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Abstract: One strategy for bringing aptamers more into the mainstream of biomedical diagnostics
and therapeutics is to exploit niche applications where aptamers are truly needed or wanted for their
innate differences versus antibodies. This brief review article highlights some of those relatively
rare applications in which aptamers are necessary or better suited to the user requirements than
antibodies with explanations for why the aptamer is a necessary or superior choice. These situations
include when no commercial antibody exists, when antibodies are excessively difficult to develop
against a particular target because the target is highly toxic to host animals, when antibodies fail
to discriminate closely related targets, when a smaller size is preferable to penetrate a tissue, when
humanized monoclonal antibodies are too expensive and when the target is rapidly evolving or
mutating. Examples of each are provided to illustrate these points.

Keywords: aptamer; Cyclospora; diagnostic; liver fluke; humanized; monoclonal antibody; reproducibility;
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1. Introduction

Unfortunately, more than three decades after Tuerk and Gold [1] and Ellington and
Szostak [2] first published aptamer selection technology via the systematic evolution of
ligands by exponential enrichment (SELEX) method, aptamers are still struggling to be
adopted as mainstream diagnostic reagents and therapeutics. In part, this struggle is due
to the incumbent and entrenched nature of antibodies. When a reagent works as well
as polyclonal or monoclonal antibodies have for many years, it is difficult to supplant
such reagents unless the new reagent class has some truly significant advantages, or no
antibodies exist for the given target or application.

Admittedly, aptamers have limitations in the diversity of their monomer components
(only four natural nucleotides in DNA or RNA versus the 20 natural amino acids in
antibodies), potential nuclease degradation in some matrices and potential cross-reactivity
issues with more complex target analytes versus comparable antibodies. Thus, rather than
trying to compete directly head-to-head against antibodies, which has not worked well thus
far for various diagnostic and therapeutic applications, finding niches in which aptamers
are needed and wanted seems to be a prudent alternative strategy. Taking advantage of
some of the innate differences between aptamers and antibodies, including aptamer nucleic
acid composition, smaller size versus antibodies, ability to hybridize and dehybridize as
nucleic acids, simple in vitro selection methodology which obviates the use of host animals,
and facile site-specific functionalization during chemical synthesis of DNA or RNA, can
assist in finding niche applications for aptamers in diagnostics and therapeutics. One can
think of a few general situations in which aptamers would be preferable to antibodies such
as when lot-to-lot reproducibility is critical or the immune system tolerates an antigen [3,4].
However, more specifically, the author has defined some niche applications listed below
with associated examples.
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2. Diagnostic Applications in Which Aptamers Are Needed or Desired
2.1. When No Commercial Antibodies Exist or Are Very Difficult to Obtain

There is nothing quite so frustrating for a researcher than to need an antibody for a
given target antigen, then search Linscott’s directory online to find that no such antibodies
are commercially available. This places the researcher in the position of trying to find
academic sources or producing their own antibodies which is time consuming and can be
expensive. One such example is trying to find antibodies that bind oocysts of the foodborne
parasite Cyclospora cayetanensis. This emerging parasitic pathogen is becoming a threat to
free agricultural trade between Central America, Mexico and the US with annual outbreaks
increasing each year [5-8]. Detection of this parasite on fresh produce and in soils and large
volumes of irrigation water is truly a “needle in a haystack” problem; thus, high affinity
receptors (i.e., antibodies or aptamers) are required to capture and perhaps concentrate
the oocysts. However, Linscott’s directory shows no hits for antibodies against Cyclospora,
and the lack of commercial antibodies is acknowledged in the literature [9]. Additionally,
in private discussions with academic researchers who have tried to develop antibodies
against Cyclospora oocysts, the author has been informed that it is a very difficult task, and
the resulting antibody affinities have been poor. Therefore, the author set out to develop
aptamers against C. cayetanensis oocysts by the whole cell SELEX method. Unfortunately,
because humans are the only animal reservoir for Cyclospora, it is extremely difficult
to obtain the oocysts in sufficient quantities for several rounds of SELEX. Fortunately,
Michael Arrowood at the Centers for Disease Control (CDC) in Atlanta, GA, was able
to provide some C. cayetanensis oocysts for testing as shown in Figure 1, but to develop
the aptamers prior to obtaining the oocysts, the author had to develop aptamers against
recombinant proteins (TA4-like antigen and Wall Protein-2) from the oocysts as defined in
one of Arrowood’s publications [10]. This appears to have led to aptamers that bind both
internally on the developing and developed spores and the exterior cell wall of oocysts
as shown in the various panels of Figure 1. The DNA sequences of these C. cayetanensis
aptamers must remain proprietary and cannot be divulged at present due to the fact of
their potential commercial value.
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Figure 1. Confocal fluorescence microscopy of Cyclospora cayetanensis oocysts after aptamer-based
staining. Oocysts were stained with the top 8 DNA aptamer sequences containing 5'-biotin linkers at
~150 pg/mL in phosphate-buffered saline (PBS) for 30 min at room temperature and then washed
by centrifugation at 13,000x g, and then the pelleted oocysts were resuspended in streptavidin—
Texas Red conjugate for 15 min and washed again prior to confocal microscopy. Note that both the
oocyst cell surface and interior structures (developing or developed spores) stained with each of
the aptamers in panels (B-E) but not with a scrambled sequence DNA aptamer control shown in
panel (A). Panel (F) shows the appearance of the unstained 8-10 um oocysts under phase contrast
microscopy. Total magnification = 400 x.
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Another category of parasites for which there appear to be no commercially available
antibodies are liver flukes, which are important, because they have been shown to induce
cholangiocarcinoma via chronic inflammation of the bile ducts [11]. The liver flukes,
Clonorchis sinensis and Opisthorchis viverrini, affect tens of millions of people worldwide
with by far the greatest concentration in Asia [12]. Rapid microscopic detection of the
fluke’s eggs in human fecal smears is challenging. The use of fluorescent probes, such
as antibodies or aptamers, can greatly enhance the ability to detect liver flukes in fecal
smears under a fluorescence microscope. As shown in Figures 2 and 3, the author’s team
developed aptamers capable of detecting both adult C. sinensis parasites and their eggs,
which may be quite valuable as diagnostics to identify patients with active liver fluke
infections in need of treatment to prevent bile duct cancer, especially in Asia. In addition, in
negative control experiments, these same aptamer DNA sequences did not bind the sheep
liver fluke Fasciola hepatica (data not shown), thus proving relative specificity. Because
fluorescence microscopy requires some skill and is not accessible to everyone, the author
also evaluated the potential for use of the C. sinensis aptamers against the recombinant
adult surface protein Cs44 from Bioclone Inc. (San Diego, CA, USA) in a lateral flow test
strip format as shown in Figure 4. Cs44 might be detectable in human serum during active
fluke infections. The end result of those test strip experiments was that red quantum
dot (streptavidin-coated Qdot 655 from Invitrogen) plus biotinylated aptamer conjugates
prepared according to the author’s published protocols [13,14] detected down to ~5 pg of
recombinant Cs44 protein in phosphate-buffered saline as seen in Figure 4A. The analogous
aptamer-Qdot lateral flow test strip experiment for C. sinensis egg detection produced a
50 ng detection limit for recombinant C. sinensis egg protein from Bioclone Inc. as shown in
Figure 4B. Again, the DNA sequences of these C. sinensis aptamers must remain proprietary
due to the nature of their potential commercial value.

Figure 2. Confocal fluorescence microscopy of anti-Cs44 aptamer-based fluorescence staining of adult
Clonochis sinensis liver flukes in PBS using the final SELEX round 10 polyclonal aptamers and a method
similar to that described in the Figure 1 legend, except that a fluoresceinated streptavidin conjugate
was used to detect the 5'-biotinylated aptamer pool on the adult parasites’ surfaces in Panels (A,C).
Panel (B) represents red autofluorescence of internal organs but no staining from an aptamer deletion
control on the parasite’s surface. Panel (C) shows an image of combined fluorescence and brightfield
confocal microscopy. Total magnification = 200x.

Figure 3. Confocal fluorescence microscopy of C. sinensis eggs stained by the same method described
in Figure 2, except that the final 5'-biotinylated aptamer pool was raised against the recombinant
C. sinensis egg protein. Panels (A,B) show egg surface staining, panel (C) represents the appearance
of a negative aptamer deletion control and panel (D) illustrates the appearance of unstained eggs
under phase-contrast microscopy. Total magnification = 400 x.



Pharmaceuticals 2022, 15, 693

40f 10

S0ng Sng 500pgSOpgSpg Opg

Figure 4. Panel (A) illustrates the appearance of a Clonorchis Cs44 titration on lateral flow test strips
using an aptamer-biotin-streptavidin-red Qdot 655 conjugate that migrated out of the conjugate
pads near the bottom of the photograph to bind dried recombinant Cs44 protein lines at the levels
indicated above the panel (i.e.,, 50 ng to 5 pg) with a detection limit of at least 5 pg versus the
blank control as indicated by the capture lines shown at the arrow level. Panel (B) shows a similar
preliminary capture test for 50 ng of the C. sinensis recombinant egg protein dried as a dot on the
analytical membrane after interaction with an aptamer-biotin—streptavidin—-Qdot 655 conjugate to
provide proof of concept for eventual lateral flow test strips to detect liver flukes from human serum
or diluted fecal suspensions.

2.2. When Antibodies Fail to Distinguish Closely Related Variant Targets

There are situations in which antibodies fail to discriminate closely related targets,
especially when the target is a small molecule, but aptamers are sometimes able to dis-
criminate these related targets. The classic example is the RNA aptamer developed by
Jenison et al. and published in 1994 for discrimination of theophylline from caffeine [15].
The bronchodilator theophylline differs from caffeine by a single methyl group and im-
munoassays cannot distinguish these targets very well. However, the aptamer developed
by Jenison et al. demonstrated a 10,000-fold greater preference for theophylline versus
caffeine.

In research performed by the author for the World Anti-Doping Agency (WADA), a
series of DNA aptamers were developed that were capable of discriminating the virtually
identical natural pituitary human growth hormone (hGH) from recombinant hGH pro-
duced in E. coli bacteria, which is quite difficult with antibodies [16]. This discrimination
was only possible because up to 2% of the recombinant hGH proteins are altered by the
bacterial host as proven by mass spectrometry by Hepner et al. [17]. Similarly, the author
was able to discriminate isoleucine (I) and threonine (T) variants of prostate-specific antigen
(PSA) at position 179, which current antibodies cannot discriminate, using a diaminopurine
(DAP)-modified aptamer and three-dimensional information gleaned from a molecular
docking model [18,19]. The DAP-modified aptamer yielded an approximately 20% differ-
ence in colorimetric absorbance signal in an ELISA-like assay between the I- and T-PSA
variants [18].

The new ability to generate at least static rigid three-dimensional models of aptamer-
ligand binding [19] is quite valuable, because unlike protein-based antibodies, it is quite
facile to inset exotic unnatural bases into aptamers during DNA or RNA synthesis. Thus,
with a newfound understanding of the theoretical aptamer binding pocket’s geometry and
docking with various targets of interest using free internet PatchDock software, one can
modify aptamer binding. These 3D molecular fit knowledge and aptamer modification
strategies can lead to better affinity and specificity and thereby better differentiation among
variants versus most natural unmodified antibodies which are more difficult to modify.
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2.3. When Smaller Size Matters

One obvious, yet seldom discussed, aspect of aptamers versus antibodies is their
smaller size and weight versus the common IgG antibodies. Average 70-200 base length
aptamers generally weigh approximately 20-60 kD as compared to greater than 150 kD IgG
antibodies, and the size of the well-known thrombin aptamer is approximately 21 x 25 A
versus the much larger IgG at 122 x 139 A [20]. For therapeutic applications, smaller size
can be detrimental because molecules smaller than 50 kD are rapidly cleared by the kidneys
leading to poor pharmacokinetics, but in some diagnostic applications, smaller size can be
advantageous. For example, Gomes deCastro et al. [21] discovered that RNA aptamer-based
fluorescence staining and microscopy was superior to that of comparable antibody-based
immunofluorescence staining, presumably because the much smaller aptamers penetrated
to antigens deep in tissues better than the larger antibodies and led to denser epitope
staining and greater image intensity and resolution.

Perhaps a less clear example of smaller aptamer size being advantageous versus anti-
bodies may exist in the world of Raman spectroscopy, where both aptamers and antibodies
have been conjugated to nanoparticles and used in various detection schemes [22-28]. For
surface-enhanced Raman spectroscopy (SERS), signal intensity is distance-dependent and
limited to ~30-60 nm above the surface [29-31]. Thus, the 25 A or 2.5 nm aptamers may
enable greater SERS signal intensity by binding analytes closer to the surface (within the
useful electrical field) than the larger 139 A (13.9 nm) IgG plus the often much larger (tens of
nm) nanoparticles conjugated to the receptors. Other authors have designed ingenious and
very sensitive SERS detection schemes involving Cy3-labeled aptamer release or hybridiza-
tion probes as well as 15 or 35 nm gold nanoparticles enabling “hot spots” between the
nanoparticles that change (decrease) SERS signal intensity at a specific wavenumber (e.g.,
1203 cm~!) upon binding their cognate targets [26,32,33]. Moreover, the nature of antibod-
ies does not involve hybridization or dehybridization of polymer strands, therefore giving
aptamers another unique detection modality that may be advantageous versus antibodies.

3. Therapeutic Applications in Which Aptamers Are Needed or Desired
3.1. When the Target Is Too Toxic or Lethal for a Host Animal to Develop Antibodies

Although a number of effective snake and spider antivenoms exist that are based on
equine antisera, the generation of such antivenoms is risky and precarious for the host
animal’s health. One approach to ameliorating the toxicity to host animals is to chemically
or physically convert the toxins to more innocuous toxoids, but this process can change
the molecular structure of the venom to the point that the resulting anti-toxoid is useless
for inhibiting the natural venom. Thus, it is preferable to keep the target venom or toxin
in its native three-dimensional conformation and simply develop an aptamer to bind and
inhibit the venom in vitro without the need for a host animal at all, such as what the SELEX
aptamer development does by obviating the need for host animals. The author and several
others have had partial success with neutralizing venom degradative enzymatic activity
using specifically developed aptamers [34-36]. The use of antivenom aptamers would
be additionally advantageous to avoid serum sickness or anaphylaxis upon subsequent
venomous bites, although some cytosine-phosphate-guanine (CpG)-centered sequences in
aptamers are known to activate Toll-like receptors and lead to inflammation [37].

3.2. For Passive Immunity versus the More Expensive Humanized Monoclonal Antibodies

The more common example of aptamer generation to avoid potential damage to
host animals is probably generation of aptamers against deadly bacteria or viruses that
might kill the host animal. Thus, to date, a number of aptamers have been developed and
sequenced for their ability to bind Ebola [38], pandemic influenza strains and other deadly
viruses [39-68]. Of course, aptamers can work on the same principle of passive immunity
that immune sera and humanized monoclonal antibodies do, but at a much-reduced cost
and development time. We have all recently witnessed and marveled at the efficacy of the
anti-SARS-CoV-2 humanized monoclonal antibody treatments for COVID-19 developed by
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Eli Lilly and Regeneron. However, comparably effective virus inhibitory results might be
obtained by much less expensive, faster and easier development of nucleic acid aptamers
against the SARS-CoV-2 receptor binding-domain on the S protein head [68,69]. The
same is probably true for aptamers capable of binding Ebola and other hemorrhagic fever
viruses [38,70] versus ZMapp’s recombinant tobacco plant-produced antibodies against the
filiform Ebola viruses. In addition, if the target is rapidly evolving and mutating, as we
have seen with SARS-CoV-2 moving through many variants including delta, mu, omicron,
etc., for the last couple of years, aptamers could be developed quickly to bind and neutralize
each new variant much more rapidly and with far less expense than comparable humanized
monoclonal antibodies. Moreover, if the original or newly emerging pathogen variants
are too lethal to work with manually, the SELEX process could be fully automated and
hermetically sealed to keep it away from humans altogether. Indeed, such robotic SELEX
systems have already been constructed and used to produce aptamers rapidly [71-75] so
that the human operator never has to be exposed to the pathogen or risk the loss of life.

The potential for aptamers to couple to the human complement lysis cascade and general
immune system for passive immunity has been explored by both the author [76-79] and
the sadly deceased Nobel laureate Kary Mullis to fight bacterial pathogens [80] and cancer
cells [77,78] as well. Kary Mullis’ former company Altermune, LLC, which utilized aptamers
conjugated to alpha-gal epitope to couple to 1% circulating anti-alpha gal antibodies was
acquired for its “alphamer” technology which is currently under advanced development at
Centauri Therapeutics in the UK. Thus, there is real tangible hope for inexpensive aptamer-
based passive immunity against infectious disease and cancers versus the more expensive
humanized monoclonal antibody therapies.

One final, albeit rather exotic, possibility for necessary aptamer-based passive immunity
lies in the fact that NASA acknowledged aptamers and SELEX as being a potentially key
technology to protect astronauts on future space missions, if they should encounter live
extraterrestrial microbes that are pathogenic to humans [81]. It is also worth noting that
much of the robotic automated SELEX research and engineering development is microfluidic
in nature [74,75,82] and would allow NASA to carry miniature automated SELEX devices
into space for emergency medical countermeasures (i.e., artificial passive immunity).

4. Discussion and Conclusions

It has been three decades since the pioneers Tuerk, Gold, Ellington and Szostak [1,2]
first published on aptamers and SELEX technology. But to this day, aptamers are still
struggling to become adopted as either diagnostic reagents or pharmaceuticals, with only
the anti-VEGF aptamer Macugen® having received FDA approval for treatment of wet
age-related macular degeneration thus far. In part, this struggle was predictable because
antibodies are so entrenched as both diagnostic reagents and pharmaceuticals with major
companies having made huge financial investments in their success. So instead of trying
to compete directly against such overwhelming odds and potential bias, the aptamer
community might be better served to adopt a cleverer strategy to identify and exploit
areas in which specific aptamer properties, such as size and nucleic acid composition,
make aptamers the more attractive alternative to antibodies. A few of these potential niche
applications have been defined and supported by examples in this review. For example,
aptamers can sometimes fill a void in which no commercial antibodies exist such as for
detection of Cyclospora or liver flukes. Aptamers are also more easily manipulated by
incorporation of exotic or unnatural bases in their binding sites during chemical synthesis
of DNA or RNA versus antibodies to discriminate very similar targets. Aptamers can also
utilize their smaller size and tissue penetration to enhance histochemical staining or SERS
signal intensity. Aptamers can also be produced entirely in vitro, thus sparing host animals
toxicity or possible death when the target antigen could be lethal. In addition, the SELEX
method can be engineered into small automated or robotic microfluidic devices to provide
on demand passive immunity in otherwise impossible environments such as the void of
outer space. Finally, aptamers are much less expensive to develop and produce versus
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humanized monoclonal antibodies for passive immunity. All of these aptamer strengths or
advantages can be exploited to help push aptamers further into niche applications within
the diagnostic and pharmaceutical markets.

Funding: New data on Cyclospora and Clonorchis aptamer development presented in this article were
produced using Small Business Innovative Research (SBIR) grants and contracts from the United
States Department of Agriculture (USDA) (2020-33610-31691) and the National Cancer Institute (NCI)
(75N91019C00050).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing not applicable.

Acknowledgments: The author thanks the following very dedicated people for their material and
technical contributions to the work: Jeremy John and Jeff Sivils for aptamer development employed
to obtain the data reported herein; Michael Arrowood at the Centers for Disease Control (CDC) in
Atlanta, GA, for contribution of Cyclospora oocysts; Mohan Natarajan in the Pathology Department
of the University of Texas Health Science Center in San Antonio, TX, for confocal fluorescence
microscopy of aptamer-stained Cyclospora oocysts; Xiaolei Liu and Liu Mingyuan at the Institute of
Zoonosis, College of Veterinary Medicine, Jilin University, Changchun, China, for Clonorchis adults
and eggs as well as confocal fluorescence microscopy analysis of aptamer-stained Clonorchis adults
and eggs.

Conflicts of Interest: The author claims no conflict of interest.

References

1. Tuerk, C.; Gold, L. Systematic evolution of ligands by exponential enrichment: RNA ligands to bacteriophage T4 DNA polymerase.
Science 1990, 249, 505-510. [CrossRef] [PubMed]

2. Ellington, A.D.; Szostak, ].W. In vitro selection of RNA molecules that bind specific ligands. Nature 1990, 346, 818-822. [CrossRef]

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

4. Zhou,].; Rossi, ]. Aptamers as targeted therapeutics: Current potential and challenges. Nat. Rev. Drug Discov. 2017, 16, 181-202.
[CrossRef] [PubMed]

5. Shields, ].M.; Olson, B.H. Cyclospora cayetanensis: A review of an emerging parasitic coccidian. Int. . Parasitol. 2003, 33, 371-391.
[CrossRef]

6.  Sanchez-Vega, ].T.; Cabrera-Fuentes, H.A.; Romero-Olmedo, A.J.; Ortiz-Frias, J.L.; Sokolina, F,; Barreto, G. Cyclospora cayetanensis:
This emerging protozoan pathogen in Mexico. Am. . Trop. Med. Hyg. 2014, 90, 351-353. [CrossRef] [PubMed]

7. Almeria, S.; Cinar, H.N.; Dubey, J.P. Cyclospora cayetanensis and Cyclosporiasis: An Update. Microorganisms 2019, 7, 317.
[CrossRef]

8.  Hadjilouka, A.; Tsaltas, D. Cyclospora Cayetanensis-Major Outbreaks from Ready to Eat Fresh Fruits and Vegetables. Foods 2020,
9, 1703. [CrossRef]

9. LiJ,;Cui, Z; Qi, M,; Zhang, L. Advances in Cyclosporiasis Diagnosis and Therapeutic Intervention. Front. Cell. Infect. Microbiol.
2020, 10, 43. [CrossRef]

10. Liu, S.; Wang, L.; Zheng, H.; Xu, Z.; Roellig, D.M.; Li, N.; Frace, M.A; Tang, K.; Arrowood, M.].; Moss, D.M.; et al. Comparative
genomics reveals Cyclospora cayetanensis possesses coccidia-like metabolism and invasion components but unique surface
antigens. BMC Genom. 2016, 17, 316. [CrossRef]

11.  Zheng, S.; Zhu, Y.; Zhao, Z.; Wu, Z.; Okanurak, K.; Lv, Z. Liver fluke infection and cholangiocarcinoma: A review. Parasitol. Res.
2017, 116, 11-19. [CrossRef] [PubMed]

12.  Sripa, B.; Suwannatrai, A.T.; Sayasone, S.; Do, D.T.; Khieu, V.; Yang, Y. Current status of human liver fluke infections in the
Greater Mekong Subregion. Acta Trop. 2021, 224, 106133. [CrossRef] [PubMed]

13.  Bruno, ].G.; Richarte, A. Aptamer-quantum dot lateral flow test strip development for rapid and sensitive detection of pathogenic
E. coli via intimin, O157-specific LPS and Shiga toxin 1 aptamers. Curr. Bionanotechnol. 2015, 1, 80-86. [CrossRef]

14.  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. [CrossRef] [PubMed]

15. Jenison, R.D.; Gill, S.C.; Pardi, A.; Polisky, B. High-resolution molecular discrimination by RNA. Science 1994, 263, 1425-1429.
[CrossRef] [PubMed]

16. Bruno, J.G.; Carrillo, M.P; Phillips, T.; Edge, A. Discrimination of recombinant from natural human growth hormone using DNA

aptamers. J. Biomol. Tech. 2011, 22, 27-36.


http://doi.org/10.1126/science.2200121
http://www.ncbi.nlm.nih.gov/pubmed/2200121
http://doi.org/10.1038/346818a0
http://doi.org/10.1093/clinchem/45.9.1628
http://www.ncbi.nlm.nih.gov/pubmed/10471678
http://doi.org/10.1038/nrd.2016.199
http://www.ncbi.nlm.nih.gov/pubmed/27807347
http://doi.org/10.1016/S0020-7519(02)00268-0
http://doi.org/10.4269/ajtmh.12-0782
http://www.ncbi.nlm.nih.gov/pubmed/24379243
http://doi.org/10.3390/microorganisms7090317
http://doi.org/10.3390/foods9111703
http://doi.org/10.3389/fcimb.2020.00043
http://doi.org/10.1186/s12864-016-2632-3
http://doi.org/10.1007/s00436-016-5276-y
http://www.ncbi.nlm.nih.gov/pubmed/27718017
http://doi.org/10.1016/j.actatropica.2021.106133
http://www.ncbi.nlm.nih.gov/pubmed/34509453
http://doi.org/10.2174/2213529402999160502115500
http://doi.org/10.3390/pathogens3020341
http://www.ncbi.nlm.nih.gov/pubmed/25437803
http://doi.org/10.1126/science.7510417
http://www.ncbi.nlm.nih.gov/pubmed/7510417

Pharmaceuticals 2022, 15, 693 8 of 10

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Hepner, F; Cszasar, E.; Roitinger, E.; Lubec, G. Mass spectrometrical analysis of recombinant human growth hormone
(Genotropin®) reveals amino acid substitutions in 2% of the expressed protein. Proteome Sci. 2005, 3, 1. [CrossRef]

Kalra, P; Dhiman, A.; Cho, W.C.; Bruno, J.G.; Sharma, T.K. Simple Methods and Rational Design for Enhancing Aptamer
Sensitivity and Specificity. Front. Mol. Biosci. 2018, 5, 41. [CrossRef]

Bruno, J.G. Integration of multiple computer modeling software programs for characterization of a brain natriuretic peptide
sandwich DNA aptamer complex. J. Mol. Recognit. 2019, 32, €2809. [CrossRef]

Lee, ].E; Stovall, G.M; Ellington, A.D. Aptamer therapeutics advance. Curr. Opin. Chem. Biol. 2006, 10, 282-289. [CrossRef]

de Castro, M.A.G.; Hobartner, C.; Opazo, F. Aptamers provide superior stainings of cellular receptors studied under super-
resolution microscopy. PLoS ONE 2017, 12, e0173050. [CrossRef] [PubMed]

Barahona, F,; Bardliving, C.L.; Phifer, A.; Bruno, ].G.; Batt, C.A. An Aptasensor Based on Polymer-Gold Nanoparticle Composite
Microspheres for the Detection of Malathion Using Surface-Enhanced Raman Spectroscopy. Ind. Biotechnol. 2013, 9, 42-50.
[CrossRef]

Boushell, V.; Pang, S.; He, L. Aptamer-Based SERS Detection of Lysozyme on a Food-Handling Surface. J. Food Sci. 2017, 82,
225-231. [CrossRef] [PubMed]

Davis, R.M.; Campbell, J.L.; Burkitt, S.; Qiu, Z.; Kang, S.; Mehraein, M.; Miyasato, D.; Salinas, H.; Liu, ]. T.C.; Zavaleta, C. A
Raman Imaging Approach Using CD47 Antibody-Labeled SERS Nanoparticles for Identifying Breast Cancer and Its Potential to
Guide Surgical Resection. Nanomaterials 2018, 8, 953. [CrossRef]

Kukushkin, V.I; Ivanov, N.M.; Novoseltseva, A.A.; Gambaryan, A.S.; Yaminsky, I.V.; Kopylov, A.M.; Zavyalova, E.G. Highly
sensitive detection of influenza virus with SERS aptasensor. PLoS ONE 2019, 14, e0216247. [CrossRef]

Chen, H.; Park, S.-G.; Choi, N.; Moon, J.-I.; Dang, H.; Das, A.; Lee, S.; Kim, D.-G.; Chen, L.; Choo, J. SERS imaging-based
aptasensor for ultrasensitive and reproducible detection of influenza virus A. Biosens. Bioelectron. 2020, 167, 112496. [CrossRef]
Muhammad, M.; Huang, Q. A review of aptamer-based SERS biosensors: Design strategies and applications. Talanta 2021,
227,122188. [CrossRef]

Chen, H,; Park, S.K,; Joung, Y.; Kang, T.; Lee, M.K.; Choo, J. SERS-based dual-mode DNA aptasensors for rapid classification of
SARS-CoV-2 and influenza A /H1NT1 infection. Sens. Actuators B Chem. 2022, 355, 131324. [CrossRef]

Nardou, E.; Vouagner, D.; Jurdyc, A.-M.; Berthelot, A.; Pillonnet, A.; Sabloniere, V.; Champagnon, B. Distance dependence of the
Surface Enhanced Raman Scattering effect observed in amorphous TiO; on nanostructured gold. Opt. Mater. 2011, 33, 1907-1910.
[CrossRef]

Liu, E-M.; Kollensperger, P.; Green, M.; Cass, T.; Cohen, L. A note on distance dependence in surface enhanced Raman
spectroscopy. Chem. Phys. Lett. 2006, 430, 173-176. [CrossRef]

Kovacs, G.J.; Loutfy, R.O.; Vincett, P.S.; Jennings, C.; Aroca, R. Distance dependence of SERS enhancement factor from Langmuir-
Blodgett monolayers on metal island films: Evidence for the electromagnetic mechanism. Langmuir ACS ]. Surf. Colloids 1986, 2,
689-694. [CrossRef]

Xu, X.; Ma, X.; Wang, H.; Wang, Z. Aptamer based SERS detection of Salmonella typhimurium using DNA-assembled gold
nanodimers. Mikrochim. Acta 2018, 185, 325. [CrossRef] [PubMed]

Chen, Z.; Wu, Q.; Chen, J.; Ni, X,; Dai, ]. A DNA Aptamer Based Method for Detection of SARS-CoV-2 Nucleocapsid Protein.
Virol. Sin. 2020, 35, 351-354. [CrossRef] [PubMed]

Bruno, ].G.; Phillips, T.; Montez, T. Preliminary Development of DNA Aptamers to Inhibit Phospholipase A, Activity of Bee and
Cobra Venoms. J. Bionanosci. 2015, 9, 270-275. [CrossRef]

Savchik, E.Y.; Kalinina, T.B.; Drozd, N.N.; Makarov, V.A.; Zav'yalova, E.G.; Lapsheva, E.N.; Mudrik, N.N.; Babij, A.V.; Pavlova,
G.V,; Golovin, A.V,; et al. Aptamer RA36 inhibits of human, rabbit, and rat plasma coagulation activated with thrombin or snake
venom coagulases. Bull. Exp. Biol. Med. 2013, 156, 44—48. [CrossRef]

Ye, E; 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 beta-bungarotoxin. PLoS ONE 2014, 9, e105404. [CrossRef]

Bruno, J.G. Potential Inherent Stimulation of the Innate Immune System by Nucleic Acid Aptamers and Possible Corrective
Approaches. Pharmaceuticals 2018, 11, 62. [CrossRef]

Binning, ] 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. [CrossRef]

Negri, P.; Chen, G.; Kage, A ; Nitsche, A.; Naumann, D.; Xu, B.; Dluhy, R.A. Direct optical detection of viral nucleoprotein binding
to an anti-influenza aptamer. Anal. Chem. 2012, 84, 5501-5508. [CrossRef]

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. [CrossRef]

Jeon, S.H.; Kayhan, B.; Ben-Yedidia, T.; Arnon, R. A DNA aptamer prevents influenza infection by blocking the receptor binding
region of the viral hemagglutinin. J. Biol. Chem. 2004, 279, 48410-48419. [CrossRef] [PubMed]

Gopinath, 5.C.; Kawasaki, K.; Kumar, PK. Selection of RNA-aptamer against human influenza B virus. Nucleic Acids Symp. Ser.
2005, 49, 85-86. [CrossRef] [PubMed]

Gopinath, S.C.; Misono, T.S.; Kawasaki, K.; Mizuno, T.; Imai, M.; Odagiri, T.; Kumar, PK. An RNA aptamer that distinguishes
between closely related human influenza viruses and inhibits haemagglutinin-mediated membrane fusion. J. Gen. Virol. 2006, 87,
479-487. [CrossRef] [PubMed]


http://doi.org/10.1186/1477-5956-3-1
http://doi.org/10.3389/fmolb.2018.00041
http://doi.org/10.1002/jmr.2809
http://doi.org/10.1016/j.cbpa.2006.03.015
http://doi.org/10.1371/journal.pone.0173050
http://www.ncbi.nlm.nih.gov/pubmed/28235049
http://doi.org/10.1089/ind.2012.0029
http://doi.org/10.1111/1750-3841.13582
http://www.ncbi.nlm.nih.gov/pubmed/27973744
http://doi.org/10.3390/nano8110953
http://doi.org/10.1371/journal.pone.0216247
http://doi.org/10.1016/j.bios.2020.112496
http://doi.org/10.1016/j.talanta.2021.122188
http://doi.org/10.1016/j.snb.2021.131324
http://doi.org/10.1016/j.optmat.2011.03.024
http://doi.org/10.1016/j.cplett.2006.08.091
http://doi.org/10.1021/la00072a001
http://doi.org/10.1007/s00604-018-2852-0
http://www.ncbi.nlm.nih.gov/pubmed/29896641
http://doi.org/10.1007/s12250-020-00236-z
http://www.ncbi.nlm.nih.gov/pubmed/32451881
http://doi.org/10.1166/jbns.2015.1301
http://doi.org/10.1007/s10517-013-2274-2
http://doi.org/10.1371/journal.pone.0105404
http://doi.org/10.3390/ph11030062
http://doi.org/10.1021/bi400704d
http://doi.org/10.1021/ac202427e
http://doi.org/10.1371/journal.pone.0097696
http://doi.org/10.1074/jbc.M409059200
http://www.ncbi.nlm.nih.gov/pubmed/15358767
http://doi.org/10.1093/nass/49.1.85
http://www.ncbi.nlm.nih.gov/pubmed/17150645
http://doi.org/10.1099/vir.0.81508-0
http://www.ncbi.nlm.nih.gov/pubmed/16476969

Pharmaceuticals 2022, 15, 693 90of 10

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Gopinath, S.C.; Sakamaki, Y.; Kawasaki, K.; Kumar, PK. An efficient RNA aptamer against human influenza B virus hemagglutinin.
J. Biochem. 2006, 139, 837-846. [CrossRef]

Cui, Z.Q.; Ren, Q.; Wei, H.P; Chen, Z.; Deng, ].Y.; Zhang, Z.P.; Zhang, X.E. Quantum dot-aptamer nanoprobes for recognizing and
labeling influenza A virus particles. Nanoscale 2011, 3, 2454-2457. [CrossRef]

Park, S.Y.; Kim, S.; Yoon, H.; Kim, K.B.; Kalme, S.S.; Oh, S.; Song, C.S.; Kim, D.E. Selection of an antiviral RNA aptamer against
hemagglutinin of the subtype H5 avian influenza virus. Nucleic Acid Ther. 2011, 21, 395-402. [CrossRef]

Li, X;; Lu, D.; Sheng, Z.; Chen, K.; Guo, X.; Jin, M.; Han, H. A fast and sensitive immunoassay of avian influenza virus based on
label-free quantum dot probe and lateral flow test strip. Talanta 2012, 100, 1-6. [CrossRef]

Woo, HM,; Kim, K.S,; Lee, ].M.; Shim, H.S.; Cho, S.J.; Lee, WK,; Ko, HW.; Keum, Y.S.; Kim, S.Y.; Pathinayake, P; et al. Single-
stranded DNA aptamer that specifically binds to the influenza virus NS1 protein suppresses interferon antagonism. Antivir. Res.
2013, 100, 337-345. [CrossRef]

Zhang, ].; Tian, J.; He, Y.; Chen, S,; Jiang, Y.; Zhao, Y.; Zhao, S. Protein-binding aptamer assisted signal amplification for the
detection of influenza A (H;N;) DNA sequences based on quantum dot fluorescence polarization analysis. Analyst 2013, 138,
4722-4727. [CrossRef]

Kwon, HM.; Lee, KH.; Han, BW.; Han, M.R.; Kim, D.E. An RNA aptamer that specifically binds to the glycosylated hemagglu-
tinin of avian influenza virus and suppresses viral infection in cells. PLoS ONE 2014, 9, e97574. [CrossRef]

Suenaga, E.; Kumar, PK. An aptamer that binds efficiently to the hemagglutinins of highly pathogenic avian influenza viruses
(H5N; and HyNy) and inhibits hemagglutinin-glycan interactions. Acta Biomater. 2014, 10, 1314-1323. [CrossRef] [PubMed]
Diba, ES.; Kim, S.; Lee, H.J. Amperometric bioaffinity sensing platform for avian influenza virus proteins with aptamer modified
gold nanoparticles on carbon chips. Biosens. Bioelectron. 2015, 72, 355-361. [CrossRef] [PubMed]

Li, W; Feng, X; Yan, X,; Liu, K;; Deng, L. A DNA Aptamer Against Influenza A Virus: An Effective Inhibitor to the Hemagglutinin-
Glycan Interactions. Nucleic Acid Ther. 2016, 26, 166-172. [CrossRef]

Tseng, Y.T.; Wang, C.H.; Chang, C.P; Lee, G.B. Integrated microfluidic system for rapid detection of influenza HIN1 virus using a
sandwich-based aptamer assay. Biosens. Bioelectron. 2016, 82, 105-111. [CrossRef]

Wu, E; Yuan, H.; Zhou, C.; Mao, M; Liu, Q.; Shen, H.; Cen, Y.; Qin, Z.; Ma, L.; Li, L.S. Multiplexed detection of influenza A virus
subtype H5 and H9 via quantum dot-based immunoassay. Biosens. Bioelectron. 2016, 77, 464-470. [CrossRef] [PubMed]

Wu, E; Mao, M.; Liu, Q.; Shi, L.; Cen, Y.; Qin, Z.; Ma, L. Ultra Sensitive Detection of Influenza A Virus Based on Cdse/Zns
Quantum Dots Immunoassay. SOJ Biochem. 2016, 2, 6. [CrossRef]

Hmila, I.; Wongphatcharachai, M.; Laamiri, N.; Aouini, R.; Marnissi, B.; Arbi, M.; Sreevatsan, S.; Ghram, A. A novel method for
detection of HIN2 influenza viruses by an aptamer-real time-PCR. J. Virol. Methods 2017, 243, 83-91. [CrossRef] [PubMed]

Lee, ].M.; Kim, ].; Ryu, I; Woo, HM.; Lee, T.G.; Jung, W.; Yim, S; Jeong, Y.J. An Aptamer-Based Electrochemical Sensor That Can
Distinguish Influenza Virus Subtype H1 from H5. . Microbiol. Biotechnol. 2017, 27, 2037-2043. [CrossRef]

Bhardwaj, J.; Chaudhary, N.; Kim, H.; Jang, J. Subtyping of influenza A HIN1 virus using a label-free electrochemical biosensor
based on the DNA aptamer targeting the stem region of HA protein. Anal. Chim. Acta 2019, 1064, 94-103. [CrossRef]

Bai, Z.; Wei, H.; Yang, X.; Zhu, Y.; Peng, Y.; Yang, J.; Wang, C.; Rong, Z.; Wang, S. Rapid Enrichment and Ultrasensitive Detection
of Influenza A Virus in Human Specimen using Magnetic Quantum Dot Nanobeads Based Test Strips. Sens. Actuators B Chem.
2020, 325, 128780. [CrossRef]

Kwon, J.; Lee, Y,; Lee, T.; Ahn, ].H. Aptamer-Based Field-Effect Transistor for Detection of Avian Influenza Virus in Chicken
Serum. Anal. Chem. 2020, 92, 5524-5531. [CrossRef] [PubMed]

Nguyen, A.V.T,; Dao, T.D.; Trinh, T.T.T.; Choi, D.Y,; Yu, S.T.; Park, H.; Yeo, S.J. Sensitive detection of influenza a virus based on
a CdSe/CdS/ZnS quantum dot-linked rapid fluorescent immunochromatographic test. Biosens. Bioelectron. 2020, 155, 112090.
[CrossRef] [PubMed]

Bizyaeva, A.A.; Bunin, D.A.; Moiseenko, V.L.; Gambaryan, A.S.; Balk, S.; Tashlitsky, V.N.; Arutyunyan, A.M.; Kopylov, A.M.;
Zavyalova, E.G. The Functional Role of Loops and Flanking Sequences of G-Quadruplex Aptamer to the Hemagglutinin of
Influenza a Virus. Int. ]. Mol. Sci. 2021, 22, 2409. [CrossRef] [PubMed]

Hwang, J.; Fauzi, H.; Fukuda, K.; Sekiya, S.; Kakiuchi, N.; Shimotohno, K.; Taira, K.; Kusakabe, I.; Nishikawa, S. The RNA
aptamer-binding site of hepatitis C virus NS3 protease. Biochem. Biophys. Res. Commun. 2000, 279, 557-562. [CrossRef]

Sekiya, S.; Nishikawa, F.; Fukuda, K.; Nishikawa, S. Structure/function analysis of an RNA aptamer for hepatitis C virus
NS3 protease. J. Biochern. 2003, 133, 351-359. [CrossRef]

Ahn, D.G,; Jeon, L].; Kim, ].D.; Song, M.S.; Han, S.R.; Lee, S.W.; Jung, H.; Oh, ] W. RNA aptamer-based sensitive detection of
SARS coronavirus nucleocapsid protein. Analyst 2009, 134, 1896-1901. [CrossRef]

Park, J.H.; Jee, M.H.; Kwon, O.S.; Keum, S.J.; Jang, S.K. Infectivity of hepatitis C virus correlates with the amount of envelope
protein E2: Development of a new aptamer-based assay system suitable for measuring the infectious titer of HCV. Virology 2013,
439, 13-22. [CrossRef]

Song, Y.; Song, J.; Wei, X.; Huang, M.; Sun, M.; Zhu, L.; Lin, B.; Shen, H.; Zhu, Z.; Yang, C. Discovery of Aptamers Targeting the
Receptor-Binding Domain of the SARS-CoV-2 Spike Glycoprotein. Anal. Chem. 2020, 92, 9895-9900. [CrossRef]

Schmitz, A.; Weber, A.; Bayin, M.; Breuers, S.; Fieberg, V.; Famulok, M.; Mayer, G. A SARS-CoV-2 Spike Binding DNA Aptamer
that Inhibits Pseudovirus Infection by an RBD-Independent Mechanism. Angew. Chem. Int. Ed. 2021, 60, 10279-10285. [CrossRef]


http://doi.org/10.1093/jb/mvj095
http://doi.org/10.1039/c1nr10218d
http://doi.org/10.1089/nat.2011.0321
http://doi.org/10.1016/j.talanta.2012.08.041
http://doi.org/10.1016/j.antiviral.2013.09.004
http://doi.org/10.1039/c3an00830d
http://doi.org/10.1371/journal.pone.0097574
http://doi.org/10.1016/j.actbio.2013.12.034
http://www.ncbi.nlm.nih.gov/pubmed/24374323
http://doi.org/10.1016/j.bios.2015.05.020
http://www.ncbi.nlm.nih.gov/pubmed/26011543
http://doi.org/10.1089/nat.2015.0564
http://doi.org/10.1016/j.bios.2016.03.073
http://doi.org/10.1016/j.bios.2015.10.002
http://www.ncbi.nlm.nih.gov/pubmed/26454828
http://doi.org/10.15226/2376-4589/2/3/00108
http://doi.org/10.1016/j.jviromet.2017.01.024
http://www.ncbi.nlm.nih.gov/pubmed/28159667
http://doi.org/10.4014/jmb.1708.08015
http://doi.org/10.1016/j.aca.2019.03.005
http://doi.org/10.1016/j.snb.2020.128780
http://doi.org/10.1021/acs.analchem.0c00348
http://www.ncbi.nlm.nih.gov/pubmed/32148026
http://doi.org/10.1016/j.bios.2020.112090
http://www.ncbi.nlm.nih.gov/pubmed/32090866
http://doi.org/10.3390/ijms22052409
http://www.ncbi.nlm.nih.gov/pubmed/33673708
http://doi.org/10.1006/bbrc.2000.4007
http://doi.org/10.1093/jb/mvg047
http://doi.org/10.1039/b906788d
http://doi.org/10.1016/j.virol.2013.01.014
http://doi.org/10.1021/acs.analchem.0c01394
http://doi.org/10.1002/anie.202100316

Pharmaceuticals 2022, 15, 693 10 of 10

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Bruno, J.G.; Carrillo, M.P,; Richarte, A.M.; Phillips, T.; Andrews, C.; Lee, ].S. Development, screening, and analysis of DNA
aptamer libraries potentially useful for diagnosis and passive immunity of arboviruses. BMC Res. Notes 2012, 5, 633. [CrossRef]
Eulberg, D.; Buchner, K.; Maasch, C.; Klussmann, S. Development of an automated in vitro selection protocol to obtain RNA-based
aptamers: Identification of a biostable substance P antagonist. Nucleic Acids Res. 2005, 33, e45. [CrossRef] [PubMed]

Wochner, A.; Cech, B.; Menger, M.; Erdmann, V.A.; Glokler, J. Semi-automated selection of DNA aptamers using magnetic particle
handling. BioTechniques 2007, 43, 344-346. [CrossRef] [PubMed]

Hinniger, T.; Wessels, H.; Fischer, C.; Paschke-Kratzin, A.; Fischer, M. Just in time-selection: A rapid semiautomated SELEX of
DNA aptamers using magnetic separation and BEAMing. Anal. Chem. 2014, 86, 10940-10947. [CrossRef] [PubMed]

Liu, W.T,; Lee, W.B.; Tsai, Y.C.; Chuang, Y.J.; Hsu, K.F; Lee, G.B. An automated microfluidic system for selection of aptamer
probes against ovarian cancer tissues. Biomicrofluidics 2019, 13, 014114. [CrossRef] [PubMed]

Lin, C.S,; Tsai, Y.C.; Hsu, K.E; Lee, G.B. Optimization of aptamer selection on an automated microfluidic system with cancer
tissues. Lab Chip 2021, 21, 725-734. [CrossRef]

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

Stecker, J.R.; Savage, A.A.; Bruno, ].G.; Garcia, D.M.; Koke, ].R. Dynamics and visualization of MCF7 adenocarcinoma cell death
by aptamer-Clg-mediated membrane attack. Nucleic Acid Ther. 2012, 22, 275-282. [CrossRef]

Bruno, J.G. Aptamer-biotin-streptavidin-Clq complexes can trigger the classical complement pathway to kill cancer cells. Vitr.
Cell. Dev. Biol. Anim. 2010, 46, 107-113. [CrossRef]

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

Kristian, S.A.; Hwang, ].H.; Hall, B.; Leire, E.; Iacomini, J.; Old, R.; Galili, U.; Roberts, C.; Mullis, K.B.; Westby, M.; et al. Retargeting
pre-existing human antibodies to a bacterial pathogen with an alpha-Gal conjugated aptamer. ]. Mol. Med. 2015, 93, 619-631.
[CrossRef]

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.

Olsen, T.R.; Tapia-Alveal, C.; Yang, K.-A.; Zhang, X.; Pereira, L.J.; Farmakidis, N.; Pei, R.; Stojanovic, M.N.; Lin, Q. Integrated
Microfluidic Selex Using Free Solution Electrokinetics. J. Electrochem. Soc. 2017, 164, B3122-B3129. [CrossRef] [PubMed]


http://doi.org/10.1186/1756-0500-5-633
http://doi.org/10.1093/nar/gni044
http://www.ncbi.nlm.nih.gov/pubmed/15745995
http://doi.org/10.2144/000112532
http://www.ncbi.nlm.nih.gov/pubmed/17907577
http://doi.org/10.1021/ac503261b
http://www.ncbi.nlm.nih.gov/pubmed/25286022
http://doi.org/10.1063/1.5085133
http://www.ncbi.nlm.nih.gov/pubmed/30867884
http://doi.org/10.1039/D0LC01333A
http://doi.org/10.1007/s12223-008-0046-6
http://doi.org/10.1089/nat.2012.0355
http://doi.org/10.1007/s11626-009-9257-7
http://doi.org/10.1002/jbm.a.32182
http://doi.org/10.1007/s00109-015-1280-4
http://doi.org/10.1149/2.0191705jes
http://www.ncbi.nlm.nih.gov/pubmed/29170564

	Introduction 
	Diagnostic Applications in Which Aptamers Are Needed or Desired 
	When No Commercial Antibodies Exist or Are Very Difficult to Obtain 
	When Antibodies Fail to Distinguish Closely Related Variant Targets 
	When Smaller Size Matters 

	Therapeutic Applications in Which Aptamers Are Needed or Desired 
	When the Target Is Too Toxic or Lethal for a Host Animal to Develop Antibodies 
	For Passive Immunity versus the More Expensive Humanized Monoclonal Antibodies 

	Discussion and Conclusions 
	References

