy (Bertex 70, Bruker,
Germany).

Hydrazone chemistry-mediated CRISPR/Cas12a system

First, the TS2-CHO strand (10 wM) was heated at 95°C for
5 min and then cooled naturally to room temperature. A 4.8
wl of the TSI-NHNH; strand (0.6 wM) was mixed with 4.8
wl of the TS2-CHO strand (0.6 wM), 8 pl of 10x buffer, 2
wl of RNase inhibitor (40 U), 3.2 ul of Casl2a (200 nM),
1.6 .l of crRNA (200 nM) and 1.6 pl of ssDNA-FAM (200
nM). Finally, DEPC water was added to a final volume of
80 wl. After incubation at 37°C for 15 min, the mixture
was heated at 65°C for 10 min to inactivate the enzyme.
The fluorescence intensity of the reaction solution was mea-
sured by a fluorescence spectrometer (F-7000, Hitachi Ltd,
Japan).
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Release of the TS1-NHNH, strand induced by synthetic tar-
get DNA

A 4.8 pl aliquot of the 16S rDNA probe strand (Probe)
(0.6 wM) was mixed with 4.8 .l of the TS1-NHNH, strand
(0.6 wM). After heating at 95°C for 5 min, the mixture was
cooled naturally to room temperature. Subsequently, 4.8 .l
of the TS2-CHO strand (0.6 wM) was added, followed by
the addition of 10 wl of synthetic target DNA at various
concentrations. Finally, the mixture was incubated at 37°C
for 60 min. The product was characterized through poly-
acrylamide gel electrophoresis (PAGE).

Hydrazone chemistry-mediated CRISPR /Cas12a system for
bacterial detection

Again a 4.8 pl aliquot of Probe (0.6 pM) was mixed with
4.8 wl of the TSI-NHNH,; strand (0.6 wM), and the mix-
ture was heated at 95°C for 5 min and cooled naturally to
room temperature. Subsequently, 4.8 pl of the TS2-CHO
strand (0.6 wM) and 10 pl of P. aeruginosa suspension at
various concentrations were added and incubated at 37°C
for 60 min, followed by the addition of 8 pl of 10x buffer,
2 nl of RNase inhibitor (40 U), 3.2 pl of Cas12a (200 nM),
1.6 pl of crRNA (200 nM) and 1.6 pl of ssDNA-FAM (200
nM). Finally, DEPC water was added to give a final vol-
ume of 80 wl. After incubating at 37°C for 15 min, the mix-
ture was heated at 65°C for 10 min to inactivate the enzyme.
The fluorescence intensity of the reaction solution was mea-
sured by a fluorescence spectrometer (F-7000, Hitachi Ltd,
Japan). The logarithm of odds (LOD) of the assay was cal-
culated using the formula LOD = 30 /S, where o is the stan-
dard deviation of the unadded sample and S is the slope of
the calibration curve.

Performance evaluation of the established method

All strains were obtained from stock cultures in the labora-
tory of Professor Dr Lili Niu. The concentrations of these
strains were determined by McFarland’s turbidimetric as-
say. The specificity of the established method was evalu-
ated using 3.8 x 10° colony-forming units (CFU)/ml of Es-
cherichiacoli 2571, E. coli 25922 and Stapylococcus aureus
instead of P. aeruginosa. In addition, different concentra-
tions of P aeruginosa (3.8 x 10°, 3.8 x 10 and 3.8 x 10°
CFU/ml) were added to pure water, milk, grapefruit juice
and green tea to make the spiked samples. After adjusting
the pH value of the spiked samples with NaOH or HCI to
7.0, the amount of P. aeruginosa was analyzed by using the
established method, and the relative recoveries were calcu-
lated.

Fluorescence in situ hybridization through 16S rDNA Probe

A single colony of bacteria was cultured in LB medium for
9 h and examined under a microscope. Subsequently, 50 pl
of the solution was taken evenly onto the slide, and succes-
sively fixed by flame and 4% paraformaldehyde (PFA) for 10
min, followed by drying naturally. Then the glass slide was
immersed in a mixture of 50% alcohol and 50% phosphate-
buffered saline (PBS) for 10 min and air-dried. After that,
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200 wl of Probe-Cy5 was added and incubated at 55°C for 6
h in hybridization buffer containing 10 mmol/1 NaCl, 30%
(v/v) formamide, 5 mmol/l Na,EDTA, 0.2% (v/v) Triton
X-100 and 50 mmol/1 Tris—-HCI. After hybridization, the
slide was washed twice for 10 min each time with 55°C
pre-warmed washing buffer containing 5 mmol/1 Tris—HCI,
15 mmol/1 NaCl and 0.1% (v/v) Triton X-100. The slices
were air-dried naturally and sealed with 80 wl of antifade
polyvinylpyrrolidone mounting medium, followed by cov-
ering with a coverslip.

Statistical analysis

Two-tailed Student’s z-test was used for evaluating statisti-
cal differences between two groups by the GraphPad soft-
ware (Prism 7), and P <0.05 was statistically significant.

RESULTS AND DISCUSSION
Hydrazone chemistry-mediated CRISPR/Cas12a system

The hydrazone chemistry-mediated CRISPR /Casl12a sys-
tem is illustrated in Figure 1A. The activated strand is
split into two parts, i.e. TSI-NHNH, and TS2-CHO.
Neither TSI-NHNH, nor TS2-CHO can activate the
CRISPR/Casl2a system. With the aid of complementary
base pairing, TS1-NHNH; containing a hydrazide group is
easier to react with the aldehyde group of TS2-CHO to form
a whole TS1/TS2 strand through a hydrazone bond. Local-
ization of Cas protein mainly depends on the PAM in TS1-
NHNHj; (2). After the linkage of the TSI-NHNH; strand
with the TS2-CHO strand, the Casl12a/crRNA complex lo-
calizes to the TS1/TS2 strand and cleaves to generate sticky
ends far away from its PAM sequence (16). The subsequent
activated trans-cleavage activity of the Casl2a/crRNA
complex will result in the non-specific cleavage of ssDNA-
FAM and fluorescence recovery.

The formation of TS1/TS2 through a hydrazone bond
was confirmed by infrared spectroscopy. The peaks at 1563
cm~! and 1266 cm™! corresponding to the amide II and
111 bands and another peak at 1642 cm™! attributed to the
stretching vibration of the C=N double bond appear, while
the peaks at 1735 cm~! ascribed to the stretching of the
carbonyl group in the saturated aliphatic aldehyde disap-
pears (Supplementary Figure S1A). These results confirm
the formation of a hydrazone bond between TSI-NHNH,
and TS2-CHO. Moreover, a new band in L3 can be ob-
served (Supplementary Figure S1B), verifying the success-
ful linkage between TS1-NHNH,; and TS2-CHO.

Slight changes in the target sequence can lead to
instability of the triple complex of the target DNA-
crRNA-Cas effector interfering with the activation re-
sponse (16,17). We first explored the effect of strand length
on CRISPR /Casl12a activation. When the number of bases
of TS1 or TS2 changes from 8§ nt to 11 nt, no obvious fluo-
rescence peaks can be detected (Figure 1B1, B2), indicating
that none of them could activate CRISPR /Cas12a. When
the number of bases of TS1 or TS2 increases from 12 nt to 20
nt (18), obvious fluorescence peaks can be detected, indicat-
ing the occurrence of partially activated CRISPR /Casl2a
(Figure 1B1, B2). Based on these findings, in the following
experiment, the full-length TS was split into two segments,

namely TS1-NHNH; and TS2-CHO, each with a length of
10 nt.

Subsequently, the effects of the introduction of hydra-
zone chemistry on the activation of CRISPR /Casl2a were
investigated. Compared with that for the full-length TS,
the whole TS1/TS2 can give similar values of K., Kp
and the k¢, /Ky ratio (Figure 1C1, C2). These results sug-
gest that the introduction of hydrazone chemistry does
not affect the activated effect of the whole TS1/TS2 on
the CRISPR /Casl2a system and its corresponding trans-
cleavage activity.

It has been reported that double-stranded activated
CRISPR/Casl2a is insensitive to single-base mismatches
(19). Along with the optimization of the Casl2a concen-
tration (Supplementary Figure S2), we further investigated
the effect of introduction of hydrazone chemistry on the
specificity of the CRISPR/Casl2a system. In comparison
with that of full-length TS with one mismatched base pair
(Figure 1D1), obviously decreased mean fluorescence inten-
sity can be found for the whole TS1/TS2 with one pair of
mismatched bases (Figure 1D2). This can be explained by
the fact that the mismatched bases influence the occurrence
of complementary base pairing between TSI-NHNH; and
TS2-CHO, so as to reduce the proximity effect and hin-
der the formation of a hydrazone bond. As confirmed by
our previous experiment, TSI-NHNH; or TS2-CHO with
a length of 10 nt cannot activate the CRISPR /Casl2a sys-
tem (Figure 1B1, B2). Therefore, the whole TS1/TS2 with
one pair of mismatched bases evidently can influence the
extent of the activation of the CRISPR /Casl2a system and
its corresponding trans-cleavage efficiency. The introduc-
tion of hydrazone chemistry can improve the specificity of
the CRISPR /Casl2a system, which can effectively distin-
guish a single-base mismatch in the target sequence.

The degree of mismatch tolerance is highly dependent on
the source of the effector protein and the location of the
mismatch (18). We have further investigated the influence of
the mismatch position on the trans-cleavage activity of the
CRISPR /Casl2a system. For a single-base mismatch, dif-
ferent positions (1, 5, 10, 15 and 20 relative to the PAM re-
gion) were selected to study their effect on the trans-cleavage
activity, and the corresponding results are shown in Sup-
plementary Figure S3. With mismatch at position 1 adja-
cent to the PAM region, an obvious statistical differences
can be found for both full-length TS and whole TS1/TS2.
This can be explained by the fact that the PAM region is ex-
tremely important for the recognition and activation of the
CRISPR/Casl2a system. However, for a single-base mis-
match located at other positions, an evident statistical dif-
ference can only be observed for the whole TS1/TS2, while
for the full-length TS no difference is found when the mis-
match position is >5 away from the PAM region (3,20).
These can be attributed to the weakened proximity effect
as a result of a single-base mismatch, which is a disadvan-
tage for the formation of a hydrazone bond and the ensuing
whole TS1/TS2. Therefore, the introduction of hydrazone
chemistry reduces the tolerance and increases the sensitivity
of the CRISPR /Casl2a system activated by a single-base
mismatched TS. Moreover, a decrease in cross-reactivity
can be found for the hydrazone-linked whole TS1/TS2 in
comparison with that for the full-length TS. As shown in



———————

—————

Nucleic Acids Research, 2022, Vol. 50, No. 18 10565

'—N—NH | |—(|7=N |
A “— P j(o
. _(I - TSi- NHNH, __l.ﬁl - e o ©°
o + + o0 > __a + o ®
S TTT — ® i
ssDNA-FAM — Flu ON
TS$2-CHO Casl2a/crRNA Activated Cas12a
B1 Ct,, D1
| 4 9
4000 1 2
22 4 Z 84 *ok
3500 4 *]:~ o r **
z Casi2a 204 2] o
—_— kK
%3000- crRNA {, TS 8 . J—T—
£ 18- R I
= 25004 5 3 3
- [ 20 2 51
£ 2000+ 164777777777 d 2 g1 H
5 122V ax i Koy =1.1x10% s S 4]
-7 -1 -
Z 1500 144 E K, =1.8x107 mol - L : 5]
e ! kool Ky =6.9%10° mol™ « L + s 2
= 1000 4 124 = 5
= 000 i E 2
500 104 i = 14
: z
0 dpp e - ——r T T T T 0 T T T T .
P POD 0 OO & 0 ) @ @ @ 00 01Kno02 03 04 05 06 07 0 1 2 3 4
RO \\\“ O 0 \S’ NS S \\'\ Y [S] Mismatch number of base pairs
B2 R G c2 D2
4 9
4000 4 24 4 Z —
—_— 4
{» 224 g 8
>, 3500 Casl2a -
= crRNA |\ PAM 204 TSI/TS2 = 74
z
2 3000 4 Ty {I} ©
& ¥ 18 2 6
= 25004 ¥ ... ) LELEN ey " 8
P 164 ko =12x107s" 2 5
£ 2000 144 K,,=1.4x107 mol + L' E 4
2 kool Ky =8.6x10° mol™ « L + s =
& 1500 12 el Ky = 8.6%10° mo s ]
£ ]
= 1000 101 8
= = 24
= 5] :
500 4 6 = 11 ’—IT
g S
o S Z,
0 \\ 0 0 0 0 0 \\ 0 0 0 0 0 00 01K, 02 03 04 05 06 07 °
%'\o %'\o .‘,\ ,\‘\ ,\‘& .\,& N .\g’,\,\b,\‘\ -\,k%.\,k Y IS Mlsmatch number of base palrs
IS

Figure 1. Hydrazone chemistry-mediated CRISPR/Cas12a system. (A) Schematic illustration of the CRISPR/Casl2a system mediated by hydrazone
chemistry. Fluorescence spectra with different base numbers of (B1) TSI or (B2) TS2. Reaction rate versus the concentration of substrate strand for (C1)
the full-length TS- or (C2) the whole TS1/TS2-activated Casl2a. Histograms of trans-cleavage of Casl2a activated by (D1) the full-length TS or (D2) the
whole TS1/TS2 with a different number of mismatched base pairs. Statistical significance was calculated by two-tailed Student’s z-test. ns, non-significant;
**P <0.01. Error bars represent the standard deviations of three independent experiments (n = 3).

Supplementary Figure S4, the single-base mismatched mu-
tants make the full-length TS produce a high fluorescence
background. In contrast, almost no effect can be found for
hydrazone-linked whole TS1/TS2. These results signify that
the introduction of a hydrazone bond can increase the speci-
ficity of the CRISPR /Casl2a system.

Synthetic target DNA mediated the formation of the
TS1/TS2 strand

Figure 2A shows that synthetic target DNA induces the
formation of the TS1/TS2 strand. Target DNA can com-
petitively bind with Probe, resulting in the occurrence of
a strand displacement reaction and the release of TSI-
NHNH,. The released TSI-NHNH, strand will bind to
TS2-CHO through complementary base pairing. By virtue
of the proximity effect, the hydrazine group of TS1-NHNH,
and the aldehyde group of TS2-CHO will react to form a hy-
drazone bond. In turn, the formed hydrazone bond acceler-
ates the occurrence of complementary base pairing. Finally,
hybrid strand TS1/TS2 will form through the hydrazone
bond. In contrast, the strand displacement reaction will not

occur and TS1/TS2 will not form without synthetic target
DNA. As shown in Figure 2B, a new band in L4 indicates
the formation of a Probe/TS1-NHNH,; hybrid. Moreover,
the new band at the top of L5 can be explained by the for-
mation of TS1/TS2 through a hydrazone bond. In the ab-
sence of Target, two bands in L6 can be separately ascribed
for Probe/TS1-NHNH, and TS2-CHO, suggesting no oc-
currence of a strand displacement reaction. In the presence
of Target, two new bands shown in red squares belong to
TS1/TS2 and Probe/Target, respectively.

We further utilize the trans-cleavage capability of
CRISPR/Casl2a to confirm the formation of TS1/TS2.
As shown in Figure 2C, almost no fluorescence peak can
be found with separate addition of Probe/TS1-NHNH,,
TS2-CHO or Target, as a result of no formation of
TS1/TS2 to activate the CRISPR /Casl2a system. In con-
trast, compared with that for full-length TS, a similar flu-
orescence peak can be found with the addition of Tar-
get into the mixture of Probe/TS1-NHNH, and TS2-
CHO. The result confirms the formation of TS1/TS2 re-
sulting from the strand displacement reaction. Moreover,
the band of long-stranded DNA (LDNA) as the substrate
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NHNH; + TS2-CHO + Target + LDNA.

of CRISPR /Casl2a trans-cleavage disappears with the ad-
dition of Target in L11 in comparison with that with-
out the addition of Target in L7 (Figure 2D). In addi-
tion, the LDNA band also vanishes in the presence of
TS1/TS2. These results are in good agreement with those
obtained through fluorescence spectroscopy and verify that
the synthetic target DNA can mediate the formation of the
TS1/TS2 strand.

Mechanism of bacterial analysis based on the hydrazone
chemistry-mediated CRISPR/Cas12a system

The principle of the hydrazone chemistry-mediated
CRISPR /Casl2a system for bacterial analysis is illustrated
in Figure 3. With highly conserved regions across species
and species-specific variable regions, bacterial 16S rRNA
gene (16S rDNA) sequences are usually utilized for the
identification of various bacteria (21). As shown in Figure
3, 16S rDNA can competitively bind with the Probe
from the Probe/TSI-NHNH, hybrid, resulting in the

release of TSI-NHNH, and the formation of Probe/16S
rDNA. The released TSI-NHNH,; can hybridize with
TS2-CHO through complementary base pairing, so as to
accelerate the formation of TS1/TS2 through a hydrazone
bond between the hydrazine group of TSI-NHNH, and
the aldehyde group of TS2-CHO. The formed TS1/TS2
can activate Casl2a/crRNA to discriminately cleave
ssDNA-FAM, resulting in the recovery of fluorescence.
In contrast, in the absence of bacteria, the formation of
TS1/TS2 will not happen and the fluorescence will not
recover.

After smearing and Gram staining, the slender Gram-
negative bacilli with variable lengths as well as bluntly
rounded ends in the form of spherical rods or threads can
be observed under light microscopy (Image a, Figure 3B),
which could be characterized as P. aeruginosa. Meanwhile,
the red fluorescence can be found for P. aeruginosa by us-
ing the 16S rDNA gene probe (22) labeled with the Cy5
fluorescent moiety (Image b, Figure 3B). The result signi-
fies that the probe can be successfully applied for bacterial
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Figure 3. Mechanism of bacterial analysis based on the hydrazone chemistry-mediated CRISPR /Cas12a system. (A) Schematic illustration for bacterial
analysis based on the hydrazone chemistry-mediated CRISPR /Casl2a system. (B) (a) Microscopic image of P. aeruginosa and (b) fluorescence imaging
analysis of P. aeruginosa by using the 16S rDNA gene probe strand. (C) Fluorescence spectra obtained (a) with and (b) without P. aeruginosa.

analysis. Furthermore, almost no fluorescence peak can be
observed without P. aeruginosa (Image b, Figure 3C). In
contrast, an evident high fluorescence peak can be found in
the presence of P. aeruginosa (Image a, Figure 3C). The re-
sults clearly demonstrate that P. aeruginosa can induce the
formation of TS1/TS2 to activate CRISPR/Cas]2a, lead-
ing to the recovery of fluorescence. Meanwhile, the con-
trol experiment was designed and conducted, and the cor-
responding results are shown in Supplementary Figure S5.
Almost no change of fluorescence intensity can be observed
for TS1 or TS2, implying that TS1 or TS2 cannot acti-
vate the CRISPR /Casl2a system. High fluorescence inten-
sity can be found for TS1 + TS2 and TSI-NHNH, + TS2-
CHO, confirming the activation of the CRISPR/Casl2a
system. However, a higher activation efficiency can be found
for TSI-NHNH,; + TS2-CHO in comparison with that of
TS1 + TS2, considering that the former gives a quicker re-
action rate (745.94 mol/1/s), a higher maximized fluores-
cence intensity (4126.80) and a shorter time needed to reach
steady state (10 min) than those (130.70 mol/1/s, 3792 and
14 min) of the latter. The results verify that the formation
of a hydrazone bond between the hydrazine group of TS1-
NHNHj; and the aldehyde group of TS2-CHO can acceler-
ate the formation of the whole TS1/TS2, so as to efficiently
activate the CRISPR /Casl2a system. Therefore, the estab-
lished method based on the hydrazone chemistry-mediated
CRISPR/Casl2a system can be developed to detect
bacteria.

Quantitative analysis of bacteria based on the hydrazone
chemistry-mediated CRISPR/Cas12a system

As shown in Figure 4A, we first quantitatively analyzed
the synthesized DNA Target strand using the established
method. As the concentration of the synthetic DNA Tar-
get strand increases from 0 nM to 100 nM, the fluores-
cence intensity at 520 nm gradually increases (Figure 4A).
The presence of the Target allows the release of TSI-
NHNH; from the Probe/TS1-NHNH; double hybrid, cul-
minating in the formation of the hydrazone bond-mediated
hybridized TS1/TS2, which activates the trans-cleavage ac-
tivity of CRISPR /Casl2a. It has been further found that
the fluorescence intensity values increase linearly with in-
creased logarithmic values of the synthetic DNA Target
strand concentrations from 0.1 nM to 100 nM (Figure 4B).
A linear equation: / = 1021.37 + 903.85 x log Crareet can
be fitted, and the lowest detection limit has been calculated
to be 0.074 nM (3¢ /S), which is lower than other reported
values for the detection of synthetic DNA (23,24). By cal-
culating the slope of the three regression equations for the
concentrations of the synthetic DNA Target strand from 0
nM to 100 nM, a relative standard deviation (RSD) value
of 3.7% could be obtained, and the results indicate the good
precision of our established method.

Subsequently, on the basis of quantitative analysis of
synthetic DNA Target, we used the established method to
quantitatively analyze the bacteria which have been deter-
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Figure 4. Quantitative analysis of bacteria based on the hydrazone chemistry-mediated CRISPR /Cas12a system. (A) Fluorescence spectra with different
concentrations of synthetic DNA Target strands. (B) The relationship between fluorescence intensity and the concentration of the synthesized DNA Target
strand. Inset: the linear relationship between the fluorescence intensity and the logarithm value of the concentration of the synthetic DNA Target strand.
(C) Counting of P. aeruginosa by the dilution coating plate method. (D) Fluorescence spectra with different concentrations of bacteria. (E) The relationship
between the fluorescence intensity and the concentration of bacteria. Inset: the linear relationship between the fluorescence intensity and logarithmic value
of the concentration of bacteria. Error bars represent the standard deviations of three independent experiments (n = 3).

mined by the dilution coating plate method (Figure 4C).
As the amounts of bacteria increase from 3.8 x 10! to
3.8 x 107 CFU/ml, the fluorescence intensities gradually
increase (Figure 4D). The fluorescence intensity increases
linearly as the logarithmic values of bacterial concentra-
tion increased from 3.8 x 10? to 3.8 x 10® CFU/ml. The
linear equation / = —931.07 + 669.35 x log Cp ueruginosa
(R?> = 0.9924) can be obtained (Figure 4E), with a lin-
ear detection range wider than the reported value (Supple-
mentary Table S2) (25,26). The calculated detection limit is
24 CFU/ml (30/S), which is lower than the previously re-
ported value (26-28). In addition, an RSD value of 6.6%
can be obtained, which indicates the good reproducibility
of the established method.

Performance evaluation of the established method based on
the hydrazone chemically assisted CRISPR/Cas12a system

Different bacteria have been used to validate the specificity
of the established method for the analysis of P. aeruginosa.
Gram staining has been used to identify different bacteria.
As shown in Figure 5A, different bacteria have different
morphological characteristics. Moreover, red fluorescence
can only be observed for P. aeruginosa (Figure 5B), and the
result confirms the specific capturing of the designed 16S
rDNA gene Probe on P. aeruginosa. Meanwhile, a low flu-
orescence intensity can be observed for E. coli 2571, E. coli

25922 and S. aureus (Figure 5C). In contrast, P. aeruginosa
exhibits high fluorescence intensity. These results demon-
strate the high specificity of the established method for the
detection of P. aeruginosa. This can be attributed to the high
selectivity of the 16S rDNA gene Probe for the detection of
P. aeruginosa. To verify the practicability of the method, we
use pure water, milk, grapefruit juice and green tea from a
local supermarket as the sample sources to spike with dif-
ferent concentrations of P. aeruginosa. As shown in Figure
5D and Supplementary Table S3, the relative recovery varies
between 90% and 110%, with a relative error of <8.7%, in-
dicating that the constructed method can be used to analyze
P, aeruginosa in real samples.

The hydrazone chemistry-mediated CRISPR/Casl2a
system can be easily used for the detection of other tar-
get genes, due to the sequence programmability of the tar-
get binding domain in the DNA probe. The hydrazone
chemistry-mediated CRISPR /Casl2a system has been ex-
plored for the detection of S. aureus, and the correspond-
ing experimental results are shown in Supplementary Fig-
ures S6, S7 and S8. Supplementary Figure S6 illustrates
the detection principle of S. aureus through the hydrazone
chemistry-mediated CRISPR /Casl2a system. Probe2 can
specifically bind with TS3-NHNH, to form Probe2/TS3-
NHNH; through complementary base pairing. 16S rDNA
from S. aureus can bind with Probe2 through a strand
displacement reaction, resulting in the release of TS3-
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Figure 5. Performance evaluation of the established method. (A) Gram staining of different bacteria. (B) Fluorescence in situ imaging of different bacteria
by using a fluorescent 16S rDNA gene probe. (C) Fluorescence intensity in the presence of different bacteria. (D) Recovery analysis of the established
method. Error bars represent the standard deviations of three independent experiments (n = 3). (ns, non-significant; ***P <0.001.)

NHNH;. With the formation of the hydrazine linkage, the
released TS3-NHNH; can react with TS4-CHO to give
TS3/TS4, which can activate the CRISPR/Casl2a sys-
tem so as to produce the fluorescence signal. The designed
Probe2 can be successfully applied to image S. aureus (Sup-
plementary Figure S7). Moreover, as shown in Supplemen-
tary Figure S8, in the absence of S. aureus, no fluorescent
signal can be observed, confirming the stability of TS3-
NHNH; and TS4-CHO. In contrast, a high fluorescence
peak appears in the presence of S. aureus. Therefore, the hy-
drazone chemistry-mediated CRISPR /Casl2a system can
be developed to analyze S. aureus. These results signify that
the system could be universal and can be used for other
target genes. Additionally, almost no fluorescence can be
found when using a scrambled sequence (s-Probe3) instead
of the designed sequence (Probe2), confirming good speci-
ficity of the established method. Thus it can be seen that
the hydrazone chemistry-mediated CRISPR/Casl2a sys-
tem not only has good stability and universality, but also has
good specificity for indirect detection of non-nucleic acid
targets.

CONCLUSIONS

In conclusion, we have constructed a hydrazone chemistry-
mediated CRISPR/Casl2a system and have explored its
ability to distinguish single-base mismatches. Taking advan-
tage of the proximity effect generated by complementary
base pairing, the formation of hydrazone bonds can be ac-
celerated. In view of its modularity and unique structural
property, the pervasive and versatile hydrazone chemistry
can link the split activated strand to the whole activated
strand, so as to activate the CRISPR /Cas12a system effec-
tively. Based on the system, a highly sensitive detection plat-
form has been further developed and applied for bacterial
detection. The developed platform is simple and sensitive,
with a low detection limit and good specificity. Moreover,
the platform can not only be applied for the detection of
16S rDNA in bacteria, but can also serve for direct detec-
tion of nucleic acid targets with the help of an aptamer or
probe-based recognition cascade reaction. Meanwhile, the
platform can also provide a stable and cost-effective assay
system for indirect detection of other non-nucleic acid tar-
gets. So, the introduction of hydrazone chemistry can also
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broaden the scope of application of the CRISPR /Casl2a
system.
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