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Abstract
Aptamers are widely used in the detection �eld as a new type of probe due to their advantages of easy
synthesis and modi�cation. Due to the traditional aptamer screening method, the aptamers which are
screened by SELEX technology generally have redundant sequences, which affect the binding a�nity and
detection sensitivity. In this study, a structural transformation strategy for rationally shortening was
established by analyzing the secondary structure, �nding the sequence of the binding site by base
mutation and double cloning the binding sites. We obtained a 27-mer new aptamer SEQ.A52 with the
dissociation constants (Kd) of 10.74 nM which is 21 times higher than the original aptamer. When used
to detect enro�oxacin(ENR) with �uorescent method, the sensitivity could reach to 50 ~ 1000 pM and the
limit of detections(LOD) was only 41.35 pM which was 88 times higher than the original aptamer. All the
results implied that the strategy could be used for structural modi�cation of some other aptamers to
increase the a�nity and sensitivity.

1 Introduction
Aptamer which refers to single-stranded DNA or RNA arti�cially synthesized through in vitro systematic
evolution of ligands through exponential enrichment (SELEX), is a new type of recognition probe. As
arti�cially synthesized molecule, aptamer has some unique advantages over antibodies in terms of the
molecular size, synthetic accessibility and chemical modi�cation, which make it can be widely applied in
food safety and other research �elds(Seok Kim Y et al,2016).

High a�nity and speci�city are two key indicators to evaluate the performance of the unique sequence of
aptamer against target(Kimoto M et al,2016). However, traditional aptamer screening technology SELEX
is carried out with selection-inherent ampli�cation procedures, which is prone to the formation of arti�cial
by-products of PCR, the length of the screened aptamer is generally long and di�cult to determine the
binding effect of speci�c base sequence(Gao.S et al. 2019). Some previous studies have proved that the
sequence length could signi�cantly affect the sensitivity of the detection method based on
aptamer(Han.S.R et al. 2014). This is also the reason why aptamer-based assays could not replace the
standard antibody-based methods. Therefore, it’s important to improve the sensitivity by investigating the
combination of aptamer to target and screening some shorter aptamer containing the speci�c base
sequence.

The spatial structure of an aptamer commonly consists of two parts, the nucleotides at its two terminals
hybridizing with each other to form a stem for its secondary structure stabilization(Churcher Z R et
al,2020), while the other nucleotides form an irregular loop to recognize the target speci�cally and the
substructures of the loop determined its binding a�nity and detection sensitivity(Kwon Y S et
al,2014).Recently, more and more researches tried to optimize the aptamer structure to improve the
sensitivity and had reported that the detection methods established with truncated aptamers showed
lower limit of detection (LOD) and excellent sensitivity(Lv L et al,2018). This strategy generally increased
the a�nity between the aptamer with the target within 10 times, but it couldn’t achieve a greater order of
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magnitude improvement(Shi H et al,2013). At the same time, some people had proposed the use of
macro-molecule immobilization strategies to improve a�nity(Huang.C.C et al,2005). The incorporation of
protein or other macro-molecular substance at some positions of aptamer can promote the formation of
a G-quadruplex in the loop regions, which could apparently enhance the binding a�nity with
targets(Esposito.V. et al, 2018), but this method was lack of universality and there was no regular method
for the determination of macro-molecular substances. Therefore, it is of great important to establish a
new method to better optimize the structure of the aptamer and to improve the sensitivity and speci�city
of aptamer(Lee E S et al,2018).

In our previous study we have obtained a 37-mer aptamer speci�c to enro�oxacin (ENR) and in this study,
through computer simulation, the secondary structure of the aptamer and the energy level of bases which
is binding to the target were obtained and the shortening assay was determined. Furthermore, through the
strategy of base replacement, the structure of the aptamer was modi�ed and the binding site was
determined.And then the binding site was copied by cloning.After determination of the dissociation
constant (Kd) of the optimized aptamer to ENR, a new strategy for the optimization the structure of the
aptamer was established.

2 Materials And Methods

2.1. Materials
Enro�oxacin (ENR) and its analogues were purchased from Sigma-Aldrich (USA). Chloroauric acid
tetrahydrate (HAuCl4·4H2O) and trisodium citrate dihydrate (C6H5N3O7·2H2O) were purchased from
Aladdin Industrial Corporation (Shanghai, China). Sodium chloride, 3-(N-Morpholino)-propane sulfonic
acid sodium (MOPS-Na), acetonitrile and, other reagents were purchased from Sinopharm Chemical
Reagent Co., Ltd. (China). All the aptamers were synthesized through Sangon Biotech Co., Ltd. (Shanghai,
China). All reagents used were of analytical grade.

2.2 Shortening and Screening of Aptamers
The secondary structures of the 37-mer aptamer (named as SEQ.3) speci�c to ENR was simulated with
software MFold (http://www.unafold.org) based on energy minimization principle to selecte the
secondary structure that is most easily formed.. All the aptamers were synthesized and their dissociation
constants (Kd) to ENR were determined by equilibrium �ltration assay. Brie�y, the aptamers were
dissolved and diluted with binding buffer (25 mM Tris-HCl buffer, pH 8.0 with 100 mM NaCl, 25 mM KCl,
10 mM MgCl2) to the concentration of 0–50 µM, 100µL of ENR at the concentration of 50 µM was added
and incubated at 37℃ for 1 h. Then the solution was centrifuged for 5 min at 12,000 xg in a 3000 Da
ultra�ltration centrifugal tube the concentration of ENR in the �ltrate was measured by UV-Vis at 278
nm(Akki. S. U et al, 2018). The Kd was calculated by non-linear regression analysis using Eq. (1) and
Origin software(Wang W et al,2007):
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Y = Bmax
X

Kd + X

where Y represents degree of saturation, Bmax represents the maximum number of binding sites, X
represents the concentration of unbound ssDNA. The aptamer with the higher a�nity was selected for
structure mutation

2.3 Aptamer Structure Mutation
Site-speci�c mutagenesis was carried out for the structure mutation of the selected aptamer, according to
the principle proposed by Jiang et al(Jiang M et al,2020). two bases were a group and mutated in
accordance with the principle of A-T base pair and G-C base pair replacement. Totally 7 new aptamers
(SEQ.A1 to SEQ.A7) were obtained in a clockwise direction on the ring of the aptamer. After synthesis, the
Kd constants of all the aptamers to ENR were determined as the method described in Section 2.3 and the
aptamer with the highest a�nity was chosen for binding sites analysis and further modi�cation. At the
same time, in order to determine the accuracy of our site-directed mutagenesis, we performed individual
mutations on all single bases on the loop and determined the Kd value.

2.4 Identi�cation, Modi�cation and Characterization of
Aptamer
Combining the results of base mutations and using Autodock simulation docking results as veri�cation,
the docking site was �nally determined and modi�ed by double, triple and quadruple clones on the
binding sites with the TT bases as the linker arm(Slavkovic S et al,2020). The Kd constants of the
modi�ed aptamers were measured as the method described in Section 2.3 and the structural changes
during binding were determined by circular dichroism (CD) spectrum. Brie�y, 500 nM aptamer and 500
nM ENR was mixed in 500 µL of binding buffer(25 mM Tris-HCl buffer, pH 8.0 with 100 mM NaCl, 25 mM
KCl, 10 mM MgCl2) and incubated overnight at 37℃(Mehlhorn A et al,2018).Then the CD spectra were
measured by a Chirascan CD spectrometer instrument over the wavelength range from 200 to 400 nm
scanned at 200 nm per minute, the same concentration of aptamer without ENR incubated at the same
condition was used as control.

2.5 Sensitivity and Speci�city of the Detection with Aptamer
to ENR
A �uorescent detection method for ENR based on aptamer after optimization was established as follows:
50 µL of 2 µM FAM-modi�ed aptamer was mixed with 50 µL of ENR ranged from 0-1000 pM and
incubated in MOPS buffer (containing 10 mM MgCl2, pH 7) for 1 h at 35°C(Biniuri, Y et al, 2018), then 100
µL of AuNPs was added. After another incubation of 20 min at 35°C, he mixture was centrifuged
with14000 xg for 10 min. The �uorescence intensities(F) of the supernatants were measured by
�uorescence spectrophotometer with Em = 480 nm, Ex = 518 nm. The �uorescence intensity without ENR
(F0) was used as blank control and the correctional value ΔF (ΔF = F–F0) was calculated to estimate the
concentration of ENR.
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The analogues of ENR such as cipro�oxacin(CIP), dano�oxacin(DAN), nor�oxacin(NOR),
lome�oxacin(LOM), sara�oxacin(SAR), di�oxacin(DIF), and o�oxacin (OFL) were detected with the same
method the valuated the speci�city of the aptamer(Li Y et al,2016).

3 Results And Discussion

3.1 Analysis and shortening the aptamer
The length of aptamers screened by traditional SELEX technology was generally longer about 60 bases.
some of these bases did not play a role in the binding to target but affected the a�nity of the
aptamer(Jia M et al,2020). In this study, when simulated with software MFold based on energy
minimization principle, We have obtained a secondary structure that requires the least energy to form,
that is, the easiest to form under target induction. The secondary structure of the SEQ.3 aptamer
consisted of four parts: two central loops (A and B), a stem connecting the loops and a non-connecting
stem (Figure.1A)(Yan Z et al,2019). It was obtained by software, base energy when binding to the target
which from low to high was labelled as purple, blue, green, yellow, orange and red showed that loop A
was the main binding domain according to the principle that the bases with higher binding energy were
more likely to bind to the target(Kou Q et al, 2021). According to the reported cutting principle, the SEQ.3
aptamer was cut into two parts from the red dashed line in the stem, the part of the loop A with a length
of 21 bases was named as SEQ.A, the other parts was combined at the cutting site and named as SEQ.B.
Kd determination results (Figure.1B )showed that the Kd value of SEQ.A was only 132.26 nM, which was
much lower than the initial 210.95 nM of SEQ.3, while the Kd of SEQ.B increased to 599.49 nM. This
result was similar with that reported by Alsager et al, in which the a�nity of 35-mer aptamer cut from an
original length of the 75-mer aptamer based on structure simulation was increased by 2.5
times(Alsager.O. A, 2015). At the same time, this result showed that with the help of secondary structure
simulation and base binding energy analysis, the key domains of aptamer recognition could be
effectively predicted, which provided a basis for further mutation transformation to improve the
recognition performance.

3.2 Aptamer structure mutation
Every base in the aptamer sequence played a certain role in the binding of the aptamer to the target.
When the base pair changed, the a�nity of the aptamer also changed due to the difference in chemical
forces such as hydrogen bonds and van der Waals forces(Kaiser L et al,2018). We followed the principle
of DNA mutation on the loop, and mutated in accordance with the principle of A-T base pair and G-C base
pair replacement.The sequences of 7 new aptamers and their Kd values were listed in Table 1. Among
these aptamers, except SEQ.A1 was mutated from the stem, the other 6 sequences were mutated in the
loop (Figure.2A).
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Table 1
The sequences and Kd of the aptamers obtained with base mutation

Number Sequences (5’ to 3’) Base mutation Kd (nM)

SEQ.A AGG GGG ACC CAT CAG GGG GCT —— 132.62

SEQ.A1 GGG GGG ACC CAT CAG GGG GCC AT-GC 309.84

SEQ.A2 AAA GGG ACC CAT CAG GGG GCT GG-AA 500.31

SEQ.A3 AGG GAA ACC CAT CAG GGG GCT GG-AA 432.42

SEQ.A4 AGG GGG ATT CAT CAG GGG GCT CC-TT 468.33

SEQ.A5 AGG GGG ACC CGC CAG GGG GCT AT-GC 20.13

SEQ.A6 AGG GGG ACC CAT CGA GGG GCT AG-GA 67.61

SEQ.A7 AGG GGG ACC CAT CAG GAA GCT GG-AA 476.54

Something interesting was that when replaced CG with TA, including CC with TT (SEQ.A4) and GG with
AA (SEQ.A2, SEQ.A3 and SEQ.A7) in the loop, the a�nity of the new aptamer was reduced. But when
replaced AT with GC bases (SEQ.A5), the a�nity increased signi�cantly (the Kd value decreased from
132.62 nM to 20.13 nM). Structure simulation showed that the secondary structure of SEQ.A5 hadn’t
changed, but the base binding energy had changed obviously, the original low-energy A-T had been
transformed into a high-energy G-C (Figure.2B). This indicated that the overall base binding energy of
aptamer affected the a�nity of the aptamer with the target(Liu X et al,2020). When the aptamer was
combined with the target, a certain three-dimensional structure was formed by twisting and folding. In
this process, the bases with high binding energy on the ring formed a bond-�xing structure, which
overcame the �exibility of the aptamer and thus obtained better binding performance(Yang Q et al,2017).

At the same time, in order to ensure that other replacement methods didn’t produce better a�nity and
further determined the binding site, we had replaced a single base on the loop according to the
replacement method of A-T base pair and G-C base pair replacement, thereby further veri�ed our results.
The Kd value was shown in Table 2 and the result was consistent with the double base substitution, when
the base positions of SEQ.A5 and SEQ.A6 were substituted, the Kd value was the lowest.And, it provided a
basis for us to determine the binding site later.
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Table 2
The sequences and Kd of the aptamers obtained with single base mutation
Number Sequences (5’ to 3’) Base mutation Kd (nM)

SEQ.A AGG GGG ACC CAT CAG GGG GCT —— 132.62

1 AAG GGG ACC CAT CAG GGG GCT G-A 654.30

2 AGA GGG ACC CAT CAG GGG GCT G-A 633.29

3 AGG AGG ACC CAT CAG GGG GCT G-A 588.31

4 AGG GAG ACC CAT CAG GGG GCT G-A 571.69

5 AGG GGA ACC CAT CAG GGG GCT G-A 537.24

6 AGG GGG GCC CAT CAG GGG GCT A-G 503.93

7 AGG GGG ATC CAT CAG GGG GCT C-T 498.32

8 AGG GGG ACT CAT CAG GGG GCT C-T 501.55

9 AGG GGG ACC TAT CAG GGG GCT C-T 422.58

10 AGG GGG ACC CGT CAG GGG GCT A-G 87.22

11 AGG GGG ACC CAC CAG GGG GCT T-C 64.03

12 AGG GGG ACC CAT TAG GGG GCT C-T 102.13

13 AGG GGG ACC CAT CGG GGG GCT A-G 98.42

14 AGG GGG ACC CAT CAA GGG GCT G-A 111.58

15 AGG GGG ACC CAT CAG AGG GCT G-A 506.33

16 AGG GGG ACC CAT CAG GAG GCT G-A 532.66

17 AGG GGG ACC CAT CAG GGA GCT G-A 511.34

18 AGG GGG ACC CAT CAG GGG ACT G-A 601.09

19 AGG GGG ACC CAT CAG GGG GTT C-T 611.78

3.3 Identi�cation, Modi�cation and Characterization of
Aptamer
Autodock docking simulation has been used to determine the binding site of aptamer successfully(Zhou
Y et al,2019), after site-directed mutation, the a�nity of the aptamer was increased signi�cantly, but the
binding sites were not clear. When simulated with Autodock 4.2 software, it showed that the ENR was
mainly combined with G11, C12 and G15 through the action of hydrogen bonds (Figure.3), so the �ve
bases from G11 to G15 were identi�ed as the binding sites. Among these bases, G11 and C12 were just
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the mutation sites in the site-directed mutation, which further proved the correctness of the site-directed
mutation.

The �ve key bases (GCCAG) were cloned twice, three times and four times with TT base as the
connecting arm, there new aptamers (SEQ.A52, SEQ.A52 and SEQ.A54) were obtained and their Kd values
were determined.As showed in Table 3, the double cloned aptamer had the lowest Kd value, which was
only11.07 nM. After triple cloning, the aptamer was 35-mer with the Kd value of 224.05 nM, which was
similar to the that of the original SEQ.3. When cloned four times, the length of the poly-clonal was too
long and the aptamers interfere with the formation of steric binding sites, resulting in a decrease in
a�nity. Structure simulation showed that the secondary structure of SEQ.A52 was different with the
original SEQ.3, although it still had two central circles, but the stem length at the end of the SEQ.A52
circle was asymmetrical and the base difference between the two circles wasn’t as large as that of
SEQ.3(Zhu Q et al,2017). It was speculated that after double cloning, the binding site changed from one
to two, thereby binding more targets and improved the a�nity.

Table 3
The sequences of the aptamers obtained with multiple clone

Number Sequences (5’ to 3’) Kd (nM)

SEQ.A5 AGG GGG ACC CGC CAG GGG GC 20.13

SEQ.A52 A GGG GGA CCC GCC AG TT GCC AGG GGGC 11.07

SEQ.A53 A GGG GGA CCC GCC AG TT GCC AGTT GCC AGG GGGC 224.05

SEQ.A54 A GGG GGA CCC GCC AG TT GCC AGTT GCC AGTT GCC AGG GGGCT 777.18

CD spectroscopy was used to determine the secondary structure changes of the aptamer during the
combination with ENR(Okazawa A et al,2000). As showed in Fig. 5A, the original SEQ.3 presented the
standard B-type aptamer absorption peaks formed of single stranded DNA, with the maximum and
minimum absorption characteristic peaks at 280 nm and 245 nm respectively, which was consistent with
the results reported by Nagatoishi et al(Nagatoishi, S et al,2007). After shortening, the characteristics of
SEQ.A showed an obvious blue shift, the positive peak and negative peak absorption peaks were 270 nm
and 240 nm, respectively. This might be due to the change in the length of the aptamer, resulting in the
lack of the central circle of the B region in the secondary structure (Fig. 1A). As the site-directed mutant of
SEQ.A, SEQ.A5 presented the similar characteristics to SEQ.A, but SEQ.A52 showed a signi�cantly
different spectrum. The negative peak couldn’t be found to shift to 235 nm and the positive peak at 270
nm was split into two peaks, a high peak at 260 nm and a low one at 290 nm, which belonged to the
process intermediate from type B aptamer to type A aptamer(Zhang Y et al,2020). At the same time, the
result was similar with the secondary structure simulation result, except that the secondary structure of
SEQ.A52 was quite different from the secondary structure of SEQ.3, with two large and one small circles
in the middle. It was precisely because of the difference in secondary structure that it had better binding
properties.
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In addition to the CD comparison of the four aptamers, ENR was also added to observe the changes in
the secondary structure of the aptamers. after combination, the peak values of SEQ.3, SEQ.A and SEQ.A5
were decreased due to the interaction between the base stack and the spiral superstructure, the higher the
a�nity of aptamer, the more obvious the decrease of peak value, so SEQ.A5 had the most obvious effect
because it had the highest a�nity(Fig. 5D). To SEQ.A52, except the peak reduction, the positive peak at
260 nm also showed a split state, indicating that its binding to the target was different from other
types(Ye B C et al,2008). This was also the reason for its high a�nity with the target.

3.4 Sensitivity and speci�city of the aptamer
The �uorescent detection method for ENR with aptamer was established based on the principle that the
aptamers were adsorbed on the surface of AuNPs through electrostatic interaction and induced the
quenching effect of AuNPs on �uorescence. When ENR wasn’t present, the aptamer modi�ed with FAM
was adsorbed on the surface of AuNPs and caused �uorescence quenching. When ENR was present, the
aptamer competed from the AuNPs surface, the �uorescence value was restored and could be
quantitative analyzed with the concentration of ENR(Song S H et al,2019)

The detection results with SEQ.3, SEQ.A, SEQ.A5 and SEQ.A52 were showed in Fig. 6, all the �uorescence
values had a good linear correlation with the increase of ENR concentration. SEQ.A52 presented the
highest sensitivity, in which the linear correlation was �tted as y = 0.2302x – 2.2942. The correlation
coe�cient was 0.9928 in low-concentration range of 50 pM to 1000 pM. The LOD was calculated as
41.35 pM by the concentration corresponding to the �uorescence value at three times standard deviation
of 10 blank samples without ENR (Fig. 6A). This result was 100 times more sensitive than the
�uorescence method established using SEQ.3 and the LOD was reduced by about 88 times (Fig. 6B). At
the same time, the sensitivity has been greatly improved compared with the shortened aptamer (SEQ.A)
and mutated aptamer(SEQ.A5) shown in Figure.6C and Figure.6D.

Speci�city results (Figure.6E) showed that there were no signi�cant changes between SEQ.A52 and
SEQ.3 to the all the analogues except CIP and the cross-reaction rate was less than 15%. But to CIP,
SEQ.A52 presented lower cross-reactivity than SEQ.3, the reason might be that the double cloning of the
binding site to ENR in SEQ.A52 decreased the recognition to CIP. All the results indicated that with the
optimization of the aptamer structure, reasonable shortening, rational modi�cation through site-directed
mutagenesis and the use of docking simulation to �nd the binding site while reasonably doubling could
greatly improve the binding property of the aptamer(Tan D et al,2013).

4 Conclusion
In the study, a method for the screening of ultra-high sensitivity aptamer was established. Through the
structure simulation and shortening of existing aptamer SEQ.3 to ENR, site-directed mutation was used to
�nd the binding site, a new aptamer SEQ.A 52 was obtained with double cloned the binding site.
Compared to the original aptamer, SEQ.A52 had shorter sequence and much stronger a�nity, when used
to detect ENR with �uorescent detection method, the LOD was only 41.35pM which was 88 times higher
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than the original aptamer. All the results implied that the strategy could be used for structural
modi�cation of some other aptamers to increase the a�nity and sensitivity.
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Figure 1

Aptamer secondary structure simulation and Kd determination (A) The predicted secondary structure
models of SEQ.3 (B) Kd of SEQ.3, SEQ.A and SEQ.B with ENR.

Figure 2

Secondary structure simulation and base binding energy analysis of aptamer after mutation (A) The
predicted secondary structure models of SEQ.A (B) The predicted secondary structure models of SEQ.A5
(C~H) The predicted secondary structure models of SEQ.A1~SEQ.A,7
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Figure 3

The docking simulation of SEQ.A5 to ENR
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Figure 4

Structure simulation of SEQ.A52

Figure 5

Characterization of aptamers with or without ENR (A) CD of SEQ.3, SEQ.A, SEQ.A5 and SEQ.A52
aptamers (B) CD of SEQ.3 with or without ENR (C) CD of SEQ.A with or without ENR (D) CD of SEQ.A5
with or without ENR (E) CD of SEQ.A52 with or without ENR

Figure 6

Sensitivity and selective of the �uorescence method (A) Sensitivity of the �uorescence method SEQ.A52
with ENR (B) Sensitivity of the �uorescence method SEQ.3 with ENR (C) Sensitivity of the �uorescence
method SEQ.A with ENR (D) Sensitivity of the �uorescence method SEQ.A5 with ENR (E) Selective of the
�uorescence method SEQ.A52


