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ABSTRACT: Tetracyclines are a group of important antibiotics with a common four-ring scaffold. While most tetracyclines are
currently used only in animals, their leaching into the environment and residues in food have caused health concerns. Aptamers are
an attractive way to detect tetracyclines, and all previously reported aptamers for tetracyclines were obtained by immobilizing target
molecules. In this work, we selected a few DNA aptamers by immobilizing the DNA library using oxytetracycline as the target. We
obtained new aptamers with no overlapping sequences compared to the previously reported ones, and a representative sequence
named OTCS had a dissociation constant of 147 nM measured by isothermal titration calorimetry. Similar binding affinities were
also observed with tetracycline and doxycycline. Because tetracyclines are fluorescent and their fluorescence intensity was enhanced
by binding to the aptamers, a label-free and dye-free fluorescent biosensor was developed with a detection limit of 25 nM
oxytetracycline. The sensor was able to detect targets in milk after extraction. Fluorescence polarization measurement showed that
this aptamer is insensitive to sodium concentration but requires magnesium. Finally, a strand-displacement biosensor was designed,
and it has a detection limit of 1.2 yuM oxytetracycline.

B INTRODUCTION

The tetracyclines refer to a family of linearly fused four-ring
antibiotics that inhibit bacterial protein synthesis by impeding
aminoacyltRNA attachment to ribosomes." In 1949, oxy-
tetracycline (OTC, trade name Terramycine) was among the
first discovered antibiotics in the tetracycline family as a natural
product isolated from soil. A few years later, tetracycline (TC)
was discovered. Because they stain the bones and teeth, TC
and OTC are currently used mostly in animals.” Due to
incomplete metabolism, their traces can be found in animal

DNA aptamers are more stable and easier to modify
compared to RNA aptamers’ ®'>'? and, thus, are more
attractive for biosensor development.””®'* DNA aptamers for
tetracyclines have also been reported. In 2008, the first DNA
aptamer for OTC was reported by Niazi et al., where the best
aptamer had a Ky of 10 nM and the aptamer had little binding
to TC or DOX."* The same group then selected another
aptamer using different magnetic beads coated with TC, OTC,

and DOX, and the resulting general aptamer was reported to

tissues or are excreted and released into the environment.””
Studies in OTC led to the discovery of doxycycline (DOX)
with a longer half-life in the body and better absorption, which
becomes a highly popular antibiotic to date.

TC is known to interact with various RNA with micromolar
affinities including the 30S ribosomal RNA, tRNA, and some
ribozymes.” Aptamers are single-stranded oligonucleotides that
can selectively bind target molecules.””® An RNA aptamer for
TC was reported by Berens et al. in 2001 with a Kj of around
100 nM.”> A subsequent study optimized the sequence and
achieved an even lower K;.” By rational randomization of this
RNA aptamer, Tickner et al. selected an aptamer for DOX.'* A
motivation for selecting RNA aptamers is to design artificial
riboswitches.''
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bind all three antibiotics.'” Using a gold-nanoparticle-based
colorimetric assay, this general aptamer was truncated down to

just 8 nucleotides.'® So far, all of these aptamers were obtained
by immobilization of target molecules.”'*"* Library-immobi-
lized selection (also called capture SELEX) allows the use of

17-22

unmodified free targets. Many aptamers with tight
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Figure 1. (A) Structures of the three tetracycline antibiotics used in this study. (B) Alignment of the most abundant 15 sequences that were divided
into four families. Within each family, the nucleotides in green can base pair, while those in blue are identical. Mfold-predicted secondary structures
of (C) OTC1 aptamer, (D) OTCS aptamer, and (E) truncated OTCS aptamer with the small hairpin removed.

binding affinities have been selected using this method (e.g,
sub-uM Kj for cortisol, dopamine, and serotonin).'” =%~
TC, OTC, and DOX are fluorescent with a large Stokes
shift.>" Their fluorescence could be enhanced by binding to the
RNA aptamer, which was used for the characterization of
aptamer binding.”"® This useful property has yet to be used for
developing biosensors. In this study, new DNA aptamers were
selected using OTC as a target through library-immobilized
SELEX. A resulting aptamer could bind OTC, TC, and DOX
with a similar affinity. A label-free and dye-free fluorescent
biosensor was demonstrated using the intrinsic fluorescence of
the tetracyclines, which outperformed the strand-displacement
sensor using a covalently labeled fluorophore and quencher.

B MATERIALS AND METHODS

Chemicals. All of the DNA oligonucleotides were
purchased from Integrated DNA Technologies (Coralville,
IA). The DNA library consisted of a 30-nucleotide randomized
region flanked by primer binding sequences. See Table S1 for
the DNA sequences. TC, OTC, DOX, and other chemicals
were from Sigma-Aldrich.

Preparation of OTC Solutions. During the aptamer
selection, solutions of 2 and 0.5 mM OTC were prepared in
1X selection buffer. For rounds 1—14, the selection buffer was
50 mM Tris—HCI, pH 7.8, 300 mM NaCl, S mM KCl, and 10
mM MgCl,, with 2% dimethyl sulfoxide (DMSO). DMSO was
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included to increase the solubility of OTC. For rounds 15—20,
the OTC concentration was lowered to 0.5 and 0.1 mM, and
thus, the same buffer without DMSO was used. For each
selection round, OTC was freshly weighed and dissolved to
avoid its degradation.”” Similarly, TC and DOX solutions were
also freshly prepared before use.

SELEX for OTC Aptamers. Selection of DNA aptamers
was conducted using the library immobilization method as
previously described.'®”® For each round of selection, the
DNA library was first annealed with the biotinylated capture
strand. A column loaded with streptavidin-coated agarose
microbeads was washed S times with 250 uL of 1X selection
buffer. The library was then loaded onto the microbeads and
washed 10 times with the selection buffer. The last three
washes were kept as a background reference. 750 uL of the
target solution was then passed through the library and the
target bound run-off was collected, purified by a 3k molecular
weight cut-off spin column and concentrated to around 60 uL.
The spin column was centrifuged at 17,530g 12 times to wash
out the target and concentrate the DNA. The concentration of
OTC was 2 mM from round 1 to round 14, 0.5 mM from
round 15 to round 17, and 0.1 mM from round 18 to round
20. Polymerase chain reaction (PCR) was then used to amplify
the eluted DNA, and one of the primers contained a biotin
label. After incubation of the PCR products with the
streptavidin beads, they were then denatured using 0.2 M
NaOH to recover the single-stranded library for the next round
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Figure 2. ITC traces and integrated heat of (A) titrating OTC into the OTC1 aptamer and titrating (B) OTC, (C) TC, and (D) DOX into the
OTCS aptamer. For each titration, 150 M of the target was titrated into 9 yM of the DNA aptamer in the selection buffer at 25 °C.

of selection. The final library was analyzed using deep
sequencing at McMaster University as described previously.”

Isothermal Titration Calorimetry. Isothermal titration
calorimetry (ITC) was performed using a MicroCal VP-ITC.*®
150 uM of a target molecule was titrated into the 9 uM
aptamer. Both the target and the aptamer were in the same
selection buffer. Background heat of titrating antibiotics into
the buffer was subtracted. Data analysis was done using the
accompanying Origin software.

Fluorescence Polarization. To measure the fluorescence
polarization change of OTC upon binding to its aptamer, 100
nM OTC was dissolved in 100 uL buffer. The buffers were 50
mM Tris (pH 7.8) containing different concentrations of
MgCl, and NaCl. To the OTC samples, various concentrations
of OTCS aptamer were titrated, and each experiment was
repeated 3 times. To measure polarization (Tecan Spark
microplate reader), the excitation wavelength was set at 370
nm, and the emission wavelength was 530 nm. The change in
polarization relative to the sample without the aptamer (AP)
was plotted. All the binding curves were fitted using y = y, +
a[C]/(Ky + [C]), where [C] is the concentration of the
titrated aptamer, and a is the maximal signal change upon
saturated binding.

Label-free and Dye-free OTC Detection. The experi-
ments were performed on a Varian Eclipse fluorimeter with the
excitation wavelength set for OTC at 370 nm. The emission
spectra were collected from 500 to 600 nm. To determine the
K3 100 nM OTC, TC, or DOX was dissolved in 500 uL buffer
(10 mM Tris HC], pH 7.8, 60 mM NaCl, 2 mM MgCl,, and 1
mM KCI). The OTCS aptamer was titrated such that the final
volume increase was less than 10%. The solution was mixed
during each titration step and allowed to equilibrate for 1 min
before data collection. Similar methods were used for the
measurement of OTC concentration-dependent fluorescence
without or with the 2 uM OTCS aptamer.

Detection in Milk. Milk (2% fat) was purchased from a
local supermarket. Six 1.2 mL milk samples were first spiked
with different concentrations of OTC. To extract antibiotics,
30 uL HCI (1 M) was added to each milk sample, and the
samples were centrifuged at 14,000 rpm for 15 min. The
supernatants were then removed and diluted 100-fold in 1X
Dulbecco’s PBS buffer (pH 7.2) containing calcium and
magnesium. 98 uL of this solution was then added to each well
in a 96-well plate. Two blanks of water and buffer were also
added to the plate. The base fluorescence was read using the
Tecan microplate reader. Then, 2 uL of the 100 uM OTCS

10177

aptamer (in water) was added for a final of 2 uM OTCS, and
the fluorescence was immediately read.

Fluorescence Biosensor Based on Strand Displace-
ment. 20 nM of the FAM-labeled aptamer and 40 nM of the
quencher-labeled strand were first hybridized in the selection
buffer by heating for 1 min at 95 °C and cooled to room
temperature. This hybridized solution was diluted to 10 nM in
1X selection buffer and was added to each well of a 96-well
microplate. The fluorescence was monitored at 520 nm with
485 nm excitation. The background was run prior to the
addition of the target to ensure a low background signal. Then
various concentrations of OTC were added at the 5 min mark.

B RESULTS AND DISCUSSION

Target-lmmobilized Aptamer Selection. OTC has a
—OH group at both the S’ and 6’ positions (Figure 1A).
Replacing the 5-OH with a proton results in TC, while
replacing the 6’-OH with a proton results in DOX. In this
study, we used OTC as the target due to its similarity to these
two analogues, and we hoped to obtain an aptamer that can
bind all these three tetracyclines to develop general biosensors.
We performed DNA aptamer selection using the library-
immobilization method.'®**** The DNA library contained 30
random nucleotides flanked by two constant primer binding
regions. The primer binding regions can form a 9 base-pair
stem (Table S1), thus folding the library to an overall hairpin
structure. The library was first hybridized to a short
complementary strand with a biotin tag for immobilization
on streptavidin-coated agarose beads. The selected sequences
can bind to OTC and promote the formation of the hairpin.
Thus, they were released from the beads for PCR
amplification.

The selection was performed for a total of 20 rounds with
the OTC concentration gradually decreased from 2 to 0.1 mM.
The resulting PCR amplicons from round 20 were deep
sequenced. Around 30,000 sequences were obtained and they
were processed using the Geneious software. We then took the
most abundant 15 sequences (which together accounted for
65.3% of the entire library) and aligned them with the help of
Cluster Omega (Figure 1B). These 15 sequences can be
grouped into four families. Family 1 is represented by sequence
OTC1, which can fold into a secondary structure shown in
Figure 1C. The regions in green covaried to form a base-paired
stem, while the nucleotides between them are rich in
pyrimidines. The rest of the sequences were also well aligned
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Table 1. Thermodynamic Values of the Aptamers Based on

ITc*

Aptamer Target N Kp (uM) AH (cal/mol) (x 10%) AS (cal/mol/K)
OTCl1 OTC 0.81 + 0.03 0.6 + 0.1 -17 £ 09 —28.1
OTCS OTC 0.80 + 0.03 0.15 + 0.05 =33+ 16 —79.3
OTCsS TC 0.63 + 0.02 0.18 + 0.05 —4.0+ 19 —104
OTCS DOX 0.77 + 0.03 0.25 + 0.06 -34+ 1.6 —84.9

“Binding ratio (N), dissociation constant (Ky), enthalpy change (AH), and entropy change (AS) of the binding reactions are supplied.
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Figure 3. (A) Fluorescence excitation and emission spectra of 2.5 uM OTC. (B) FP change measured by titrating the OTCS aptamer into 100 nM
OTC in the presence of different concentrations of NaCl, and all the samples contained 10 mM MgCl, in pH 7.8 Tris buffer. The mutant was
measured in 10 mM MgCl, and 100 mM NaCl. (C) FP change measured with different concentrations of MgCl,, and all the samples contained 100
mM NaCl. Bars are standard deviations from three independent measurements.

(highlighted in blue). The next family is represented by OTCS,
and it has a very small hairpin with a 3 base-pair stem and a 4
nt loop (Figure 1D). The loop is rich in thymine but also
contains other nucleotides (see Family 2 alignment in Figure
1B). The other two families have lower abundance and were
not further analyzed.

We also compared our sequences with the previously
reported OTC DNA aptamers obtained from target-immobi-
lized selections.'*"® For example, we aligned the no. 4
aptamer'” against our top sequences, but they do not have
sequence homology (Figure S1). We also searched for the
truncated 8-mer aptamer (CGGTGGTG),16 and no consensus
was found with our top 10 sequences either. Therefore, what
we obtained were new aptamers. Because we used unmodified
OTC, aptamers can access all its surfaces for binding. For the
immobilized OTC, part of the molecule became unavailable for
aptamer binding and thus the resulting aptamers could bind
differently.

Aptamer-Binding Assay Using ITC. To characterize the
binding of the aptamers, ITC was used. ITC is a label-free
technique that measures the heat of binding.”* > For the
sequences in Family 1, we first titrated OTC into the OTCI
aptamer (Figure 2A). The downward spikes indicated an
exothermic reaction, and based on the integrated heat, a Ky of
0.6 uM was fitted. A mutant of OTC1 was also tested and no
binding was detected (Figure S2), indicating the binding of
OTC1 was specific. For the Family 2 sequences, we studied
OTCS (Figure 2B), and an even lower Ky (0.1S uM) was
achieved. To confirm specific binding, an OTCS mutant was
tested by changing a fraction of the loop sequence from GTTG
to TGGT, and this modification resulted in a loss of binding
(Figure S3A). To confirm whether the small hairpin is
important or not, we further tested a truncated version (Figure
1E), which had little heat release as well (Figure S3B). Thus,
this small hairpin cannot be removed. The covariation of the
stem region (the green nucleotides in Family 2, Figure 1B)
suggests that it is a real hairpin structure. We also tested the
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binding of TC and DOX by OTCS and they both showed a
similar binding affinity (Figure 2C,D and Table 1). Based on
the lower Ky of OTCS than OTCI and its ability to bind all
three tetracyclines, our subsequent studies focused on the
OTCS aptamer.

Aptamer Binding Assay Using Fluorescence Polar-
ization. A unique feature of the tetracyclines is that they are
fluorescent with a large Stokes shift in water.’’ Such
fluorescence is useful for measuring aptamer binding.”'’ In
the selection buffer, OTC has an emission peak at 530 nm
when excited at 370 nm (Figure 3A). The intrinsic
fluorescence of OTC makes it possible to use fluorescence
polarization (FP) to study aptamer binding. FP measures the
extent of fluorophore motion during the excited-state lifetime.
Thus, aptamer binding can lead to increased FP. While FP is
independent of the concentration of fluorophores, the
fluorescence intensity cannot be too low.””* In our system,
the coefficient of variation of FP was greater than 0.5 with 10
nM OTC and was less than 0.2 with 100 nM OTC. Therefore,
we fixed the OTC concentration at 100 nM and then gradually
titrated the OTCS aptamer. In a buffer containing 300 mM
NaCl and 10 mM MgCl,, the fitted Ky value was 82 nM
(Figure 3B, black trace), which was comparable with the 127
nM value from ITC. However, when the nonbinding mutant
was used, no change in the FP was observed (Figure 3B, blue
diamonds). This experiment also confirmed the binding of
OTC by the aptamer.

We then used FP to explore the binding of OTC in different
types and concentrations of salt, which is important for
biosensors. We first kept 10 mM MgCl, and varied the NaCl
concentration, where the binding was slightly enhanced when
NaCl was decreased (Figure 3B, K, reached 45 nM when no
NaCl was present). With a fixed 100 mM NaCl, we then varied
the concentration of MgCl, from 10 mM to 0. A similarly
strong binding was observed when the Mg** concentration was
higher than 1 mM, but when no Mg** was present, the binding
was lost (Figure 3C). Therefore, a low concentration of Mg**

https://doi.org/10.1021/acs.analchem.2c01561
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Figure 5. (A) Scheme showing the response of three types of molecules to the OTCS aptamer, where only the tetracyclines show increased
fluorescence upon aptamer binding. (B) Fluorescence as a function of OTC concentration without and with 2 uM OTCS in the selection buffer.
(C) Fluorescence difference of OTC before and after adding 2 yuM OTCS aptamer. (D) Fluorescence difference of various molecules before and
after adding 2 yuM OTCS aptamer. (E) Fluorescence intensity at S30 nm of 100 nM molecules excited at 370 nm. The buffer was 10 mM Tris-HC],

pH 7.8, 60 mM NaCl, 2 mM MgCl,, and 1 mM KCL

was required for binding. Given the highly conjugated aromatic
structure of OTC, n—x stacking and hydrogen bonding could
be important interaction mechanisms. In addition, Mg>" is
likely to mediate critical metal-bridged interactions.
Label-free and Dye-free Sensing. While FP is useful for
the characterization of aptamer binding, it is less so for the
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quantification of OTC because FP is insensitive to the
concentration of fluorophores. To achieve quantitative
detection, we then resorted to the binding-induced fluo-
rescence intensity change. When the OTCS aptamer was
titrated into 100 nM OTC,

increased (Figure 4A), and we fitted the peak fluorescence

the fluorescence gradually
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Figure 6. (A) Fluorescence intensity as a function of OTC concentration in spiked milk samples after extraction without and with 2 uM OTCS
aptamer. (B) Fluorescence difference as a function of OTC concentration.
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Figure 7. (A) Schematic of the strand-displacement biosensor with a covalently linked fluorophore and quencher. (B) Kinetics traces of the sensor
in the presence of various concentrations of OTC in the selection buffer; OTC was added at S min. (C) Fluorescence intensity as a function of
OTC concentration. Inset: linear response at lower OTC concentrations. (D) Sensor selectivity against various antibiotics at 8 yM.

to obtain a Ky of 98 nM (Figure 4B), which was comparable to
the values obtained from ITC and FP. If the nonbinding
mutant was titrated, no fluorescence change was observed
(Figure 4B). We also did the same experiment with TC
(Figure 4C) and DOX (Figure 4D), and they also showed a
similar fluorescence enhancement with a K; of 264 nM TC and
145 nM DOX. The aptamer provided a more hydrophobic
environment for the tetracyclines, which can inhibit non-
radiative processes leading to enhanced fluorescence.

Such a unique aptamer-induced fluorescence increase might
be useful for detection. We can divide analytes into three types.
First, none fluorescent molecules would have no fluorescence
before or after aptamer addition. Second, most fluorophores
would not be affected by the aptamer either. Thus, only the
tetracyclines can show increased fluorescence (Figure SA).
Because no covalent labels or DNA staining dyes were
used,””** we called it a label-free and dye-free sensor. We
measured the fluorescence of OTC as a function of its
concentration in the absence and presence of the 2 yM OTCS
aptamer (Figure SB). A linear response was observed for both,
and the sample with the aptamer had a 2.2-fold higher slope.
Using the difference in the fluorescence intensity to build a
calibration curve (Figure SC), we determined the limit of
detection (LOD) to be 25 nM (30/slope, where ¢ is the
background fluorescence variation without OTC). The
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increased fluorescence by the added OTCS aptamer in the
absence of OTC was attributed to the intrinsic fluorescence of
DNA.*!

Johnson et al. reported strong quenching of the intrinsic
fluorescence of quinine and cocaine upon aptamer binding.**
While useful for the characterization of aptamer binding,
fluorescence quenching is less favorable for biosensors.
Manderville et al. used the intrinsic fluorescence of ochratoxin
A for its detection, where signal-on sensing was achieved only
when exciting the aptamer at 256 nm followed by energy
transfer.”> While many fluorogenic aptamers were re-
ported,*** their ligands are typically not considered as target
molecules. To the best of our knowledge, this is the first time
that the intrinsic fluorescence of tetracyclines was used for
designing aptamer-based signal-on biosensors.

We then tested the selectivity of this sensor against a few
other antibiotics (ampicillin, chloramphenicol, kanamycin, and
streptomycin). Because they are nonfluorescent, the signals
were close to zero (Figure SD). We also tested a few
fluorescent compounds (fluorescein, dopamine, and quinine).
With 370 nm excitation, only fluorescein showed a strong 530
nm fluorescence emission (Figure SE). Yet, its fluorescence
was not affected by the OTCS aptamer. As a result, the
fluorescence difference before and after adding the aptamer
was also close to zero (Figure SD). Therefore, the background
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fluorescence in the sample would not affect the performance of
the sensor. OTC, TC, and DOX showed a similar response,
and thus, this sensor can detect them as a group.

Sensing of OTC in Milk. We then tested this sensing
method with milk samples. Milk was spiked was different
concentrations of OTC. Because tetracyclines are known to
bind to milk proteins,*® they cannot be detected directly in
milk. Thus, the samples were treated with HCI, centrifuged,
and then diluted in Dulbecco’s PBS buffer before reading the
fluorescence. In the treated milk, the OTCS aptamer also
increased the fluorescence of the spiked OTC (Figure 6A).
This sensor was able to sense OTC with a detection limit of 66
nM (Figure 6B).

Labeled Fluorescent Sensing of OTC. Finally, we also
designed a strand-displacement fluorescent sensor. The OTCS
aptamer was extended by six nucleotides on the 5’-end and
labeled with a carboxyfluorescein (FAM) fluorophore. It was
hybridized with a 12-mer quencher-labeled DNA." In the
presence of OTC, the aptamer would bind to it and release the
quencher-labeled strand resulting in fluorescence enhancement
(Figure 7A). At the excitation wavelength of FAM (485 nm),
OTC was not excited and, thus, would not affect the detection.

The background of the sensor was monitored prior to the
addition of OTC to ensure a stable sensor (Figure 7B). Then,
various concentrations of OTC were added at the 5 min mark.
After S min of reaction, the fluorescence reached stable values
for all samples. With 36 uM of the target, over a 20-fold
increase in the fluorescence signal was observed after 20 min. A
calibration curve was obtained showing a typical binding curve
(Figure 7C). An apparent Ky of 12 yM was obtained. This
value was much higher than what was obtained from the ITC
experiments due to competition with the complementary
strand.”” Below 4 uM OTC, the response was linear (Figure
7C, inset). Using this sensor, the limit of detection was
calculated to be 1.2 uM OTC, which was nearly 50-fold worse
than the abovementioned label-free and dye-free sensing
method. The increased apparent K; can explain the increased
detection limit. For the selectivity test of the aptamer, 8 yM of
different antibiotics were screened (Figure 7D). As expected,
the tetracyclines showed a similar response, while the other
antibiotics were silent. Overall, this strand-displacement sensor
is more expensive yet less sensitive than the label-free and dye-
free method.

B CONCLUSIONS

In this work, we used the library-immobilization method (so-
called capture SELEX) to select new DNA aptamers for OTC.
At least four families of aptamer sequences were obtained, and
the OTCS sequence was studied in detail due to its high
binding affinity and generality to all the three tetracyclines.
Similar binding to OTC, TC, and DOX with Ky’s around 100
to 300 nM was observed using ITC, FP, and fluorescence
intensity measurements. These aptamers were different from
the previously reported ones based on sequence alignment.
The intrinsic fluorescence of these tetracyclines allowed for a
highly sensitive and selective label-free and dye-free sensing
method with a limit of detection of 25 nM OTC. Its
performance was even better than the classic strand-displace-
ment design with covalent labels, which had a limit of
detection of 1.2 uM OTC. Milk was spiked with varying
concentrations of OTC. After extraction, they were tested
using the label-free biosensor. The intrinsic fluorescence of the

tetracyclines is particularly useful to make it a model system to
develop both labeled and label-free biosensors.
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