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Abstract: Despite the great promise of nucleic acid aptamers in the areas of diagnostics
and therapeutics for their facile in vitro development, lack of immunogenicity and other
desirable properties, few truly successful aptamer-based products exist in the clinical or
other markets. Core reasons for these commercial deficiencies probably stem from
industrial commitment to antibodies including a huge financial investment in humanized
monoclonal antibodies and a general ignorance about aptamers and their performance
among the research and development community. Given the early failures of some strong
commercial efforts to gain government approval and bring aptamer-based products to
market, it may seem that aptamers are doomed to take a backseat to antibodies forever.
However, the key advantages of aptamers over antibodies coupled with niche market needs
that only aptamers can fill and more recent published data still point to a bright commercial
future for aptamers in areas such as infectious disease and cancer diagnostics and
therapeutics. As more researchers and entrepreneurs become familiar with aptamers, it
seems inevitable that aptamers will at least be considered for expanded roles in diagnostics
and therapeutics. This review also examines new aptamer modifications and attempts to
predict new aptamer applications that could revolutionize biomedical technology in the
future and lead to marketed products.
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1. Introduction

Correctly predicting the future of aptamers is not an easy task. Despite the great promise of
aptamers to possibly replace or at least effectively compete with antibodies in diagnostics and
therapeutics for the advantages presented in Table 1, aptamer commercialization has not yet come to
fruition. Aptamers have not substantially supplanted antibodies in either diagnostics or therapeutics
after nearly 25 years of development, yet aptamers are not a complete failure either. Despite the
paucity of commercial success with aptamers or aptamer-based products, aptamers continue to be a
fervent topic of research, because they perform well and hold the advantages listed in Table 1. This
fervor is supported by a perusal of PubMed using “aptamer” as a search term, which currently returns
nearly 4900 articles, so before critics condemn aptamers to the garbage heap of scientific history, it
would be wise to reconsider the promise and clear advantages of aptamers. Monoclonal antibody
technology required approximately four decades to come to fruition at great expense to biotechnology
and pharmaceutical companies which needed to humanize the antibodies. It is that huge investment in
antibody technology which may also be partly responsible for the resistance of major companies
toward aptamer technology.

The demise of Archemix, Inc. (Cambridge, MA, USA) several years ago and the halting of Phase 3
clinical trial enrollment for Regado Bioscience’s Revolixys kit composed of pegnivacogin, an
anticoagulant aptamer against Factor IX, and its complementary oligonucleotide, were significant
setbacks to therapeutic aptamer ambitions. These failures leave Macugen® as the only FDA approved
and marketed therapeutic aptamer. The early struggles of aptamer therapeutics coupled with the huge
investment of pharmaceutical companies in humanized monoclonal antibodies and other biologics do
not bode well for aptamer therapeutics. However, there are some exciting new means to protect and
enhance aptamers in vivo as well as new therapeutic approaches and applications described in this
article which could positively alter the track record of aptamers.

Only a handful of companies have thus far developed and marketed aptamers as antibody-like
binding reagents for research and development including the author’s company (OTC Biotech, San
Antonio, TX, USA), Aptagen (Jacobus, PA, USA), Base Pair Biotechnologies (Houston, TX, USA),
NeoVentures Biotechnologies (London, ON, Canada), Aptamer Sciences (Pohang, Korea) and a few
others. Even fewer companies have marketed aptamers as components of assay kits or concentrating
devices, but among these are the NeoVentures Ochratoxin A and aflatoxin ELISA-like microplate
assays [1] and affinity columns. The seminal aptamer company SomaLogic (Boulder, CO, USA)
appears to be pushing its SOMAmers and SOMAScan aptamer array platform sensor into the
proteomics and diagnostics markets via beta testing at various locations with a current capability to
detect greater than 1100 different human proteins to sub-pg levels in body fluids [2,3].

The fact that aptamers first emerged on the biotechnology landscape in the early 1990s and have
had meager commercial success should not dissuade researchers from continuing to pursue aptamer
use and innovation. In the author’s own experience, one of his company’s C-Reactive Protein (C-RP)
aptamers led Vance and Sandros [4] to develop a nanoparticle-based Surface Plasmon Resonance
(SPR) assay with low zeptomolar (102! M) detection of C-RP even when conducted in
human serum. And in another of the author’s own research efforts, he was able to develop a Brain
Natriuretic Peptide (BNP) aptamer sandwich assay using electrochemiluminescence (ECL) in serum
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with sub-pg/mL sensitivity [5]. These and other recent successes in specific detection of analytes at
ultrasensitive levels should encourage researchers to continue the pursuit of aptamer-based assays and
therapeutic technologies. This review provides a vision and partial roadmap for where aptamers and
their applications may progress. The author wrote a review of aptamer conjugates in 2013 [6] which
described in some detail the state of the art for aptamer conjugates, so to avoid redundancy, mostly
new areas or updates to previously discussed aptamer and aptamer conjugate technologies are
addressed herein. Other authors have pointed out potential advantages of aptamers such as potentially
greater affinity or specificity versus antibodies for some aptamers developed under stringent
conditions. However, Table 1 lists unequivocal advantages of all aptamers versus antibodies which
could lead to niche markets for aptamers.

Table 1. Key Advantages of Aptamers vs. Antibodies with Supportive References.

Advantage References
Facile in vitro development which obviates host animals. [7]
Ability to develop aptamers against native toxins without toxoid production. [7]
Greater reproducibility of aptamers from batch-to-batch due to chemical synthesis [7]

More rapid ability to develop neutralizing agents by robotic means against multi-drug resistant

“doomsday bug” bacteria or emerging lethal viruses (e.g., Ebola, influenzas, MERS, SARS, etc.) for [8-12]
prophylaxis or a “bridge to life” prior to host-mounted immune response (i.e., prior to seroconversion).

Ability to develop aptamers onboard spacecraft, other planets, or in remote locations on Earth where [13-15]
neutralizing aptamers may be needed.

Unlimited inexpensive production of DNA aptamers at the gram or greater scale by PCR or [16.17]
asymmetric PCR (predominately single-stranded PCR products).

Ability to store lyophilized aptamers indefinitely and obviate cold storage. [18]
Reusability; aptamers can be heat-denatured, cooled to reconform and used for many rounds of analyte [19.21]
binding and detection.

Little or no immunogenicity.* Even humanized mAbs can be immunogenic. [22-24]

* The work of Wendel’s group [23] suggesting immune system activation by some aptamers and the need for
pre-clinical testing are duly noted.

2. New Diagnostic Aptamer Reagent Innovations and Marketing Strategies

There is always room for new diagnostic modalities and assay formats, such as aptamer-nanoparticle
conjugate surface-enhanced Raman spectroscopy (SERS) [25] or aptamer-coated magnetic beads to
concentrate and purify analytes from body fluids prior to mass spectral analyses [26]. Coupling either
SERS or liquid chromatography (LC)-mass spectral analyses of body fluids to aptamer technology
could be huge and lucrative applications in various parts of the diagnostics industry. However, the
dominant trend in recent aptamer-based diagnostics appears to relate to the composition of aptamers.
This focus is represented by the subcategories below discussing longer multivalent aptamers and the
addition of unnatural bases or alterations to the backbone and sugars to potentially enhance affinity,
avidity, specificity and stability of aptamers.

Additionally, researchers appear to be focusing on the so called “low lying fruit” in diagnostics,
namely food safety and environmental assays or “home brewed” laboratory-developed tests (LDTs) for
clinical analytes [27]. LDTs are less expensive tests for clinical analytes used within the confines of



Molecules 2015, 20 6869

a single laboratory or company. Although currently under increased scrutiny by the FDA, LDTs could
provide a short-term “back door” route for commercialization of some aptamer-based clinical assays, if
an entrepreneur was so inclined. The FDA will phase in LDT regulations over the next 9 years [28,29].
If one considers the huge success of Elizabeth Holmes’ recent $9 billion valuation for Theranos, Inc.
(Palo Alto, CA, USA), which is brilliantly based in part on taking advantage of LDTs, teaming with
pharmacies as blood collection and testing centers to lower costs, increased reporting speed and greatly
reduced blood draw volumes (a few drops of blood), companies should take LDTs and other aspects of
Theranos business plan quite seriously in their strategic plans. Although somewhat controversial for
their ability to “side step” FDA regulations, LDTs are considered by some experts to be the future of
personalized medicine and are used for detection of rare diseases that might otherwise be ignored for
assay development by larger diagnostic companies because such companies see little or no profit in
investing in rare disease diagnostics. Of course, supplementing the LDT strategy by simultaneously
seeking FDA approval for aptamer-based tests would seem to be the wisest long-term course of action.

2.1. Longer Multivalent or Multidentate Aptamers

At the outset of this section, it is important to state that the terms “multivalent” and “multidentate”
are often used interchangeably with regard to aptamers. Early usage of the term multivalent by Shi and
Lis [30] meant artificial composite or concatenated aptamers which were engineered. However, it is
very important to distinguish between intelligently designed multiple binding site aptamers and
those which are naturally selected by providing longer randomized DNA template starting material.
Ahmad et al. [31] have demonstrated that nature is still the supreme engineer, because it is quite
difficult for any human to precisely know and engineer a multiple binding site aptamer with perfect
linker spacing and flexibility to fit a complex antigen’s topology [32]. Of course, the author acknowledges
that there are rare cases in which one can engineer effective bidentate or multidentate aptamers, if
detailed knowledge of proximal epitopes and their spacing on complex targets is available, but in
general, natural selection will probably produce superior affinity or avidity and specificity.

In the past, commercially available DNA oligonucleotide aptamer length was limited to ~70 bases
due to the low yields of lengthier aptamer templates by chemical synthesis. However, recent advances
in chemical synthesis have enabled aptamer template lengths up to 200 bases (e.g., Ultramers® by
Integrated DNA Technologies, Inc. Coralville, IA, USA). Longer templates mean that the degenerate
(randomized) mid-region can be lengthened to better mimic the 110 amino acid complementarity
determining regions (CDR) of antibodies which harbor three hypervariable antigen binding regions
per CDR per heavy or light chain (12 hypervariable binding sites per antibody molecule) [6]. By
analogy, the author’s group has lengthened the degenerate region of their aptamer DNA template
to 164 randomized bases with flanking 18 base constant primer regions. So, logically more binding
regions may emerge with longer aptamers. The author has seen numerous complex loop structures in
these longer multivalent aptamers which probably confer greater specificity for complex multi-epitope
targets such as cell surfaces [6,33].

Another interesting aspect that has emerged from working with longer 200 base aptamers is
the observation of induced fit around a small target molecule. In recent work, the author’s group
developed ~200 base DNA aptamers against several cancer biomarker peptides. When these aptamers
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were analyzed to determine their affinity constants by interferometry using a Pall Corp./Forte Bio
Octet® instrument, the analysis produced blue-shifted instead of red-shifted binding data suggesting
that the aptamers actually contract and became smaller upon binding the peptide. This event may be
thought of much like a flower closing its petals around the flower’s ovary and other core structures
or a Venus flytrap snapping shut around a captured fly upon landing (i.e., a form of induced fit). The
blue-shifted spectra appear like a concave dissociation curve (not shown). Figure 1 shows the binding
curves of two 200 base aptamers binding their cognate cancer biomarker peptides (Kd values of 60 and
200 nM) after they have been inverted back to a more conventional and recognizable “convex” binding
curve similar to traditional red-shifted interferometry association curves.
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Figure 1. Inverted “convex” interferometer scans of 200 base DNA aptamers binding
small cancer biomarker peptides. The unprocessed curves (not shown) are “concave” due
to blue-shifting of the smaller bound aptamer-peptide complex as compared to the larger
free aptamer without its captured peptide. This phenomenon strongly suggests an induced
fit binding mechanism with longer aptamers.

2.2. The Use of Exotic, Modified or Unnatural Bases

Criticism of aptamers has always largely centered on the limited monomer repertoire of a mere
four nucleotides versus the diverse 20 amino acids available to antibodies, but this is changing [34,35].
The availability of exotic and unnatural base incorporation from DNA synthesis vendors for rationally
engineered placement in putative binding pockets (e.g., Figure 2) is proving advantageous for
improved assay performance. In the author’s laboratory, the addition of diaminopurine bases into the
middle of three putative Rickettsia typhi aptamer pockets (secondary loop structures) appeared to
bolster detection of the rickettsia in the low pg range (Figure 2). This is a simple example of enhanced
performance of course, but it illustrates the principle of post-selection molecular engineering of
aptamers for improved affinity. The ability to build disulfide bonds into aptamer bases [7] could also,
in theory, be used to stabilize critical tertiary aptamer structures that might otherwise change with
temperature, pH, salt concentration or other ionic conditions.

Random placement of unnatural or modified bases using more promiscuous DNA polymerases without
editing functions is also an option, but then standard sequencing is impossible and the selected aptamer
must be sequenced by exonuclease digestion and mass spectral analyses [36]. AM Biotechnologies, Inc.
(Galveston, TX, USA) is marketing an “X-aptamer” kit [37] that will yield modified base aptamers,
but these must be returned to the company for sequence determination and synthesis. Someday,
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nanopore sequencing may be able to routinely identify the positions of unnatural or modified bases in
aptamer chains.

Perhaps the most radical new development in the area of modified base aptamers is that of
“Seligos” produced by Apta Biosciences, Ltd. of Singapore and the UK (a recent spinoff of Fujitsu
Laboratories). These unique constructs consist of a DNA scaffold with pendant amino acids to emulate
peptides or proteins for binding to target molecules [38].
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Figure 2. Improved Rickettsia aptamer performance in an ELISA-like assay with
diaminopurine (DAP) built into three putative R. #yphi aptamer binding pockets. Rickettsia
cells were measured by weight since absolute cell numbers were not known or provided by
the source to the author’s laboratory.

2.3. Modifications to Aptamer Backbone and Sugar Moieties

Aptamer technology has long relied on several modifications to the phosphate backbones and sugar
moieties of DNA and RNA to enhance aptamer stability in vivo. These modifications have included
substitution of sulfurs for non-bridging oxygens in the phosphate backbone (i.e., phosphorothioate or
thioaptamers) which retard degradation in serum while also enhancing binding affinities [7,39]. Other
staple means to protect aptamers from serum endo- or exonucleases have included modification of
deoxyribose at the 2' position with amine, fluoro, methoxy, and thiol groups [7,39].

Recently, the emergence or “synthetic genetic polymers” or “xeno nucleic acids” (XNAs) has
offered several more options for unnatural polymers that function like DNA and RNA for the passage
of genetic information [40—42]. However, XNA backbones should be poorly recognized by natural
nucleases and thus should be highly nuclease resistant and exhibit longer half-lives in vivo [42]. Novel
XNAs include polymers composed of modified sugars such as those in arabinonucleic acids (ANA),
cyclohexenyl nucleic acids (CeNA), 2'-fluoroarabinonucleic acids (FANA), 1,5-anhydrohexitol nucleic
acids (HNA), locked nucleic acids (LNA), peptide nucleic acids (PNA) and a-L-threofuranosyl nucleic
acids (TNA) [40]. These XNAs can be used to develop aptamers by classic methods, if polymerases
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exist which are able to amplify them following a round of affinity selection. Fortunately, variants of
the Thermococcus gorgonarius polymerase (e.g., TgoT) can be evolved to amplify various XNAs [40],
thus providing real hope that this method may produce ultra-stable aptamers for use in vivo. Of course,
the downside to using any non-DNA or non-RNA aptamer is still the potential for very adverse
immune reactions especially upon subsequent administration to patients.

2.4. One Step and In Silico Aptamer Development

Researchers continue to streamline and refine the classic Systematic Evolution of Ligands (SELEX)
aptamer development process [43—46], chasing the holy grail of reliable one step aptamer selection [46]
instead of the repetitive select and amplify cycles followed by cloning and sequencing. Unfortunately
no simplified or expedited SELEX process has yet emerged to challenge the gold standard Slow Off-rate
Modified Aptamers (SOMAmers) [2,3]. But, this is clearly an area of potential future improvement, so
it should be included in this vision of future aptamer technology. One potential way to achieve one
step aptamer identification may be in silico computer modeling. Great strides are being made in this
area with new 3-D docking [47], free energy and entropy-based “seed and grow” algorithms [48-52].
As a veteran of many rather laborious aptamer “fishing trips,” the author dreams of either robotic or
in silico solutions to aptamer development. The only drawback to in silico aptamer development is that
one must know the exact composition and topology of the target (unknown targets are of course
excluded from the in silico approach) and the more complex the target is at the molecular level, the
more intense the computations. Still, in silico aptamer development is clearly a promising area to
watch, because it could dominate aptamer diagnostic and therapeutic development in the future.

2.5. Environmental, Food Safety and Other Niche Market Aptamer Assays

A number of groups, including the author’s group, have tried to push aptamers into the environmental
niche markets (including chemical and bioterrorism assays [53—57]) and food safety testing [58] with
some very sensitive and specific assays for the major foodborne bacterial pathogens [59-71],
troublesome noroviruses [72—74], foodborne toxins [1,75], antibiotics [76,77] and pesticides [25,78,79].
At first glance, it seems that market entry in food safety testing should be relatively facile because the
developer only needs to pass AOAC certification to begin selling kits, assays or instruments, but the
USDA and FDA have a zero tolerance policy for any foodborne pathogens in large volumes of foods.
Hence, food safety testing becomes an effort to develop extremely high sensitivity and rapid assays in
order to probe large volumes in minimal time. Ultrasensitive aptamer-coated magnetic bead
concentrating methods to probe foods for rare pathogenic cells or viruses coupled to PCR detection
assays [80-82] or fluorescence detection [59,64] have been shown to cut hours, if not days, off of
culture enrichment and reporting times. In addition, the author recently published the first
aptamer-quantum dot lateral flow test strip assay report for highly sensitive detection of several
foodborne pathogens with sensitivities approximately ten-fold greater than antibody colloidal gold
lateral flow assays [66]. Yet, no one has marketed an AOAC-approved aptamer-based foodborne
pathogen test to date. This may be due to general ignorance of aptamers in the food safety testing
world and perhaps success in this arena is just around the corner. Some success has already been
realized by NeoVentures Biotechnologies, Inc. (London, ON, Canada) which markets aptamer-based
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concentrating and purifying columns and assay kits for ochratoxin A and aflatoxins in corn, wheat,
beer and wine [1].

3. New Therapeutic Innovations and Applications

Aptamer therapeutics advocates have little to laud except the late 2004 FDA approval of Macugen®
(pegaptanib) which has held its own in the market against the monoclonal antibodies Avastin®
(bevacizumab) and Lucentis® (ranibizumab) for the treatment of wet age-related macular degeneration.
However, in the latest 2014 study of 3180 reports of adverse drug events in a WHO database of
patients administered these three VEGF antagonistic drugs, Avastin® appeared to be the winner for its
“favorable safety profile and lower cost” [83]. Regardless of whether Macugen® is the top treatment
for macular degeneration or not, it was definitely a moral victory and success story for aptamers in
general. Ni et al. [84] and Sundaram et al. [85] have nicely summarized the remaining therapeutic
aptamers which may still be in pharmaceutical development pipelines somewhere. The following
sections look to the future for the next potential therapeutic aptamer or aptamer derivative victories in
several diverse areas of medicine.

3.1. Update on Aptamer Conjugates

The author previously summarized the aptamer-siRNA work of Rossi [6,86] and others as well as
the aptamer-alpha gal epitope conjugate work of Altermune, LLC (Irvine, CA, USA; founded by PCR
inventor and Nobel prize laureate Kary Mullis) [6]. So, this section consists of updates related to
exciting new aptamer-based drug delivery reports, new data and previously unmentioned work since
the previous summary [6].

In recent work (Figure 3A,B), the author essentially replicated the work of Manoharan et al. [87]
who coupled ibuprofen to an antisense oligonucleotide in order to “hitch a ride” on albumin and other
serum proteins, thereby enhancing an antisense oligonucleotide’s serum half-life. This strategy of
attaching ibuprofen or other NSAIDs to DNA (instead of polyethylene glycol (PEG) or other
molecular “anchors”), especially on the 3' end to affiliate with serum proteins and thus increase the
aggregate complex’s weight, thereby slowing kidney and liver clearance and inhibiting exonuclease
degradation [88—90] may be useful for aptamers as well. The surprising aspect for the author was that
carbodiimide (EDC or EDAC)-based coupling of aptamer-3'-primary amines with the carboxyl group
of ibuprofen in MES buffer at pH 5.0 failed repeatedly with strong evidence of DNA fragmentation
and no evidence of successful ibuprofen coupling by mass spectral analyses (e.g., Figure 3C). Instead,
a custom-synthesized (Sigma-Aldrich, Saint Louis, MO, USA) N-hydroxysuccinimide (NHS) version
of ibuprofen (Figure 3D) led to >98% yield of the correct conjugates as determined by electrospray
ionization mass spectral analyses at Integrated DNA Technologies, Inc. (Coralville, IA, USA)
(Figure 3A,B). The author is in the process of animal testing of the aptamer-3’-ibuprofen conjugates
and expects to report their pharmacokinetics in the next year or two.
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Figure 3. Mass spectral data showing successful aptamer-3'-ibuprofen conjugation (A,B)
versus the surprisingly fragmented DNA resulting from a carbodiimide-mediated
approach (C). The successful approach involved the use of a custom N-hydroxysuccinimide
(NHS)-ibuprofen linker synthesized by Sigma-Aldrich Corp. (D) resulting in >98% yields of
the correct conjugates (actual vs. theoretical molecular weights matched for aptamer-ibuprofen
conjugates as determined by mass spectra in panels A and B).
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3.2. Aptamers to Neutralize Lethal Viruses

HIV continues to be a target of fervent aptamer development [91]. However, breach of U.S. borders
by Ebola last year, and the emergence of new viral threats in America such as MERS, Dengue, West
Nile Virus, and most recently the Bourbon virus, may shift some aptamer development efforts to these
newer viral threats [12,92-94]. It appears clear that high affinity and highly specific aptamers can bind
envelope, polymerase and structural viral proteins to inhibit or block fusion, penetration, or replication
of influenza [11,94-98] and perhaps other important viruses [99]. Hence as new viral threats emerge,
aptamer research and development seem likely to parallel viral emergence, because in the absence of
effective vaccines or antisera, aptamers may provide a last line of defense. Indeed, in the event of
another lethal pandemic influenza or other virus outbreak, aptamers may provide the only line of
defense and could be developed robotically [8—10], if necessary to avoid human exposure to the virus,
for passive immunity until patients can mount their own immune responses.

3.3. Aptamers or Aptamer Conjugates to Kill Drug-Resistant Pathogenic Bacteria

The crisis of antibiotic resistance which is already upon the human race demands either new
antibiotic development or novel approaches to killing multidrug-resistant (MDR) bacteria in vivo.
Recently, carbapenem-resistant Enterococcus (CRE) and Klebsiella pneumoniae (KPC) have garnered
most of the morbid headlines for nosocomial acquisition and high patient mortality in hospitals while
MRSA and VRE continue to be significant problems. Unfortunately, the new drug pipeline for
resistant bacteria is scant which has drawn attention to chimeric or humanized monoclonal antibodies
to combat drug-resistant bacteria [100—102]. Similarly, aptamers can perhaps be used as bacteriostatic
agents to possibly inhibit the growth of bacteria by simple cell surface binding to decrease membrane
potential [103]. Aptamers are being investigated to determine if they can block or degrade key
drug-resistant bacterial enzymes such as New Delhi metallo-B-lactamase (NDM-1), thereby possibly
overcoming resistance to beta-lactams and a variety of other antibiotics [104]. Direct killing of
Gram negative bacteria and cancer cells by induction of the classic complement-mediated cell lysis
system [6,105—107] or opsonization [108,109] by bifunctional (bidentate linker) aptamers or aptamer-Fc
conjugates to emulate antibodies has also been demonstrated. Hopefully, these approaches will be
further investigated and exploited in the future to combat MDR bacteria, cancers [106,107], and even
some parasitic infections.

3.4. Aptamers to Neutralize Toxins and Venoms

Antibodies must often be made against chemically fixed or heat-inactivated toxins (toxoids) for
injection into host animals. But, toxoids do not provide the same tertiary conformations as native toxin
proteins for antibody development. This is not a problem for aptamers which are developed in vitro
against native protein conformations [7]. To date, several highly specific aptamers have been developed
against a variety of different bacterial toxins [75,110,111] and snake venoms [112,113]. Some of the
nascent aptamers also demonstrated significant (up to 25%) inhibition of sphingomyelinase activity in
brown recluse spider venom [114]. Of course, snake and other venoms are complex materials which
can include phospholipases and other degradative enzymes as well as neurotoxins and cardiotoxins in
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some cases. These toxic components would all require neutralization by a cocktail of “polyclonal”
aptamers to be effective as a single antivenom product. While stoichiometric aptamer scavengers may
not be pragmatic in vivo if high doses are required for 1:1 aptamer:toxin stoichiometry, any aptamer
which binds a toxin or venom component specifically, could possibly be converted into a DNAzyme or
aptazyme with the proper molecular engineering. And enzymatic aptamers would reduce the requisite
antidote dose. These thoughts inspire the hope that perhaps aptamers or their conjugates can be
developed to effectively counteract snake, spider, scorpion, insect and other venoms. Antisera for
venomous bites require cold storage, but lyophilized aptamers would not require cold storage and
could be kept at ambient temperatures (even in desert or jungle environments) for long-term storage [18]
as long as humidity was sealed out.

3.5. Robotic Aptamer Development and Production for Rapid Medical Countermeasures

In 1996, the author was the first scientist to publish the use of target molecules covalently attached
to magnetic microbeads to act as affinity targets for SELEX aptamer development [115]. This
approach stemmed from frustration with the larger volume ethanol precipitation step which was
unreliable in the SELEX process [116]. The author was also the first to develop aptamers against
whole bacterial cells in the form of B. anthracis spores with centrifugal partitioning of spore-bound
and unbound supernate DNA from the aptamer pool [117]. The use of these two techniques enables
facile robotic aptamer development as shown in other published works [9,10]. While automated robotic
platforms could be quite useful for routine aptamer product development, there are two futuristic, yet
plausible, scenarios in which they could be paramount to human survival. These scenarios are: (1) if
humanity was faced with a devastating pandemic “doomsday bug” (viral or bacterial), even if the
microbe was of completely unknown identity or origin and (2) if astronauts in outer space or on other
planets encountered a deadly new pathogen capable of rapidly defeating their immune systems. In both
cases, automated robotic SELEX platforms could be immensely valuable countermeasures for
allowing sick humans to develop aptamers for passive immunity until their own immune systems could
respond to the invading pathogen. NASA scientists have already realized and acknowledged this fact
in various publications [13,14]. And with recent advances in microfluidics and MEMS
(microelectromechanical systems), automated aptamer selection devices in space or on other planets
could be quite compact and lightweight [10,118-121] to accommodate small numbers of humans.

3.6. Aptamers to Potentially Induce Stem Cell Differentiation and Transdifferentiation

One very exciting potential application of aptamers could be to induce differentiation or
transdifferentiation of stem cells, especially of bone marrow origin, to avoid the controversy
surrounding the use of human embryonic stem cells. Regenerative medicine is beginning to demand
larger amounts of stem cells and 100% complete differentiation into end cells. Aptamers have already
played a part in the affinity-based capture, isolation, concentration and collection of progenitor cells
from various tissues [122—125], proving that whole cell-selected aptamers can be developed and bind
stem cells with high affinity. However, the concept for aptamers to replace growth factors and other
ligands or agonists rests on the notion that aptamers can bind key receptors on the surface of stem cells
to induce differentiation.
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One example of aptamer-promoted differentiation of axon outgrowth already exists in the work of
Wang et al. [126]. Wang et al. demonstrated that RNA aptamers bound the Nogo-66 receptor (NgR) and
competed with natural myelin-derived inhibitors of NgR consequently promoting axon outgrowth [126].
While this is a somewhat convoluted route to changing cellular morphology and functionality, it
illustrates the point that aptamers can play a key part in cell differentiation pathways.

A more direct route to differentiation induction has been laid by combinatorial antibodies [127—-129].
Richard Lerner’s laboratory at the Scripps Research Institute (La Jolla, CA, USA) has done pioneering
work on the use of combinatorial antibodies to act like G-CSF to transdifferentiate CD34+ bone marrow
cells into neural progenitors [128]. And in another project, Lerner’s group reported integrin-binding
combinatorial antibodies which transformed human stem cells into dendritic cells [129].

As this review and many other articles have pointed out, aptamers can do virtually everything that
antibodies can do, but are more facile to produce than virus-displayed combinatorial or humanized
antibodies and are more reproducible [7]. Therefore, it seems only a matter of time before reports of
aptamer-mediated stem cell transdifferentiation appear in the literature. And because aptamers may be
less expensive to produce and generally nonimmunogenic, they could become the agents of choice to
replace more expensive recombinant antibodies or growth factors, thereby accelerating the field of
regenerative medicine.

3.7. Aptamers to Induce Rapid Blood Clotting

The vast majority of work in the area of blood clotting over many years has centered on developing
aptamers as regulatable anticoagulants. More recently, the focus appears to be broadening to include
aptamers that actually clot blood as a treatment for hemophilia [130]. While binding and activating key
proteins in the clotting cascade with aptamers to treat hemophilia is likely to be a new focus in this
area, the author can also envision bidentate or multi-dentate aptamers or aptamer-dendrimer conjugates
capable of binding proteins, platelets and blood cells in matrices to form clots locally (i.e., like bricks
and mortar). Tan’s group at the University of Florida (Gainesville, FL, USA) has recently published an
artificial, yet germane, proof of this concept [131]. By synthesizing anti-thrombin aptamer-lipid
conjugates that anchor on target cells, Tan’s group was able to form gel-like clots containing the
aptamer-modified cells within 15 s in the presence of thrombin and fibrinogen [131]. Clot-inducing
aptamers could be dried onto the surface of gauze pads or sponges and applied to patients topically on
wounds or internally. Such technology could be invaluable in the life-threatening battle against diffuse
bleeding for civilian and military emergency medicine. And an added benefit may be that application
of endonucleases might be able to dissolve the aptamer-linked clots as needed.

3.8. Mass Production Methods

While aptamers are inexpensive on the milligram-scale by chemical synthesis, their price jumps
to ~$2000 per gram by parallel chemical synthesis [6,22]. So, in the future, look for mass production
of aptamers by enzymatic methods such as PCR or asymmetric PCR (predominately single-stranded
PCR enabled by adding a 100:1 ratio of one primer over the other). Companies such as Vandalia
Research (Huntington, WV, USA) are laying the foundation for less expensive mass production of
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aptamers and other medicinal oligonucleotides with enzymatic techniques such as PCR [16,17] or
cell-based production [30].

4. Conclusions

The aims of this review were to examine the current state of aptamers in diagnostics and therapeutics
and to predict where aptamer technology might progress in the future. In diagnostics, with a few
exceptions [1], aptamers are clearly still struggling against entrenched antibody-based assays and the
ignorance of the research and development community about aptamer performance and the advantages
of aptamers [7,132]. But, the public image of aptamers could change for the better with advances such
as longer and more specific multivalent aptamers (up to 200 bases) or the incorporation of modified
and unnatural bases or XNAs [40—42] for even greater affinity, avidity, specificity and stability.
Indeed, Somalogic’s SOMAmers and their associated diagnostic array platform (SOMAScan) may
already be forging a path for diagnostic and proteomic success of aptamers [2,3].

Likewise, therapeutic aptamers have tasted some limited success in the form of Macugen®, but the
story of therapeutic aptamer efforts has mostly been fraught with failures in late clinical trials. Still, the
niches for aptamers in antitoxin, antivenom, MDR bacterial, viral and cancer treatment provide a strong
and continuing impetus for eager researchers to keep trying. Thus, it seems a safe bet that aptamers
will remain a hot topic of research and development for some years to come. And it is a certainty that
such research and development will be quite interesting.

Acknowledgments

Funding for new data presented herein was provided by a Naval Medical Research Command (NMRC)
contract no. N32398-14-P-0340, National Cancer Institute SBIR contract no. HHSN261201300075C,
and NIH SBIR grant no. 1 R43 GM101712-01. The author thanks Taylor Phillips and Alicia Richarte
of his laboratory as well as Matthew Malehorn and David Apiyo of ForteBio, Inc., and Kenneth
Hargreaves of the UTHSCSA for aid and acquisition of the data presented in this article. The author
thanks Mark Behlke and Ling Huang of Integrated DNA Technologies, Inc. for electrospray ionization
mass spectral analyses of the aptamer-3'-ibuprofen conjugates.

Contflicts of Interest
The author owns an 8% stake in OTC Biotechnologies, LLC which sells aptamers via the Internet.
References

1.  Penner, G. Commercialization of an aptamer-based diagnostic test. IVD Technol. 2012, 18, 31-37.

2. Webber, J.; Stone, T.C.; Katilius, E.; Smith, B.C.; Gordon, B.; Mason, M.D.; Tabi, Z.; Brewis, .A.;
Clayton, A. Proteomics analysis of cancer exosomes using a novel modified aptamer-based array
(SOMAscan™) platform. Mol. Cell. Proteomics 2014, 13, 1050—1064.

3. Lollo, B.; Steele, F.; Gold, L. Beyond antibodies: New affinity reagents to unlock the proteome.
Proteomics 2014, 14, 638—644.



Molecules 2015, 20 6879

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

Vance, S.A.; Sandros, M.G. Zeptomole detection of C-reactive protein in serum by a nanoparticle
amplified surface plasmon resonance imaging aptasensor. Sci. Rep. 2014, 4, 5129.

Bruno, J.G.; Richarte, A.M.; Phillips, T. Preliminary development of a DNA aptamer-magnetic
bead capture electrochemiluminescence sandwich assay for Brain Natriuretic Peptide. Microchem. J.
2014, 115, 32-38.

Bruno, J.G. A review of therapeutic aptamer conjugates with emphasis on new approaches.
Pharmaceuticals 2013, 6, 340-357.

Jayasena, S.D. Aptamers: An emerging class of molecules that rival antibodies in diagnostics.
Clin. Chem. 1999, 45, 1628-1650.

Lee, J.F.; Cox, J.C.; Collett, J.R.; Ellington, A.D. Exploring sequence space through automated
aptamer selection. J. Lab. Autom. 2005, 10, 213-218.

Wochner, A.; Cech, B.; Menger, M.; Erdmann, V.A.; Glokler, J. Semi-automated selection of
DNA aptamers using magnetic particle handling. BioTechniques 2007, 43, 344-353.

Lai, H.; Wang, C.; Weng, C.; Liou, T.; Lee, G. An integrated SELEX microfluidic system for
rapid screening of influenza virus specific aptamers. In Proceedings of the 16th International
Conference on Miniaturized Systems for Chemistry and Life Sciences, Okinawa, Japan,
28 October—1 November 2012; pp. 1402—-1404.

Cheng, C.; Dong, J.; Yao, L.; Chen, A.; Jia, R.; Huan, L.; Guo, J.; Shu, Y.; Zhang, Z.
Potent inhibition of human influenza H5N1 virus by oligonucleotides derived by SELEX.
Biochem. Biophys. Res. Commun. 2008, 366, 670—674.

Binning, J.M.; Wang, T.; Luthra, P.; Shabman, R.S.; Borek, D.M.; Liu, G.; Xu, W.; Leung, D.W_;
Basler, C.F.; Amarasinghe, G.K. Development of RNA aptamers targeting Ebola virus VP35.
Biochemistry 2013, 52, 8406—8419.

Dobler, R.K.; Maki, W.C. Mars health care delivery systems: Aptamers provide critical technology.
In Proceedings of the 12th NASA Symposium of VLSA Design, Coeur d'Alene, ID, USA,
4-5 October 2005.

Schmidt, M.A.; Goodwin, T.J. Personalized medicine in human space flight: Using omics based
analyses to develop individualized countermeasures that enhance astronaut safety and performance.
Metabolomics 2013, 9, 1134-1156.

Sommer, G.J.; Hecht, A.H.; Durland, R.H.; Yang, X.; Singh, A.K.; Hatch, A.V. A fully automated
aptamer-based affinity assay platform for monitoring astronaut health in space. In Proceedings of
the 14th International Conference on Miniaturized Systems in the Life Sciences, Groningen,
The Netherlands, 3—7 October, 2010; pp. 1463—1465.

Murray, E.; Norton, M.L.; Towler, W.I. Method for a continuous rapid thermal cycle system.
U.S. Patent 8,163,489, 24 April 2012.

Dutton, G. DNA vaccines inch toward human use. Gen. Eng. Biotechnol. News 2009, 29, 1-4.
Quaak, S.G.; Haanen, J.B.; Beijnen, J.H.; Nuijen, B. Naked plasmid DNA formulation: Effect of
different disaccharides on stability after lyophilisation. A4PS PharmSciTech 2010, 11, 344-350.
Park, J.H.; Byun, J.Y.; Mun, H.; Shim, W.B.; Shin, Y.B.; Li, T.; Kim, M.G. A regeneratable,
label-free, localized surface plasmon resonance (LSPR) aptasensor for the detection of ochratoxin A.
Biosens. Bioelectron. 2014, 59, 321-327.



Molecules 2015, 20 6880

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

Shen, T.; Yue, Q.; Jiang, X.; Wang, L.; Xu, S.; Li, H.; Gu, X.; Zhang, S.; Liu, J. A reusable and
sensitive biosensor for total mercury in canned fish based on fluorescence polarization. Talanta
2013, /17, 81-86.

Xu, S.; Zhang, X.; Liu, W.; Sun, Y.; Zhang, H. Reusable light-emitting-diode induced
chemiluminescence aptasensor for highly sensitive and selective detection of riboflavin. Biosens.
Bioelectron. 2013, 43, 160-164.

Cload, S.T.; McCauley, T.G.; Keefe, A.D.; Healy, J.M.; Wilson, C. Chapter 17: Properties of
therapeutic aptamers. In The Aptamer Handbook; Klussmann, S., Ed.; Wiley-VCH, Verlag
GmBH & Co.: Weinheim, Germany, 2006; pp. 363—416.

Avci-Adali, M.; Steinle, H.; Michel, T.; Schlensak, C.; Wendel, H.P. Potential capacity of aptamers
to trigger immune activation in human blood. PLoS ONE 2013, 8, ¢68810.

Harding, F.A.; Stickler, M.M.; Razo, J.; DuBridge, R.B. The immunogenicity of humanized and
fully human antibodies: Residual immunogenicity resides in the CDR regions. MAbs 2010, 2,
256-265.

Barhona, F.; Bardliving, C.; Phifer, A.; Bruno, J.G.; Batt, C. New aptasensor based on polymer-gold
nanoparticles composite microspheres for the detection of malathion using surface-enhanced
Raman spectroscopy. Ind. Biotechnol. 2013, 9, 42—-49.

Najafabadi, M.E.; Khayamian, T.; Hashemian, Z. Aptamer-conjugated magnetic nanoparticles
for extraction of adenosine from urine followed by electrospray ion mobility spectrometry.
J. Pharm. Biomed. Anal. 2015, 107, 244-250.

Weiss, R.L. The long and winding regulatory road for laboratory-developed tests. Am. J.
Clin. Pathol. 2012, 138, 20-26.

Anonymous. FDA announces plans to regulate LDTs. Cancer Discov. 2014, 4, 1250.

Mertz, A. Duplicative and unnecessary regulation of LDTs will hamper diagnostic innovation.
Med. Lab. Opt. 2014, 46, 44.

Shi, H.; Lis, J.T. Multivalent RNA Aptamers and Their Expression in Multicellular Organisms.
U.S. Patent 6,458,559, 1 October 2002.

Ahmad, K.M.; Xiao, Y.; Soh, H.T. Selection is more intelligent than design: Improving the
affinity of a bivalent ligand through directed evolution. Nucleic Acids Res. 2012, 40,
11777-11783.

Zhao, X.; Lis, J.T.; Shi, H. A systematic study of the features critical for designing a high avidity
multivalent aptamer. Nucleic Acid Ther. 2013, 23, 238-242.

Mallikaratchy, P.R.; Ruggiero, A.; Gardner, J.R.; Kuryavyi, V.; Maguire, W.F.; Heaney, M.L.;
McDevitt, M.R.; Patel, D.J.; Scheinberg, D.A. A multivalent DNA aptamer specific for the B-cell
receptor on human lymphoma and leukemia. Nucleic Acids Res. 2011, 39, 2458-2469.

Stovall, G.M.; Bedenbaugh, R.S.; Singh, S.; Meyer, A.J.; Hatala, P.J.; Ellington, A.D.; Hall, B.
In vitro selection using modified or unnatural nucleotides. Curr. Protoc. Nucleic Acid Chem.
2014, 56, doi:10.1002/0471142700.nc0906s56.

Sefah, K.; Yang, Z.; Bradley, K.M.; Hoshika, S.; Jiménez, E.; Zhang, L.; Zhu, G.; Shanker, S.;
Yu, F.; Turek, D.; et al. In vitro selection with artificial expanded genetic information systems.
Proc. Natl. Acad. Sci. USA 2014, 111, 1449-1454.



Molecules 2015, 20 6881

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.
49.

50.

Vallone, P.M.; Devaney, J.M.; Marino, M.A.; Butler, J M. A strategy for examining
complex mixtures of deoxyoligonucleotides using ion-pair-reverse-phase high-performance
liquid chromatography, matrix-assisted laser desorption ionization time-of-flight mass spectrometry,
and informatics. Anal. Biochem. 2002, 304, 257-265.

He, W.; Elizondo-Riojas, M.A.; Li, X.; Lokesh, G.L.; Somasunderam, A.; Thiviyanathan, V.;
Volk, D.E.; Durland, R.H.; Englehardt, J.; Cavasotto, C.N.; et al. X-aptamers: A bead-based
selection method for random incorporation of druglike moieties onto next-generation aptamers
for enhanced binding. Biochemistry 2012, 51, 8321-8323.

Fujita, S.; Arinaga, K.; Fujihara, T.; Aki, M.; Kichise, T. Novel protein detection system using
DNA as a constituent material. Fujitsu Sci. Tech. J. 2012, 48, 237-243.

Shigdar, S.; MacDonald, J.; O’Connor, M.; Wang, T.; Xiang, D.; Al Shamaileh, H.; Qiao, L.;
Wei, M.; Zhou, S.; Zhu, Y.; et al. Aptamers as theranostic agents: Modifications, serum stability
and functionalisation. Sensors 2013, 13, 13624—-13637.

Pinheiro, V.B.; Taylor, A.L; Cozens, C.; Abramov, M.; Renders, M.; Zhang, S.; Chaput, J.C.;
Wengel, J.; Peak-Chew, S.Y.; McLaughlin, S.H.; et al. Synthetic genetic polymers capable of
heredity and evolution. Science 2012, 336, 341-344.

Taylor, A.l.; Arangundy-Franklin, S.; Holliger, P. Towards applications of synthetic genetic
polymers in diagnosis and therapy. Curr. Opin. Chem. Biol. 2014, 22, 79-84.

Pinheiro, V.B.; Holliger, P. Towards XNA nanotechnology: New materials from synthetic
genetic polymers. Trends Biotechnol. 2014, 32, 321-328.

Darmostuk, M.; Rimpelova, S.; Gbelcovd, H.; Ruml, T. Current approaches in SELEX:
An update to aptamer selection technology. Biotechnol. Adv. 2015, in press.

Kong, H.Y.; Byun, J. Nucleic acid aptamers: New methods for selection, stabilization, and
application in biomedical science. Biomol. Ther. (Seoul) 2013, 21, 423—-434.

Fan, M.; Roper-McBurnett, S.; Andrews, C.J.; Allman, A.M.; Bruno, J.G.; Kiel, J.L. Aptamer
selection express (ASExp): A novel method for rapid single step selection and sensing of aptamers.
J. Biomol. Tech. 2008, 19, 311-321.

Nitsche, A.; Kurth, A.; Dunkhorst, A.; Pdnke, O.; Sielaff, H.; Junge, W.; Muth, D.; Scheller, F.;
Stocklein, W.; Dahmen, C.; et al. One-step selection of Vaccinia virus-binding DNA aptamers by
MonoLEX. BMC Biotechnol. 2007, 7, 48.

Bruno, J.G.; Carrillo, M.P.; Phillips, T.; Hanson, D.; Bohmann, J.A. DNA aptamer beacon assay
for C-telopeptide and handheld fluorometer to monitor bone resorption. J. Fluoresc. 2011, 21,
2021-2033.

Chushak, Y.; Stone, M.O. In silico selection of RNA aptamers. Nucleic Acids Res. 2009, 37, e87.

Ashrafuzzaman, M.; Tseng, C.Y.; Kapty, J.; Mercer, J.R.; Tuszynski, J.A. A computationally
designed DNA aptamer template with specific binding to phosphatidylserine. Nucleic Acid Ther.
2013, 23, 418-426.

Sanchez-Luque, F.J.; Stich, M.; Manrubia, S.; Briones, C.; Berzal-Herranz, A. Efficient HIV-1
inhibition by a 16 nt-long RNA aptamer designed by combining in vitro selection and in silico
optimisation strategies. Sci. Rep. 2014, 4, 6242—-6251.



Molecules 2015, 20 6882

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Savory, N.; Takahashi, Y.; Tsukakoshi, K.; Hasegawa, H.; Takase, M.; Abe, K.; Yoshida, W;
Ferri, S.; Kumazawa, S.; Sode, K.; et al. Simultaneous improvement of specificity and affinity of
aptamers against Streptococcus mutans by in silico maturation for biosensor development.
Biotechnol. Bioeng. 2014, 111, 454-461.

Savory, N.; Lednor, D.; Tsukakoshi, K.; Abe, K.; Yoshida, W.; Ferri, S.; Jones, B.V.; Ikebukuro, K.
In silico maturation of binding-specificity of DNA aptamers against Proteus mirabilis.
Biotechnol. Bioeng. 2013, 110, 2573-2580.

Bruno, J.G.; Carrillo, M.P.; Phillips, T.; Vail, N.K.; Hanson, D. Competitive FRET-aptamer-based
detection of methylphosphonic acid: A common nerve agent metabolite. J. Fluoresc. 2008, 18,
867-876.

Bruno, J.G.; Carrillo, M.P.; Cadieux, C.L.; Lenz, D.L.; Cerasoli, D.M.; Phillips, T. DNA aptamers
developed against a soman derivative cross-react with methylphosphonic acid but not with the
flanking hydrophobic groups. J. Mol. Recognit. 2009, 22, 197-204.

Bruno, J.G.; Carrillo, M.P. Development of aptamer beacons for rapid presumptive detection of
Bacillus spores. J. Fluoresc. 2012, 22, 915-924.

Bruno, J.G.; Richarte, A.M.; Carrillo, M.P.; Edge, A. An aptamer beacon responsive to
botulinum toxins. Biosens. Bioelectron. 2012, 31, 240-243.

Lamont, E.A.; He, L.; Warriner, K.; Labuza, T.P.; Sreevatsan, S. A single DNA aptamer functions
as a biosensor for ricin. Analyst 2011, 136, 3884—-3895.

Liu, X.; Zhang, X. Aptamer-based technology for food analysis. Appl. Biochem. Biotechnol.
2015, 175, 603—624.

Bruno, J.G.; Phillips, T.; Carrillo, M.P.; Crowell, R. Plastic-adherent DNA aptamer-magnetic
bead and quantum dot sandwich assay for Campylobacter detection. J. Fluoresc. 2009, 19,
427-435.

Dwivedi, H.P.; Smiley, R.D.; Jaykus, L.A. Selection and characterization of DNA aptamers with
binding selectivity to Campylobacter jejuni using whole-cell SELEX. Appl. Microbiol. Biotechnol.
2010, 87, 23232334,

Bruno, J.G.; Carrillo, M.P.; Phillips, T.; Andrews, C.J. A novel screening method for competitive
FRET-aptamers applied to E. coli assay development. J. Fluoresc. 2010, 20, 1211-1223.

Queiros, R.B.; Gouveia, C.; Fernandes, J.R.; Jorge, P.A. Evanescent wave DNA-aptamer biosensor
based on long period gratings for the specific recognition of E. coli outer membrane proteins.
Biosens. Bioelectron. 2014, 62, 227-233.

Queirés, R.B.; de-los-Santos-Alvarez, N.; Noronhae, J.P.; Sales, M.G.F. A label-free DNA
aptamer-based impedance biosensor for the detection of E. coli outer membrane proteins.
Sens. Actuators B Chem. 2013, 181, 766-772.

Bruno, J.G.; Phillips, T.; Montez, T.; Garcia, A.; Sivils, J.C.; Mayo, M.W.; Greis, A.
Metrix360 Laboratories. Development of a fluorescent enzyme-linked DNA aptamer-magnetic
bead sandwich assay and portable fluorometer for ultrasensitive and rapid Listeria detection.
J. Fluoresc. 2015, 25, 173—183.

Lee, S.H.; Ahn, J.Y.; Lee, K.A.; Um, H.J.; Sekhon, S.S.; Sun Park, T.; Min, J.; Kim, Y.H.
Analytical bioconjugates, aptamers, enable specific quantitative detection of Listeria monocytogenes.
Biosens. Bioelectron. 2015, 68, 272-280.



Molecules 2015, 20 6883

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Bruno, J.G. Application of DNA aptamers and quantum dots to lateral flow test strips for
detection of foodborne pathogens with improved sensitivity versus colloidal gold. Pathogens
2014, 3, 341-355.

Park, H.C.; Baig, [.A.; Lee, S.C.; Moon, J.Y.; Yoon, M.Y. Development of ssDNA aptamers for
the sensitive detection of Salmonella typhimurium and Salmonella enteritidis. Appl. Biochem.
Biotechnol. 2014, 174, 793-802.

Moon, J.; Kim, G.; Lee, S.; Park, S. Identification of Salmonella Typhimurium-specific DNA
aptamers developed using whole-cell SELEX and FACS analysis. J. Microbiol. Methods 2013, 95,
162-166.

Dwivedi, H.P.; Smiley, R.D.; Jaykus, L.A. Selection of DNA aptamers for capture and detection
of Salmonella Typhimurium using a whole-cell SELEX approach in conjunction with cell sorting.
Appl. Microbiol. Biotechnol. 2013, 97, 3677-3686.

Duan, N.; Wu, S.; Chen, X.; Huang, Y.; Xia, Y.; Ma, X.; Wang, Z. Selection and characterization
of aptamers against Salmonella typhimurium using whole-bacterium Systemic Evolution of
Ligands by Exponential Enrichment (SELEX). J. Agric. Food Chem. 2013, 61, 3229-3234.

Joshi, R.; Janagama, H.; Dwivedi, H.P.; Senthil Kumar, T.M.; Jaykus, L.A.; Schefers, J.;
Sreevatsan, S. Selection, characterization, and application of DNA aptamers for the capture and
detection of Salmonella enterica serovars. Mol. Cell. Probes 2009, 23, 20-28.

Escudero-Abarca, B.I.; Suh, S.H.; Moore, M.D.; Dwivedi, H.P.; Jaykus, L.A. Selection,
characterization and application of nucleic acid aptamers for the capture and detection of human
norovirus strains. PLoS ONE 2014, 9, e106805.

Beier, R.; Pahlke, C.; Quenzel, P.; Henseleit, A.; Boschke, E.; Cuniberti, G.; Labudde, D.
Selection of a DNA aptamer against norovirus capsid protein VP1. FEMS Microbiol. Lett. 2014,
351,162-169.

Giamberardino, A.; Labib, M.; Hassan, E.M.; Tetro, J.A.; Springthorpe, S.; Sattar, S.A.;
Berezovski, M.V.; DeRosa, M.C. Ultrasensitive norovirus detection using DNA aptasensor
technology. PLoS ONE 2013, 8, e79087.

DeGrasse, J.A. A single-stranded DNA aptamer that selectively binds to Staphylococcus aureus
enterotoxin B. PLoS ONE 2012, 7, e33410.

Nikolaus, N.; Strehlitz, B. DNA-aptamers binding aminoglycoside antibiotics. Sensors 2014, 14,
3737-3755.

Wang, S.; Liu, J.; Yong, W.; Chen, Q.; Zhang, L.; Dong, Y.; Su, H.; Tan, T. A direct competitive
assay-based aptasensor for sensitive determination of tetracycline residue in honey. Talanta
2015, 731, 562-569.

Pang, S.; Labuza, T.P.; He, L. Development of a single aptamer-based surface enhanced Raman
scattering method for rapid detection of multiple pesticides. Analyst 2014, 139, 1895-1901.
Wang, L.; Liu, X.; Zhang, Q.; Zhang, C.; Liu, Y.; Tu, K.; Tu, J. Selection of DNA aptamers that
bind to four organophosphorus pesticides. Biotechnol. Lett. 2012, 34, 869—874.

Jyoti, A.; Vajpayee, P.; Singh, G.; Patel, C.B.; Gupta, K.C.; Shanker, R. Identification of
environmental reservoirs of nontyphoidal salmonellosis: Aptamer-assisted bioconcentration and
subsequent detection of Salmonella typhimurium by quantitative polymerase chain reaction.
Environ. Sci. Technol. 2011, 45, 8996-9002.



Molecules 2015, 20 6884

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Singh, G.; Vajpayee, P.; Rani, N.; Jyoti, A.; Gupta, K.C.; Shanker, R. Bio-capture of S. Typhimurium
from surface water by aptamer for culture-free quantification. Ecotoxicol. Environ. Saf. 2012, 78,
320-326.

Suh, S.H.; Jaykus, L.A. Nucleic acid aptamers for capture and detection of Listeria spp.
J. Biotechnol. 2013, 167, 454—461.

Biagi, C.; Conti, V.; Montanaro, N.; Melis, M.; Buccellato, E.; Donati, M.; Covezzoli, A.;
Amato, R.; Pazzi, L.; Venegoni, M.; et al. Comparative safety profiles of intravitreal bevacizumab,
ranibizumab and pegaptanib: The analysis of the WHO database of adverse drug reactions.
Eur. J. Clin. Pharmacol. 2014, 70, 1505-1512.

Ni, X.; Castanares, M.; Mukherjee, A.; Lupold, S.E. Nucleic acid aptamers: Clinical applications
and promising new horizons. Curr. Med. Chem. 2011, 18, 4206-4214.

Sundaram, P.; Kurniawan, H.; Byrne, M.E.; Wower, J. Therapeutic RNA aptamers in clinical
trials. Eur. J. Pharm. Sci. 2013, 48, 259-271.

Zhou, J.; Rossi, J.J. Cell-type-specific, aptamer-functionalized agents for targeted disease
therapy. Mol. Ther. Nucleic Acids 2014, 3, e169.

Manoharan, M.; Inamati, G.B.; Lesnik, E.A.; Sioufi, N.B.; Freier, S.M. Improving antisense
oligonucleotide binding to human serum albumin: Dramatic effect of ibuprofen conjugation.
ChemBioChem 2002, 3, 1257—-1260.

Dougan, H.; Lyster, D.M.; Vo, C.V.; Stafford, A.; Weitz, J.I.; Hobbs, J.B. Extending the lifetime
of anticoagulant oligodeoxynucleotide aptamers in blood. Nucl. Med. Biol. 2000, 27, 289-297.
Keefe, A.D.; Pai, S.; Ellington, A. Aptamers as therapeutics. Nat. Rev. Drug Discov. 2010, 9,
537-550.

Healy, J.M.; Lewis, S.D.; Kurz, M.; Boomer, R.M.; Thompson, K.M.; Wilson, C.; McCauley, T.G.
Pharmacokinetics and biodistribution of novel aptamer compositions. Pharm. Res. 2004, 21,
2234-2246.

Duclair, S.; Gautam, A.; Ellington, A.; Prasad, V.R. High-affinity RNA aptamers against the
HIV-1 protease inhibit both in vitro protease activity and late events of viral replication.
Mol. Ther. Nucleic Acids 2015, 4, €228.

Wandtke, T.; Wozniak, J.; Kopinski, P. Aptamers in diagnostics and treatment of viral infections.
Viruses 2015, 7, 751-780.

Shum, K.T.; Zhou, J.; Rossi, J.J. Aptamer-based therapeutics: New approaches to combat human
viral diseases. Pharmaceuticals 2013, 6, 1507-1542.

Kwon, H.M.; Lee, K.H.; Han, B.W.; Han, M.R.; Kim, D.H.; Kim, D.E. An RNA aptamer that
specifically binds to the glycosylated hemagglutinin of avian influenza virus and suppresses viral
infection in cells. PLoS ONE 2014, 9, e97574.

Suenaga, E.; Kumar, P.K. An aptamer that binds efficiently to the hemagglutinins of highly
pathogenic avian influenza viruses (HSN1 and H7N7) and inhibits hemagglutinin-glycan interactions.
Acta Biomater. 2014, 10, 1314-1323.

Shiratori, I.; Akitomi, J.; Boltz, D.A.; Horii, K.; Furuichi, M.; Waga, 1. Selection of DNA
aptamers that bind to influenza A viruses with high affinity and broad subtype specificity.
Biochem. Biophys. Res. Commun. 2014, 443, 37-41.



Molecules 2015, 20 6885

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Musafia, B.; Oren-Banaroya, R.; Noiman, S. Designing anti-influenza aptamers: Novel quantitative
structure activity relationship approach gives insights into aptamer-virus interaction. PLoS ONE
2014, 9, €97696.

Gopinath, S.C.; Kumar, P.K. Aptamers that bind to the hemagglutinin of the recent pandemic
influenza virus HIN1 and efficiently inhibit agglutination. Acta Biomater. 2013, 9, 8932-8941.
Bruno, J.G.; Carrillo, M.P.; Richarte, A.M.; Phillips, T.; Andrews, C.; Lee, J.S. Development,
screening, and analysis of a small DNA aptamer library potentially useful for diagnosis and
passive immunity of arboviruses. BMC Res. Notes 2012, 5, 633.

DiGiandomenico, A.; Keller, A.E.; Gao, C.; Rainey, G.J.; Warrener, P.; Camara, M.M.; Bonnell, J.;
Fleming, R.; Bezabeh, B.; Dimasi, N.; ef al. A multifunctional bispecific antibody protects
against Pseudomonas aeruginosa. Sci. Transl. Med. 2014, 6, doi:10.1126/scitranslmed.3009655.
Oleksiewicz, M.B.; Nagy, G.; Nagy, E. Anti-bacterial monoclonal antibodies: Back to the future?
Arch. Biochem. Biophys. 2012, 526, 124-131.

Saylor, C.; Dadachova, E.; Casadevall, A. Monoclonal antibody-based therapies for microbial
diseases. Vaccine 2009, 27 (Suppl. 6), G38—G46.

Kolovskaya, O.S.; Savitskaya, A.G.; Zamay, T.N.; Reshetneva, 1.T.; Zamay, G.S.; Erkaev, E.N;
Wang, X.; Wehbe, M.; Salmina, A.B.; Perianova, O.V.; ef al. Development of bacteriostatic DNA
aptamers for salmonella. J. Med. Chem. 2013, 56, 1564—1572.

Schlesinger, S.R.; Lahousse, M.J.; Foster, T.O.; Kim, S. Metallo-B-lactamase and aptamer-based
inhibition. Pharmaceuticals 2011, 4, 419-428.

Bruno, J.G.; Carrillo, M.P.; Phillips, T. In vitro antibacterial effects of anti-lipopolysaccharide
DNA aptamer-Clqrs complexes. Folia Microbiol. 2008, 53, 295-302.

Bruno, J.G. Aptamer-biotin-streptavidin-C1q complexes can trigger the classical complement
pathway to kill cancer cells. In Vitro Cell. Dev. Biol. 2010, 46, 107—113.

Stecker, J.R.; Savage, A.; Bruno, J.G.; Garcia, D.M.; Koke, J.R. Dynamics and visualization of
MCEF7 adenocarcinoma cell death by aptamer-C1q-mediated membrane attack. Nucleic Acid Ther.
2012, 22, 275-282.

Mallik, P.K.; Nishikawa, K.; Millis, A.J.; Shi, H. Commandeering a biological pathway using
aptamer-derived molecular adaptors. Nucleic Acids Res. 2010, 38, €93.

Bruno, J.G.; Carrillo, M.P.; Crowell, R. Preliminary development of DNA aptamer-Fc conjugate
opsonins. J. Biomed. Mater. Res. A 2009, 90, 1152—1161.

Wang, K.; Gan, L.; Jiang, L.; Zhang, X.; Yang, X.; Chen, M.; Lan, X. Neutralization of
Staphylococcal enterotoxin B by aptamer antagonist. Antimicrob. Agents Chemother. 2015, in press.
Vivekananda, J.; Salgado, C.; Millenbaugh, N.J. DNA aptamers as a novel approach to neutralize
Staphylococcus aureus o-toxin. Biochem. Biophys. Res. Commun. 2014, 444, 433—438.

Ye, F.; Zheng, Y.; Wang, X.; Tan, X.; Zhang, T.; Xin, W.; Wang, J.; Huang, Y.; Fan, Q.; Wang, J.
Recognition of Bungarus multicinctus venom by a DNA aptamer against f-bungarotoxin.
PLoS ONE 2014, 9, ¢105404.

Lauridsen, L.H.; Shamaileh, H.A.; Edwards, S.L.; Taran, E.; Veedu, R.N. Rapid one-step selection
method for generating nucleic acid aptamers: Development of a DNA aptamer against
a-bungarotoxin. PLoS ONE 2012, 7, e41702.



Molecules 2015, 20 6886

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Sapag, A.; Salinas-Luypaert, C.; Constenla-Mufioz, C. First report of in vitro selection of RNA
aptamers targeted to recombinant Loxosceles laeta spider toxins. Biol. Res. 2014, 47, 2.

Bruno, J.G. In vitro selection of DNA to chloroaromatics using magnetic microbead-based
affinity separation and fluorescence detection. Biochem. Biophys. Res. Commun. 1997, 234, 117-120.
Bruno, J.G.; Kiel, J.L. Use of magnetic beads in selection and detection of biotoxin aptamers by
ECL and enzymatic methods. BioTechniques 2002, 32, 178—183.

Bruno, J.G.; Kiel, J.L. In vitro selection of DNA aptamers to anthrax spores with
electrochemiluminescence detection. Biosens. Bioelectron. 1999, 14, 457-464.

Lin, H.; Zhang, W.; Jia, S.; Guan, Z.; Yang, C.J.; Zhu, Z. Microfluidic approaches to rapid and
efficient aptamer selection. Biomicrofluidics 2014, 8, 041501.

Lai, H.C.; Wang, C.H.; Liou, T.M.; Lee, G.B. Influenza A virus-specific aptamers screened by
using an integrated microfluidic system. Lab Chip 2014, 14, 2002-2013.

Oh, S.S.; Ahmad, K.M.; Cho, M.; Kim, S.; Xiao, Y.; Soh, H.T. Improving aptamer selection
efficiency through volume dilution, magnetic concentration, and continuous washing in microfluidic
channels. Anal. Chem. 2011, 83, 6883—6889.

Ahmad, K.M.; Oh, S.S.; Kim, S.; McClellen, F.M.; Xiao, Y.; Soh, H.T. Probing the limits of
aptamer affinity with a microfluidic SELEX platform. PLoS ONE 2011, 6, e27051.

Haller, C.; Sobolewska, B.; Schibilsky, D.; Avci-Adali, M.; Schlensak, C.; Wendel, H.P.;
Walker, T. One-staged aptamer-based isolation and application of endothelial progenitor cells in
a porcine myocardial infarction model. Nucleic Acid Ther. 20185, 25, 20-26.

Qi, P.; Yan, W,; Yang, Y.; Li, Y.; Fan, Y.; Chen, J.; Yang, Z.; Tu, Q.; Huang, N. Immobilization of
DNA aptamers via plasma polymerized allylamine film to construct an endothelial progenitor
cell-capture surface. Colloids Surf. B Biointerfaces 2015, 126, 70-79.

Hoffmann, J.; Paul, A.; Harwardt, M.; Groll, J.; Reeswinkel, T.; Klee, D.; Moeller, M.; Fischer, H.;
Walker, T.; Greiner, T.; et al. Immobilized DNA aptamers used as potent attractors for porcine
endothelial precursor cells. J. Biomed. Mater. Res. A 2008, 84, 614-621.

Guo, K.T.; Schafer, R.; Paul, A.; Gerber, A.; Ziemer, G.; Wendel, H.P. A new technique for the
isolation and surface immobilization of mesenchymal stem cells from whole bone marrow using
high-specific DNA aptamers. Stem Cells 2006, 24, 2220-2231.

Wang, Y.; Khaing, Z.Z.; Li, N.; Hall, B.; Schmidt, C.E.; Ellington, A.D. Aptamer antagonists of
myelin-derived inhibitors promote axon growth. PLoS ONE 2010, 5, €9726.

Dalziel, M.; Crispin, M.; Dwek, R.A. Directing stem cell differentiation with antibodies.
Proc. Natl. Acad. Sci. USA 2013, 110, 17608—17609.

Xie, J.; Zhang, H.; Yea, K.; Lerner, R.A. Autocrine signaling based selection of combinatorial
antibodies that transdifferentiate human stem cells. Proc. Natl. Acad. Sci. USA 2013, 110,
8099-8104.

Yea, K.; Zhang, H.; Xie, J.; Jones, T.M.; Yang, G.; Song, B.D.; Lerner, R.A. Converting stem
cells to dendritic cells by agonist antibodies from unbiased morphogenic selections. Proc. Natl.
Acad. Sci. USA 2013, 110, 14966—-14971.

Shetty, S.; Ghosh, K. Novel therapeutic approaches to haemophilia. Haemophlilia 2015, 21,
152-161.



Molecules 2015, 20 6887

131. Altman, M.O.; Chang, Y.M.; Xiong, X.; Tan, W. Modifying cellular properties using artificial
aptamer-lipid receptors. Sci. Rep. 2013, 3, 3343.
132. Baird, G.S. Where are all the aptamers? Am. J. Clin. Pathol. 2010, 134, 529-531.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



