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A B S T R A C T   

Chemoselective ligation assisted DNA walker with input and output of double signals, has been constructed 
through simultaneous assistance of oxime chemistry and alkyne-azide cycloaddition. The constructed DNA 
walker has been further developed as a biosensor with lipopolysaccharide (LPS) and 5-hydroxymethyl-2-furalde
hyde (HMF) as targets. The biosensor owns one-to-one mapping functionality and can sensitively distinguish all 
cases of two targets through the unique output signal feature. Moreover, the biosensor can simultaneously 
analyze LPS and HMF. This work provides a new insight for analysis of double targets based on chemoselective 
ligation assisted DNA walker.   

1. Introduction 

As versatile and robust building block, DNA has been successfully 
utilized to construct various artificial molecular machines including 
DNA walker [1,2], DNA switch [3,4], DNA tweezer [5,6], DNA robot [7, 
8], and DNA motor [9,10], in view of the exquisite specificity, predict
ability, and diversity of DNA hybridization. Among them, DNA walker, 
especially three dimensional (3D) DNA walking nanomachine, is 
amenable for biosensing due to the relatively high kinetic and proc
essivity [2,11]. It has been proved that the movement of DNA walker on 
a three-dimensional track can effectively amplify molecular recognition 
signal [2]. For example, an endonuclease-powered DNA nanomachine 
can release hundreds of signal probes in response to a single binding 
event [11]. 

Currently, the biosensing application of DNA walker focuses on 
analysis of single target through the introduction of blocker or split 
strand. [11–17]. Generally, single target cannot well reflect the quality 
of product and indicate the condition of production. Moreover, the 
detection of single target can easily lead to false positive result, so it is 
important to detect multiple targets simultaneously. Compared with 
single-target assay, multiple-target assay has the advantages including 
short analytical time, small sample quantity for detection, high analyt
ical efficiency, and low cost. 

In this work, chemoselective ligation assisted DNA walker has been 
constructed and applied as a biosensor to analyze double targets ac
cording to the specific output signal combination. On the one hand, 
chemoselective ligation with high selectivity and superior ligation 

efficiency as well as mild reaction condition [18–21], will benefit signal 
input of target and rapid signal conversion. On the other hand, DNA 
walker owns high processivity so as to ensure the sensitivity of signal 
output. Moreover, with one-to-one mapping functionality, the devel
oped biosensor can sensitively distinguish all cases of two targets. 

2. Experimental section 

2.1. Materials and reagents 

Lipopolysaccharide (LPS) from Pseudomonas aeruginosa 10, strepta
vidin coated magnetic bead (MB), 5-hydroxymethyl-2-furaldehyde 
(HMF), pectin, ovalbumin (Ova), alkaline phosphatase (ALP), lacto
ferrin (LF), glycosylated hemoglobin (GHb), glucose (Glu), galactose 
(Gal), lactose (Lac), alanine (Ala), and leucine (Leu) were bought from 
Sigma (Shanghai, China). DNA was synthesized and purified from San
gon Biotech Co., Ltd (Shanghai, China). Nb.BbvC1 (10 units/μL) and Nb. 
Bts1 (10 units/μL) were purchased from New England Biolabs Inc. 
(Beijing, China). All other reagents were analytical grade. The deionized 
water was purified by using a Millipore Milli-Q water purification sys
tem (Barnstead, USA) with a resistance value of 18 MΩ cm. 

2.2. Construction of chemoselective ligation assisted DNA walker 

25 μL Azide modified supporting strand (SSI) (0.48 μM), 25 μL hy
droxylamine modified supporting strand (SSII) (0.48 μM), 25 μL car
boxyfluorescein (FAM) labelled report strand (RSI) (9.6 μM), and 
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25 μL tetramethyl-6-carboxyrhodamine (TAMRA) labelled report strand 
(RSII) (9.6 μM) were mixed in phosphate buffer solution (PBS) (10 mM, 
pH 7.4). Then 100 μL mixing solution was added into 50 μL MB (2 mg/ 
mL) and kept at 30 ◦C for 1 h, to give MB@RSI/SSI/RSII/SSII after 
magnetic separation. Subsequently, 50 μL dibenzocyclooctyne (DBCO) 
modified action strand (ASI) (4.8 μM) and 50 μL aldehyde modified 
action strand (ASII) (4.8 μM) were mixed with MB@RSI/SSI/RSII/SSII, 
followed by addition of 2 μL Nb.BbvC1, 2 μL Nb.Bts1, 5 μL cut smart, 
and 41 μL PBS (10 mM, pH 7.4). The mixture was incubated at 37 ◦C for 
1 h. After magnetic separation, the fluorescence emission spectra of 
supernatant were tested with 370 nm of excitation wavelength, 10 nm 
of excitation slit, and 20 nm of emission slit by using fluorescence 
spectrometer (F-7000, Hitachi Ltd., Japan). The fluorescence images of 
the modified MB have been acquired through fluorescence microscopy 
(MF53, Mshot Co. Ltd., China). The measurements were conducted with 
excitation wavelength of 480 nm and 555 nm for FAM and TAMRA, 
respectively. 

2.3. Comprehensive analysis of LPS and HMF 

The mixture of 50 μL LPS aptamer (LPSA) (9.6 μM) and 50 μL ASI 
(9.6 μM) was heated at 95 ◦C for 5 min and then cooled naturally, to give 

LPSA/ASI. Subsequently, 50 μL LPSA/ASI (4.8 μM) and 50 μL ASII (4.8 
μM) were added into 50 μL MB@RSI/SSI/RSII/SSII, followed by the 
addition of different combinations of LPS and HMF including 20 μL LPS 
(2 ng/mL), 20 μL HMF (1 nM), as well as the mixture of 10 μL LPS (4 ng/ 
mL) and 10 μL HMF (2 nM). After that, 2 μL Nb.BbvC1 and 2 μL Nb.Bts1 
were added. The mixture was incubated at 37 ◦C for 1 h and then 
separated by magnet. The obtained supernatant was analyzed by using 
fluorescence spectrometer. In order to fast detect HMF and LPS, fluo
rescence intensity has been normalized. Generally, LPS with its con
centration higher than 1 EU/mL (about 2 ng/mL) [22,23] and HMF with 
its concentration more than 65.9 mg/kg (about 1 nM) [24] can be found 
in food product. Therefore, 2 ng/mL LPS and 1 nM HMF have been used 
to detect FAM and TAMRA fluorescence intensities, respectively, and the 
fluorescence intensities have been normalized in comparison with that 
with 10 mg/mL LPS. The acquired normalized fluorescence intensities 
have been defined as the threshold values. 

2.4. Quantitative analysis of LPS 

For quantitative analysis of LPS, 50 μL LPSA (9.6 μM) was mixed 
with 50 μL ASI (9.6 μM) at 37 ◦C for 2 h, to give LPSA/ASI. Subse
quently, 100 μL LPS with different concentrations was mixed with 50 μL 

Fig. 1. (A) Schematic illustration of chemoselective ligation assisted DNA walker. The fluorescence images of the modified magnetic beads (a) in absence of both ASI 
and ASII, (b) in the presence of only ASI, (c) in the presence of only ASII, and (d) in the presence of both ASI and ASII. (B) The fluorescence responses of FAMoligo and 
TAMRAoligo in the supernatant (a) in absence of both ASI and ASII, (b) in the presence of only ASI, (c) in the presence of only ASII, and (d) in the presence of both 
ASI and ASII. (C) The fluorescence responses of FAMoligo and TAMRAoligo in the supernatant with simultaneous addition of different concentrations of ASI and ASII 
at equal molar ratios. 
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LPSA/ASI (4.8 μM), 50 μL ASII (4.8 μM), and 50 μL MB@RSI/SSI/RSII/ 
SSII, followed by the addition of 2 μL Nb.BbvC1, 2 μL Nb.Bts1, 5 μL cut 
smart, and 41 μL PBS (10 mM, pH 7.4). The mixture was incubated at 
37 ◦C for 1 h. After magnetic separation, the fluorescence emission 
spectra of supernatant were determined. The emission spectra were 
recorded from 500 nm to 650 nm with excitation wavelength of 370 nm. 
The excitation slit was 10 nm. The emission slit was 20 nm. The pho
tomultiplier voltage was 900 V. 

2.5. Quantitative analysis of HMF 

100 μL HMF with different concentrations was mixed with 50 μL 
ASII (4.8 μM), 50 μL LPSA/ASI (4.8 μM), 50 μL MB@RSI/SSI/RSII/SSII, 
2 μL Nb.BbvC1, 2 μL Nb.Bts1, 5 μL cut smart, and 41 μL PBS (10 mM, pH 
7.4). Then, the mixture was kept at 37 ◦C for 1 h. The obtained super
natant after magnetic separation was utilized for determination of 
fluorescence emission spectra. The emission spectra were recorded from 
500 nm to 650 nm with excitation wavelength of 370 nm. The excitation 
slit was 10 nm. The emission slit was 20 nm. The photomultiplier 
voltage was 900 V. 

3. Results and discussion 

3.1. Chemoselective ligation assisted DNA walker 

Fig. 1(A) shows the operation principle of chemoselective ligation 
assisted DNA walker. In absence of both ASI and ASII, there is no fluo
rescence observed in the supernatant after magnetic separation ((a), 
Fig. 1(A)). The added ASI can covalently conjugate with SSI through 
cycloaddition reaction, followed by self-assembly of ASI and RSI to form 
the double strand through complementary base pairing. Nb.BbvC1 can 
specifically cut down the formed double strand, resulting in the release 
of FAM-labeled oligonucleotide (FAMoligo) from the surface of MB into 
the solution, causing the occurrence of FAM fluorescence in the super
natant ((b), Fig. 1(A)). Similarly, the added ASII can lead to the linkage 
between ASII and SSII via oxime chemistry and the following dissocia
tion of TAMRA-labeled oligonucleotide (TAMRAoligo) cleaved by Nb. 
Bts1 as well as the happening of TAMRA fluorescence in the supernatant 
((c), Fig. 1(A)). In the coexistence of both ASI and ASII, FAMoligo and 
TAMRAoligo can be simultaneously released from the surface of modi
fied MB after magnetic separation, leading to simultaneous occurrence 
of FAM and TAMRA fluorescences in the supernatant ((d), Fig. 1(A)). 

Chemoselective ligation assisted DNA walker has been investigated 
by detecting the fluorescence intensities of FAM and TAMRA. In absence 
of both ASI and ASII, the fluorescence can be found for the modified MB 
(Image a, Fig. 1(A)), and no fluorescence peak in the supernatant can be 

Fig. 2. (A) Schematic illustration of analysis of double targets based on chemoselective ligation assisted DNA walker. The fluorescence images of the modified MB (a) 
in absence of both LPS and HMF, (b) in the presence of only LPS, (c) in the presence of only HMF, and (d) in the presence of both LPS and HMF. (B) The fluorescence 
responses of FAMoligo and TAMRAoligo in the supernatant (a) in absence of both LPS and HMF, (b) in the presence of only LPS, (c) in the presence of only HMF, and 
(d) in the presence of both LPS and HMF. (C) Normalized fluorescence intensities of FAMoligo against different combinations of LPS and HMF. (D) Normalized 
fluorescence intensities of TAMRAoligo against different combinations of LPS and HMF. 
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found (Curve a, Fig. 1(B)). In the presence of only ASI, the bright red 
fluorescence can be observed for the modified MB (Image b, Fig. 1(A)) 
and high FAM fluorescence signal value at 522 nm can be given for the 
supernatant (Curve b, Fig. 1(B)). It can be explained for the reason that 
ASI can link with SSI through cycloaddition reaction, accompanying the 
self-assembly of double strand and the subsequent release of FAMoligo 
cleaved by nicking endonuclease Nb.BbvC1. In the presence of only ASII, 
green fluorescence can be found for the modified MB (Image c, Fig. 1(A)) 
and the TAMRA fluorescence peak at 584 nm appears for the superna
tant (Curve c, Fig. 1(B)). It can be ascribed for the fact that ASII can 
coordinate with SSII via oxime chemistry, followed by cleavage of 
TAMRAoligo by nicking endonuclease Nb.Bts1 and its removal from 
surface of modified MB into the supernatant. In the presence of both ASI 
and ASII, almost no fluorescence can be observed for the modified MB 
(Image d, Fig. 1(A)) and two peaks emerge in the supernatant (Curve d, 
Fig. 1(B)). ASI and ASII can separately conjugate with SSI and SSII 
through cycloaddition reaction and oxime reaction, resulting in the 
disappearance of red and green fluorescences for the modified MB and 
coinstantaneous occurrence of FAMoligo and TAMRAoligo in the 
supernatant. 

To achieve highest efficiency for simultaneous performance of 
cycloaddition reaction and oxime chemistry, the experimental condi
tions have been optimized, and the optimal time and pH value obtained 
are 1 h and 7.4, respectively (Fig. S1 (A) and (B)). Under optimal con
ditions, different concentrations of ASI and ASII at equal molar ratios 
have been added into the reaction system and the fluorescence in
tensities of supernatant have been detected (Fig. 1(C)). It can be found 
that the fluorescence intensities gradually increase with the increasing 
concentrations of both ASI and ASII from 0.3 μM to 4.8 μM. The results 

well confirm that chemoselective ligation assisted DNA walker can be 
exploited as a biosensor with double signal inputs and outputs. 

3.2. Investigation of mechanism for analysis of double targets 

Fig. 2(A) shows the principle of analysis of double targets. Herein, 
the mixture containing MB@RSI/SSI/RSII/SSII, LPSA/ASI, and ASII, can 
be utilized as preliminary platform for output of high or low signal. In 
the initial state, only red fluorescence can be observed in the superna
tant after magnetic separation ((a), Fig. 2(A)), resulting from the for
mation of oxime bond and subsequent cleavage of self-assembled double 
strand by nicking endonuclease Nb.Bts1. Through target-induced strand 
release, the added LPS can lead to the dissociation of ASI from LPSA/ASI 
and the released ASI can covalently conjugate with SSI through cyclo
addition reaction, resulting in the release of FAMoligo from the surface 
of MB into the solution. So in the presence of only LPS, green and red 
fluorescence will occur simultaneously in the supernatant ((b), Fig. 2 
(A)). Moreover, the added HMF can competitively react with ASII to 
produce oxime bond so as to inhibit the covalent linkage between ASII 
and SSII and eventual dissociation of TAMRAoligo. So almost no fluo
rescence can be found in the supernatant ((c), Fig. 2(A)). In the coex
istence of both LPS and HMF, only FAMoligo can be released into the 
supernatant after magnetic separation ((d), Fig. 2(A)). 

The analysis of double targets has been investigated by detecting the 
fluorescence intensity of FAM and TAMRA. In absence of any target, 
bright green fluorescence can be given for the modified MB (Image a, 
Fig. 2(A)) and only fluorescence signal at 584 nm can be found in the 
supernatant (Curve a, Fig. 2(B)). ASII can covalently link onto the sur
face of modified MB through the formation of oxime bond, 

Fig. 3. Fluorescence spectra upon adding different concentrations of (A1) LPS and (A2) HMF. The normalized fluorescence intensities at (B1) 522 nm and (B2) 
584 nm against the concentrations of LPS and HMF, respectively. Inset: linear relationship between the normalized intensities and logarithmic values of target 
concentrations. 
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accompanying self-assembly of double strand and subsequent release of 
TAMRAoligo. With LPS, almost no fluorescence can be observed for the 
modified MB (Image b, Fig. 2(A)) and high fluorescence signal values at 
522 nm and 584 nm can be given (Curve b, Fig. 2(B)). LPS can induce 
the release of ASI which can link with SSI through cycloaddition reac
tion, accompanying the self-assembly of double strand and the subse
quent release of FAMoligo cleaved by nicking endonuclease Nb.BbvC1. 
In the presence of only HMF, green and red fluorescences for modified 
MB can be seen (Image c, Fig. 2(C)) and almost no fluorescence peak can 
be observed for the supernatant (Curve c, Fig. 2(B)). On the one hand, 
HMF can prevent the coordination between ASII with SSII and corre
sponding cleavage of TAMRAoligo. On the other hand, ASI cannot 
covalently bind onto the surface of MB due to the preventing effect of 
LPSA. Moreover, strong red fluorescence for modified MB and high 
value of fluorescence peak at 522 nm can be observed with both LPS and 
HMF (Image d, Fig. 2(A); Curve d, Fig. 2(B)). It can be attributed for the 
promotion effect of LPS on the release of FAMoligo and the prevention 
effect of HMF on the release of TAMRAoligo from the surface of modified 
MB into the supernatant. 

Under optimized conditions (Fig. S1), fluorescence intensities have 
been normalized to analyze LPS and HMF. Fig. 2(C) and (D) separately 
give the column bars of the fluorescence intensities of FAMoligo at 
522 nm and TAMRAoligo at 584 nm against the input combinations of 
LPS and HMF. If FAMoligo intensity is lower than 0.25 and TAMRAoligo 
intensity higher than 0.89, it implies neither LPS nor HMF existing in the 
sample. If FAMoligo fluorescence intensity is higher than 0.51 and 
TAMRAoligo intensity higher than 0.89, it indicates the appearance of 
only LPS in the sample. If FAMoligo intensity is lower than 0.25 and 
TAMRAoligo intensity lower than 0.8, it suggests the existence of only 
HMF in the sample. If FAMoligo intensity is higher than 0.51 and 
TAMRAoligo intensity lower than 0.8, it suggests the simultaneous 
occurrence of both LPS and HMF in the sample system. Therefore, the 
whole set of combinations of LPS and HMF can be fast characterized 
without the loss of any information. 

3.3. Quantitative analysis of double targets 

Double targets including LPS and HMF are quantitatively analyzed 
by using chemoselective ligation assisted DNA walker. As shown in 
Fig. 3(A1), along with the increased concentrations of LPS from 10− 3 

ng/mL to 107ng/mL, the fluorescence intensities gradually increase. It 

can be ascribed for the increasing release of ASI induced by LPS and the 
following removal of FAMoligo from the surface of MB. LPS can 
competitively combine with its aptamer, resulting in the release of ASI 
from hybridized LPSA/ASI. Subsequently, the released AS can enter 
DNA walking reaction system and be immobilized onto the surface of 
MB through its hydrazone reaction with SSI, so as to trigger the per
formance of DNA walker along spherical nucleic acid track and the de
parture of fluorescence probe into the solution. The steric effect 
occurring with the formation of LPSA/ASI can not only inhibit chemo
selective ligation reaction but also prevent the cleavage of RSI catalyze 
by nicking enzyme. The fluorescence intensities linearly increase with 
logarithmic values of LPS concentrations from 10− 3 ng/mL to 107 ng/mL 
(Inset, Fig. 3(B1)), which is wider than the previous reports [25,26]. The 
lowest detection limit has been calculated to be 0.008 ng/mL, through 
interpolation of three times standard deviation of six blank measure
ments, and the value is lower than the reports [25,27,28]. Meanwhile, 
5.67 % of relative standard deviation (RSD) values have been obtained 
by using the slopes of three regression equation to evaluate detection 
precision. Different from LPS, HMF can result in the decrease of the 
fluorescence intensities with its increasing concentrations (Fig. 3(A2)). 
It can be explained for the formation of oxime bond which inhibits the 
performance of DNA walker and the release of TAMRAoligo. Moreover, 
it can be found that the fluorescence intensities linearly reduce with the 
increased logarithmic values of HMF concentrations from 1 nM to 
5 × 104 nM. The linear fitting equation of I = 0.6887− 0.1298 LogC can 
be obtained with the detection limit of 0.8 nM, lower than the previous 
reports [29–31]. Furthermore, RSD values can be calculated to be 3.94 
%. These results well confirm the good reproducibility and precision of 
chemoselective ligation assisted DNA walker. 

3.4. Investigation for specificity of chemoselective ligation assisted DNA 
walker 

For the investigation for the specificity of chemoselective ligation 
assisted DNA walker for LPS analysis, the interfering substances 
including protein (BSA), glycoproteins (Ova, ALP, LF, and GHb), 
monosaccharides (Glu and Gal), oligosaccharide (Lac), and poly
saccharide (pectin), with 100 times high concentration than that of LPS 
have been selected (Fig. 4(A)). The high normalized fluorescence in
tensities can be detected for LPS and its mixtures with interfering sub
stances. It signifies that the interfering substances have no impact on the 

Fig. 4. (A) Specificity of chemoselective ligation assisted DNA walker for LPS analysis against blank, BSA (1 μg/mL), BSA (1 μg/mL) + LPS (10 ng/mL), Ova (1 μg/ 
mL), Ova (1 μg/mL) + LPS (10 ng/mL), ALP (1 μg/mL), ALP (1 μg/mL) + LPS (10 ng/mL), LF (1 μg/mL), LF (1 μg/mL) + LPS (10 ng/mL), GHb (1 μg/mL), GHb 
(1 μg/mL) + LPS (10 ng/mL), Glu (1 μg/mL), Glu (1 μg/mL) + LPS (10 ng/mL), Gal (1 μg/mL), Gal (1 μg/mL) + LPS (10 ng/mL), Lac (1 μg/mL), Lac (1 μg/mL) +
LPS (10 ng/mL), Pectin (1 μg/mL), Pectin (1 μg/mL) + LPS (10 ng/mL), and LPS (10 ng/mL). (B) Specificity of chemoselective ligation assisted DNA walker for HMF 
analysis against blank, BSA (1 μM), BSA (1 μM) + HMF (10 nM), Glu (1 μM), Glu (1 μM) + HMF (10 nM), Lac (1 μM), Lac (1 μM) + HMF (10 nM), Ala (1 μM), Ala 
(1 μM) + HMF (10 nM), Leu (1 μM), Leu (1 μM) + HMF (10 nM), and HMF (10 nM). Columns labeled by different letters indicate significant statistical diff ; 
erentiation (p ≤ 0.05). 
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release of ASI from hybridized double strand induced by the binding of 
LPS. In contrast, all interfering substances show low values of normal
ized fluorescence intensities. It well proves that these substances cannot 
induce the release of ASI from hybridized double strand LPSA/ASI. 
These results confirm the high specificity of the established method 
based on chemoselective ligation assisted DNA walker for LPS analysis. 
It can be attributed for high specificity of aptamer to bind with LPS. 

To investigate the specificity of chemoselective ligation assisted DNA 
walker for HMF analysis, protein (BSA), monosaccharide (Glu), disac
charide (Lac), and amino acids (Ala and Leu) have been selected as 
interfering substances and the corresponding results have been shown in 
Fig. 4(B). HMF and its mixture with the interfering substances exhibit 
low values of normalized fluorescence intensities. It suggests that these 
substances have no influence on oxime reaction between HMF and SSII 
and the following analysis of HMF. On the contrary, high normalized 
fluorescence intensities can be found for the interfering substances. The 
results well confirm that these substances have nearly no impact on the 
occurrence of oxime reaction between ASII and SSII. These results well 
suggest that the established method owns high specificity for the 
detection of HMF. It can be explained for the specificity of oxime 
linkage. 

3.5. Analysis of real sample through chemoselective ligation assisted DNA 
walker 

We further use chemoselective ligation assisted DNA walker to 
analyze the spiked sample and the corresponding results have been 
exhibited in Table 1. The recovery ratio varies from 91.80 % to 109.60 

%, and the relative errors are within 9 %. These results well suggest that 
chemoselective ligation assisted DNA walker can be well utilized for 
simultaneous analysis of double targets in the real samples. 

4. Conclusions 

In summary, chemoselective ligation assisted DNA walker has been 
designed for input and output of double signals and further been utilized 
as a biosensor with LPS and HMF as the two inputs. The one-to-one 
mapping function of the biosensor endows it capability to differentiate 
all original input patterns including the absence of both LPS and HMF, 
the presence of only LPS, the presence of only HMF, and the presence of 
both LPS and HMF from the corresponding outputs, so as to realize rapid 
analysis of LPS and HMF. Moreover, the biosensor shows wide linear 
range, low detection limit, high specificity, as well as good reproduc
ibility and practicability. 
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Table 1 
The concentrations detected and the comparison with the given concentrations 
in soft drinks samples.   
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