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Abstract

An ultrasensitive fluorescence sensing strategy for kanamycin (KANA) determination using endonuclease IV (Endo IV)-
powered DNA walker, and hybridization chain reaction (HCR) amplification was reported. The sensing system consists of
Endo I'V-powered 3D DNA walker using for the specific recognition of KANA and the formation of the initiators, two metastable
hairpin probes as the substrates of HCR and a tetrahydrofuran abasic site (AP site)-embeded fluorescence-quenched probe for
fluorescence signal output. On account of this skilled design of sensing system, the specific binding between KANA and its
aptamer activates DNA walker, in which the swing arm can move autonomously along the 3D track via Endo IV-mediated
hydrolysis of the anchorages, inducing the formation of initiators that initiates HCR and the following Endo IV-assisted cyclic
cleavage of fluorescence reporter probes. The use of Endo IV offers the advantages of simplified and accessible design without
the need of specific sequence in DNA substrates. Under the optimal experimental conditions, the fluorescence biosensor shows
excellent sensitivity toward KANA detection with a detection limit as low as 1.01 pM (the excitation wavelength is 486 nm).
The practical applicability of this strategy is demonstrated by detecting KANA in spiked milk samples with recovery in the range
of 98 to 102%. Therefore, this reported strategy might create an accurate and robust fluorescence sensing platform for trace
amounts of antibiotic residues determination and related safety analysis.
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Introduction

Kanamycin (KANA), as a member of the aminoglycoside
antibiotics, exhibits a strong inhibiting ability against Gram-
negative bacteria, which has been widely used for treating
bacterial infections, mastitis, and pneumonia [1-4].
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analysis time. Therefore, it is desirable to explore convenient
strategies for KANA determination with higher sensitivity and
low detection limit.

Benefiting from the well-defined Watson-Crick [11] base
pairing, DNA can be employed as building blocks for the
artificial machineries, such as DNA motors [12], walkers, ro-
bots [13], and tweezers [14], which is driven by the thermo-
dynamics embodied in oligonucleotides hybridization. In par-
ticular, DNA walkers [15], one of the automated molecular
machines that are composed of smart synthetic DNA, have
aroused extensive interest of researchers in biosensing fields.
Previous studies have shown various DNA walking machines,
including one-dimensional (1D), two-dimensional (2D), and
three-dimensional (3D) structures, have been designed that
can be activated by different activators. For example, Tian
et al. report a DNA nanodevice that autonomously moves
along a one-dimensional DNA track powered by DNA en-
zyme [16]. Yang et al. design a DNA nanomachine built from
DNA-functionalized gold nanoparticles, which moves along
the 3D tracks powered by the nicking endonuclease.
Compared to 1D and 2D track, 3D DNA walking machines
have been demonstrated to possess better amplification per-
formance due to roomy walking space, excellent DNA enrich-
ment ability, and the resistance of the nonspecific interactions
as a result of the use of the large surface area nanoparticles as
the substrate. Although the widespread applications in various
analytes determination including nucleic acids, proteins, and
small molecules, the construction of 3D DNA walkers has
never been studied in antibiotics detection until now.

To achieve amplified detection of trace amounts of
analytes, signal amplification tools have gained increasingly
attention. Such as nucleic acid amplification techniques in-
cluding rolling circle amplification (RCA) [17, 18], strand
displacement amplification (SDA) [19], hybridization chain
reaction (HCR) [20-22], catalyzed hairpin assembly (CHA)
[23], and polymerase chain reaction (PCR) [24, 25]. Among
them, because of its prominence of isothermal, enzyme-free
reaction and high amplification efficiency, HCR represents a
highly programmable DNA polymerization process induced
by an initiator (single-stranded DNA). The system is com-
prised of a pair of metastable and complementary hairpin
probes (HPs) that can be activated and assembled into a long
double-stranded DNA product only in the presence of the
initiator. Specifically, in the absence of the initiator, these
kinds of HPs can stably coexist in the system to acquire low
background or eradicate the false positive results.

Inspired by these, we construct an ultrasensitive fluores-
cence strategy for KANA detection using endonuclease IV
(Endo IV)-powered DNA walker and HCR amplification.
The specific recognition between KANA and its aptamer ac-
tivates the 3D DNA walker, in which the swing arm can move
autonomously along the 3D track via Endo IV-mediated hy-
drolysis of the anchorages, inducing the formation of initiators
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that initiates HCR and the following Endo I'V-assisted cyclic
cleavage of fluorescence reporter probes. To the best of our
knowledge, this work is the first time that the 3D DNA walker
coupled with HCR amplification has been used for antibiotics
determination. In our assay, a sequence-independent endonu-
clease, Endo IV, is used to power the constructed 3D DNA
walker and catalyze the cyclic cleavage of fluorescence
probes. The use of Endo IV offers the advantages of simplified
and accessible design without the need of specific sequence in
DNA substrates. Additionally, just because of the specific
binding of KANA and its aptamer, large amounts of initiators
are formed that initiates HCR and the following Endo I'V-
assisted cyclic cleavage of reporter probes, thus improved
specificity and sensitivity can be achieved for KANA deter-
mination. Therefore, this Endo I'V-assisted dual-amplified
strategy might create a convenient, accurate, and ultrasensitive
fluorescence sensing platform for detecting trace amounts of
analytes in bioanalysis and molecular diagnosis.

Experimental section
Materials and reagents

All oligonucleotides listed in Table 1 were HPLC-purified and
synthesized by Sangon Biotechnology Co. Ltd. (Shanghai,
China; https://www.sangon.com/). Kanamycin (KANA),
streptomycin (SM), gentamicin (GM), ampicillin (AM),
tetracycline (TC), chloroauric acid (HAuCl4-4H,0), and
trisodium citrate (Naz;CgHs0,-2H,0) were supplied by
Aladdin Chemistry Co., Ltd. (Shanghai, China; http:/www.
aladdin-e.com/). The Endonuclease IV (Endo IV) and
NEBuffer 3 were purchased from New England Biolabs Inc.
(Beijing, China; http://www.neb-china.com). All other
reagents were of analytical grade and purchased from
Sinopharm Chemical Reagent Co., Ltd. (Beijing, China;
https://www.sinoreagent.com/). All solutions were prepared
using ultrapure water with resistivity > 18.25 M) cm, which
was obtained through a Millipore Milli-Q water purification
system (Billerica, MA, USA; http://www.merckmillipore.
com/). Acryl/bis 30% solution (29: 1), N, N, N', N'-
tetramethylethylenediamine (TEMED), ammonium persul-
fate, 10 x TBE buffer, and DNA ladder marker (20-300 bp)
were purchased from Sangon Biotechnology Co. Ltd.
(Shanghai, China; https://www.sangon.com/).

The X highlighted in red in anchorage (AR) and
fluorescence-quenched probe (FQP) is the tetrahydrofuran
abasic site mimic (AP site), which is the recognition site for
Endo IV. The FQP is labeled with 4-(4-dimethylaminophenyl)
diazenylbenzoic acid (Dabcyl) quencher and fluorescein iso-
thiocyanate (FAM) fluorophore. The sequence in bold of AR
indicates the HCR initiator sequence.
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Table 1 DNA oligonucleotides

sequence used in this work Oligonucleotides name

Sequence description (5' to 3)

SW SH-T5; TCTTAGCCTCAACCATCATC
AR SH-TTTTTCACTTGATGATGGXTGAGAATAAAGTGTTTAAGTA

Ap TGGGGGTTGAGGCTAAGCCGAC

HP1 AGGAGTGTTTAAGTTGAAGAATAGTACTTAAACACTTTATTCTTGAGGA
HP2 AGGAGTCTATCTTCAACTTAAACTAGAATAAAGGTGTTTAAGTTGAGGA
FQP TCCT (Dabeyl)CAAXT(FAM)CCT

Apparatus

Fluorescence spectra were recorded using an Agilent Cary
Eclipse spectrofluorometer (Agilent, USA; www.agilent.
com) with excitation at 486 nm. The slit was set to be 5 nm
for both the excitation and the emission. Absorption spectra
were conducted on a UV2600 UV-vis spectrophotometer
(Shimadzu international trading Co. Ltd., Japan; http://www.
shimadzu.com.cn/) at room temperature. Transmission
electron microscopy (TEM) measurements were carried out
using a JEM-3010 transmission electron microscope (http:/
www.jeol.co.jp/). Polyacrylamide gel electrophoresis (PAGE)
was performed using a DYCZ-24DN electrophoresis cell
(LIUYI, Beijing, China; http://www.zgl7w.cn/brand/
beijingliuyi.html) and Bio-Rad Gel imaging system (Bio-
Rad, USA; http://www.bio-rad.com/).

Analytical protocol

The detailed procedure was as follows: The 3D DNA
nanomachines (2 pL, 10 nM), HP1 (2 uL, 2 uM), HP2
(2 uL, 2 uM), NEBuffer 3 (2 uL, 1 x), Endo IV (1 uL,
5U uLfl), KANA (2 upL, different concentrations from
0 to 500 nM: 0, 5 pM, 10 pM, 50 pM, 100 pM, 500
pM, 1 nM, 5 nM, 1 nM, 50 nM, 100 nM, and
500 nM), and 7 pL of ultrapure water were mixed at
37 °C for 2 h. Then, FQP (2 uL, 10 uM) was added
into the reaction solution at 37 °C for 30 min.
Subsequently, the above mixture was added to ultrapure
water (80 puL) and scanned using an Agilent Cary
Eclipse spectrofluorometer. Unless noted otherwise, all
experiments for KANA measurements were repeated
three times in this work.
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Fig. 1 Fluorescence emission spectra responses of this assay obtained
upon analyzing 500 nM KANA (a). Curves b to f were for the
feasibility research of the strategy, which was controlled with no
KANA (b), no Endo IV (¢), no SW (d), no AR (e), and no HP1 (f)

Results and discussion

Design of the strategy for ultrasensitive
determination of KANA

The working principle of the fluorescence sensing strategy
is schematically illustrated in Scheme 1. The sensing system
consists of Endo IV-powered 3D DNA walker using for the
specific recognition of KANA and the formation of the ini-
tiators, two metastable hairpins (HP 1, HP2) as the substrates
of HCR, and a tetrahydrofuran abasic site (AP site)-
embeded fluorescence-quenched probe (FQP) for fluores-
cence signal output. The 3D DNA walker is anchorage (AR)
and swing arm (SW) functionalized 20 nm-sized gold nano-
particle (AuNP). AR is a hairpin with a stem-loop structure
that an AP site for Endo IV is contained in the loop.
Specially, a blocker DNA (anti-KANA aptamer, Ap) is in-
troduced to block SW to efficiently avoid the hybridization
of AR with SW. In this design, the 3D DNA walker can be
activated via the specific recognition of KANA and its
aptamer. With the introduction of target KANA, the specific
binding between Ap and KANA leads to the release of SW;
thus, SW is able to combine to the loop region of AR and

Fig. 2 a TEM micrograph of the a
bare AuNPs; b UV-Vis spectra of

the bare AuNPs (black curve) and

the 3D DNA nanomachines (red

curve)
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form AP site-contained duplex DNA that can be nicked by
Endo IV. So, the 3D DNA walker is activated, in which SW
move autonomously along the AuNP surface through cleav-
ing one AR at each step with the aid of Endo IV, and stopped
until all cleavages is completed. After the cleavage process
via Endo IV-powered 3D DNA walker, a great many of
single-stranded DNA (SS) are liberated, which can act as
initiators for initiating HCR assembly. SS primarily attaches
with the toehold and stem region of HP1, opening the hair-
pin and exposing the 5’ end of HP1. Immediately, the ex-
posed 5’ end combines with the toehold and stem region of
HP2; thus, HP2 is unfolded in which the exposed 3’ termi-
nus enable to hybridize with HP1. In this sense, the cross-
opening of HP1 and HP2 induces the formation of polymer
chains consisting of the cross-interacting hairpins, in which
the protruding tail at the 3’ end of HP1 is in close proximity
to the tail at the 5’ terminus of HP2; thus, FQP is able to
anneal with the two tails and form stable DNA duplex con-
taining AP site. Subsequently, the Endo IV nicked the site,
resulting in the breakage of FQP and followed by the disso-
ciation away from the tails. Another FQP can combine to the
two tails, initiating a new cyclic of “hybridization-cleav-
age” reaction. After Endo I'V-assisted cyclic cleavage reac-
tion, numerous FQP is cleaved; thus, the significantly en-
hanced fluorescence signal is achieved due to the detach-
ment of fluorophore (FAM) from quencher (Dabcyl). In
contrast, when KANA is absent in the system, since the
two tails in HP1 and HP2 are hidden in the stem due to the
metastable structure, the hybridization of FQP with HP1
and HP2 is impossible; thus, a very weak fluorescence sig-
nal is obtained due to the FRET phenomenon between FAM
and Dabcyl. Hence, the constructed Endo [V-powered DNA
walker and HCR amplification strategy holds great potential
for analyzing KANA with highly sensitivity and specificity.

Feasibility of this strategy

To verify the feasibility of this strategy, a series of control
experiments were performed (Fig. 1). In the presence of
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Fig. 3 Gel electrophoresis images. Lane M, DNA marker; Lane 1, HP1;
Lane 2, HP2; Lane 3, KANA, DNA nanomachines, Endo IV, and HP1;
Lane 4, KANA, DNA nanomachines, Endo IV, and HP2; Lane 5, KANA,
DNA nanomachines, Endo IV, HP1, HP2, and FQP

500 nM KANA, a significantly strong fluorescence intensi-
ty was obtained at 518 nm (curve a). In contrast, a hardly
negligible fluorescence intensity was observed without
KANA (curve b). This indicated that the specific binding
of KANA to the aptamer was the mechanism that triggered
the release of fluorescent signal. In the absence of Endo IV
(curve ¢), low fluorescence intensity was observed. This
suggested that the AP site in single-stranded probe was
not nicked by the Endo IV which was specific to the AP
site-inserted DNA duplex. Additionally, the unconspicuous
fluorescence responses almost approximate to that of the
blank sample were obtained in the absence of SW and AR
(curve d and curve e), respectively; clearly revealing that the
HCR products were generated by the combination of the
SW and AR. Finally, control without HP1 resulted in non-
fluorescent flag (curve f), revealing that HP1 participated in
HCR process as a vital element. These above results clearly
suggested that this assay could be applied for ultrasensitive
determination of KANA.
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Fig. 4 a Fluorescent responses to the different concentrations of KANA
(from 5 pM to 500 nM: Blank, 5 pM, 10 pM, 50 pM, 100 pM, 500 pM,
1 nM, 5 nM, 1 nM, 50 nM, 100 nM, 500 nM); b The calibration plot for

KANA determination based on fluorescent intensity at 518 nm. F and F,,
were the fluorescence intensity at 518 nm in the presence and absence of

Characterization of the bare AuNPs and the 3D DNA
walker

Transmission electron microscopy (TEM) and UV-Vis
spectroscopy were utilized to investigate the prepared
AuNPs and the 3D DNA nanomachines. It was ob-
served from Fig. 2b that the bare AuNPs with spherical
structure exhibited good dispersion and homogeneous
size (~20 nm diameter). As shown by UV-Vis spectros-
copy in Fig. 2b, the bare AuNPs had a strong absorp-
tion peak at 519 nm (black curve), while the absorption
peak of the 3D DNA nanomachines displayed an obvi-
ous red shift to 524 nm [26, 27], demonstrating the
successful modification of DNA probes on AuNPs sur-
face (red curve).

PAGE analysis

In order to explore the progress of the HCR reaction, it could
be directly characterized by PAGE, and the results were
shown in Fig. 3. Lane M represented a DNA marker (20—
300 bp). Lane 1 and lane 2 showed the bright bands of HP1
and HP2, respectively. Compared with lane 1, there was an
increased brightness in lane 3, which illustrated that a great
many of SS were liberated and primarily hybridize with the
HP1 after the cleavage process via the Endo IV-powered 3D
DNA walker, whereas lane 4 had the basically same brightness
as lane 2, which indicated that produced SS could not bind to
HP2. It was reasonably concluded that SS produced by the
Endo I'V-powered 3D DNA walker could be the HCR initiator
in the aid of HP1 and HP2. As seen from lane 5, a bright band
with a large molecular weight product via HCR process.
These results above signified that the HCR reaction was suc-
cessfully carried out and generated an amplification gain for
achieving the ultrasensitive determination of KAMA.

] F16:56+138.7x1gC ., t
R=0.994
400
-
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KANA, respectively. The excitation wavelength was 486 nm. The
emission spectra are recorded in the wavelength range from 500 to
600 nm. Error bars were standard deviations across three repetitive
experiments
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Table 2 An overview on the
previously reported nanomaterial-

based methods for KANA
determination

Materials Methods Detection limit (pM) Reference
TiO,-MoS, nanocomposite Photoelectrochemical 5.00 % 10" [28]
Single-walled carbon nanohorn Cyclic voltammetry 1.00 x 10° [29]
Nanofibers SERS 7.50 x 10? [30]
Carbon nanoparticles Switch-on FRET 9.00 x 10° [31]
Gold nanoparticles Colorimetric 1.00 x 10 [32]
Gold nanoparticles Spectrophotometric 1.00x 10° [33]

No Luminescent 1.43 x 10 [34]
TiO, nanotube arrays Photoelectrochemical 1.00 x 10? [35]
Gold nanoparticles Fluorescence 321 %107 [36]
Gold nanoparticles Fluorescence 1.01 x 10° this work

Optimization of experimental conditions

To obtain an optimal analytical performance of the fluorescent
assay, some parameters were successively investigated by
fluorescence spectroscopy: (a) the concentration of DNA
nanomachines; (b) the concentration of FQP; (¢) the amount
of Endo 1V; and (d) the reaction time. Respective text and
figures on optimizations are given in the Electronic
Supporting Material. In short, the following experimental con-
ditions were found to give best results: (a) optimal concentra-
tion of DNA nanomachines, 10 nM; (b) optimal concentration
of FQP, 10 uM; (c) optimal concentration of Endo 1V,
5U pL'; and (d) optimal reaction time, 120 min.

Analytical performance of the KAMA assay

In order to demonstrate the analytical performance of this strate-
gy for the KANA assay, we examined the fluorescence emissions
of KANA at different concentrations under the optimal condi-
tions. As shown in Fig. 4a, it was found that the fluorescence
intensities increased with increasing of the concentrations of
KANA, suggesting the fluorescence signal output was highly
dependent on the KANA concentration. A linear correlation be-
tween the fluorescence intensities at 518 nm and the logarithm of
the KANA concentrations ranging from 5 pM to 100 nM was
obtained (Fig. 4b). The linear regression equation was F-Fy=

16.56 + 138.7 x 1gCx ana (pM) with a correlation coefficient of
0.994. The limit of detection (LOD) was calculated to be 1.01
pM in terms of the rule of three times standard deviation over the
blank response. And, the detailed comparison of the analytical
performance between our assay and other earlier reported
methods was illustrated in Table 2. It was clearly found that the
sensitivity of our assay was superior to the majority of existing
methods. These results indicated the studied strategy that might
be used for KANA quantification.

Specificity of the assay
The specificity of our reported method was evaluated by in-

troducing different antibiotics, including streptomycin (SM),
gentamicin (GM), ampicillin (AM), tetracycline (TC), and

@ Springer

kanamycin (KANA). As shown in the Fig. 5, a significant
fluorescent intensity was obtained only in the presence of
KANA, whereas the responses to nontarget antibiotics were
comparable to that of blank sample. These results suggested
that the method had admirable specificity for ultrasensitive
detection of KANA owing to the specific and stable binding
of the aptamer and target.

Practical application

In order to truly validate the practical applicability of this
sensor, the quantitative assay of KANA in spiked milk sam-
ples was considered. Different concentrations of KANA were
added to the milk samples diluted with buffer, and tested di-
rectly without any pre-treatment. And, samples added with
KANA were also detected by the classical enzyme-linked im-
munosorbent assay (ELISA) and compared with the results
obtained by our constructed strategy. As shown in Table S1,
it was observed that the results measured by our assay show-
ing good agreement with the ELISA results, and the discrep-
ancies between the two methods was less than 11.2%. The
recovery of this assay was in the range of 98 to 102%. This
clearly showed that our method has high reliability and accu-
racy, and it can be used for the analysis of actual samples.

2 800 I
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Fig. 5 Specificity evaluation of the fluorescence assay for KANA. The
concentration of KANA was 500 nM. The concentrations of the nontarget
were 50 uM. Error bars were standard deviations across three repetitive
experiments
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Conclusions

An efficient and ultrasensitive fluorescence sensing platform
for KANA quantification is constructed based on the Endo V-
powered 3D DNA walker and HCR amplification. To the best
of our knowledge, this work is the first time that the 3D DNA
walker coupled with HCR amplification has been used for
antibiotics determination. In our assay, the use of Endo IV
offers the advantages of simplified and accessible design with-
out the need of specific sequence in DNA substrates. In addi-
tion, improved specificity and sensitivity can be achieved for
KANA determination due to the combination of 3D DNA
walker and HCR amplification. It is noteworthy that the anal-
ysis cost could be reduced by replacing the dual-labeled fluo-
rescence probes by the specific fluorescence dyes (e.g., N-
methyl mesoporphyrin IX and Thioflavin T). Under the opti-
mal experimental conditions, the results reveal the constructed
fluorescence biosensor shows excellent sensitivity toward
KANA detection with a detection limit as low as 1.01 pM.
Furthermore, the practical applicability of this strategy is dem-
onstrated by detecting KANA in spiked milk samples with
satisfactory recovery in the range of 98 to 102%. Therefore,
the constructed fluorescence biosensor might provide a useful
and practical tool for trace amounts of antibiotic residues de-
termination and related safety analysis.
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