Analytica Chimica Acta 1174 (2021) 338747

Contents lists available at ScienceDirect

Analytica Chimica Acta

journal homepage: www.elsevier.com/locate/aca

Hydrazone ligation assisted DNAzyme walking nanomachine coupled | @
with CRISPR-Cas12a for lipopolysaccharide analysis T

Pei Wang ¢, Yamei Liu ?, Ying Yu °, Yuan Zhang ¢, Jinhui Peng ¢, Lili Niu ™", Juan Zhang *

2 School of Life Sciences, Shanghai University, Shanghai, 200444, PR China
b Department of Food Science and Engineering, School of Agriculture and Biology, Shanghai Jiao Tong University, Shanghai, 200240, China
€ Department of Joint Surgery and Orthopedic Medicine, Shanghai Changzheng Hospital, Second Military Medical University, Shanghai, 200003, PR China

HIGHLIGHTS GRAPHICAL ABSTRACT

e Hydrazone ligation assisted DNA-

. . |
zyme walking nanomachine has been \n’! gz N l,/ . @ \J A 3
coupled w1th_ CRISPR-Cas12a system. /K Ast ,K 5 y ~
e Hydrazone ligation with high effi- ! (AN
. . MB@SS/ASI MB@SS/ASV/ASII
ciency can improve the performance 0—0
of DNAzyme walking nanomachine. y , B ( -
e Cascade signal amplification can be v O /{'\5\> { 2R —
. . . . v =—Q —
rea]lZEd to Slgnlﬁcantly lmprove the it v Active Casl2a Inactive Cas12a o )SS) PS
detection sensitivity. -
. . . ( g
e Cascade signal ampllﬁcathn has been o —.}\‘*-xu, o 7?7" o _;:{&‘ :
further developed as a biosensor to S W
analyze lipopolysaccharides.
e This work provides a new perspec-
tive for cascade signal amplification
based on CRISPR-Cas system.
ARTICLE INFO ABSTRACT
Article history: In this work, hydrazone ligation assisted DNAzyme walking nanomachine is explored to couple with
Received 7 April 2021 CRISPR-Cas12a trans-cleavage. Hydrazone ligation with high efficiency can mediate signal input which

Received in revised form

24 May 2021

Accepted 6 June 2021
Available online 8 June 2021

can be induced by target binding, thereby regulating the performance of DNAzyme walking nanoma-
chine. The product strand from DNAzyme walking nanomachine can further activate the trans-cleavage
of Cas12a. So, cascade signal amplification can be achieved to enhance the sensitivity for target detection.
Subsequently, hydrazone ligation assisted DNAzyme walking nanomachine coupled with CRISPR-Cas12a
has been further developed as a biosensor to analyze lipopolysaccharides. The developed biosensor

'éi{gfffss}gml amplification exhibits a linear range from 0.05 ng/mL to 10° ng/mL and a lowest limit of detection of 7.31 fg/mL. This
CRISPR-Cas12a research provides a new mode for the signal output of DNAzyme walking nanomachine, so as to
DNAzyme walker sensitively analyze different biomolecules.

Hydrazone ligation © 2021 Elsevier B.V. All rights reserved.

Lipopolysaccharide

1. Introduction predictable molecular behavior and the characteristics of progres-
sivity and movability [1]. The three-dimensional DNA walking
As one kind of dynamic DNA nanomachine, DNA walking nanomachine owns admirable signal amplification capability

nanomachine has attracted widespread attention owning to its resulting from the high surface-to-volume ratio of nanoparticle
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[2,3]. In general, the driving force of DNA walking nanomachine
mainly depends on DNA strand, enzyme and even pH value [2,4,5].
Among them, metal ion-depended DNAzyme exhibits great po-
tential as a driving force. In addition, chemoselective reaction such
as hydrazone chemistry has been explored as the driving force to
mediate the operation of DNA walking nanomachine by our group
[6]. Herein, a novel hydrazone ligation assisted DNAzyme walking
nanomachine has been developed with its multi-functionality [7].
Currently, the signal output mode of DNAzyme walking nanoma-
chine is mainly direct output of fluorescence or electrochemical
signal resulting from far away of short signal probe strand from
gold nanoparticle or electrode interface [8—11]. In this work, an
indirect signal output mode can be developed with the assistance
of CRISPR-Cas12a system.

Clustered regulatory interspaced short palindromic repeats
(CRISPR)-Cas is an adaptive immune mechanism formed in the
long-term evolution of bacteria. When the activated Cas nucleases
cuts the target strand, it will also cut the nearby non target strand
indiscriminately at the same time [12—15]. Thereby, the system
plays a key role in both gene editing and analytical detection
[16—20]. Among them, CRISPR-Cas12a (Cpf1) activated by CRISPR
RNA (CrRNA), can cleave the target DNA and any nontarget single
strand DNA (ssDNA) [15,21]. The dual-labeled nontarget ssDNA
outputs the fluorescent signal after cleavage [22]. This trans-
cleavage activity endows CRISPR-Cas platforms with unexception-
able signal amplification ability Moreover, CRISPR-Cas system has
combined with other amplification modes including rolling circle
transcription, hybridization chain reaction, strand displacement
amplification, and catalytic hairpin assembly [23—26]. In this work,
CRISPR-Cas system is firstly coupled with DNAzyme walking
nanomachine to output and amplify the signal.

Lipopolysaccharide (LPS) exists in the outer membrane of Gram-
negative bacteria and mainly be made up of three regions including
core polysaccharide, O-specific antigen and lipid A [27,28]. It is an
extremely toxic inflammatory stimulator which is responsible for
diarrhea, fever, septic shock, and even death [29,30]. Currently,
limulus amebocyte lysate had been approved by international
pharmacopoeias as the standard method to analyze LPS [31].
Whereas, it is highly sensitive to changes in pH values and tem-
perature as well as other interfering factors [32]. Immunoassay has
also been used for analysis of LPS, whereas it requires cumbersome
preparation and detection procedure [33]. Furthermore, by using
LPS-binding peptide or LPS aptamer [34,35], optical and electro-
chemical sensors have also been developed [29,32,36]. Among
them, the simplest detection method is based on the characteristic
of graphene oxide (GO) quenching the fluorescence [21]. LPS can
result in the release of fluorophore labeled aptamer from the sur-
face of GO and the following fluorescence recovery [36]. Mean-
while, LPS can induce the release of reported strand from the hybrid
dual-strand formed by the aptamer and the signal probe, and the
released signal probe can start the exonuclease Il assisted terminal
deoxynucleotidyl transferase amplification reaction [37]. Addi-
tionally, gold nanoparticle and copolythiophene-based LPS sensors
have also been established [36,38,39]. Even so, it is still urgent to
explore the robust and sensitive method for the analysis of LPS.

Herein, we present a hydrazone ligation assisted DNAzyme
walking nanomachine coupled with CRISPR-Cas12a cascade
amplification for LPS analysis. In our strategy, the full-length
walking strand (AS) consists of two split segments, i. e. ASI and
ASII, which are separately labeled by hydrazine group and aldehyde
group, and the ASII is a DNAzyme strand locked by LPS aptamer.
Competitive binding of LPS and its aptamer will lead to the release
of ASII so as to trigger DNAzyme walking nanomachine. The
product from DNAzyme walking nanomachine can activate collat-
eral activity of Cas12a and trigger the further signal amplification.
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By combining of hydrazone ligation assisted DNAzyme walking
nanomachine and CRISPR-Cas12a, the strategy can significantly
improve the analytical sensitivity. The strategy could be considered
as a general amplification platform for sensitive analysis of not only
LPS but also other different biomolecules.

2. Materials and methods
2.1. Materials

1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide  hydrochlo-
ride (EDC) and N-hydroxysuccinimide (NHS) used to activate
carboxyl group were from Sinopharm Chemical Reagent Beijing Co.,
Ltd (Beijing, China) and Shanghai Sangon Biotechnology Co., Ltd.
(Shanghai, China), respectively. The reagents used in the specificity
and anti-interference experiments were as follows: chitosan (CTS)
were bought from Shanghai Sangon Biotechnology Co., Ltd., bovine
serum albumin (BSA) were purchased from Sinopharm Chemical
Reagent Beijing Co., Ltd., glucose (Glu), lactose (Lac), ovalbumin
(Ova) were provided by Sigma-Aldrich (Shanghai, China). 4-
Aminobenzoic hydrazide and LPS from Escherichia coli 055:B5
were also provided by Sigma-Aldrich. The EnGenLba Cas12a and
RNase inhibitor used in CRISPR-Cas system and all the soft drinks
needed in the real sample detection are from the same source as
our previous published articles [40]. In this experiment, we used
orange juice instead of grapefruit juice. Commercial ELISA kit was
obtained from Shanghai Zhen Ke Biological Technology Co., Ltd.
(Shanghai, China). Streptavidin coated magnetic beads (100 nm
diameter) was bought from BioMag Biotechnology Co., Ltd (Wuxi,
China). All the DNAs (see Table S1) were synthesized by Shanghai
Sangon Biotechnology Co. Ltd.

2.2. Cascade signal amplification through hydrazone ligation
assisted DNAzyme walking nanomachine coupled CRISPR-Cas12a

Firstly, EDC and NHS were dissolved in a ratio of 5:1.10 pL
mixture and 20 pL carboxyl modified strand (0.12 uM) were reacted
at room temperature for 15 min to activate the carboxyl group.
Then, 20 pL 4-aminobenzoic hydrazide (6 uM) was further added
and reacted at 37 °C for 3 h, followed by purification through GE
filtration column (illustra™ MicroSpin™ G-25 Columns), to give the
hydrazine modified ASI. Subsequently, ASI (0.12 pM) and SS
(2.4 pM) were added to the magnetic bead and reacted at room
temperature for 1 h to form the MB@SS/ASI. Then ASII (0.3 pM) was
added to the system and reacted at 37 °C for 1.5 h. After washing,
Mg?* (20 mM) was added and reacted at 37 °C for 2 h. After
washing, the supernatant was mixed with 10 x buffer, RNase in-
hibitor (80 U), Cas12a (30 nM), CrRNA (30 nM), and SS’ (200 nM) for
35 min at 37 °C, and the Cas12a was inactivated at 65 °C for 10 min.
The fluorescence analysis was carried out according to our previous
report [7].

2.3. Characterization of analytical system

The formed hydrazone bonds were characterized by Fourier
Transform Infrared Spectroscopy (FT-IR) according to our previous
report [41]. In this experiment, ASI(0.12 uM) and ASII (0.3 pM) were
reacted to give ASI-ASII in PBS buffer (pH 7.4). The whole experi-
mental process was characterized through non-denaturing poly-
acrylamide gel electrophoresis (PAGE) [42]. In this experiment, the
concentration of polyacrylamide used was 15% and the electro-
phoresis time was 1 h.
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2.4. LPS analysis through cascade signal amplification

LPSA (5 uM) and ASII (5 uM) were mixed and heated to 95 °C for
5 min and gradually cooled to room temperature to form LPSA/ASII
hybrid duplex. Subsequently, 10 pL LPSA/ASII was added into 10 puL
LPS at different concentrations for 1.5 h at 37 °C, and the above
20 pL solution was added to the MB@SS/ASI at 37 °C for 1.5 h. After
washing, Mg?* (20 mM) was added into the system and reacted at
37 °C for 2 h. Finally, 10 x Buffer, RNase inhibitor (80 U), Cas12a
(30 nM), CrRNA (30 nM) and SS’ (200 nM) were added into the
supernatant after separation for 35 min at 37 °C, and the Cas12a
was inactivated at 65 °C for 10 min. The fluorescence of the ob-
tained mixture was analyzed as above.

2.5. Analytical performance of the established method

Glu, Lac, Chi, BSA and Ova (5 mg/mL) were used instead of LPS
(0.1 mg/mL) for specificity analysis. Then these samples (5 mg/mL)
were mixed with LPS (0.1 mg/mL) respectively to evaluate the anti-
interference ability of our method. In addition, different concen-
trations of LPS (100,000 ng/mL, 100 ng/mL and 1 ng/mL) were
added into soft drinks to obtain spiked samples, which were
analyzed by the established method.

3. Results and discussions

3.1. Hydrazone ligation assisted DNAzyme walking nanomachine
coupled with CRISPR-Cas12a

The principle of hydrazone ligation assisted DNAzyme walking
nanomachine coupled with CRISPR-Cas12a is depicted in Fig. 1A. AS
strand is divided into ASI modified by hydrazine group and ASII
modified by aldehyde group. The ASI and substrate strand (SS)
containing a ribonucleobase (rA) cleavage site are conjugated onto
the streptavidin coated magnetic beads (MBs) to form MB@SS/ASI.
The further addition of ASII, which is a modified 8—17 DNAzyme,
can cause the formation of the whole walking strand through
hydrazone ligation. As shown in Fig. 1B, the new absorption peak at
1412 cm™! is the characteristic peak of C=N, which indicates that
ASI and ASII are successfully connected by hydrazone reaction.
Meanwhile, a new band in lane 4 (top) also confirms the formation
of the whole walking strand (Fig. 1C). The formed whole walking
strand can form a partial duplex with the SS by complementary
base pairing. Subsequently, DNAzyme-catalyzed cleavage of SS
liberates the walking strand in the presence of Mg?*, so that it can
bind with another SS on the beads. As given in Figs. STA and a new
band appears after adding ASII, proving that the activation effect on
DNAzyme and the resulting cleavage of SS. The cleavage of DNA-
zyme is the driving force for the walking strand to move autono-
mously along the track of MBs. The continuous cleavage of SS will
lead to appearance of numerous product strand (PS) in the solution
after magnetic separation. These PS can activate the trans-cleavage
activity of Cas12a, causing the indiscriminate cleavage of the dual-
labeled ssDNA fluorescence reporter (SS’) and the corresponding
increase of the fluorescence intensity. We use SS” that longer than
SS’ to replace SS’ to verify the trans-cleavage activity. As shown in
Fig. S1B, SS” can be digested into random fragments in the presence
of PS. Meanwhile, the fluorescence intensity increased after the
addition of PS (Fig. S1C). Therefore, the fluorescence intensity is
directly related with the concentration of the ASIL

As exhibited in Fig. 1C and 1D, the random fragments appear
(lane 7) and high fluorescence intensity can be found (red curve)
with ASII, respectively. It well confirms that high efficiency of
hydrazone reaction initiates DNAzyme walking nanomachine and
the following CRISPR-Casl12a trans-cleavage. In contrast, low
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fluorescence intensity can be observed (black curve) and there is no
cleavage of SS” in absence of ASII (lane 6). It can be explained for no
occurrence of DNAzyme walking nanomachine and inactivation of
Cas12a, because of no cleavage of SS by DNAzyme. These results
well confirm that hydrazone ligation assisted DNAzyme walking
nanomachine can couple with CRISPR-Cas12a to cause cascade
signal amplification.

3.2. Mechanism investigation for LPS analysis through hydrazone
ligation assisted DNAzyme walking nanomachine coupled with
CRISPR-Cas12a

Hydrazone ligation assisted DNAzyme walking nanomachine
coupled with CRISPR-Cas12a can be developed into a biosensor for
the analysis of various targets. We have investigated it for the
analysis of LPS. Fig. 2A illustrates the mechanism of LPS analysis
through cascade signal amplification. LPS aptamer (LPSA) can firstly
hybrid with ASII to form LPSA/ASII. As exhibited in Fig. 2B, the top
band in lane 3 represents the LPSA/ASII duplex. Subsequently, the
competitive combination of LPS and LPSA results in the release of
ASIL. As shown in Fig. 2B, the top band of LPSA/ASII in lane 4 is
weaker than that in lane 3. After that, the released ASII can react
with ASI immobilized on the modified MBs to give MB@SS/ASI/ASII.
Then DNAzyme walking nanomachine happens to progressively
cleave the SS strand and the produced PS can further activate trans-
cleavage activity of Cas12a. Therefore, LPS can directly lead to the
occurrence of high fluorescence.

As shown in Fig. 2B and 2C, the random fragment (Lane 7) and
high fluorescence intensity (red curve) appears after the addition of
LPS respectively, which indicates cascade signal amplification
process initiated by LPS. On the contrary, there is no cleavage of SS”
(Lane 6). The corresponding fluorescence value is very low (black
curve). This may be explained for the reason that LPSA/ASII has the
ability to inhibit hydrazone reaction and prevent the cleavage of
DNAzyme. These results well demonstrate the feasibility of LPS
analysis.

3.3. Analysis of LPS through hydrazone ligation assisted DNAzyme
walking nanomachine coupled with CRISPR-Cas12a

We have further utilized the developed method to quantita-
tively detect LPS content under the optimized conditions including
binding time of LPS and LPSA/ASII, hydrazone reaction time, con-
centration ratio of ASI and SS on the surface of MBs (Figs. S2 and
S3). As shown in Fig. 3A, fluorescence intensities gradually rise
upon the addition of LPS at increasing concentrations. It can be
explained for gradual release of ASII from hybridized LPSA/ASII
induced by LPS binding. The released ASII can react with ASI on
modified MBs surface through hydrazone bond to form MB@SS/
ASI/ASII, followed by the production of PS to initiate CRISPR-Cas12a
trans-cleavage on SS’ and fluorescence recovery. As shown in
Fig. 3B, the linear range of the fitting equation is 0.05 ng/mL to
108 ng/mL that is wider than previous reports [29,43]. Meanwhile,
the detection limit is 7.31 fg/mL, lower than the previous report [31,
32, 44—46]. In addition, by using a FAM-labeled SS strand instead of
SS strand, only DNAzyme walking nanomachine has been con-
structed to quantify LPS through directly detecting the fluorescence
intensity of the supernatant after magnetic separation (Fig. S4). The
calculated detection limit (34.10 fg/mL) was higher than that
(7.31 fg/mL) of the constructed method. This indicates the high
sensitivity of LPS analysis through hydrazone ligation assisted
DNAzyme walking nanomachine coupled with CRISPR-Cas12a. In
addition, the mean relative standard deviation (RSD) of the three
experiments was 3.3%, which indicates that our method owns good
reproducibility.
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Fig. 1. (A) Schematic illustration for cascade signal amplification through hydrazone ligation assisted DNAzyme walking nanomachine coupled with CRISPR-Cas12a. (B) Fourier
transform infrared spectra of ASI, ASII, and ASI-ASIL. (C) Electropherogram for PAGE. (D) Fluorescence spectra of supernatant obtained with (red) and without (black) the addition of
ASIL. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.4. Analytical performance of the established method

To evaluate the specificity of the proposed method, LPS has been
substituted with monosaccharide (Glu), disaccharide (Lac), poly-
saccharide (CTS), protein (BSA) and glycoprotein (Ova), and the
results are shown in Fig. 4A and Fig. S5. It can be seen that only
when LPS is added, there will be high fluorescence value. This may
be due to the fact that the addition of LPS induces the departure of
ASII to trigger the cascade signal amplification successfully. On the
contrary, the fluorescence value of other samples very low, which
can be explained for nearly no release of ASII. The result suggests
that the constructed method has the high specificity.

Then, the above non-specific samples were mixed with LPS
respectively to evaluate the anti-interference ability of the pro-
posed method. As exhibited in Fig. 4B and Fig. S6. Like that for LPS,
almost unchangeable fluorescence can be obtained for its mixtures

with Glu, Lac, CTS, BSA, and Ova, suggesting no influence of these
interfering substances on the binding of LPS with LPSA. These re-
sults well verify the good anti-interference ability of our method.
Furthermore, the practicability of the proposed method is also
studied. Different concentrations of LPS have been added to soft
drinks to obtain spiked samples. Then the LPS concentrations of
these spiked samples were analyzed, and the results are shown in
Fig. 4C, Table S2 and Fig. S7. The recovery ratio varies in the range
from 90% to 110% with the RSD values lower than 10%. The content
of LPS in the sample has also been analyzed through the com-
mercial ELISA kit, and the obtained results are basically consistent
with the detection results of the proposed method. These results
confirm that the developed method has good anti-interference
ability, and can be well used for the analysis of targets in real
samples.
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3500

— =1000000 ng/mL = 10 ng/mL
Py ——500000 ng/ml, = =1 ng/mL
3000 — =100000 ng/mL — 0.5 ng/mL
——50000 ng/mL.  — —0.1 ng/mL
\ = =10000 ng/mL,  ——0.05 ng/mL
2500 A -0 g
1000 ng/mL. = =0,02 ng/mL

- =100 ng/mL

20004 0 ng/mL

150041/

FL Intensity (a.u.)

Wavelength (nm)

0 . = e ;
500 520 540 560 580 600

B

4000 -
3500 4
3000
2500
2000 -
1500 4
1000 4
500

04

1-864.97+404.95LogC
R*=0.99441

~ 3000

a.
»
&
2
S

(a.u.

ity

2000

1500

FL Intensity (a.u.)

FL Intens
3
g

LogCLPS (ng/mL)

0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10°
Concentration of LPS (ng/mL)

Fig. 3. (A) Fluorescence spectra in presence of different concentrations of LPS. (B) The changes of fluorescence intensities with different LPS concentrations. Inset displays the linear
relationship of fluorescence variation against logarithmic values of LPS concentrations. Error bars show standard deviations of three independent measurements.

4. Conclusions

In conclusion, a novel signal output mode of hydrazone ligation
assisted DNAzyme walking nanomachine is proposed. For the first
time, hydrazone ligation assisted DNAzyme walking nanomachine
is combined with CRISPR-Cas system for cascade signal amplifica-
tion to quantitatively detect LPS. As one of the classical

biorthogonal reactions, hydrazone ligation can assist the con-
struction of DNAzyme walking nanomachine to couple with
CRISPR-Cas12a. The sensitivity of the proposed method is greatly
enhanced by dual signal amplification. Additionally, the established
cascaded signal amplification platform broadens the application of
CRISPR-Cas system in the field of bioanalysis.
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Real sample analysis for the proposed method. Error bars show standard deviations from three measurements.
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