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ABSTRACT 

 

Developing Methods for Discovering Non-Natural and pH Switching Aptamers 

 

by 

 

Chelsea Kathleen Lyons Gordon 

 

Molecular recognition of disease biomarkers is essential for the detection, monitoring, 

and treatment of disease. Antibodies, which detect target antigens, have enabled the rapid 

growth of molecular detection assays and targeted therapies. Despite this, antibodies remain 

time- and cost-intensive to produce and often have severe limitations in specificity and 

reproducibility. Aptamers, single stranded DNA or RNA affinity reagents, are a promising 

alternative. Aptamers are produced in vitro, and they can be chemically synthesized reliably. 

However, traditional aptamer discovery methods suffer from low enrichment of high affinity 

aptamers, and aptamer selections frequently fail or yield poor aptamers. Most methods are 

also constrained by the limited chemical diversity of natural DNA, limiting targets to those 

with affinity to DNA. Additionally, traditional methods isolate aptamers based only on 

binding affinity, and it is difficult to generate aptamers with desired functions beyond 

binding. 

Our lab has developed a method called particle display that uses high-throughput, 

quantitative screening to efficiently isolate high affinity aptamers. Here, we discuss three 

projects that build on this method to address critical limitations of existing aptamer discovery 

methods. First, we used this platform to identify an aptamer for p32, a tumor biomarker, with 

low nanomolar affinity. Next, we extended this method to screen for non-natural DNA 
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aptamers, expanding the chemical diversity of DNA without complex synthesis or 

polymerase engineering. We generated a mannose-modified DNA aptamer with high affinity 

and specificity to its target, concanavalin A. Finally, we developed a method to generate pH 

switching aptamers, for potential use in drug delivery or intracellular sensing. A streptavidin 

aptamer with pH dependent binding was discovered, and its pH active domain was identified. 

Together, these methods enable the development of highly functional aptamers for the 

detection of important biological targets. 
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Chapter I. Introduction 

A. Antibodies—paving the way for molecular recognition 

Monoclonal antibodies (mAbs), developed in 1975,1 were a breakthrough technology 

in biology and medicine. By specifically detecting target antigens, mAbs have enabled 

countless developments in biomedical research, including targeted therapies and molecular 

diagnostics.2,3 However, mAbs have some critical limitations. Generating mAbs is a time-, 

cost-, and labor-intensive process, and targets are limited to those that produce an appropriate 

immune response in the host animal.4,5 Monoclonal antibodies have better reproducibility 

than polyclonal antibodies, but even monoclonal antibodies require ongoing validation 

because of variation between batches. On top of that, studies have shown that over half of 

commercial antibodies have severe performance issues, including poor specificity, cross-

reactivity, or even no activity at all.6  

B. Aptamers—synthetic nucleic acid affinity reagents  

Aptamers, synthetic nucleic acid affinity reagents,7 offer several advantages over 

mAbs. One central advantage is that aptamers are produced by in vitro directed evolution 

(systematic evolution of ligands by exponential enrichment, or SELEX) rather than in vivo 

processes, eliminating the batch-to-batch variability that plagues antibodies. Once an aptamer 

has been discovered, it can be chemically synthesized easily and reproducibly given only its 

sequence information. Although aptamers have been generated for a variety of targets, issues 

with aptamer discovery remain. First, traditional SELEX methods suffer from a low 

enrichment rate, a measure of how efficiently high affinity aptamers are enriched in each 

round. The enrichment rate determines the outcome of the experiment—success or failure, 

and the quality of the discovered aptamers. Ten or more rounds of selection are often 

required due to high background and inefficient partitioning. This can lead to PCR bias and 
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the emergence of artifacts, enriching sequences that amplify easily or bind to the solid 

support rather than true target binders. Second, many SELEX experiments have little or no 

selection for specificity. This leads to aptamers with poor or unreported specificity, greatly 

limiting their utility. Third, SELEX is designed to isolate high affinity aptamers, but there 

typically is not a way to evolve other desired functions. Finally, many traditional SELEX 

methods are constrained by the limited chemical diversity of natural DNA. Incorporating 

chemical modifications is desirable because natural DNA has low affinity to several 

important classes of targets, such as glycans and other small molecules. However, 

synthesizing nucleotides with all modifications of interest and the polymerase engineering 

often required to incorporate them are serious hurdles to the use of non-natural DNA in 

aptamer selections. Better aptamer discovery methods are required to develop highly 

functional aptamers for a wide range of targets.  

 C. Particle Display—overcoming the limitations of SELEX 

 Our lab has developed an aptamer discovery platform called particle display to 

overcome the limitations of SELEX. Here, we will describe methods developed to address 

three of the problems discussed above: (1) low enrichment of high affinity aptamers, (2) 

limited selection for specificity, and (3) minimal capacity to evolve functions other than 

binding. Particle display uses high-throughput, quantitative screening of monoclonal aptamer 

particles to efficiently enrich high affinity aptamers. This section will describe this method 

and its evolution to date. Our lab has extended the particle display platform to include 

simultaneous screening for affinity and specificity, using a method called multiparameter 

particle display. Two methods for functional screening have also been developed to directly 
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generate “assay ready” aptamers: particle display of aptamer pairs and structure-switching 

particle display. These methods demonstrate the versatility of the particle display platform.  

 1. Particle display—efficient enrichment of high affinity aptamers 

The fundamental limitation of traditional SELEX is poor efficiency of aptamer 

enrichment. Analysis has shown that the theoretical maximum enrichment of a given aptamer 

relative to a lower affinity aptamer in one round of SELEX is equal to the ratio of their 

equilibrium dissociation constants (Kd).
8,9 This ratio varies depending on the distribution of 

the Kd values of the aptamers in the pool, but typical estimates predict a theoretical limit of 

100- to 1000-fold enrichment per round. This means that many rounds of selection are 

required to enrich a sufficient fraction of high affinity aptamers and to identify successful 

binders, while also increasing the risk of lowering the pool quality through emergence of 

biases and artifacts as described above.  

 The particle display method (Fig. 1.1) overcomes this inherent limitation in 

enrichment. By individually characterizing the binding characteristics of aptamers in high-

throughput, we can screen for high affinity binders rather than relying on washing to discard 

low affinity binders.10 Particle display begins with the conversion of a library of aptamer 

candidates into monoclonal aptamer particles that each display ~105 copies of the same 

sequence using emulsion polymerase chain reaction (PCR). A water-in-oil emulsion is 

created, and each droplet contains PCR reagents, a polymer bead coated with forward 

primers, and a DNA template (Fig. 1.1, step 1). The number of DNA molecules in each 

droplet follows a Poisson distribution, and the concentration of DNA in the reaction is tuned 

so that the majority of droplets contain no more than one template. This ensures that each 

aptamer particle displays a single sequence. The reactions are subjected to PCR amplification 
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(Fig. 1.1, step 2), after which the emulsions are broken and the aptamer particles are 

recovered (Fig. 1.1, step 3). The pool of aptamer particles is then incubated with a 

fluorescently-labeled target molecule (Fig. 1.1, step 4), such that the affinity of each aptamer 

sequence can be directly measured using FACS (Fig. 1.1, step 5). The fluorescence intensity 

of each aptamer particle is directly proportional to the target affinity of the displayed 

aptamer, enabling the identification and collection of the individual aptamer particles with 

the highest fluorescence. The collected aptamer particles are then amplified by PCR to 

produce the starting pool for the next round (Fig. 1.1, step 6). Once the pool has reached a 

point where there is no longer meaningful enrichment of the target-binding subpopulation of 

aptamer particles, the resulting pool is sequenced to identify aptamer candidates (Fig. 1.1, 

step 7) for further characterization. 

Particle display introduces several innovations to aptamer discovery. First, particle 

display overcomes the theoretical enrichment limit described above for SELEX by changing 

aptamer selection into screening. Each sequence is individually measured and sorted based 

on its affinity to the target, so greater enrichment rates are achieved in each round. 

Theoretically, an aptamer with a Kd of 100 pM within a pool of aptamers with a Kd of 1 nM 

can be enriched by a factor of 1.7 x 109-fold in a single round of particle display screening.10 

In contrast, the extent of enrichment that can be achieved in conventional SELEX is 10-fold, 

based on the Kd ratio limitation described above. This means that particle display can isolate 

high affinity aptamers with dramatically improved efficiency. Second, particle display 

prevents the unwanted enrichment of low-affinity sequences based on stochastic binding 

events, because these rare events do not produce a strong enough fluorescent signal for 

FACS separation to occur. Instead, only the strong fluorescent signals generated by the 
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binding of multiple labeled target molecules to multiple aptamer copies on a given particle 

will register as true positives. Each particle displays roughly the same number of aptamer 

sequences, so differences in fluorescence are due to differences in affinity rather than avidity. 

Finally, the progress of the screen is directly visualized using FACS. This allows precise 

adjustment the stringency from round to round by modulating the target concentration and 

placement of the sort gate (as shown in Fig. 1.2a).  

 
Figure 1.1. Overview of particle display. After one round of conventional selection, the pre-

enriched aptamer pool is converted into a pool of monoclonal aptamer particles using 

emulsion PCR. The aptamer particles are incubated with fluorescently labeled target, and 

high affinity aptamers are collected using FACS. After three rounds of particle display 

screening, the resulting aptamer pools are sequenced. Reprinted with permission from Wang 

J, Gong Q, Maheshwari N, et al. Particle Display: A Quantitative Screening Method for 

Generating High-Affinity Aptamers. Angew Chemie. 2014;126(19):4896-4901. 

doi:10.1002/ange.201309334. Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim.   
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Initial work with particle display demonstrated rapid isolation of high-quality DNA 

aptamers against a diverse range of proteins, including some highly challenging targets.10 

Four different protein targets were used as a proof of concept. Thrombin and apolipoprotein 

E (ApoE) were chosen because well-characterized DNA aptamers had previously been 

generated for these proteins via SELEX.11–13 For PAI-1 and 4-1BB, on the other hand, 

previous attempts to generate natural DNA aptamers had failed.14 However, RNA aptamers 

exist for both proteins.15,16 After just three rounds of particle display, high affinity natural 

DNA aptamers were discovered for all four targets.  

As described above, the use of FACS made it possible to observe the target-binding 

fraction of the aptamer pool in each round (Fig. 1.2a). The sort gates were positioned each 

round to isolate only the particles that exhibited the highest fluorescence, and therefore 

strongest target binding. Critically, the target concentration was decreased from round to 

round, resulting in more stringent selection of the highest affinity aptamers in each round. In 

only three rounds of screening, aptamers were isolated for all four targets. The resulting 

thrombin and ApoE aptamers exhibited far superior affinity to previously generated 

aptamers;11–13 for example, the thrombin aptamer had a Kd of ~7 pM (Fig. 1.2b), an 

improvement of 2–3 orders of magnitude compared to previously published thrombin 

aptamers as measured using the same binding assay. This experiment also generated the first 

reported natural DNA aptamers for PAI-1 and 4-1BB, with affinities (Kd of 339 pM and 2.32 

nM, respectively) that were comparable to previously reported aptamers with non-natural 

bases. This work shows that particle display can isolate higher affinity aptamers against a 

broad range of targets in far fewer rounds than traditional SELEX methods.  
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Figure 1.2.  (a) Reference (red) and sort (green) gates for multiple rounds of screening 

against four protein targets: thrombin, ApoE, PAI-1, and 4-1BB. In each round, a larger 

proportion of the aptamer particles binds to the target despite decreasing the target 

concentration. (b) Binding curves for the highest affinity aptamers from our particle display 

screening experiments. Adapted with permission from Wang J, Gong Q, Maheshwari N, et 

al. Particle Display: A Quantitative Screening Method for Generating High-Affinity 

Aptamers. Angew Chemie. 2014;126(19):4896-4901. doi:10.1002/ange.201309334. 

Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.  
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2. Multiparameter particle display—simultaneous screening for affinity and 

specificity 

One critical limitation of SELEX is that a high affinity aptamer may still lack 

specificity and be prone to excessive off-target binding. One widely-used solution is an 

additional multi-round “counter-SELEX” procedure, which eliminates aptamers with cross-

reactivity to non-target or interferent molecules. However, this strategy is problematic for 

multiple reasons. First, the addition of even more rounds of amplification and screening 

exacerbates the risk of PCR and other biases. More importantly, each SELEX procedure is 

focused entirely on only a single dimension of aptamer function—affinity in the first stage, 

specificity in the second. This creates opportunities to unwittingly discard aptamers that 

strike an optimal balance between affinity and specificity by not maintaining continuous 

selection pressure for both characteristics throughout the screening process.  

 By exploiting the multi-color sorting capabilities of FACS, our lab devised an 

enhanced version of particle display to screen aptamer libraries for both affinity and 

specificity simultaneously.17 For the multiparameter particle display (MPPD) screening 

method, target and non-target proteins are labeled with two different colored fluorophores. 

Using flow cytometry, aptamers that exhibit both strong target fluorescence (high affinity) 

and low non-target fluorescence (high specificity) can be detected and isolated (Fig. 1.3a). 

As proof of concept, MPPD was used to screen for DNA aptamers for tumor necrosis factor 

α (TNF-α) in a background of diluted human serum. TNF-α is an important mediator of 

inflammation that plays a role in many diseases, including rheumatoid arthritis, psoriasis, and 

the development of insulin resistance.18–20 TNF-α was labeled with Alexa Fluor 488 (green), 

while serum proteins were non-specifically labeled with Alexa Fluor 647 (red). By screening 
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for aptamers with high green and low red fluorescence (Fig. 1.3a, quadrant IV), aptamers 

with high affinity to TNF-α and minimal affinity to background proteins were enriched in 

just four rounds.   
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Figure 1.3. (a) Two-color FACS screening for multiparameter particle display (MPPD). The 

target is labeled with a green fluorescent tag, and non-target serum proteins are 

nonspecifically labeled with a red fluorescent tag. Those aptamer particles residing in 

quadrant IV display sequences with high target affinity (high green fluorescence) and high 

target specificity (low red fluorescence). (b) Aptamers isolated via standard particle display 

(left) bind poorly in serum, indicating limited specificity, whereas those isolated via MPPD 

(right) perform equally well in both buffer and serum. (c) TNF-α binding curves in serum for 

the top-performing MPPD (S01) and particle display (B01) aptamers relative to a previously 

published TNF-α aptamer (VR11) and a commercial TNF-α antibody (mAb11). (d) In 

ELISA assays performed in serum, S01 achieves a superior limit of detection to mAb11. 

Adapted with permission from Wang J, Yu J, Yang Q, et al. Multiparameter Particle Display 

(MPPD): A Quantitative Screening Method for the Discovery of Highly Specific Aptamers. 

Angew Chemie Int Ed. 2017;56(3):744-747. doi:10.1002/anie.201608880. Copyright 2017 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.             
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The enhanced specificity of aptamers isolated via MPPD was demonstrated by 

performing a parallel screen for TNF-α with conventional particle display, which selects 

exclusively on the basis of affinity. The aptamers isolated by MPPD achieved equally strong 

and specific binding to TNF-α in both serum and buffer (Quadrant IV in Fig. 1.3b, right 

panels). In contrast, although the aptamers isolated via particle display exhibited strong 

binding to TNF-α in buffer (Fig. 1.3b, top left), these aptamers also exhibited poor 

specificity, with extensive off-target binding to serum proteins (Quadrant II in Fig. 1.3b, 

bottom left) and almost no meaningful signal from TNF-α binding in serum. This was 

confirmed by analyzing the highest affinity aptamer from the particle display (B01) and 

MPPD (S01) screens. As with the FACS analysis, both S01 and B01 exhibited excellent 

affinity for TNF-α in buffer, considerably outperforming a previously reported aptamer 

(VR11) and a commercial antibody (mAb11) for the same target. However, B01 target 

affinity essentially disappeared in the complex medium of serum, presumably due to 

extensive off-target binding to interferent proteins (Fig. 1.3c). In contrast, the affinity of S01 

was virtually unchanged in 10% serum (Kd of 0.27 nM vs 0.19 nM in buffer). Finally, the 

performance of S01 was tested in an ELISA relative to a commercial kit, and the S01-based 

assay achieved a LOD that was more than three-fold lower than the commercial assay (Fig. 

1.3d). 

These results demonstrate the clear advantages of using MPPD to actively select for 

aptamer specificity in parallel with affinity-based selection. Aptamers selected only for high 

affinity may have poor specificity, greatly limiting their usefulness in applications such as 

biosensing, imaging, and affinity purification.21   
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3. Particle display of aptamer pairs—screening for function 

Once high affinity and specificity aptamers are identified, significant challenges to 

incorporating them into relevant assays remain. A readout (fluorescent, electrochemical, or 

another method) is required to transduce the target binding signal. Post-selection 

modification is possible, but this frequently disrupts the binding of the aptamer to the target. 

By screening for aptamers in the desired assay format, we can directly identify aptamers that 

are ready to use. Our lab has developed one such method: particle display of aptamer pairs 

(PDAP). 

In molecular detection assays, it is advantageous to have multiple affinity reagents 

that bind to the same target to minimize false signals from non-specific binding. For 

example, the widely used enzyme-linked immunosorbent assay (ELISA) employs pairs of 

antibodies that bind to distinct epitopes on a given target in a “sandwich assay” format, such 

that a signal is only achieved through simultaneous binding by both antibodies. 

Unfortunately, the discovery of antibody pairs is greatly constrained by the “hot spot” 

problem, wherein most antibodies are raised against the most immunogenic site of the target, 

while antibodies that bind to other, secondary sites are relatively rare and thus difficult to 

isolate.22  

Several methods have been described for the generation of aptamer pairs that 

overcome this hot spot problem, but these are generally inefficient and low-throughput.23,24 

Building off of particle display, our lab developed an efficient screening strategy for the 

rapid discovery of high-affinity aptamer pairs, called particle display of aptamer pairs 

(PDAP).25 PDAP uses quantitative FACS-based screening of a library of monoclonal 

aptamer particles to identify sequences that can bind to the target at the same time as a 
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fluorescently-tagged detection aptamer with known affinity for that particular target (Fig. 

1.4a).  

  

Figure 1.4.  (a) Overview of particle display of aptamer pairs (PDAP). (b) The Kd of the 

highest-affinity capture aptamer, CA-1, was measured by incubating monoclonal CA-1 

particles with fluorescently labeled PAI-1. (c) Flow cytometry assay to measure aptamer pair 

sensitivity for CA-1 and the detection aptamer. Adapted with permission from Csordas AT, 

Jørgensen A, Wang J, et al. High-Throughput Discovery of Aptamers for Sandwich Assays. 

Anal Chem. 2016:acs.analchem.6b03450. doi:10.1021/acs.analchem.6b03450. Copyright 

2016 American Chemical Society.     

 

If the aptamer displayed on a given particle recognizes the same protein site as the 

detection aptamer, the particle will remain unlabeled—or alternately, the target will be 
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displaced from the particle through higher affinity binding to the detection aptamer. On the 

other hand, if the aptamer particle and detection aptamer simultaneously bind distinct sites on 

the target, the high fluorescence of the aptamer particle can be detected via FACS and 

isolated by sorting. Importantly, because the fluorescent signal is generated by the detection 

aptamer, no labeling or modification of the target is required.   

As a proof of concept, plasminogen activator inhibitor-1 (PAI-1) was selected as the 

target. PAI-1 is an important biomarker of thrombosis and atherosclerosis.26,27 After two 

rounds of PDAP screening, an aptamer (CA-1) was discovered that bound to PAI-1 with high 

affinity in parallel with the detection aptamer, exhibiting a Kd of 34.3 nM (Fig. 1.4b). In 

order to maximize the specificity of the resulting aptamer pairs, all particle display screens 

were performed in the complex medium of diluted fetal bovine serum rather than buffer. As a 

result of this rigorous selection procedure, the aptamer exhibited excellent sensitivity in a 

sandwich-style molecular detection assay, with a limit of detection (LOD) of 5.8 nM PAI-1 

in diluted fetal bovine serum (Fig. 1.4c). Notably, this was only slightly higher than the LOD 

observed when a similar assay was conducted in buffer (4.6 nM). Thus, PDAP can rapidly 

isolate aptamer pairs that are distinctly well-suited for performing sensitive molecular 

detection even in complex sample matrices. 

4. Structure-switching particle display—screening for function 

Our lab developed structure-switching particle display (SS-PD) to directly identify 

aptamers that change conformation upon target binding.28 Structure-switching is a valuable 

property for aptamers. Such aptamers can be modified in order to transduce a signal upon 

binding, making them immediately useful in the context of platforms such as biosensors. SS-

PD has been used to identify binding-induced conformational change by detecting the 
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displacement of a fluorescently-labeled complementary DNA strand from a given aptamer 

particle.28   

The SS-PD library includes two 10 nucleotide (nt) random domains separated by a 21 

nt constant domain (Fig. 1.5a). A fluorescently-labeled “red reporter” strand is initially 

hybridized to the constant domain; however, sufficiently strong binding between the target 

and the random domains destabilizes reporter binding, resulting in a loss of fluorescence 

(Fig. 1.5b). Because the binding signal comes from the release of the reporter strand, 

screening is “label-free”—the target molecule does not need to be modified. A secondary 

fluorescently-labeled “green reporter” strand is hybridized to the reverse primer-binding 

domain to confirm that particles lacking a red reporter signal are in fact displaying aptamers. 

Each round of SS-PD consists of a “binding screen” to collect aptamer particles with reduced 

red fluorescence, and a “folding screen” in the absence of the target to collect aptamer 

particles with both red and green fluorescence. The folding screen confirms that aptamers 

selected in the binding screen represent true target binding-induced structure-switching 

events, eliminating any sequences that release the red reporter spontaneously.   

SS-PD was used to screen for aptamers for two challenging targets: a pair of metal 

ions, Hg2+ and Cu2+. These molecules are not amenable to modification, which can 

dramatically change their structure and properties,29 making a label-free assay ideal. 

Aptamers for Hg2+ have proven useful for the detection of mercury in serum and in 

environmental water samples.30–32 In contrast, no aptamers had been described to date for 

Cu2+, although this ion is also a pollutant with toxic effects.33 Structure-switching aptamers 

were identified after four rounds of screening for Hg2+ and three rounds of screening for 

Cu2+. Binding was measured in terms of IC50 rather than Kd because the red reporter acts as a 
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binding competitor, and it was subsequently determined that the Kd is smaller than the 

measured IC50 values by about one order of magnitude. The highest affinity aptamer for Hg2+ 

had an IC50 of 2.27 μM, with a Kd of 1.49 μM measured by microscale thermophoresis—

about 30-fold higher affinity than a previously published Hg2+ aptamer.34 The first reported 

aptamer was generated for Cu2+, with an IC50 of 47.15 μM (Fig. 1.5c). Given the clear 

difficulty of isolating aptamers for metal ions, SS-PD should be readily applicable for the 

generation of structure-switching aptamers for a variety of unmodified small-molecule 

targets, making it a valuable tool for biosensor development. 

 

  

Figure 1.5.  (a) Library design for structure-switching particle display (SS-PD). (b) The red 

reporter is released in response to binding between the aptamer and the metal ion. The green 

reporter verifies the presence of aptamers on the particle surface. (c) IC50 measurement of the 

Cu2+ aptamer with the strongest binding. Adapted with permission from Qu H, Csordas AT, 

Wang J, Oh SS, Eisenstein MS, Soh HT. Rapid and Label-Free Strategy to Isolate Aptamers 

for Metal Ions. ACS Nano. 2016;10(8):7558-7565. doi:10.1021/acsnano.6b02558. Copyright 

2016 American Chemical Society. 

 

D. Outline 

 Our lab has made substantial progress in aptamer discovery methods, but limitations 

and unexplored areas of critical importance remain. In this thesis, I will describe three 

projects that improve different parts of the aptamer discovery process. First, we used particle 
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display to discover the first reported aptamers for tumor marker, p32. By efficiently 

enriching aptamers for important biological targets, we create tools that can potentially be 

used for critical therapeutic or diagnostic functions. Next, we expanded the particle display 

platform to screen for non-natural DNA aptamers. This method, called click-PD, enables the 

incorporation of a huge variety of chemical modifications into aptamer selections, without 

complex synthesis or polymerase engineering. Finally, we developed a new functional 

screening method to isolate pH switching aptamers. There are no previously reported 

methods of selecting aptamers with pH switching functions. Aptamers with pH tunable 

behavior are of great interest for drug delivery, pH-sensitive imaging, and pH-gated 

nanostructures. Together, these methods are a step forward in developing useful, high quality 

aptamers for important biological targets. 

 

E. References 

 

1.  Köhler G, Milstein C. Continuous cultures of fused cells secreting antibody of 

predefined specificity. Nature. 1975;256(5517):495-497. doi:10.1038/256495a0. 

2.  Slamon DJ, Leyland-Jones B, Shak S, et al. Use of Chemotherapy plus a Monoclonal 

Antibody against HER2 for Metastatic Breast Cancer That Overexpresses HER2. N 

Engl J Med. 2001;344(11):783-792. doi:10.1056/NEJM200103153441101. 

3.  Demerdash ZA, Diab TM, Aly IR, et al. Diagnostic efficacy of monoclonal antibody 

based sandwich enzyme linked immunosorbent assay ( ELISA ) for detection of 

Fasciola gigantica excretory / secretory antigens in both serum and stool. Parasit 

Vectors. 2011;4(1):1-7. doi:10.1186/1756-3305-4-176. 

4.  Liu JKH. The history of monoclonal antibody development - Progress, remaining 

challenges and future innovations. Ann Med Surg. 2014;3(4):113-116. 

doi:10.1016/j.amsu.2014.09.001. 

5.  Chames P, Van Regenmortel M, Weiss E, Baty D. Therapeutic antibodies: Successes, 

limitations and hopes for the future. Br J Pharmacol. 2009;157(2):220-233. 

doi:10.1111/j.1476-5381.2009.00190.x. 

6.  Berglund L, Björling E, Oksvold P, et al. A Genecentric Human Protein Atlas for 

Expression Profiles Based on Antibodies. Mol Cell Proteomics. 2008;7(10):2019-

2027. doi:10.1074/mcp.R800013-MCP200. 



18 
 

7.  Keefe AD, Pai S, Ellington A. Aptamers as therapeutics. Nat Rev Drug Discov. 

2010;9(7):537-550. doi:10.1038/nrd3141. 

8.  Irvine D, Tuerk C, Gold L. Selexion. Systematic evolution of ligands by exponential 

enrichment with integrated optimization by non-linear analysis. J Mol Biol. 

1991;222(3):739-761. doi:10.1016/0022-2836(91)90509-5. 

9.  Wang J, Rudzinski JF, Gong Q, Soh HT, Atzberger PJ. Influence of Target 

Concentration and Background Binding on In Vitro Selection of Affinity Reagents. 

PLoS One. 2012;7(8):1-8. doi:10.1371/journal.pone.0043940. 

10.  Wang J, Gong Q, Maheshwari N, et al. Particle Display: A Quantitative Screening 

Method for Generating High-Affinity Aptamers. Angew Chemie. 2014;126(19):4896-

4901. doi:10.1002/ange.201309334. 

11.  Bock LC, Griffin LC, Latham J a, Vermaas EH, Toole JJ. Selection of single-stranded 

DNA molecules that bind and inhibit human thrombin. Nature. 1992;355(6360):564-

566. doi:10.1038/355564a0. 

12.  Tasset DM, Kubik MF, Steiner W. Oligonucleotide inhibitors of human thrombin that 

bind distinct epitopes. J Mol Biol. 1997;272(5):688-698. doi:10.1006/jmbi.1997.1275. 

13.  Ahmad KM, Oh SS, Kim S, McClellen FM, Xiao Y, Soh HT. Probing the limits of 

aptamer affinity with a microfluidic SELEX platform. PLoS One. 2011;6(11). 

doi:10.1371/journal.pone.0027051. 

14.  Gold L, Ayers D, Bertino J, et al. Aptamer-based multiplexed proteomic technology 

for biomarker discovery. PLoS One. 2010;5(12). doi:10.1371/journal.pone.0015004. 

15.  Blake CM, Sullenger B a, Lawrence D a, Fortenberry YM. Antimetastatic potential of 

PAI-1-specific RNA aptamers. Oligonucleotides. 2009;19(2):117-128. 

doi:10.1089/oli.2008.0177. 

16.  Ii JOM, Kolonias D, Pastor F, et al. Multivalent 4-1BB binding aptamers costimulate 

CD8 + T cells and inhibit tumor growth in mice. J Clincal Investig. 2008;118(1):376-

386. doi:10.1172/JCI33365.376. 

17.  Wang J, Yu J, Yang Q, et al. Multiparameter Particle Display (MPPD): A Quantitative 

Screening Method for the Discovery of Highly Specific Aptamers. Angew Chemie Int 

Ed. 2017;56(3):744-747. doi:10.1002/anie.201608880. 

18.  Bradley J. TNF-mediated inflammatory disease. J Pathol. 2008;214(2):149-160. 

doi:10.1002/path.2287. 

19.  Liu Y, Yang G, Zhang J, et al. Anti-TNF- α monoclonal antibody reverses psoriasis 

through dual inhibition of inflammation and angiogenesis. Int Immunopharmacol. 

2015;28(1):731-743. doi:10.1016/j.intimp.2015.07.036. 

20.  Peluso I, Palmery M. The relationship between body weight and inflammation : 

Lesson from anti-TNF- a antibody therapy. Hum Immunol. 2016;77(1):47-53. 

doi:10.1016/j.humimm.2015.10.008. 



19 
 

21.  Iliuk AB, Hu L, Tao WA. Aptamer in Bioanalytical Applications. Anal Chem. 

2011;83(12):4440-4452. doi:10.1021/ac201057w. 

22.  Vanderlugt CL, Miller SD. Epitope Spreading in Immune-Mediated Diseases: 

Implications for Immunotherapy. Nat Rev Immunol. 2002;2(2):85-95. 

doi:10.1038/nri724. 

23.  Shi H, Fan X, Sevilimedu A, Lis JT. RNA aptamers directed to discrete functional 

sites on a single protein structural domain. Proc Natl Acad Sci. 2007;104(10):3742-

3746. doi:10.1073/pnas.0607805104. 

24.  Cho M, Oh SS, Nie J, et al. Array-based discovery of aptamer pairs. Anal Chem. 

2015;87(1):821-828. doi:10.1021/ac504076k. 

25.  Csordas AT, Jørgensen A, Wang J, et al. High-Throughput Discovery of Aptamers for 

Sandwich Assays. Anal Chem. 2016:acs.analchem.6b03450. 

doi:10.1021/acs.analchem.6b03450. 

26.  Meltzer ME, Lisman T, De Groot PG, et al. Venous thrombosis risk associated with 

plasma hypofibrinolysis is explained by elevated plasma levels of TAFI and PAI-1. 

Blood. 2010;116(1):113-121. doi:10.1182/blood-2010-02-267740. 

27.  Peng Y, Liu H, Liu F, et al. Atherosclerosis is associated with plasminogen activator 

inhibitor type-1 in chronic haemodialysis patients. Nephrology. 2008;13(7):579-586. 

doi:10.1111/j.1440-1797.2008.00987.x. 

28.  Qu H, Csordas AT, Wang J, Oh SS, Eisenstein MS, Soh HT. Rapid and Label-Free 

Strategy to Isolate Aptamers for Metal Ions. ACS Nano. 2016;10(8):7558-7565. 

doi:10.1021/acsnano.6b02558. 

29.  McKeague M, Derosa MC. Challenges and opportunities for small molecule aptamer 

development. J Nuc Acids. 2012;2012:748913. doi:10.1155/2012/748913. 

30.  Chung CH, Kim JH, Jung J, Chung BH. Nuclease-resistant DNA aptamer on gold 

nanoparticles for the simultaneous detection of Pb2+ and Hg2+ in human serum. 

Biosens Bioelectron. 2013;41(1):827-832. doi:10.1016/j.bios.2012.10.026. 

31.  Li T, Dong S, Wang E. Label-free colorimetric detection of aqueous mercury ion 

(Hg2+) using Hg 2+-modulated G-quadruplex-based dnazymes. Anal Chem. 

2009;81(6):2144-2149. doi:10.1021/ac900188y. 

32.  Long F, Zhu A, Shi H, Wang H, Liu J. Rapid on-site/in-situ detection of heavy metal 

ions in environmental water using a structure-switching DNA optical biosensor. Sci 

Rep. 2013;3:2308. doi:10.1038/srep02308. 

33.  Mido Y, Satake M. Chemicals in the Environment. New Delhi: Discovery Publishing 

House; 1995. 

34.  Ono A, Togashi H. Highly selective oligonucleotide-based sensor for mercury(II) in 

aqueous solutions. Angew Chemie - Int Ed. 2004;43(33):4300-4302. 

doi:10.1002/anie.200454172. 



20 
 

Chapter II. Screening for aptamers to tumor biomarker, p32 

 

 A. Introduction 

 Biomarkers provide an indication of a specific biological state, and they can be used 

to diagnose, monitor, and treat disease.1 Biomarkers have been identified for cancer, acute 

kidney injury, Alzheimer’s disease, and many other diseases.2–4 However, identification of 

biomarkers is not useful without ways to reliably measure them in patients. Affinity reagents 

targeting biomarkers are essential for applications in disease detection, imaging, and 

treatment. In many cases, the goal is to detect the biomarker of interest in a blood sample.5 

This requires an affinity reagent capable of sensitive and specific detection. Affinity reagents 

also have potential for imaging to monitor the progress of disease.6–8 Targeted drug delivery 

is another important area of interest. There are many examples of affinity reagents used for 

active targeting of a particle or drug to a precise location in the body.9 

Antibodies are considered the gold standard for molecular recognition; however, they 

have many limitations,10 as discussed in the previous chapter. Aptamers are promising 

therapeutic candidates, but there is currently only one FDA approved aptamer drug, 

pegaptanib (Macugen), targeting vascular endothelial growth factor (VEGF) for the treatment 

of age-related macular degeneration,11 and this treatment has been largely replaced by anti-

VEGF monoclonal antibodies.12 Aptamers do not yet exist for many known biomarkers. 

Once aptamers for a desired target are found, they still face critical challenges for functioning 

in vivo, including nuclease degradation, renal filtration, and toxicity.13  Because aptamer 

discovery is only one step of the difficult process of generating useful affinity reagents for 

detecting and curing disease, it is essential that efficient and reliable aptamer generation 

methods exist.  
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Particle display, an aptamer discovery platform developed in our group, enables more 

efficient isolation of high affinity aptamers.14 Using high-throughput quantitative screening, 

we can rapidly identify high affinity aptamers. Here, we demonstrate the use of particle 

display to discover aptamers for an important tumor biomarker, p32. 

 B. Overview of p32 screen 

 We used particle display to screen for high affinity aptamers to p32. Cell surface 

protein p32 was selected as a target for this screen because it has been found to be 

differentially expressed in human cancer cells and healthy cells, and it does not have any 

published nucleic acid aptamers.15 This protein was identified by the Ruoslahti lab as a 

molecular target for a tumor homing peptide, LyP-1.15 LyP-1 exhibits tumor homing and 

antitumor activity, despite its modest affinity to p32 (3 µM).15,16 We used the method 

previously developed in our lab,14 as described in Chapter I, Section C (Fig. 1.1). 

 C. Results and discussion 

Four rounds of particle display were performed. The p32 was expressed with a his-

tag, and a fluorescently-labeled anti-his-tag antibody was used to label the bound p32 after 

incubation with the aptamer particles. In each round, the aptamer particles with the highest 

fluorescence intensity (top 0.2%) were collected using FACS (Fig. 2.1, gate P3). After 

significant enrichment of the aptamer pool was observed (Fig. 2.2), the fourth round aptamer 

pool was cloned into E. coli and sequenced using Sanger sequencing. Eleven colonies were 

sequenced, and three unique sequences were identified: p32-1, -2, and -3 (Table 2.1). 
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Figure 2.1. Sort gate (P3) for the round 3 pool, set to collect the aptamer particles with the 

highest affinity to p32 (top 0.2% of singlets). Gate P2 was set using aptamer particles with no 

p32 as a negative control.  

 

 
Figure 2.2. Enrichment of high affinity p32 aptamers from the naïve library to the round 4 

pool. The concentration of p32 was 100 nM for each measurement. 
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Aptamer particles displaying each of the three sequences were generated, and binding 

to p32 was measured. Aptamer p32-2 showed the highest affinity binding to p32 (Fig. 2.3a), 

with a Kd of 7.6 ± 2.8 nM. This is significantly higher than the binding affinity of the tumor-

homing peptide LyP-1 (3 μM). The predicted secondary structure of this sequence is shown 

in Figure 2.3b. Testing the function of p32-2 in cells and in vivo must still be done to 

determine if this aptamer shows tumor homing behavior, but its high binding affinity to 

tumor maker p32 is promising.  

 
Figure 2.3. (a) Binding curve of aptamer p32-2 to target protein p32, from a bead-based 

fluorescence assay (Kd = 7.6 ± 2.8 nM). (b) Secondary structure of p32-2, predicted by 

Mfold. 

 

 As next generation sequencing has become more accessible since this screen was 

completed, we are currently re-analyzing the aptamer pools from each round. Next 

generation sequencing was performed on the aptamer pools from rounds 1 to 4. The top 

twenty-five sequences by reads (or copy number) in round 4 are shown in Table 2.2. These 

results support the results from the initial Sanger sequencing; the three aptamers identified 

are ranked 1, 2, and 4 by copy number in the round four pool. Sequence p32-1 was the most 

abundant sequence in the round 4 pool, with ten times as many reads as the next most 

abundant sequence (Table 2.3). Forty-eight of the top one hundred sequences in round 4 
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were closely related to p32-1 (Fig. 2.4), demonstrating significant convergence of the pool 

over the four rounds of screening. The most abundant sequences in the final pool were 

enriched significantly, 2,000- to almost 16,000-fold, from round 1 to round 4. Interestingly, 

despite the high abundance of p32-1, p32-2 had significantly higher enrichment from round 1 

to round 4 than p32-2 did. Investigation of the additional aptamer candidates identified by 

NGS is ongoing. Through deeper analysis and characterization of these sequences, we can 

potentially identify aptamers with higher affinity to p32.  

 

Figure 2.4. Aptamer p32-1 sequence family identified by NGS. Of the top 10 sequences by 

copy number in round 4, 48 were closely related to p32-1.  
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D. Conclusions 

 We have discovered an aptamer that binds to p32, a cancer biomarker, with low 

nanomolar affinity. Because p32 has been identified as a receptor for tumor-homing reagents, 

this aptamer is a promising candidate for testing for further testing. Analysis of the aptamer 

pools from each round using NGS is ongoing. By identifying and characterizing highly 

enriched and highly abundant sequences, we may discover aptamers with higher affinity to 

p32. High quality affinity reagents for disease markers are essential for the detection, 

monitoring, and treatment of disease. This work demonstrates that particle display is an 

efficient method for generating high affinity aptamers to important biological targets. 

E. Experimental section 

 1. Reagents 

Purified, his-tagged p32 was provided by the Ruoslahti lab. The 96 nucleotide library, 

including a 50 nucleotide random region, and primers were ordered from IDT. The library 

sequence is shown in Table 2.1. The library was synthesized with hand mixing and was 

PAGE purified. Mineral oil, Span 80, Tween 80, and Triton X-100 were purchased from 

Sigma-Aldrich. GoTaq Hot Start Polymerase, master mix, and nucleotides were purchased 

from Promega. 
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Name Sequence 

Forward 

primer 

CCTCTCTATGGGCAGTCGGTGAT 

Reverse 

primer 

CTGCCCCGGGTTCCTCATTCTCT 

Library 

 

CCTCTCTATGGGCAGTCGGTGAT–N50-AGAGAATGAGGAACCCGGGGCAG 

p32-1 

 

CGCCAAGTAGGTTGGGTAGGGTGGTCTGCGAGTACAGCATGCGCAGTAGC 

p32-2 

 

CCCCGTACTAGGTTGGGTAGGGTGGTGAACGGGACATCCGTCAATCATGT 

p32-3 

 

AGAACTCTAGGTTGGTGTGGTTGGATGAGTTTTATGCCGAATACGCTGCC 

Table 2.1. DNA sequences used in p32 study. Aptamers p32-1, -2, and -3 are shown without 

primer binding regions. Sequences are shown 5’ to 3’. 

 

2. Coupling forward primers to magnetic particles 

Amino modified forward primers were conjugated to MyOne carboxylic acid 

magnetic particles (Life Technologies) using EDC-NHS chemistry. The reaction was 

incubated on a rotator overnight at room temperature. After the reaction, the particles were 

capped with amino modified PEG12 in a 2 hour incubation at room temperature to passivate 

the surface. After the PEG capping, the reaction was quenched by washing the forward 

primer-conjugated particles in 10 mM Tris three times for 15 minutes each. The particles 

were stored in 10 mM Tris at 4 °C. 

3. Generating monoclonal aptamer particles using emulsion PCR 

Monoclonal aptamer particles were generated by emulsion PCR. The oil phase was 

made up of 4.5% Span 80, 0.45% Tween 80, and 0.05% Triton X-100 in mineral oil. The 

aqueous phase consisted of 1x PCR mix, 0.1 U/µL GoTaq Hot Start DNA polymerase, 25 
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mM MgCl2, 0.28 mM of each dNTP, 40 nM forward primer, 3 µM fluorescently labeled 

reverse primer, ~1 pM template DNA, and ~108 1 µm FP-conjugated magnetic beads in a 

total volume of 1 mL. The aqueous phase was added dropwise to 7 mL of oil phase and 

emulsified at 620 rpm for 5 min in an IKA DT-20 tube using the IKA Ultra-Turrax device. 

The emulsion was pipetted into 100 µL reactions in a 96 well PCR plate. The following PCR 

conditions were used:  95 °C, 5 min + [93 °C, 15s + 62 °C, 30s + 72 °C, 75s]*45 + 72 °C, 7 

min.  

After PCR, the emulsions were collected into an emulsion collection tray (Life 

Technologies) by centrifuging at 300 x g for 2 min. The emulsion was broken by adding 10 

mL 2-butanol to the tray, and the sample was transferred to a 50 mL tube. The tube was 

vortexed for 30s, and the particles were pelleted by centrifugation at 3,000 x g for 5 min. The 

oil phase was carefully removed, and the particles were resuspended in 1 mL of emulsion 

breaking buffer (100 mM NaCl, 1% Triton X-100, 10 mM Tris-HCl, pH 7.5, and 1 mM 

EDTA) and transferred to a new 1.5 mL tube. After vortexing for 30s and 90s of 

centrifugation at 15,000 × g, the supernatant was removed. The tube was placed on a 

magnetic separator (MPC-S, Life Technologies), and the remaining supernatant was 

removed. The particles were washed three times with 1x PBS buffer using magnetic 

separation, then stored in 200 µL PBST at 4 °C.   

To generate single-stranded DNA, the particles were resuspended in 200 µL 0.1 M 

NaOH solution and incubated for 2 min at room temperature. The supernatant was removed 

using the magnetic separator, and the particles were incubated in 200 µL 0.1 M NaOH twice 

more for 2 min each. The supernatant was removed using the magnetic separator, and the 
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particles were resuspended in 200 µL TE buffer. The particles were washed three times with 

TE buffer and resuspended in 200 µL 10 mM Tris.        

4. Particle display screening 

The aptamer particles were incubated with purified p32 for 1-2 hours at room 

temperature on a rotator. For the first three rounds, 100 nM p32 was used. The p32 

concentration was decreased to 50 nM for the fourth round. After incubation, a magnetic rack 

was used to wash the particles and remove unbound p32. The particles were incubated with 

an anti-his-tag antibody-FITC (fluorescein isothiocyanate) conjugate for 15 minutes. Samples 

were then washed twice and resuspended resuspended in selection buffer. Samples were 

analyzed with FACS (Aria I), and sort gates were set to collect aptamer particles with the 

highest fluorescent signal (top 0.2%). The sequences on the collected particles were then 

amplified to generate a pool for the next round of screening. A pilot PCR was performed first 

to select the correct cycle number, and then full scale amplification was performed. After 

Qiagen purification, this pool was used as the template for the next round of screening.  

5. Cloning and sequencing  

After four rounds of screening, the resulting aptamer pool was cloned into E. coli and 

sequenced. Of the eleven colonies sequenced, three unique sequences were found (Table 

2.1).  

6. Particle PCR 

The three aptamer candidates were ordered from IDT with HPLC purification. The 

sequences of each candidate are shown in Table 2.1. Each sequence was amplified onto 

forward primer coated beads.  
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7. Characterization of individual aptamers 

For each of the three sequences, aptamer particles were incubated with p32 for 1 hour 

at RT on a rotator. After the incubation, unbound p32 was removed using a magnetic rack, 

and bound p32 was labeled with FITC-labeled anti-his antibody. After labeling, the beads 

were washed once and resuspended in selection buffer. The fluorescence of the aptamer 

particles was measured using an Accuri C6 flow cytometer. Aptamer p32-2 gave the largest 

fluorescence signal, so it was chosen for further characterization. Binding assays were 

performed to measure the fluorescence intensity of p32-2 aptamer particles to varying 

concentrations of p32 to create a binding curve. The equilibrium dissociation constant was 

calculated using GraphPad Prism 7 to fit the results using a saturation binding model (one 

site—total and nonspecific binding). 

8. Next generation sequencing of aptamer pools 

The aptamer pools from all four rounds were indexed and prepared for sequencing 

according to the 16S Metagenomic Sequencing Library Preparation guide by Illumina. 

Adaptor sequences were ordered from IDT. NGS was performed using an Illumina MiSeq 

system. The FASTAptamer toolkit was used to calculate the copy number and enrichment of 

each sequence. The image in Figure 2.4 was created using Geneious version 11.1.2 

(http://www.geneious.com).17 
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Table 2.2. Top 25 sequences by number of reads in round 4 pool from next generation 

sequencing. Aptamers previously identified by Sanger are highlighted in orange. Aptamers 

p32-1, p32-2, and p32-3 are ranked first, fourth, and second, respectively, in the R4 pool. 

 

 

Rank 

in R4
Sequence

1 CGCCAAGTAGGTTGGGTAGGGTGGTCTGCGAGTACAGCATGCGCAGTAGC

2 AGAACTCTAGGTTGGTGTGGTTGGATGAGTTTTATGCCGAATACGCTGCC

3 AGACTTCGGTTGGTTAGGTTGGTGTCATGTTCGATCCGTTTACTTTGCAC

4 CCCCGTACTAGGTTGGGTAGGGTGGTGAACGGGACATCCGTCAATCATGT

5 CGCCAAGTAGGTTGGGTAGGGTGGTCTGCGAGTACAGCATGCGCAGTTGC

6 AGAACTCTAGGTTGGTGTGGTTGGATGAGTTTTATGCCGAATACGCTGAC

7 AGACTTCGGTTGGTTAGGTTGGTGTCATGTTCGATCCGGTTACTTTGCAC

8 CGCCAAGTAGGTTGGGTAGGGTGGTCTGCGGGTACAGCATGCGCAGTAGC

9 CGCCAAGTAGGTTGGGTAGGGTGGTCTGCGAGTACGGCATGCGCAGTAGC

10 CGCCAAGTAGGTTGGGTAGGGTGGTCTGCGAGTACAGCATGCACAGTAGC

11 CGCCAAGTAGGTTGGGTAGGGTGGTCTGCGAGTACAGCATGCGCGGTAGC

12 CGCCAAGTAGGTTGGGTAGGGTGGTCCGCGAGTACAGCATGCGCAGTAGC

13 CGCCAAGTAGGTTGGGTAGGGTGGTCTGCGAGTACAGCACGCGCAGTAGC

14 CGCCAAGTAGGCTGGGTAGGGTGGTCTGCGAGTACAGCATGCGCAGTAGC

15 CGCCAAGTAGGTTGGGTAGGGTGGTCTGCGAGTACAGCATGCGCAGTGGC

16 CGCCAAGTAGGTTGGGTAGGGTGGCCTGCGAGTACAGCATGCGCAGTAGC

17 CGCCAAGTAGGTTGGGTAGGGTGGTCTGCGAGTACAGCGTGCGCAGTAGC

18 CGCCAAGTAGGTTGGGTAGGGCGGTCTGCGAGTACAGCATGCGCAGTAGC

19 CGCCAAGTAGGTTGGGTAGGGTGGTCTGCGAGTACAGTATGCGCAGTAGC

20 CGCCAAGTAGGTTGGGTAGGGTGGTCTGCGAGCACAGCATGCGCAGTAGC

21 CGCCAAGTAGGTTGGGTAGGGTGGTCTGCGAGTACAGCATGTGCAGTAGC

22 CGCCAAGTAGGTTGGGTAGGGTGGTCTGTGAGTACAGCATGCGCAGTAGC

23 CGCCAAGTAGGTCGGGTAGGGTGGTCTGCGAGTACAGCATGCGCAGTAGC

24 CGCCAAGTAGGTTGGGTAGGGTGGTCTGCGAGTACAGCATGCGCAGTAGT

25 CGCCAAGTGGGTTGGGTAGGGTGGTCTGCGAGTACAGCATGCGCAGTAGC
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Rank in 
R4 

Reads in 
R4 

Enrichment 
(R1 to R4) 

1 1,561,752 4,170.0 

2 163,958 3,727.6 

3 54,436 2,682.2 

4 54,017 15,913.0 

5 23,020 2,918.1 

6 19,860 3,520.3 

7 16,464 2,087.0 

8 14,887 13,250.1 

9 14,301 2,534.9 

10 8,775 3,905.1 
Table 2.3. NGS results for selected sequences. Reads in R4 and the enrichment (reads in 

R4/reads in R1) are shown for the top 10 sequences. Aptamers previously identified by 

Sanger are highlighted in orange. Aptamers p32-1, p32-2, and p32-3 are ranked first, fourth, 

and second, respectively, in the R4 pool. 
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Chapter III. Developing a method for the discovery of non-natural 

aptamers 

A. Introduction 

Natural DNA aptamers can achieve strong and specific binding to many targets, but 

the chemical diversity of the four natural nucleotides is limited. The incorporation of non-

natural nucleotides can expand the chemical space covered by the aptamer library, resulting 

in greater structural and chemical diversity. Some modifications, including amino acid-like 

side chains, increase the affinity of the aptamers to many different protein targets.1 Other 

modifications can be incorporated that are known to mediate binding to a particular target of 

interest.  

Several groups have developed strategies for generating and screening libraries of 

non-natural aptamers. For example, Gold and colleagues at SomaLogic have developed 

SOMAmers (Slow Off-rate Modified Aptamers), a class of aptamers with nucleotides that 

are modified at the 5-position of uridine with functional groups that mimic amino acids.2 

These modifications have been shown to greatly improve the success rate of aptamer 

selections, as the chemical diversity of the modified libraries is increased dramatically 

compared to natural DNA libraries. Recently, SomaLogic screened a variety of combinations 

of modifications and identified pairs of modifications that can be used in SELEX to improve 

the performance of the resulting aptamers.3 Holliger, Chaput, and others have developed 

XNA (xeno-nucleic acid) aptamers, synthetic nucleic acids with backbone modifications, 

capable of specific base pairing with DNA.4–6 XNAs generally cannot be amplified with 

typical DNA or RNA polymerases, so polymerase engineering is required. 

Compartmentalized self-tagging is one method that has been developed in order to identify 

XNA-compatible polymerases.4 Chaput has reported a complete replication system for 
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threose nucleic acid (TNA), enabling aptamer selections with TNA.7 Hirao’s group has used 

a different strategy, generating high affinity aptamers using a third, unnatural base pair.8,9 

This enabled the introduction of a highly hydrophobic base (Ds) into aptamers. By 

introducing only a few Ds bases at predetermined positions, the authors were able to generate 

aptamers with picomolar affinity to vascular endothelial growth factor-165 and interferon-γ, 

more than 100-fold higher than existing aptamers with natural bases.8 They went on to 

perform a SELEX experiment with the unnatural base in randomized positions, rather than 

predetermined positions.10 Highly modified aptamers have advantages over natural DNA and 

RNA aptamers, such as improved chemical diversity and stability in vivo; however, 

significant work is often required to engineer and express polymerases that can incorporate 

non-natural nucelotides.11 Despite the extensive research that has been performed in this area, 

many existing mutant polymerases would need further improvements to have sufficient 

processivity and fidelity to be used effectively for aptamer selections.12     

As an alternative, the Mayer group has developed an approach called click-SELEX, 

in which the library molecules incorporate subtly-modified non-natural nucleotides that can 

subsequently be modified with other functional groups in a separate click chemistry 

reaction.13 This enables the use of modifications that are bulky or chemically incompatible 

with polymerases while also minimizing the amount of polymerase development and 

optimization required. However, click-SELEX is subject to the same limitations as other 

SELEX methods. Round-to-round enrichment is limited and can lead to the failure of the 

selection. This method also requires the modified DNA strands to be reverse transcribed, 

which limits modifications to those which can be substrates for available polymerases.  
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By combining a click chemistry-based DNA modification approach with particle 

display, we have developed Click-particle display (Click-PD), a general strategy for the rapid 

and efficient selection of non-natural aptamers. Critically, our method is compatible with 

standard, commercially-available polymerases and can be used to incorporate a wide variety 

of chemical modifications.  This chapter will describe the development of this method and 

the results of a screen for non-natural aptamers for the carbohydrate-binding protein, 

concanavalin A (Con A). We generated and screened large libraries of mannose-modified 

aptamers to identify high affinity binders for the carbohydrate-binding protein, concanavalin 

A (Con A).  We picked Con A because it is widely used as a model to study the molecular 

mechanisms of protein-carbohydrate interactions.14,15 To generate highly specific aptamers, 

we used another carbohydrate-binding protein as a competitor. We generated particles that 

display aptamers incorporating a modified nucleotide with an alkyne click handle during 

emulsion PCR, and then performed a Huisgen copper-catalyzed azide alkyne cycloaddition 

click reaction to conjugate mannose groups to the DNA. We then performed two color 

sorting to screen for affinity and specificity simultaneously. After three rounds of screening, 

we identified an aptamer with high affinity and specificity to Con A that also has strong 

biological activity. 

B. Overview of Click-PD  

Click-PD has two key differences from the method used in Chapter 2. First, the DNA 

is modified with mannose to increase the affinity of the aptamers to Con A, a mannose-

binding protein. Second, the target and competitor proteins are labeled with two different 

fluorophores to enable screening for aptamers that bind specifically to the target.  
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The mannose modification was performed in two steps: PCR incorporation of an 

alkyne modified nucleotide and subsequent addition of mannose using click chemistry. For 

the entire aptamer pool, we replaced deoxythymidine (dT) with an alkyne-bearing 

deoxyuridine derivative (1; Fig. 3.1). Mayer and coworkers previously showed that the 

resulting alkyne-bearing product can be readily modified through copper(I)-catalyzed azide-

alkyne cycloaddition (CuAAC) click chemistry,16 and we used this approach to subsequently 

introduce monosaccharide moieties. Extensive flexible carbohydrate modifications on the 

nucleic acid backbone can increase the entropic penalty for forming a stable protein-aptamer 

complex, particularly when exposed to solvent, so we incorporated a second modified 

nucleobase to improve folding. We chose to replace deoxycytidine (dC) with a pyrimidine 5-

formyl-deoxycytidine (2; Fig. 3.1) bearing an electrophilic aldehyde group, to confer 

potential interactions with nucleophilic groups, both intramolecular and on the target 

molecule. Although 2 occurs in nature as an epigenetic marker, to our knowledge it has never 

been used as a building block for functional aptamers. This procedure gives rise to a large 

and diverse collection of three-dimensional aptamer structures that display mannose in a 

wide range of positions and orientations.  

In order to screen these libraries of non-natural aptamers, we developed Click-PD 

(Fig. 3.1), which is based on the particle display approach previously developed by our group 

for the discovery of conventional DNA aptamers.17,18 Click-PD begins with the generation of 

particles that display aptamers containing non-natural nucleic acids 1 and 2 via emulsion 

PCR, as described previously. For this study, we generated our non-natural aptamer particles 

from a library of 80 nt DNAs comprising a 40 nt random region flanked by 20 nt primer-

binding sites at both ends. Briefly, water-in-oil emulsions were prepared with forward primer 
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(FP) coated magnetic beads, PCR reagents and templates comprising both modified and 

canonical deoxynucleotide triphosphates (dNTPs), such that each droplet contains (in most 

cases) one DNA template and one bead (Fig. 3.1, step 1). Details of this process are provided 

in the Experimental section. We specifically selected non-natural nucleotides 1 and 2 because 

these nucleotide analogues can be incorporated by commercial DNA polymerases during the 

PCR procedure.19–23 Emulsion PCR amplification yields a library of monoclonal particles 

displaying sequences that bear both alkyne and aldehyde groups (Fig. 3.1, step 2). After 

breaking the emulsion and removing the PCR reagents, the particles are isolated (Fig. 3.1, 

step 3) and conjugated with an azido-substituted mannose side chain (3) through click 

chemistry (Fig. 3.1, step 4). The monosaccharide-modified, double-stranded PCR products 

are subsequently treated with NaOH and ammonium hydroxide to remove the antisense 

strand and deprotect the monosaccharide moiety, resulting in particle-displayed non-natural 

aptamers that incorporate monosaccharide-conjugated nucleotides (4) (Fig. 3.1, step 5). It 

should be noted that conjugation is performed while the products are still double-stranded. 

We opted for this approach because the alkyne side chain at the 5-position of uracil adopts an 

outward-pointing conformation in the major groove of the double helix,22 which prevents 

steric hindrance caused by single-stranded nucleic acid folding and thus allows for more 

efficient and uniform modification.  
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Figure 3.1. Click-PD strategy for the synthesis and screening of non-natural aptamers. (a) 

After conjugating the initial DNA library to forward primer-coated magnetic beads (step 1), 

we perform emulsion PCR (step 2) to produce monoclonal aptamer particles in which dT and 
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dC are substituted with non-natural pyrimidine nucleotides 1 and 2, respectively. We then 

break the emulsions (step 3) and use a click chemistry approach (step 4) to conjugate 

carbohydrate azides (3) to the alkyne group on 1. These are converted to single-stranded 

aptamers (step 5) containing carbohydrate-modified deoxyuridine (4), and then combined 

with both target and non-target lectins, each labeled with a distinct fluorophore (step 6). 

FACS screening allows us to isolate the aptamers that exhibit strong binding to the target but 

not the non-target lectin (step 7). The selected non-natural aptamers are then converted back 

to natural DNA by a “reverse transcription”-like PCR reaction (step 8) and subjected either to 

sequencing analysis (step 9) or further screening. (b) Structures of non-natural pyrimidine 

nucleotides and carbohydrate azides, and illustration of the non-natural aptamer synthesis 

process. 

 

Once the library of non-natural aptamer-displaying particles was prepared, we 

incubated the particles with both target and non-target carbohydrate-binding proteins (Fig. 

3.1, step 6). The two proteins were labeled with different fluorophores to enable 

simultaneous measurement of on- and off-target binding. We chose the lectin Con A as the 

target for our initial screen, because this protein is widely used as a model to understand the 

molecular mechanisms of protein-carbohydrate interactions and has been extensively studied 

in structural biology.15,24,25 For the non-target competitor, we selected Pisum sativum 

agglutinin (PSA), which is another mannose-binding lectin with considerable structural 

homology to Con A. 26,27 Con A and PSA were labeled with Alexa Fluor 647 and fluorescein 

isothiocyanate (FITC), respectively. After incubating our particles with both Con A and PSA, 

we used FACS to sort individual particles that simultaneously exhibit high Alexa 647 

fluorescence (and thus high Con A affinity) and weak FITC fluorescence (and thus low PSA 

affinity) (Fig. 3.1, step 7). Finally, we performed a “reverse transcription”-like PCR reaction 

to convert the selected non-natural aptamers back to natural DNA (Fig. 3.1, step 8), with the 

enriched pool used for either a new round of screening or sequencing (Fig. 3.1, step 9).  
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C. Results and discussion 

1. Click-PD development and optimization 

We performed a series of experiments to optimize the efficiency of key steps of the 

Click-PD procedure. All DNA sequences used in the optimization experiments are shown in 

Table 3.1. First, we screened several DNA polymerases to identify a candidate that allows 

effective replacement of dT and dC with 1 and 2, respectively, during PCR (Fig. 3.2). We 

tested KOD-XL, Pwo, and Deep Vent DNA polymerases. A series of test PCR reactions 

showed that KOD-XL provided the highest yield and purity.  

 
Figure 3.2. Screen for polymerase-mediated incorporation of modified pyrimidine 

deoxyribonucleotides 1 and 2. PCR template: an 81 nt DNA oligonucleotide, T1. Lane 1: 

DNA ladder; lane 2: KOD-XL; lane 3: Pwo; lane 4: Deep Vent. The arrow indicates the full-

length product. KOD-XL DNA polymerase gives the highest yield without a major 

byproduct. 
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Next, we optimized reaction conditions for coupling mannose to 1 via click 

chemistry. After screening various reaction conditions for the click conjugation of 

monosaccharides with azido substitutions at different positions, we determined that a reaction 

with 2,3,4,6-tetra-O-acetyl-protected, 2-azidoethyl derivatives, such as 3, performed with 

copper(I) bromide and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA), achieved 

quantitative yield of the fully-conjugated product (Fig. 3.3). We confirmed the successful 

and efficient PCR incorporation of 1 and 2 and subsequent click chemistry modification by 

denaturing polyacrylamide gel electrophoresis (PAGE; Fig. 3.4a) and electrospray ionization 

mass spectrometry (ESI-MS, Fig. 3.4b).  
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Figure 3.3. Optimization of click chemistry using a 21 nt oligonucleotide substrate with 

three consecutive alkyne side chains. (a) Structures of azido-sugars screened for click 

conjugation to alkyne-bearing 21 nt DNA oligonucleotide with three consecutive 1s, S1. (b)-

(f) HPLC analysis of click conjugation under different conditions with different substrates. 

Click chemistry conditions are as follows: (b) conjugation of 3 0.4 mM CuSO4 + 2 mM 

THPTA + 4 mM sodium ascorbate; (c) conjugation of 3 with 0.4 mM CuSO4 + 0.4 mM 

TBTA + 0.8 mM TCEP; (d) conjugation of 3 with 0.4 mM CuBr + 0.4 mM TBTA; (e) 

conjugation of 1-Man with 0.4 mM CuBr + 0.4 mM TBTA; (f) conjugation of 6-Gal with 0.4 

mM CuBr + 0.4 mM TBTA. DP: desired product. SM: starting material. +1 sugar and +2 

sugar: products with one or two carbohydrate substrates conjugated. Only click conjugation 

of substrates 3 and AeGla (results not shown) with 0.4 mM CuBr + 0.4 mM TBTA gave 

quantitative yield of the desired product without major byproducts.  
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Figure 3.4. Optimization of click conjugation. (a) Click chemistry reaction efficiently 

modified the T1-derived PCR product (after removing the antisense strand), M1, which 

contains numerous 1 and 2 nucleotides. Gel lanes represent the template before (lane 1) and 

after strand separation either immediately after PCR (lane 2) or after subsequent click 

conjugation with 3 (lane 3). (b) ESI-MS characterization of M1 (expected: 31901.2 Da, 

observed: 31899.4 Da).  

We then confirmed that these non-natural aptamers are efficiently displayed on the 

particle surface by fluorescently labeling the 3’-end of the non-natural aptamers to allow for 

characterization by flow cytometry after emulsion PCR. A cleavable disulfide linker was 

incorporated between the aptamer and the particle to allow cleavage of the modified DNA for 

electrophoretic analysis (Fig. 3.5). The slightly lower mobility of the cleaved non-natural 

aptamer was attributed to the extra mass from the “scar” of the disulfide linker.  
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Figure 3.5. Confirmation of the generation of particle-displayed non-natural aptamers. (a) 

structure of the “scar” of the disulfide linker after non-natural aptamer cleavage. The 

disulfide linker between the forward primer and the particle is cleaved by TCEP treatment 

followed by alkylation using iodoacetamide. (b) Click chemistry reaction conditions 

efficiently modified particle-coupled non-natural aptamers. Lane 1 contains the reaction 

product M1 formed in solution (see Fig. 3.4a), and lane 2 contains non-natural aptamer 

cleaved from beads after emulsion PCR and on-bead click reaction. 

 

Finally, we optimized the “reverse transcription” process to convert the carbohydrate-

modified DNA back to natural DNA molecules with the same nucleotide sequence. After 

testing four different DNA polymerases (Taq, KOD-XL, Pwo, Deep Vent, Fig. 3.6a), we 

found that Taq efficiently generated DNA of the correct length from the non-natural 

aptamers (Fig. 3.6b). This is consistent with previous findings that family B DNA 

polymerases such as Taq are particularly suited for primer extension along modified nucleic 

acid templates.28,29. Sanger sequencing showed that the product generated by Taq polymerase 

was identical to the starting template, confirming the fidelity of the reverse transcription 

process (Fig. 3.6c).  
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Figure 3.6. Taq polymerase efficiently converts non-natural aptamers back to natural DNA 

by a “reverse transcription” PCR process. (a) Polymerase screen for the reverse transcription 

step. Lane 1: DNA ladder; lane 2: Taq polymerase, without template; lane 3: Taq 

polymerase, using canonical DNA template T1; lane 4: Taq polymerase, using non-natural 

aptamer particles as template; lane 5: KOD-XL, using non-natural aptamer particles as 

template; lane 6: Pwo, using non-natural aptamer particles as template; lane 7: Deep Vent, 

using non-natural aptamer particles as template. The arrow indicates the full-length product. 

(b) Confirmation of the reverse-transcription using Taq DNA polymerase. Lane 1: PCR 

without template; lane 2: PCR using natural DNA, T1, as the template; lane 3: PCR using 

non-natural aptamer M1 displayed on beads as template. (c) Sanger sequencing of the 

product of reverse-transcription. PCR products from reverse-transcription were cloned into a 

TOPO vector and transfected into TOP10 chemically competent E. coli. Colonies were 

harvested and sent for Sanger sequencing. All 20 colonies sequenced were either matched or 

complementary to the sequence of T1, demonstrating good fidelity for the reverse-

transcription reaction. 

 

2. Screen for mannose-modified aptamers targeting concanavalin A   

Once the method was optimized, we began the screen for high affinity aptamers for 

concanavalin A (Con A). DNA sequences used in the screen are shown in Table 3.2. We 

started the screen with ~108 non-natural aptamer particles. A fraction of this starting 
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population already had strong affinity for Con A at a concentration of 1 nM (Fig. 3.7); 

however, the majority of the sequences in the initial pool were lacking in specificity, as 

shown by the significant binding to PSA. This lack of specificity was expected, given that 

both lectins bind strongly to mannose. We performed three rounds of screening, collecting 

only the particles that exhibited strong Con A binding without binding PSA. We observed a 

clear increase in the specificity of the selected particles from round to round, and by the end 

of Round 3, 17.8% of the population bound strongly to 1 nM Con A without binding to PSA, 

even in the presence of a 250-fold higher concentration of the competitor (Fig. 3.7).  

 

Figure 3.7. Click-PD screening generates non-natural aptamers with high affinity and 

specificity for Con A. FACS plots of non-natural aptamer-displaying particles from the 

starting library and Rounds 1–3, where [Con A] = 1 nM and [PSA] = 250 nM. Percentages 

represent the subpopulation of particles in each quadrant. Quadrant IV (outlined in red) 

represents aptamers with high Con A and low PSA affinity, which were collected in each 

round.  
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We then performed next generation sequencing of the Round 1, 2, and 3 pools to 

identify sequences that were highly enriched during the Click-PD screen. After filtering out 

low-quality sequences (where >10% of bases had a quality score ≤20) using Galaxy NGS 

tools (see Experimental section), we obtained 182,499 unique sequences (684,179 reads) in 

the Round 1 pool, 150,680 unique sequences (643,462 reads) in the Round 2 pool, and 2,867 

unique sequences (470,426 reads) in the Round 3 pool. We identified 132 sequence clusters, 

defined as groups of closely-related sequences that differ from one another by two or fewer 

mutations,30 in the Round 3 pool. The degree of enrichment from Round 1 to Round 3 varied 

for the sequences within each cluster, with some of the most enriched clusters containing 

sequences that had undergone 100-fold to >1000-fold enrichment (Fig. 3.8a). We selected 14 

sequences exhibiting >100-fold enrichment for further testing, synthesizing particles 

displaying each of these sequences and measuring their fluorescence intensity after 

incubating with 1 nM Con A (see Table 3.3). Sequence 3-1 was selected for further 

characterization due to its strong binding to Con A and the fact that it belonged to a highly 

enriched (>2,000-fold) sequence cluster (Fig. 3.8b).  
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Figure 3.8. (a) Next generation sequencing shows several highly-enriched clusters of closely 

related sequences in the Round 3 pool. Each circle represents one enriched sequence, with 

colors indicating related clusters. The dotted line depicts our threshold for the most highly-

enriched sequences (>100-fold). Aptamer 3-1 (red arrow) was selected for further 

characterization. (b) Binding of selected sequences to fluorescently labeled Con A in a 

particle-based assay. Two criteria were considered to identify the top-performing non-natural 

aptamer: binding of each sequence to Con A in a particle-based fluorescence assay, and 

enrichment of the cluster from which each sequence originated. Aptamer 3-1 performed well 

according to these metrics. 

 

3. Characterizing aptamer affinity and mutation studies 

Aptamer 3-1 bound strongly to Con A and exhibited remarkably high specificity for 

this lectin. We incubated particles displaying 3-1 with different concentrations of 

fluorescently-labeled Con A and PSA and measured the fluorescence intensity of the 

particles using flow cytometry. This revealed strong affinity for Con A (Kd = 20 nM), with a 

much weaker affinity for PSA (Kd > 1000 nM), clearly demonstrating the excellent 

specificity of this molecule (Fig. 3.9a).  

Apatamer 3-1 contains multiple types of modifications, so our next objective was to 

determine the extent to which each of these modifications contributed to its strong and 

specific interaction with Con A. We synthesized particles displaying various mutant 

sequences based on 3-1 with different modification profiles (see Table 3.4). 3-1a (aldehyde 



49 
 

only) no longer contained 4, but still had dC substituted with 2, displaying aldehyde groups. 

On the other hand, 3-1m (mannose only) lacked 2 but still had dT substituted with 4. We also 

prepared a construct composed entirely of canonical bases (3-1n, natural), and a version of 3-

1 that was not subjected to subsequent click conjugation of 3 (3-1nc, no click). Finally, to 

confirm that the affinity of 3-1 is sequence-specific, we prepared a “CT-only” sequence that 

was the same length as 3-1 but only contained dC and 4, where the number of 4 nucleotides 

was equal to that of 3-1 (CT), and a sequence with the same nucleotide composition as 3-1m 

but in a scrambled order (3-1mscr, scrambled).  

3-1a, 3-1n, and 3-1nc showed essentially no binding to 10 nM Con A (Fig. 3.9b), 

indicating that Con A binding was mannose-dependent. Both CT and 3-1mscr showed only 

low levels of binding to 10 nM Con A, which is most likely attributable to the presence of the 

mannose functional groups in this polymer. Notably, 3-1m showed only slightly lower levels 

of binding to 10 nM Con A than 3-1, despite the absence of aldehyde modifications. This 

unexpected finding prompted us to further investigate 3-1m’s binding profile. We determined 

that the affinity of 3-1m for Con A is in fact slightly superior to 3-1 (Kd = 17 nM), and that 

the absence of modified nucleotide 2 did not affect 3-1m’s specificity against PSA (Kd >1000 

nM) (Fig. 3.9a). This indicates that the aldehyde functional groups do not contribute 

meaningfully to 3-1’s affinity or specificity, and that only the mannose modifications are 

required for binding to Con A.  

To further determine the extent to which each mannose side chain contributes to 3-

1m’s interaction with Con A, we generated particles displaying mutants of 3-1m in which 

either individual occurrences or pairs of nucleotide 4 within the sequence (excluding the 

primer region) were substituted with dA and screened their affinity for Con A (Fig. 3.9c). 
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The substituted sequences are shown in Table 3.4. We determined that essentially all of the 

mannose groups, with the exception of those at nucleotide positions 45 and 46, are critical for 

binding, and that the loss of even one mannose side-chain in the sequence significantly 

reduced the affinity of the mutant (Fig. 3.9d). 

 

Figure 3.9. Affinity and specificity of Con A aptamers. (a) Binding curves of 3-1 and 3-1m 

to Con A and PSA based on particle-based fluorescent measurements. (b) Binding activity 

for various 3-1 derivatives in the presence of 10 nM Con A. Fluorescence intensities were 

normalized first to particle coating, then to the relative signal of 3-1. (c) Structure-activity 

relationship of 3-1m. Folding structure of 3-1m predicted by mFold. Note that modified 

nucleotide 4 has been substituted with dT in the simulation. The circled nucleotide positions 

were mutated to dA individually or in pairs, and the binding of the mutant non-natural 

aptamers was characterized in a particle-based fluorescent assay. (d) The relative 

fluorescence signals of the mutant sequences. The error bars were derived from the standard 

deviation of three experimental replicates. The fluorescence signals were first normalized to 

particle coating, and then to the relative signal of 3-1m.    
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We further validated the binding characteristics of 3-1 and 3-1m by using an 

alternative measurement method, bio-layer interferometry (BLI).31 This allowed us to 

confirm that these binding results are independent of the particles on which the aptamers are 

immobilized, and to measure association rate (kon) and dissociation rate (koff) constants. 

Solution-phase non-natural aptamers were prepared using conventional PCR instead of 

emulsion PCR, with biotinylated FP instead of particle-conjugated FP and with ESI-MS 

confirmation after click conjugation with 3 (Fig. 3.10a, b). We immobilized biotinylated 3-1 

and 3-1m onto the streptavidin-coated surface of the biosensor and incubated with Con A at 

various concentrations, followed by dissociation in blank buffer (Fig. 3.11a). For 3-1m, we 

globally fitted the resulting response curves for each concentration to generate rate constants 

of kon = (7.1 ± 0.3) × 104 M−1 s, and koff = (2.3 ± 0.02) × 10-4 s-1, corresponding to a Kd of 3.2 

± 0.2 nM. Notably, the off-rate (koff) of both 3-1 and 3-1m when bound to Con A was 

comparable to or lower than that of many antibody-antigen interactions.32,33 We also fitted 

the maximum response measurements from each concentration to a cooperative binding 

model, yielding a Kd of 5.3 ± 0.7 nM for 3-1m. These affinity values are in reasonable 

agreement with the measurement from our particle-based binding assay. In comparison, the 

Kd of 3-1 for Con A is 5.8 ± 0.8 nM by BLI (Fig. 3.11b), confirming that the substitution of 

dC with 2 does not enhance lectin binding, and indeed slightly reduces affinity in the BLI 

assay.  
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Figure 3.10. ESI-MS characterization of solution-phase 3-1 and 3-1m with 5’-biotinylation. 

(a) 3-1. Expected mass: 30352.6; observed mass: 30348.7. (b) 3-1m. Expected mass: 

30040.5; observed mass: 30039.5.  

 
Figure 3.11. BLI analysis of 3-1m and 3-1.  Bio-layer interferometry (BLI) measurement of 

Con A interacting with surface-immobilized (a) 3-1m and (b) 3-1. Global fitting of target 

association and dissociation at each concentration was performed to generate Kd, kon, and koff 

values.    
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4. Testing specificity of aptamer 3-1m to Con A 

Having shown 3-1m’s strong specificity for Con A versus PSA, we subsequently 

demonstrated its ability to discriminate against other closely-related lectins that also 

preferentially bind mannose. Plant-derived mannose-binding lectins such as Lens culinaris 

agglutinin (LcH), Narcissus pseudonarcissus lectin (NPA), and Vicia faba agglutinin (VFA) 

all belong to the same carbohydrate specificity group as Con A and PSA and share high 

structural homology,34 and are therefore good models for testing specificity. Critically, 3-1m 

exhibited virtually no binding to LcH, NPA, or VFA at 10 nM. Even at a 100-fold higher 

concentration (1 µM), 3-1m showed little binding to LcH and NPA, and only modest binding 

to VFA (Fig. 3.12a). This low level of binding to VFA at high concentrations can be 

attributed to the especially high degree of homology between Con A and VFA.34  

Next, we expanded our analysis of 3-1m to an extended group of 40 structurally 

related and unrelated lectins using a lectin array (Fig. 3.12b). In addition to the lectins 

studied above, this array also included lectins belonging to different specificity groups with 

varying degrees of homology to Con A. A complete list of the lectins on the array is given in 

Table 3.5. This assay further confirmed the remarkable specificity of 3-1m: across a broad 

range of concentrations from 0.04–400 nM, Con A was the only lectin that generated a strong 

signal. It should be noted that although VVA showed slightly higher signal than the other 

non-target lectins, we subsequently determined this to be a false positive. This array feature 

produced a significant signal even in the absence of 3-1m, and this signal did not increase at 

higher 3-1m concentrations.  
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Figure 3.12. Aptamer 3-1m is highly specific to Con A. (a) We incubated particles coated 

with 3-1m with fluorescently-labeled mannose-binding lectins. These were then washed and 

analyzed by FACS based on mean fluorescence of the population. Error bars were derived 

from the standard deviation of three experimental replicates. (b) The strong specificity of 3-

1m remains clearly apparent on a larger array of 40 lectins. White open circles show the 

position of each lectin spot. Each lectin is spotted in duplicate. The short names of the lectins 

are written under the spots; pos and neg denote positive and negative controls, respectively. 
 

5. Measuring biological activity of aptamer 3-1m 

Given the strong affinity and specificity of aptamer 3-1m to Con A, we hypothesized 

that it might act as an inhibitor of Con A’s biological activity. Con A induces clumping of 

human erythrocytes in a process known as hemagglutination,25 and hemagglutination assays 

are a standard approach for quantifying activity of this lectin. As a baseline, we established 

that complete hemagglutination occurs at 150 nM Con A, based on visual observation of the 

deposition of erythrocytes in a 96-well plate. This was confirmed by monitoring absorbance 

of the cell suspension at 655 nm, which correlates to the size of the agglutinated clump.35 We 

then tested the extent to which 3-1m can inhibit this process by incubating various 

concentrations of 3-1m with 150 nM Con A for 30 min at room temperature before adding 

erythrocytes at 1% hematocrit. We observed concentration-dependent inhibition of Con A-

induced hemagglutination, with complete inhibition at 150 nM and a half-maximal inhibitory 
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concentration (IC50) of 95 nM (Fig. 3.13a, b). We also microscopically monitored inhibition 

of Con A-induced hemagglutination by 3-1m; the erythrocyte clumps that formed upon the 

addition of Con A were absent when we incubated Con A with 3-1m beforehand (Fig. 3.13c–

e).  

Aptamer 3-1m inhibits Con A-induced hemagglutination with ~107-fold greater 

potency than methyl α-D-glucopyranoside, a commonly used inhibitor that achieves maximal 

effect at 50 mM.36 Furthermore, 3-1m is about three-fold more potent than the best known 

inhibitor described to date for Con A, a mannose glycopolymer reported by Kiessling et al., 

which achieves complete inhibition at 500 nM. This is particularly striking given that 3-1m 

contains 120-fold fewer mannose side chains (14 units) compared with the mannose 

glycopolymer (~1,700 units), suggesting that its carbohydrate presentation more closely 

aligns with the active sites of this lectin.37   
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Figure 3.13. 3-1m is a potent inhibitor of Con A-induced hemagglutination. (a) We 

incubated various concentrations of 3-1m with a human erythrocyte suspension containing 

150 nM Con A, a concentration known to induce complete hemagglutination. The deposition 

of erythrocytes onto the bottom of the wells indicates inhibition of Con A activity. The 

positive control well contains only human erythrocytes, with no Con A. (b) Inhibition of 

hemagglutination, as measured by increased absorbance at 655 nm. We observed that 3-1m 

inhibited 150 nM Con A with an IC50 of 95.0 nM. The error bars were derived from the 

standard deviation of four replicates. (c–e) 40X microscopic images of normal human 

erythrocytes (c) and human erythrocytes incubated with 0.65 μM Con A (d) or 0.65 μM Con 

A with 0.8 μM 3-1m (e). Scale bars = 40 μm. 

 

D. Conclusions 

We have developed a new method for non-natural aptamer discovery. We used this 

method to generate mannose-modified aptamers for the target lectin, Con A. The top 
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aptamer, 3-1m, has high affinity and specificity to Con A. We found that both the mannose 

modifications and the DNA sequence were essential to the high performance of 3-1m. 

Finally, we showed that 3-1m has strong biological activity, inhibiting Con A-induced 

hemagglutination.    

Click-PD does not rely on polymerase engineering or synthesis of customized 

nucleotides. This means that a huge variety of modifications could be readily used in the 

aptamer discovery process. Modifications that are known to have specific interactions with 

the target can be used (as shown here). Other work has demonstrated that incorporating 

amino acid-based modifications can improve the outcome of aptamer selections by generally 

increasing the potential interactions with the target protein.1 With this method, we aim to 

reduce the barrier to discovering non-natural aptamers, enabling the generation of high 

quality aptamers to a broader range of targets. 

E. Experimental section 

1. Reagents 

All DNA oligonucleotides were purchased from Integrated DNA Technologies. 

Primers were ordered with standard desalting. PCR templates were ordered with PAGE 

purification. Other than the exceptions noted below, all commercially available reagents and 

lab supplies were purchased from Aldrich. 2-azidoethyl 2,3,4,6-tetra-O-acetyl-α-D-

mannopyranoside and 2-azidoethyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside were 

purchased from Synthose Inc. KOD-XL DNA polymerase was purchased from Thermo 

Fisher Scientific. Taq polymerase was purchased from Promega. Pwo DNA polymerase was 

purchased from Roche. C8-Alkyne-dUTP was purchased from Axxora Inc. 5-formyl dCTP 

was purchased from TriLink BioTechnologies. Deep Vent DNA polymerase and standard 
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dNTPs were purchased from New England Biolabs. Lectin Array 40 was purchased from 

RayBiotech, Inc. Human erythrocytes were purchased from BioreclamationIVT. Mini-

PROTEANTM native and denaturing PAGE gels (10%) were purchased from Bio-Rad. 

Dynabeads MyOne carboxylic acid and streptavidin C1 beads for particle display and single-

stranded PCR product generation, respectively, were purchased from Thermo Fisher 

Scientific.  

ESI-MS characterization was performed by Novatia. Optical microscopy imaging was 

performed on an Olympus CKX-41 inverted microscope with color digital camera using 40X 

objectives. The images were processed with ImageJ software. Reverse-phase HPLC analysis 

was performed on an Agilent 1100 system using a PLRP-S 4.6×150 mm 5 μm column with 

300 Å packing material, with a gradient from 95% 0.1 M triethylammonium acetate 

(TEAA)/5% acetonitrile to 20% 0.1 M TEAA/65% acetonitrile over 30 min. Flow cytometry 

assays were performed using a BD Accuri C6 flow cytometer.  Fluorescence-based sorting of 

particles was done using a BD FACSAria III.  Bio-Layer Interferometry measurements were 

performed with a ForteBIO Octet RED384 system, and analysis was performed using Octet 

Data Analysis software. MicroScale Thermophoresis measurements were carried out by 

2bind. 

2. Polymerase-mediated incorporation of modified pyrimidine building blocks 

We used a PCR mixture containing 1X polymerase buffer, 0.2 mM dATP, 0.2 mM 

dGTP, 0.2 mM 5fdCTP (2), 0.2 mM C8-Ak-dUTP (1), 0.4 μM T-FP, 0.4 μM T-RP, 0.05 

U/μL DNA polymerase, 20 pM PCR template T1, and water for a total volume of 50 μL. The 

cycling conditions were as follows: 96 °C, 2 min + [96 °C, 15 s + 51 °C, 30 s + 72 °C, 30 

s]*30 + 72 °C, 2 min + hold at 4 °C. To screen KOD-XL, Pwo, and Deep Vent DNA 
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polymerases for the efficiency of modified nucleotide incorporation, we loaded 2 μL of each 

PCR reaction directly onto a 10% native PAGE gel, which was run at 150 V for 30 min in 1X 

TBE buffer. Gels were imaged after staining with 1X GelStar Nucleic Acid Stain in TBE 

buffer.  

Name Sequence 

S1 5'-CGG AAC GTC /i5OctdU//i5OctdU//i5OctdU/ GTA ACT TGA-3' 

T1 5’- ATC CAG AGT GAC GCA GCA CGG AAC GTC TTT GTA ACT TGA 

AAT ACC GTG GTA GGT TGG CTA GGT TGG ACA CGG TGG CTT AGT -3’ 

M1 5’- ATC CAG AGT GAC GCA GCA 2GG AA2 G42 444 G4A A24 4GA AA4 

A22 G4G G4A GG4 4GG 24A GG4 4GG A2A 2GG 4GG 244 AG4 -3’ 

T-FP 5’- ATC CAG AGT GAC GCA GCA -3’ 

T-RP 5’- ACT AAG CCA CCG TGT CCA -3’ 

T-RP-

2Bio 

5’- /52-Bio/ACT AAG CCA CCG TGT CCA -3’ 

Table 3.1. DNA sequences used in Click-PD optimization. See Figure 3.1 for the structures 

of 1, 2, and 4. 

3. Optimization of click conjugation reaction 

10 μL of 100 μM 21-nt oligonucleotide substrate (containing consecutive three 1 

nucleotides), 1 μL 100 mM azido-sugar in DMSO (100 eq), and 14 μL 20 mM sodium 

phosphate buffer, pH 8 (pre-degassed by bubbling N2 through) were combined in a 1.5 mL 

Eppendorf tube. Click chemistry was initiated by one of the following three conditions:  

(1) addition of premixed 1 μL 20 mM CuSO4, 1  μL 0.1 M tris(3-

hydroxypropyltriazolylmethyl)amine (THPTA), and 20 μL water, followed by 1 μL 

0.2 M sodium ascorbate. 
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(2) addition of premixed 1 μL 20 mM CuSO4 and 1 μL 20 mM tris[(1-benzyl-1H-1,2,3-

triazol-4-yl)methyl]amine (TBTA)] in 10 μL of 4:3:1 water:DMSO:t-BuOH, 

followed by addition of 2 μL 20 mM tris(2-carboxyethyl)phosphine (TCEP).  

(3) addition of 10 μL premixed 1:1 Cu:TBTA (2 mM, prepared from 1 mg CuBr + 0.7 

mL 10 mM TBTA in 4:3:1 water: DMSO: t-BuOH, then diluted five-fold with the 

same solvent). 

The cap of the tube was then removed, and the de-capped tube was immediately 

placed in a 20 mL vial equipped with a rubber septum, followed by Ar flushing for 5 min. 

We incubated the sealed vial in the dark for two hours. The reaction product was purified 

with a Centri-Spin 10 column (Princeton Separations). 200 μL of concentrated ammonium 

hydroxide (18 M) was added to the purified product, and the solution was incubated at room 

temperature for 3 hours. 400 μL n-butanol was then added, vortex mixed, and centrifuged at 

16,000 ×g at 4 °C for 2 min. The top organic layer was removed and discarded. The bottom 

aqueous layer was purified by an Oligo Clean and Concentrator spin column (Zymo 

Research), followed by HPLC analysis. 

4. PCR amplification, click conjugation of 3, single strand generation, and acetyl 

deprotection for an 81-nt non-natural aptamer M1 

For PCR incorporation of modified nucleotides, we prepared a PCR mixture 

containing 1X KOD-XL DNA polymerase buffer, 0.2 mM dATP, 0.2 mM dGTP, 0.2 mM 2, 

0.2 mM 1, 0.4 μM T-FP, 0.4 μM 5’-doubly biotinylated T-RP-2Bio, 0.05 U/μL KOD-XL 

DNA polymerase, 20 pM PCR template T1, and water in a total volume of 5 mL in a 96 well 

plate.  Cycling conditions were as follows: 96 °C, 2min + [96 °C, 15 s + 51 °C, 30 s + 75 °C, 

30 s]*12 + 75 °C, 2 min + hold at 4 °C.  
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PCR reactions were then transferred into a 50 mL conical tube.  0.5 mL 3 M sodium 

acetate (pH 5.2) and 13.75 mL of 100% ethanol were added, followed by freezing at -80 °C 

for 30 min. The frozen stock was then centrifuged for 30 min at 5000 RPM at 4 °C to 

precipitate the DNA. The pellet was dissolved with 600 μL water, followed by purification 

using MinElute spin columns. The PCR product was eluted with 180 μL of 10 mM Tris 

buffer, pH 8.0. To this DNA solution, we added 40 μL of 3 M sodium acetate (pH 5.2) and 

1.2 mL of 100% ethanol, followed by freezing at -80 °C for 30 min. The frozen stock was 

then centrifuged for 30 min at 21,000 ×g at 4 °C to precipitate the DNA. The material was 

resuspended in 20 μL 1X PBS buffer. 

20 μL 100 mM 3 in DMSO (100 eq) and 40 μL 20 mM sodium phosphate buffer, pH 

8 (pre-degassed by bubbling N2 through) were combined with 20 μL of base-modified DNA 

solution in a 1.5 mL Eppendorf tube. Click chemistry was initiated by the addition in reaction 

of 20 μL premixed solution of 1:1 Cu:TBTA (10 mM, prepared from 1 mg CuBr + 0.7 mL 10 

mM TBTA in 4:3:1 water:DMSO:t-BuOH). The cap of the tube was removed, and the de-

capped tube was immediately placed in a 20 mL vial equipped with a rubber septum, 

followed by Ar flushing for 5 min. We incubated the sealed vial in the dark for two hours. To 

this DNA solution, we added 10 μL of 3 M sodium acetate (pH 5.2) and 330 μL of 100 % 

ethanol, followed by freezing at -80 °C for 30 min. The frozen stock was then centrifuged for 

30 min at 21,000 ×g at 4 °C to precipitate the DNA. We resuspended the material in 350 μL 

1X bind and wash buffer (B&W; 5 mM Tris, 0.5 mM EDTA, 1 M NaCl, pH 7.5). 

We then added 350 μL MyOne C1 streptavidin beads to a 1.5 mL Eppendorf tube. 

We captured the beads on the side of the tube with a magnet and removed the supernatant. 

The beads were washed three times with 350 μL 1X B&W. The click product sample was 
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added to the beads and mixed on a rotator for 30 min. The beads were then captured, and the 

supernatant was discarded. The beads were washed three times with 350 μL 1X B&W, and 

then treated with 100 μL freshly-prepared 0.25 M NaOH solution to generate single-stranded 

DNA. The beads were captured by magnet, and the supernatant was collected and desalted 

using a CENTRI-SEP column (Princeton Separations). 

We deprotected the acetyl groups by adding 200 μL concentrated ammonium 

hydroxide (18 M) to the collected oligos and incubating for 4 hours at room temperature. 

450 μL n-butanol was then added to the solution, followed by vortexing, and centrifuging at 

21,000 ×g at 4 °C for 1 min. The top organic layer was removed and discarded. The resulting 

non-natural aptamer solution was then desalted by a Centri Spin-10 column (Princeton 

Separations).  

5. General procedure for generating particle-displayed non-natural aptamers 

Monoclonal, particle-displayed non-natural aptamers were generated by emulsion 

PCR. The oil phase was made up of 4.5% Span 80, 0.45% Tween 80, and 0.05% Triton X-

100 in mineral oil, and all reagents were purchased from Sigma-Aldrich. The aqueous phase 

consisted of 1x KOD XL DNA polymerase buffer, 50 u KOD XL DNA polymerase, 0.2 mM 

dATP, 0.2 mM dGTP, 0.2 mM 2, 0.2 mM 1, 10 nM FP, 1 µM fluorescently labeled RP, ~1 

pM template DNA, and ~108 1 µm FP-conjugated magnetic beads. For each reaction, 1 mL 

of aqueous phase was added to 7 mL of oil phase and emulsified at 620 rpm for 5 min in an 

IKA DT-20 tube using the IKA Ultra-Turrax device. The emulsion was pipetted into 100 µL 

reactions in a 96 well plate. The following PCR conditions were used:  96 °C, 2 min + [96 

°C, 15s + 52 °C, 30s + 75 °C, 60s]*39 + 75 °C, 5 min.  
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After PCR, the emulsions were collected into an emulsion collection tray (Life 

Technologies) by centrifuging at 300 x g for 2 min. The emulsion was broken by adding 10 

mL 2-butanol to the tray, and the sample was transferred to a 50 mL tube. The tube was 

vortexed for 30s, and the particles were pelleted by centrifugation at 3,000 x g for 5 min. The 

oil phase was carefully removed, and the particles were resuspended in 1 mL of emulsion 

breaking buffer (100 mM NaCl, 1% Triton X-100, 10 mM Tris-HCl, pH 7.5, and 1 mM 

EDTA) and transferred to a new 1.5 mL tube. After vortexing for 30s and 90s of 

centrifugation at 15,000 × g, the supernatant was removed. The tube was placed on a 

magnetic separator (MPC-S, Life Technologies), and the remaining supernatant was 

removed. The particles were washed three times with 1x PBS buffer using magnetic 

separation, then stored in 200 µL PBST at 4 °C.   

For the click conjugation of 3, the particles were resuspended in 10 µL PBS. 20 mM 

sodium phosphate buffer, pH 7.3 was degassed for at least 15 min with N2 before preparing 

the reaction. The 10 µL bead suspension was combined with 25 µL 20 mM Na2HPO4 and 5 

µL 10% Tween 20 in a 1.5 mL Eppendorf tube. The click reaction was initiated by the 

addition of 5 µL 2-azidoethyl 2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside (AeMan, 100 mM 

in methanol) and 2.5 µL premixed solution of Cu:TBTA (10 mM, 1 mg Cu(I)Br + 10 mM 

TBTA in 3:1 DMSO:tBuOH). The reaction was vortexed briefly, placed in a 20 mL vial with 

a septum, flushed with N2 for 5 min, and incubated in the dark with constant vortexing for 2 

hours. The reaction tube was placed on the magnetic separator, and the supernatant was 

removed. The particles were washed 5 times with 50 µL TE buffer.  

To generate single-stranded DNA, the particles were resuspended in 200 µL 0.1 M 

NaOH solution and incubated for 5 min at room temperature. The supernatant was removed 
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using the magnetic separator, and the particles were resuspended in 200 µL concentrated 

ammonium hydroxide (18 M) to deprotect the AeMan. The particles were incubated for three 

hours on a slow rotator. The particles were washed five times with TE buffer and 

resuspended in 200 µL 10 mM Tris.        

6. Optimization of ‘reverse-transcription’ of particle-displayed non-natural aptamers 

Non-natural aptamer-displayed particles as templates were subjected to PCR with 1X 

polymerase buffer, 0.2 mM dATP, 0.2 mM dGTP, 0.2 mM dCTP, 0.2 mM dTTP, 0.4 μM T-

FP, 0.4 μM T-RP, 0.05 U/μL DNA polymerase, 104 non-natural aptamer (M1)-displayed 

particles, and water in a total volume of 50 μL. Cycling conditions were as follows: 96 °C, 2 

min + [96 °C, 15 s + 51 °C, 30 s + 72 °C, 30 s]*30 + 72 °C, 2 min + hold at 4 °C.  

We screened four DNA polymerases: Taq, KOD-XL, Pwo, and Deep Vent for the 

efficiency of reverse transcription, 2 μL of each PCR reaction was loaded directly onto a 

10% native PAGE gel and run at 150 V for 30 min in 1X TBE buffer. Gels were imaged after 

staining with 1X GelStar Nucleic Acid Stain in TBE buffer.  

7. Click-PD screening  

For each round of screening, we incubated ~108 non-natural aptamer particles with 1 

nM biotinylated Con A and 250 nM FITC-conjugated PSA in selection buffer (SB; 1 x PBS, 

2.5 mM MgCl2, 1 mM CaCl2, 0.1 mM MnCl2, 0.01% Tween 20) for 1 hour in the dark on a 

rotator. After incubation, the particles were resuspended in a 500-fold dilution of 

streptavidin-conjugated Alexa Fluor 647 to fluorescently label biotinylated Con A bound to 

the non-natural aptamer particles, and incubated for 10 min in the dark on a rotator. The 

particles were washed once and resuspended in SB. The sample was then analyzed with the 

BD FACS Aria III, and the sort gate was set to collect non-natural aptamer particles in 
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quadrant IV, the population that exhibits high binding to Con A and low binding to PSA. 0.2-

1% of the total singlet population was collected in each round. After sorting, the collected 

non-natural aptamer particles were resuspended in 20 µL PBS and reverse transcribed into 

canonical DNA by Taq polymerase.  

Name Sequence 

C-FP 5'-GAT CCC AGT CCG AAG TAA TC-3' 

C-FP-

Bio 

5'-/5BiotinTEG/GAT CCC AGT CCG AAG TAA TC-3' 

C-RP 5'-CCT ATA GCC GTT TGC ACA AG-3' 

C-Lib 5’- GAT CCC AGT CCG AAG TAA TC-N40-CTT GTG CAA ACG GCT ATA GG-3’ 

Table 3.2. DNA sequences used in Con A aptamer screen. 

8. Next generation sequencing of the enriched aptamer pools 

Preparation of DNA pools for next generation sequencing was done by following the 

steps described in 16S Metagenomic Sequencing Library Preparation by Illumina. Overhang 

adaptor sequences for the forward and reverse primers were ordered from IDT. DNA pools 

from rounds 1, 2, and 3 were indexed using the Nextera XT DNA Library Preparation Kit 

(Illumina) and then pooled for sequencing. Sequencing was performed using an Illumina 

MiSeq at the Stanford Functional Genomics Facility. Sequences with low quality were 

filtered out using the “Filter by quality” Galaxy NGS tool, accepting only sequences with 

more than 90% of the bases having a quality score of 20 or above. For each round, 23-27% of 

the sequences were discarded because of low quality. The FASTAptamer toolkit was used to 

identify sequence clusters (sequences varying by 2 or fewer bases) and calculate the degree 

enrichment of each sequence from round to round. The sequences identified as aptamer 

candidates are shown in Table 3.3. 
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Name Sequence 

1-1 TATCATGGACTATACGGAGGTAGATCGGATATGCGAACCA 

2-1 CTCCGCGGATCAATGCAGAGGATTGCAGATCCTCGACATG 

2-2 CTTCGCGGATCAATGCAGAGGATTGCAGATCCTCAACATG 

3-1 GTTGCATCTGCACGACTGGTGAGCTTGAGTGGCAGAAGAA 

3-2 GTTGCATCTGCACTACTGGTGAACTTGAGTGGCAGAAGAA 

3-3 GTTGCATCTGCACGACTGGTGAACTTGAGTGGCAGAAGAA 

4-1 AGCGATAGGTGCACTGGGGTCCTCTAAGCGCGTTAACGAG 

5-1 TAGTACGGAGGAACGTGCGAGCGGTAGCATTATAGCGAGA 

6-1 CACGTACTGCTACGGGGGAGGGAGGTATCTGTCGCGGA 

6-2 CACGTACTGCTACGGGAAGGGAGGTATCTGTCGCGGA 

7-1 TCTGTGACGGTACGTCGCTGGAAGAAGTTGGGACGTATTA 

9-1 GAAGCAAGTTGGTCTTTAACGATACAACAGCTTGCGGAAC 

11-1 GGAGGTGTTACTGGCCGGGGAAGATTGAGGGTGGCGTGG 

17-1 GTTGAATCTGGATACGATTTCTGAGTTCTTAATGGGAAGA 

Table 3.3. Aptamer candidates selected for characterization. Primer binding regions are not 

shown. The first number in each name refers to the sequence cluster that each sequence 

belongs to. 

 

9. General procedure for particle-based binding assay for fluorescently labeled targets 

~106 particles were incubated with varying concentrations of fluorescently labeled 

protein in SB for 1 hour on a rotator. After incubation, the particles were washed once and 

resuspended in SB.  The particles were analyzed using the BD Accuri C6 flow cytometer, 

and the mean fluorescence and/or percentage of bound particles were measured in the 

relevant fluorescence channel(s).     
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Name Sequence 

3-1a GTTG2AT2TG2A2GA2TGGTGAG2TTGAGTGG2AGAAGAA2TTGTG2AAA2GG2TATAGG 

3-1nc G11G2A121G2A2GA21GG1GAG211GAG1GG2AGAAGAA211G1G2AAA2GG21A1AGG 

3-1n GTTGCATCTGCACGACTGGTGAGCTTGAGTGGCAGAAGAACTTGTGCAAACGGCTATAGG 

3-1mscr AGCAG44AA4G44AGGA4GCGGAGGCGCA4ACG4CG4ACGC44G4GCAAACGGC4A4AGG 

3-1m G44GCA4C4GCACGAC4GG4GAGC44GAG4GGCAGAAGAAC44G4GCAAACGGC4A4AGG 

A22_23 GAAGCA4C4GCACGAC4GG4GAGC44GAG4GGCAGAAGAAC44G4GCAAACGGC4A4AGG 

A27_29 G44GCAACAGCACGAC4GG4GAGC44GAG4GGCAGAAGAAC44G4GCAAACGGC4A4AGG 

A37_40 G44GCA4C4GCACGACAGGAGAGC44GAG4GGCAGAAGAAC44G4GCAAACGGC4A4AGG 

A45_46 G44GCA4C4GCACGAC4GG4GAGCAAGAG4GGCAGAAGAAC44G4GCAAACGGC4A4AGG 

A50 G44GCA4C4GCACGAC4GG4GAGC44GAGAGGCAGAAGAAC44G4GCAAACGGC4A4AGG 

A45_46_22 GA4GCA4C4GCACGAC4GG4GAGCAAGAG4GGCAGAAGAAC44G4GCAAACGGC4A4AGG 

A45_46_23 G4AGCA4C4GCACGAC4GG4GAGCAAGAG4GGCAGAAGAAC44G4GCAAACGGC4A4AGG 

A45_46_27 G44GCAAC4GCACGAC4GG4GAGCAAGAG4GGCAGAAGAAC44G4GCAAACGGC4A4AGG 

A45_46_29 G44GCA4CAGCACGAC4GG4GAGCAAGAG4GGCAGAAGAAC44G4GCAAACGGC4A4AGG 

A45_46_37 G44GCA4C4GCACGACAGG4GAGCAAGAG4GGCAGAAGAAC44G4GCAAACGGC4A4AGG 

A45_46_40 G44GCA4C4GCACGAC4GGAGAGCAAGAG4GGCAGAAGAAC44G4GCAAACGGC4A4AGG 

Table 3.4. Mutant sequences tested for binding affinity to Con A. Sequences are shown 5’ to 

3’, and the forward primer regions are not shown. See Figure 3.1 for the structures of 1, 2, 

and 4.  

10. Generation of solution-phase non-natural aptamers with 5’-biotinylation.  

PCR using modified substrates was performed in a PCR mixture containing 1X KOD-

XL polymerase buffer, 0.2 mM dATP, 0.2 mM dGTP, 0.2 mM 2, 0.2 mM 1, 0.4 μM 5’-

biotinylated C-FP-Bio, 0.4 μM C-RP, 0.05 U/μL KOD-XL DNA polymerase, 20 pM PCR 

template, and water in a total volume of 5 mL in a 96 well plate.  Cycling conditions were as 

follows: 96 °C, 2min + [96 °C, 15 s + 52 °C, 30 s + 75 °C, 30 s]*12 + 75 °C, 2 min + hold at 

4 °C.  

PCR reactions were transferred into a 50 mL conical tube. To this PCR mixture, we 

added 0.5 mL 3 M sodium acetate (pH 5.2) and 13.75 mL of 100% ethanol were added, 
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followed by freezing at -80 °C for 30 min. The frozen stock was then centrifuged for 30 min 

at 5000 RPM at 4 °C to precipitate the DNA. The pellet was dissolved with 600 μL water, 

followed by purification using MinElute spin columns. The PCR product was eluted with 180 

μL of 10 mM Tris buffer, pH 8.0. To this DNA solution we added 40 μL of 3 M sodium 

acetate (pH 5.2) and 1.2 mL of 100% ethanol, followed by freezing at -80 °C for 30 min. The 

frozen stock was then centrifuged for 30 min at 21,000 ×g at 4 °C to precipitate the DNA. 

The DNA was resuspended in 20 μL 1X PBS buffer. 

We combined 20 μL of the base-modified DNA solution with 20 μL 100 mM 3 in 

DMSO (100 eq) and 40 μL 20 mM sodium phosphate buffer, pH 8 (pre-degassed by 

bubbling N2 through) in a 1.5 mL Eppendorf tube. Click chemistry was initiated by the 

addition of 20 μL of a premixed solution of 1:1 Cu:TBTA (10 mM, prepared with 1 mg CuBr 

+ 0.7 mL 10 mM TBTA in 4:3:1 water:DMSO:t-BuOH). The cap of the tube was removed, 

and the de-capped tube was immediately placed a 20 mL vial equipped with a rubber septum, 

followed by Ar flushing for 5 min. We incubated the sealed vial in the dark for two hours. To 

this DNA solution, we added 10 μL of 3 M sodium acetate (pH 5.2) and 330 μL of 100% 

ethanol, followed by freezing at -80 °C for 30 min. The frozen stock was then centrifuged for 

30 min at 21,000 ×g at 4 °C to precipitate the DNA. We resuspended the DNA in 350 μL 1X 

B&W.  

We added 350 μL MyOne C1 streptavidin beads to a 1.5 mL Eppendorf tube. The 

beads were captured on the side of the tube with a magnet and the supernatant was removed. 

The beads were washed three times with 350 μL 1X B&W. The click product sample was 

added to the beads and mixed on a rotator at room temperature for 30 min. The beads were 

then captured and the supernatant was discarded. The beads were washed three times with 
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350 μL 1X B&W, then treated twice with 100 μL 0.25 M freshly prepared NaOH solution to 

generate single-stranded DNA. The supernatant was discarded. Deprotection of the acetyl 

group on the mannose was effected by the addition of 300 μL of concentrated ammonium 

hydroxide (18 M) and incubation at room temperature for three hours. This tube was then 

sealed tightly before heating on a thermal block at 70 °C for 10 min. The sample was cooled 

in an ice bath before opening the cap. The tube was placed on the magnet, and the 

supernatant was transferred to a separate tube. 100 μL more ammonium hydroxide (18 M) 

was added to the beads, and the heating procedure was repeated once more.  

The supernatants from the two ammonium hydroxide treatment steps were combined 

and then combined with 4.5 mL n-butanol before vortexing and centrifuging at 16,000 ×g at 

4 °C for 10 min. The supernatant was removed and discarded. The sample was dried over 

vacuum centrifugation, and then resuspended in 100 μL water. To this solution, we added 50 

uL of 5 M NH4OAc and 415 μL of cold 100% ethanol before freezing at -80 °C for 30 min. 

We centrifuged for 30 min at 21,000 ×g at 4 °C to precipitate the non-natural aptamer. The 

pellet was washed once with 70% cold ethanol in water, then dissolved in 100 μL water.  

11. Bio-layer interferometry measurement of selected non-natural aptamers 

3-1 and 3-1m were diluted to 50 nM in SB. Solutions of 0, 1, 2, 4, 8, 16, 32, and 64 

nM Con A were prepared in SB. The solutions were loaded into a 384 well plate, with 100 

µL of SB, 80 µL of biotinylated aptamer, and 100 µL of Con A solution for each reaction. 

The following steps were run on the ForteBIO Octet RED384 with Super Streptavidin 

biosensors: 60s in buffer for equilibration, 5 min in aptamer solution to load the aptamer onto 

the biosensors, 60s in buffer for a baseline measurement, 10 min in Con A solution to 

measure association, and 10 minutes in buffer to measure dissociation. Analysis was 
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performed using Octet Data Analysis software, including the alignment of the different 

measurements and global fitting of the experimental data to a binding model to extract Kd, 

kon, and koff.     

12. Lectin array assay to probe non-natural aptamer specificity 

The following procedure was adapted from the vendor’s product manual. First, we 

dried the glass slide. The slide with the pre-printed lectin array was equilibrated to room 

temperature inside the sealed plastic bag for 20- 30 minutes. We then annealed 30 μL 0.5 μM 

3-1m in 1X PBS by incubating the solution at 95 °C and slowly cooling down to 4 °C at a 

ramp rate of 0.1 °C/second. We incubated at 4 °C for 5 min. We then added 100 μL sample 

diluent (included in the lectin array package) into each well of the array and incubated at 

room temperature for 30 min to block the slides. We removed the buffer from each 

well. After diluting 3-1m to the desired concentration with SB, we added 100 μL of diluted 

3-1m to each well and incubated the arrays at room temperature for 3 hours.  We then 

removed the samples from each well, and washed each well five times (5 min each) with 150 

μL of 1X wash buffer I (included in the lectin array package, supplemented with 2.5 mM 

MgCl2, 1 mM CaCl2, and 0.1 mM MnCl2) at room temperature with gentle shaking. We 

completely removed the buffer between each wash step. We then washed two times (5 min 

each) with 150 µL of 1X wash buffer II (included in the lectin array package, supplemented 

with 2.5 mM MgCl2, 1 mM CaCl2, and 0.1 mM MnCl2) at room temperature with gentle 

shaking. We completely removed the wash buffer between each wash step. We then briefly 

spun down the Cy3 equivalent dye-conjugated streptavidin tube (included in the lectin array 

package), and added 1.4 mL of sample diluent to the tube, mixing gently. We added 80 μL of 

Cy3 equivalent dye-conjugated streptavidin to each well and incubated in the dark at room 
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temperature for 1 hour. We decanted the samples from each well, and washed five times with 

150 μL of 1X wash buffer I at room temperature with gentle shaking, completely removing 

the wash buffer after each wash step. We disassembled the slide assembly by pushing the 

clips outward from the slide side and carefully removing the slide from the gasket. We placed 

the slide in the slide washer/dryer (a four-slide holder/centrifuge tube included in the lectin 

array package), adding enough 1x wash buffer I (about 30 mL) to cover the whole slide, and 

then gently agitated at room temperature for 15 minutes. After decanting wash buffer I, we 

washed with 1x wash buffer II (about 30 mL) with gentle shaking at room temperature for 5 

minutes. Finally, we dried the slide by centrifugation at 200 ×g on a microscope slide spinner 

and scanned the slide on a microarray scanner, monitoring the Cy3 dye channel at PMT 500.  
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Table 3.5. Complete list of lectins on lectin array. This information is replicated from the 

Lectin Array 40 product manual. 

 

13. Determining Con A concentration to induce complete hemagglutination 

Human erythrocytes were washed and resuspended in 1X PBS in a 96-well U-shaped 

well plate at 1% hematocrit, with Con A concentrations ranging from 2 μg/mL to 250 μg/mL. 
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We let the plate stand at room temperature for 1 hour before visualizing the deposition of 

erythrocytes at the bottom of the well. The optical densities at 655 nm of the cell suspensions 

were then measured on a plate reader.  

14. Hemagglutination inhibition assay 

We annealed 30 μL 0.5 μM 3-1m in 1X PBS by heating the solution to 95 °C and 

slowly cooling down to 4 °C at a ramp rate of 0.1 °C/second, followed by incubation at 4 °C 

for 5 min. We incubated the annealed non-natural aptamer at a range of concentrations from 

9.6 nM to 300 nM with 150 nM Con A in 1X PBS for 30 min in a 96-well U-shaped well 

plate. Human erythrocytes were added to produce a cell suspension of 1% hematocrit in a 

total volume of 50 μL per well. After 1 hour of incubation at room temperature, the 

hemagglutination status of the samples was visualized, and the optical densities of the cell 

suspensions at 655 nm were monitored by a plate reader. 

15. Microscopic characterization of human erythrocyte agglutination 

We annealed 2 μL of 4 μM 3-1m in 1X PBS by incubating the solution at 95 °C and 

slowly cooling down to 4 °C at a ramp rate of 0.1 °C/second, and then incubated at 4 °C for 5 

min. To this non-natural aptamer solution, we added 1 μL of 6.5 μM Con A and incubated 

for 30 min at room temperature. We prepared an erythrocyte suspension to a final hematocrit 

of 20% in PBS. 7 μL of each erythrocyte suspension was combined either with the Con A-

non-natural aptamer complex or 3 μL 1X PBS. 10 μL of this mixture was loaded onto glass 

slides, covered with coverslips, and immediately visualized using 10X and 40X objective 

lenses on a microscope.  
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Chapter IV. Developing a method to generate pH switching aptamers 

 A. Introduction 

 Differences in pH are strictly maintained both inside and outside of cells. This is 

essential for cellular functions, including energy generation and maintenance of protein 

structure and function.1 Extracellular pH is typically around 7.4 at physiological conditions, 

while intracellular pH, in the cytosol, is slightly more acidic, pH 7.2.1 The pH of intracellular 

compartments varies widely. For example, early and late endosomes are roughly pH 6.3 and 

pH 5.5, respectively. By engineering pH sensitive reagents, we can take advantage of these 

carefully regulated cellular conditions. One important example of this is pH-triggered drug 

delivery.2,3 Because pH is lower in endosomes than in the extracellular area, delivery systems 

can be programmed to selectively release drugs once they have been internalized and are 

exposed to a pH change. Other anticancer delivery systems exploit the more acidic tumor 

microenvironment (pH 6.5-7.2) to deliver drugs to tumors and not to healthy tissue.3 

Intracellular imaging and pH sensing are also important applications for pH sensitive 

reagents.4,5  

 Despite the utility of pH sensitive reagents, strategies for making them are limited. 

There are two common approaches: designing pH sensitive polymers and modifying existing 

aptamers with pH active motifs. Polymers have been developed that collapse or swell based 

on the pH of their environment.6 Polymer systems can be tuned to release drugs under acidic 

or basic conditions.7–10 Aptamers and other targeting or imaging agents can be tethered to the 

polymer to create multifunctional nanostructures for drug delivery. The advantage of these 

systems is that targeting or other function can be performed independently from the pH 

switching action. Modular approaches enable faster development of nanostructures for new 

targets. However, polymers are not well-suited for all applications requiring pH switching 
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reagents. Once an aptamer is identified, it can be used for many different applications. For 

polymers, however, design requirements are highly dependent on the applications, so the 

same pH sensitive polymer could not be used in biosensors and drug delivery, for example. 

The second strategy for developing pH switching reagents is directly engineering a 

biomolecule to perform pH switching. Aptamers are promising candidate molecules, since 

selection conditions can be varied to match the assay the aptamer is ultimately intended for. 

Parameters like salt concentration, pH, and temperature are frequently adjusted; however, it 

is less common to select directly for a desired function other than binding. Strategies exist for 

engineering pH switching aptamers without selection. Some groups have modified existing 

aptamers with an i-motif or other pH sensitive structure to engineer in pH dependent 

activity.11,12 However, testing post-selection modifications can be cumbersome, as the best 

location for adding a pH sensitive structure is not obvious and any modification can reduce 

or eliminate the aptamer’s binding activity.13,14 Ideally, aptamers with the desired pH 

behavior would be directly chosen during the selection. With conventional SELEX methods, 

however, this requires many rounds of selection, which greatly increases the likelihood of the 

emergence of biases and failure of the selection. Our lab previously reported the selection of 

pH-activated DNA nanostructures.15 This was the first example of de novo selection for pH 

active motifs. However, this system used DNA hybridization and displacement of the nucleic 

acid target (rather than aptamer binding) and required twelve rounds of selection using 

conventional SELEX. An urgent need remains for a method to efficiently generate pH 

sensitive aptamers.  

Here, we demonstrate the first reported screen for pH switching aptamers. By 

screening for binding to the target protein, streptavidin, at pH 7.4 and against binding at pH 
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5.2, we isolated pH switching aptamers in only three rounds. For the top performing aptamer, 

we identified the pH active domain and were able to modulate its pH behavior through single 

point mutations. 

 B. Overview of screen for pH switching 

 The objective of this work was to directly screen for aptamers with pH dependent 

binding, eliminating the need for the addition of a pH sensitive motif post-selection. We 

incorporated a short existing aptamer sequence in the library, so the starting library would 

bind to the target (Fig. 4.1). An adjacent 20 nucleotide random region was included, so 

successful pH switching sequences would disrupt the aptamer sequence. We then screened 

for aptamers that retained target binding at pH 7.4 but lost binding at pH 5.2. We chose 

streptavidin as the target because it is stable across a wide pH range and it has a short, well-

characterized aptamer, SBA29.16–18 SBA29 was selected by Bing and coworkers and has a 

reported Kd of 40 ± 18 nM.16 This screen was performed using a variation on the previously 

described particle display platform.19 The experimental scheme is shown in Figure 4.2. First, 

a pool of monoclonal aptamer particles were created using emulsion PCR (Fig. 4.2, step 1). 

Here, the key difference from the method described in Chapter II is that two sequential sorts 

were performed each round without amplification in between. For the first sort, we incubated 

the aptamer particles with streptavidin in pH 7.4 selection buffer (Fig. 4.2, step 2) and 

collected all particles that bound streptavidin (Fig. 4.2, step 3). For the second sort, we re-

incubated the aptamer particles with streptavidin in pH 5.2 selection buffer (Fig. 4.2, step 4) 

and collected all aptamer particles that did not bind streptavidin (Fig. 4.2, step 5). This was 

considered one round of screening, and the aptamer particles collected in the second sort 

were amplified to create the aptamer pool for the next round (Fig. 4.2, step 6). After three 
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rounds, the aptamer pools from all three rounds were sequenced using next generation 

sequencing (Fig. 4.2, Step 7). 

 

Figure 4.1. Library designed to include a streptavidin aptamer domain (SBA29) and a 20 

nucleotide random region. The objective of the screen is to identify sequences that bind to the 

target (streptavidin) at pH 7.4 but disrupt the SBA29 aptamer domain at pH 5.2 to eliminate 

target binding. 
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Figure 4.2. Scheme for pH switching particle display screen. Monoclonal aptamer particles 

were created. Two incubation and sorting steps were performed to isolate pH switching 

aptamers. First, aptamer particles that bound the target at pH 7.4 were collected. Second, 

aptamer particles that did not bind the target at pH 5.2 were collected. Aptamers from the 

collected particles were amplified to enrich the pool for pH switching sequences. After three 

rounds of screening, the aptamer pools from all rounds were sequenced. 

  

C. Results and discussion 

 Three rounds of particle display screening were performed. The gates used for each 

sort are shown in Figure 4.3. In the first sort, all of the sequences that bound streptavidin at 

pH 7.4 were collected (Fig. 4.3, gate P2). In the second sort, all of the sequences that did not 

bind streptavidin at pH 5.2 were collected (Fig. 4.3, gate P1). After three rounds, the pH 

switching behavior of the aptamer pool was significantly enriched (Table 4.1). There was a 

small decrease in the ratio of binding at pH 7.4 to binding at pH 5.2 in round 2, but the ratio 
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increased significantly in round 3. With a large majority of the sequences in the round 3 pool 

demonstrating the desired pH switching, we performed next generation sequencing of the 

three aptamer pools. The aptamers with the highest copy number in round 3 and the high 

enrichment from round 1 to round 3 were identified (Figure 4.4a). Ten candidate sequences 

were synthesized and tested individually. Particles displaying each sequence were incubated 

with a streptavidin-phycoerythrin conjugate (SA-PE). Results from testing of the aptamer 

candidates are shown in Figure 4.4b. Eight of the ten sequences had higher binding to 

streptavidin at pH 7.4 than at pH 5.2, and two of the sequences had similar or higher binding 

at pH 5.2. The two sequences that showed the largest decrease in binding from pH 7.4 to pH 

5.2, S3 and S8, were chosen for further testing. 

 

Figure 4.3. Sort gates for the first and second sort for the library, round 1, and round 2 

aptamer particles (outlined in green). In the top graphs, high fluorescence particles (gate P2) 

in pH 7.4 selection buffer were collected. In the bottom graphs, low fluorescence particles 

(gate P1) in pH 5.2 selection buffer were collected. Binding at pH 7.4 was lower for the 

round 2 particles, so only the first sort was performed. 
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Table 4.1. Percentage of particles that bound to streptavidin at pH 7.4 and pH 5.2 in each 

round.  

 

 

Figure 4.4. (a) Identification of aptamer candidates with NGS. The top 1000 sequences by 

number of reads in R3 are shown (after filtering out low quality reads and sequences with 

incorrect length). The seven sequences with highest enrichment from R1 to R3 and the three 

sequences with the highest number of reads in R3 were chosen for testing (shown in red). (b) 

Screening of aptamer candidates for pH-dependent binding. Each sequence was conjugated 

to beads and binding to streptavidin (50 nM) was measured at pH 7.4 and pH 5.2. The two 

sequences with the biggest difference in binding at pH 7.4 and pH 5.2 were chosen for 

further characterization (shown in red). 

 

Compared to the original aptamer (SBA29), the pH switching aptamers S3 and S8 

demonstrated significantly more pH sensitivity (Fig. 4.5). Particles displaying each sequence 

were generated, and the fluorescence intensity of the aptamer particles was measured across a 

range of streptavidin concentrations at both pH 7.4 and pH 5.2. The equilibrium dissociation 

constant, Kd, was determined for each sequence using a saturation binding model (one site, 

total binding) in GraphPad Prism. SBA29 has a similar Kd under both pH conditions, 10.4 ± 

1.5 nM at pH 7.4 and 3.50 ± 0.46 at pH 5.2. pH switching aptamers S3 and S8 bound 
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strongly to streptavidin at pH 7.4 (Kd of 24.2 ± 3.4 nM and 112 ± 19 nM, respectively), but 

both aptamers had much weaker binding at pH 5.2. We were not able to test the binding at 

high enough target concentrations to reach a stable bound plateau for either S3 or S8 at pH 

5.2, so Kd could not be determined reliably.  

The binding affinity of SBA29 and S8 to streptavidin was confirmed using another 

method, microscale thermophoresis (MST). These results also demonstrated that SBA29 is 

pH insensitive, with similar Kd values at pH 7.4 and at pH 5.2 (6.1 nM and 27 nM, 

respectively) (Fig 4.6a, 4.6b). Again, aptamer S8 demonstrated significant pH sensitivity, 

with approximately 2 orders of magnitude higher binding affinity at pH 7.4 than at pH 5.2. 

At pH 7.4, S8 has a Kd of 10 nM (Fig 4.6c). At pH 5.2, the Kd could not be determined 

because the highest practical target concentrations did not give a stable binding plateau (Fig 

4.6d). From the observed binding response, we estimate that the Kd is in the high nanomolar 

to low micromolar range.  

Figure 4.5. Bead-based binding measurements at (a) pH 7.4 and (b) pH 5.2, for aptamer 

SBA29 and pH switching aptamers, S3 and S8. Aptamer particles for each sequence were 

incubated with streptavidin-phycoerythrin and fluorescence intensity was measured using 

flow cytometry. The error bars were determined from the standard deviation of experimental 

replicates (n = 2 for SBA29, pH 5.2, n = 3 for all other samples). (N.D. = not determined) 
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Figure 4.6. Binding measurements by microscale thermophoresis for (a) SBA29 at pH 7.4, 

(b) SBA29 at pH 5.2, (c) S8 at pH 7.4, and (d) S8 at pH 5.2. No bound plateau was reached 

for S8 binding measured at pH 5.2, so the Kd could not be determined reliably. 

  

Predicted secondary structures for aptamer S8 are shown in Figure 4.7 (obtained 

using Mfold).20 The structure with the lowest free energy shows correct folding of the 

SBA29 aptamer region (Fig. 4.7a). However, in the structure with the second lowest free 

energy, the random region hybridizes with the SBA29 aptamer region, preventing the 

original aptamer domain from folding (Fig. 4.7b). We hypothesize that the first structure is 

more stable at pH 7.4, and that the second (blocked) structure is stabilized at pH 5.2. The 

blocked structure has a predicted G-A mismatch, a pairing which has been shown to be 

stabilized at acidic pH, both experimentally and computationally.21–23 There is a second 

predicted mismatch (C-T), which has been shown to be pH insensitive.21 
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To identify the pH active domain, we tested the S8 aptamer with various point 

mutations predicted to affect the stability of the blocked structure (Fig. 4.8a). The mutated 

positions are shown in Figure 4.8b. Three types of mutations were introduced: (1) mismatch 

replaced with base pair, (2) mismatch replaced with another mismatch, and (3) base pair 

replaced with mismatch stabilized at low pH. We expected that replacing the mismatches at 

positions 61 and 62 with correctly matched base pairs would stabilize the blocked structure, 

leading to low binding at both pH 7.4 and pH 5.2. These two mutations (G61 and T62) 

greatly reduced binding at pH 7.4. This supports the hypothesis that the random region of S8 

is hybridizing to the SBA29 domain, preventing binding to streptavidin. Replacing the 

mismatches at positions 61 and 62 with other mismatches (A61, A62, C62) also reduced the 

binding at pH 7.4. Notably, replacing the G-A mismatch with a C-A mismatch significantly 

reduces binding at pH 7.4, even though C-A is also stabilized at acidic pH.21,23 The last three 

mutations replaced a G-C pair with a C-A or G-A mismatch (A59, A65, A67). Sequence A59 

had high binding at both pH conditions, likely because the elimination of the G-C pair 

significantly destabilized the stem of the blocked structure and caused the SBA29 domain to 

fold at both pH values. The sequences with a second G-A mismatch added to the stem of the 

blocked structure (A65, A67) retained high binding at pH 7.4, but also had higher binding at 

pH 5.2. This is likely because the G-C pair is more stable than the G-A mismatch, even at 

acidic pH, so the stem is less stable. Despite this, some pH sensitivity remains for these 

sequences. 
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Figure 4.7. Predicted secondary structures for pH switching aptamer S8. (a) The SBA29 

aptamer domain (highlighted in yellow) is folded correctly in the lowest free energy structure 

and does not interact with the random region (purple). (b) Another predicted low free energy 

structure for the same sequence (right) shows the SBA29 domain (yellow) blocked by the 

random region domain (purple). 
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Figure 4.8. (a) Bead-based binding assay of S8 mutant sequences at 50 nM streptavidin. 

Three experimental replicates were performed, and mean + SD is shown. (b) Predicted 

blocked structure of pH switching aptamer S8 with mutation positions shown in red. The G-

A mismatch predicted to stabilize this structure at pH 5.2 is outlined in blue.  

 

D. Conclusions 

In this work, we have developed the first method to isolate pH switching aptamers 

using directed evolution. We have discovered pH sensitive aptamers for streptavidin. For the 

top aptamer, S8, we have identified the pH active domain and proposed a mechanism for its 

pH switching behavior. Interestingly, the pH switching behavior of S8 is driven by a 

completely different interaction than the commonly used i-motif. The i-motif is made up of 

intercalated C-C+ pairs, while S8 undergoes significant structural changes based on the pH 

stability of a G-A pair. Particle display for pH switching aptamers can be readily adapted to 

isolate aptamers for other targets in order to produce highly functional aptamers for use in 

drug delivery and pH sensing applications.    
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E. Experimental section 

1. Reagents 

Oligos were purchased from IDT with standard desalting. Streptavidin Alexa Fluor 

488 conjugate was purchased from ThermoFisher Scientific, and streptavidin-phycoerythrin 

was purchased from Invitrogen. 

The SBA29 aptamer sequence used was 5’-ATT GAC CGC TGT GTG ACG CAA 

CAC TCA AT-3’. The library sequence was 5’- ATA CCA GCT TAT TCA ATT ATT GAC 

CGC TGT GTG ACG CAA CAC TCA AT- N20 – AGA TAG TAA GTG CAA TCT-3’. 

2. Screen conditions 

Forward primer conjugated magnetic particles and monoclonal aptamer particles were 

made as described previously (Chapter II, Section E). Prior to incubation, the aptamer 

particles were annealed in the thermocycler using the following conditions: 95oC for 5 min, 

5% ramp, 4oC for 5 min. The aptamer particles were incubated with 200 nM streptavidin 

Alexa Fluor 488 (SA-AF488) conjugate (same concentration for all three rounds) in pH 7.4 

selection buffer (PBSMCT: 1x PBS, 2.5 mM MgCl2, 1 mM CaCl2, 0.01% Tween 20) in a 

final volume of 1 mL for 1-2 hours on a rotator in the dark at room temperature. After 

incubation, the particles were washed once and resuspended in 1 mL selection buffer, pH 7.4. 

The sample was sonicated and then measured on the flow cytometer (BD, FACSAria III). 

Aptamer particles with high fluorescence intensity were collected in each round (430,000 

events in the first round, 65,000 events in the second round, and 18,000 events in the third 

round). For the first round, all aptamer particles with fluorescence intensity above the 

background were collected. The stringency was increased in the next round; the sort gate was 

shifted to the right, and the top 10% of aptamer particles were collected in the second round. 
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In the third round, binding to the target was lower, so all particles with fluorescence above 

the background were collected (1.4%). The collected particles were transferred to a 1.5 mL 

tube and placed on a magnetic rack for 5 min and the supernatant was removed. In the first 

two rounds, the particles were resuspended in 200 nM SA-AF488 in pH 5.2 selection buffer 

(PBSMCT, adjusted to pH 5.2 with NaOH) in a final volume of 250-500 µL, and incubated 

on a rotator in the dart at room temperature for 30 min. The particles were washed once and 

resuspended in 1 mL selection buffer, pH 5.2. The sample was sonicated and then measured 

on the flow cytometer. For the second sort, all “dark” beads were collected, so any aptamer 

particles that bound SA-AF488 at pH 5.2 were eliminated. In the second sort, 40,000 and 

3,000 events were collected in the first and second rounds, respectively. Aptamer particles 

collected from the second sort were amplified to regenerate the aptamer pool for the 

following round. A second sort was not performed for the third round, so the aptamer 

particles were amplified immediately after the first sort. 

3. Next generation sequencing of the enriched aptamer pools 

The aptamer pools from all three rounds were indexed and prepared for sequencing 

according to the 16S Metagenomic Sequencing Library Preparation guide by Illumina. 

Adaptor sequences were ordered from IDT. NGS was performed using an Illumina MiSeq 

system. The FASTAptamer toolkit was used to calculate the copy number and enrichment of 

each sequence.  

4. Screening aptamer candidates 

 Ten candidate sequences were ordered from IDT (Table 4.2). Aptamer particles were 

generated for each sequence. Bead-based fluorescence assays were performed to measure the 

binding affinity of each aptamer to streptavidin. A different streptavidin conjugate 
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(Phycoerythrin) was used to characterize the binding that was used during the screen to 

ensure the aptamer was not interacting with the Alexa Fluor 488.  

S1 ATTGACCGCTGTGTGACGCAACACTCAATTATTATGTCTTTTTTGTTTT 

S2 ATTGACCGCTGTGTGACGCAACACTCAATATTCCCATCTCATGACGTCG 

S3 ATTGACCGCTGTGTGACGCAACACTCAATACCTTCTCAACGTTCTCTGT 

S4 ATTGACCGCTGTGTGACGCAACACTCAATCCCCTCTATCCGTCCGTCTG 

S5 ATTGACCGCTGTGTGACGCAACACTCAATGTCCTCGTCCCGCAGACTAA 

S6 ATTGACCACTGTGTGACGCAACACTCAATATATGCAGAAGCCTCCCCGT 

S7 ATTGACCGCTGTGTGACGCAACACTCAATCGTCTAAGTAGAGATGGTCT 

S8 ATTGACCGCTGTGTGACGCAACACTCAATTCTTGGATCTCGCTGCACAC 

S9 ATTGACCGCTGTGTGACGCAACACTCAATACATTGCGAAATGGTTCCCG 

S10 ATTGACCGCTGTGTGACGCAACACTCAATAAATTCTGGCACTCTACCGT 

 

Table 4.2. Sequences of aptamer candidates synthesized and tested for pH switching. Primer 

binding regions are not shown. The SBA29 domain is shown in black, and the random region 

is shown in red. 

 

5. Binding affinity measurement of pH switching aptmaers 

Binding curves were generated using bead based fluorescence assays for the aptamer 

candidates, S3 and S8, and for the original aptamer, SBA29. Kd was determined based on a 

saturation binding model (one site-total binding) using GraphPad Prism 7.  

Microscale thermophoresis was performed by 2bind to measure the binding affinity 

of S8 and SBA29 to streptavidin at pH 7.4 and pH 5.2. For each experiment, a serial dilution 

of the streptavidin was prepared (final concentration 61 pM to 2 µM) and mixed with Cy5-

labeled aptamer (final concentration held constant at 5 nM). The samples were analyzed on a 

Monolith NT.115 Pico at 25 oC, with 5% LED power and 60% laser power.  
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6. Mutation study to identify pH active motif for aptamer S8 

The predicted structures were generated using mfold, with salt conditions similar to 

the selection buffer (137 mM Na+, 2.5 nM Mg2+). S8 point mutants were ordered from IDT. 

Bead-based fluorescent measurements were performed to test the binding of each sequence to 

streptavidin.  

G61 ATTGACCGCTGTGTGACGCAACACTCAATTCTTGGATCTCGCGGCACAC 

T62 ATTGACCGCTGTGTGACGCAACACTCAATTCTTGGATCTCGCTTCACAC 

A61 ATTGACCGCTGTGTGACGCAACACTCAATTCTTGGATCTCGCAGCACAC 

A62 ATTGACCGCTGTGTGACGCAACACTCAATTCTTGGATCTCGCTACACAC 

C62 ATTGACCGCTGTGTGACGCAACACTCAATTCTTGGATCTCGCTCCACAC 

A59 ATTGACCGCTGTGTGACGCAACACTCAATTCTTGGATCTCACTGCACAC 

A65 ATTGACCGCTGTGTGACGCAACACTCAATTCTTGGATCTCGCTGCAAAC 

A67 ATTGACCGCTGTGTGACGCAACACTCAATTCTTGGATCTCGCTGCACAA 

 

Table 4.3. Sequences of aptamer S8 mutants. Primer binding regions are not shown. The 

mutated base for each sequence is shown in red. 
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Chapter V. Conclusion 

 High quality affinity reagents are essential for molecular recognition in many 

contexts, including biological research and diagnosis, monitoring, and treatment of disease. 

The three projects discussed here demonstrate that particle display is an effective method for 

discovering highly functional aptamers. A high affinity aptamer was identified for a tumor 

biomarker, p32, using the existing particle display method. Two methods were developed 

that expanded the capabilities of the particle display platform: Click-PD and PD for pH 

switching aptamers. Click-PD allows screening for non-natural aptamers, using only 

commercially available nucleotides and polymerases. Using this method, we generated a 

non-natural DNA aptamer with extremely high affinity and specificity to Con A. Aptamers 

with pH dependent binding to streptavidin were generated, and a mechanism for pH 

switching was proposed and evaluated for the top aptamer. Together, these methods offer a 

significant improvement over traditional aptamer discovery techniques. This chapter will 

briefly highlight potential future directions for each of these projects. 

 For the p32 screen, analysis and characterization is ongoing. Next generation 

sequencing offers much deeper information about the progress of the experiment and the 

resulting aptamers. We plan to identify other aptamer candidates for testing. We also plan to 

study the evolution of the aptamer pool from round to round and investigate strategies for 

streamlining the aptamer discovery process. To determine if p32-2 or another aptamer is 

functional in vivo, several stages of work are still required. Cell binding assays must be 

performed in vitro to ensure that the aptamer binds membrane bound p32. Developing 

aptamers for cell surface receptors can be challenging, as the soluble form of the protein used 

for selection can have a very different structure than the native protein. Second, the aptamer 
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must be tested for binding in vivo. The aptamer must bind to p32 on tumor cells and avoid 

any problematic off-target binding. Finally, the aptamer must be tested for efficacy. To be an 

effective reagent, the aptamer needs to either bind p32 and deliver a payload to the cell or to 

act as a therapeutic itself. Beyond this project, there is great potential for using particle 

display to generate aptamers for other disease biomarkers. In the future, better methods for 

performing selections with cells or tissues are needed to more reliably generate functional 

aptamers and to discover new biomarkers. 

Click-PD has great potential to be used to incorporate countless modifications. We 

are currently studying amino acid-like modifications as well as short peptides. Work is 

ongoing in our lab to isolate non-natural aptamers to lectins, glycans, and other small 

molecules of great biological interest. Future work is needed to continue to develop strategies 

for choosing the most effective modification for a particular target. Another potential 

direction is performing two orthogonal chemical reactions after PCR to further increase the 

chemical diversity of DNA. 

For pH switching PD, we are continuing to validate this method to demonstrate that it 

is a versatile platform for generating pH switching aptamers. For the next phase of this work, 

we plan to use this method to generate aptamers for other targets with biological applications. 

The two classes of targets that would be most interesting are drugs and cell surface receptors. 

A pH sensitive aptamer for a drug, such as doxorubicin, could release the drug once it is 

internalized into the more acidic endosome. pH sensitive aptamers for cell surface receptors 

could bind to the receptor and be released upon internalization. This would be interesting for 

drug delivery or for measuring the pH along different cellular pathways. 
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In this work, we have demonstrated solutions to several critical problems with 

traditional aptamer discovery methods. By developing better methods, we enable the 

isolation of high quality affinity reagents for a broader range of targets. Ultimately, this will 

provide valuable tools for detecting and curing disease. 

 




