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Combining aptamers for thiamphenicol and
chloramphenicol for detecting both antibiotics

Yun Shu,ab Shiyuan Liub and Juewen Liu *b

A DNA aptamer named TAP-1 for thiamphenicol (TAP) was selected

using the capture-systematic evolution of ligands by exponential

enrichment (SELEX) technique, exhibiting a dissociation constant

(Kd) of 6.4 lM as determined by isothermal titration calorimetry

(ITC). When combined with a previously selected chloramphenicol

(CAP) aptamer, they collectively can differentiate TAP and CAP.

Chloramphenicol (CAP) is a key member of the amphenicol
antibacterial family and has been used for a long time. Due to
its severe side effects in humans and the rapid emergence of
bacterial resistance to CAP, its clinical application has been
restricted since the 1980 s in most countries.1 To overcome
these limitations, many chloramphenicol derivatives, such as
thiamphenicol (TAP) and fluorinated derivatives, have been
synthesized, and some have demonstrated promising antibac-
terial potential.2 Currently, TAP is used as an alternative to CAP
for animal treatment.3 Given its structural and physicochem-
ical similarity to CAP, and the potential of non-compliance of
withdrawal regulations, concerns have been raised regarding
residue contamination of TAP in food and in the environment.
Consequently, the detection of TAP and CAP simultaneously
and individually is essential to ensure an accurate monitoring
of CAP-class antibiotics, safeguard public health, and meet
international food safety standards.4

In addition to instrument-based analytical techniques, such
as liquid chromatography,5,6 immunoassays7,8 have been employed
for the detection of TAP. For small-molecule targets, immunoassays
typically employ a competitive format. In recent years, aptamer-
based detection methods have gained increasing popularity.9–16

Aptamers are single-stranded oligonucleotides capable of selec-
tively binding to target molecules. For small-molecule targets,
aptamers offer multiple non-competitive detection strategies.13,17

Aptamers are typically identified through a process known as

systematic evolution of ligands by exponential enrichment
(SELEX).17–21 Although a few studies on the selection of CAP
aptamers have been reported,22–24 no reports are available on TAP
aptamers yet. Our group previously reported a CAP aptamer with a
Kd value of 9.8 mM, but its binding to TAP was not characterized.23

In this work, we used TAP as a target for aptamer selection. The
obtained aptamer, when combined with the previous CAP aptamer,
can detect both analytes as a group or individually.

To select aptamers for TAP, the capture-SELEX method was
used. In this method, a DNA library comprising a 30-nucleotide
randomized region was immobilized on streptavidin-coated
beads via hybridization to a short biotinylated complementary
strand.25–27 TAP-binding sequences were selectively eluted after
incubation with TAP, recovered, and PCR-amplified to seed the
next round. Selection was performed in buffer (50 mM Tris–HCl,
pH 7.5, 300 mM NaCl, 10 mM MgCl2) using 5 mM TAP for a total
of 15 rounds. The selection progress was monitored by real-time
PCR (RT-PCR) to quantify the TAP-eluted DNA in each round. A
notable cycle threshold (Ct) shift was observed in round 14 (Fig.
S1), suggesting aptamer enrichment. Deep sequencing of the
round 15 library was performed. Out of the obtained 23 455
reads, two predominant sequence families were identified, with
TAP-1 (32.5%), TAP-6 (2.4%) being the dominating sequence in
each family (Fig. 1A). Among the top 10 sequences, TAP-4 and
TAP-7 cannot be assigned to a family. Since TAP-4 is also an
abundant sequence, it was included in our binding studies as
well. The predicted secondary structures of these three aptamers
are shown in Fig. 1B.

ThT fluorescence-based binding assays were then employed
to evaluate the aptamers.19,28 ThT is a water-soluble fluorogenic
dye that exhibits negligible intrinsic fluorescence as a free dye but
undergoes marked enhancement in fluorescence upon binding to
a single-stranded DNA, particularly G-quadruplexes.29 ThT binding
to an aptamer produces strong fluorescence, whereas target bind-
ing can sometimes displace associated ThT, leading to fluores-
cence quenching (Fig. 2A).30 When TAP was titrated into a TAP-1/
ThT mixture, the saturated fluorescence decrease reached more
than 60% (Fig. 2B), yielding an apparent dissociation constant (Kd)
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of 38 � 3 mM (Fig. 2C). If using this method as a sensor to detect
TAP, a limit of detection (LOD) of 8.0 mM was obtained (Fig. S2).
European Union (EU) has stipulated that the maximum residue
of TAP in animal food should be less than 50 mg kg�1

(0.14 mM).31 While this ThT-based method cannot directly meet this

requirement, enhanced sensitivity can be achieved via various signal
amplification methods and pre-concentration of samples.32,33 For
the TAP-4 and TAP-6 aptamers, TAP also induced a B60% fluores-
cence drop, although their apparent Kd values were much larger
(Kd = 357� 173 mM and 554� 40 mM, respectively). The different
apparent Kd values of these aptamers indicated that ThT was
able to give useful information on binding, and TAP-1 appeared
to be our best aptamer candidate.

Since TAP and CAP have similar structures, we also tested
the binding of the TAP aptamers to CAP. The ThT fluorescence
assay revealed strong binding of the TAP-1 aptamer to CAP,
with 470% quenching (Kd = 27 � 3 mM), indicating a similarly
high binding affinity of the TAP-1 aptamer to CAP (Fig. 2D).
Moreover, the binding of TAP-4 and TAP-6 to CAP was also
determined (Kd = 373 � 31 mM and 475 � 46 mM, respectively),
and these affinities were similar to their binding to TAP (Fig.
S3). Therefore, the way of binding of the TAP aptamers to both
TAP and CAP should be similar, where the sulfonate group in
TAP contributed less to binding.

The ThT-based sensing platform was further evaluated using
filtered lake water collected from an area near a steel plant
(Burlington Bay, Lake Ontario). The water samples were buf-
fered to contain 20 mM Tris-HCl (pH 7.5, 300 mM NaCl, 10 mM
MgCl2), after which TAP-1 (500 nM) and ThT (1 mM) were added.
Subsequently, varying concentrations of TAP were spiked into
the buffered matrix, and the fluorescence response was
recorded. The fluorescence decreased by 47%, yielding an
apparent Kd of 21 � 7 mM (Fig. 2E). A linear decrease in the
fluorescence intensity was observed at low TAP concentrations,
yielding a LOD of 8.5 mM (Fig. 2E). This performance was
comparable to that obtained in clean buffer, validating the
robustness of the sensing system in complex matrices.

Isothermal titration calorimetry (ITC) was subsequently used
to confirm aptamer binding and to obtain thermodynamic
parameters. Titration of TAP into the TAP-1 aptamer produced
an exothermic reaction (Fig. 3A), with a Kd of 6.4 mM, which is
5.9-fold lower with the value obtained from the ThT assay,
suggesting that ThT inhibited aptamer binding. The negative
enthalpy change (DH = �9.5 kcal mol�1) and negative entropy
change (DS = �8.1 cal K�1 mol�1) suggest that the binding is
enthalpy-driven. In contrast, titration of CAP into the TAP-1
aptamer yielded a Kd of 13.8 mM (Fig. 3B), which is closer to
the ThT-based measurement. All of the above results indicated
that TAP-1 binds TAP and CAP with a comparable affinity.
Titration of TAP into the TAP-4 (Kd = 16.6 mM) and TAP-6 (Kd =
27.4 mM) aptamers was also performed (Fig. S4). Thus, the
relative affinities of the three aptamers for TAP, as determined
by ThT fluorescence and ITC, were consistent. Given that TAP-1
has the best affinity, we focused on this aptamer in subsequent
studies.

To further elucidate the binding mechanism of the TAP-1
aptamer, circular dichroism (CD) spectroscopy was employed to
monitor its structural changes. The TAP-1 aptamer exhibited a
positive peak near 280 nm and a negative peak around 240 nm,
characteristic of a typical B-form DNA structure (Fig. S5). Upon
the addition of TAP, the positive and negative peaks both

Fig. 1 (A) Alignment of the top 10 most abundant sequences from the
15th round of TAP selection. The primer-binding regions, indicated by
underlines, form base-paired stem structures. The conserved sequences
are highlighted in red. (B) The predicted secondary structures of the TAP-1,
TAP-4 and TAP-6 aptamers.

Fig. 2 (A) Schematic illustration of the ThT-based binding assay. (B)
Fluorescence spectra of the aptasensor based on TAP-1 in the presence
of different concentrations of TAP. (C) Titration curves of TAP into the
TAP-1, TAP-4 and TAP-6 aptamers. (D) Titration curve of CAP into the
TAP-1 aptamer. (E) Fluorescence titration curve of TAP into the filtered
Lake Ontario water. Inset: linear region at low TAP concentrations. Error
bars indicate standard deviations from three independent experiments.
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underwent a blue shift. These spectral changes also support
aptamer binding to TAP.

With reliable aptamers in hand, many signal transduction
methods are available to develop biosensors, each having their
advantages and disadvantages. For example, the strand-
displacement reaction allows ‘signal-on’ detection but it requires
costly covalent modification of DNA.19,34 While label-free gold
nanoparticle (AuNP)-based colorimetric assays are simple to per-
form, the unintended interactions between target molecules and
AuNPs often lead to artifacts.35 DNA staining dyes offer a simple,
label-free, and cost-effective platform with high sensitivity, and
simplicity, but it is more susceptible to interference.36,37 Never-
theless, it serves as a good method for proof-of-concept work. We
validated thioflavin T (ThT) to be a general probe for aptamer
binding assays and biosensors.30

The TAP-1 aptamer was mixed with ThT to construct a label-
free biosensor, and the sensor responses were evaluated in the
presence of various antibiotics. As described above, this apta-
mer responded similarly to TAP and CAP, but it did not show
signal changes to the other tested antibiotics (Fig. 4A). We then
tried our previously published CAP-1 aptamer (isolated using
CAP as a target molecule).23 Interestingly, this aptamer
responded only to CAP (Fig. 4B). Therefore, we can deduce that
the CAP-1 aptamer binds to CAP in the region that is different in
TAP. Likely, binding of the CAP-1 aptamer to CAP involved the
nitro group (Fig. 4C). Based on the different selectivity profile,
we can use the TAP-1 and CAP-1 aptamers to form a small
sensor array, which should be able to differentiate both analytes
using principal component analysis (PCA).38 To construct the
training dataset, the two target antibiotics (TAP and CAP) were
measured in six replicate runs, while all other antibiotics were
measured in triplicate. The training data were analyzed using
the PCA analysis module from Origin software, and a represen-
tative score plot was generated (Fig. 4D). This score plot revealed
clear separation of TAP and CAP from each other and from other
antibiotics. Although this is only a training data, this distinct
clustering highlights the feasibility of the array-based sensing
strategy for selective antibiotics discrimination, despite the
moderate selectivity of individual sensing elements.

In this work, TAP aptamers were obtained using the capture-
SELEX approach, and the best TAP-1 aptamer has a Kd value of
6.4 mM from ITC and it can bind to CAP with a similar affinity. A
sensor array composed of TAP-1 and CAP-1 was tested using ThT
fluorescence, which successfully distinguished TAP and CAP from
each other and from other antibiotics. Finally, the developed label-
free aptasensor was successfully applied to the detection of TAP in
lake water samples, achieving a LOD of 8.5 mM. When combined
with various signal transduction methods,17,39–42 the aptamers for
TAP and CAP can be used to construct sensitive and robust
biosensors for environmental and food monitoring applications.
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https://doi.org/10.20383/103.01469.

The data supporting this article, including RT-PCR results,
ThT assay, ITC and CD spectra results have been included as
part of the supplementary information (SI). See DOI: https://
doi.org/10.1039/d5cc04872a.

Notes and references
1 J. C. Hanekamp and E. J. Calabrese, Dose-Response, 2006, 5, 91–93.

Fig. 3 ITC results of aptamer binding by titrating 2 mM TAP (A) and CAP
(B) into 40 mM TAP-1 aptamer.
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