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Abstract

Tetracyclines are a class of antibiotics with a similar four-ringed structure. Due to this structural
similarity, they are not easily differentiated from each other. We recently selected aptamers using
oxytetracycline as a target and focused on an aptamer named OTCS5, which has similar affinities
for oxytetracycline (OTC), tetracycline (TC), and doxycycline (DOX). Tetracyclines exhibit an
intrinsic fluorescence that is enhanced upon aptamer binding, allowing convenient binding assays
and label-free detection. In this study, we analyzed the top 100 sequences from the previous
selection library. Three other sequences were found to differentiate between different tetracyclines
(OTC, DOX, and TC) by the selective enhancement of their intrinsic fluorescence. Among them,
the OTC43 aptamer was more selective for OTC with a limit of detection (LOD) of 0.7 nM OTC,
OTC22 was more selective for DOX (LOD 0.4 nM), and OTC2 was more selective for TC (0.3
nM). Using these three aptamers to form a sensor array, principal component analysis was able to
discriminate between the three tetracyclines from each other and from the other molecules. This

group of aptamers could be useful as probes for the detection of tetracycline antibiotics.



Introduction

Tetracyclines are a group of antibiotics with very similar structures.! Historically, oxytetracycline
(OTC) and tetracycline (TC) were among the first discovered antibiotics but they had obvious side
effects such as staining of the teeth and bones. As a result, they are now mainly used in animals.?
Doxycycline (DOX) was discovered later and remains a very useful antibiotic to date. The
detection of tetracyclines is an important analytical task for environmental monitoring and food

safety.’”

Molecular probes to recognize them individually are highly desirable. However, their subtle
structural differences present significant analytical challenges. Antibodies against tetracyclines
have been developed. In one study, the antibodies were unable to distinguish TC and
chlortetracycline.® In another case, a highly selective chlortetracycline antibody was reported.’
Antibodies for DOX were developed and used for the sensing of seven different tetracyclines in
milk with cross-reactivity from 47-102%.% Similarly, antibodies have also been used for TC
detection in honey, although cross reactivity was seen against OTC, rolitetracycline, methacycline,
and chlortetracycline.” Antibody-based assays for small molecular targets are often performed in

a competitive format and monoclonal antibodies are very expensive.

Aptamers are nucleic acid based ligands that can selectively bind target molecules.'!> While
aptamers for tetracyclines have been previously reported, they were all isolated using the target-
immobilization method,'®!” which may limit the orientation of aptamer binding due to steric
hindrance. Library-immobilized aptamer selection allows the use of unmodified targets.!®>* Many
new aptamers with low Kq values have been selected.!®2%25-** We recently used the DNA library
immobilization method to select aptamers that can bind OTC.?> Compared to the other aptamer
selections performed in our lab, the OTC selection resulted in a much more diverse sequence
distribution. Most of our targets (e.g., theophylline and uric acid) had only one or two major
families,*!*® but the OTC selection resulted in at least ten families. In our initial work, we only
analyzed the top 15 most abundant sequences and tested two of the families. Among them, the

OTCS5 aptamer has a similar high affinity to OTC, TC and DOX.**

Because tetracyclines are quite complex molecules, it is possible that aptamers can bind in various

ways, which may explain the sequence diversity in the final library. While the OTCS5 aptamer is a



general binder, we hypothesized that we might be able to find other sequences that can discriminate

between these tetracyclines and form a sensor array to detect them individually and collectively.

Tetracyclines have intrinsic fluorescence, and aptamer binding may increase the fluorescence
intensity, allowing label-free detection.>”*® In this work, we first performed fluorescent binding
assays to identify aptamers with distinct responses to the three tetracyclines. Subsequently, a subset
of the aptamers were used to form a sensor array to detect tetracyclines with ultrahigh sensitivity

and specificity.
Materials and Methods

Chemicals. All DNA samples were purchased from Integrated DNA Technologies (Coralville,
IA). TC, OTC, DOX, and other chemicals used for the selectivity tests were purchased from
Sigma-Aldrich. All buffers were from Mandel Scientific (Guelph, ON, Canada). Solutions of OTC,
TC and DOX were freshly prepared in a buffer containing 10 mM pH 6.0 MES, 50 mM NaCl, and
2 mM MgCl.

Fluorescence spectroscopy. The experiments were performed on a Tecan Spark microplate reader
with an excitation wavelength of 370 nm and an emission wavelength of 535 nm. For titrations,
100 nM OTC, TC or DOX was dissolved in the buffer. The ten aptamers were titrated such that
the final volume change was maintained at less than 10% of the initial 100 uL volume. The solution
was mixed well after each titration and allowed to equilibrate for 1 min before reading. Similar
methods were used for the measurement of antibiotic concentration-dependent fluorescence with
0 or 2 uM OTC2 aptamer. These procedures were carried out for DOX with the OTC22 aptamer
and OTC with the OTC43 aptamer.

Selectivity of the sensors. To test the selectivity of the sensors against a series of different
molecules (fluorescein, dopamine, quinine, chloramphenicol, kanamycin, ampicillin, and
penicillin), 100 nM of each molecule was dissolved in buffer. The fluorescence intensities of these

molecules were measured before and after adding 2 uM OTC2, OTC22, or OTC43 aptamers.

Sensor array. To test if our proposed OTC sensor array could discriminate between the different
tetracyclines, the fluorescence difference of 50 nM antibiotics in the presence of 0 or 2 pM OTC2,

OTC22 or OTC43 aptamers were run in six replicates and the data was analyzed using principal



component analysis (PCA, R software). Different OTC concentrations were also tested in a

separate study.

Results and Discussion

1. Ten aptamers for tetracyclines. The use of OTC as a target for aptamer selection has been
reported previously by our lab.* In this work, we aimed to analyze more sequences to understand
the binding of different aptamers. To be comprehensive, we analyzed the top 100 most abundant
sequences, which collectively represented >65% of the final library (round 20). Using Clustal
Omega and manual analysis,* we divided these 100 sequences into 10 families along with eight
orphan sequences (Figure S1). We then chose one sequence from each family and the predicted
secondary structures of the ten sequences are shown in Figure 1. All of the aptamers have bulged
two-way or three-way junction structures. The internal hairpin regions are colored green/orange,
whereas the sequences in the potential binding loops are shown in blue. We previously studied the
OTC5 aptamer (Figure 1J), which can bind to all the three tetracyclines with Ka values of
approximately 100 nM. Thus, this study focused on the other nine aptamers in Figure 1. The
structures of the three tetracycline antibiotics are shown in Figure 1K-M and the goal is to use

these aptamers to distinguish them.
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Figure 1. The Mfold predicted secondary structures of the ten OTC aptamers studied in this work:
(A) OTC1, (B) OTCS, (C) OTC11, (D) OTC26, (E) OTC34, (F) OTC2, (G) OTC22, (H) OTC23,
(I) OTC43 and (J) OTCS. The structures of (K) tetracycline, (L) oxytetracycline and (M)

doxycycline.

2. Aptamer binding induced fluorescence changes. Tetracyclines are fluorescent, and their
fluorescence is enhanced upon aptamer binding.’*>2”%® Therefore, we used their intrinsic
fluorescence to study binding. Previous work has indicated that the optimal condition for
fluorescence enhancement was with 2 mM Mg>" at pH 6.0, and we used this condition for all the
work here. Figure 2A shows the fluorescence spectra of 100 nM OTC after the addition of 2 uM
OTC2 aptamer. A large fluorescence enhancement was observed. Such enhancement can also be
readily observed by the naked eye with the excitation of a handheld UV lamp in a darkroom (Figure
2B). The enhanced fluorescence can be attributed to the aptamer providing a hydrophobic binding
pocket to decrease other pathways of relaxation of excited OTC. Binding curves were obtained by
gradually titrating the aptamers (Figure 3). These curves all have a similar y-axis scale (except for
Figure 3B) to highlight the different extents of fluorescence enhancement in different aptamers.
The aptamers can be divided into two groups based on the amount of fluorescence enhancement.
For biosensor applications, the group in the bottom row is more interesting due to a much larger
fluorescence enhancement. The same data were also plotted with a smaller y-axis scale in Figure
S2 to show all the trends of fluorescence enhancement. Outside the 10 families, we also tested an
orphan sequence, OTC7, and barely any fluorescence change was observed (Figure S3). Therefore,
OTC7 served as a negative control to show that not all DNA sequences can enhance the
fluorescence of the tetracyclines. The folds of fluorescence enhancement were plotted in Figure
2C. Based on these data, five aptamers stood out due to their exceptionally high fluorescence

enhancement (OTC2, OTC22, OTC23, OTC43 and the previously studied OTCS).

Based on the subtle structural differences of the tetracyclines (Figure 1K-M), we can deduce the
binding orientation of different aptamers. One major type of the aptamers has the highest affinity
for OTC, followed by TC, and barely binds to DOX (e.g. OTC1, OTCI11, OTC26 and OTC43).
These aptamers are likely to bind to the common structures of OTC and TC. The other type has
the highest affinity for DOX (for example OTC8 and OTC22). OTC2 and OTCS, on the other hand,



likely bind in the manner indicated in the top panel of Figure 2E, and all three tetracyclines can be
bound. The proposed ways of binding OTC by three representative aptamers are shown in Figure

2E.
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Figure 2. (A) Fluorescence spectra of 100 nM OTC before and after adding 2 uM OTC2 aptamer.
(B) A fluorescent photograph of 500 nM OTC with (right) and without (left) 2 uM OTC2 aptamer.
(C) The fold of fluorescence enhancement of the ten aptamers to the three tetracyclines. (D) The
Ka values of the three aptamers. Note the y-axis is in log scale. (E) Structures showing aptamers
binding to OTC in three different ways, which can explain their selectivity for the three tetracycline

antibiotics.



We did not observe absolute selectivity for any of the tetracyclines. In a previous study, an RNA
aptamer with excellent affinity and specificity for DOX was reported.*® However, that was a much
longer sequence and even the truncated aptamer contained 74-nt. Our DNA aptamers were only
approximately 42-nt, and the binding contact points could be less. It might be possible to use a
much longer random library to achieve even better selectivity, but that would increase the cost of

synthesis.

The main goal of this study was to distinguish these three tetracyclines, for which we needed to
have probes that have differential responses to them. Therefore, we chose OTC2, OTC22 and
OTC43, since they each responded the most to a different tetracycline. We also plotted the Kqd
values of these three aptamers (Figure 2D), which also showed the relative selectivity for the three

tetracyclines. For the remainder of the study, we focused on these three aptamers.
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Figure 3. The aptamer-dependent fluorescence enhancement of the three tetracyclines (100 nM
each) with the (A) OTCI1, (B) OTCS, (C) OTC11, (D) OTC26, (E) OTC34, (F) OTC2, (G) OTC22,
(H) OTC23, (I) OTC43 and (J) OTCS5 aptamers. The buffer was pH 6.0 10 mM MES with 2 mM
Mg?".

3. Highly sensitive detection.

Among the three with the highest fluorescence enhancement, OTC43 had the best selectivity for
OTC, OTC22 had the best selectivity for DOX, and OTC2 had the highest response for TC,
although the difference was quite small for OTC2. We then tested the sensitivity of label-free

detection using the respective best aptamers (Figure 4). The assays followed the label-free



detection method by first measuring the fluorescence of a target tetracycline followed by the
addition of an aptamer (Figure 4A-C), and the quantification was based on the difference between
these two (Figure 4D-F).* The responses were all linear for target molecules up to 1 uM. The

detection limits were calculated to be 0.7 nM OTC, 0.3 nM TC, and 0.4 nM DOX.
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Figure 4. The fluorescence of different concentrations of (A) free OTC and after adding 2 pM
OTC43 aptamer, (B) free TC and after adding 2 uM OTC2 aptamer, and (C) free DOX and after
adding 2 uM OTC22 aptamer. The fluorescence intensity difference before and after adding the
aptamers for the detection of (D) OTC, (E) TC, and (F) DOX using the aptamers in panels (A-C).

4. A sensor array for discriminating the three antibiotics. After confirming excellent sensitivity,
we measured the selectivity of the three aptamers by calculating the fluorescence enhancement
upon adding the aptamers. As shown in Figure 5SA, only the three tetracyclines showed increased
fluorescence upon addition of the aptamers. Other molecules such as fluorescein and quinine,
although fluorescent, did not show a fluorescence change by the aptamers. The remaining
antibiotics were not fluorescent and also did not show any fluorescence changes by the aptamers.

Therefore, all these three aptamers are highly selective for the tetracyclines.



Based on the data in Figure 5A, we used principal component analysis (PCA), which is a powerful
data treatment method to maximally differentiate target molecules based on sensor array data.*!"**
As shown in Figure 5B, with 50 nM antibiotics, TC, DOX, and OTC were well separated, and the
rest of the antibiotics and other molecules were clustered in another region. In addition, we
measured the responses to different concentrations of OTC (Figure 5C). Because the second
principal component (PC2) was much smaller, the first principal component (PC1) could be used
to quantify the responses (Figure 5SD). The linear range of detection for OTC was found to be from

10 nM to 200 nM.
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Figure 5. Discrimination of different antibiotics using the sensor array composed of the three
aptamers. (A) Fluorescence intensity increase among different antibiotics and other molecules. (B)
Canonical score plots of fluorescence responses obtained for different antibiotics at 50 nM
molecules. (C) Score plots for fluorescence response obtained using varying concentrations of

OTC. (D) Plots of PC1 versus the concentration of OTC.



5. Discussion. In this work, we reported a range of new aptamers that can bind to various
tetracycline antibiotics. Some aptamers could bind to all three tetracyclines with a similar affinity,
whereas some other aptamers showed selectivity for only one or two of them. This selectivity may
reflect the manner in which these aptamers bind to the antibiotics. Most aptamers with low binding-

induced fluorescence enhancement also have a weak binding affinity.

Although aptamer binding induced fluorescence enhancement of tetracyclines has been well
studied in RNA aptamers,*”-*® this property was not explored in DNA aptamers until our recent
publications.*>* In the current work, we demonstrated at least ten different aptamers that all
showed such fluorescence enhancement. Therefore, this fluorescence enhancement could be a
convenient binding assay for DNA aptamers against tetracyclines. Whether these ten aptamers
bind the tetracyclines independently or if some of the aptamers belong to the same family will
need to be answered in future studies; however, it is quite clear that there are multiple different
ways for aptamers to bind to tetracyclines based on their relative fluorescence enhancements to
different targets. These aptamers can serve as probes for the design of biosensors to detect

tetracyclines.
Conclusions

In this work, we analyzed the top 100 most abundant sequences in a previous aptamer selection
library using OTC as the target. Using the enhancement of the intrinsic fluorescence of the
tetracyclines for binding assays, three aptamers were able to differentiate between three different
tetracyclines and their binding led to a more than 10-fold increase in fluorescence intensity. OTC43
was found to be specific to OTC with a LOD of 0.7 nM, OTC22 was found to be specific to DOX
with a LOD of 0.4 nM, and OTC2 was moderately specific to TC with a LOD of 0.3 nM under
optimal buffer conditions. PCA showed that these new sequences could differentiate between the
three tetracyclines as well as other antibiotics and fluorescent molecules. We hypothesize that this
selectivity could be due to the way each aptamer binds to a different edge of the tetracyclines. This
label-free, highly selective aptamer sensor array can be readily paired with other techniques to
form improved sensing platforms for different tetracycline antibiotics, especially for portable

biosensors. ¥4’
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