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Abstract
DNA is a naturally occurring biomacromolecule that plays many roles in living organisms. While
the majority of natural DNA is double stranded, chemical synthesis allows the production of
single-stranded DNA oligonucleotides that can carry chemical functions for molecular recognition,
and these are known as DNA aptamers. There is wide range of targets that DNA can bind, from
metabolites, drugs, toxins, and other small molecules to proteins and even cells and tissues.
Aptamers are generally selected through an iterative process called Systematic Evolution of
Ligands by Exponential Enrichment (SELEX). After this process is completed, the newly selected
aptamers can then be subject to binding assays for characterization before finally becoming useful
for sensing. Compared to the traditional methods of sensing such as HPLC, mass spectroscopy, or
antibodies, aptamers are cheaper, easier to transport and use, have longer shelf lives, and can have
a wider range of targets. This focus of this thesis is to use a method called capture-SELEX to
isolate new aptamers for a few important antibiotics. While aptamers have been reported for them,
they were mostly obtained by the immobilization of target molecules. In capture-SELEX, the DNA

library is immobilization allowing the use of free target molecules.

In Chapter 1, background information is given about nucleic acid structure, DNA, and the current
state of aptamers. The SELEX process is also discussed in detail as well as some characterization

methods and sensor applications.

In Chapter 2, a new DNA aptamer for the family of tetracycline antibiotics was selected using
capture-SELEX and oxytetracycline (OTC) as the target. This new aptamer was called OTCS and
had a dissociation constant (Kz) of 150 nM OTC measured using ITC. This aptamer could also
enhance the intrinsic fluorescence of the tetracycline antibiotics and this property could be

exploited for label free and dye free sensing. Follow-up studies were done on the OTCS5 aptamer.
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It was found that metal ions (specifically Mg?") had an effect on the binding of OTCS5 to the
tetracyclines. pH also affected binding with pH 6 promoting binding more than higher pH values.
Studies were also done on splitting the OTCS5 aptamer. The split aptamer retained its binding with

doxycycline.

In Chapter 3, from the remaining SELEX pool of the selection in Chapter 2, 10 other aptamers
were identified to have binding with the tetracyclines. Some of these could distinguish between
tetracycline, doxycycline, and oxytetracycline which led to the development of an aptamer sensor

array that could differentiate these antibiotics with statistical significance.

In Chapter 4, a new aptamer called CAP1 was selected for chloramphenicol (CAP) using capture-
SELEX. Previous aptamers for CAP were selected by target immobilization which omitted a
portion of the CAP molecule. When subjected to ITC, this previous aptamer did not show any
indications of binding to the full CAP molecule. The newly selected CAP1 showed a fitted K4 of
9.8 uM using ITC. A sensor was also developed using Thioflavin-T fluorescence and had a limit

of detection of 1.8 uM in lake water and 3.8 uM in wastewater.

In Chapter 5, the effect of pH on aptamer selection was studied by a parallel selection at pH 6 and
pH 8 for the aminoglycoside antibiotic kanamycin A. The selection at pH 6 showed better
convergence than pH 8§ and yielded an aptamer (KAN6-1). This aptamer had a Ky of around 300
nM from ITC. pH and salt studies were done using Thioflavin-T fluorescence assays and the
optimal condition for binding was at pH 6 with no added salts. When KANG6-1 was tried with
thioflavin-T under pH 8 selection conditions, there was no evidence of any binding. A sensor was

then designed using KANG6-1 and had a limit of detection of 0.1 uM in lake water.
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Chapter 1 Introduction

1.1 Nucleic Acids
1.1.1 Nucleic Acids Structure

Nucleic acids are biomolecules found in nature and help regulate many of the processes in
the body. There are two main types of nucleic acids found in nature. Ribonucleic acid (RNA) is
found in all living cells and carries instructions from DNA for the synthesis of proteins or other
information. Deoxyribonucleic acid (DNA) is a functional biomacromolecule that carries our
genetic information and is packaged in the nucleus of cells. Both RNA and DNA are composed of
smaller units called nucleotides. Each nucleotide is composed of a phosphate group, a pentose
sugar (deoxyribose in DNA and ribose in RNA), and a nucleobase (Figure 1.1). Two nucleotides
are linked together through phosphodiester bonds between the sugar and phosphates leading to a
phosphate rich backbone. Each nucleotide also contains one nucleobase. These include adenine
(A), thymine (T) in DNA or uracil (U) in RNA, guanine (G), and cytosine (C). These bases can
form hydrogen bonds, giving DNA a double helix conformation whereas RNA is generally single-
stranded. Canonical Watson-Crick base pairing in DNA is A-T and G-C, though non-canonical

pairing is also possible.

Compared to RNA, DNA is more chemically stable. The role of RNA in cells is a transient
messenger and is chemically unstable due to the 2'-OH group on the ribose sugar (Figure 1.1B)
backbone. This makes RNA very susceptible to hydrolysis! and has a half-life of only a few
seconds in serum.? DNA does not have the 2'-hydroxyl group and can have a half-life up to several

hours.>*



In cells, DNA is replicated during cellular division through the use of specialized enzymes
such as DNA helicase and DNA polymerases. DNA helicase unwinds the double stranded DNA
and DNA polymerases synthesize the new DNA from the parent strand. DNA polymerases are
also what is used to synthesize new DNA strands in in vitro conditions such as polymerase chain
reaction. RNA is transcribed from DNA also through the use of enzymes called RNA polymerases.

Both of these nucleic acids can be synthesized in vitro as well.
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1.2 Aptamers
1.2.1 Brief Overview of Nucleic Acid Aptamers

Aptamers are single-stranded oligonucleotides can specifically bind different ligands with
good affinity and can be made from either RNA or DNA. They are generally 20-80 nucleotides
long and can fold into various three-dimensional structures in order to bind to their respective
targets. Aptamers are generally found through a selection process called the Systematic Evolution
of Ligands by Exponential Enrichment (SELEX) where a library of nucleic acids with a region of
random nucleobases is screened to find sequences that bind to a specific target. These targets can
vary from proteins, amino acids, metal ions, and other small molecules to viruses, bacteria, and
whole cells.’ These selected aptamers can then be modified and used for many applications such

as biosensing either in vitro or in vivo.

1.2.2 History of Aptamers

Aptamers were first described in 1990 by Tuerk and Gold who found RNA sequences that
bind to bacteriophage T4 polymerase using the SELEX procedure®. Around the same time
Ellington and Szotak also selected an RNA sequence that bind to a variety of organic dyes and
were the first to coin the term aptamer’ which comes from the Latin terms apfus meaning to fit
and meros meaning part. In 1992, Ellington and Szotak also selected the first DNA aptamers using
the same SELEX procedure that also bind to organic dyes.® In 1999, Homann and Goringer were
the first to use live cells to select RNA aptamers that bind to African trypanosomes and was later
coined cell-SELEX.’ The first FDA approved aptamer drug pegaptanib (brand name Macugen),
was approved for use in 2004 and is an anti-VEGF (vascular endothelial growth factor) RNA
aptamer developed by NeXstar Pharmaceuticals (later Eyetech Pharmaceuticals) in the mid 1990s

for the treatment of age related macular degeneration (AMD).! The second FDA approved



aptamer drug was called avacincaptad pegol (Izervay),!! a PEGylated RNA aptamer that binds to
the complementary protein C5, inhibiting it cleavage into its biologically active fragments. This is
also a treatment for AMD. More recent advances in aptamer technology include different
approaches in the aptamer screening process by modifying the original SELEX protocol to
accommodate different targets and achieve better affinity. There are many other methods such as

magnetic bead (MB-SELEX),!? capture-SELEX,!? and graphene-oxide (GO-SELEX).!*

1.2.3 DNA vs RNA vs Antibodies

Although many of the first aptamers were RNA-based, more and more recent selections
are shifting to using DNA. While both have been successfully selected to bind specific ligands,
there are some different advantages to using DNA instead of RNA, which are briefly summarized
in Table 1. During the SELEX process, an essential step that is required for RNA aptamers is the
reverse transcription of the library for each round of selection!®. Native DNA libraries can be

directly used. Another reason to use DNA is the stability.!?3#

The major competitor against nucleic acid aptamers are antibodies. Antibodies have been
used for sensing the same targets as aptamers for many years using assays such as the enzyme-
linked immunosorbent assay (ELISA).!® However, there are many advantages to using aptamers
compared to antibodies. First, antibodies are expensive to produce, have great batch-to-batch
variations, and are not as shelf stable whereas aptamers can be chemically synthesized for much
cheaper and are stable at ambient temperatures. Second, aptamers can be recycled and regenerated
after use which antibodies cannot.!” Finally, it is difficult to generate antibodies to non-

immunogenic molecules such as small molecule antibiotics or metal ions.

Table 1.1 Advantages and Disadvantages of RNA vs DNA Aptamers vs Antibodies



tightly to target as

RNA (higher Kq)

reverse transcribed for
each round of
selection

Not as stable as native

DNA aptamers

DNA RNA Antibodies
Advantages - Direct use of - Can form more - Lower limits of
library diverse and intricate detection
- More chemically 3-D structures - “gold standard”
stable and more - Forms smaller assay
resistant to structures
degradation - Riboswitches
Disadvantages - May not bind as - Library must be first - More expensive

- Can not be
regenerated
- Large batch

variations

1.2.4 Protein Targets and Examples

Aptamers can be selected for different targets from small molecules to larger proteins.

Protein targets can be of great interest as they act as biomarkers and control many of the

physiological and pathological events in living organisms. The EpCAM aptamer was selected for

the membrane protein, epithelial cell adhesion molecule'® which is a structural protein that is

overexpressed in cancerous cells

1920 and is used as a biomarker. Other targets that have aptamers

include IGA1, IGA2, and IGA3 for insulin?! a protein which regulates blood glucose and is

important in monitoring diseases such as diabetes?? and the DSAIN5% and the C7 aptamer®* for




the SARS-CoV-2 spike protein. The thrombin aptamer is another well-known aptamer for the

blood clotting factor, thrombin?® (Figure 1.2).

— Thrombin

Aptamer

Figure 1.2. 3D representation of the thrombin aptamer bound to thrombin. PDB ID: 4DII.

1.2.5 Small Molecule Targets and Examples
A more applicable target for aptamers is small molecules. These molecules can come from
a variety of sources and are used or need to be monitored. These can include aptamers for industrial

26,27

wastes such as melamine and polychlorinated biphenyls=®~/, environmental toxins such as

3031 and more. The

bisphenol A28, dyes 2°, therapeutic drugs such as quinolone and streptomycin
traditional methods of monitoring and detecting these molecules require the use of big and
expensive machinery as well as professionally trained personnel to operate them. These include

methods such as high-performance liquid chromatography (HPLC) and mass spectrometry.

Another classic example of small molecule RNA aptamers is the RNA aptamer for the



bronchodilator theophylline.> This aptamer has very good selectivity for theophylline over
caffeine, a molecule that only differs from theophylline by one methyl group. The K, for

theophylline is 10,000 times lower than for caffeine (Figure 1.3).
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Ky (uM) = 3500 + 1500 Ky (M) = 0.32 + 0.13

Figure 1.3 (A) Predicted secondary structure of the theophylline aptamer TCT8-4. Adapted with
permission from Ref [32] Copyright 2020 American Chemical Society (B) K4 values of the TCT8-
4 aptamer with theophylline and caffeine measured using a competitive equilibrium filtration

binding assay. K values from Ref [53].

1.2.6 Aptamers for Antibiotics

Antibiotics are a subset of these small molecules and are therapeutical drugs used in both
humans and veterinary medicine as well as agriculture. More and more recently antibiotics are
being overused and is leading to many problems such as antibiotic resistance®?, pollution and
toxicity from animal by-products®*. Aptamers present a novel, cost effective, and easy to use
method of monitoring and sensing these molecules compared to the traditional methods mentioned
above. Many aptamers have previously been selected for different classes of antibiotics (Figure

42-44

1.4) such as tetracyclines®~7, aminoglycosides®®**!, beta-lactams**~**, chloramphenicol***®, and
Y gly p

more and has shown much promise as the future of antibiotic sensing.
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Figure 1.4. The chemical structures of common antibiotics. (A) Tetracycline (B) Kanamycin (C)

Ampicillin (D) Chloramphenicol.

1.2.7 Previously reported aptamers for antibiotics

Selecting aptamers for antibiotics has been reported in the past. The tetracyclines have had
multiple RNA and DNA aptamers selected for them. An early RNA aptamer was selected by
Berens et. al in 2001.47 This aptamer called c¢b28 (Figure 1.5B) was isolated by immobilizing
tetracycline on to epoxy-activated Sepharose beads. The Ku of cb28 was determined to be 1 uM
tetracycline by probing the Pb*" dependent cleavage of the RNA backbone. This is generally a
good method to probe RNA structure and conformational changes*® upon ligand binding since base

paired regions are not cleaved whereas unstructured flexible regions are cleaved.* Upon the



addition of tetracycline (TC), regions of the cb28 that were cleaved before became protected and
unable to be cleaved, showing a conformation change which meant ligand binding interactions
(Figure 1.6A). This binding also proved to be magnesium dependent as lead was able to cleave
cb28 in those areas without the addition of magnesium (Figure 1.6A, lanes 4 and 5). Another RNA
aptamer from the same selection (cb32) was also later characterized to have binding to tetracycline
(Ka = 0.77 nM), oxytetracycline (OTC) (Ks = 1.18 nM) and doxycycline (DOX) (Ks = 118 nM)
characterized by fluorescence titration spectroscopy (Figure 1.6 B).>%3! These aptamers are quite

long and limited work was done using them as biosensors.
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Figure 1.5 (A) Sequence alignment of the selection done by Berens et al. (B) Secondary structures

of cb28 (left) and cb32 (right). Figures adapted from ref [50] by permission of Oxford University

Press.
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Figure 1.6. (A) Gel electrophoresis showing the lead induced cleavage of the cb28 aptamer.
Adapted from Ref [47], Copyright (2001) with permission from Elsevier. (B) Fluorescence
titrations of the cb32 aptamer to determine Ks of TC and DOX adapted from Ref [51] by

permission of Oxford University Press.

Tickner et al. then selected an aptamer specific to doxycycline by using libraries that were
selectively randomized versions of the previously mentioned cb32 aptamer and different DNA
polymerases. After four rounds of selection using a DOX, two consensus sequences P2MC and

PIMC were tested using surface plasmon resonance and both had a Ky of around 7 nM (Figure

10



1.7A and B).>2 P2MC was able to distinguish between DOX and TC using fluorescence titration

(Figure 1.7C and D).
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Figure 1.7. (A) SPR peaks of P2MC aptamer for K; determination.(B) Fluorescence titration
showing specificity of P2MC for DOX compared to the previously selected Tet aptamer from
Berens et al. (C) SPR peaks of the PIMC aptamer (D) Fluorescence titration of showing no
reactivity with TC from the PIMC aptamer. Adapted with permission from Ref [52] Copyright

2020 American Chemical Society.

In addition to RNA aptamers for the tetracyclines, there have also been previously selected DNA
aptamers. Niazi et al. selected DNA aptamers for OTC. By immobilizing OTC onto tosylated
magnetic beads, they selected an aptamer that they named No.4 with a K, of around 10 nM (Figure
1.8).%3 Later, they would also select aptamers that could bind TC, DOX and OTC by being specific
for the tetracycline back bone with Ky ranging from 63-483 nM (Figure 1.9B).>* These Kq were
determined using equilibrium filtration>* in which the target and aptamer were allowed to bind in

solution before passing through a dialysis membrane. The solution that remained above the cut-
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off molecular weight contained free target, free aptamer, and bound complexes, and the filtrate
contained only free target equivalent to the initial concentration of target. This amount of free
target in the filtrate and the retentate would then be compared to the initial concentration of
the target to determine the fraction bound. However, Niazi et al. only mentioned that the filtrate
was measured and not the retentate which assumes that all of the free target passed through the
membrane and could possibly misrepresent the measured K. In addition, the aptamers reported
by Niazi et al were also very long, typically longer than 76 nucleotides and they do not have a

well-defined secondary structure making truncation difficult.

#

© G«
CRCN

Figure 1.8. The secondary structure of the No.4 aptamer selected by Niazi et al. for oxytetracycline.

Reprinted from Ref [35] Copyright (2008), with permission from Elsevier
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Aptamer Variable Ny, sequences from 19" to 58" position (5° — 3') in the 76-mer ssDNA aptamers'*’

A Ny sequences of the aptamers that strongly bind tetracycline analogues
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N, sequences of the aptamers that weakly bind tetracycline analogues

T A c A Gg[clglG[G|c[a]T alalT T[G[G]a[G]G g[@]c c G aT AC G
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(aiSequences shown in boxes are the conserved sequences matching to their positions; those highlighted in dark, gray, and dark-gray are the consensus sequences that are
represented by their matching case letters located at different positions in the same aptamer and/or in different aptamers. Sequences shown in italics represent truncated
asymmetric consensus sequences.
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Figure 1.9. (A) Sequence alignment from the selection by Niazi et al. (B) Equilibrium filtration
binding assays to determine K,. Reprinted from Ref [53] Copyright (2008), with permission from

Elsevier

Chloramphenicol (CAP) acts by inhibiting peptidyl transferase, preventing peptide bond
formation and has had some aptamers selected for it. Early RNA aptamers for CAP were selected

in 1997 by Burke et. al by target immobilization.>® The authors obtained a series of sequences after
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12 rounds of selection that could bind CAP with K, ranging from 2 uM to 275 uM, based on a

microconcentrator spin assay (Figure 1.10A). This is a size exclusion assay which partitions the
RNA based on the folded bound structure of the RNA-CAP complex. This work was mainly about

probing the interactions between RNA and CAP and not used for sensing.

A Cm-binding behavior of 40 RNAs.
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Figure 1.10 (A). Active sequences and their measured Ky from the selection of Burke et al. (B)
Inferred secondary structures of 3 isolates. Reprinted from Ref [55] Copyright (1997), with

permission from Elsevier.

Later, Mehta et al. selected DNA aptamers using target-immobilized magnetic bead SELEX. They

did 7 rounds of selection and 1 round of counter selection with uncoated beads for a total of 8
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rounds. The resulting aptamers were 80 nucleotides long and had a various K;’s with the best one
being 0.77 uM (called sequence number 7).*¢ This was determined using fluorescence binding
assay (Figure 1.11A). Fluorescein labelled aptamer was incubated with a CAP coated bead column
and then eluted. The eluted aptamer concentration was then compared to the initial concentration
of aptamer to obtain a K. Sequence number 7 also showed to be specific to CAP in a competitive
assay against other similarly structured molecules (Figure 1.11D) A truncated 40 nucleotide

version of this aptamer was used for biosensor design (Figure 1.11B).45-%

A B 20506,
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Figure 1.11 (A) Sequence alignment of the random regions from the selection done by Mehta et
al. (B) Secondary structure of the truncated CAP aptamer.(C) Secondary structures of full length
aptamers from A.(D) Specificity of aptamers 7 and 16. (A), (C), and (D) Reprinted from Ref [46]
Copyright (2011), with permission from Elsevier. (B) adapted from Ref [69], 2020, Springer

Nature.
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Duan et al. also used target immobilization to select DNA aptamers for CAP (Figure 1.12B)."’

After 10 rounds of selection they obtained aptamers with Ky in the range of 0.03 uM to 0.32 uM

using a fluorescein assay similar to the one used by Mehta ef al. and also showed good specificity

for CAP by equilibrium filtration (Figure 1.12D).

Aptamers The random sequence (5°-3") G content
(%)
No.1 TTACCACCTTAGGCTATACATCGAGGTGTCTGAACCCTTG 20
No.4 GCAGGGCACGCGGGTCGTCCACTGGAGATTACTGCTGCGC 375
No.5 CAATAAGCGATGCGCCCTCGCC'I.C»CTAGTCCTCT 28.2
No.6 GGCGGCCTATGCAATCGTCGACCTGCAGGCATGCAAGCTT 30
No.10 GCCCCTATGCGTGCTACCGTGAAGGTGTCTGAACCCTTG 28.2
The underlined sequences were conserved sequences (AGGTGTCTGAACCCTTG, GCG, and GCC). Gray-
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Figure 1.12. (A) Sequence alignment of the random region from the selection by Duan et al. (B)

Predicted secondary structure of No.4 and No.5 from (A) for chloramphenicol. (C) Measured Ky

of aptamer candidates. (D) Specificity of No.4 and No.5 by equilibrium filtration. Figures adapted

from Ref [57] reproduced with permission from SNCSC.

The previous selections for the CAP molecule have all used the target immobilization method.

However, in order to immobilize CAP onto the beads, an important portion of the molecule
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containing the chlorine atoms is omitted due to the coupling reaction that occurs (Figure 1.13).

Many of the aptamers selected this way may not bind to the free molecule in solution.
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Figure 1.13. (A) The chemical structure of free CAP (B) CAP base, the form available after

conjugation to beads. (C) Immobilization of CAP base using a carboxylic acid as done by Duan et
al. Figures adapted from Ref [57] reproduced with permission from SNCSC. (D) Immobilization
of CAP base using p-toluenesulfonyl (tosyl) groups done by Mehta et al. Reprinted from Ref [46]

Copyright (2011), with permission from Elsevier.

Kanamycin is an antibiotic that is part of the aminoglycoside family along and commonly exists
as a mixture of Kanamycin A, B, and C. Kanamycin A and C are isomers whereas Kanamycin B
has different functional groups and is a byproduct from biosynthesis. The majority of the mixture
is kanamycin A with B and C in trace amounts. An RNA aptamer targeting kanamycin B was
selected in 2001 by Kwon et al. using target immobilization.’® This aptamer called K8 showed a
Kq of 181 nM for kanamycin B and 4400 nM for kanamycin A determined using fluorescence
anisotropy. However, this aptamer showed an even higher affinity for tobramycin with a Ks of
11.6 nM. DNA aptamers have been isolated for kanamycin A by Song et. al.>® The Ky2 aptamer

was selected with target immobilization on Sepharose beads and showed a K; of 78.8 nM for a
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kanamycin A 83.5 nM for kanamycin B and 103 nM for tobramycin. This was measured by elution
and quantification of fluorescein labelled aptamer with each target. This aptamer was a minimized
version of the Kana2 sequence from the selection results. Stoltenburg et al. used library
immobilized capture-SELEX to isolate a kanamycin A binding aptamer using a target solution that
was a mixture of 4 pharmaceutical compounds (kanamycin A, sulfocarbamide, sulfomethoxazole,
and sotalol hydrochloride)®®. After sequencing, 10 representatives from the resulting aptamer
families were tested against each of the four compounds and 3 19 was found to have the best
affinity for kanamycin A at a Ky of 3.9 uM (Figure 1.14A, Figure 1.15A and B), measured using

the fluorescence method similar to Song et al.
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Figure 1.14 (A) Predicted structure of the 3 19 aptamer. Figure adapted from Ref [60] (B)

Sequence and predicted structure of the K16-1 aptamer. Figure adapted from Ref [61].

However, the Heemstra group tested the 3 19 sequence using microscale thermophoresis and

found the K4 to be almost 100-fold higher than reported. They then did their own selection for
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kanamycin A.®' Their selection protocol used library immobilized capture-SELEX and the
restriction enzyme EcoRI-HF (Figure 1.15C) to cleave portions of the library that did not bind to
the target. An initial step where the library was incubated with EcoRI-HF and the cleaved
fragments were ligated back together to ensure that the resistance to cleavage was target dependent.
After 11 rounds of selection and sequencing they obtained an aptamer called K16-1(Figure 1.14B)
which had a Ky of 340 uM measured using microscale thermophoresis. They also truncated this

aptamer (K16-1c¢) and it retained its binding with a Ks of 400 uM of kanamycin A (Figure 1.15D).
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Figure 1.15 (A) Selectivity of the 3-19 aptamer compared to the other compounds used in its
selection target solution. (B) Elution assay for to determine Ky for different aptamer candidates

from the selection by Mehta et. al. (C) Restriction enzyme SELEX protocol from the Heemstra
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group. (D) Comparison of microscale thermophoresis studies between the 3-19 and K16-1

kanamycin aptamers. (A) and (B) adapted from ref [60]. (C) and (D) adapted from Ref [61].

1.3 Aptamers That Cannot Bind Their Targets

Characterization of aptamer binding is a crucial step to ensure the discovery of true aptamers that
bind to their target. However, the steps required to ensure accurate characterization are not always
consistent amongst all selected aptamers and skipping these steps can result in reporting non-

aptamer sequences as aptamers. Some examples are given below.

Arsenic is an environmental toxin that appears most commonly in the +3 (As(III)) and +5
(As(V)) oxidation states.’?> The Ars-3 aptamer was selected in 2009 for the removal of arsenic from

3 10 rounds of selection were done by using immobilized As(Il) (as 4-

groundwater.®
aminophenylarsine oxide) on an Affinity gel 10 resin and Ars-3 was the most abundant sequence.
Next, binding was characterized using surface plasmon resonance (SPR) by covalently linking
As(IIT) and As(V) onto a gold surface.®® Using this method a K of 5 nM for As(I1I) and 7 nM for
As(V) was measured. However, DNA itself has been known to have an affinity for gold surfaces

and could also explain the shift in SPR signal. Follow-up studies have used this aptamer for

biosensor design, mostly for As(III).6463

These sensors have been designed using gold nanoparticles (Au-NPs) and inducing a color
change. The general idea behind these assays is that when the target is added to the aptamer, it
would cause the aptamer to fold into a compact structure and unable to absorb on to the surface of

the AuNPs. The addition of salt would then cause the unprotected AuNPs to aggregate causing a
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red-blue color shift (Figure 1.16)%. However, many of these studies neglect to account for the

interaction between the target and AuNPs themselves.

80, — LN Gﬂ’b@&

e QW@MW&

Figure 1.16. The principle of a colorimetric gold nanoparticle assay. Figure adapted from Ref [66].

This was what likely occurred in the case of the Ars-3 aptamer. A study was done to analyze
the interactions of arsenic and AuNPs and showed that the color change was most likely due to the
adsorption of As(III) onto the surface of AuNPs as opposed to the binding of As-3 confirmed by
using a non-binding control sequence (Figure 1.17A). ITC studies further confirmed that there was
no interaction between As(IIl) and As(V) with Ars-3 (Figure 1.17B) since the traces line up closely

with the buffer control.®’
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Figure 1.17. (A) Colorimetric nanoparticle assay comparing Ars-3 and a random 30-mer DNA.
(B) ITC traces comparing As (III) into a buffer control and Ars-3 (left) and As(V) into Ars-3 and
a buffer control(right). Adapted with permission from Ref [67] Copyright (2019) American

Chemical Society.

Some of the previously mention aptamers for antibiotics also appear to not their respective
targets. The ampicillin aptamers (AMP4, AMP17, and AMP18) showed no signs of binding when

subjected to ITC (Figure 1.18). 8
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Figure 1.18 (A) Thermograms of ampicillin in the AMP17, AMP4, and AMP18 aptamers. (B)

Thermograms of AMP18 in different buffers. Adapted with permission from Ref [68] Copyright

(2020) American Chemical Society.

Also, both the chloramphenicol aptamer (7 from section 1.2.7) and the kanamycin aptamer (Ky2)

do not show signs of binding to their respective targets when subjected to ITC (Figure 1.19A and

B)® or due to target-gold interactions (Figure 1.19C and D).
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Figure 1.19. (A) ITC trace of chloramphenicol into the truncated 7 aptamer. (B) ITC trace of the
7 aptamer into its complementary strand. Gold nanoparticle assay of kanamycin into the ky2
aptamer, 2 mutants and a random sequence (C) without and (D) with NaCl. (A) and (B) adapted
from Ref [69], 2020, Springer Nature. (C) and (D) dapted with permission from Ref [70] Copyright

(2020) American Chemical Society.

1.4 The SELEX Process
The process of selecting new nucleic acid aptamers for a specific target is generally done
through an in vitro screening process called the Systematic Evolution of Ligands by EXponential

Enrichment (SELEX) and was coined by Tuerk and Gold in 1990°. Depending on the type of
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nucleic acid being used (RNA or single-stranded DNA), the steps in the selection process may

vary slightly.

1.4.1 General Overview and Types of SELEX

In general, SELEX is a process that screens a vast initial library of oligonucleotides down
to only the sequences that bind the desired target. The discussion in this thesis is focused on
SELEX for small molecule targets, especially antibiotics. The process starts with an initial
oligonucleotide library that is incubated with the target molecule to allow binding to occur. Next,
the bound and unbound sequences are separated, and the bound sequences eluted. The number of
bound sequences is then monitored for progress. The target is then removed from the sequences
and the sequences are amplified through polymerase chain reaction (PCR). The remaining pool of
sequences is then separated into single strands and acts as the next library in the next round of
SELEX and this repeats over and over until sufficient affinity is achieved through monitoring. The
SELEX process generally takes around 15-20 rounds’!. If RNA is used as the ligand, the PCR

products would need to undergo reverse transcription to retrieve the RNA sequence.

There are different types of SELEX protocols. Traditional SELEX (or target immobilized
SELEX) is when the target is chemically modified to bind with a solid substrate (i.e magnetic
beads®”’?) and the library is flowed through to allow binding. Some drawbacks to this method
include the need to chemically modify the target thus not allowing access to the entire target

molecule or omitting possible binding sites on the targets due to the modification.

However, one type of SELEX called capture-SELEX”® is as easily implemented as
traditional SELEX and can have many possible targets. As opposed to traditional SELEX, capture-
SELEX immobilizes the nucleic acid library instead of the target molecule (Figure 1.20). This is

usually done by adding a biotin tag at the end of the library sequences and binding to streptavidin

25



coated beads due to the biotin-streptavidin affinity’3:7#. The target is then flowed through and the
sequences that bind will elute off the beads and can be collected for amplification. The advantages
of this method are that the entire target molecule can be accessed for binding and the partitioning
of bound and unbound sequences is easily done. The following discussion will all be based on

capture-SELEX using single-stranded DNA (ssDNA) libraries.
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Figure 1.20. The general overview of the capture-SELEX process using ssDNA. Figure adapted

from Ref [73].

1.4.2 Library Design
Designing the initial library is the first step in capture-SELEX. The sequences in the initial
library generally require to be designed having three main components. A docking sequence,

which hybridizes with a shorter strand of complementary DNA which typically has a biotin tag to
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anchor it streptavidin beads (the solid substrate used in most capture-SELEX processes). Two
primer binding regions for PCR amplification are also required so that eluted sequenced can be
replicated. Finally, there needs to be a region of random bases which can vary in length. This

random region is where the target will bind to during the SELEX process.

The docking sequence can be designed in different ways (Figure 1.21)7° and can either use
one of the primer binding regions or a separate docking sequence elsewhere on the strand’®. The
primer binding regions are required for PCR. These regions flank the two ends of the strand. In
order to have high PCR efficiency, these regions must be designed so that they don’t self-dimerize
or hetero-dimerize and have a similar melting temperature (Tm)’’. The melting temperature is when
half of the duplex DNA are single stranded and can be used as a measure of duplex stability. The
random region of the library sequences is where the target is meant to bind and is generally in the
length of Ng — Ngo where N is the number of randomly generated A, C, T, and G bases. While
larger N includes all the subsets of the smaller N, it may be advantageous to use smaller libraries
to scan the entire receptor space the sequences encompass’®. Generally, random regions of N3o —

Ny seem to yield good results for most selections’”-”.
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Figure 1.21. Different possible library designs. (A) Stem-loop (B) Three-way junctions (C) Other

structures. Figure adapted from Ref [75] under an Open Access License.

1.4.3 Methods to Monitor Enrichment
There are different methods to monitor the progress of selection. This is necessary to ensure
that the selection is advancing and can indicate an ending point. Some widely used methods include

labelling the library using fluorescent dyes®® or non-labelled methods such as real-time PCR®! (or

qPCR).
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1.4.4 Sequencing Analysis and Binding Assays

After a stopping point has been declared, the resulting library will be sequenced and
analyzed for the best aptamer candidates. Traditionally, Sanger sequencing was done but this
method is slower and cannot handle very big libraries. Newer technologies such as high-
throughput sequencing (HTS)® and other next-generation sequencing (NGS) methods®® have now
replaced the Sanger sequencing and can handle large libraries with fast turnaround times. Post
sequencing analysis includes the identification of aptamer candidates by searching for conserved
base sequences or secondary structures in resulting library. After these have been identified,

binding assays can be done to confirm that the candidates are true aptamers.

Many different binding assays can be done to determine parameters such as the dissociation
constant (Ky). The Ky is an equilibrium constant that describes the concentration of free target at
which half of the target is bound to the aptamer (Figure 1.22) and can be used as a gauge of how

well the aptamer binds its target with lower Ky indicating stronger binding.

kon
A+T k: AT
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d ATl ke K,

[A] - Concentration of Aptamer
[T] - Concentration of Target

k., - rate constant of association
k. - rate constant of dissociation
K, - Association Constant

Ky - Dissociation Constant
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Figure 1.22. The dissociation constant.

Isothermal titration calorimetry (ITC) can be considered the “gold standard” when it comes
to evaluating aptamer binding. ITC is a method that uses instrumentation to measure the amount
of power (in pcal/sec) needed to maintain a constant temperature between a sample cell and a
reference cell®* (Figure 1.23). When an aptamer binds to its target, the formation of the bound
complex is often accompanied by a small change in temperature that is either exothermic or
endothermic in nature and changes the temperature in the sample cell. One ITC experiment can
give the K4, as well as other thermodynamic constants such as enthalpy and entropy and the binding

stoichiometry.

Another type of binding assay is fluorescence-based assays. Fluorescence based assays
make the use of a fluorophore containing compound that will emit light at a specific emission
wavelength under excitation. This change in the fluorescence can be measured using a fluorimeter
or spectrophotometer and be used to characterize binding interactions. These can either be attached
to the aptamer (labelled) or free floating in solution (label-free). In some cases, the fluorescent
compound could be the target itself. Other methods to measure aptamer binding include
colorimetric gold nanoparticle (AuNP) assays and enzyme digestion. However, some of these
methods are not as reliable due to factors such as target nanoparticle interactions when using AuNP
assays leading to some false aptamers as described in section 1.3. Multiple binding assays are also
recommended as different assays have shown to give vastly different K, values for the same

aptamer.®
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1.4.5 Post-SELEX Modifications

After confirmation of the aptamer binding the target, modifications can be made to the
aptamer. These modifications can be used to probe more binding characteristics. Mutations of
certain nucleobases within the aptamer sequence can help probe which sections of the aptamer are
involved in the binding.’® An aptamer for caffeine (Caff203) was isolated using capture-SELEX
with a Kyof 2.2 uM, measured by ITC. A mutation study was done on this aptamer by shuftling
around bases on its two loops (Figure 1.24A) resulting in two mutants (Mutant-1 and Mutant-2).%’
These mutations resulted in a loss of binding and showing that the binding observed was specific
for caffeine (Figure 1.24B). Another aptamer selected for cortisol (CSS1)3? had two base mutations

on its main loop which also resulted in a loss of binding to its target®® (Figure 1.24C and D).
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Figure 1.24. (A) Structure and mutants of the Caff203 aptamer. (B) ITC traces of caffeine into
Mutant-1 and Mutant-2. (C) Structure and mutants of the CSS.1 aptamer. (D)ITC traces of cortisol
into CSS.1 (left), CSS.1-mtl(middle), CSS.1-mt2 (right). (A) and (B) adapted with permission
from Ref [87] Copyright (2022) American Chemical Society. (C) and (D) adapted from Ref [88]

with permission from the Royal Society of Chemistry.

Truncations can change the secondary structure of the aptamer as well as how well it binds
its target.’® An aptamer for the pyrimidine ribonucleotide uridine was selected using capture-
SELEX (Uril). Removal of an outer loop resulted in a loss of binding (Figure 1.25A and B)*°. An
example in which binding is not completely lost upon truncation is the sulforhodamine aptamer
(SRhBI1). Three truncations (SRhB1-a, SRhB1-b, and SRhB1-c) were tested using a fluorescence
assay in which the K, was reduced by 2-fold to 4-fold compared to the wild type SRhB1°! (Figure
1.24C and D). This showed that this aptamer is very tolerant to truncation and can still bind its

target.
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Figure 1.25. (A) Structure and truncation of Uril aptamer (B) ITC traces of uridine into the Uril
aptamer (left) and Uri-m (right). (C) Structure and truncations of SRhB1 aptamer. (D)
Fluorescence titration and fitted K of the SRhB1 mutants. (A) and (B) adapted from Ref [90]. (C)

and (D) adapted from Ref [91].
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1.4.6 Sensor Development

Finally, the selected aptamers can be applied in biosensor designs. Some popular aptamer
sensors include paper-based sensors (Figure 1.26) °>% lateral-flow sensors (Figure 1.27),°+%
electrochemical sensors,”® and ELASA®? (enzyme-linked aptamer sorbent assay, similar to ELISA
but using aptamers instead of antibodies). Splitting an aptamer can also lead to different sensor

designs.”®%
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Figure 1.26. (A) Schematic of a paper-based sensor for kanamycin detection. (B) Potentiometric
response of sensor with increasing amounts of kanamycin and (C) calibration curve generated.

Reprinted from Ref [93] Copyright (2019), with permission from Elsevier.
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Figure 1.27. (A) Schematic of a lateral flow sensor using an aptamer for dopamine. (B) visual
observation of the effect of dopamine concentration on color intensity of the test line; (C) peak
area value of intensity to quantify dopamine presence at 15 min. Reprinted from Ref [95]

Copyright (2019), with permission from Elsevier.

1.5 Thesis goals

Many of the previously selected aptamers against small molecule antibiotics have been
shown not to bind their respective targets when subjected to more vigorous and robust binding
assays. This may be due to the SELEX method used where the target was chemically altered
through immobilization. Therefore, the goals of this these are to select new aptamers using the
library immobilized capture-SELEX method, use reliable binding assays with mutation studies to

properly characterize the dissociation constant (K4), and to use these new aptamers as biosensors.



Chapter 2 An Aptamer for Tetracycline Antibiotics

The results presented in this section have been published as:

Yichen Zhao, Steven Ong, Yijing Chen, P.J Jimmy Huang, and Juewen Liu. Label-free and dye-
free fluorescent sensing of tetracyclines using a Capture-Selected DNA aptamer. Analytical

Chemistry, 2022, 94 (28), 10175-10182

2.1 Introduction

The tetracyclines refer to a family of linearly fused four-ring antibiotics that inhibit
bacterial protein synthesis by impeding aminoacyl-tRNA attachment to ribosomes.!” In 1949,
oxytetracycline (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. Since 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 tissues or excreted
and released into the environment.!9%1% 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.!%-197 An RNA aptamer for TC was reported by Berens et al
in 2001 with a K, of around 100 nM.'** A subsequent study optimized the sequence and achieved
an even lower Ky based on the same core sequence.’! By rational randomization of this RNA
aptamer, Tickner et al selected an aptamer for DOX.>? A motivation of selecting RNA aptamers is

to design artificial riboswitches.!%
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DNA aptamers are more stable and easier to modify compared to RNA aptamers,'%>-
107.109.110 and thus are more attractive for biosensor development.!95-107.109 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 (named No. 4) had a Ks of 10 nM and the aptamer had little
binding to TC or DOX.?* The same group then selected another aptamer using different magnetic
beads respectively coated with TC, OTC and DOX, and the resulting general aptamer was reported
to bind all the 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.>47-3

Library-immobilized SELEX (also called capture
SELEX) allows the use of unmodified free targets. 7®!!'"1">Many aptamers with tight binding

affinities have been selected using this method (e.g. sub-uM Ky for cortisol, dopamine and

Serotonin).76’87’1 11,112,116-122

TC, OTC and DOX are all fluorescent with a large Stokes shift. >*Their fluorescence could
be enhanced by binding to the RNA aptamers, which was used for the characterization of aptamer
binding.>!->> However, this 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.
The 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.

2.2 Materials and Methods
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2.2.1 Chemicals

All of the DNA oligonucleotides were purchased from Integrated DNA Technologies
(Coralville, TA). The DNA library consisted of a randomized region of 30 nucleotides flanked by
primer binding sequences. See Table 2.1 for the DNA sequences. TC, OTC, DOX and other

chemicals were from Sigma-Aldrich.

Table 2.1 DNA Sequences used in this study.

DNA Name Sequence and modification (From 5’ to 3°)
N30 Library GGA GGC TCT CGG GAC GAC (N30)-GTC GTC CCG CCT TTA GGA TTT ACA G
Forward primer GGA GGC TCT CGG GAC GAC

Reverse primer

Biotin-reverse primer

Biotin-column
OTCl
OTCI1-mutant
OTC5
OTC5-mutant
OTC5-truncate
FAM-OTCS

Quencher-DNA

CTG TAA ATC CTA AAG GCG GGA CG

/5Biosg/ CTG TAA ATC CTA AAG GCG GGA CG-3
GTCGTCCCGAGAGCCATA/3BioTEG/

ACG ACC ACA GCT TGC TGC ATG ATC TTC TCT TGT AGGTCG T

ACG ACC ACA GGT TCC TGC ATG ACA AATTCT TGT AGGTCG T

ACG ACATTC CGT TGA TCT CTC CCT TTT GGG TTG GTG TCG T

ACG ACATTC CTG GTATCT CTC CCT TTT GGG TTG GTG TCG T

ACG ACATTC CGT TGA TCT CTC GTT GGT GTC GT

/56-FAM/CT CTC GAC GAC ATT CCG TTG ATC TCT CCC TTT TGG GTT GGT GTC GT

TGT CGT CGA GAG /3IABKFQ/

Note: /5Biosg/ is biotinylation at the 5’-end, and /3BioTEG/ is biotinylation at the 3'-end with extended spacer. 56-FAM is
derivative of fluorescein with maximum excitation at 495 nm and maximum emission 520 nm. 3IABKFQ is lowa Black FQ with
absorbance range from 420-620 nm. The two blue regions in the N30 Library sequence are complementary. The mutated bases are

indicated in red.

2.2.2 Preparation of OTC solutions
During the aptamer selection, solutions of 2 mM and 0.5 mM OTC were prepared in 1x
selection buffer. For rounds 1-14, the selection buffer was 50 mM Tris-HCIL, pH 7.8, 300 mM NaCl,

5 mM KCl, 10 mM MgCl> with 2% dimethyl sulfoxide (DMSO). DMSO was included to increase
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the solubility of OTC. For rounds 15-20, the OTC concentration was lowered to 0.5 mM 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.

2.2.3 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 5 times with 250 pL 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 pL 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 pL. The spin column was centrifuged at 17530 xg for 12 times to wash
out 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 pool 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 of selection. The final

library was analyzed using deep sequencing at McMaster University as described previously.?’
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2.241TC
Isothermal titration calorimetry (ITC) was performed using a MicroCal VP-ITC.? Both the target
and the aptamer were in the same buffer. Background heat of titrating antibiotics into the buffer

was subtracted. Data analysis was done using the accompanying Origin software.

2.2.5 Fluorescence polarization

To measure fluorescence polarization, change of OTC upon binding to its aptamer, 100 nM
OTC was dissolved in 100 pL buffer. The buffers were 25 mM Tris (pH 8.3) containing different
concentrations of MgCl, (1, 2 or 10 mM) and NaCl (0, 100 or 300 mM). To the OTC samples,
various concentrations of OTCS5 aptamer were titrated (0, 10, 20, 70, 120, 220, 620 and 1020 nM),
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 520 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]/(K; + [C]), where [C] is the concentration of the

titrated molecule, and a is the maximal signal change upon saturated binding.

2.2.6 Fluorescence Measurements

The experiments were performed on a Varian Eclipse fluorimeter and a Tecan Spark
microplate reader with excitation wavelength set for OTC at 370 nm. The emission spectra were
collected from 500 nm to 600 nm. Emission was determined to be 530 nm. To determine the K,
100 nM OTC, TC or DOX was dissolved in 500 uL buffer (10 mM Tris HCI, pH 7.8, 60 mM NaCl,
2 mM MgClz, I mM KCl). 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-

dependent fluorescence without or with 2 uM OTCS5 aptamer.
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2.2.7 Detection in milk

Milk (2% fat) was from a local supermarket. Six 1.2 mL milk samples were first spiked
with different concentrations of OTC. To remove the proteins, 30 uL HCI (1 M) was added to each
milk sample and the samples were centrifuged for 15 min at 14000 rpm. The supernatant was then
removed and diluted 100x in 1x Dulbecco’s PBS buffer (pH 7.2) containing calcium and
magnesium. 98 pL 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 100 pM OTCS5 aptamer (in water) was added for a final of 2 uM

OTCS. The fluorescence was immediately read.

2.2.8 Fluorescence biosensor based on strand displacement

20 nM of 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.

2.2.9 Split Aptamer Studies

Fluorescence experiments were performed on an Eclipse fluorescence spectrometer. A
solution of 1 uM doxycycline was prepared in 10 mM MES pH 6 buffer with 2 mM MgCl.. OTC5a
and the different stem lengths of OTC5b were pre-annealed in the same buffer for 5 min at 90°C
followed by cooling slowly to room temperature. The annealed split aptamers were then titrated

into the doxycycline solution up to a final concentration of 2 uM aptamer. The fluorescence was
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then read immediately after each addition using an excitation wavelength of 370 nm and emission

wavelength of 535 nm.

Isothermal titration calorimetry was performed using a MicroCal ITC200 instrument. Data
analysis was done using the accompanying Origin software. ITC was carried out at 20°C. 10 uM
aptamer and 150 uM doxycycline were used for these experiments. The split OTC5a with
OTC5b4/5 or OTC5b7/5 was pre-annealed for 5 min at 90°C then allowed to cool slowly to 20°C

before loading. All solutions were prepared using 20 mM MES pH 6 with 50 mM NaCl and 1 mM

MgCls.

2.3 Results and Discussion
2.3.1 Aptamer selection

OTC has a —OH group at both the 5’ and 6’ positions (Figure 2.1A). 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 analogs, and we hoped to obtain an
aptamer that can bind all these three tetracyclines. We performed DNA aptamer selection using
the library-immobilization method.””-87!1! 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 2.1), 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 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
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most abundant 15 sequences (which together counted for 65.3% of the entire library), and aligned
them with the help of Cluster Omega (Figure 2.1B). 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 2.1C. 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
(highlighted in blue). The next family is represented by OTCS5 and it has a very small hairpin with
a 3 base pair stem and a 4-nt loop (Figure 2.1D). The loop is rich in thymine but can also contain
other nucleotides (see Family 2 alignment in Figure 2.1B). The other two families have lower

abundance and were not further analyzed.

Tetracycline Oxytetracycline

Doxycycline

A

SCTT
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TT
CCGTTGATCTCTCCCTTTTIGGG TTGGT-30
TGATCTCTCCCTGTTGGG TTGGT-30
QTC2 GCAATGTCCTTCGCAGGATCCGTTTACGG T 30
oTci4 0 -==== GCAATGGCCTTCGCAGGATCCGTTTACGG T----- 30
OTC6 AACAGGCTTGTT 5 GTCTTGTCACATT----29
Family 3
0TC8 GGG "TCACGTTCATC --=30 (3.5%)
QTC9 GG STGCGCACGTCTACCTTT---30 (3.3%)
Family 4
QTC7 GGCCCAGTGACATTCTTGG--GTCGCTCACTC—30 (3.5%)
OTC11 -—-GCAGACATCTTGTGTGTCATAGCGCGCTAC-30(1.5%)
0TC15 ---ACAGTCAGATTCTCTGCCGTAACTTGTTAT-30 (1.2%)
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Figure 2.1. (A) The structures of the three tetracycline antibiotics used in this study. (B) Alignment
of the most abundant 15 sequences. Within each family, the nucleotides in green can base pair,
while those in blue are identical. Mfold predicted secondary structures of (C) the OTC1 aptamer,

(D) the OTCS5 aptamer and (E) a truncated OTCS5 aptamer with the small hairpin removed.

We also compared with the previously reported OTC DNA aptamers obtained from target-
immobilized selections.®>>* We aligned the No. 4 aptamer® against our top sequences, but they do
not have sequence homology (Figure 2.2). We also searched for the truncated 8-mer aptamer
(CGGTGGTG),* and no consensus was found with our top 15 sequences either. Therefore, what
we obtained were new aptamers. Since 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.

Cl0  —mmmmmmm—mmm—— o CATAGCGCGCTAAGA-TGATCTCCATCTCAG- 30
C4  mmmmmmmm—mm - CAAAGCTTGCTTCGG-TCCTCGTGTCCGCAG- 30
c3 AGGCTCTCGGGACGACCACAGCTTGCTGCGG-————=—=—=—=————- 31
Cl  mmmmmmmm—mme—— o CACAGCTTGCTGCAT-GATCTTCTCTTGTAG- 30
cg ——————— GGGCAA-GATCTATTCTTCACGTTCATC  TTTGTCGT -- 30
o GGGCCGCACT TCCTGCGCACG TCTACC TTTGTCGT -- 30
c2  mmmmm——- GCAATGTCCTTCGCAGGATCCGTTTACGGT---- 30
C5  mmmmmmmmmmmmmm oo ATTCCGTTGATCTCTCCCTTTTGGGTTGGT 30
C6 mmmmmmmm—m———— o AACAGGCTTGTTCCG-TGTCTTGTCACATT-- 29
c7  ——m———— GGCCCAGTGACATTCTTGGGTCGCTCACTC-————=——=— 30
c1 ~==CACAGCTTGCTGCATGATCTTCTCTTGTAG-——=—=~ 30

No.4 CGACGCGCGTTGGTGGTGGATGGTGTGTTACACGTGTTGT 40

Figure 2.2. Alignment of previously reported No. 4 aptamer with the top 10 sequences from our

selection.
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2.3.2 Aptamer binding assay using I'TC

To characterize binding of the aptamers, isothermal titration calorimetry was used. For the
sequences in Family 1, we first titrated OTC into aptamer OTC1 (Figure 2.3A). The downward
spikes indicated an exothermic reaction, and based on the integrated heat, a Ks of 0.6 uM was
fitted. A mutant of OTC1 was also tested and no binding was detected (Figure 2.4A), indicating
the binding of OTC1 was specific. For the Family 2 sequences, we studied OTCS5 (Figure 2.3B),
and an even lower Kq (0.15 pM) was achieved. To confirm specific binding, an OTCS5 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 2.4B). To confirm whether the small hairpin is important or
not, we further tested a truncated version (Figure 2.1E), which had little heat release as well (Figure
2.4C). Thus, this small hairpin cannot be removed. The covariation of the stem region (the green
bases in Family 2, Figure 2.1A) suggests that it is a real hairpin structure. We also tested the
binding of TC and DOX by OTCS5 and they both showed a similar binding affinity (Figure 2.4C,
D and Table 2.2). Based on the lower Ks of OTCS5 than OTCI and its ability to bind all the three

tetracyclines, our subsequent studies focused on OTCS.

kcal/mol of injectant

Time (s)

5000 10000

N 11 L

kcal/mol of injectant

&
s o
T T

s 4
5 3
T 7

b b
8

Time (s)

5000 10000

Time (s)

5DIDD

10?00

&
s
T T

kcal/mol of injectant

Molar Ratio

Time (s)

50|00 10?00

Molar Ratio

45




Figure 2.3. ITC traces and integrated heat of (A) titrating OTC into the OTC1 aptamer; and
titrating (B) OTC, (C) TC and (D) DOX into the OTCS5 aptamer. For each titration, 150 uM of

target was titrated into 9 uM of DNA aptamer in the SELEX buffer at 25°C.

Table 2.2 Thermodynamic values of the aptamers based on ITC. Binding ratio (N), dissociation

constant (Ky), enthalpy change (AH) and entropy change (AS) of the binding reactions are supplied.

Aptamer Target N Ki;(nM) AH (cal/mol)(x 10*)  AS (cal/mol/k)
OTC1 OTC 0.81+0.03 0.6£0.1 -1.7+0.9 -28.1
OTCS OTC 0.80+0.03 0.15+0.05 -3.3+1.6 -79.3
OTCS TC 0.63+£0.02 0.18+0.05 -4.0+1.9 - 104
OTCS DOX 0.77 £0.03 0.25+0.6 -34+1.6 -84.9
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Figure 2.4. ITC of (A) the mutant of OTC1 (B) the mutant of OTC5 and (C) the truncated OTC5

with the hairpin removed.

2.3.3 Intrinsic Fluorescence Enhancement by The OTCS aptamer
The tetracycline group of antibiotics have an intrinsic fluorescence!?* that can be exploited for
sensing purposes. When the OTC5 aptamer was titrated into 100 nM OTC, the fluorescence

gradually increased (Figure 2.5A), and we fitted the increase of the peak fluorescence to obtain a
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Kqof 98 nM (Figure 2.5B), which was comparable to the values obtained from ITC and FP. If the
non-binding mutant was titrated, no fluorescence change was observed (Figure 2.5B). We also did
the same experiment with TC (Figure 2.5C) and DOX (Figure 2.5D), and they also showed a
similar fluorescence enhancement with a Ks of 264 nM TC and 145 nM DOX. The aptamer
provided a more hydrophobic environment for the tetracyclines, which can slow down non-

radiative processes leading to enhanced fluorescence.
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Figure 2.5. (A) Fluorescence spectra of 100 nM OTC in the presence of various concentration of
the OTCS aptamer with 370 nm excitation. The fluorescence increases of 100 nM (B) OTC, (C)
TC, and (D) DOX with increasing concentration of the OTCS5 aptamer. The data were fitted to a

one-site binding curve. In (B), the non-binding mutant was also tested.
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Such a unique aptamer-induced fluorescence increase might be useful for detection. We
can divide analytes into three types. First, non- 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. Since no covalent labels or
DNA staining dyes were used,'?>!12¢ it is a label-free and dye-free method of sensing . We measured
the fluorescence of OTC as a function of its concentration in the absence and presence of 2 uM
OTCS5 aptamer (Figure 2.6). The increased fluorescence by the added OTCS aptamer in the absence

of OTC was attributed to the intrinsic fluorescence of DNA.'%7
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Figure 2.6. Fluorescence of OTC with and without the OTC aptamer.

Johnson and coworkers 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 and coworkers used the

intrinsic fluorescence of ochratoxin A for its detection, where signal-on sensing was achieved only
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when exciting the aptamer at 256 nm followed by energy transfer.!?® While many fluorogenic
aptamers were reported,'?%13? their ligands are typically not considered as target molecules. To the
best of our knowledge, this was the first time that the intrinsic fluorescence of tetracyclines was

used for designing aptamer-based signal-on biosensors.
The results presented in the following section have been published as:

Zhao, Y., Gao, B., Sun, P., Liu, J. Metal and pH-Dependent Aptamer Binding of Tetracyclines

Enabling Highly Sensitive Fluorescence Sensing. Biosensors 2022, 12, 717.

2.3.4 pH and Metal Ion Dependency

Tetracyclines have a number of pK,’s and changing pH can influence the charge of the
molecule. During the selection process, most of the binding assays were done in the selection
buffer, which had a pH of 7.8. This pH is close to the pK.> of the antibiotics and thus they were a
mixture of protonated and deprotonated forms. To test the effect of pH on aptamer binding and
fluorescence enhancement, we herein systematically varied the pH to be either below or above the
pKa2. We picked pH 6.0 and 8.3 since they are below or above pK.2 of these three tetracyclines.
So, at pH 6.0, the tetracyclines are charge neutral, whereas at pH 8.3, they carry one negative

charge.

131-133

In addition, tetracyclines are known to bind to divalent metal ions which may also affect

their fluorescence.!3*

Metal ions can also affect aptamer binding.!2!:135 Thus, the effect of metal
ions coupled with the change of pH needs to be studied to characterize aptamer binding and related

biosensors. In this work, we systematically studied the effect of pH and metal ions on the sensing

of the tetracyclines by the OTC5 aptamer. At slightly acidic conditions and with Mg?*, up to 20-
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fold fluorescence enhancement was achieved, allowing highly sensitive detection down to sub-

nanomolar level.

The structures of OTC, TC and DOX and their pK, values are shown in Figure 2.7A. At
pH 6.0, all the three antibiotics are nearly charge neutral, whereas at pH 8.3, the majority of them
are negatively charged (Figure 2.7B). The secondary structure of the OTCS5 aptamer is shown in
Figure 2.7C, which has a similar affinity for binding these three antibiotics!*¢. The majority of the
previous studies were performed at pH 7.8, which was used for the selection of the OTCS5 aptamer.

Here, we studied both pH 6.0 and pH 8.3 to understand the effect of pH.

Based on the aptamer-binding induced fluorescence enhancement of the tetracyclines, we
developed a label-free and dye-free sensing method as described in Figure 2.7D. When the OTC5
aptamer is added, only the tetracyclines became fluorescent, whereas other molecules, even
fluorophores, had no fluorescence change. To achieve better sensitivity, it is desirable to have a

low background fluorescence and a large fluorescence enhancement upon aptamer binding.
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Antibiotic R1 R2 R3 R4 PKa1, PKa2,pKas

oTC H CH; OH OH 33,73,91
TC H CH; OH H 33,7.7,9.7
DOX H H CH, OH 3.0,79,9.1

pH 6 pH 8.3

;
. < @)
ACGACA C
OTCS5 aptamer Enh: d
ecTeTe T S OD e
TT%C

G

Figure 2.7. (A) The general structure of the tetracyclines with their respective pK, values.'*” pK,
values adapted from ref.129(B) The structure of tetracyclines at pH 6 and pH 8.3. (C) The
secondary structure of the OTCS aptamer. (D) A cartoon showing the fluorescence enhancement

of the tetracyclines upon aptamer binding.
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2.3.5 pH and Mg?**- dependent fluorescence of the tetracyclines

We first measured the intrinsic fluorescence of the three tetracyclines as a function of Mg?*
concentration at two pH (Figure 2.8). They all had lower fluorescence at pH 6.0 than at pH 8.3.
Thus, protonation of them lowered the quantum yield. At both pH, adding Mg?" increased their
fluorescence, and the fluorescence enhancement was higher at pH 8.3. If we fit a binding curve to
these data, the KD for Mg?" was below 0.5 mM at pH 8.3, whereas the Kq was higher than 5 mM
at pH 6.0. At pH 6.0, the pK.> position is protonated. It is likely that this position is involved in
binding Mg?* since its protonation decreased Mg?* binding. These antibiotics are known to chelate
divalent metal ions and such binding can enhance their fluorescence. Therefore, when testing the

effect of the OTC5 aptamer, we need to study the effect of pH and Mg?*.

For the detection of the tetracyclines using the method in Figure 2.7D, having a lower
background fluorescence in the absence of the OTCS aptamer is advantageous. To find out the
optimal Mg?* concentration, we then compared the fluorescence of the samples in the absence and
presence of 2 puM OTCS aptamer, and the highest fluorescence increase occurred at above 0.5 mM
Mg** (Figure 2.8D-F). When the Mg?" concentration was higher than 5 mM, the fluorescence

enhancement also decreased. Thus, we picked 2 mM Mg?* for our subsequent studies.
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Figure 2.8 The fluorescence of the tetracycline antibiotics at pH 6.0 and 8.3 in the presence of
increasing concentration of Mg?*: (A) DOX, (B) OTC and (C) TC. The fluorescence intensity of
100 nM (D) DOX, (E) OTC, and (F) TC alone and with 2 uM of the OTCS5 aptamer with increasing

concentration of Mg?* in 10 mM MES, pH 6.0 with 50 mM NaCl.

2.3.6 pH and Mg?* dependent aptamer binding

We then tested the fluorescence change of OTC with the addition of the OTCS aptamer. At pH 6.0,
the background fluorescence of 100 nM OTC is quite low, but with the addition of 2 uM OTC5
aptamer, a large enhancement was achieved (Figure 2.9A). We then systematically tested the
response over a broad pH range from 4 to 8 (Figure 2.9B). Although pH 5 showed the highest fold
of fluorescence enhancement, pH 6 gave higher fluorescence intensities. In addition, TC and OTC

are less stable at acidic pH.!*® Therefore, we chose pH 6 as our acidic pH for subsequent studies.
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Figure 2.9. (A) Fluorescence spectra of 100 nM OTC in the absence and presence of 2 uM OTC5
aptamer at pH 6.0. (B) pH-dependent fluorescence of 1 uM OTC in the absence and presence of 2
uM OTCS aptamer. pH 4 and 5: acetate buffer; pH 6, 7: phosphate buffer; pH 8: Tris buffer. All
with 10 mM Mg?*. (C) The fold of fluorescence enhancement at different pH due to the addition

of OTCS.

We then measured the OTCS aptamer binding to 100 nM DOX pH 6.0. By gradually
titrating aptamer, over 20-fold fluorescence enhancement was achieved with 3.7 uM aptamer
added (Figure 2.10A, red line). The K, was fitted to be 0.39 pM. Without Mg?*, the fluorescence
barely changed, indicating a lack of binding. Therefore, this aptamer requires Mg?" for target

binding.

We then repeated this experiment at pH 8.3 (Figure 2.10B). In this case, for the 2 mM Mg**
added sample, the background fluorescence was higher, and the final fluorescence was lower. The
fluorescence enhancement was only 4-fold, although the K, was slightly smaller (0.24 pM). Still,
when no Mg?*was added, the binding was lost, and the fluorescence barely changed upon titration
of the OTC5 aptamer. The same experiments were also performed for OTC (Figure 2.10C, D) and
TC (Figure 2.10E, F), and the conclusions were the same. For OTC, at pH 6.0, the K for the

aptamer was 0.14 puM, slightly higher than that at pH 8.3 (0.06 pM), but the fluorescence
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enhancement upon aptamer binding was much higher. For TC, at pH 6.0, the K, for the aptamer

was 0.36 uM, about 1-fold higher than that at pH 8.3 (0.16 pM).

Therefore, to use the aptamer-binding induced fluorescence for the detection of these antibiotics,
pH 6.0 appeared to be a better condition due to its much higher fluorescence enhancement. In all

cases, Mg?* was required for aptamer binding.
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Figure 2.10. Aptamer binding curves for (A, B) DOX, (C, D) OTC, and (E, F) TC in (A, C, E) pH

6.0 buffer and (B, D, F) pH 8.3 buffer in the absence or presence of 2 mM Mg?".
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2.3.7 pH and Mg?" Binding Assay using ITC
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Figure 2.11. ITC traces of 150 uM OTC titrated into 9 uM OTCS5 at (A) pH 6.0 with 2 mM Mg**

and (B) pH 8.3 with 2 mM Mg**

To further characterize the binding of the aptamers at different pH, ITC was used. OTC
was titrated into the OTCS aptamer at pH 6.0 (Figure 2.11A) and pH 8.3 (Figure 2.11B). The
downward spikes indicated an exothermic reaction. By integrating the heat, the K; at pH 6.0 was
fitted to be 0.20 uM. The Ky at pH 8.3 was fitted and found to be almost 10 times lower at 0.03
uM. Comparing the K;’s at pH 6.0 and 8.3 to the previously reported Ky at pH 7.8, the KD of
OTCS5 at pH 6.0 is very similar to the value of 0.15 uM at pH 7.8.'*¢ However, the K, at pH 8.3 is

much lower indicating stronger binding which also agrees with the fluorescence measurements.

Table 2.3 Thermodynamic Values of the Aptamers Based on ITC. Binding ratio (N), dissociation

constant (Ky), enthalpy change (AH), and entropy change (AS) of the binding reactions are supplied.
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Aptamer Target pH N K;(nM) AH (cal/mol) (x 10*)  AS(cal/mol/K)

C5 OTC 6.0 0.92+0.03 02+04 289+ 1.5 -66.3

C5 OTC 83 1.27+£0.02 0.03+0.08 -1.99 £0.45 -32.6

2.3.8 Effect of other metal ions

After knowing the importance of Mg?* for aptamer binding and fluorescence-based
detection, we then studied the effect of some other divalent metal ions. Since the behavior of these
antibiotics were similar, we focused on OTC. We first replaced Mg?* with Ca?" (Figure 2.12A).
Ca®" can also enhance the fluorescence of OTC, indicating binding. However, the addition of
OTCS5 aptamer did not bring much fluorescence enhancement for the Ca?" sample (only ~20%).
When we tested Mn?*, the fluorescence of OTC dropped with in-creasing concentration of Mn?*
(Figure 2.12B). Although fluorescence was enhanced with the addition of the OTCS5 aptamer, the
increase was quite modest (less than 1-fold). Therefore, the sensor would work the best in the
presence of Mg?*. With Zn?", the fluorescence enhancement was more and adding OTC5 induced

a significant increase (Figure 2.12C).

This could be related to the selection condition, where 10 mM Mg?* was used.!*® Since the

53,139,140 we reason that Mg?" must be involved in

tetracyclines can bind to various metal ions,
bridging OTC and the aptamer instead of acting as a general salt to screen charge repulsion. Zn?*
can replace the role of Mg?* and support aptamer binding. Zn?* and Ca?" can partially replace the
role of Mg?* and support aptamer binding. Since the least fluorescence change by adding the OTC5
aptamer was seen with Mn?*, we then tested whether we could rescue the sensor performance by

adding extra Mg?*. We performed the aptamer titration with 0.5 mM Mn?' alone and with an
g g p p

additional 2 mM Mg?* Figure (2.12D). With the extra Mg?*, 5-fold fluorescence enhancement was
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achieved, and the overall fluorescence was also much higher. Therefore, adding extra Mg?* can be

a useful method for samples with unknown metal compositions.
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Figure 2.12. The fluorescence of 100 nM OTC alone and with 2 uM OTCS5 aptamer as a function
of (A) Ca?*, (B) Mn?" and (C) Zn?" concentration. All in pH 6.0 MES buffer. (D) The fluorescence
of 100 nM OTC as a function of OTC5 aptamer concentration in 0.5 mM Mn?* alone and with 0.5

mM Mn?" and 2 mM Mg?* mixture. The buffer was 10 mM MES, pH 6.0 with 100 mM NaCl.

2.3.9 Sensing of the Tetracyclines using OTCS.

To achieve quantitative detection, we then resorted to exploiting the binding-induced fluorescence
intensity change described above. We tested the selectivity of this sensor against a few other
antibiotics (ampicillin, chloramphenicol, kanamycin and streptomycin). Since they are
nonfluorescent, the signals were close to zero (Figure 2.13A). We also tested a few fluorescent
compounds (fluorescein, dopamine, quinine). With 370 nm excitation, only fluorescein showed a
strong 520 nm fluorescence emission (Figure 2.13B), 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 2.13A). Therefore, the background 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.
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Figure 2.13. (A) Fluorescence difference of various molecules in the absence and presence of 2
uM OTCS aptamer. (B) Fluorescence intensity at 520 nm of 100 nM of each of the molecules
excited at 370 nm. The buffer was 10 mM Tris HCI, pH 7.8, 60 mM NaCl, 2 mM MgCl,, | mM

KCL

We then tested the sensitivity of the sensors using the method described in Figure 2.7D. For each
analyte concentration, two measurements were performed: before and after adding 2 uM OTCS5
aptamer. For all the three antibiotics, we observed linear responses (Figure 2.14A-C) and the slopes
of the samples with OTC5 were much higher. We then calculated the fluorescence difference of
the two lines and plotted then in Figure 2.14D-F, which were the calibration curves for the
tetracyclines. Based on them, we calculated the limit of detection (LOD) to be 0.7 nM, 0.5 nM and
0.1 nM for DOX, OTC and TC, respectively. For comparison, without optimized conditions, the
LOD for OTC was 25 nM,3¢ and our new condition allowed a 50-fold improvement. This
detection method did not involve any covalent fluorophore labels or DNA staining dyes and we

solely relied on the intrinsic fluorescence of the tetracyclines.
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Figure 2.14. Fluorescence intensity of (A) DOX, (B) OTC, and (C) TC in the absence (black dots)
and presence (red dots) of 2 uM OTCS5 aptamer. Fluorescence difference of (D) DOX, (E) OTC,
and (F) TC in the absence and presence of 2 uM OTCS5 aptamer. The measurements were

performed in pH 6 buffer with 2 mM Mg?*,

We then tested the selectivity of the sensors at different pH against the series of different
antibiotics (streptomycin, penicillin, ampicillin, chloramphenicol, and kanamycin). These
antibiotics are not fluorescent at both pH 6.0 and 8.3 their signals are close to zero (Figure 2.15A
and 2.15B). OTC, DOX, and TC did show significant fluorescence increase. From highest to

lowest fluorescence enhancement: TC>OTC>DOX and pH 6.0> pH 8.3 (Figure 2.15C).
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Figure 2.15. Selectivity of the OTCS aptamer in (A) pH 6.0 MES buffer and (B) pH 8.3 Tris buffer

each with 2 mM Mg?*. 2 uM of OTC5 was added to 100 nM of antibiotic. Samples were scanned

at an excitation wavelength of 370 nm and emission of 530 nm. (C) The fluorescence difference

at pH 6.0 and 8.3 with and without OTCS.

2.3.10 Sensing of OTC in milk

We then tested this sensor using milk samples. Milk (2% fat) was spiked with various amounts of

OTC. Since tetracyclines are known to bind to the proteins in milk, samples were first treated with

HCI, centrifuged then diluted in buffer before

slightly better performance at pH 6.0 (Figure 2.

detection. In the treated milk, the sensor showed

16A). The detection limit (3o/slope where o is the

background variation) was also calculated to be 16 nM at pH 6.0 (Figure 2.16B).
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Figure 2.16. Fluorescence intensity as a function of OTC concentration in spiked milk samples
after extraction without and with 2 uM OTC5 aptamer at (A) pH 6.0 with 2 mM Mg?*. (B)

Fluorescence difference as a function of OTC concentration at pH 6.0.

2.3.11 Labeled fluorescent sensing of OTC

Finally, we also designed a strand-displacement fluorescent sensor with a covalently
labeled fluorophore and quencher. The aptamer was extended by six nucleotides on the 5'-end and
hybridized with a 12-mer 3’-end quencher-labeled oligo.'*! In the presence of OTC, the aptamer

would bind to it and released the quencher-labeled strand resulting in fluorescence enhancement

(Figure 2.17A).

The background of the sensor was run prior to the addition of OTC to ensure a stable
background signal (Figure 2.17B). Then various concentrations of OTC were added at the 5-min
mark. After 5 min of reaction, the fluorescence reached stable values for all samples. With 36 uM
of target, over 20-fold increase in the fluorescence signal was observed after 20 min. A calibration
curve was obtained showing a typical binding curve (Figure 2.17C). An apparent K of 12 uM 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
2.17C, inset). Using this sensor, the limit of detection was calculated to be 1.2 uM OTC, which
was nearly 50-fold worse than the above label-free and dye-free sensing method. The increased
apparent Ky can explain the increased detection limit. For the selectivity test of the aptamer, 8§ uM
of different antibiotics were screened (Figure 2.17D). As expected, the tetracyclines showed a
similar response, while the other antibiotics were silent. Overall, this sensor is more expensive yet

less sensitive than the label-free and dye-free method.
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Figure 2.17. (A) Schematic of the strand-displacement biosensing system 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 5 min. (C) Fluorescence intensity
as a function of OTC concentration. Inset: linear response at lower concentrations. (D) Sensor

selectivity against various antibiotics at 8 M.

2.4 A Split aptamer biosensor

The results presented in the following section have been published as:

Zhao, Y., Patel, N., Sun, P., Faulds, K., Graham, D., & Liu, J. (2023). Light-up split aptamers:

binding thermodynamics and kinetics for sensing. The Analyst, 148(22), 5612-5618.

Splitting an aptamer into two halves is another popular way to achieve a range of signaling
methods®®!4? from fluorescence,'* colorimetric,'* to Raman-based detection.” In a typical design,
an aptamer is split from two base paired regions and the two halves would not bind to each other
until a target molecule is added. Binding of the two split aptamer halves would bring them from
infinitely far away to close proximity, resulting in a larger signal change compared to typical full-

length aptamers.
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98,142,145-148 or other

Previous work on split aptamers has focused mainly on sensor design,
applications but fundamental binding properties of split aptamers versus full-length aptamers have
yet to be studied.!'*® For example, it is perceived that split aptamers would suffer from a lower
binding affinity due to disfavored entropy contributions, but the quantitative effects remain

unknown. Understanding of these properties would be valuable for rational design of split aptamer

biosensors.

Part of the reason for the lack of systematic binding assays is attributable to difficulties
associated with small molecule aptamer binding assays.!**152 For a systematic study to test many
sequences, it is expensive to synthesize fluorescently labeled DNA. Recently, a few aptamers have
been reported to show binding-induced fluorescence change.!28:136:133-155 Tn those examples, target
molecules are fluorescent, and the fluorescence intensity is either enhanced or quenched upon
aptamer binding. We aimed to take advantage of such fluorescence to perform binding assays to
understand split aptamers. In the following section, we measured both the thermodynamic and
kinetic properties of the full-length and split aptamers using fluorescence spectroscopy and

isothermal titration calorimetry (ITC),

2.4.1 Splitting the OTCS aptamer

While numerous split aptamers have been reported,’®'*? we focused on the OTCS5
aptamer.!3® The OTC5 aptamer has a similar affinity to tetracycline antibiotics such as tetracycline,
oxytetracycline (OTC) and doxycycline (K;~100 nM).!3¢ Binding to the OTC5 aptamer can induce
a strong fluorescence increase of the tetracycline antibiotics. OTCS is featured with a large loop
and two short stems connecting them, and thus it is quite straightforward to split it through the two
stems (Figure 3.1A). In the original aptamer, the two stems have 7 and 3 base pairs (bps),

respectively. Since the 3 bp stem is in a hairpin, it also has a high stability.!>%!57 After splitting,
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however, a 3 bp duplex is unlikely to be stable enough and thus we extended it by two bases to
make a total of five base pairs in that stem (Figure 2.18A). Of the two split halves, one was named
OTC5a and the other OTC5b. To have a systematic understanding, we fixed the OTC5a sequence
but varied OTC5b to form different base pairs. The OTC5b shown in Figure 1A can form 7 and 5
bps in the two stems, respectively, and thus it was named OTC5b7/5. We also used a few other

shorter OTC5b sequences such as OTC5b5/6, OTC5b4/6 and OTC5b5/4.

The main tool used in this work is fluorescence spectroscopy. The fluorescence spectrum
of the OTCS full length aptamer was first measured. Doxycycline was chosen as the target
molecule for these studies due to its better stability compared to tetracycline and
oxytetracycline.!>® 1 uM of doxycycline was dissolved in MES pH 6.0 buffer with 2 mM MgCl,.
MgCl: is necessary to facilitate the binding of the aptamer as well as enhance the fluorescence
signal.!>> The fluorescence spectrum was measured at an excitation wavelength of 370 nm and
emission from 430 nm to 650 nm, both before and after the addition of 2 uM OTCS5 (Figure 2.18B).
After the addition of 2 uM OTCS, the fluorescence peak at 535 nm showed an 8-fold increase.
This fluorescence enhancement was visible by eye under UV excitation in a dark room (Figure

2.18C).
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Figure 2.18. (A) The full-length OTCS aptamer and the strategy of splitting. In this study, the
OTC5a strand was fixed and the length of OTCS5Db strand varied to tune the number of base pairs.
In the current figure, the two stems have 7 and 5 base pairs, respectively. (B) Fluorescence spectra
of 1 uM doxycycline in the absence and presence of 2 uM of the full length OTCS5 aptamer. Buffer
for OTCS: 2 mM Mg2+, 10 mM MES, pH 6.0. (C) Photograph showing fluorescence enhancement

of 2 uM doxycycline in the presence and absence of 5 uM CS5 in the previously mentioned buffer.

2.4.2 Fluorescence change and binding affinity at different stem lengths

To quantitatively measure the effect of split aptamer on the binding affinity, we titrated the
aptamers into their targets and monitored the fluorescence change. For the split OTCS aptamers
with various stem lengths, the OTC5b7/5 was the closest in value to the full-length aptamer with
a Kq of 0.55 uM (Figure 2.19). For comparison, the full-length has a fitted value of 0.27 uM. By
shortening the stems to 5/6, the K, kept increasing to 1.8 uM. The signal of the 4/6 and 5/4 aptamers
failed to saturate, and accurate K, values cannot be obtained. Overall, this experiment showed that

their ability to bind doxycycline was deteriorating by shortening the stems. Thus, the stem length
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is very important to tune the binding affinity of split aptamers. Shorter stems can better disrupt the

initial aptamer complex, but the binding ability is also more compromised.
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Figure 2.19. Fluorescence titration of each split aptamer intol uM doxycycline. Fitted Kq values
in uM are in brackets. Split aptamers were pre-annealed at 90°C for 5 min and allowed to cool to

room temperature before measurements.

2.4.3 Temperature-dependent binding

For a typical binding reaction, it is expected that increasing temperature would weaken binding
due to increased entropy contributions. To understand the temperature range for split aptamers, we
first mixed aptamers with their targets and then gradually increased temperature. For the full-
length OTCS, we observed two stages of fluorescence dropping. The first transition occurred
below 20°C, and we attributed it to weak nonspecific association between doxycycline and the
aptamer (Figure 2.20, blue trace).!*” Then, relatively stable fluorescence was observed until 30°C,

after which, another large fluorescence drop was observed, which was assigned to the dissociation
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of the aptamer complex. The melting temperature (7w) of this step was calculated to be 34°C. At

40°C, the fluorescence dropped to the background level.

For the split OTCS5 aptamer (Figure 2.20, red trace), fluorescence drop started from 18°C,
and the T, was fitted to be 23°C. Therefore, in this case, splitting dropped the 7, by 11°C, despite
that additional two base pairs were added to one of the stems. Therefore, splitting the aptamer has
decreased the thermostability of the binding complex. This can again be rationalized by an even

larger entropy loss for the split aptamer upon target binding.

300
20| =a, o Spit
o = Full-length
200 He
-~ [ ]
>S5 II..
© 150 ] .
I ° u
100 ° ]
° _
50 { N u
° o § F »
0 - " .
10 20 30 40 50
T(°C)

Figure 2.20. Temperature-dependent 1 uM doxycycline fluorescence in the presence of 2 uM of
the full-length or the split (5/6 bp) OTCS5 aptamer. The measurement was performed in 10 mM

MES buffer pH 6.0, 1 mM MgCl, and 50 mM NacCl.

2.4.4 Thermodynamics of binding using ITC
To further understand the thermodynamics of binding, ITC was performed on the full-
length aptamer and two split aptamers with different stem lengths: OTC5b5/4 and OTC5b7/5

(Figure 2.21). ITC can provide full thermodynamic information regarding aptamer binding.!%® All
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the aptamers showed exothermic peaks, and the fitted thermodynamic parameters are shown in
Table 2.3. The original full length aptamer and OTC5b7/5 stem showed a 3 fold difference in K4
values, but with similar enthalpy change and entropy change, indicating a small drop in affinity..
However, when the stem was shortened further, the K; was 85-fold higher. Thus, for split aptamers
with long stems, likely the initial state was already hybridized and its binding to the target was

similar to full-length aptamers.

It was interesting to note that the split aptamers released even more heat or had a more
negatively enthalpy change. This can be understood from that the split aptamer had two separate
pieces. When they hybridize to form a full aptamer, a lot of hydrogen bonds were formed and they
contributed to the heat release. The major factor for the decreased binding affinity was from the
entropy term, changing from -61.2 cal/mol-K for the full-length aptamer to -175 cal/mol-K to the
split aptamer. Going from a split aptamer to a single binding complex resulted in a much larger

entropy loss.

Based on the ITC data and the previous temperature-dependent fluorescence study, at low
temperature, when the two halves of a split aptamer are already hybridized even in the absence of
a target molecule, the binding performance of split aptamer and full-length aptamers are expected
to be similar. However, split aptamers are more susceptible to high temperature due to a very large

entropy loss.
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Figure 2.21. ITC traces of (A) the

full length OTCS, (B) OTC5a+ OTC5b7/5 aptamer, and (C)

OTC5a+OTC5b5/4. All aptamers were pre-annealed for 5 min at 90°C and allowed to cool to room

temperature before loading. Experiments were carried out at 20°C.

Table 2.3 Fitted thermodynamic values of ITC experiments.

Aptamer Target N K; (pM)
Full-length OTCS Doxycycline 0.95+0.01 0.06 +0.02
Split OTC5b7/5 Doxycycline 0.74 +0.01 0.19+0.13
Split OTC5b5/4 Doxycycline 1.1+£0.03 2.3+0.13

2.4.5 Binding Kinetics of the Split Aptamers

AH (cal/mol) (x10%)

-2.9+0.6

34+02

-5.9+0.2

AS(cal/mol/K)

-64.2

-83.8

-175

After understanding the binding thermodynamics, we then studied the effect of reaction

kinetics. For split aptamers, there are two ways of mixing. First, we annealed split aptamers and

then add target molecules (Figure 2.22, black trace). Alternatively, one half of the aptamer can be
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mixed with target analyte first followed by the addition of the other half (Figure 2.22, red and
green traces). In this way, we also examined the hybridization kinetics. For biosensor applications,
both types of mixing are important. When the split aptamer was annealed prior to addition, the
fluorescence increase was instantaneous to a maximum of 4-fold enhancement of doxycycline
fluorescence. When the two strands were added separately, the fluorescence only showed a
significant increase when the second strand was added, and the kinetics was still very fast.
Therefore, in this particular case, using split aptamers did not show a large adverse effect in

signaling kinetics.
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Figure 2.22. Kinetics of the split OTC5a and OTC5b5/4. Black: OTC5a and OTC5b5/4 were pre-
annealed at 90°C and 1 uM of the annealed solutions was added at 180 s. Red: 1 uM OTC5a was
added at 180 s followed by 1 uM OTC5b5/4 at 360 s. Green: 1 uM OTC5b5/4 was added at 180

s followed by 1 uM OTC5a at 360 s. Excitation was at 370 nm and emission at 535 nm. 200 nM
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doxycycline in MES pH 6.0 buffer with 1 mM MgCl, was read for 180 s to ensure a stable

background before the addition of the split aptamer.

2.5 Conclusions

In this work, we used the library-immobilization method (capture SELEX) to select new
DNA aptamers for OTC. At least four families of aptamer sequences were obtained, and the OTC5
sequence was studied in detail due to its high binding affinity and generality. Similar binding to
OTC, TC and DOX with K,’s around 100 nM to 400 nM was observed using ITC, FP and

fluorescence intensity measurements.

These aptamers were different from 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. We then investigated the pH and metal-ion dependency of the OTC5
aptamer and its relevance in the fluorescent detection of tetracycline antibiotics. The sensing
performance of the OTCS5 aptamer was studied at pH 6.0 and pH 8.3, at which the antibiotics were
in charge neutral and negative charged states, respectively. In addition, the effect of a few common
divalent metal ions was studied. When compared to other metal ions (Mn?*, Zn** and Ca?"), Mg?*
showed the best fluorescence increase and is required for OTCS to bind. The optimal concentration
of Mg?* was determined to be 2 mM. At pH 6.0, fluorescence enhancement upon binding OTC5
was shown to be greater than at pH 8.3 but had a higher K4. ITC experiments confirmed this by
obtaining fitted Ky values of 0.2 uM and 0.03 pM at pH 6.0 and pH 8.3, respectively. Optimized
sensors for TC, OTC, and DOX were developed at pH 6.0 with 2 mM Mg?*. Limits of detection
of 0.1, 0.5, and 0.7 nM were achieved using this system TC, OTC, and DOX respectively. This
sensor also showed good selectivity when compared with other antibiotics. Milk samples were

also tested at pH 6.0. The extracted milk samples showed LODs of 16 nM.. With these optimized
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conditions, much more sensitive fluorescence sensors have been developed for the detection of

these tetracycline compounds.

Finally, we used this aptamer to study fundamental binding properties of split aptamers.
The OTCS5 aptamer was then split into stems with different lengths to observe the effects on
binding. Kinetics studies of the split aptamers showed that both components of the split aptamer
are necessary for detectable fluorescence enhancement, but the order of addition had little effect.
The enhancement in each case was also instantaneous. However, splitting the full-length aptamer
does decrease binding affinity, except when long binding stems were designed, in which case the
initial state of the aptamer is still a full aptamer even without the target. ITC experiments further
showed this loss of binding can be attributed to the greater loss in entropy. This understanding
allowed us to design a colorimetric signaling method by pre-assemble aptamer complex in the
presence of doxycycline. This is the first thorough study of the binding property of split aptamers,

and it will be useful for researchers to rationally design biosensors.
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Chapter 3 Characterization of an Aptamer Array for the Tetracyclines

The results presented in the following section have been published as:

Zhao, Y., Gao, B., Chen, Y., & Liu, J. (2023). An aptamer array for discriminating tetracycline

antibiotics based on binding-enhanced intrinsic fluorescence. The Analyst, 148(7), 1507-1513.

Zhao, Y., Gao, B., & Liu, J. (2024). Characterization of the Binding Properties of Ten Aptamers

Using the Intrinsic Fluorescence of Oxytetracycline. ChemistryOpen.

We recently reported a number of DNA aptamers for tetracycline antibiotics that could all
enhance the intrinsic fluorescence of the antibiotics. This fluorescence property allowed us to
explore a new method for their detection and for fundamental studies. Only the fluorescence of
tetracyclines could be enhanced by adding the aptamers. The fluorescence intensity of other
molecules, regardless of whether they fluoresce or not, would not the changed by the addition of

the aptamers.

Due to the relatively large structure of tetracyclines, there are many ways for aptamers to bind,
and we did indeed observe at least ten families of DNA aptamer sequences that bind.® In order to
better understand the binding of aptamers to tetracyclines, it is important to perform biochemical
binding assays. The intrinsic fluorescence of tetracyclines allows various ways to study binding.
More importantly, we want to understand why some aptamers enhance the fluorescence more than
others. Since oxytetracycline (OTC) was used as a target to obtain the aptamers, in this study, it

was used as the ligand for the binding assays.

74



3.1 Materials and Methods

3.1.1 Chemicals

All of the DNA samples were purchased from Integrated DNA Technologies (Coralville,
IA, USA). OTC and other chemicals were from Sigma-Aldrich. Milli-Q water was used to prepare
all the buffers and solutions. Solutions of 100 nM OTC were diluted in a buffer of 10 mM MES
pH 6.0, 50 mM NaCl, and 2 mM MgClL. Each day, OTC solutions were prepared fresh by weighing

new powders.

3.1.2 Fluorescence Spectroscopy

The experiments were performed on a Tecan Spark microplate reader with an excitation
wavelength set at 370 nm and an emission at 535 nm. For titrations, 100 nM OTC, TC, or DOX
was dissolved in buffer (10 mM MES, pH 6.0, 50 mM NaCl, 0 or 2 mM MgCl>). The 10 aptamers
were titrated such that the final volume change was kept to be less than 10%. The solution was
well mixed after each titration and allowed to equilibrate for 1 min before reading. To study the

effect of Mg2*, 100 nM OTC was dissolved in buffer (10 mM MES, pH 6.0, 50 mM NacCl, 0, 0.2,

1, 2 and 5 mM MgCl,). Then each was titrated.

3.1.3 Fluorescence Lifetime

To measure the lifetime of free OTC and the aptamer bound OTC, the experiments were
performed on a Horiba Fluorimeter. A solution of 1 pM OTC was dissolved in 500 pL buffer (10
mM MES, pH 6.0, 50 mM NaCl and 2 mM MgCl). In addition, samples were prepared to contain
2 uM of aptamers. The excitation was a laser with a wavelength of 450 nm, and the emission
monochromator was set at 520 nm. The detector voltage ranged from 750 volts to 900 volts, and
the measurement range was set to 100 ns and the data were collected for 10000 counts. Each

experiment was performed in triplicate.
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3.1.4 Isothermal Titration Calorimetry (ITC)

Isothermal titration calorimetry was performed using a MicroCal VP-ITC. 150 pM of OTC
was titrated into 9 uM of aptamer. The aptamer and target were both dissolved in pH 6.0 MES
buffer with 50 mM NaCl and 2 mM MgCl. The background heat of target into plain buffer was

subtracted and the data was analyzed using the accompanying Origin software.

3.1.5 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.

3.1.6 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 puM 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.

3.2 Results and Discussion

3.2.1 The ten oxytetracycline binding aptamers

In this work, we aimed to analyze more sequences to understand the binding of different
aptamers, selected using oxytetracycline as the target. To be comprehensive, we analyzed the top
100 most abundant sequences, which collectively represented >65% of the final library (round 20).
Using ClustalOmega and manual analysis,'®! we divided these 100 sequences into 10 families
along with eight orphan sequences. We chose one sequence from each family and the predicted

secondary structures of the ten sequences are shown in Figure 3.1. All of the aptamers have bulged
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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

OTCS (Figure 3.1J) can bind to all the three tetracyclines with K values of approximately100 nM.
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Figure 3.1. The Mfold predicted secondary structures of the ten OTC aptamers studied in this

work: (A) OTC1, (B) OTCS, (C) OTCI11, (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.

3.2.2 Effect of Mg**
We first studied the effect of Mg?* on aptamer binding, which was able to affect the

intrinsic fluorescence of OTC,!** and also the binding reaction.'>> We added 2 uM aptamer to 100
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nM OTC and compared the fold of fluorescence increase brought upon by the aptamers (£/Fy,
Figure 3.2A). Without Mg?*, the fluorescence enhancement of OTC due to aptamer binding was
less than 100% for all the ten aptamers (black bars), and all the aptamers behaved similarly. With
2 mM Mg?**, the fluorescence enhancement was quite diverse. Except for OTC26 and OTC34,
which showed little fluorescence change even after adding Mg?*, the other eight aptamers were
significantly enhanced by Mg?*. This could be related to our selection condition, where 10 mM
Mg?** was included. Since OTC2 showed a large fluorescence enhancement, we also measured the
aptamer binding in the presence of various concentrations of the aptamer (Figure 3.2B). Without
Mg?*, no binding occurred regardless of the OTC2 aptamer concentration. Even concentrations as
low as 0.2 mM Mg?* promoted binding. The effect of Mg?* binding saturated around 2 mM Mg?".

Therefore, in the subsequent studies, we included 2 mM Mg?* for all the experiments.
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Figure 3.2. (A) The fluorescence intensity ratios of 100 nM OTC in the presence and absence of
2 uM of various aptamers. (B) The fluorescence of 100 nM OTC in the presence various

concentrations of OTC2 aptamer at different Mg?* concentrations.
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3.2.3 High affinity binding aptamers.

We then measured the binding affinities of these aptamers by gradually titrating each
aptamer into 100 nM of OTC solution. For all the aptamers, they induced gradually enhanced
fluorescence. Note that each figure has a different y-axis scale to best show the binding curves.
We previously reported the K; of OTCS5 aptamer to be 0.15 uM (Chapter 2). All the other aptamers,
except for OTC8 with a Ky of 2 pM, showed nanomolar binding affinities (Figure 3.3). At this
point, it is unclear whether all the aptamers bind OTC in different ways or whether some aptamers
belong to the same family. Nevertheless, we have provided a large group of different aptamers for

tetracycline antibiotics.
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Figure 3.3. Titration curves of various aptamers: (A) OTC1, (B) OTC2, (C) OTC3, (D) OTCS,

(E) OTCS, (F) OTC11, (G) OTC22, (H) OTC23, (I) OTC26 and (J) OTC43.
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3.2.4 Fluorescence lifetime.

To further understand the mechanism of fluorescence enhancement, fluorescence lifetime
measurements were performed. OTC has a quite short sub nanosecond lifetime in aqueous
solutions,'?* and our 1 uM OTC showed an average lifetime of 0.65 ns. When 2 uM aptamers were
added, the fluorescence lifetime all increased and the largest increase was seen for the OTC43
aptamer, which also had the highest fluorescence intensity enhancement (Figure 3.4A, 3.4B).
When we plotted the average lifetime of OTC in the presence of each aptamer, a good correlation
between fluorescence intensity increase and lifetime can be observed (Figure 3.4C). Fluorescence
quantum yield can be written as ® = t/t,, where t and 1, are the measured lifetime and intrinsic
lifetime (when quantum yield is 1). Therefore, the increased OTC quantum yield in the presence
of the aptamer can be explained by the increased lifetime (Figure 3.4C). We reason that the
aptamers provide a more hydrophobic environment for OTC, which decreased collisions with

water molecules and thus decreased the rate of non-radiative decay.
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Figure 3.4. (A) Fluorescence lifetime decay traces of 1 pM OTC alone and in the presence of 2
uM aptamers. (B) Average lifetime of the samples. (C) Average fluorescence lifetime vs folds of
fluorescence enhancement. The measurements were performed in 10 mM pH 6.0 MES buffer with

50 mM NaCl and 2 mM MgCl.
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3.2.5 Isothermal Titration Calorimetry

To further understand aptamer binding, we picked a few of them for ITC study. We picked
OTC2 and OTC22 for their slow kinetics. We also picked OTC43 for its very large fluorescence
enhancement. All the binding reactions were exothermic. Both OTC2 and OTC22 showed a similar
1:1 binding of aptamer to target molecule, although OTC2 had a K, that was ~8 times lower than
OTC22. OTC43 had an even higher K; of >1 uM. OTC43 also generated less heat than OTC2 or
OTC22 which were similar to each other. Both the enthalpy and entropy values for OTC2 and

OTC22 were similar but OTC43 had a smaller AH and less negative AS.
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Figure 3.5. ITC traces of (A) OTC2, (B) OTC22, and (C) OTC43. All experiments were done in
10 mM pH 6.0 MES buffer with 50 mM NaCl and 2 mM Mg?*, 9 uM aptamer and 150 uM OTC

at 25°C.

Table 3.1. Fitted thermodynamic values of ITC traces.

Aptamer  Target N Kq (M) AH (cal/mol) (x10%)  AS (cal/mol/K)

orcz OTC 093+£0.02 0.062£0.02 -1.7£0.7 -24.1
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or1C22 OTC 099+£0.05 0.49+0.11 -1.8£0.1 -32.9

0T1C43 OTC 1.5+0.1 1.6 £0.57 -1.1£0.1 -12.9

Previous work has also reported RNA aptamers that bind tetracyclines and enhance their
fluorescence. Some RNA aptamers that were isolated have Ky from 1.7 nM to 600 nM for binding
with OTC.>! Another group reported RNA aptamers with K, of 7.6 nM that were specific for an
analogue of OTC, doxycycline.’? These K, values were also determined using fluorescence
titration spectroscopy and ITC. The RNA aptamers could enhance the intrinsic fluorescence of the
tetracycline antibiotics around 2-3 fold with the doxycycline RNA aptamer able to reach around
6-fold enhancement. ITC studies also showed a similar 1:1 binding stoichiometry for all aptamers

and enthalpy values in the same range.

3.2.6 Aptamer binding induced fluorescence changes.

From the studies above, the optimal condition for fluorescence enhancement was
determined to be with 2 mM Mg?" at pH 6.0 and we used this condition for all the work here.
Figure 3.6A 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 (Figure 3.6B). 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 3.7). These
curves all have a similar y-axis scale (except for Figure 3.7B) 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.
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For biosensor applications, the group in the bottom row of Figure 3.7 is more interesting
due to a much larger fluorescence enhancement. Outside the 10 families, we also tested an orphan
sequence, OTC7, and barely any fluorescence change was observed (Figure 3.8). 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 3.6C. Based on
these data, five aptamers stood out due to their exceptionally high fluorescence enhancement

(OTC2, OTC22, OTC23, OTC43 and the previously studied OTC5).
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Figure 3.6. (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
Kq 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
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Figure 3.7. The aptamer-dependent fluorescence enhancement of 100 nM of the three tetracyclines
in pH 6.0 buffer with 2 mM Mg?* with (A) OTC1, (B) OTCS, (C) OTC11, (D) OTC26, (E) OTC34,

(F) OTC2, (G) OTC22, (H) OTC23, (I) OTC43 and (J) OTCS5 aptamers.
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Figure 3.8. (A) The secondary structure of the OTC7, which is an orphan sequence that cannot be
assigned to a family. (B) The change of fluorescence of the three antibiotics in the presence of

increasing concentration of OTC7. The lack of fluorescence change indicates no binding.

Based on the subtle structural differences of the tetracyclines, we can deduce the binding
mechanism. One major type of aptamer 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, on the other hand, likely bind in the manner indicated in the

top panel of Figure 3.6E, and all three tetracyclines can be bound.

We did not observe absolute selectivity for any of the tetracyclines. The previously reported RNA
aptamer had excellent affinity and specificity for DOX.’? However, that was a much longer
sequence and even the truncated aptamer contained 74-nt. Our DNA aptamers were approximately

42-nt, and the binding contact points could be less.
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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 Ky

values (Figure 3.6D). We focused on these three aptamers for continuing studies.

3.2.7 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. None of the aptamers showed absolute
selectivity for any of the tetracyclines. This is understandable since the difference in structure is

very small within such large molecules.

We then tested the sensitivity of label-free detection using the respective best aptamers (Figure
3.9). 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 3.9A-C), and the quantification
was based on the difference between these two (Figure 3.9D-F). Only the tetracycline antibiotics
produced enhanced fluorescence by the aptamers, which is the basis for selective detection. The
responses were all linear for target molecules up to 1 pM. 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 3.9. The fluorescence of (A) free OTC and after adding 2 uM 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 their respective aptamers.

3.2.8 A sensor array for discriminating the three antibiotics.

After confirming excellent sensitivity, we measured the selectivity of the three aptamers.
As shown in Figure 2.13 in Chapter 2, 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 3.10A, we used principal component analysis, which is a powerful

data treatment method to maximally differentiate target molecules based on sensor array data.!?
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164 As shown in Figure 3.10B, with 50 nM antibiotics, TC, DOX, and OTC were well separated,

and the rest of the antibiotics were clustered in another region. In addition, we measured the

responses to different concentrations of OTC (Figure 3.10). Because the second principal

component (PC2) did not exceed 40%, the first principal component (PC1) could be used to

quantify the responses (Figure 3.10D). The linear range of detection for OTC was found to be from

10 nM to 200 nM.
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Figure 3.10. Discrimination of different antibiotics using the sensor array. (A) Fluorescence

intensity increase among different antibiotics. (B) Canonical score plots of fluorescence responses

obtained for different antibiotics at 50 nM antibiotic. (C) Score plots for fluorescence response

obtained using varying concentrations of OTC. (D) Plots of PC1 vs concentration of OTC.
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3.3 Conclusions

The intrinsic fluorescence of OTC allowed us to conveniently characterize its binding by aptamers.
In this work we described 10 aptamers for oxytetracycline that enhance its intrinsic fluorescence
to various degrees. Fluorescence enhancement was probed using fluorescence titration
spectroscopy and isothermal titration calorimetry. We believe this is the first study in the aptamer
field to characterize up to ten aptamers to the same target. Most targets have just one or two
representative aptamers. The tetracyclines have a larger structure allow different ways of target
binding by aptamers. These ten aptamers all had high binding affinities with nine of them showing
nanomolar affinities. They all require Mg?" to promote binding. The increased fluorescence
intensities correlated with the increased fluorescence lifetimes and some aptamers showed
different reaction kinetics. 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. OTC43 was found to be
specific to OTC with a limit of detection of 0.7 nM, OTC22 was found to be specific to DOX with
a LOD of 0.4 nM, and OTC2 was found to be specific to TC with a LOD of 0.3 nM under optimal
buffer conditions. Principal component analysis 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 tetracycline molecules. 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 sensors.
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Chapter 4 An Aptamer for Chloramphenicol

The results presented in the following section have been published as:

Zhao, Y., Li, A. Z., & Liu, J. (2023). Capture-SELEX for Chloramphenicol Binding Aptamers for

Labeled and Label-Free Fluorescence Sensing. Environment & Health, 1(2), 102—1009.

4.1 Introduction
Chloramphenicol (CAP) is a broad-spectrum antibiotic used to treat a wide range of
bacterial infections by binding to prokaryotic ribosomes and preventing peptide bond formation.

165 its use

Due to its many side effects such as aplastic anemia, leukemia and grey baby syndrome,
has been banned in most countries.!®® However, its continued illicit use has led to residues being

found in the environment, which can increase antibiotic resistance and contaminate the

environment. !¢’

Aside from instrumentation-based analytical methods, detection of CAP has usually been
achieved with immunoassays.!6%!%° For small molecule detection, immunoassays have to be
performed in a competitive format therefore aptamer-based detection has gained popularity.!7%-173
RNA aptamers for CAP with dissociation constants (Ks) <100 pM were previously isolated by
Burke et al. in 1997.%° These RNA aptamers were mainly used to study the RNA-antibiotic
interactions and not for developing biosensors. In 2011, DNA aptamers for CAP with reported K4
of 0.8-1 uM were reported by Mehta et al, which were obtained by immobilization of the CAP
base (Figure 4.1A).% In CAP base, the two chlorine atoms were removed from the CAP structure,
which can also compromise the quality of the obtained aptamers. While the full length aptamer is
80-nt, a truncated 40-nt sequence has been used for the development of various

biosensors.*>>6:6%17* However, there were varied reports on the binding affinity of this truncated

aptamer to CAP.>%% In 2016, Duan et al used a similar immobilization chemistry and reported
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another set of aptamers for CAP, where the claimed K4 reached 0.03 to 0.1 uM.>” However, no
systematic truncation was performed and the full-length aptamers were around 80-nt, which were

much less used for the detection of CAP due to its length. 17>

All of the previously mentioned aptamers were isolated by immobilization a CAP analog
onto a solid substrate.*¢>>>7 This method disallowed access to the entire target due to the covalent
linker. In order to access all parts of the unmodified target molecule, capture- SELEX was used.
Capture-SELEX involves immobilization of a DNA library onto a substrate and then the target is
flowed through to harvest eluted aptamers. Many aptamers with good binding affinities have been
selected using this method.!!3:116:136 In this study, we selected a few short DNA aptamers for CAP
using the capture-SELEX method and compared our new aptamer with a previously reported
aptamer. The use of the new aptamer for the detection of CAP in real water samples was also

demonstrated.

4.2 Materials and Methods

4.2.1 Chemicals.

All of the DNA oligonucleotides were purchased from Integrated DNA Technologies (Coralville,
IA, USA). The DNA sequences and modifications are listed in Table 4.1. CAP and other chemicals
were from Sigma-Aldrich. The reagents for aptamer selection were mainly from New England
Biolabs.?® CAP was dissolved in 1x selection buffer (1x SB, 50 mM Tris-HCI, pH 7.8, 300 mM
NaCl, 5 mM KCI, 10 mM MgCl,) at final concentrations of 5 mM, 1 mM, and 0.1 mM for the
selection. CAP solution was freshly made for each round of the selection to avoid potential

degradation.’! The wastewater was from the City of Kitchener, ON, Canada.

Table 4.1 List of sequences used in this study
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DNA Name

Sequence and modification (From 5’ to 3')

N30 Library

GGAGGCTCTCGGGACGACN30)GTCGTCCCGCCTTTAGGATTTACAG

Forward primer

GGAGGCTCTCGGGACGAC

Reverse primer

CTGTAAATCCTAAAGGCGGGACG

Biotin-reverse primer

/5Biosg/ CTGTAAATCCTAAAGGCGGGACG-3

Biotin-column

GTCGTCCCGAGAGCCATA/3BioTEG/

CAP1 CGACATAGAGGATCCATCTTGGGGTGTGTAGTGTGTCG
CAP1short CGACATAGAGGAT----------=------- GGTGTGTAGTGTGTCG
CAPImut CGACATAGGAAGTCCATCTTGGGGTGTGTAGTGTGTCG
CAP3 CGACCTAGTGTCCATCGTTCAGTTCCGATTTCTGGTCG
CAP4 CGACATATGCTAATCTTGTAGATGTACTCTATGTGTCG
FAM-CAP1 /56-FAM/CTCTCGACGACACGACATAGAGGATCCATCTTGGGGTGTGTAGTGTGTCGT

Quencher-DNA

TGT CGT CGA GAG /31ABKFQ/

CAMBS0

AGCAGCACAGAGGTCAGATGACTTCAGTGAGTTGTCCCACGGTCGGCGAGTCGGTGGTAGCCT

ATGCGTGCTACCGTGAA

Note: /5Biosg/ is biotinylation at the 5’-end, and /3BioTEG/ is biotinylation at the 3'-end with extended spacer. 56-FAM is

derivative of fluorescein with maximum excitation at 495 nm and maximum emission 520 nm. 3IABKFQ is lowa Black FQ with

absorbance range from 420-620 nm. The two blue regions in the N30 Library sequence are complementary. In CAP1short, the

dashed region indicate the deleted hairpin in CAP1. The mutated bases are indicated in red.

4.2.2 Capture-SELEX for CAP.

Our selection was done using the previously described capture-SELEX method.?® The initial

concentration of CAP was 5 mM dissolved in 1x SB. The concentration of CAP was reduced at

round 9 to 1 mM and at round 12 to 0.1 mM. A total of 13 rounds of selection was done before the

final library was sent for deep sequencing (McMaster University). Since the convergence of the
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library was low, four more rounds of selection were carried out using the library from the end of

the previous round 11 using 1 mM CAP.

423 ITC.

Isothermal titration calorimetry (ITC) was performed using a MicroCal VP-ITC. 0.4 mM of CAP
was titrated into 20 pM aptamer (CAP1 and CAP3) at 25°C. For CAP4, 2 mM CAP was titrated
into 50 uM aptamer. Aptamers were pre-annealed at 90°C for 5 min in 1x SB and allowed to cool
to room temperature before loading into the ITC cell. Both the target and the aptamer were
dissolved in the same selection buffer. Background heat of titrating antibiotics into the buffer was

subtracted. Data were analyzed using the accompanying Origin software.

4.2.4 Biosensor based on the strand displacement reaction

FAM-labeled aptamer (5 pM) and quencher-labeled strand (10 uM) were first hybridized in 1x SB
by heating for 3 min at 95°C followed by gradual cooling to room temperature. This hybridized
solution was diluted to 100 nM in 1x SB 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 stable background signal. Then various concentrations of CAP

were added after the background had stabilized. The same was repeated for real water samples.

4.2.5 Thioflavin-T (ThT) based fluorescence sensing.

CAP1 aptamer (1 pM) and ThT (500 nM) were mixed in Tris-HCI buffer pH 7.8 with 10 mM
Mg?*. The fluorescence emission at 495 nm was first read with an excitation wavelength of 425
nm. The background signal was run for approximately 12 min to ensure a stable background before
CAP was added and fluorescence changes were recorded. The buffer was then replaced with real

water samples for the detection.
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4.3 Results and Discussion

4.3.1 Capture selection of CAP binding aptamers.

The structure of CAP is shown in Figure 4.1A (left). Unlike the previous selections using
immobilized CAP base (Figure 4.1A, right), our capture-SELEX method used unmodified CAP.
The DNA library contained a region of 30 random nucleotides flanked on each side by a primer
binding region.'*¢ The primer binding regions formed a stem, which would fold the library into a
hairpin structure.”” The library was first hybridized with a short complementary strand bearing a
biotin tag. Streptavidin-coated agarose beads were used as the substrate for immobilization. Upon
incubation with CAP, aptamer sequences were released from the beads by the formation of the

hairpin structure, collected, and amplified using PCR.

A total of 13 rounds of selection were performed, during which the concentration of CAP
was gradually decreased from 5 mM to 0.1 mM. The round 13 PCR amplicons were deep-
sequenced. The sequencing results were processed with the Geneious software and the most
abundant family made up less than 1% of the final library. We suspected that the affinity of CAP
binding aptamers might not be very high and using too low of CAP concentration may lead to
relative more nonspecific dissociation. We then decided to keep 1 mM CAP and re-started from
the end of round 11 for three more rounds. The final PCR amplicons from the re-selected round
14 were also deep-sequenced. A total of 80,865 sequences were obtained and the sequence with
the highest percentage was the same as that in the previous round 13 (before the re-selection,

Figure 4.1B).
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4.3.2 Three families of CAP binding aptamers.

We then aligned the top 10 sequences from both sequencing results together (Figure 4.1B), and
three families were identified. Family 1 contained only three sequences and we named the most
abundant sequence CAP1. The sequences in Family 1 appear to be highly conserved and only one
position switched from a guanine to an adenine. Two identical sequences were found in Family 2,
and we named this sequence CAP3 (the third most abundant sequence from the first sequencing
result). Family 3 contained a lot more sequences, although each at a lower abundance, and we can
identify two conserved regions linked by a small hairpin structure. Circular permutation was
observed for these two conserved regions, which is often an indication of the same way of aptamer
binding to two orientations of the target molecule (flipped by 180 degree).!2L176177 A
representative sequence in this family is named CAP4. Aside from these, there are also a few
orphan sequences that cannot be assigned to any of the above families. Due to their low abundance,
they were not analyzed further. The Mfold predicted secondary structures of the three
representative aptamers are shown in Figure 4.1C-E, respectively. They all appeared to have an
internal hairpin structure. The sequence of the hairpin is conserved in CAP1 and CAP3, whereas

CAP4 has a variable hairpin.

CAP1 is more G-rich (>35%) than the other sequences. We also compared our newly
selected aptamer to a previously reported CAP aptamer (CAMS0), but did not find any sequence
overlap (Figure 4.2), indicating that we have selected new aptamers. In addition, the RNA aptamer

is featured with two A-rich loops, while our aptamer is rich in guanine.
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OH OH OH OH
A

Chloramphenicol (CAP) CAP base
Cl
O\,’Q HN _ o\ﬁ HoN
B d ° J
Family 1
Seql 1(CAP1) CGACATAGAGGATCCATCTTGGGGTGTGTAGTGTGTCG (88) c CAP1mut
Seq2 1(CAP1) CGACATAGAGGATCCATCTTGGGGTGTGTAGTGTGTCG (294) 7o
Seql 2 CGACATAGGGGATCCATCTTGGGGTGTGTAGTGTGTCG T OO\V\\A a
-\ o
Family 2 > (‘ﬁ\(}:ﬁ\? ¢
Seq2 3 (CAP3) CGACCTAGTGTCCATCGTTCAGTTCCGATTTCTGGTCG (25) 37— CTGTG CAPT e
Seql 6 CGACCTAGTGTCCATCGTTCAGTTCCGATTTCTGGTCG I, e
—== E— A T
TeaTG
Family 3
Seql 3 CGAC-ATATGCTAATC-TTTAGATGTACTCTATGTGTCG D
Seql 4 (CAP4) CGAC-ATATGCTAATCTTGTAGATGTACTCTATGTGTCG AGTCT
Seq2 2 CGAC-ATATGCTAATCTTATAGATGTACTCTATGTGTCG 7 c
Seql 5 CGAC-ATATGCTAAGCACACTGCTGTACTCTATGTGTCG 5/ ACGACC cppg C
Seg2 7 CGACGGAT-GCTAAACTTCTAGTTGTACTCTATGCGTCG 3’'—TGCTGG /‘2*5,
Seq2 8 CGACGATATGCTAATC--GAAGATGTACTCTATGTTGTCG CrTVy Pose
Seq2 4 CGACGACGTACTCTATGTGTCCTTTAGGCATATGTTAGTCG (12) Dy 0
Seq2 9 CGAC--CGTACTCTATGTTTCAAC--GGAATATGTTAGGTCG N &
_ % @
Ungrouped Sequences
Seql 10 CGACGGGAAGATAATACGTAAGTACTATTATTTCATGTCG E cTa To
seql 7 CGACGGGGTAATACGTCGGTAACTAGTTTGACTC-~GTCG G ATC ‘o
Seql 9 CGACGCNCTTGATCCTCAGATATTACGAGTCAAAGTGTCG 57— CGACATAT PRGN
seg2 10 CGACAGGTTACCTTTAGTCACTGACTATCAGGAT--GTCG 3/ GCTGTGTA CAP4 7 2
Seq2 6 CGACGGAGGTAGCGTCGGGTAATCTAGGTCTGTA--GTCG T T
Seql 8 CGACTCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe TcA

Figure 4.1. (A) Structures of CAP and CAP base. (B) Top 10 most abundant sequences after
sequencing from the first (Seql) and the second (Seq2) sequencing. The bases in red are conserved
within each family, whereas the remaining sequences have little to no homology. The number of
copies of each sequence is in brackets for the selected sequences. The sequences without a copy
number contained less than 10 copies. Secondary structures of the (C) CAP1, (D) CAP3, and (E)

CAP4 aptamers predicted using Mfold.
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Seqgl_8 GACGACTC———————— CCcccccccoccocceccecceecceecc——-cc CCCCCCC:

No.5 0 mmmmmmmm -CAATAAGCGATGCGCCC———-TCGCCTGGGGGCCTAGTCCTCT————

Seg2_10 GACGACAG STTACCTTTAGTCACTGACTATCAGGATTGTCGTC

Seqgl_ 10 GACGACGGGAAGATAATACGTAAGTACTATTATTTCATGTCG TC

Seg2_6 GACGACGGAGGTAGCGTCGGGTAATCTAG——-GTCTGTAGTCG TC——

Seqgl 7 GACGACGGGGTAATACGTCGGTAACTAGT-—TTGACTCGTCG TC

Seqg2_ 3 (CAP3) GACGACCT-—————————————————— AGTGTCCATCGTTCAGTTCCGATTTCTG———-GTCGTC

Segl 6 GACGACCT-————————————————— AGTGTCCATCGTTCAGTTCCGATTTCTG———-GTCGTC——

Seqgl 9 GACGACGCNCTTGATCCTCAGATATTACGAGTCAAAGTGTCGTC

Segl 1(CaAprl) GACGACAT--AGAGGATCCATCTTGGGGTGTGTAGTGTGTCGTC

Seg2_1(CAPl) GACGACAT--AGAGGATCCATCTTGGGGTGTGTAGTGTGTCGTC

Seql_2 GACGACAT--AGGGGATCCATCTTGGGGTGTGTAGTGTGTCGTC

Seqg2_ 8 —GACGACG—-ATATGCTAATCGAAGATGTACTCTATGTGTCGTC

Seql 5 GACGACAT--ATGCTAAGCACACTGCTGTACTCTATGTGTCGTC

Seqg2_7 GACGACGG--ATGCTAAACTTCTAGTTGTACTCTATGCGTCGTC

Seqgl_3 GACGACAT--ATGCTAATC-TTTAGATGTACTCTATGTGTCGTC

Seqgl 4 GACGACAT--ATGCTAATCTTGTAGATGTACTCTATGTGTCGTC

Seqg2_2 GACGACAT--ATGCTAATCTTATAGATGTACTCTATGTGTCGTC

Seg2_4(Cap4) W —————————————————— GACGACGACGTACTCTATGTGTCCTTTAGGCATATG———-TTAGTCGTC

Seg2_ 9 0 —mmm——————————————— GACGACCGTACTCTATGTTTCA-—-ACGGAATATG———-TTAGGTCGTC————

No.6 = —mmmmm————————— GGCGGCCTATGCAATCG TCGA CTGCAGGCATGCAA-————————— GCTT-
No.4 CAGGGCACGCGGGTCGTCCACTGGAGATTACTGCTG——————————————————| CGC——
No.1l TTACCACCTTAGGCTATACATCGAGGTGTCTGAACCCTTG
caM80 000 ——————— AGCAGCACAGAGGTCAGATGACTTCAGTGAGTTGTCCCACGGTCGGCGAGTCGGTGGTAGCCTATGCGTGCTACCGTGRAA————————————————
No.10 GCCCCTATGCGTGCTACCGTGAAGGTGTCTGAACCCTTG

Figure 4.2. Alignment of selection results with CAMS80 with the help of ClustalOmega. From the
results, CAMS80 and other sequences from a selection done by Duan et al (No, 1,4,5,6 and 10), do

not align with the sequences obtained in this work.

4.3.3 Binding Assay using ITC.

Characterization of aptamer binding was first performed using isothermal titration calorimetry
(ITC). In our experiment, 0.4 mM CAP was titrated into 20 pM of CAP1 aptamer at 25°C in the
Ix SB (Figure 4.3A). The downward spikes indicate an exothermic binding interaction and a
dissociation constant (Ky) of 9.8 uM was fitted. A Kq of 9.8 uM is comparable with the previously
reported RNA aptamer, for which the best K; was 2.1 pM.!® During this experiment, we noticed
that annealing the aptamer was important. The CAP1 aptamer was annealed by heating the aptamer
in the buffer followed by gradually cooling to room temperature before ITC experiments. This was
done to promote the formation of proper secondary structures. Without annealing, we obtained a
smaller heat (only 64% of the annealed sample) and the data cannot be properly fitted (binding
stoichiometry much smaller than 1), suggesting a fraction of the aptamers were misfolded before
annealing (Figure 4.4D, K4 = 5.6 pM, fitted by forcing N=1 , AH = -4703 cal/mol, AS = 8.3).

Without pre-annealing the heat generated is around 70% lower. However, without forcing N=1,
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the fitted value for the binding stoichiometry (N) was very small (N=0.05, AH =-9.3x104 cal/mol,

AS = -289), and the data could not be properly fitted.

To further understand the binding of the aptamer, we then studied a few mutants of CAP1. First, a
truncated version of the CAP1 aptamer was tested, where the smaller stem loop was removed
(CAP1short), but no binding was observed (Figure 4.4A). Thus, this hairpin structure is important.
We further tested a mutant (CAPImut) by changing the four bases in the main loop from AGGA
to GAAG (Figure 4.1C green bases), for which no sign of binding was observed either (Figure
4.4B). This indicates that the loop may be directly involved in the binding of CAP. These mutation

studies indicated that the binding of CAP1 aptamer to CAP was specific.

CAP3 also showed some binding but to a lesser degree than CAP1 with a fitted K4 of 78 uM
(Figure 4.3A). CAP4 had even weaker binding and a K, of 98 uM was obtained (Figure 4.3C). For
CAPI, the binding stoichiometry was 1:1. It has a large entropy loss upon target binding and thus
the binding was mainly driven by enthalpy. Overall, CAP1 was our best aptamer candidate. A Kq
of 9.8 uM was quite reasonable for a molecule like CAP containing a single aromatic ring and a
few hydrogen bond donors/acceptors. For comparison, the classical adenosine aptamer has a Kq of
around 6 puM.!7817° We reason that reports of K4 values down to 0.03 uM CAP>7 might not be from

aptamer binding to CAP but from some other events, 6151152180
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Figure 4.3. ITC traces of (A) 0.4 mM CAP into 20 uM CAP1 aptamer, (B) 0.4 mM CAP into 20

uM of CAP3, and (C) 2 mM CAP into 50 uM CAP4 at 25°C. Aptamers were pre-annealed at 90°C

for 5 min in 1x SB.

Table 4.2. Thermodynamic values of titrating CAP into various aptamers based on ITC.

Aptamer N Kq(pM) AH (cal/mol) (x 10*) AS (cal/mol/k)
CAP1 1.0+0.1 9.8+0.5 -1.5+0.2 -27.0
CAP3 1.7+£0.5 52+ 14 -89+3.6 -10.5
CAP4 0.7+0.1 112+ 6 -29+0.5 -80.2

CAMS0 - - - -
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Figure 4.4. ITC traces of (A) a truncated CAP1 (CAP1short) aptamer, and (B) a mutant of CAP1
(CAP1mut) titrated with 0.4 mM CAP and 20 uM aptamer at 25°C in 1x SB. (C) ITC trace of 20
uM CAMS80 and 1 mM CAP using the original selection buffer conditions (20 mM Tris-HCI pH
7.6, 100 mM NacCl, 5 mM KCI, 2 mM MgCl,, 1 mM CaCly). (D) ITC trace of CAP1 without pre-

annealing.

4.3.4 Comparison with previously reported aptamers

As mentioned in the section 4.1 and section 1.2.7, two DNA aptamers and an RNA aptamer were
previously reported. One of the DNA aptamers were most extensively used, and the secondary
structure of the full-length 80-mer aptamer is shown in Figure 4.5A.46 The 40-mer sequence in the
random region was used in most sensor work (shown in yellow), where the two fixed primer
binding regions were removed (Figure 4.5B).% While all the literature showed a structure in the
bottom of Figure 4.5B, this structure was not predicted by Mfold and we saw a structure on the
top panel of Figure 4.5B. We previously did ITC on the 40-mer truncated sequence but observed
no binding.®® We used 10 uM aptamer for that experiment, which should be sufficient if it has a

literature reported Ky of around 1 uM. Ma et al also performed ITC studies on the 40-mer sequence,
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and they obtained a K, value of 237 uM CAP, which was much higher than the previously claimed
Ka of around 1 uM.>® Ma et al used an aptamer concentration of 22 uM and 3 mM CAP for this
experiment with buffer conditions of 20 mM Tris-HCI pH 7.6, 50 mM MgCl,, 5 mM KCI, 2 mM
CaCl, (experimental conditions obtained from personal communications). We previously made
the argument that if the full-length 80-mer can bind, the truncated 40-mer is unlikely to bind due
to their very different predicted secondary structures.® Since previous ITC was performed using
the truncated 40-mer, we herein also tested the full-length 80-mer. Under the same buffer
conditions and pre-annealing as CAP1 (50 mM Tris-HCI, pH 7.8, 300 mM NaCl, 5 mM KCI, 10
mM MgCl), no binding was observed (Figure 4.5D). To further confirm it, we also tried the buffer
reported in the original paper (20 mM Tris-HCI, pH 7.6, 100 mM NacCl, 5 mM KCI, 2 mM MgCl,,
1 mM CaCl,) but still no binding was observed (Figure 4.4C). Therefore, our ITC experiments did

not support binding of the 80-mer sequence.

The structure of the RNA aptamer for CAP is shown in Figure 4.5C.%° It has very interesting
adenine-rich loops, which is very different from our reported aptamers. CAP1 is a shorter sequence
with a well-defined secondary structure. Since DNA has higher stability and lower cost compared

to RNA, we believe that CAP1 will be useful for developing analytical biosensors.
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Figure 4.5. Secondary structures of (A) the full length 80-mer CAP aptamer, (C) the truncated 40-
mer of the CAP aptamer (from the yellow region in panel (B)) predicted by Mfold (top) and from
the literature (bottom). (C) The RNA aptamer for CAP. (D) ITC of 3 mM CAP into 34.5 uM

previously reported 80-nt CAMS80 aptamer.

4.3.5 Strand displacement reaction for sensing of CAP

After confirming binding, we then designed a strand-displacement fluorescent sensor by using a
covalently labelled carboxyfluorescein (FAM) and quencher system (Figure 4.6A). The CAP1
aptamer was extended on the 5' end that would be complementary to the 12-mer quencher-labeled
strand. The background signal was allowed to run prior to the addition of CAP to ensure a stable
background. The fluorescence intensity jumped and stabilized almost instantaneously upon
addition of CAP (Figure 4.6B). We then varied the concentration of CAP, and the fluorescence
was immediately read. A binding curve was obtained with an apparent K, of 377 uM CAP, much
higher than what was measure by ITC. This is due to competition with the complementary strand

to increase the apparent Ky value, which was well documented in the literature,!16-141.181
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Using this system, a limit of detection of 14 pM CAP was calculated (3c/slope, where o is the
background fluorescence variation without CAP). A selectivity test was also done using 0.15 mM
of other antibiotics (Figure 4.6D). The sensor showed very good selectivity for CAP as no signal
was observed with the other tested antibiotics. This was not surprising since these antibiotics have
quite different structures. This limit of detection is not very low, but this assay further confirmed
specific aptamer binding. Given the similar K;s of CAP1 and the adenosine/ATP aptamer, similar
signal amplification methods can also be applied to the detection of CAP.

:
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A T G
g
:

(CTCTCGACGACACGACATAGAGGATCCATCTTGGGGTGTGTAGTGTGTCGT
RN ARIRL + —
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Figure 4.6. (A) Schematic of the strand displacement fluorescent sensor. (B) Kinetics of 100 nM
sensor with the addition of 0.5 mM CAP in 1x SB. (C) Fluorescence intensity as a function of
CAP concentration. Inset: linear response at low concentrations. (D) Selectivity of sensor against
0.15 mM antibiotic: penicillin (PEN), kanamycin (KAN), streptomycin (STR), oxytetracycline

(OTC), tetracycline (TC), and doxycycline (DOX).

4.3.6 Fluorescence Sensing Using ThT
Since the sensitivity of the strand displacement-based assay was low, we further explored a label-
free detection method. Thioflavin-T (ThT) is a small molecule that can bind to G-rich DNA, which

can enhance its fluorescence intensity.!?> Since the CAP1 aptamer is rich in guanine, we then used
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ThT staining. By mixing ThT and the CAP1 aptamer, the fluorescence of ThT would increase.
CAP binding might displace ThT, leading to decreased fluorescence (Figure 4.7A). This was
previously observed for the adenosine aptamer.'®? The excitation wavelength was set at 425 nm
and emission at 495 nm. The CAP1-ThT sensor exhibited around a final drop of around 70% when
more than 50 uM CAP was added. Using various concentrations of CAP, a calibration curve was
generated with a measured Ky of 4.2 uM (Figure 4.7B). This value was comparable with the value
obtained from ITC. In buffer (50 mM Tris-HCI, pH 7.8, 10 mM MgCl,), the limit of detection was
calculated to be 1 pM. A high salt concentration is often used in aptamer selection to screen
nonspecific electrostatic interactions. Na* and Mg?* were studied using ThT and fluorescence.
Measurements were done at an excitation wavelength of 425 nm and an emission wavelength of
495 nm with 1 pM CAP1 and 0 or 100 uM CAP in 50 mM Tris-HCI buffer pH 7.8 with varying
concentrations of salt. Each salt was done separately. Without Mg?*, adding NaCl did not affect
the fluorescence change much, indicating that Mg?" was required for aptamer binding. Without
Na*, Mg?" alone can support aptamer binding, and the best signal change was seen with 10 mM
Mg?*, which was used for our ThT experiments. NaCl was determined to be nonessential for CAP1
binding and was thus eliminated from the buffer for the ThT assays (Figure 4.8A). For the ThT
assay, a lower salt concentration is preferred to increase binding between ThT and DNA. Using
this label-free method, we obtained 14-fold better limit of detection compared to using the strand-
displacement assay. The binding between ThT and CAP1 aptamer was also studied by titrating up
to 10 uM CAP1 into 2.5 uM of ThT and a K, of 2.3 uM was fitted (Figure 4.8B). Given the similar
Kq values obtained from ITC and ThT, and the low concentration of ThT used (500 nM), ThT did
not serve as a strong competitor in this reaction. The selectivity of this system was then tested

against various antibiotics and this system was also very selective for CAP (Figure 4.7C).
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Given the simplicity of this method, we also used ThT staining to test the binding of the CAP3 and

CAP4 aptamers. CAP3 showed a Ky of 46 uM (Figure 4.8C), comparable to the value obtained

from ITC. The CAP4 data cannot be fitted but the K, should be close to 100 uM (Figure 4.8D).

This experiment also confirmed that CAP1 was the best aptamer for binding CAP.
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Figure 4.7. (A) Scheme of using ThT and CAP1 to detect CAP. (B) Calibration curve using 1 uM

CAP1 and 0.5 uM ThT in 50 mM, pH 7.8 Tris-HCI buffer with 10 mM MgCl,. Inset: the linear

region at low CAP concentrations. (C) Selectivity of the ThT sensor with various antibiotics. (D)

Fluorescence intensity after the addition of varying amounts of CAP in filtered Lake Ontario water.
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Figure 4.8.(A) The effect of different concentrations of NaCl and MgCl, on the fluorescence
change of the CAP1-ThT system. (B) Titration curve of CAP1 aptamer into 2.5 uM Thioflavin-T
in 20 mM Tris-HCI pH 7.8, 10 mM MgCl,. A Ky of 2.3 uM was fitted.(C) CAP3 (K = 46 uM),

and (C) CAP4 (unable to fit Kq) and 0.5 uM ThT.

4.3.7 Real Water Samples with the ThT-based Sensor.

This ThT-based sensing system was then tested using filtered lake water from Lake Ontario. The
filtered water was buffered to contain 20 mM Tris-HCIL, pH 7.8 with 10 mM MgCl. The buffered
lake water was then spiked with varying concentrations of CAP before 100 nM CAP1 and 500 nM
of ThT was added. From this, a linear drop was also observed in low CAP concentrations and a
limit of detection of 1.8 pM was obtained (Figure 4.7D). This value was comparable with that in

the clean buffer, confirming that this aptamer can also work in environmental water samples. A
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similar experiment was conducted using even more challenging a wastewater sample, in which a

limit of detection of 3.6 uM was obtained (Figure 4.9).
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Figure 4.9. Fluorescence intensity of ThT/CAP1 after the addition of varying amounts of CAP in
wastewater. The wastewater was buffered the same way as the lake water. A LOD of 3.6 uM was

achieved.

4.4 Conclusions

We used the library immobilization method to obtain a few new DNA aptamers that bind the
antibiotic CAP. The best aptamer named CAPI1 came from the most abundant family after
sequencing and showed a Ky of 9.8 uM using ITC. CAP1 shares no sequence homology with
CAMBSO0 or other previously claimed aptamers for CAP. ITC was also done with the previously
selected CAMS80 aptamer, which did not support binding with CAP. An advantage of the CAP1
aptamer is its short length and well-defined secondary structure showing the structure-switching
property (switching from the complementary DNA binding state to the target binding state).*> A

fluorescent strand-displacement sensor showed a limit of detection of 14 uM. The CAP1 aptamer
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can also enhance the fluorescence of ThT. This fluorescence could then be lowered with the
addition of CAP, and a limit of detection of 1 uM was achieved this way. Sensing was also
demonstrated in both a lake water sample and a wastewater sample. This newly selected aptamer
is both shorter and has shown better binding affinity than previously reported CAP aptamers, and

can be integrated into many sensing platforms for the detection of CAP.
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Chapter 5 pH-Directed Capture-SELEX Aptamers for Kanamycin Detection
5.1 Introduction

Kanamycin antibiotics are broad-spectrum aminoglycosides useful for treating infections
caused by Gram negative bacteria in both humans and animals. Kanamycin has three forms (A, B,
and C), and the main therapeutic form is kanamycin A. Kanamycin binds to the bacterial 30s
ribosomal subunit inhibiting the synthesis of vital proteins.!®® Similar to other aminoglycoside
antibiotics, kanamycin has a narrow therapeutic window for safe use. In addition, it can quickly
accumulate in animal by-products if not controlled properly.!3* Current methods of kanamycin
detection have been limited to instrumental analysis such as high-performance liquid
chromatography (HPLC) and mass spectrometry.!®> In addition, immunoassays have been
developed.!®® Although instrumentation analysis is sensitive and can generate reliable results, it
requires expensive equipment and skilled technicians. Immunoassays are faster but antibodies are
expensive and have shorter shelf lives. For small molecules like kanamycin, immunoassays have
to take a competitive assay format. Taking advantage of the rich amino groups in kanamycin,
various nanomaterial-based detection methods were also reported, but such sensing mechanisms

often lack a high specificity.'®’

Therefore, aptamers present an alternative sensing method. Previously, an RNA aptamer
for kanamycin B was selected by Kwon et al. using the target immobilization method, which
achieved a dissociation constant (Ky) of 4400 nM kanamycin A and 181 nM kanamycin B.>® Song
et al. selected a DNA aptamer with a reported Ky of 78.8 nM kanamycin A.>° However, such Ky
was obtained using immobilized target, and homogenous assays can avoid artifacts such as
nonspecific adsorption to beads.!®® Further binding employed the label-free gold nanoparticle

colorimetric assay, which was later demonstrated to be unsuitable for kanamycin A.”® Stoltenburg
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et al. selected DNA aptamers for kanamycin A using capture-SELEX (by immobilization of a
DNA library) with different K, values ranging from 3.9 to 24 uM.®® However, these values could
not be validated in a later study.’! The Heemstra group used a restriction enzyme SELEX (RE-
SELEX) method to isolate aptamers for kanamycin A and their aptamer had a Kq of 340 uM based
on microscale thermophoresis (MST).! The Plaxco group has been pushing for continuous in vivo
monitoring of kanamycin, and the researchers had to use a DNA aptamer converted from an RNA
sequence.'1%0 So, a high quality aptamer for kanamycin is still in strong demand by the analytical

field.

Kanamycin has a number of primary amine groups with pK, values ranged from 6.2 to 7.6
(Figure 5.1A). Thus, we reasoned that pH might have a huge influence on aptamer selection and
binding. All of the previously reported kanamycin aptamers, regardless of RNA or DNA, were
selected in the pH range of 7.5-8.0. In this work, we aim to compare the binding of aptamers for
kanamycin selected at a lower pH (pH 6.0) to the more commonly used pH 8.0. Thus, two
selections were run in parallel. Indeed, pH 6 enriched high-quality aptamers, which also worked
optimally at pH 6. At pH 8, binding can still occur, although it has a strong dependency on salt
concentration. Finally, a label-free fluorescent sensing method was demonstrated using thioflavin

T (ThT).

5.2 Materials and Methods
5.2.1 Chemicals.

All of the DNA oligonucleotides were purchased from Integrated DNA Technologies
(Coralville, IA). See Table 5.1 for sequences. Kanamycin was purchased from Bio Basic Canada
Inc. and other reagents were purchased from Sigma-Aldrich. The kanamycin sample used in this

study was Kanamycin A (Product number KB0286Alrich catalog number).
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Table 5.1. DNA sequences used in this work

DNA

Sequence (5" —3")

N30 Library

GGAGGCTCTCGGGACGAC-(N30)-GTCGTCCCGCCTTTAGGATTTACAG

Forward Primer

GGAGGCTCTCGGGACGAC

Reverse Primer

CTGTAAATCCTAAAGGCGGGACG

Biotinylated Reverse Primer

/5Biosg/ CTGTAAATCCTAAAGGCGGGACG

Biotin Capture Strand

GTCGTCCCGAGAGCCATA/3BioTEG/

KANG6-1 GACGACGAGGGCCTGAAACTTGCTGGAACGGTTTAAGTCGTC
KANG6-5 CGACGCAGTTGGCTTAGCGTAGGTAAAGGTCGTAGTCGTC
Mutant 1 GACGACGGAGGCCTGAAACTTGCTGGAACGGTTTAAGTCGTC
Mutant 2 GACGACGAGGGCCTGAAACTTGCTGGAACGTGTTAAGTCGTC
Ky2 TGGGGGTTGAGGCTAAGCCGA

5.2.2 Buffer and Kanamycin Solution Preparation

Two buffers at pH 6.0 and pH 8.0 were used for aptamer selection. The pH 6.0 buffer

contained 50 mM MES pH 6.0 with 300 mM NaCl, 10 mM MgCl,, and 5 mM KCI (SB1). The pH

8.0 buffer contained 50 mM Tris-HCI pH 8.0 with 300 mM NaCl, 10 mM MgCl; and 5 mM KCl

(SB2). Kanamycin solutions were prepared in SB1 and SB2 buffers for the two selections.

5.2.3 Kanamycin Selection.

The capture-SELEX method was used for the selection of kanamycin binding aptamers,

which detailed methods are mentioned in previous chapters. In brief, an initial library consisting

of a random 30 nucleotide random region flanked by two primer binding regions were used for

selection. The first round used 500 pmol library and all the subsequent rounds used 100 pmol. The

selections at pH 6.0 (SB1) and pH 8.0 (SB2) were done in parallel. SELEX was done for a total of
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11 rounds before sequencing. The initial target kanamycin concentration was 1 mM for both

selections and decreased at round 7 to 100 uM and round 9 to 10 pM.

5.2.4 Isothermal Titration Calorimetry.
Isothermal Titration Calorimetry (ITC) was performed using a MicroCal VP-ITC. 20 uM
of aptamer was titrated with 200 uM target at 25°C using either SB1 or SB2. Data analysis and

fitting was done using accompanying Origin software.

5.2.5 Thioflavin-T Fluorescence Assay.

1 uM of each of the kanamycin aptamers and 1 uM of thioflavin-T (ThT) were mixed
together on a 96-well plate. 1 uM of kanamycin (or other antibiotic) was added, and fluorescence
was read using a Tecan Spark plate reader after incubating for 5 min. Fluorescence was measured

at an excitation wavelength of 425 nm and emission at 495 nm.

5.3 Results and Discussion

5.3.1 Capture-SELEX of Kanamycin Binding Aptamers at Two pH Values

The structure of kanamycin A is shown in Figure 5.1A. A key feature of this molecule is
the presence of four amino groups with pK, values all around 7. Therefore, a small change in pH
can significantly change its charge and interactions with strongly negatively charged DNA.
Kanamycin A has been a very popular target for aptamer selection, and we summarized some
previous selection conditions and binding assays in Table 5.1. All of the previous selections were
carried out at slightly basic conditions (pH 7.5 to 8.0), at which kanamycin A is close to charge
neutral. Since selections in such a pH range failed to generate high affinity aptamers, we

hypothesized that a lower pH might be a better condition since the target molecule became
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positively charged. To understand the effect of pH on aptamer selection, in this work, two parallel

selections for kanamycin A were performed at pH 6.0 and pH 8.0, respectively.

Table 5.1. SELEX parameters and dissociation constants of previous selections for kanamycin A.

Aptamer | Type of SELEX | pH | Salt K. (uM) and assay used

RNA Target- 7.5 | 250 mM Na*, 1 mM | 4.4 (Fluorescence anisotropy)>®
Immobilized Mg?

DNA Target- 8.0 | 50 mM Na'", 5 mM | ~0.08 (FAM-labeled aptamer to
Immobilized Mg, 5 mM K* target-immobilized beads)*

DNA Capture-SELEX | 7.6 | 100 mM Na', 2 mM | 3.9-24 (Strand-displacement);®°

(library Mg, 5 mM K, 1260 (MST)%!
immobilized) mM Ca?*

DNA Restriction 7.9 | 6 mM Mg**, 28 mM | 340 (MST)%!
enzyme-SELEX K*

Our DNA library containing a 30-nucleotide (nt) random region was first annealed with a
biotinylated capture strand and immobilized on streptavidin-coated agarose beads. The library had
two primer binding regions, which could form a 10-base pair (bp) duplex region. Upon binding
with the target, the binding sequences would adopt this structure, be released from the bead column,
and be amplified by PCR. A total of 11 rounds of selection was done at each pH with kanamycin
A concentration gradually decreased from 1 mM to 10 uM. The resulting PCR amplicons from
each selection at the end of round 11 were sent for deep sequencing. A total of 46151 sequences
were obtained for the selection at pH 6, and 36466 sequences at pH 8. The pH 6 selection showed

a good sequence enrichment, although the selection at pH 8 did not converge well and the top
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sequence made up less than 0.1% of the final library. This result already suggested that pH 6 might

be a better pH for the selection of kanamycin aptamers.

An alignment was performed using the top 20 most abundant sequences from the selection
at pH 6, and two main families were identified. The top sequence of the first family (named KAN6-
1) comprised around 10% of the final library. This family (Figure 5.1D) has two conserved regions
separated by a random region. The random region sequences do not seem to form any stable
secondary structures (e.g. no stem-loop structures identified). So, we tend to believe that the entire
structure is a big loop as drawn in Figure 5.1B. This top sequence was named KAN6-1 and was

used for further analysis.

Family 2 also has two conserved regions separated by a random region (Figure 5.1C, D),
although the conserved sequences are different from that in family 1. Therefore, a sequence from
family 2 name KANG6-5 was also synthesized for further testing. These sequences were also aligned
with the previous reported kanamycin aptamers, and we did not find any sequence homology
(Figure 5.1D). So, we obtained new aptamers. Aside from these two families, the rest sequences
also contained some common regions. Since they have a much lower abundance, we did not
analyze them further. Since kanamycin is a relatively large molecules, it is reasonable that

aptamers can have different ways to bind it and thus different aptamers can be generated.

The sequence enrichment for the selection done at pH 8 was less optimal, and the most
abundant sequence has only 21 copies (Figure 5.1D). It is possible that at pH 8, kanamycin being
a charge neutral molecule lacks charge attraction with DNA, whereas at pH 6, it is positively
charged. Interestingly, the next three sequences from the pH 8 selection were also found in family
1 from the pH 6 selection. So, the pH 8 selection might still be successful, and it is just that the

sequence enrichment was much slower suggesting weaker binding affinities.
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Figure 5.1. (A) The structure of kanamycin A and the pK, values of its four amino groups.?? The
secondary structures of the (B) KANG6-1 and (C) KANG6-5 aptamers. (D) The top 20 most abundant
sequences from SELEX done at pH 6, and the top 4 sequences from SELEX done at pH 8 as well

as the previously selected aptamers. The number of copies of each sequence is in brackets. The

Family 1 (pH 6)

KAN6-1 GAC---GAGGGCCTGAAACTTGCTGGAACGGTTTAAGTCGTC (3438)
KAN6-2 GACGCCGAGGGCCGAAAACTGA--————— GGTTTAAAGACGTCGTC (2833)
KAN6-3 GACGC-GAGGGCCCATTGTACAGGT----GGTTTAAGTGTCGTC (2125)
KANG6-8 GAC---GAGGGCCCGGAGTCTGTAGAAGTGGTTTAAGTCGTC (973)
KAN6-10 GAC---GAGGGCCCGGATAGTGAAAAAGTGGTTTGAGTCGTC (943)
KAN6-11 GACT--GAGGGCCGATGGATTCAGCGA--GGTTTAAGGTCGTC (934)
KAN6-13 GACC--GAGGGCCTAGCTTTGGTCCAT--GGTTTAAGGTCGTC (832)
KAN6-14 GACGT-GAGGGCCGACAACTTTTGA----GGTTTAAGCGTCGTC (734)
KAN6-15 GAC---GAGGGCCGATGGAAGGAGACAGAGGTTTAAGTCGTC (549)
KAN6-18 GAC---GAGGGCCTGGAAGTAGTTGACATGGTTTAAGTCGTC (345)
Family 2 (pH 6)

KAN6-4 GACGCAAGTTGGCTTTCACTTG-G-AA-GGTCGAGTGTCGTC (1286)
KAN6-5 GACGCA-GTTGGCTTAGCGTAG-GTAARAGGTCGTA-GTCGTC (1132)
KAN6-16 GACGAA-GTTGGCTTTATCAATTGTAARAGGTCGA--GTCGTC

Remaining Sequences (pH 6)

KANG6-6 GACAGGAATTACCCGTCTAGGCCCTTCTAGGGTGTCGTC (1050)
KAN6-9 GACCGGAATTACCCAAATTTTGGCCCGTAGGGGGTCGTC (949)
KAN6-12 GACGTAGTCGGCTGGTGCATGCTTCAGGTCGTAGTCGTC (894)
KAN6-17 GACTGGAGTATAGGTCAAAGTCGGCTTATTGCAGTCGTC (382)
KAN6-7 GACGCGGCTCATTTATTGCCTTGTGTTTGGTCCGTCGTC (1024)
KAN6-19 GACGGTCTTTAACATGTACCTTCGGTACTGATTGTCGTC (315)
KAN6-20 GACGTCGGCTGATATATCATTCAGGTCGCAGTCGTCCCG (314)
pH 8

KAN8-1 GACGCAGTCGGCTTTTGCGGGAARARAGGTCGGAGTCGTC (21)
KAN8-2 GACCGAGGGCCCAGCTGGTCGTGT---—— GGTTTAATGGTCGTC (19)
KAN8-3 GAC-GAGGGCCTCGATCGTTCACGTGAGTGGTTTAAGTCGTC (8)
KAN8-4 GAC-GAGGGCCCTCAGCATAGCGTTAGT-GGTTTAAGTCGTC (6)

colored regions are the conserved sequences.

5.3.2 A Strong Effect of pH for Binding in High Salt Buffers

To evaluate aptamer binding, we first used thioflavin-T (ThT) fluorescence spectroscopy. ThT is
a fluorescent small molecule that can bind to DNA and enhance its fluorescence.!?> Although ThT
is best known as a G-quadruplex binder, it can also bind to other DNA sequences. ThT is

particularly useful for evaluating aptamer binding. By adding the KANG6-1 aptamer to ThT, the
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ThT fluorescence would increase due to their weak binding. The addition of kanamycin would
displace some ThT from the aptamer and lower the fluorescence of the sample (Figure 5.2A). This
was previously observed for many other aptamers such as those for adenosine aptamer and
chloramphenicol.!!!2 Measurements were performed at an excitation wavelength of 425 nm and
an emission wavelength of 495 nm. Since a main goal of this work is to understand the effect of
pH, we first measured binding pH 6, 7 and 8. In the selection buffer at pH 6, when we titrated
kanamycin A, a gradual decrease in fluorescence was observed, suggesting aptamer binding
(Figure 5.2B). With just 2 uM kanamycin, approximately 60% fluorescence drop was achieved
(fitted K4 820 nM). At pH 7, the binding was decreased, whereas at pH 8, the binding was
negligible. Therefore, KAN6-1 is indeed a strongly pH-dependent aptamer, and the pH-dependent

binding was consistent with our prediction of electrostatic interactions.

To confirm the results, we then performed a few control experiments. First, free ThT (no DNA
added) was titrated with kanamycin and no fluorescence change was observed (Figure 5.3A).
Second, we mixed an unrelated DNA with ThT and then titrated kanamycin, and no fluorescence
change was observed either (Figure 5.3B). Therefore, ThT is a reliable assay for evaluating the

binding of kanamycin aptamers.

To more accurately measure binding, we then performed isothermal titration calorimetry (ITC),
which also provides thermodynamic information of aptamer binding. The aptamer was first
annealed at 95°C and slowly cooled to room temperature. 100 uM of kanamycin was titrated into
10 uM of aptamer. The downward spikes indicate an exothermic binding interaction (Figure 5.4A),
and the strong heat release was consistent with enthalpy-driven binding (e.g. electrostatic
interactions and hydrogen bonding). The negative entropy change also confirmed this hypothesis

(Table 5.2). The K4 was fitted to be 320 nM, which was slightly lower than the 820 nM K, from
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the ThT assay performed above. ITC is a more reliable method of quantitative measurement of
binding, since ThT acts as a competitor that can lower the observed binding affinity. At pH 8§, ITC
also showed very little binding (Figure 5.4B), consistent with the ThT results. We also tested the
binding of the KAN6-5 aptamer from family 2 (Figure 5.4C), and a K4 value of 800 nM was

obtained. Since KANG6-1 has stronger binding, this study is focused on this aptamer.

It has been demonstrated many times that DNA selections often yield sequences that work
optimally under the condition of selection. For example, the Li group selected a series of RNA-
cleaving DNAzymes from pH 3 to 7. Except for pH 7, the rest selections all resulted DNAzymes
that worked the best under the selection pH.!”* The fact that the pH 8 selection in our work did not
enrich new sequences indicated that kanamycin A probably needs to be selected at a lower pH to
have most of the amine groups protonated. Previously, a streptavidin aptamer was selected that
can bind at pH 7.4 but not at pH 5.2.!% There are also studies to understand the effect of pH for
aptamer binding.!*>-1°7 Our work is different in that we have taken into account the property of the

target molecule and used pH to our advantage to evolve better aptamers.

5.3.3 pH-insensitive Binding in Low Salt Buffers

It is known that in a high ionic strength buffer, charges are screened and electrostatic interactions
are weakened. The above experiments were carried out in the high salt selection buffers containing
300 mM NaCl and 10 mM MgCl,, and thus charge attractions are relatively weak. To further
understand charge or electrostatic interactions, we studied the effect of ionic strength. We omitted
MgCI2 and NaCl from the buffer. In addition, to fully eliminate possible divalent metal ions, we
also added 2 mM EDTA. Under this no salt condition, the KAN 6-1 aptamer retained its target
binding from the ThT fluorescence (Figure 5.2C). The fluorescence drop even reached 90% with

a fitted K4 of around 460 nM. We further performed the same experiment in pH 7 and 8 in the no-
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salt buffer, and similar binding as that in pH 6 was also observed. This is a very interesting result,
since this aptamer became pH-dependent in the absence of salt. This result can be rationalized by
that pKa values would decrease when ionic strength decreases.!® Thus, kanamycin might still have

a favorable electrostatic attraction with the aptamer at higher pH in the absence of salt.

Overall, at pH 6, the KANG6-1 aptamer is very robust and insensitive to salt, whereas at pH
8, it only binds to kanamycin strongly in the absence of salt. This result can explain the poor
aptamer enrichment in our pH 8 selection since the selection buffer contained a high salt
concentration. Since our capture-SELEX method relied on DNA hybridization for capturing the
DNA library, a high ionic strength was required. Under this confinement, pH 6 is a better condition

than pH 8 for the selection of kanamycin aptamers.
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Figure 5.2. (A) A scheme showing the ThT-based fluorescence assay of kanamycin A (KAN)
binding and it can also be used as a label-free detection method. Fluorescence titration curve of
adding kanamycin A into 1 pM KANG6-1 aptamer in the presence of 1 uM ThT in either (B) high
salt buffers (50 mM MES, pH 6 or HEPES, pH 7 and 8 with 300 mM NaCl, 10 mM MgCl2, and

5 mM KCl), or (C) no salt buffers 50 mM MES (pH 6) or HEPES (pH 7 and 8) buffer but with 2

mM EDTA.
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Figure 5.3. The fluorescence of Thioflavin-T with and without a non-binding aptamer sequence

for control. (A) No salt in 50 mM pH 6 MES buffer, pH 7 HEPES, and pH 8 HEPES all with 2mM

EDTA.(B) Same buffers but all with 300 mM NaCl, 10 mM MgCl,, and 5 mM KCL.
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Figure 5.4. ITC trace of titrating 100 pM kanamycin A into 10 pM KANG6-1 aptamer in (A) 50
mM pH 6.0 MES with 300 mM NaCl, 10 mM MgCI2, 5 mM KCI; (B) 50 mM pH 8.0 HEPES with
300 mM NacCl, 10 mM MgCI2, 5 mM KCI. (C) ITC trace of titrating 200 uM kanamycin A into

20 uM KANG6-5 aptamer in pH 6.0 SB1 buffer.

Table 5.2. Fitted thermodynamic values from ITC traces.

Aptamer | pH | Salt N Kq (nM) | AH (kcal/mol) | AS (cal/mol/K)
KAN6-1 |6.0 |SBI1 0.84+£0.03 [0.32+0.1 |[-103£0.5 -4.8

KAN6-1 | 8.0 |SB2 N/A N/A N/A N/A

KAN6-5 |6.0 |SBI1 0.72+£0.02 [0.8£0.2 |-223£09 -46.9

Ky2 8.0 | Ky2 SB* | N/A N/A N/A N/A

*Ky2 SB: 50 mM pH 8.0 Tris-HCI, 100 mM NaCl, 5 mM MgCl,, 5 mM KCI,

5.3.4 Mutation Studies

At pH 6.0, kanamycin A is a positively charged and DNA is highly negatively charged. Therefore,
there is a chance that the observed binding was simply due to nonspecific electrostatic interactions.
To confirm the binding of the aptamer, mutants were tested (Figure 5.5A). One mutation (mutant
1) was made on the first conserved region by swapping the positions of a guanine and an adenine.
The ThT assay showed that mutant 1 failed to respond to kanamycin (Figure 5.5B). We then tested
mutant 2, where on the second conserved region a GT was swapped to TG, and this mutant also
failed to bind kanamycin. Since neither mutant changed the base composition or the secondary

structure of the aptamer, their lack of binding indicated that the binding of KAN6-1 was specific.
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Figure 5.5. (A) Two aptamer mutants based on KANG6-1. (B) Fluorescence binding assays of

mutant 1 and 2 using ThT.

5.3.5 Comparison with previously published aptamers

Kanamycin A has been previously used as a target for aptamer selections. From sequence
alignment, we showed that our aptamers are different (Figure 5.6). Of these aptamers, the one from
the RE-SELEX was reported to have a Ky of approximately 400 uM®!. In the same paper, the
authors also measured the K, of another aptamer,®® with a K; 0f 260 uM. So, the only other possible
high affinity DNA aptamer was Ky2,%> which had a K; of 78 nM from FAM-labeled aptamer
binding to immobilized kanamycin. The secondary structure of Ky2 is shown in Figure 5A, and
this is also a very short sequence. Since this Ks was measured using immobilized target, we herein
performed two homogenous assays to verify binding. In the selection buffer reported by the authors,
no ThT fluorescence change was observed when we titrated up to 2 pM kanamycin (Figure 5.7B).
At the same time, no heat change was observed when 10 uM Ky2 was titrated with 100 uM
kanamycin A using ITC (Figure 5.7C). Therefore, we do not believe that this Ky2 sequence is an

aptamer for kanamycin.
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KAN6-5
KAN8-1

GACGCAGTTGGCTTAGCGTAGGTAAAGGTCGTAGTCGTC—

GACGCAGTCGGCTTTTGCGGGAAAAAGGTCGGAGTCGTC—
KANG6-1 GACGAGGGCCTGAAACTTGCTGGAACGGTTTAAGTCGTC—
KAN6-2 GACGCCGAGGGCCGAAAACTGAGGTTTAAAGACGTCGTC—————
KAN6-3 GACGCGAGGGCCCATTGTACAGGTGGTTTAAGTGTCGTC——
KANG6-4 GACGCAAGTTGGCTTTCACTTGGAAGGTCGAGTGTCGTC——
KAN6-6 GACAGGAATTACCCGTCTAGGCCCTTCTAGGGTGTCGTC——
KAN6-7 GACGCGGCTCATTTATTGCCTTGTGTTTGGTCCGTCGTC——
Ky2 GGGGGTTGAGGCTAAGCCGA-———————
Kie-<1 = ———— CGCATACCAGCTTAGTTCAGAATTCATTGGAGCGTGGCGTGGATGCCCGATGGACGCCCCAGGGTGCAGATAGTAAGTGCAATCTCGGC
3_17 ATACCAGCTTATTCAATTAGCATGGTGCTGAGGCTTGATCTGGAGGTCGTGAACGAAAATTGGTCGTTTAGTTGGCTCGTAGATAGTAAGTGCAATC—————

Figure 5.6. Alignment of the top 7 sequences from our pH 6 kanamycin selection and previously
reported aptamers (Ky2, K16-1, 3 17) using Clustal Omega. There is little sequence homology

between our newly selected aptamers and the previously reported ones.
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Figure 5.7 (A) The secondary structure of Ky?2 predicted my Mfold. (B) Thioflavin-T assay of the
Ky2 aptamer in its selection buffer (20 mM Tris-HCI pH 8.0 100 mM NacCl, 5 mM MgCI2, 5 mM

KClI). (C) ITC trace of 100 uM kanamycin A into 10 uM Ky?2 aptamer in its selection buffer.

5.3.6 Selectivity of the KAN6-1 aptamer

The above assays have confirmed binding of the KAN6-1 aptamer. Using the ThT assay, a few
other aminoglycoside antibiotics, including tobramycin and lincomycin, were screened for cross-
reactivity and selectivity (Figure 5.8A). When 1 puM antibiotics was added, tobramycin also
lowered the fluorescence by around 60%, similar to the response of kanamycin (Figure 5.8B). The
other tested antibiotics did not show much fluorescence change. We then performed a ThT
fluorescence titration using tobramycin and a Ky of 1 uM was obtained (Figure 5.8C), which was
similar to that of binding to kanamycin (850 nM) in SB1 buffer. The structures of tobramycin and
kanamycin are the most similar out of the aminoglycosides tested, the only differences being a
hydroxyl group at the 3’ position and the absence of an amine group at the 2' position (Figure
5.8A). Based on these differences in structure we hypothesized that the aptamer may bind to the
structure that both kanamycin and tobramycin have in common (Figure 5.8A, red lines). Other
aminoglycosides with this structural motif might also bind to this aptamer, which may make this

a broad-spectrum aptamer for the detection of these aminoglycosides as a group.
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Figure 5.8 (A) Structures of the antibiotics used in the selectivity study. The highlighted regions
in TOB are the differences between tobramycin and kanamycin A. The red line represents a
possible binding region for the aptamers. (B) Selectivity of the KAN6-1 aptamer with 1 uM

different antibiotics in SB1 buffer. (C) A ThT fluorescence titration curve of tobramycin.

5.3.7 Detection of kanamycin A in Lake Water

The ThT fluorescence assay can also be used as a label-free method for the detection of kanamycin.
We fitted the initial linear response part of the response in the salt-free buffer, and a limit of
detection of 0.3 uM kanamycin was obtained based on the equation of 3c/slope, where o is the
standard deviation of the fluorescence variation in the absence of kanamycin (Figure 5.9A). Finally,
the KANG6-1 aptamer was tested using filtered Lake Ontario water. The filtered water was buffered
using 50 mM MES pH 6.0 with 2 mM EDTA. The water was then spiked with varying

concentrations of kanamycin before | pM KANG6-1 and 1 pM ThT was added, and a fluorescence
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drop was observed. Using the lake water, a K; of 1 uM was fitted with a limit of detection of 0.1
uM (Figure 5.9B). This LOD is comparable to that in the buffer (Figure 5.9A). Therefore, the lake

water did not interfere with the binding of the aptamer or the detection.
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Figure 5.9. ThT-based assay using (A) pH 6 MES buffer with 2 mM EDTA. (B) Filtered Lake

Ontario water. Inset: Linear region at low concentrations of kanamycin.

5.4 Conclusions

In this work, we have performed a parallel capture-SELEX at pH 6.0 and pH 8.0 for isolating
aptamers for kanamycin A. The final library of the pH 6.0 selection converged well, while the
selection at pH 8.0 did not. The best aptamer from the pH 6.0 selection was named KAN6-1 and
it had a Ky of around 300 nM at pH 6.0 based on ITC. However, as the pH increased, the binding
of KANG6-1 decreased. In particular, in high salt buffers, pH 8 failed to show good binding.
Therefore, an important contribute we made here is to show the huge influence of pH for the
selection of aptamers for kanamycin. This observation can likely be extended to target molecules

with pK, near 7. The isolation of sub-optimal aptamers in previous studies can probably be
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attributed to the use of both a high pH and a high salt concentration. A ThT fluorescence assay
was used to analyze the selectivity of the aptamer and was found that it had similar affinity to
tobramycin, another aminoglycoside with a very similar structure. For practical applications of
kanamycin detection in vivo, this aptamer probably needs to be applied in tissues with a slightly
acid pH for best sensitivity. Alternatively, extracted bodily fluids (e.g. by microneedles) can be
buffered for measurement.!**-?%° For environmental monitoring, it is quite easy to tune the pH of
the sample to 6.0 using a buffer, and the insensitivity to salt of this aptamer can make it a robust

probe.
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Chapter 6 Conclusions and Future Work
6.1 Conclusions
DNA aptamers present a novel and inexpensive way to sense antibiotics. In this thesis, I
selected multiple aptamers for different antibiotics and apply them for biosensing. Some goals of
these studies were to re-select aptamers to bind their targets, a more fundamental study on how

aptamers bind their targets, as well as how selection conditions can influence aptamer binding.

In Chapter 2, I selected aptamers for the tetracycline group of antibiotics using
oxytetracycline as the target. This family of antibiotics all share a four ringed structure with
different side groups. At least four families of aptamer sequences were obtained, and the OTC5
sequence was studied in detail due to its high binding affinity and generality. Similar binding to
OTC, TC and DOX with K;’s around 100 nM to 400 nM was observed. The intrinsic fluorescence
of these tetracyclines allowed for a highly label-free and dye-free sensing with a LOD of 25 nM
OTC. I then took a closer look at the results of the previous oxytetracycline selection and took a
more fundamental approach to analyze the binding of the aptamers to oxytetracycline, tetracycline,
and doxycycline. I investigated the pH and metal-ion dependency of the OTCS5 aptamer and its
relevance in the fluorescent detection of tetracycline antibiotics. At pH 6.0, fluorescence
enhancement upon binding OTCS5 was shown to be greater than at pH 8.3 but had a higher Kq4. ITC
experiments confirmed this by obtaining fitted Kq values of 0.2 uM and 0.03 uM at pH 6.0 and pH
8.3, respectively. When compared to other metal ions (Mn?*, Zn?* and Ca*"), Mg?" showed the
best fluorescence increase and is required for OTCS5 to bind. The optimal concentration of Mg?*
was determined to be 2 mM. The OTCS5 aptamer was then split into stems with different lengths
to observe the effects on binding. Kinetics studies of the split aptamers showed that both

components of the split aptamer are necessary for detectable fluorescence enhancement, but the
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order of addition had little effect. Splitting the full-length aptamer does decrease binding affinity,
except when long binding stems were designed. ITC experiments showed this loss of binding can

be attributed to the greater loss in entropy.

In Chapter 3, The intrinsic fluorescence of OTC allowed us to conveniently characterize
its binding by aptamers. 10 aptamers were found for oxytetracycline that enhance its intrinsic
fluorescence to various degrees. Fluorescence enhancement was probed using fluorescence
titration spectroscopy and isothermal titration calorimetry. These ten aptamers all had high binding
affinities with nine of them showing nanomolar affinities and all require Mg?* to promote binding.
Three aptamers were able to differentiate between three different tetracyclines and their binding
led to a more than 10-fold increase in fluorescence. OTC43 was found to be specific to OTC with
a limit of detection of 0.7 nM, OTC22 was found to be specific to DOX with a LOD of 0.4 nM,

and OTC2 was found to be specific to TC with a LOD of 0.3 nM under optimal buffer conditions.

In Chapter 4, I selected a new aptamer for chloramphenicol and proved its binding to the
target using ITC. The aptamer named CAP1 came from the most abundant family after sequencing
and showed a K, of 9.8 uM using ITC. CAP1 shares no sequence homology with CAMS80 or other
previously claimed aptamers for CAP. ITC was also done with the previously selected CAMS80
aptamer, which did not support binding with CAP. A fluorescent strand-displacement sensor
showed a limit of detection of 14 uM. The CAP1 aptamer can also enhance the fluorescence of
ThT. This fluorescence could then be lowered with the addition of CAP, and a limit of detection

of 1 uM was achieved this way.

In Chapter 5, I studied the effect of selection pH on aptamer binding by performing a
parallel capture-SELEX at pH 6.0 and pH 8.0 for isolating aptamers for kanamycin A. The final

library of the pH 6.0 selection converged well, while the selection at pH 8.0 did not. The best
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aptamer from the pH 6.0 selection was named KANG6-1 and it had a Ky of around 300 nM at pH
6.0 based on ITC. However, as the pH increased, the binding of KAN6-1 decreased. In high salt
buffers, pH 8 failed to show good binding. Therefore, pH has a huge influence on the selection of
aptamers for kanamycin. This observation can likely be extended to target molecules with pK, near
7. A ThT fluorescence assay was used to analyze the selectivity of the aptamer and was found that

it had similar affinity to tobramycin, another aminoglycoside with a very similar structure.

6.2 Original Contributions

Based on the above work, I have made the following original contributions:

1. A new aptamer for tetracyclines called OTCS was selected using capture-SELEX and
oxytetracycline as the target. This aptamer had different affinities for TC, DOX and OTC
and could enhance the intrinsic fluorescence of the tetracyclines. This could also be used
as a label and dye free sensor. Splitting aptamers can also affect their binding capabilities,

proven using ITC.

2. From the remaining pool of aptamers from the previous selection, ten aptamers were
identified to have different affinities for each tetracycline and could distinguish them from

each other using fluorescence.

3. A new aptamer for chloramphenicol was selected using capture-SELEX called CAP1. This
aptamer was compared to previously selected aptamers and was shown to actually bind the
target. A thioflavin-T assay was then designed for the label free detection of

chloramphenicol.
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4. A parallel selection for kanamycin A was performed at pH 6.0 and pH 8.0 to observe the
effects of selection pH on the resulting aptamers. The selection pH had a big influence on

the binding of the resulting aptamers.

6.3 Future Work
The results presented in this thesis provide new insights into aptamer selection as well as
improving the quality of aptamers available for biosensor development. It has also provided some

information on the fundamental of antibiotic binding aptamers.

The OTCS and the other tetracycline family binding aptamers described above could be
easily adapted to different sensing methods such as paper-based, lateral flow, and electrochemical
sensors. The fundamental study on splitting an aptamer can pave the way for more advanced

biosensor designs.

Some older and previously selected aptamers may not bind to their respective targets.
Therefore, re-selections of other previously selected targets could be done in order to yield better

aptamers for previous targets (such as the chloramphenicol aptamer).

Finally, other selection conditions other than pH (such as salt concentration, temperature,
library design, etc.) could be studied more in depth. We have already seen the huge influence that

pH can have on the final aptamers, altering other parameters may also affect the final aptamers.
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