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Abstract: Issues presented by the application of monoclonal antibodies in
diagnostic assays and as curative agents can make the use of such molecules cost-
prohibitive and sometimes even unsafe. This has warranted the development of
short single-stranded oligonucleotides known as Aptamers. The structural
malleability of these short DNA or RNA nucleotide segments allows them to exist
in distinct conformations. SELEX (Systematic Evolution of Ligands by Exponential
Enrichment) is a multi-step process for synthesis of aptamers. Each step of this
procedure is governed by a diverse set of factors that influence production
efficiency, binding affinity, and specificity of the oligonucleotides. Headway in
aptamer research has been made in recent years by the introduction of newer
iterations of the SELEX process. A greater number of studies are now being carried
out to incorporate aptamers into existing disease detection tools and therapies. An
overview has been given first on the key aptamer properties and the process of their
production (with its newer iterations), contrasting each of them with that of
monoclonal antibodies. Possible manifold applications afforded due to unique
aptamer characteristics are also discussed. A keen review is further provided on
the design, development and use of fluorescent aptamers in bioimaging,
sequencing or profiling, and treatment of pathogenic bacteria and tumor cells.
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1. Introduction

Interest in understanding the mechanics of cellular pathways and the need for
specific targeting of therapeutics towards cancerous or infected cells provided the
impetus to design short nucleotides known as Aptamers. Aptamer, a term derived
from a combination of Latin and Greek words is apropos to and highlights the
property of a synthetic single-stranded RNA or DNA derived oligonucleotide to
form a tertiary structure that binds to its cognate cellular target with heightened
affinity and specificity (Ellington & Szostak, 1990; Zhou & Rossi, 2017). The concept
of aptamers was first born during the research to formulate effective treatments
against virulent agents like HIV and adenoviruses (Sullenger, Gallardo, Ungers, &
Gilboa, 1990; Burgert, Ruzsics, Obermeier, Hilgendorf, Windheim, & Elsing, 2002).
The natural tendency of viral pathogens to synthesize nucleic acid-derived simple
ligands binding host cell surface receptors was observed and that underpinned the
development of such short fragments of nucleic acids.

Touted as “chemical antibodies” these nucleic acid fragments are potential
contenders for Paul Ehrlich’s famous “magic bullet” title (Zhou & Rossi, 2017).
However, both monoclonal antibodies and aptamers fall short of claiming such a
name. Despite the introduction of human-like or humanized monoclonal antibodies
to minimize antibody-induced immune reactions in recipients, most antibody
treatments still struggle to strike the right balance between antigenicity and
specificity (Hidding, 2016). Not to mention that antibodies have larger mass and it
can be tedious to structurally alter them. Although aptamers mimic antibodies, they
do not have similar drawbacks. Nonetheless, their design has been a very time-
consuming ordeal. After being ignored for almost three decades, there has been an
impressive increase observed in the study, production, and utilization of aptamers
for in-vitro and in-vivo diagnosis in recent years (Jayasena, 1999). Aptamers are now
also being tested as promising therapeutics against various maladies (Zhou & Rossi,
2017, Kaur, Bruno, Kumar, & Sharma, 2018). Here, the structural nuances,
properties, and the process of development of aptamers, contrasting each of them
with those of monoclonal antibodies have been briefly introduced. Following that
major applications of aptamers have been delineated with the ones used against
pathogenic bacteria and tumors described in detail.
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Figure 1.1 Different 2D/3D conformations of aptamers. RNA and DNA aptamers can exist as A.
primary structure; B. secondary structure; or C. tertiary structure.
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2. Development of aptamers

2.1. Structure, types, and process of synthesis of aptamers

Akin to proteins, non-covalent (electrostatic and non-electrostatic) interactions
between nucleotides and their bases allow the formation of numerous secondary
and tertiary structural patterns — hairpins and multi-loops, duplexes, triplexes,
pseudoknots and guanine-rich G-quadruplexes (de-los-Santos-Alvarez et al., 2008;
Zhang, Oni, & Liu, 2017; Bing et al.,, 2017; Li, Syed, & Sugiyama, 2016; Feigon,
Dieckmann, & Smith, 1996; Figure 1.1). Hairpin or stem-loop is a commonly
observed secondary structure of RNA where A, U, G, C nucleotides form hydrogen
bonds with complementary nucleotides on a wrinkled or folded back segment of the
same strand (Varani, 1995; Svoboda & Cara, 2006). The length of the stem (4-8
nucleotides), loop (6-7 nucleotides), nature and strength of interactions between the
two segments of the strand forming stem (high GC content, less mismatch, base
stacking, etc.) determine the thermodynamic stability of a hairpin. The three-leaved
clover shape of tRNA is a prime example of RNA hairpins (Widmann et al., 2005).
Nucleotide duplexes predominantly appear as a feature of DNA double helix
although anti-parallel and parallel double-stranded RNA or DNA-RNA hybrid
duplexes are naturally occurring too (Szabat & Kierzek, 2017; Zhang et al., 2019). A
triplex or triple helix is formed when shorter RNA or DNA oligonucleotides bind to
a strand of DNA double helix which is either purine only or exhibits oligopurine
rich portions largely in the major grooves (Roberts & Crothers, 1992). Pseudoknots
are one of the tertiary structural motifs adopted by nucleotides (Duca et al., 2008;
Rietveld et al., 1982). As described in the study of its prototype discovered in a plant
viral RNA, the simplest of these motifs are generated when hairpin loops form
complementary associations with nucleotides outside the stem region but within the
same strand (Duca et al.,, 2008; Rietveld et al., 1982; Peselis & Serganov, 2014).
Topologically there is no presence of a knot, but the hairpin loop pairings described
above allow stacking of a hairpin stem into a tertiary form. G-quadruplexes are
composed of four guanine rich strand segments stabilized by Hoogsteen base
pairings (a variation of Watson-Crick base pairing) (Bing et al., 2017). From a planar
view, quadruplexes appear as an arrangement popularly known as a G-quartet that
is comprised of four guanines bound by eight Hoogsteen hydrogen bonds (

). Myriads of such folding features are adopted separately or in several
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combinations by functional nucleic acid forms such as ribozymes, DNAzymes,
tRNAs, ribosomal switches, and aptamers.

Aptamer cores are essentially a collection of 15 to 50 RNA or DNA nucleotides
(target binding segment is 10-15nt long) arranged in a single strand that can exist in
various folding states or conformations described above (Tantirungrotechai &
Soontornworajit, 2016; Chinnappan et al., 2020). The superior affinity and specificity
of aptamers provides the ability to exist in several combinations of the folding
structures placed together via interaction of hydrophobic, electrostatic, van der
Waals, or hydrogen bonds (Song, Lee, & Ban, 2012; Lodish et al., 2000). It was almost
a decade after virus-protein interactions gave rise to the idea of developing an
aptamer-like structure for therapy that aptamers were first synthesized (Ellington &
Szostak, 1990; Gold, 2015; Tuerk & Gold, 1990; Robertson & Joyce, 1990; Li, 2015).
Three groups independently devised a technique to successfully isolate RNA
aptamers in 1990. Amongst them, the most prominent work was by Dr. Larry Gold
and his student Craig Tuerk at the University of Colorado. Their seminal study on
aptamer synthesis created the SELEX process — Systematic Evolution of Ligands by
Exponential Enrichment. Using SELEX, this duo isolated and enriched two high-
affinity RNA ligands that bind to bacteriophage T4 DNA polymerase (Gold, 2015;
Tuerk & Gold, 1990; Robertson & Joyce, 1990; Li, 2015; Zhuo et al., 2017). The first
step in the general process of aptamer synthesis through SELEX involves assembling
a single-stranded DNA or RNA library ( )- The starting oligonucleotides
are typically 20-60 nucleotides long (unlike 8 nucleotide length used by Tuerk and
Gold) and have definitive primer binding structures at both ends of the unknown
sequence region. This large and randomly selected pool of nucleotides (~10%) is then
incubated with several copies of the target molecule bound onto a carrier protein
(Zhuo et al., 2017). After the unbound oligonucleotides are washed away, the
solution containing target molecule-oligonucleotide complexes undergoes PCR
amplification. The PCR products are purified to separate the complementary
strands; this step prepares another library ready to experience the whole cycle of
target binding, washing/filtration of unbound strands, and PCR amplification,
repeatedly until a highly enriched cohort of target-specific oligonucleotides with
optimal binding affinity is obtained.

Most SELEX processes require 5-15 cycles for attaining such an oligonucleotide
pool; the selective library is further subjected to sequencing out of which a subset is
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then chemically synthesized and assessed for structure, affinity, target specificity,
and other physical properties. Ellington and Szostak from Mass. General Hospital
and Gerald Joyce’s group at Scripps Institute also demonstrated aptamer generation
via the evolutionary selection simulating SELEX technique during 1990 (Ellington &
Szostak, 1990; Tuerk & Gold, 1990; Robertson & Joyce, 1990). Since then, SELEX has
been modified into 25 or more variations (Zhuo et al, 2017, Aquino-Jarquin &
Toscano-Garibay, 2011; Darmostuk et al., 2015; Kushwaha et al., 2019; Blind & Blank,
2015). RNA generating SELEX procedure requires a step of reverse transcription into
cDNA before PCR amplification which, therefore, excludes the strand separation
phase in the cycle. Depending on the target carrier or environment, there are three
major adaptations of a SELEX method — protein-purified, whole-cell based, and live
animal-based (Zhou & Rossi, 2017). In the protein-purified kind, the target is bound
to an artificial protein carrier. This allows flexibility to choose the mode of washing
or filtering out the unbound oligonucleotides (Zhou & Rossi, 2017; Nimjee, Rusconi,
& Sullenger, 2005). Nitrocellulose membrane was used as a filtration device for
conventional SELEX. Other ways that have been implemented for this step include
affinity or resin-matrix chromatography, magnetic beads, or chip-based purification.
The use of protein-purified SELEX design encompasses minimal sophisticated
instruments, ease of modifying experimental conditions for selection, and effective
aptamer production for intracellular or extracellular proteins (Zhou & Rossi, 2017).
The whole-cell based variation allows target proteins to be in their natural
environment and conformation while interacting with a given starter
oligonucleotide library (Zhou & Rossi, 2017; Shangguan et al., 2006; Sefah et al,,
2010). The principle behind this SELEX variation is the difference between target-
expressing cells and non-expressing cells. Hence, the first step involves the
introduction of a ‘negative cell population” that leads to incubation of the unbound
sequences with the ‘target-positive cell population’. This procedure is popular for
discovering ligands for protein targets with unknown structural properties.
Removal of dead cells from both cell populations and simultaneous recovery of
healthy cells are critical to ensure minimum loss of oligonucleotides in binding to
dead cells. Live animal-based or genomic SELEX precludes the failure of in vitro
produced aptamers from functioning inside a live organism (Zhou & Rossi, 2017,
Sola et al., 2020). It is accomplished by injecting the nucleotide library directly into
the organ or tissue of interest in a live animal. The organ or tissue of interest is
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harvested after a certain period of time has passed during which an appropriate
amount of target protein-aptamer complexes may have formed; the bound aptamers
are recovered from the tissue extract, purified, and then amplified before being

sequenced.
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Figure 1.2 The various steps of a conventional SELEX process for the synthesis of aptamers and the factors it
depends upon. A. SELEX can be divided into 7 basic stages; B. Some of the major factors that govern SELEX and
consequently, aptamer design; C. structure of an RNA or DNA aptamer.

A successful execution of any SELEX process is contingent on several basic
parameters ( )- Library design for SELEX is a major limiting factor that is
dependent upon quality and length of oligonucleotides, random region, fixed
primer binding sequences, and overall structural stability of the aptamers
(Komarova & Kuznetsov, 2019; McKeague et al., 2015; Pobanz & Luptak, 2016).
Oligonucleotide quality relies, among other factors, on nucleotide ratio and
distribution that determine the level of structural complexity/diversity of an
aptamer library (Aquino-Jarquin & Toscano-Garibay, 2011; Pan & Clawson, 2009).
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The random region forming the core of a starter oligonucleotide should have an
optimal nucleotide number for adequate library diversity (Komarova & Kuznetsov,
2019; McKeague et al., 2015; Pobanz & Luptak, 2016; Figure 1.2 C). The greater the
library diversity, the higher the chances for discovering target-binding sequence
(Komarova & Kuznetsov, 2019). Furthermore, long-length libraries are conducive
for speedier selection and easier isolation steps; expansive random region allows for
a higher probability of complex motifs to be present and has low functional
interference with the primer sites. Regardless, data mining and analyses have found
a weak correlation of nucleic acid type and aptamer length to the binding affinity
(Ko) (Thiel, Bair, Wyatt Thiel, Dassie, Rockey, Howell, Liu, Dupuy, Huang,
Oweczarzy, Behlke, McNamara, & Giangrande,, 2011). In the same study though it
was indicated that a strong correlation does exist between aptamer template length
and target type. The core-flanking primer sites are ideally between 18 to 21
nucleotides long (Komarova & Kuznetsov, 2019; Vorobyeva et al., 2018; Figure 1.2
(). Similar to the core, primer sites regulate aptamer structure, and perhaps, its
complexity and stability (Wang et al., 2019). Formation of self-dimers or primer-
dimers can impede the amplification of the core region. The primer-binding region
can also inhibit the interaction between the target and the binding motif or reduce
the selection efficiency by decreasing library diversity (Komarova & Kuznetsov,
2019; Vorobyeva et al.,, 2018; Pan & Clawson, 2009). Some primer site sequences give
rise to PCR by-products that have the potential to slow down the selection phase.
These fixed aptamer end sequences when used for picking desired oligonucleotide
ligands can also negatively alter their binding affinity because of being snipped off
at the end of the selection and isolation phases. Upcoming studies have tried to
prevent primer sites from negatively affecting target binding by generating
conformation-changing sequences or even primer-free SELEX (Wang, 2020; Lai &
DeStefano, 2012). Other structural features normally amenable to SELEX process
involve high GC nucleotides and low nucleotide branching (Komarova &
Kuznetsov, 2019, Vorobyeva et al, 2018). Nonetheless, sequences with
predetermined patterns, like stem-loops, G-quadruplexes, or three-way junctions
have replaced the need for uniform nucleotide distribution while designing libraries
for special target proteins. Chemical modification of nucleotides, a fairly new
advancement, adds to the multi-dimensional aspect of SELEX library compilation
(Komarova & Kuznetsov, 2019). Whether it is adapting the sugar-phosphate
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backbone to have greater thermal stability and nuclease resistance or altering the
bases with different moieties to expand the binding potential of a starter library,
nucleotide modification offers many advantages. To learn more about post-SELEX
modifications, one can consult exhaustive reviews on this topic by Wang et al,,
Emara et al,, and Zhang et al. and others. (Wang et al., 2019; Gao et al., 2016; Ni et
al., 2017; Kratschmer & Levy, 2017; Lipi et al., 2016).

Conditions of the consecutive selection and isolation phases create more
limitations for conducting an efficient SELEX protocol. A lower target density
during the incubation step enhances the probability of selection and isolation of
high-affinity aptamers and vice versa notably with greater background binding
(Komarova & Kuznetsov, 2019, Wang et al., 2012; Spill et al., 2016). Notwithstanding
the low target concentration, if the number of low-affinity oligonucleotides
supersedes that of the high-affinity ones, then more of the former kind are harvested
during isolation phase (Komarova & Kuznetsov, 2019, Kalra et al.,, 2018). Modeling
software have accurately predicted that in practice, the relationship between the
lower target concentration and the number of cycles to obtain high-affinity aptamers
is also not linear; low concentration initially dips the required cycle number which
rises steeply afterward (Komarova & Kuznetsov, 2019; Vant-Hull et al., 1998; Seo et
al., 2010; Kalra et al, 2018; Sun, Galas, & Waterman, 1996). Optimal target
concentration for selection and isolation phases is found to be equivalent to the bulk
dissociation constant or Kb of the high-affinity oligonucleotide pool (Komarova &
Kuznetsov, 2019; Spill et al., 2016; Vant-Hull et al., 1998). Each SELEX experiment
designed for a new target needs to have the optimal target concentration assessed,
especially the ones where the target carrier/selection medium displays high
oligonucleotide binding and that are very sensitive to changes in the target level.
Perfecting the selection phase conditions with a bonus negative selection step is
called for while performing the whole cell-based SELEX protocol (Kalra et al., 2018;
Ohuchi, 2012). The presence of targets in their native state can result in a pool of
incubating oligonucleotides to other ‘target-like” structures expressed on the cell.
Hence, counter or negative selection that removes such pseudo-targets becomes
relevant. Advanced partitioning or separation methodologies, like capillary
electrophoresis, microfluidics (bead, non-bead, or sol-gel format), flow cytometry,
atomic force microscopy, and surface plasmon resonance are better equipped in

! Doping is defined as the method of introducing a metal ion called dopant (lanthanide or actinide in the text
example) into the already existing nanocrystal structure of another metal to enhance optical or
electrochemical properties of the latter.

2 Photo-blinking is defined as intermittent emission of fluorescent signals seen during continuous excitation
of a fluorophore.


https://doi.org/10.20944/preprints202101.0471.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 January 2021 d0i:10.20944/preprints202101.0471.v1

10 of 52

addressing the issues faced during conventional SELEX selection step (Stoltenburg,
Reinemann, & Strehlitz 2007; Dupont et al., 2015; Ali, Elsherbiny, & Emara, 2019).

PCR amplification and pool conditioning promote subsequent enrichment of the
selected high-affinity oligonucleotides. Low target concentration is inversely
proportional to the number of PCR cycles. Therefore, the greater the number of PCR
cycles, the better is the yield of high-affinity oligonucleotides (Komarova &
Kuznetsov, 2019; Wang et al., 2019). Nevertheless, the caveat is that with increasing
PCR cycles, the byproducts arising from template heterogeneity also accrue (\Wang
etal., 2019; Tolle et al., 2014; Sun, Galas, & Waterman, 1996; Stoltenburg, Reinemann,
& Strehlitz 2007). Such sequences, mainly short, curtail amplification of desired
oligonucleotides since shorter sequences are more readily amplified by PCR. Some
studies have deduced 6-10 PCR amplification cycles per SELEX cycle to be adequate
for a double-stranded DNA aptamer pool; exceeding this number has rather a
delimiting effect as the interfering byproducts gain prominence (Komarova &
Kuznetsov, 2019). As a result, aside from target concentration and cycle numbers,
primer design and concentration, type of DNA Polymerase, PCR method, and many
more factors can improve SELEX output. Pool conditioning is a critical step for
ensuring the quality of PCR amplified oligonucleotides (Komarova & Kuznetsov,
2019; Stoltenburg, Reinemann, & Strehlitz 2007; Dupont et al., 2015). For RNA
aptamers, quality assurance of transcription either tied to PCR or post-amplification
should be carefully monitored. Single-stranded DNA aptamers are retrieved from a
cluster of double-stranded DNA oligonucleotides via separation techniques, such as
enzymatic degradation of the unwanted strand, urea PAGE paired with molecular
weight-based dissociation, or use of magnetic beads exploiting streptavidin-biotin
interaction. Quality control of aptamers continues beyond SELEX into the
characterization phase. Aptamers produced are sequenced and tested to verify their
target affinity, specificity, and stability to environmental factors during application
(buffer pH, temperature, target and salt concentration, etc.) (Komarova &
Kuznetsov, 2019; Dupont et al., 2015; Ilgu et al., 2014, Campos-Ferndndez et al.,
2020).

2.2. DNA vs. RNA aptamers

Due to the nature of their nucleic acid composition, DNA aptamers inherently
have greater stability than their RNA counterparts (Wang et al., 2019; Zhu, Liu, &
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Kai, 2015). The 2’-OH group that exists on the pentose ring of ribose sugar renders
RNA more susceptible to nucleases and other forms of hydrolysis than DNA.
Accordingly, a starter library for RNA aptamer generation is chemically modified to
increase the stability prior to the SELEX amplification step (Lipi et al., 2016). The
instability of RNA structures is also reflected in their tendency to fold into different
configurations with a slight alteration in the experimental conditions, thus
transforming the binding affinity to its target. For instance, 23nt long neomycin B-
binding aptamer, NEO1A demonstrates variable ratios of differential binding
affinity to certain aminoglycosides with a change in buffer conditions (Ilgu et al.,
2014). On the other hand, this structural plasticity allotted to RNA aptamers proves
beneficial as more structural diversity means greater probability to attain high-
affinity and specificity oligonucleotides; libraries for DNA aptamers are, for this
reason, made of nucleotide segments with longer and more complex randomized
motifs (Vorobyeva et al., 2018; Zhu, Liu, & Kai, 2015; Pobanz & Luptdk, 2016). The
process for DNA aptamer synthesis although is known to be less time-consuming
due to absence of the transcription step required for their RNA equivalent (Zhu, Liu,
& Kai, 2015; Orava, Cicmil, & Gariépy, 2010).

2.3. How are aptamers different from antibodies?

Conceivably, monoclonal antibodies have become the cornerstone for
biologicals in disease detection and treatment for almost four decades since their
generation by Kohler and Milstein (Kohler & Milstein, 1975). In 2017, the combined
global market for diagnostic and therapeutic monoclonal antibodies was
approximately worth 95bn US dollars with an average compound annual projected
growth rate of 5.53% between 2018-2026 (“Clobal Monoclonal Antibodies,” 2018;
Crilo & Mantalaris, 2019). Despite such robust market potential, it will be reckless
for the scientific community to ignore the disadvantages posed by these antibodies
( ). Considered revolutionizing at one time, the production of monoclonal
antibodies (mAbs), is a tedious and time-consuming process when compared to that
of aptamer generation (Nimjee, Rusconi, & Sullenger, 2005; Ni et al., 2020). mAbs
are manufactured using a single clonal line of hybridoma cells (Kohler & Milstein,
1975). These cells are created via hybridization of antigen primed B-lymphocytes
from the spleen of inoculated mice and immortalized mouse myeloma cells.
Hybridomas against a specific antigen are then propagated either in vitro or in vivo
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(via injection into mouse peritoneal cavity) ( ).
The entire process can easily take up to 4-6 months (Ni et al., 2020). Once the nucleic
acid library is designed, aptamer synthesis via conventional SELEX takes relatively
shorter time (6 weeks), with refined and automated versions of this process being
completed in a span of two weeks or less (INi et al,, 2020; Yang, Li, & Gorenstein,
2017). Production of mAbs is comparatively more expensive as well, especially the
cost associated with animal care. Moreover, there is the risk associated with either
getting an inadequate immune response in the animal or an excessive one that
causes toxicity (Nimjee, Rusconi, & Sullenger, 2005; Ni et al., 2020). Due to their
synthesis at least partially relying on an animal system, there is an inevitable batch-
to-batch variation and the likelihood of the existence of animal proteins (example,
rodent plasma proteins) as contaminants carried over during antibody harvest. The
entirely in vitro nature of aptamer generation omits occurrence of any of the above-
mentioned problems. In some cases, the relatively large size of mAbs (150 kDa for
most immunoglobulins; 900 kDa for IgM) inhibits their application for less accessible
tissues (blood-brain barrier) or intracellular epitopes due to low membrane
permeability (Mix, Goertsches, & Zett, 2006). On the contrary, size of most aptamers
ranges from 5-30 kDa which gives them the privilege to enter and navigate
intracellular spaces to recognize deeply situated protein targets (Jayasena, 1999;
Ferreira, Cheung, Missailidis, Bisland, & Gariépy,, 2009). To add to this, some
studies have demonstrated intracellular or intra-organelle formation of aptamers by
transfection of target cells with recombinant vectors expressing aptamer sequences
under the control of a specific promoter (Meyer, Hahn, & Rentmeister, 2011; Lakhin,
Tarantul, & Gening, 2013). One unfavorable outcome of aptamers being quite
minute is their shorter half-life which stems from getting readily filtered from the
kidneys though it has been established now that tagging aptamers with
polyethylene glycol (PEG) can slow down the removal (INimjee, Rusconi, &
Sullenger, 2005; Ni et al., 2020; Lakhin, Tarantul, & Gening, 2013). The size of the
antigen is another area that limits the scope of applicability of monoclonal antibodies
than aptamers. Generally, antibodies can bind and mount an immune response to
antigens that span between 5-30 peptides in length. Contrastingly, low molecular
weight molecules (less than 1kDa), also known as haptens, are difficult to detect via
antibodies; hapten-antibody interaction is not immunogenic until several copies of
a hapten are conjugated to a carrier protein (such as Bovine Serum Albumin) (Gefen
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et al., 2015). Aptamers can not only recognize small molecules like ions, hormones,
metabolites, etc. with ease, they are even used for discovery of targets with
unspecified structure or sequence (Nimjee, Rusconi, & Sullenger, 2005; Zheng, Zou,
& Lou, 2012; Ku, Zhang, Luo, Yen, Chen, Han, & Lo, 2015). The most striking
aspects of aptamers are heightened epitope affinity and specificity. Whereas, mAbs
still suffer from cross-reactivity for closely related protein epitopes (Flores-Moreno
et al., 2014). Immunogenicity has been uncovered as a serious drawback of mAbs
used as therapies — host immune response can create antibodies against the
administered therapeutic mAbs as even the purified versions could have residues of
animal proteins (Harding et al., 2010; Knezevic, Kang, & Thorpe, 2015). Host anti-
mAbs can also interfere during antigen detection. In vitro production of aptamers
bears no such problems. In fact, the use of aptamers as therapeutics grants the ability
to modulate the duration of a treatment (Lakhin, Tarantul, & Gening, 2013). This is
made possible through the administration of a complementary form of the aptamer-
drug as an antidote that binds to the aptamer with high efficiency and stops any
further aptamer-target interaction. Stability to pH and ambient temperature and the
flexible structure that grants ease of renaturation are other properties of aptamers
that make them more attractive than mAbs as therapeutic and diagnostic agents
(Nimjee, Rusconi, & Sullenger, 2005; Ni et al., 2020). Newer developments in the
library designing process have further bypassed nuclease degradation of RNA
aptamers with simultaneously highlighting the versatility of these biomolecules
through their flexible structures (Lakhin, Tarantul, & Gening, 2013; Vater &
Klussmann, 2015).
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Figure 1.3 Comparison of advantages and limitations of monoclonal antibodies with those of aptamers.

3. Application of aptamers

With the increased popularity and utilization of biologicals as instruments for
diagnosis and therapy, the shortcomings associated with monoclonal antibodies
have also become more apparent. Although the core process of aptamer creation and
selection was established in 1990, it took nearly two decades before studies to
develop improved SELEX iterations or research to prove superiority to mAbs gained
impetus (Rahimi, 2018). Inaccessibility to the SELEX technology due to patent rights,
familiarity and widespread use of mAb production technology, burgeoning market
for antibodies in disease detection and treatment were some of the reasons that
diverted attention from aptamer research and development (Nimjee, Rusconi, &
Sullenger, 2005; “Global Monoclonal Antibodies,” 2018; Grilo & Mantalaris, 2019;
Marks, 2012; Wade, 1980; Baird, 2010). Nevertheless, the high cost of mAb
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production (including quality assurance), moderate antigen sensitivity as
diagnostics, and low rate of success as therapeutic agents paved the way for
aptamers in similar biological applications (Nimjee, Rusconi, & Sullenger, 2005;
Klutz etal., 2016; Liu, 2014). With their superior properties, aptamers are now slowly
replacing mAbs as molecular probes for laboratory research, diagnostic agents for
clinical disease detection, biosensors for environmental pollutants or contaminants,
targeted drug-delivery vehicles, and therapeutic agents (Kong & Byun, 2013; Bauer
et al., 2019; Palchetti & Mascini, 2008; Figure 1.4). Free of any trouble with data
reproducibility, aptamers are being effectively used as molecular probes for cellular
or sub-cellular imaging, immunolabelling (histochemistry, cell phenotyping, and
protein purification), enzyme-linked sorbent assays, and lateral flow detection in
research and clinical diagnostic laboratories (Bauer et al,, 2019). Aptamer-based
biosensors or ‘aptasensors’ can be conjugated to diverse reporting systems
depending upon the choice of readout — from electrochemical analysis to
fluorometric or colorimetric optical imaging (Song et al., 2008). These small molecule
biologicals are also showing encouraging results as targeted drug-delivery agents
and treatments for various ailments. One out of all the nine oligonucleotide drugs
(antisense oligonucleotides, siRNAs, and aptamers) approved by FDA till 2018, is an
aptamer (Macugen® for macular degeneration) with around eleven potential
candidates in various phases of clinical trials (Ni et al., 2020; Kong & Byun, 2013).
For targeted drug delivery, the specific aptamers constructed are hybridized with
other oligonucleotide structures, nanoparticles, or drugs. Some studies have
indicated the suitability of aptamer conjugates with siRNA (AsiC) or miRNA
(AmiC) for selective RNA interference (RNAi) (Niet al., 2020; Bruno, 2013; Zhu, Niu,
& Chen, 2015; Dassie & Giangrande, 2013). Drugs as well can be cross-linked to
aptamers to limit transport to a specific cell type and minimize the bystander effect.
Doxorubicin conjugates with anti-CD38 and anti-MUC1 single-stranded DNA
aptamers are some examples of aptamer-based selective drug delivery (Kim et al,,
2018). Chimeras formed between aptamers and distinct nanoparticle types such as
gold, iron oxide, liposomes, quantum dots, dendrimers, block polymers, and more
too are viewed as favorable for efficient targeted delivery (Ni et al., 2020; Bruno,
2013).
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Subsequent sections of this chapter elucidate how fluorescent aptamers are
being conceptualized, designed, and tested for imaging, high-throughput screening,
diagnosis, and treatment of pathogenic bacteria and tumor cells.

Aptamer applications
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Figure 1.4 Application of aptamers. These small oligonucleotides can be used in bioimaging (some
examples in the box), as diagnostic agents (biosensors or biochips), research tools, or as therapeutics
(in the form of drug delivery agents, theragnostic or targeted drug delivery agents).

4. Aptamers for pathogenic bacteria

The global burden of infectious diseases has dramatically reduced in the 21¢
century due to the implementation of effective preventive measures like rapid
screening and vaccinations (Michaud, 2009; Fauci, 2001). However, resurgence of
resistant strains of pathogenic microorganisms, especially bacteria and viruses,
sometimes in the form of a pandemic demands enhancement of rapidity, sensitivity,
specificity, and ease of use in the detection methods. Conventional diagnostic testing
for pathogenic bacteria revolves around culture-based identification of microbes
isolated from samples taken either from contaminated food or diseased host
followed by confirmation with microscopy and biochemical phenotyping
(Rajapaksha et al., 2019; Kivirand & Rinken, 2018; Alahi & Mukhopadhyay, 2017).
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Desire to minimize the time lag between sample collection and reporting of test
results paved the way for nucleic acid-based and immunological assays. Polymerase
Chain Reaction (PCR) is the basis of assays that identify characteristic pathogen
RNA or DNA. Traditional PCR and its different modalities— Real-Time PCR,
multiplexed PCR, Loop-Mediated Isothermal Amplification (LAMP), Nucleic Acid
Sequence-Based Amplification (NASBA), DNA microarray —provide quicker and
more sensitive means of pathogen recognition (Law et al.,, 2015). Immunoassays
hinge on the principle of antigen-antibody interaction where the antigen is a peptide,
protein, or glycoprotein expressed by the pathogen. The immune-based assays have
high specificity and are also used for identifying toxins released by pathogens (Law
et al, 2015). Both these alternative detection techniques although require skilled
personnel and sophisticated instruments, thus making them less cost-effective
(Rajapaksha et al., 2019; Law et al., 2015). Moreover, due to their higher sensitivity
compared to the conventional microbial cultivation techniques, these assays are
more prone to generating false positives (Rajapaksha et al., 2019; Kivirand & Rinken,
2018; Law et al., 2015).

Rapid or point-of-care diagnosis of pathogenic bacteria can be performed in a
cost-effective manner via biosensor-based methods (Alahi & Mukhopadhyay, 2017,
Law etal, 2015; Byrne et al., 2009). Another advantage held by biosensor-dependent
techniques over PCR and immunoassays is their ability to detect either bacterial
proteins or the whole pathogen itself. A biosensor comprises two main components
— bioreceptor and transducer. A bioreceptor is the pathogen recognition unit of the
biosensor; this role is normally taken played by enzymes, natural or recombinant
antibodies, surface receptors, nucleic acid fragments, or bacteriophages (Alahi &
Mukhopadhyay, 2017, Morales & Halpern, 2018). A transducer converts the event
of pathogen identification by the bioreceptor into a tangible signal or readout. Based
on the kind of transducer, present biosensors are of optical, electrochemical, and
mass-based varieties ( ). The use of biosensors in bacteriology has
expanded over the years with optical and electrochemical types being the most
popular ones (Alahi & Mukhopadhyay, 2017; Law et al., 2015; Byrne et al., 2009).
Optical biosensors include Forster Resonance Energy Transfer (FRET) or flow
cytometry with fluorescent probes, luminescence, surface plasma resonance (SPR)
and its variations, ellipsometry, interferometry, nuclear magnetic resonance (NMR),
and Raman spectroscopy (Alahi & Mukhopadhyay, 2017; Law et al., 2015, Paniel &
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Noguer, 2019; Bosch et al., 2007). Optical biosensors typically offer a highly sensitive
and close to real-time detection of pathogens. They also enable detection of live
bacteria, but sample-preparation can be expensive and labor-intensive even for
label-free SPR, NMR, or Raman spectroscopy (Alahi & Mukhopadhyay, 2017; Law
et al, 2015, Paniel & Noguer, 2019). Electrochemical biosensors consist of
amperometric, potentiometric, conductometric, and impedimetric transduction
techniques that convert pathogen detection signals into alteration in current,
voltage, conductance, and impedance, respectively. Being label-free, electrochemical
sensors are affordable, easy to automate, and conducive for conducting testing even
with large sample number; yet these are less specific than other modes of pathogen
diagnosis (Alahi & Mukhopadhyay, 2017; Law et al., 2015).

ELISA and lateral flow immunoassays (LFAs) are till date counted amongst the
standard tools used for sensitive and rapid laboratory-based identification of
pathogen infection, respectively (Kivirand & Rinken, 2018; Henderson et al., 2018;
Noh et al., 2019). Other than needing highly specific antibodies, these assays require
sample pre-enrichment along with multiple sample preparation and data analysis
steps. This overshadows their benefits of portability and ease of automation (Cho &
Ku, 2017). Drawbacks of immunoassays continue with their recent iterations as well
where antigen-antibody interactions are paired with optical or electrochemical
transducers (Byrne et al., 2009). The idea behind this combination had been to create
an immunological assay that has high sensitivity and specificity, fast detection and
analysis, ease of use and multiplexing capabilities, and low overall operational cost.
Fluorescence, luminescence, and surface plasma resonance are the top optical
biosensing techniques adapted to improve conventional immunoassays (Paniel &
Noguer, 2019). Fluorescent tag-labeled antibodies (monoclonal and polyclonal) or
nanoparticles are employed for flow cytometry, sandwich ELISA, and FRET
whereas chemiluminescence is commonly used in other immunoassays like LFA. A
fluorophore-tagged antibody can be more unstable than its unlabeled counterpart
(Schuster et al., 2020). This is further complicated by low sensitivity due to sample
dilution in flow cytometry or increased probability of antigen-antibody steric
hindrance in sandwich ELISA (Mori & Katayama, 2019; Sakamoto et al., 2018). FRET
indicates antigen-antibody interaction by generating a shift in fluorescence intensity
or lifetime with a change in distance between fluorophore donor-acceptor pair. The
effectiveness of FRET to sense real-time spatiotemporal interaction in antigen-
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antibody complex relies on a strict selection of donor/acceptor fluorophore pairs
tagged onto antibodies that are placed less than 10 nm apart (Bajar et al., 2016). For
instance, Salmonella typhimurium is discerned when a FRET donor, Alexa Fluor 546,
labeled antibody (against the pathogen) and a FRET acceptor, Alexa Fluor 594,
labeled protein G come closer than the designated Forster radius due to
conformational shift upon binding of the concerned bacteria to the donor-labeled
antibody (Ko & Grant, 2003). The tedious process of antibody labeling (including
donor-acceptor pair optimization), appropriate probe selection, and signal
interference from within the sample prevent FRET from being a standalone method
for swift diagnosis of pathogens (Leavesley & Rich, 2016). LFA readouts are usually
colorimetric; they include a narrow strip (with plastic backing) segregated into
narrow zones of different matric material (Law et al., 2015; Paniel & Noguer, 2019).
All the reagents are immobilized onto respective zones — sample application pad,
conjugate area, testing zone with the test and control reagents on nitrocellulose
membrane, and absorption pad. The sample moves via capillary action to the testing
zone where colorimetric indicators, generally in the form of gold nanoparticles, yield
the result. Photoluminescence probes, such as titanium dioxide or graphene oxide
obviate the requirement of a secondary antibody and enhance the signal intensity
compared to regular LFA (Paniel & Noguer, 2019). Nevertheless, this cost-effective,
simpler, user-friendly, point-of-care test can have batch-to-batch variation and drop
in sensitivity at low analyte concentrations that ask for sample pre-treatment (’aniel
& Noguer, 2019; Cho & Ku, 2017). Immunoassays with electrochemical sensors
impart quantitative readout but fall short of being ideal for diagnostic analysis of
pathogenic bacteria due to disadvantages presented by antibodies as the
biorecognition element.

Aptamers are being intuitively developed to replace antibodies and overcome
the limitations of immunological detection of pathogens. Aptamers coupled to
optical transducers, also known as optical aptasensors, guarantee a wide selection
of probes applicable for pathogen detection (Kivirand & Rinken, 2018; Paniel &
Noguer, 2019). Such probes rely on either measurement of disparate properties of
light — refractive index (surface plasma resonance), photon scattering by molecular
vibrations (surface-enhanced Raman spectroscopy), emission of light by an electron
moving from higher to lower energy state (fluorescence and chemiluminescence)—
or color change produced due to a chemical reaction when an analyte binds its
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sensor (Baeyens et al, 1998; Lichtman & Conchello, 2005; Schasfoort, 2017).
Additionally, by having aptamers, as biorecognition elements, coupled to various
nanoparticles in an aptasensor, the use of antibodies as signal transducers is
obviated. Gold nanoparticles (AuNP) and quantum dots (QD) are the nanomaterials
that are most routinely found in aptasensors (Paniel & Noguer, 2019). Yoo et al. have
developed a lab-on-chip system for the detection of three food-borne bacteria
(Salmonella typhimurium, Pseudomonas aeruginosa, Lactobacillus acidophilus) with a
composite of specific aptamers localized onto gold enveloped silica nanoparticles
(Paniel & Noguer, 2019; Yoo, Kim, & Lee, 2015). This label-free method utilizes the
principle of change in the refractive index with simultaneous alteration in mass
during sample binding to the ligand (aptamer) for extremely sensitive (detection
limit 3 x 10* colony forming units/ml) and specific pathogen determination of small
sample (3ulL). In comparison, similar antibody conjugation to nanoparticles for
diagnostic tests is riddled with problems, such as instability of the complex, difficult
and costly antibody modification, or poor reproducibility along with higher limit of
detection (Paniel & Noguer, 2019). Aptasensors using Surface Enhanced Raman
Spectroscopy (SERS) as the transduction mechanism provide an even more sensitive
high-throughput detection of pathogens. Ravindranath et al., 2011 have validated
its applicability for collective detection of Salmonella typhimurium, Staphylococcus
aureus, and Escherichia coli O157: H7. In this system, aptamer specific for S.
typhimurium and antibodies targeting S. aureus and E. coli were localized on Raman
dye-labeled gold, silver, and silver-coated gold core nanoparticles which facilitated
detection limit in the range of 10? colony forming units (CEU)/ml (Paniel & Noguer,
2019; Ravindranath, Wang, & Irudayaraj, 2011). Similarly, electrochemical signal
detectors are paired with aptasensors. Here, target-specific aptamers are
immobilized onto electrodes such that target binding induces a shift in aptamer
conformation which is translated into an electrochemical variation as the
quantifiable endpoint (Paniel & Noguer, 2019). This combination has both elevated
sensitivity and specificity relative to the separate use of aptamer and electrochemical
sensors. A label-free diagnostic test for Salmonella typhimurium was developed by
Zelada-Guillén et al. where a modified aptamer covalently bound to carboxylated
single-walled carbon nanotube electrodes was incorporated as the sensor (Zelada-
CGuillén et al,, 2009). The introduction of the target near this aptasensor disrupted the
covalent interaction between aptamer and carbon nanotube, thereby creating charge
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variation on the electrode, and hence, recorded potential; the senor detected S.
typhimurium with the limit ranging from 0.2 CFU/mL to 106 CFU/mL in a span of 60
seconds.

4.1. Fluorescent aptamers in the diagnosis of pathogenic bacteria: imaging and high-throughput sequencing

Fluorescent transducers are prevalent as research and diagnostic tools. Their
presence in aptasensors serves as an affordable, sensitive, faster, and reliable visual
indicator of pathogen presence that can be quantified as well. To add to it,
fluorescent aptasensors offer greater sensitivity and specificity range compared to
colorimetric, UV, and infrared equivalents (Paniel & Noguer, 2019; Gaudin, 2020).
Yingfu Li and his group adapted a DNA aptamer (RFD-EC1) that cleaves RNA
embedded in a DNA chain flanked by a fluorophore and a quencher to measure E.
coli K12 content (Aguirre et al., 2013). It is a simple two-step process requiring the
mixing of RFD-EC1 with the bacterial suspension for 35 minutes followed by
readout documentation. The introduction and binding E. coli sensing DNA segment
of RFD-EC1 activates the RNA cleaving activity and inhibits quencher to release
fluorophore emission. This method avoids isolation of target pathogen from a
mixture of other bacteria before identification, therefore, warranting ease of use.
Fluorophores can be tagged onto nanoparticles conjugated to DNA/RNA aptamers
for tracking and imaging bacteria. This was tested in a study where the fluorescein-
labeled trimethyl chitosan nanoparticles were first generated and then conjugated
to a DNA aptamer targeting E. coli (Zhao, L.u, Yang, & Zhang 2020). The positive
charge of trimethyl chitosan nanoparticles aided the movement of negatively
charged aptamer across biological membranes which was requisite for studying the
movement of bacteria crossing the host barrier to fight invading infections. Single-
stranded DNA aptamers tagged to fluorophores have also found utility as probes
for FISH (Fluorescent in-situ Hybridization) assay to detect pathogens like P.
aeruginosa (Wang et al., 2011).

Quantum dots (QDs) and upconversion nanoparticles (UCNPs) have gained more
popularity over fluorophores for generating fluorescent aptasensors (Li et al., 2020;
Lu et al, 2017). QDs are composed of nanoscale semiconductor crystals in which
electrons and holes are spaced very closely (Pisanic II, Zhang, & Wang, 2014;
Zrazhevskiy, Sena, & Gao, 2010). Such a three-dimensional space limitation deviates
the bandgap energies from those of the bulk semiconductors. QDs emit, in a size-
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dependent manner, the energy absorbed from photons that have energies greater
than the semiconductor bandgap energy. UCNPs emit strong, sharp, and visible
luminescent energy accumulated from serial absorption of photons (Wang et al.,
2011). Two or more incident photons at a lower energy state are taken up by these
nanoparticles and released as one photon of higher energy state. UCNPs are
comprised of a doped! lanthanide or actinide metal. Sequential absorption usually
occurs at a near-infrared wavelength and excites activator dopants (mostly
lanthanides like terbium, holmium, ytterbium) to emit at UV/vis spectrum. QDs and
UCNPs enable high-intensity and stable fluorescence signals which lack
fluorophores (Li et al., 2020; Lu et al., 2017, Pisanic II, Zhang, & Wang, 2014,
Zrazhevskiy, Sena, & Gao, 2010; Wang et al, 2011). UCNPs further have the
advantage of a sharper emission spectrum with zero auto-fluorescence background
that makes them suitable for multiplexing (Wang et al., 2011). Budak et al., 2016
innovatively coupled QD and UCNP to DNA aptamers against S. typhimurium and
S. aureus, respectively (Kurt, Yiice, Hussain, & Budak., 2016). These functionalized
aptamers which were excited at 325nm (QD) and 980 nm (UCNP) were then tested
to show multiplexed detection of the pathogens with minimum fluorescence
spectrum crosstalk. Aptamers can function as fluorescence enhancers too. RNA
aptamers known as Fluorescence Light-up Aptamers or FLAP bind small molecule,
cell-permeable fluorogens and boost their emission signal by manifold (Neubacher
& Hennig, 2019). Main fluorogens used have 4-hydroxybenzlidene imidazolinone
(HBI), the fluorophore moiety found in eGFP, or are derived from asymmetrical
cyanine dyes and fluorophore-quencher conjugate. Low photobleaching, robust
expression, and brightness are a few FLAP properties that make them suitable for
tracking pathogen metabolites or mRNAs in live cells. Jaffrey and co-workers
exemplified this FLAP application by creating a bifunctional FLAP using Spinach
fluorogen for real-time sensing and imaging of S-adenosylmethionine (SAM) and
adenosine 5'-diphosphate (ADP) in E. coli (Neubacher & Hennig, 2019; Paige et al,,
2012; Song, Wenjiao, & Jaffrey, 2014).

Aptamers can be adopted in a variety of ways for sequencing pathogenic RNA/DNA
and proteins. Combining the attributes of high specificity binding of DNA aptamers
to several kinds of target molecules with PCR, low concentration analytes can be
readily calculated. This detection assay termed as aptamer-based regionally
protected PCR (ARP-PCR) features the complex formation of the DNA aptamer and
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its target with subsequent DNAse I treatment before amplification such that the
unbound aptamer segments are cleaved (Lin & McNatty, 2009). As a result, only the
target-bound portion of the DNA aptamer is amplified and sequenced. Target
analytes with concentrations as low as 10* mol/L have been detected with ARP-
PCR. Increasingly, diagnostic tests are being developed in portable formats.
Reducing the number of total required components and controlling enzyme
activities in PCR are critical factors for ensuring effective portability. For instance,
the flexible structure of an aptamer permits its usage as a Tag polymerase inhibitor
for hot-start or isothermal RT-PCR; it not only reduces the reaction activation time
but also prevents unwanted polymerase activity after reaction completion that could
disturb the baseline readings (“Using aptamers to control enzyme activity”). Single-
cell high-throughput sequencing of bacteria is a time-consuming multi-step process.
Adaptation of fluorescent aptamers targeting 16S rRNA and RNA-binding proteins
(RBPs) is speculated to make the process less error-prone (Tok, 2000; van Gijtenbeek
& Kok, 2017). This concept has been validated to an extent for high-throughput
sequencing of secretory metabolites of engineered bacteria. Abate et al. have
harnessed the power of ultrahigh-throughput droplet screening and Spinach
fluorogen functionalized aptamer in the method referred to as RNA aptamer in the
droplet (RAPID) (Abatemarco et al., 2017). The concentration of non-fluorescent
droplet-sorted secretory metabolites is easily documented in this technique via
translation of target recognition by aptamer as a facile fluorescent signal.
Notwithstanding the progress in fluorescent aptamers or aptasensors, the process to
reshape and appoint them for high-throughput sequencing is still in preliminary
stages.
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Figure 1.5 Various forms of aptasensors based on the transducer types. The box presents some ways
in which a fluorescent aptamer is connected to fluorescent transducers.

4.2. Fluorescent aptamers in the treatment against pathogenic bacteria

Having shown their promise as diagnostic agents, aptamers are now the
burgeoning as therapeutics against microbes and cancer cells. The drive to find
alternatives to antibiotics is stronger than ever because of increasing resistance to
these agents amongst microbes (Afrasiabi et al., 2020). Staphylococcus aureus and
Pseudomonas aeruginosa are some of the prime examples of pathogenic bacteria that
have developed antibiotic-resistant strains responsible for nosocomial infections
(MacDougall et al., 2005). Vivekananda et al. have successfully designed and tested
DNA aptamers, AR-27, AR-33, AR-36, and AR-49 for effectively recognizing alpha-
toxin released by S. aureus and inhibiting transcription of proinflammatory cytokine

! Doping is defined as the method of introducing a metal ion called dopant (lanthanide or actinide in the text
example) into the already existing nanocrystal structure of another metal to enhance optical or
electrochemical properties of the latter.

2 Photo-blinking is defined as intermittent emission of fluorescent signals seen during continuous excitation
of a fluorophore.


https://doi.org/10.20944/preprints202101.0471.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 January 2021 d0i:10.20944/preprints202101.0471.v1

25 of 52

genes, IL-17 and TNF-alpha (Tumor Necrosis Factor) to prevent cell death of Jurkat
cells (Vivekananda, Salgado, & Millenbaugh, 2014). To exemplify aptamer targeting
whole bacterial cell, Chen et al. reportedly constructed a specific ssDNA aptamer
against Mycobacterium tuberculosis with an association constant range of 10°-10° M
(Chen et al., 2007). This aptamer was shown to have antibacterial effects both in vitro
and in vivo. Aptamers used as diagnostic tools against pathogens can be modulated
to concomitantly function as therapeutic agents either directly as drugs or indirectly
as drug targeting or delivery vehicles (Afrasiabi et al., 2020). Chandra Ray et al. built
multifunctional nanoparticles for detecting and targeting multi-drug resistant
(MDR) Salmonella typhimurium (Pramanik et al., 2014). These nanoparticles were
made of a magnetic core with a plasmonic shell coupled to aptamer bound to
methylene blue dye, and an antibody specific to MDR Salmonella typhimurium DT104
strain. The multifunctional nanoparticles were shown to be capable of selectively
separating MDR Salmonella from a blood sample (via magnetic force), followed by
its subsequent fluorescence imaging and killing (combined photodynamic and
photothermal effect). A similar proof-of-principle theragnostic was invented by the
Chandra Ray’s group against methicillin-resistant S. aureus or MRSA. Resistant P.
aeruginosa can exist in a less metabolically active state to avoid killing by antibiotics
(Soundy & Day, 2017). Therefore, to determine the microbial metabolic state with its
simultaneous detection and isolation, Darren Day et al., 2017 incorporated 5-cyano-
2,3-ditolyl tetrazolium chloride to a mix of DNA aptamer bound bacterial cells. This
compound is then converted into an insoluble fluorescent precipitate by
metabolically live cells and so, one can distinguish live resistant P. aeruginosa cells in
a biofilm with other bacterial strains. The same concept could be exploited for
designing theragnostic aptamer against the microbe — a DNA aptamer of
fluorophore-quencher design coupled to fluorescent nanoparticles like quantum
dots could be used; the aptamer would be created against an essential pathogen
enzyme such that the pathogen enzyme recognition element will be flanked by
fluorophore and quencher, where binding and disruption of the enzyme function
would release fluorescent signal indicating antimicrobial activity. Furthermore, the
fluorescence from QD could be used without spectral interference for imaging.
Although promising, the development of antibacterial aptamers as theragnostic is
still in early stages; thus far, there is a dearth of preclinical studies published in this
area ( ).
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5. Aptamers for tumors.

5.1. Fluorescent aptamers in tumor diagnosis: imaging and single-cell profiling

A well-rounded cancer diagnosis involves quantified discernment of tumor cells and
associated biomarkers. Aptamers have the structural versatility to sense whole cells
and their proteins (secreted, surface-expressed or intracellular) (Nimjee, Rusconi, &
Sullenger, 2005; Jayasena, 1999; Ferreira, Cheung, Missailidis, Bisland, & Gariépy, ,
2009; Zheng, Zou, & Lou, 2012; Ku, Zhang, Luo, Yen, Chen, Han, & Lo, 2015).
Evidently, several studies have revealed the suitability of aptasensors as new-age
cancer diagnostic tools (Huang et al.,, 2020; Musumeci et al.,, 2017; Ruiz Ciancio,
Vargas, Thiel, Bruno, Giangrande, & Mestre, 2018; Yoon & Rossi, 2018; Chang,
Donovan, & Tan, 2013). Optical aptasensors have been studied far more than
electrochemical ones for distinguishing cancer cells. The most frequently designed
optical sensors for cancer cell detection transduce target capture signals via
fluorescence or colorimetry (Eivazzadeh-Keihan et al.,, 2018). There are two major
ways in which currently used cancer-specific fluorescent aptamers have been
generated (Musumeci et al., 2017; Eivazzadeh-Keihan et al., 2018). The first method
involves coupling the aptamer to fluorescent nanoparticles, usually quantum dots.
This coupling prevents the fast clearance of aptamers from the body and provides
label-free fluorescence at the same time. Moreover, a mix of QDs with non-
overlapping emission spectrums conjugated to discrete aptamers against multiple
cancers can be used in a multiplex detection system (Ruiz Ciancio, Vargas, Thiel,
Bruno, Giangrande, & Mestre, 2018; Kang, Chae, Cho, Lee, & Kim,, 2009). Kimet al.,
2009 presented this concept in the form of a diagnostic system that conducts parallel
detection of three cancer markers — tenascin-C, nucleolin, and MUC-1 (mucin).
Cheng et al., 2017 demonstrated the utility of A32 aptamer labeled with QD in pre-
and post-operative imaging of glioma (Ruiz Ciancio, Vargas, Thiel, Bruno,
Giangrande, & Mestre, 2018; Tang, Huang, Zhang, Zhou, Tan, Pi, Pi, Cheng, Zheng,
& Cheng,., 2017). The A32 aptamer specifically binds to surface receptor EGFR
(Epidermal Growth Factor Receptor) variant III that is overexpressed on glioma cells
causing high-intensity fluorescence important for cancer detection. Adding QDs
after aptamer-cancer cell binding precludes any negative effect of QD ligation to
aptamer conformation. Wu et al., 2015 used such a labeling strategy to identify lung
cancer cells (Ruiz Ciancio, Vargas, Thiel, Bruno, Giangrande, & Mestre, 2018; Wu et
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al., 2015). They incubated lung carcinoma cells with specific biotin-tagged aptamer
and then introduced streptavidin-coated QDs. The formation of a cancer cell-
aptamer-QD complex resulted in a shift in fluorescence emission wavelength. On
the other hand, gold nanoparticles act as fluorescence quenchers. Their ligation to
aptamers in this format has been tested in the detection of tumor marker, thrombin-
alpha (Liao et al,, 2012; Kurseev et al., 2020). Modified TBA1s, a 15-mer DNA aptamer
targeting thrombin-alpha is ligated to AuNP a) by adsorption or b) by covalent
interaction with its complement strand on the nanoparticle surface. Aptamer-
thrombin complex formation releases AuNP and relieves fluorescence inhibition.
The second form of fluorescent aptasensors in cancer diagnostics are directly labeled
with fluorescent tags. These include molecular beacons (fluorescent/quencher sets)
or aptamers labeled with fluorescent dyes (Ruiz Ciancio, Vargas, Thiel, Bruno,
Giangrande, & Mestre, 2018). Cyb-labeled fluorescent aptamers targeting Burkitt’s
lymphoma cells (Ramos cells) have been used by Shi et al., 2011 for bioimaging of
the tumor-bearing mice (Ruiz Ciancio, Vargas, Thiel, Bruno, Giangrande, & Mestre,
2018; Dougherty, Cai, & Hong, 2015; Shi et al.,, 2011). Such fluorescent dye linked
aptamers give the ability to image tumor cells for 5-6 hours due to longer
fluorescence stability. Molecular beacons are short oligonucleotide structures
(aptamers in this case) that are flanked by fluorophore and quencher molecules at 5
and 3’, respectively. Due to the stem-loop structure, fluorophore and quencher are
in close proximity to each other in the absence of the target resulting in no
fluorescence. Hybridization of the target and the recognition element on the aptamer
separates the fluorophore-quencher pair and activates fluorescence. Zu et al., 2014
modeled their aptamer identifying lymphoma circulating tumor cell (CTC) on the
molecular beacon principle (Ruiz Ciancio, Vargas, Thiel, Bruno, Giangrande, &
Mestre, 2018; Zeng, Tung, & Zu, 2014). In their study, the aptamer was developed to
target specific CTC surface biomarker, ligation to which led to aptamer-reporter
internalization. Once intracellular, the aptamer-reporter is transported to lysosomes
and degraded, thus causing the release of the fluorophore.

There are many avenues in single-cell mRNA and genomic sequencing where
the implementation of aptasensors could be beneficial. To begin with, aptamers for
cancer surface antigens can be immobilized within the microfluidic device flow
channels to allow efficient capturing of singular cancer cells per nano-well (Ruiz
Ciancio, Vargas, Thiel, Bruno, Giangrande, & Mestre, 2018). Philips et al., 2009 were
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one of the first to experimentally illustrate the proof-of-concept for it (’hillips et al.,
2009). They used a modified Sgc8 aptamer against the T-cell Acute Lymphocytic
Leukemia cell line, CCRF-CEM; fluorescein was crosslinked at the 5 end for
visualization, and biotin was tagged at the 3" end to immobilize aptamer onto a
streptavidin-coated plate. The system captured cancer cells with 97 percent purity
and 80 percent efficiency. Aptamers have also been hypothesized to be used for
biomarker profiling of a large number of cancer cells in a cell-SELEX format
(Hivazzadeh-Keihan et al., 2018; Pang et al., 2018). Nonetheless, comparable to the
situation with antibacterial aptamers, the ones targeting cancer cells have not been
studied well so far for their capabilities in biomarker discovery and high-throughput
screening (Pang et al., 2018; Chang, Donovan, & Tan, 2013; Doud & Woyke, 2017).

5.2. Aptamers as anti-cancer therapeutics

Theragnostic and targeted drug delivery agents dominate the roles that
aptamers serve as anticancer therapeutics (Fu & Xiang, 2020; Wu et al., 2015; Zhang,
Hong, & Cai, 2011). In their drug carrier form, aptamers can be coupled to small
molecules or cytotoxic agents, special inhibitory RNAs (siRNA, miRNA, IncRNA),
or nanoparticles (liposomes, dendrimers, etc.) loaded with anticancer drugs (Zhou
et al, 2009; Liu et al, 2014). Chemotherapeutics like doxorubicin have been
conjugated with cancer cell targeting aptamers in various scientific investigations.
In one of their prostate cancer studies, Bagalkot et al., 2006 explored the possibility
of successfully delivering doxorubicin to tumor cells by complexing the cytotoxic
drug molecules with the internally hybridized double-stranded RNA aptamer A10
(Zhang, Hong, & Cai, 2011; Bagalkot et al.,, 2006). This aptamer was previously
validated for specific binding to prostate-specific membrane antigen (PSMA) which
is found selectively overexpressed on prostate cancer cells. PSMA has an
internalization signal that is activated upon protein binding to the antigen on the
cell surface, ultimately resulting in endosomal uptake of the bound protein. Taking
advantage of this PSMA feature, doxorubicin intercalated to GC rich region of A10
aptamer was then shown to only target PMSA positive LNCaP’ and spare the antigen
negative PC3 prostate cancer cells in vitro. Aptamer covalently tagged to
doxorubicin molecules via a hydrazone linker has in a similar way been tested to
determine its effectiveness in targeting acute lymphoblastic leukemia T cells (T-ALL)
(Zhang, Hong, & Cai, 2011; Huang et al., 2009). Methotrexate (MTX) has also been
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covalently conjugated to a DNA aptamer CD117, which contains a G-quadruplex
structure, via N-hydroxysuccinimide (NHS) mediated amine coupling; this aptamer
effectively inhibited AML cell growth (Hori et al., 2018). Cell internalizing aptamers
can be efficiently conjugated to anticancer RNAs (Yoon & Rossi, 2018). The first
PSMA targeting aptamer-siRNA complex was reportedly tested in 2006 (Chu et al.,
2006). Recent studies have found EpCAM (epithelial cell adhesion molecule)
targeting aptamer-siRNAs becoming attractive candidates for future treatment
agents targeting epithelial cancers and related circulating tumor cells (Hori et al.,
2018; Subramanian et al,, 2015). Using the breast cancer cell line MCF-7 based
xenograft mouse model, Subramaniam et al., 2015 have evidenced the effective and
selective cytotoxicity of the EpCAM-aptamer-siRNA complex. The complex was
assembled to help internalization of siRNA against polo-like kinase (PLK1) via cell
surface binding of EpCaM, a cancer biomarker. EpCaM ASiC can be potent drugs
against circulating tumor cells too (Hori et al., 2018; Gilboa-Getfen et al., 2015; Wang
et al,, 2015). EpCaM ASiC was also developed against survivin, a pro-survival or
anti-apoptotic molecule overexpressed in Dox-resistant breast CTCs (IHori et al,,
2018; Wang et al., 2015). By administering this chimera to a breast cancer xenograft
model, the group exhibited survivin knockdown and subsequent killing circulating
tumor cells (CTCs) due to the reversal of Dox resistance.

By conjugating an RNA aptamer, GL21.T that targets Axl receptor tyrosine kinase,
to miRs like let-7g or miR-212, Esposito et al., 2014 and Iaboni et al., 2016 have
separately provided strong evidence for their growth inhibitory and TRAIL (TNF-
alpha Related Apoptosis Inducing Ligand) mediated cell death in lung cancer cells,
respectively (Hori et al., 2018; laboni et al., 2016; Esposito et al., 2014). Liposomes are
the most prevalent form of nanoparticles complexed with aptamers for targeting
cancer cells (Liu et al, 2014). An FDA approved PEGylated liposomal form of
doxorubicin called Doxil has been adapted by Xing et al., 2013 in an anticancer
aptamer form to increase its specific toxicity against breast cancer cells (Liu et al,,
2014; Xing et al., 2013). Doxil, as is provides a decent selectivity in cancer cells.
However, a lack of a cancer target attached to this drug-loaded liposome may be
risky for use in patients due to unwanted toxicity in normal cells. Therefore, Doxil
was conjugated to AS1411, aptamer targeting nucleolin (overexpressed on cancer
cells) through covalent binding with a spacer molecule. The study convincingly
showed enhanced efficacy and selectivity of Dox cytotoxicity in the aptamer form
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relative to unconjugated liposomes. Aptamers by themselves can be produced as
immune modulators which have a vast potential in the field of cancer therapy
(Pastor et al.,, 2018). For instance, RNA aptamers that target and modulate the
function of immune checkpoint proteins like CTLA-4 (cytotoxic T-Lymphocyte
associated protein-4) or PD-1 could prevent the spread of invasive cancer cells and
complement the effects of antitumor agents by improving anticancer T-cell
immunity.

Theragnostic anticancer agents potentially have a great future due to their
feasibility related to multifunctional capabilities. Akin to antibacterial aptasensors
used as theragnostic, the anticancer aptasensors too commonly have fluorescent
transducers (\Wu et al., 2015). Daniel Elson’s group combined gold nanorods with a
Cy5 (a near-infrared fluorophore) tagged AS1411 aptamer to create an aptasensor
for targeted imaging and treatment of cancer cells (Gallina et al., 2016). Once inside
a cell, gold nanorods can be activated using near-infrared light causing them to emit
heat in the local environment to the extent of killing their host cell. To maximize such
a special property of phototherapy for cancer cell death, the group crosslinked an
internalizing aptamer targeting AS1411. The resulting product essentially exhibited
superior fluorescence for imaging cancer cells (HeLa) and provided a new mode of
selectively killing chemotherapy-resistant tumor cells. Quantum dots have better
photostability and less photobleaching compared to fluorescent dyes and have
wider absorption but narrow emission spectra (Pisanic II, Zhang, & Wang, 2014). A
complex of a chemotherapeutic drug, an RNA aptamer, and a QD, Dox-A10 has been
positively tested by Farokhzad et al., 2007 for use as a cancer imaging tool and
therapy in prostate cancer cells (Bagalkot, Zhang, Levy-Nissenbaum, Jon, Kantoff,
Langer, & Farokhzad, 2007). The key characteristic of this theragnostic is based on
the principle of Bi-FRET- a donor-acceptor interaction between QD and Dox and a
donor-quencher relation between Dox and the aptamer (here targeting PSMA).
Internalization of this complex into intracellular space (endolysosomes) and the
release of doxorubicin from the complex releases the fluorescence inhibition on both
the drug and QD. This assists in clearly visualizing both drug delivery and the
release inside the target cell. UPNCs or upconverting nanoparticles have greater
photostability, fluorescent signal intensity, biocompatibility, and chemical stability.
Moreover, they do not have a photo-blinking? problem and can be cleared from the
body in 7 days. (Wang, Abbineni, Clevenger, Mao, & Xu, 2011) Hence, they make an
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excellent choice for developing anticancer theragnostic agents. The feature of tune-
ability in a few aptamers being presently investigated grants them a significant
therapeutic edge over their predecessors (Gray et al., 2018). Sullenger et al., 2005
identified an RNA aptamer, E3 that is selectively internalized by prostate cancer cells
and first complexed it with maleimide-DyLight 650 (DL650; fluorescent dye)
( ). Monomethyl auristatin E (MMAE) and
monomethyl auristatin F (MMAF), potent cytotoxic agents, were then separately
ligated to the fluorescent E3 aptamer. The resultant complex allowed effective
visualization of targeted drug delivery both in vivo and in vitro. To add to its appeal
even further, they also designed antisense oligonucleotides to these aptamer
conjugates for neutralization of the cytotoxic activity in case of unwanted effects on
normal tissue. There are a plethora of improved diagnostic and treatment options
that fluorescent theragnostic aptamers have brought to the existing arsenal of
anticancer agents ( ). Despite that, the number of such agents passing
clinical trials is paltry compared to their antibody counterparts (Kaur, Bruno,
Kumar, & Sharma, 2018).

6. Conclusion

Aptamers are multipurpose small oligonucleotides that were first ideated and
produced four decades ago (Sullenger, Gallardo, Ungers, & Gilboa, 1990; Tuerk &
Gold, 1990). Efforts to revive aptamer research and utilize it for diagnostic and
therapeutic purposes has gained momentum in recent years (Gaudin, 2020).
Progress has been made to improve and customize the SELEX process per the
properties required in an aptamer (Lipi et al., 2016). Although monoclonal
antibodies and their improved chimeras (e.g. bispecific and humanized antibodies)
are in demand till date, their relatively longer and costlier production, stability, and
immunotoxicity during application along with other problems mentioned earlier
make them less suitable for use in diagnostic kits as well as therapies (L.u et al., 2020;
Helwick €, 2020; Glassy & Gupta, 2014; Chames et al., 2009). Contrastingly, the
relative ease of production, the feasibility of synthesis to several conditions
(including in vivo), the ability to target a varied range of biomolecules, and pliability
in the structure are some of the many reasons that favor investing in aptamer
development (Tantirungrotechai & Soontornworajit, 2016; Chinnappan et al., 2020;
Zheng, Zou, & Lou, 2012). A continuous decrease in the cost of high-throughput
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sequencing and its wider availability also have boosted aptamer research (Pereira &
Williams, 2007). In particular, fluorescent aptamers are being studied more since
they have a large potential for being utilized as theragnostic agents. Arguably,
pairing with fluorescent probes or nanoparticles may even help in mitigating the
issue of shorter tissue half-life faced by aptamers (Catuogno, Esposito, & de
Franciscis, 2016).
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Table 1.1 Examples of fluorescent aptasensor designs used as diagnostic and therapeutic agents targeting cancer or bacterial pathogens

Target Fluorescence source Fluorescence linkage Clinical Trial
A 96-mer RNA aptamer beacon with ZnS:CdSe quantum dot and an antisense oligo. Thrombin Quantum Dot (530nm ) streptavidin-avidin covalent linkage  |pre-clinical (in vitro )
(Chietal., 2011)
GBI-10 DNA aptamer with ZnS:CdSe PEGylated quantum dot Tenascin-C Quantum Dot sulfo N-hydroxysulfosuccinimide pre-clinical (in vitro ) Iahelifree
(Tang etal., 2017) treated linker
Diagnostics (A fluorescent gold particle (AuNP) crosslinked AS1411 aptamer for breast and lung adenocarcinoma Surface nucleolin Gold nanoparticle (~400 - 500nm) Diatriazoic acid covalent linakge pre-clinical
(Li et al., 2015; Malik et al., 2015) (in vitro and in vivo )
A DNA aptamer conjugated to water soluble cationic conjugated polymer and iridium ion complex forming a donor/acceptor FRET pair Thrombin (free protein from biological fluids) |Cationic polymer-iridium ion complex no linkage with aptamer pre-clinical (in vitro)
(Sun etal., 2011)
RNA aptamers TC01, TC02 and TDO5 conjugated with fluorophores agaisnt leukemia cell lines Whole cancer cell Cy3, Cy5, FITC covalent linkage pre-clinical (in vitro)
( ) Fluorophore
85-mer DNA aptamers S1, 56, S11 and S15 conjugated to fluorophores for targeting lung adenocarcinoma cell lines and tissue Whole cancer cells FITC and tetramethylrhodamine (TAMRA) covalent linkage pre-clinical (in vitro ) tageed
(Vidic et al., 2018)
Unnatural Base Pairs containing Ds-DNA aptamers conjugated to fluorophore for imaging and sequencing Whole cancer cells Alexa 488 covalent linkage pre-clinical (in vitro)
(Futami et al., 2018)
Internalizing Sgc8 DNA aptamer conjugated with daunorubicin for treatment against Acute Lymphoblastic Leukemia T-cells Protein-Tyrosine Kinase 7 Daunorubicin Intercalation to aptamer structure  |pre-clinical (in vitro )
(Taghdisi et al., 2010) (covalent bonds) Chemo-
Lipidated hybrid aptameric nanoconstruct targeting human loaded with photoswitchable doxorubicin via intercalation; FRET pair for tracking drug release c-Met or hepatocyte growth factor receptor | Doxorubicin Intercalation to aptamer motifs pre-clinical (in vitro ) therapeutics
Anti- T (Prusty etal., 2018) GC region (covalent bonds)
cancer argeted drug . . . . X - X e
. delivery |AS1411 (26nt DNA aptamer) as a carrier for G-quadruplex acridine orange-based ligand C; targeting HeLa cells Nucleolin Acridine orange non-covalent linkage pre-clinical (in vitro )
(Carvalho et al., 2019
Locked nucleic acid RNA and DNA aptamer chimera with dopamine coated supraparamagnetic iron oxide nanoparticles carrying anticancer iron saturated bovine lactoferrin Nucleolin (DNA) and EpCaM (RNA) 6- coumarin covalent linkage pre-clinical (in vitro )
( ) RNAi
An RNA aptamer (A10) as a carrier for fluoreophore tagged-siRNA against Polo-like Kinase 1 or BCL2 Prostate Specific Membrane Antigen FITC covalent linkage pre-clinical
(Dassie et al., 2009) (in vitro and in vivo )
|A DNA aptamer(YQ26) against mouse endoglin conjugated to fluoroscent silica naoparticles Endoglin 5 covalent linkage pre-clinical Chemo-
(Tan etal.,, 2017) (invitro and in vivo ) therapeutics
AS1411 aptamer complexed to poly(lactide-co-glycolide) nanocarrier encapsulating magnetic nanoparticles, curcumin and gemcitabine Nucleolin Curcumin covalent linkage pre-clinical (in vitro)
Theragnostic (Khalil et al,. 2013)
AS1411 aptamer-miRNA-221 molecular beacon-magnetic fluorescence nanoparticle complex (MFAS miR-221 MB) targeting astrocytoma cells Nucleolin Rhodamine ( nanoparticle); covalent linkage pre-clinical (in vitro)
(Kim et al., 2012) Cy5/BHQ2 ( fluorophore-quencher pair molecular beacon) RNAI
anti-EGFR aptamer complexed with cationic lipid nanocarrier encapsulating QDs and siRNAs against BCL2 and PKC- T in breast cancer Epithelial Growth Factor Receptor (EGFR) Quantum Dot covalent linkage pre-clinical
(Kim et al., 2019) (in vitro and in vivo )
A DNA aptamer conjugated to carboxyl-modified Tris(2,2"-bipyridy (RuBPY)-doped silica nanoparticles S. typhimurium whole cells RuBPY streptavidin-avidin covalent linkage ~ |pre-clinical (in vitro )
(Wang & Kang, 2016) Label -free
A DNA aptamer conjugated to carbon quantum dot S. typhimurium whole cells Carbon quantum dot covalent linkage pre-clinical (in vitro )
(Wang et al., 2015)
Diagnostics A fluorophore labeled DNA aptamer conjugated to multi-walled carbon nanotubes for B. anthracis Recombinant protective antigen domain4 | Gel Green covalent linkage pre-clinical
(Karimi & Dabbagh, 2019) (in vitro and in vivo )
DNA aptamers STC-03 and STC-12 conjugated to fluorogenic dye Whole bacterial cells Fluoroscein (FAM) covalent linkage pre-clinical (in vitro ) Fluorophore
(Song etal., 2017) - tagged
An RNA aptamer (SRB-2) conjugated to fluorophore-quencher pair E. Coli total RNA sulforhodamine B (fluorophore) and DN (quencher) pair covalent linkage pre-clinical (in vitro )
(Arora, Sunbul, & Jaschke, 2015)
Therapeutics A DNA aptamer -gold nanoparticle conjugate loaded with His tagged HPA3P (antimicrobial peptide) Vibrio vulnificus whole cells none NA pre-clinical (in vitro )

(Lee etal, 2017)
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Abbreviations

DNA- Deoxyribonucleic acid

RNA- Ribonucleic acid

SELEX- Systematic evolution of ligands by exponential enrichment
PCR- Polymerase Chain Reaction

RT-PCR- Reverse Transcription Polymerase Chain Reaction
cDNA- complementary DNA

PAGE- Polyacrylamide gel electrophoresis

PEG- Polyethylene glycol

IgM- Immunoglobulin M

SiRNA- Short interfering RNA

mMiRNA- micro RNA

AsiC- Aptamer siRNA complex

AmiC- Aptamer miRNA complex

MUC1- Mucin 1, a polymorphic epithelial mucin

CD38- cluster of differentiation 38; also known as cyclic ADP ribose hydrolase
LAMP- Loop-mediated isothermal amplification

NASBA- Nucleic acid sequence-based amplification

FRET- Forster resonance energy transfer

SPR- Surface Plasma Resonance

NMR- Nuclear Magnetic Resonance

ELISA- Enzyme-Linked Immunosorbent Assay

LFA- Lateral Flow Assay

AuNP- Gold nanoparticle
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QD- Quantum Dot

SERS- Surface-enhanced Raman Spectroscopy
CFU- Colony Forming Units

FISH- Fluorescence in-situ hybridization

UCNP- Upconverting nanoparticle

eGFP- Enhanced Green Fluorescent Protein
ADP- Adenosine diphosphate

FLAP- Florescence light-up aptamer

SAM- S-adenosylmethionine

ARP-PCR- Aptamer-based regionally protected PCR
RAPID- RNA aptamer in the droplet

MDR- Multi-drug resistant

EGFR- Epidermal Growth Factor Receptor
EpCAM- Epithelial cell adhesion molecule

Cy5- Cyanine 5, a synthetic red fluorescent dye
CTC- Circulating tumor cells

IncRNA- Long non-coding RNA

PMCA- Prostate-specific membrane antigen

T-ALL- T-cell acute lymphoblastic leukemia

! Doping is defined as the method of introducing a metal ion called dopant (lanthanide or actinide in the text
example) into the already existing nanocrystal structure of another metal to enhance optical or
electrochemical properties of the latter.

2 Photo-blinking is defined as intermittent emission of fluorescent signals seen during continuous excitation
of a fluorophore.
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MTX- Methotrexate

CD117- Cluster of Differentiation 117, a receptor tyrosine kinase encoded by c-KIT gene. EpCAM

NHS- N-hydroxysuccinimide

AML- Acute Myeloid Leukemia

PLK1- Polo-like kinase

TRAIL- TNF- alpha Related Apoptosis Inducing Ligand

FDA- Federal Drug Administration

CTLA4- Cytotoxic T-lymphocyte-associated protein 4 or CD152; an immune checkpoint

PD1- Programmed cell death proteinl

MMAE- Monomethyl auristatin E

MMAF- Monomethyl auristatin F

! Doping is defined as the method of introducing a metal ion called dopant (lanthanide or actinide in the text
example) into the already existing nanocrystal structure of another metal to enhance optical or
electrochemical properties of the latter.

2 Photo-blinking is defined as intermittent emission of fluorescent signals seen during continuous excitation
of a fluorophore.
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