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Abstract
A broad-spectrum ssDNA aptamer containing 80 nucleotides (LA80) and capable of binding to four different sources of
lipopolysaccharides (LPSs) was truncated. Two strategies are used to produce truncated aptamers of different length. The results
show that LA27, a 27-nt aptamer, retained broad-spectrum capability and has a higher affinity (Kd = 46.2 ± 9.5 nM). A graphene
oxide based fluorescence polarization assay (excitation/emission wavelengths: 485/520 nm) was worked out using FAM-labeled
LA27. It can detect LPSs from Salmonella entericaserotype typhimurium, Pseudomonas aeruginosa 10 and Escherichia coli
055:B5 with enhanced performance (4.8 to 29-fold improvements) compared to LA80. The assay can be performed within
30 min, and the detection limits are 38.7, 88.0 and 154 ng·mL−1, respectively.
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Introduction

Lipopolysaccharides (LPSs), also referred to as endotoxins,
are primary components of the membranes of gram-negative
bacteria and are extremely toxic to humans [1, 2]. LPS

contamination is common in food and water products, thera-
peutic products, biological products [3]. A wide variety of
biosensors have been applied in LPS detection, including
protein-based biosensors [4], peptide-based biosensors [5],
antibody-based biosensors [6]. Such biosensors have been
greatly improved, in terms of their detection ability, over the
years. However, aptamer-based biosensors [7–9] exhibit nu-
merous advantages compared with other approaches. More
precisely, they have high affinities and specificities with re-
spect to their targets, good stabilities, and are easy to prepare
and modify [10]. However, most aptamer-based LPS biosen-
sor research has focused on materials used and sensor design
and analytical procedures employed. There have been no at-
tempts at downstream truncation or design of the aptamer
itself, and all of the reported aptamers used for LPS detection
are full length (70–100 nucleotides) [11–15].

It is widely accepted aptamers can fold into stable and
specific three-dimensional structures and that they bind to
their targets via intermolecular interactions, e.g. hydrogen
bonding, van der Waals interactions, electrostatic forces, etc.
However, not all of the bases or domains will take part in the
aptamer-target binding process [16]. Indeed, some bases may
interfere with the aptamers’ ability to bind to their targets
(affecting their specificity and binding affinity) because of
the steric hindrance they cause [17]. For instance, Vu et al.
found that truncating an initially long (86 nt) aptamer to a
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shorter one (36-nt) resulted in a 150-fold enhancement in
binding affinity compared to the full-length aptamer [18].

In general, the full-length aptamers appearing in the
SELEX library have three functional regions: a binding re-
gion, supporting region, and nonessential region [19]. The
nonessential region corresponds to nucleotides that have nei-
ther a binding nor supporting role in relation to the molecular
recognition process. Hence, identifying the effective binding
region of aptamers is helpful to design and develop superior
biosensors. In fact, this not only lowers the cost of aptamer
synthesis but can also enhance the binding affinity [20–22].
Another important point to make is that it can help us under-
stand the aptamer-target structure/activity relationship and
thus broaden the application potential of the aptamer.

Fluorescence polarization (FP) is known to be a rapid, sim-
ple, and homogeneous assay technique that is commonly
employed in analytical science [23]. FP values depend on
the mass and local movement of fluorescently-labeled rotating
molecules (for a given constant temperature and solution vis-
cosity). However, the direct detection of the target signal in
traditional FP assays is a somewhat inferior method as pro-
ducing significant change in the FP signal is often very chal-
lenging. Thus, the detection limits are often very poor [24]. To
overcome this problem, various different amplification strate-
gies have been attempted. In particular, mass amplification
strategies have been widely used to increase the sensitivity
of the FP detection process in recent studies [25–28]. Of these
methods, the use of graphene oxide (GO) has already proved
to be an outstanding FP amplifier.

As is well known, the longer the aptamer, the more difficult
it is to release it from the GO surface via target competition.
This is because longer aptamers have stronger π stacking and
electrostatic interaction with the GO surface, which also sub-
stantially decreases the FP detection sensitivity. Therefore, we
surmise that truncated aptamers should improve the sensitivity
of the GO-enhanced FP detection process. To investigate the
feasibility of these proposition, a broad-spectrum ssDNA
aptamer that can bind to four different sources of LPSs was
chosen for truncating. The results showed that the truncated
aptamer still retains a broad-spectrum capability and has a
significantly improved sensitivity compared to its maternal
aptamer in GO-based FP assay.

Materials and methods

Materials and instruments

All oligonucleotide sequences were synthesized by Integrated
DNA Technologies (IDT) (Coralville, IA, USA, http://sg.
idtdna.com/site) with HPLC purified. Graphene oxide (GO)
power was purchased from Nanjing XFNANO materials Tech
Inc. (Nanjing, China, ht tps: / /www.xfnano.com/).

Lipopolysaccharides from Salmonella entericaserotype
typhimurium (LPS), Salmonella enterica serotype enteritidis
(Se-LPS), Escherichia coli 055:B5 (Ecoli-LPS), Pseudomonas
aeruginosa 10 (Pa-LPS) and L-α-phosphatidylcholine were pur-
chased from Sigma-Aldrich (USA, http://www.sigmaaldrich.
com). D-mannose was purchased from BBI Life Sciences
Corporation (Cayman, http://www.bbi-lifesciences.com/), D-
glucose was purchased from Sangon Biotechnology Co., Ltd.
(Shanghai, China, http://www.sangon.com). Bovine serum
albumin (BSA), Sucrose, Agar-agar power and Starch soluble
were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China, http://www.sinoreagent.com). Sodium
chloride injection comes from Tianjin jinyao group hubei
tianyao pharmaceutical co. LTD (Tianjin, China, http://www.
kingyork.biz/).

The characterization of GO was observed on JEM-2100HR
Transmission electron microscopy (TEM) (JEOL Ltd., Tokyo,
Japan, https://www.jeol.co.jp/) and Diemension ICON Atomic
Force Microscope (AFM) (Bruker, Germany, https://www.
bruker.com/). The FP value were measured on Synergy H1
multi-detection microplate reader (BioTek Instruments, Inc.,
USA, http://www.biotek.com). The black 96-well plates were
purchase from Corning (USA, http://www.corning.com). The
Isothermal Titration Calorimetric (ITC) experiment was per-
formed on Microcal™ PEAQ ITC system (Malvern
Instruments Limited, England, https://www.malvernpanalytical.
com/en/).

Preparation of graphene oxide nanosheet

GO powder was dissolved in deionized water, and sonicated
for 4 h in ultrasonic bath (KQ-800DE, total input power
800 W) with 40% power. The temperature of the bath was
maintained 15–25 °C using homemade ice. After the pretreat-
ment, 1 mg·mL−1 GO stocking solution was obtained and
used for the preparation of working solutions.

Analysis of specificity

The specificity of the truncated aptamer was analyzed based
on FP competition experiment. First, 75 μL of 30 μg·mL−1

GO was added to 75 μL of 10 nM aptamer and left to in dark
for incubating 10 min at 37 °C, the fluorescence polarization
values (mP) was recorded as mP1.Then 50 μL of the target
LPS (42 °C for 10 min before used) and interferent (Sucrose,
D-mannose, D-glucose, EDTA, BSA, L-α-phosphatidylcho-
line, Agar-agar power and Starch soluble) was separately
added to the previous mixture incubated for 20 min at
37 °C, the FP value was recorded as mP2. The relative FP
value ΔmP (ΔmP =mP1- mP2) was calculated and used to
evaluate the specificity of the truncated aptamers. All
experiments were performed in triplicate, and the average
value was used.
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Isothermal titration calorimetric (ITC)

The binding affinity between the aptamers and LPS was de-
termined by ITC method at 25 °C. Each samples was dis-
solved in binding buffer (1 × BB, 50 mM Tris-HCl, 5 mM
KCl, 100 mMNaCl, 1 mMMgCl2, pH 7.4). Prior to measure-
ment, each solution was thoroughly degassed by centrifuging
for 15 min at 12000 rpm. The reaction cell was filled with the
LPS solutions and the truncated aptamer was injected into the
syringe. A typical titration consist of 19 injections with the
first injection was set as 0.4 μL and all the subsequent injec-
tions was set as 2 μL each. The high feedback mode, 10 μCal·
s−1 of reference power was chosen and the reaction cell was
stirred continuously at 750 rpm with injection spacing time of
150 s, duration time of 4 s. The control titration of aptamer
into BB at the same conditions was conducted to measure
the heats of mixings and dilutions, which were subtracted
from the titration data in the presence of LPS. The bind-
ing curve was analyzed using the one set of sites fitting
model with MicroCal PEAQ-ITC Analysis Software to
elucidate the Kd value.

Fluorescence polarization measurement and target
detection

All fluorescence polarization measurements were carried out
on Synergy H1 microplate reader using black, 96-well micro-
plates. The excitation and emission wavelengths were set at
485 ± 20 nm and 520 ± 20 nm, respectively. G-factor correc-
tion was adjusted for all fluorescence polarization measure-
ments to eliminate instrumental bias. For a typical target de-
tection, LPS solutions was gradient diluted to different con-
centrations. 75 μL of 30 μg·mL−1 GO and 75 μL of 10 nM
aptamer was incubating for 10 min in dark at 37 °C. Then
50 μL different concentrations of the target LPS (42 °C for
10 min before used) was separately added and incubated for
20 min at 37 °C. The ΔmP was calculated as mentioned
above. All experiments were performed in triplicate, and the
average value was used.

Results and discussion

Principles of aptamer truncation

Truncating the aptamer in a way that is rational or based on
reasonable principles may lead to good results. Various strat-
egies have been attempted in this sense, including sequentially
deleting bases from the 3′ and/or 5′ end of the molecule [29],
deleting the fixed primer region [30], analyzing the conserved
sequences [31], intermolecular hybridization [18].

There is a view that the stem-loop structures which are
formed by certain bases may constitute the region responsible

for the binding of the aptamer to the target [32]. Rockey et al.
have suggested that a rational and preferable approach to trun-
cation is to be guided by the secondary structure of the
aptamer [33]. Therefore, the broad-spectrum aptamer
(LA80), which was previously selected according to capture-
SELEX experiments carried out in our laboratory [34], was
truncated mainly based on its predicted secondary structure.

LA80 contains 80 nucleotides with 20-nt subsequences at
the 3′ and 5′ ends of the sequence. It is a broad-spectrum
aptamer that can recognize four types of LPSs. The predicted
secondary structure of LA80 suggests that it is an aptamer
with obvious stem-loop structure (Fig. 1(a)). Two truncation
strategies was used aiming to find the shortest sequence with
strong specificity and high binding affinity. The first approach
was to truncate the stem or loop, in turn, based on the second-
ary structure shown in Fig. 1(a). The convention adopted here
is to name the truncated aptamer obtained in the form BLA+
base number .̂ The second approach was to delete the fixed
primer region (as suggested by Pan [30] which produced a 40-
nt long random sequence and named LA40 (Fig. 1(b)).
Overall, seven truncated aptamers sequences (LA60, LA54,
LA48, LA36, LA27, LA22, and LA40) was obtained for fur-
ther investigation.

Characterization of the truncated aptamers

The binding affinity and specificity of the truncated
aptamer with respect to LPSs were analyzed. In order
to improve the efficiency of the characterization process,
the specificity was first investigated based on a compe-
tition test, as mentioned above.

As can be seen from the results in Fig. 2(a), truncation
greatly affects the aptamers’ specificity. However, they mostly
retain the broad-spectrum characteristics that allow them to
recognize three or four types of LPS, especially Pa-LPS and
Ecoli-LPS. Also note that as the size of the aptamer decreases,
the specificity gets better and better.

Among the possible interfering substances investigated,
EDTA is known to commonly interfere in the current con-
text. The shortest truncated aptamer LA22 can be seen to
have a lowered specificity with respect to EDTA in these
tests. It is also noteworthy that the random sequence
LA40 is less affected and has better specificity compared
to the longer aptamers LA60, LA54, and LA48. However,
LA40 is also affected by EDTA.

Although LA36 has good specificity, the shorter LA27 is
more advantageous in reducing the cost of synthesis.
Therefore, based on the discussion above, LA27 was chosen
for subsequent binding affinity analysis. An isothermal titra-
tion calorimetry experiment was carried out under optimal
conditions (Fig. 2(b)) producing a Kd value for the binding
between LA27 and LPS of 46.2 ± 9.5 nM. This is approxi-
mately half that of the original aptamer LA80 (Kd = 102 ±
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17 nM) [34]. Interestingly, as can be seen from Fig. 1, the
LA27 sequence (obtained via truncation based on the second-
ary structure of LA80) corresponds to the first part of the

LA40 sequence (at the 5′-end) which was obtained by deleting
the fixed primer region. As mentioned before, LA40 is the
central random region of the initial aptamer and other research

a

b

LA36LA22 LA27

Stem 2

LA48

LA54

Stem 1

LA60

Loop 1
Loop 2

Loop 3

Loop 1

Stem 2

Loop 4

Stem 1

LA80

LA80 LA40

Loop 4 Loop 3

Fig. 1 The truncation strategies employed in this work based on (a) the secondary structure of LA80, and (b) the deletion of the fixed primer region

Fig. 2 a The specificity of the
various truncated aptamers
toward different targets including
LPSs. b The binding affinity
results obtained for LA27 against
LPS
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has indicated that the aptamer-target binding site may be lo-
cated in the random region [30]. Therefore, LA27was inferred
as the core binding area between these aptamers and LPSs. All
of these observations strongly suggest that truncation can en-
hance the binding affinity of the LPS aptamer and that LA27 is
the optimal truncated aptamer to employ.

Optimization of the GO-enhanced FP assay conditions

A scheme illustrating the operation of the aptamer-based GO-
enhanced FP assay process is shown in Fig. 3. The long
aptamer was first truncated to a short one and then incubated
with GO which is introduced as an FP signal amplifier to
produce a large ΔmP value. When there is a target, the
aptamerwas captured by LPS and formed aptamer/target com-
plex, resulting in a decrease in FP value compared to that
without a target. In order to set up a reliable and rapid detec-
tion system, real-time kinetic tests were carried out to monitor
the intensity and polarization of the fluorescence from the
aptamer upon the addition of GO and LPS (Fig. 4).

First, it was checked whether a fluorescence recovery assay
may work for detecting the LPSs directly. As shown in Fig. 4
(blue line), the LA27 initially produced a strong fluorescence
intensity in the binding buffer because of the FAM-based dye.
Then, after titration with 15 μg·mL−1 GO, the fluorescence
intensity dropped sharply, from 4680 down to 90. This is

due to the occurrence of fluorescence resonance energy trans-
fer and electron transfer between the GO and FAM-labeled
aptamer. However, when the target LPS was added, the fluo-
rescence intensity only recovered to 230 (~5% of the original
intensity). This indicates that a fluorescence recovery assay
cannot be used to directly detect the LPS.

Then the changes in FP in the absence and presence of GO
was measured. The results showed that the mP values do not
change in an obvious way (by ~20) in the absence of GO (Fig.
S2). This is because the molecular weight of the LPS-aptamer
complex is not significantly increased compared to the

High fluorescence polarization
(mP1)

Low fluorescence polarization
(mP2)

Large mP
(mP1-mP2)

FAM-aptamerLPS Graphene Oxide (GO)

Long aptamer
hard released, poor sensivity

Truncated aptamer
easy released, good sensivity

Fig. 3 Schematic presentation of
the truncated aptamer based GO-
enhanced FP assay process

LPS 
added

GO
added

Fig. 4 Real-time kinetic test results for the FP (red line) and fluorescence
intensity (blue line) measured from LA27 after the addition of GO and
LPS
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aptamer. However, when GO is introduced as a signal enhanc-
er, the mP values undergo a significant increase— from 20 up
to 230 because of the large mass of the GO (Fig. 4, red line).
This phenomena is in agreement with Liu’s experimental re-
sults [26]. After LPS is added, the aptamer is released from the
GO surface and captured by the LPS, forming a LPS-aptamer
complex. This leads to a change in molecular weight and
results in an obvious decrease in FP (from 230 to 95, a change
of ~135), corresponding to an approximately 6.5-fold larger
change than in the absence of GO. These results suggest that
GO acts as a good FP signal amplifier and improves the sen-
sitivity of the detection method.

The detection time was also optimized via real-time kinetic
testing of the FP. After the addition of GO, the mP value
increases significantly and reaches equilibrium after ~8 min
(Fig. S3). This indicates that the sample assay can be carried
out after the GO and aptamer have incubated for ~8 min. From
Fig. 4, we can also see that after the target LPS has been
titrated, the mP value decreases and reaches equilibrium after
~20 min. All these results strongly suggest that one sample
can be detected within 30 min which guarantees that the de-
tection process is rapid.

Detection of LPSs using LA27 and LA80

As the truncated aptamer LA27 retains a good ability to rec-
ognize LPS, Pa-LPS, and Ecoli-LPS, these three types of LPS
were used to compare the detection limits available using
LA27 and LA80. Therefore, to determine the sensitivity of

LA27, dose-dependent experiments was carried out using
the three types of LPS and both LA27 and LA80. The exper-
iments were based on GO-amplified FP assays in sodium
chloride injection samples.

The measured differencesΔmP (= mP1 – mP2) are plotted
for the different types of LPS as a function of concentration in
Fig. 5. As can be seen, in each experiment, the ΔmP values
increase as the LPS concentration increases and there are good
linear correlations over a certain range. However, the perfor-
mance of the assays made using the truncated aptamer LA27
(in terms of linearity) is superior to those made using the
original aptamer LA80 for each of the different LPSs. It also
has a better responses at lower concentrations (See
Table S2).In addition, the detection limits (3σ/S) obtained
using LA27 with respect to LPS, Pa-LPS, and Ecoli-LPS were
enhanced down to 38.7, 88.0, and 154 ng·mL−1 compared to
the full-length aptamer LA80 (0.185, 2.56 and 2.82 μg·mL−1).
These figures approximately correspond to 4.8-, 29-, and 18-
fold improvements, respectively. The results indicate that the
truncated aptamer LA27 performs significantly better than the
untruncated aptamer LA80. There are two main reasons for
this. The first is that the shorter aptamer has weaker π stacking
interactions with the GO compared to longer ssDNA se-
quences [35]. In other words, LA27 is more readily released
from the GO surface and captured by the target, even when the
concentration of the LPS is low. The other reason is that LA27
has some nonessential nucleotides removed which helps re-
duce steric hindrance. Of course, it still retains the core bind-
ing region leading to improved binding affinity and specificity

Fig. 5 Plots to determine the detection limits of the GO-enhanced FP assay technique using (a)-(c) LA80, and (d)-(f) LA27. In each set, the graphs
correspond to LPS, Pa-LPS, and Ecoli-LPS, respectively
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of the aptamer with respect to LPS. However, the molecular
mechanism of the interaction between LA27 and LPS need to
further study.

Table S3 gives an overview on recently reported methods
for the determination of LPSs. As can be seen, aptamer-based
fluorescence assay is a litter better than peptide-based method.
Although electrochemical assay achieved an excellent sensi-
tivity, its fabrication and preparation process is more compli-
cated and tedious. Furthermore, LA27 is a shorter and broad-
spectrum aptamer.

The truncated aptamer was also used as bioprobe to per-
form GO-enhanced FP assays on sodium chloride injection
samples spiked with different concentrations of LPS, Pa-
LPS, and Ecoli-LPS and thus carried out standard addition
tests (Table 1). The results show that good recovery rates
can be achieved after spiking (92–103.1%, 93.3–104.6%,
and 93.2–112.4% for LPS, Pa-LPS, and Ecoli-LPS, respec-
tively). This suggests that the truncated aptamer-based assay
technique has good potential applicability to the detection of
LPSs in real samples.

Conclusions

In this work, a broad-spectrum LPS aptamer was success-
fully truncated from 80 nucleotides long to 27 nucleo-
tides. It was found that by eliminating the nonessential
regions, LA27 has doubled the binding affinity and still
has retained broad-spectrum superiority to the target. The
LA27 and its maternal aptamer was subsequently used to
conduct GO-based FP assays to rapidly detect LPSs. The
results showed that the shorter aptamer LA27 has tremen-
dously improved sensitivity with the range of 4.8- to 29-
fold compared to its maternal aptamer LA80. In addition,
the assay can be accomplished within 30 min. The results
indicated that LA27 maybe the effective binding region of
the aptamer and proved that truncated aptamers can im-
prove the binding affinity and enhanced the sensitivity of
GO-based FP assays. Furthermore, the truncated aptamer

can be extended to other detection platforms construction
and development for ultrasensitive detection of LPSs.
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