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Abstract 

 

Galactonate-binding aptamers were isolated using a technique called Systematic 

Evolution of Ligands by Exponential Enrichment (SELEX). This iterative process was 

able to remove unwanted aptamers from a pool of oligonucleotide library. The target 

molecule (galactonate-Shinkai complex) was eventually reduced to 250 and 10 µM after 

several rounds of SELEX and observing selectivity. During counter-selection however, it 

showed that the aptamers were heavily binding to 100 µM Shinkai. Additional SELEX 

rounds were applied to further enrich the DNA pool. Insertion of the isolated DNAs in E. 

coli did not provide enough bacterial colonies for DNA sequencing.  

A 20-step synthetic route was proposed to synthesize two cryptophane molecules. 

The cryptophane-cage molecule is able to bind with 129Xe which is used in contrast 

agents to improve signal detection. Precursors for a cryptophane cage molecule were 

successfully synthesized and characterized. Additional works are needed to complete the 

proposed steps. 

  

 

 

 

 

 

 

 

 

 

 

 



ISOLATION OF APTAMERS FOR GALACTONATE 

AND SYNTHESIS OF CRYPTOPHANE DERIVATIVE PRECURSORS 

By 

Levi Martin S igua 

Approved: Date: 

Dr. Marlin Halirn 

D)~1¥ 
Dr. Chul Kim 

IV 



v 
 

Acknowledgements 

 

 I would like to thank my supervisor Dr. Marlin Halim for the opportunity of 

working in this research project and joining her research lab. I am very grateful for her 

never-ending support and guidance in helping me become a better researcher. She has 

definitely pushed me in improving myself and helped me achieving my goals. I would 

also like to thank my colleagues who also supported me with this research project. In 

addition, I would like to thank Dr. Felix Fischer of UC Berkeley and his students for 

allowing me to work in his lab and their facilities. Thanks to my family and friends for 

their unwavering support for my endeavors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

Table of Contents 

Page 

Abstract ......................................................................................................................... iii 

Acknowledgements ......................................................................................................... v 

List of Figures ...............................................................................................................vii 

Chapter One. Introduction ............................................................................................... 1 

Aptamer Selection for Galactonate ....................................................................... 1 

Synthesis of Cryptophane Molecule for Xe Contrast Agent .................................. 7 

 

Chapter Two. Results and Discussion ............................................................................ 12 

Isolation of Aptamers for Galactonate via SELEX ............................................. 12 

Synthesis of Precursors for Cryptophane ............................................................ 15 

 

Chapter Three. Conclusions ........................................................................................... 27 

Chapter Four. Future Directions ..................................................................................... 28 

Chapter Five. Experimental ........................................................................................... 29 

References ..................................................................................................................... 38 

 

 

 

 

 

 

 

 



vii 
 

List of Figures 

 

Figure 1. Leloir pathway and alternative pathways for galactose metabolism ................... 2 

Figure 2. Structure of galactonate molecule ..................................................................... 3 

Figure 3. Aptamer-based detection kit concept ................................................................. 3 

Figure 4. Diagram of SELEX process .............................................................................. 4 

Figure 5. Base composition of oligonucleotides and capture sequence used in SELEX .... 5 

Figure 6. Structure of Shinkai molecule ........................................................................... 6 

Figure 7. Structure of target cryptophane derivatives ....................................................... 8  

Figure 8. Design concept of a Xe-based biosensor with a functionalized cryptophane  

 cage molecule .................................................................................................. 9  

Figure 9. Gel image from a SELEX round ..................................................................... 12 

Figure 10. Gel image from large scale SELEX ............................................................... 13 

Figure 11. Counter-selection of galactonate-Shinkai against 100 µM Shinkai ................ 14 

Figure 12. Gel image from small scale SELEX with galactonate target and buffer 

washes.......................................................................................................... 14 

Figure 13. 1H NMR of 11 .............................................................................................. 16 

Figure 14. 1H NMR of 3 ................................................................................................ 17 

Figure 15. 1H NMR of 12 .............................................................................................. 19 

Figure 16. 1H NMR of 13 .............................................................................................. 20 

Figure 17. 1H NMR of 6 ................................................................................................ 21 

Figure 18. 1H NMR of crude product obtained from the reaction of 15 with BBr3 .......... 24 

Figure 19. 1H NMR of 16 .............................................................................................. 25 



viii 
 

Figure 20. 1H NMR of product obtained from the reaction of 16 with 10% KOH-

MeOH .......................................................................................................... 26 

 

 

 

 

 

 

 



1 
 

 
 

Chapter One 

Introduction 

Aptamer Selection for Galactonate 

 Galactosemia is a genetic disorder wherein the body cannot properly break down 

galactose sugar into its metabolites.1-3 Galactose is a sugar molecule that is commonly 

found in milk and other dairy products.  Galactose metabolism is carried out in the Leloir 

pathway that eventually converts galactose into UDP-glucose (Figure 1).2-4 The reactions 

in this pathway are catalyzed by three enzymes: galactokinase (GALK) converts 

galactose into galactose-1-phosphate (Gal-1-P), galactose-1-phosphate uridyltransferase 

(GALT) converts Gal-1-P into UDP-galactose, and UDP-galactose 4-epimerase (GALE) 

converts UDP-galactose into UDP-glucose.2-4 Molecules produced in this process are 

utilized in other metabolic pathways such as the conversion of UDP-glucose for energy 

production. In addition, galactose can undergo a different pathway and convert to form 

galactitol by aldose reductase enzyme. The oxidation of galactose into galactonate is 

carried out by the D-galactose-1-dehydrogenase enzyme.   
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Figure 1. Leloir pathway2,4 and alternative pathways for galactose metabolism6. 

 

Patients that have mutations in the enzymes involved in galactose metabolism are 

diagnosed with galactosemia, where it is classified into three types. Type I/classical 

involves a mutation in the GALT enzyme, GALK1 in type II and GALE in type III. 

Deficiencies in these enzymes result in delay in neurological growth, liver diseases, 

jaundice or cataract.3 A mutation in the GALT enzyme causes a disruption in the Leloir 

pathway that leads to an increase in the gal-1-P, galactose, galactitol and galactonate 

concentrations.5 Studies have shown a rise in urine galactonate when galactose intake 

was increased in galactosemic patients which may be used as a marker to monitor 

galactose metabolism in the body.6-7 Patients suffering from galactosemia require dietary 

restrictions to avoid the build-up of galactose and its metabolites in the body and also 

require them to have routine blood testing.  

Developing tools that can detect these markers can be useful for galactosemic 

patients. This can be used to observe their galactonate level in the body without the need 
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to go to hospitals. In addition, patients can immediately determine the effect of certain 

diet restrictions in galactonate concentration in the body. To do this, we aim to isolate an 

aptamer capable of binding to galactonate (Figure 2). Aptamers are single-stranded DNA 

molecules capable of binding to a specific target molecules such as ATP, amino acids and 

other organic molecules with high selectivity and specificity.8 These oligonucleotides can 

fold and form complex structures and bind with compatible target molecules through 

hydrogen bonding, van der Waals, hydrophobic and electrostatic interactions.8-9 At the 

same time, the aptamers can bind with certain molecules via these non-covalent forces. 

The isolated aptamers with high specificity and sensitivity can then be used in the 

development of a detection kit (Figure 3). The detection kit will be composed of a 

modified aptamer with a signaling component such as a fluorophore (F) with a quencher 

(Q) attached to it. The aptamer serves as the targeting moiety that will bind to galactonate 

(T). This will cause a conformational change in the aptamer that releases the quencher 

and allow the fluorophore to give an optical signal that can be detected and measured. 

 

 

Figure 2. Structure of galactonate molecule. 

 

Figure 3. Aptamer-based detection kit concept. 
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To isolate these oligonucleotides by in vitro selection, a technique called 

Systematic Evolution of Ligands by Exponential Enrichment (SELEX) can be applied. 

The SELEX mainly revolves around the binding, partition, elution, amplification and 

regeneration steps (Figure 4). 

 

 

Figure 4. Diagram of SELEX process. 

 

Each round of SELEX undergoes two amplification steps for any of the aptamers 

collected. A small scale PCR amplification is done to monitor the partitioning of 

aptamers between those with high binding affinity for the target and unwanted 

oligonucleotides. The large scale PCR is to ensure that the isolated aptamers are 

amplified with enough cycles to be used for the next round of SELEX. In this project, the 

starting point of SELEX is the use of an oligonucleotide library composed of 70-base 
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long aptamers with 30N random bases (Figure 5). The aptamer is hybridized with a 16-

base biotinylated capture sequence (CS) and affixed to a streptavidin column. The bases 

in the capture sequence are complementary to a section in the aptamer library.  

 

5’-GGA GGC TCT CGG GAC GAC N30 GTC GTC CCG ATG CTG CAA TCG T-3’ – 

70-base long aptamer 

5’-GTC CCG AGA GCC TAT A/3BioTEG/-3’ – Biotinylated Capture Sequence (CS) 

Figure 5. Base composition of oligonucleotide and capture sequence used in SELEX. 

 

The aptamer-CS strands are affixed in a streptavidin agarose gel column for each 

round of SELEX. The column is washed with a buffer solution to remove any aptamers 

that did not hybridize well with the CS. The target solution is then introduced into the 

column and incubated together with the aptamers to allow binding. To improve the 

interactions between the target and the aptamers, the galactonate is mixed with a Shinkai 

molecule (Figure 6). Shinkai molecule is a boronic acid that can attach to a target 

molecule to increase its size and complexity that improves the non-covalent interactions 

with the aptamers.10-11 
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Figure 6. Structure of Shinkai molecule10. 

 

After the column is washed with the buffer and target solutions, any aptamers that 

are eluted from the column are collected in separate microcentrifuge tubes. The 

oligonucleotides from the buffer and target washes are partitioned and subsequently 

amplified via Polymerase Chain Reaction (PCR).  Afterwards, the partitioned aptamers 

are qualitatively analyzed via gel electrophoresis and ethidium bromide staining. The 

intensity of the white bands from the buffer and targets washes correlates to the amount 

of amplifiable aptamers present in those fractions. The aptamers that are washed off from 

the buffer solution are discarded and only those that bind to the target molecule are used 

for large scale PCR. Eventually, the oligonucleotide library will be enriched with 

specifically-binding aptamers after doing several rounds of SELEX. The isolated 

aptamers from the pool generated from the last round of SELEX can then be cloned for 

sequencing, binding studies and sensor development. 
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In large scale PCR, the aptamers collected after binding to the target molecule 

during the SELEX rounds are concentrated and amplified with a certain number of cycles 

to yield a sufficient amount of DNA that can be used for the next round of SELEX. The 

amplification products are then separated into aptamers to generate the new library to be 

used for the next round of SELEX.  

Synthesis of Cryptophane Molecule for Xe Contrast Agent 

Another project is the synthesis of an organic molecule that can be used for 

developing MRI contrast agents or biosensors. Magnetic resonance imaging (MRI) is a 

noninvasive medical imaging technique used for taking pictures of organs and tissues.13 

A major downside of this technique is that it has low sensitivity. To improve this, 

contrast agents such as hyperpolarized 129Xe were used to increase the signal. Xenon is a 

non-toxic gas and is easily delivered in biological systems by inhalation.12-13 This makes 

it an effective tool in medical diagnosis and sensing.  

Xenon has been observed to bind to cryptophane reversibly with high affinity.14 

Cryptophane is an organic cage molecule capable of serving as a host molecule for 

xenon. The NMR chemical shift in bound and unbound 129Xe in the cryptophane cage is 

also distinguishable making it an excellent choice for NMR spectroscopy.17 Previous 

studies have shown the use of functionalized cryptophane for sensing streptavidin by 

observing the changes in 129Xe chemical shift or the use of modified cryptophanes to 

recognize specific receptors.12-13 This makes Xe-based tool development with the use of a 

host molecule an interesting potential in molecular imaging and diagnosis.  
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For this project, we wanted to synthesize two cryptophane derivatives (Figure 7). 

The cryptophane derivatives 1 and 2 can be functionalized with a linker and a targeting 

moiety to recognize specific molecules (Figure 8). A Xe-based biosensor with a 

cryptophane host molecule can be utilized to detect molecules as they undergo reactions 

inside biological systems that can translate in understanding more about diseases and 

improve medical diagnosis.  

 

 

Figure 7. Structure of target cryptophane derivatives. 
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Figure 8. Design concept of a Xe-based biosensor with a functionalized cryptophane cage 

molecule. 

 

 A series of steps based from previous literature was proposed in synthesizing the 

target molecules (Schemes 1-2).12-16  
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Scheme 1. Schematic diagram for the synthesis of cryptophane molecule. 
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Scheme 2. Schematic diagram for the synthesis of final cryptophane molecules 1 and 2. 
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Chapter Two 

Results and Discussion 

Isolation of Aptamers for Galactonate via SELEX 

 To increase the chance of binding of the aptamers to the target molecule, we 

started with a target concentration that is higher than the desired final concentration. 

After the library is enriched with aptamers with a high-binding affinity to the target, 

indicated by more intense bands of the target washes relative to the buffer washes, the 

concentration of the target solution was reduced. A 10 mM galactonate solution was used 

in the early rounds of SELEX. This was reduced to 1 mM galactonate mixed with 100 

µM Shinkai. Selectivity was observed at each experimental concentrations after doing 

several rounds of SELEX (Figure 9).  

 

 

Figure 9. Gel image from a SELEX round. White bands indicated the presence of DNA 

in the partitioned eluents, with the intensity correlated to amount of DNA. 

 

The negative control that had no band on the gel image above indicated that the 

results obtained during the specific round had no contamination or external DNA source 

that can interfere with the imaging process. The positive control that had an intense band 
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showed that DNAs were present in the library used in the SELEX round. The more 

intense bands of the target washes relative to the buffer washes showed that aptamers 

with high binding affinity to the target were collected. This indicated that aptamers were 

eluted from the column after binding to the galactonate-boronic acid complex compared 

to washing the column with a buffer solution. The aptamers in the target washes were 

collected, concentrated and amplified via PCR (Figure 10).  

 

 

Figure 10. Gel image of the aptamers collected from the target washes. Intense bands 

indicated sufficient number of amplification cycles were applied during PCR. 

 

After doing several rounds of SELEX and collecting aptamers with high binding 

affinity to the target at the given concentration, the galactonate-Shinkai solutions were 

gradually reduced to a final concentration of 250 and 10 µM. Counter-selection against 

100 µM Shinkai was performed. The more intense bands of the boronic acid washes 

relative to the target washes showed that the counter-selection target was also binding to 

the isolated aptamers (Figure 11). Several rounds of SELEX were applied to wash away 

the oligonucleotides that were binding to the Shinkai molecule.  
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Figure 11. Counter-selection of galactonate-Shinkai against 100 µM Shinkai. 

 

 After removing any aptamers that were binding to the boronic acid by doing more 

counter-SELEX rounds, the enriched oligonucleotide pool was tested for its binding 

affinity with galactonate of increasing concentrations (50, 100, 250, 500 µM and 1 mM) 

(Figure 12). It showed that the oligonucleotides were also binding to the galactonate.   

 

 

Figure 12. Gel image from small scale SELEX with galactonate target and buffer washes. 

 

After enriching the aptamer pool with galactonate-binding aptamers by doing 

several SELEX rounds, the oligonucleotides were collected, concentrated and amplified 

for DNA cloning in E. coli. The pool was cloned twice following manufacturer’s 

protocol. However, the bacteria was not able to yield sufficient number of bacterial 

colonies that can be used for DNA sequencing.  
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Synthesis of Precursors for Cryptophane 

 To synthesize 1 and 2, sections of the cryptophane cage molecule were initially 

synthesized. The reaction work-ups were monitored by TLC analysis and the products 

were characterized using 1H NMR.  

We were able to synthesize 3 following a previous procedure (Scheme 3).13 The 

hydroxyl group in the vanillyl alcohol was replaced with an allyl group from allyl 

bromide and eventually coupled together to produce a polyaromatic ring structure 3 (4 g, 

53% yield).  

 

Scheme 3. 
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The 1H NMR for 11 showed that the correct product was obtained (Figure 13). All 

of 11 was used in synthesizing 3 which was also successfully acquired, based on the 1H 

NMR, although the product still had some solvent residue (Figure 14). 

 

 

Figure 13. 1H NMR of 11. 
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Figure 14. 1H NMR of 3. 

 

 Another precursor for the cryptophane molecule was synthesized following 

literature procedure (Scheme 4).17  
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Scheme 4.  

 

  

Molecule 12 was synthesized and characterized using 1H NMR and comparing it 

with literature values (Figure 15). Unreacted starting material was removed from the 

reaction mixture by column chromatography. 
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Figure 15. 1H NMR of 12. 

 

 After 12 was obtained, the hydroxyl group was replaced with tetrahydropyranyl 

group (THP) that served as a protecting group during the cyclization in the proposed 

synthesis route. 1H NMR on the product showed that 13 was synthesized (Figure 16). 
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Figure 16. 1H NMR of 13. 

 

 The last step in scheme 4 was a substitution reaction, replacing the bromine with 

iodine. The reaction mixture was monitored by TLC analysis. 1H NMR between the 

product 6 and the starting material 13 was very similar with small changes in their 

chemical shifts. This is most likely due to the small difference in electronegativity values 

of bromine and iodine (Figure 17).   
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Figure 17. 1H NMR of 6. 

 

To synthesize 4, we proposed a synthetic route based on previous literature 

(Scheme 5). 14 
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Scheme 5. 

 

  

Two routes were proposed for the synthesis of 14, which is a precursor to 

compound 4 (Scheme 6-7).  

 

Scheme 6. 
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Scheme 7. 

 

 

Following scheme 6, 15 was successfully synthesized following literature 

procedure.13 However, the following reaction to produce 14 from 15 was not successful. 

The reaction mixture of 15 with BBr3 yielded a dark green solution which turned into a 

dark purple solution after the addition of water and NaHCO3. The organic layer was 

extracted and the crude product was characterized by 1H NMR that showed that both the 

allyl and methyl groups were cleaved (Figure 18). 
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Figure 18. 1H NMR of crude product obtained from the reaction of 15 with BBr3. 

  

Scheme 7 was followed instead to produce 14, which will be eventually used to 

make 4. In this reaction, the diallylcatechol 16 was successfully prepared using literature 

procedures.18 The product obtained after the work-up was characterized by 1H NMR to 

confirm its identity (Figure 19). 
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Figure 19. 1H NMR of 16. 

 

 The deallylation step on 16 to convert it into 14 using 10% KOH-MeOH 

catalyzed by 10% Pd/C was unsuccessful. Initial TLC analysis between the starting 

material and the reaction mixture showed no change. The reaction was performed again 

and was left to react for a longer period of time to ideally obtain the product. The reaction 

was performed a few more times but the product was still not obtained, even on a small-

scale set-up. TLC analysis on the reaction mixture and comparing it with the starting 

material 16 showed spots that had similar Rf values. 1H NMR on the product obtained 

after running the experiment for 2 days confirmed that the starting material was still 

present in the reaction mixture and was not converted into the target product (Figure 20). 
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Figure 20. 1H NMR of product obtained from the reaction of 16 with 10% KOH-MeOH. 
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Chapter Three 

Conclusions 

 After doing several rounds of SELEX, the aptamer pool was enriched with 

oligonucleotides binding to 250 µM galactonate with 10 µM Shinkai. During counter-

selection with 100 µM Shinkai, the aptamers were binding to the counter-selection target. 

Additional rounds of SELEX were applied to remove unwanted aptamers. The aptamers 

in the enriched pool was also binding to galactonate solutions (50, 100, 250, 500 µM and 

1 mM). At the last round of SELEX, the aptamer pool was cloned in E. coli. However, 

there were not enough bacterial colonies produced for DNA sequencing and binding 

studies.  

 A 20-step synthesis route was proposed to synthesize two cryptophane molecules. 

Currently, some of the precursors for the cryptophane were successfully synthesized and 

characterized with 1H NMR. The removal of one of the allyl group in one of the products 

with 10% KOH-MeOH was not successful even after prolonged reaction.  
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Chapter Four 

Future Directions 

 An aptamer capable of binding to galactonate can be isolated using a new pool of 

random aptamers. Once the aptamer pool has been reduced after doing several rounds of 

SELEX and that selectivity to galactonate is observed, counter-selection against other 

target molecules such as Shinkai molecule, galactitol or galactose-1-phosphate (Gal-1-P) 

will be tested to ensure specificity of the aptamer to galactonate. If the counter-selection 

targets exhibit binding to the isolated aptamers, specificity may still be achieved by 

applying more rounds of SELEX to wash off those that are not target-specific. This 

hopefully would then further reduce the aptamer pool that will only contain the preferred 

strands. At the last round of SELEX, the aptamer pool will be cloned in E. coli to provide 

bacterial colonies to be used for DNA sequencing. From the DNA sequences identified, 

binding studies can then be tested. Afterwards, a fluorophore and quencher can be 

attached. When a target molecule binds to the aptamer, this causes a change in the 

structure and the quencher is released. The fluorophore gives a fluorescence signal that 

can be detected. The intensity of the signal can then be correlated with the target 

concentration. 

 For the cryptophane synthesis project, it is possible to re-do some of the reactions 

that failed in the earlier synthesis steps. The conversion of 15 with BBr3 to produce 14 

may be performed again as the reaction may still work. Other synthetic routes may be 

present in literature and could be tested to get the target compound. 
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Chapter Five 

Experimental 

 Materials and Methods. Solvents and reagents were purchased from Fisher 

Scientific and Sigma-Aldrich. 1H NMR spectra were obtained at 400 MHz on a Bruker 

400 FT-NMR instrument. DMSO-d6 or CDCl3 were used as solvent and residual solvent 

peaks in 1H NMR were used for reference during data interpretation. Taq Polymerase 

enzyme was purchased from Promega. DNA cloning kit was purchased from 

ThermoFischer Scientific. All chemicals and reagents were obtained from Sigma-

Aldrich, ThermoFischer Scientific, Acros or JT Baker unless specified.  

 Buffer Preparation. The 1x SELEX buffer was prepared by the following: 20 

mM HEPES, 140 mM NaCl, 5 mM KCl, 2 mM MgCl2 with pH adjusted to 7.2-7.4 with 

NaOH or HCl. The 2x SELEX buffer was made in a similar manner with the 1x SELEX 

buffer with twice the concentration. The strand separation buffer was prepared using 20 

mM HEPES, 140 mM NaCl, pH 7.2-7.4. All buffers were made using nuclease-free water 

(HyClone HyPure™ Molecular Biology Grade Water). 

Systematic Evolution of Ligands by Exponential Enrichment (SELEX).  

Small Scale and Counter SELEX. The column was prepared by adding 

streptavidin agarose gel (Pierce, ThermoScientific, 200 µL) in a filtered gravity column 

and conditioned by running a series of 1x SELEX buffer washes. First round of SELEX 

started with 0.3 nmol oligonucleotide library and 1.5 nmol biotinylated capture sequence 

(CS). The aptamer-biotinylated capture sequence (CS) were mixed and heated to 95 °C 

and cooled to rt using a thermocycler. Subsequent SELEX rounds used aptamer 
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concentrations ranging from 0.18 – 0.36 nmol and mixed with the capture sequence in a 

1:5 mole ratio. The hybridized aptamer-biotinylated CS mix was then diluted to a final 

volume of 700 µL with 1x SELEX buffer. Three portions of 200 µL aptamer library were 

passed into the column, with each portion incubated for about 2 min. Afterwards, the 

column was washed with 1x SELEX buffer (8-10 x 200 µL) and the target solution (3 x 

200 µL). All eluents were collected in separate microcentrifuge tubes. A 30 mM 

galactonate solution was prepared by dissolving D-galactonic acid (Sigma-Aldrich, 50 

mg) in 1x SELEX buffer (3.87 mL). A 10 mM galactonate solution, prepared by diluting 

the 30 mM galactonate stock solution with 1x SELEX buffer, was initially used in the 

early rounds of SELEX. After selectivity was observed and the aptamer pool was 

enriched with oligonucleotides at the given concentration, the target concentration was 

reduced to 1 mM mixed with 100 µM Shinkai molecule (made from a 2.5 mM stock 

solution). The 2.5 mM Shinkai stock solution was prepared by dissolving Shinkai 

molecule (5 mg) in methanol (MeOH, 3.87 mL). Eventually, the target concentration was 

decreased to 250 µM galactonate with 10 µM Shinkai. Any aptamers present collected in 

the eluent in the buffer and target washes were used for polymerase chain reaction (PCR). 

After several rounds of SELEX and observing selectivity, counter-selection 

against other molecules were performed. The counter-selection target was passed through 

the column (3 x 200 µL) in between the aptamer-cs and target washes.  

PCR Protocol and Analysis. Any DNA collected in the microcentrifuge tubes 

were amplified via Polymerase Chain Reaction (PCR).  A PCR elution profile was 

prepared by mixing 5x Taq enzyme buffer (50 µL), 10 mM dNTP (5 µL), 100 µM 
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forward and biotinylated end primers (IDT, 2.5 µL), 5 u/µL Taq Polymerase enzyme (2 

µL) and diluting it with DNA-free water to obtain a final volume of 250 µL. The primers 

used in the amplification process had the following sequences: forward primer (fp) – 

5’GGA GGC TCT CGG GAC GAC -3’, biotin end primer (BiotEP) – 5’/5Biosg/ACG 

ATT GCA GCA TCG GGA CGA C-3’. A 1 mL total volume of the PCR profile was 

used for the large scale PCR portion of SELEX using the same ratios. The PCR mixture 

was equally divided among 10 PCR wells. First PCR well had 3 µL nuclease-free water 

that served as the negative control, 2nd well is the positive control that had 3 µL aptamer-

CS fraction. The other wells contained eluents from the buffer, target or counter-selection 

washes. Amplification settings were 95 °C for 2 min, variable number of cycles of 94 °C 

for 15 s, 55 °C for 15 s and 72 °C for 30 s, held constant at 72 °C for 3 min after the last 

cycle and the temperature is then lowered to 4 °C. The number of cycles can vary from 

10-32.  

To analyze the PCR products, the samples were loaded with a bromophenol blue 

loading dye (2X) in 3% agarose gel which is submerged in 0.5x TBE buffer. The agarose 

gels were prepared by dissolving agarose powder (1.5 g) in 0.5x TBE buffer (50 mL). 

The samples are ran in the gel and stained with ethidium bromide for imaging. The gel 

was imaged using a Trans-UV illuminator and Image Lab software (BioRad). The 

presence of DNA in the eluents were analyzed by qualitatively comparing the band 

intensities between the target and buffer washes.  

Large Scale PCR. The eluents collected after passing the target solution in the 

column were filtered using an EMD Millipore centrifugal 10 kDa filter to concentrate any 
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aptamers. The DNA concentrate was added in the PCR large scale profile template. The 

aptamers were amplified via PCR until a significant amount of oligonucleotides had been 

obtained.  

Strand Separation of PCR Products. The PCR product from the large scale 

SELEX was then filtered using an EMD Millipore Centrifugal 30 kDa filter to obtain 

about 30 µL and diluted to a final volume of 200 µL with DNA-free water. During strand 

separation of the DNA product, a streptavidin agarose gel column was prepared in a 

similar manner as described earlier but conditioned with the strand separation buffer (5 x 

200 µL). The PCR product was passed through the conditioned column at least 3x. Two 

portions of 0.5 M NaOH (150 µL) were passed through the column with 1 min incubation 

and collected in a microcentrifuge tube. The pH was adjusted using 1 M HCl to obtain a 

final pH of 7.2-7.4 and diluted with 2x SELEX buffer to achieve a final volume of 700 

µL. The aptamer concentration was obtained by getting the absorbance at 260 nm using 

NanoDrop UV-Vis spectrophotometer.  

 DNA Cloning. After reducing the aptamer library, the DNA samples were cloned 

using TOPO E. coli bacteria using manufacturer’s protocols.  

 3-methoxy-4-(2-propenyloxy) benzenemethanol (10). In a 500 mL round 

bottom flask, vanillyl alcohol (25 g, 162 mmol) was mixed with allyl bromide (16 mL, 

185 mmol) in acetone (110 mL). Afterwards, K2CO3 (22.5 g, 163 mmol) was added into 

the reaction mixture and temperature was increased and stirred overnight under reflux. 

Solvent was removed under vacuum leaving a yellowish-white residue. The residue was 

dissolved in dichloromethane (DCM, 200 mL) and H2O (200 mL). The organic layer was 
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collected and washed with 1M NaOH (3 x 50 mL) and brine. The organic layer was again 

collected and dried with MgSO4. The solution was filtered and solvent was removed 

under vacuum. The remaining residue was re-dissolved in ethyl acetate (EtOAc, 250 mL) 

and solvent was removed under vacuum to remove any excess allyl bromide to obtain an 

off white product (28 g, yield: 89%).  

 2,7-12-trimethoxy-3,8,12-tris(2-propenyloxy)-10,15-dihydro-5H-

tribenzo[a,d,g] cyclonone (11). Compound 10 (28 g, 141 mmol) was dissolved in MeOH 

(220 mL) in a flask that was cooled to 0 °C while stirring. Afterwards, perchloric acid 

(HClO4, 90 mL) was added dropwise. Reaction flask was left to stir overnight to produce 

a pinkish solution. The solution was neutralized with 5 M NaOH (200 mL) which was 

added over a period of time followed by saturated NaHCO3 (200 mL). This converted the 

reaction mixture to a yellow-colored solution. Sample was then filtered off and solvent 

was removed from the filtrate under vacuum to obtain a reddish-pink residue. The residue 

was mixed with diethyl ether (70 mL) and sonicated for 1 hr. while replacing any 

evaporated ether to obtain an oatmeal-like solution that was stirred overnight. Solution 

was filtered to obtain the product (7 g, yield: 36%).1H NMR (CDCl3) δ 6.82 (d, 10H), 

6.06 (m, 6H), 5.37 (dq, 6H), 5.24 (dq, 7H), 4.74 (d, 5H), 4.66-4.51 (m, 11H), 4.46 (d, 

1H). 

2,7,12-Trihydroxy-3,8,13-trimethoxy-10,15-5H-tribenzo[a,d,g] cyclononene 

(3). In a 500 mL round bottom flask, 11 (14 g, 26 mmol) was mixed in tetrahydrofuran 

(THF, 250 mL) and ethanol (EtOH, 270 ml). While stirring, 10% Pd/C (2.4 g) and p-

Toluenesulfonic acid (p-TsOH, 0.5 g) were added and the temperature was increased to 
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60 °C. The resulting solution was filtered with Celite and washed with THF. The solvent 

was removed under vacuum to afford a brownish residue. The residue was washed and 

extracted with THF (200 mL), EtOAc (200 mL) and finally with brine. The organic layer 

was collected and dried with MgSO4. The solution was filtered and solvent was removed 

under pressure. The residue was digested in chloroform (160 mL), and stirred for 1 hr, 

and subsequently filtered to afford a yellowish powder (4 g, yield: 53%). 1H NMR 

(DMSO-d6) δ 8.60 (s, 1H), 6.83 (d, 2H), 4.58 (d, 1H), 3.72 (s, 3H), 3.36 (d, 5H). 

 (4-(2-bromoethoxy)-3-methoxyphenyl)methanol (12). Vanillyl alcohol (6 g, 

38.9 mmol), K2CO3 (10.4 g, 75.2 mmol), dibromoethane (12 mL, 139 mmol) were mixed 

in acetone (100 mL) in a round bottom flask. The reaction mixture was stirred under 

reflux overnight. The solvent was removed under vacuum and residue was dissolved in 

EtOAc and washed with water then brine. The organic layer was collected and dried 

under vacuum. The residue was purified by silica gel column chromatography (20:80 

EtOAc:DCM) to give 12 (4 g, yield: 39%) as white solid. 1H NMR (CDCl3) δ 6.96 (d, 

1H), 6.94-6.84 (m, 2H), 4.64 (s, 2H), 4.33 (t, 2H), 3.89 (s, 3H), 3.65 (t, 2H). 

2-((4-(2-bromoethoxy)-3-methoxybenzyl)oxy)tetrahydro-2H-pyran (13). 

Compound 12 (4 g, 16.5 mmol) was mixed with dihydropyran (DHP, 2.4 mL, 26 mmol) 

and THF (40 mL) and pyridinium p-toluenesulfonate (PPTS, 0.44 g, 1.75 mmol). The 

reaction mixture was stirred overnight at room temperature. Afterwards, the solvent was 

removed under vacuum and the residue was dissolved in ether (3 x 50 mL) and washed 

with water and brine. The organic layer was then collected and dried with MgSO4. The 

solution was filtered and solvent removed under vacuum to obtain an oil-like product. 
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The residue was purified by silica gel column chromatography (30:70 EtOAc:hexane) to 

obtain 13 (3 g, yield: 46%). 1H NMR (CDCl3) δ 6.79 (dt, 6H), 4.64-4.51 (m, 4H), 4.32 

(dt, 2H), 4.18 (td, 4H), 3.99 (qd, 4H), 3.85-3.78 (m, 2H), 3.78-3.72 (m, 6H), 3.51 (td, 

4H), 3.46-3.35 (m, 2H), 1.91 (d, 6H), 1.85-1.67 (m, 3H), 1.67-1.61 (m, 1H), 1.61-1.48 

(m, 5H), 1.48-1.37 (m, 6H), 1.13 (m, 6H). 

2-((4-(2-iodoethoxy)-3-methoxybenzyl)oxy)tetrahydro-2H-pyran (6). In a 250 

mL round bottom flask, 7 (6 g, 17.4 mmol) was dissolved with NaI (26 g, 173 mmol) in 

acetone (55 mL). The reaction mixture was stirred under reflux overnight. Solvent was 

then removed under vacuum and the product was purified by silica gel column 

chromatography (30:70 EtOAc:hexane). The product was concentrated under vacuum to 

obtain 6 (5.6 g, yield: 82%) as a light yellow residue. 1H NMR (CDCl3) δ 6.96-6.80 (m, 

3H), 4.74-4.63 (m, 2H), 4.42 (d, 1H), 4.30-4.22 (m, 2H), 3.90 (ddd, 1H), 3.85 (s, 3H), 

3.58-3.47 (m, 1H), 3.45-3.36 (m, 2H), 1.90-1.78 (m, 2H), 1.78-1.64 (m, 3H), 1.64-1.44 

(m, 7H), 1.33-1.19 (m, 21H), 1.07-0.97 (m, 1H). 

3-(allyloxy)-4-methoxybenzaldehyde (15). Using a 500 mL round bottom flask, 

isovanillin (12 g, 78.9 mmol), K2CO3 (13.6 g, 98.4 mmol), allyl bromide (8.5 mL, 98.4 

mmol) were dissolved in acetone (100 mL). The reaction was heated to 70 °C and stirred 

for 3.5 hr. The reaction mixture was filtered and the filtrate was concentrated under 

vacuum. The residue was dissolved in EtOAc (3 x 40 mL) and washed with H2O (40 mL) 

and brine. The organic layer was dried, filtered and solvent was removed under vacuum 

to afford 10.9 (72%) 15. 1H NMR (CDCl3) δ 9.73 (d, 2H), 7.40-7.28 (m, 4H), 6.89 (d, 

2H), 6.07-5.92 (m, 2H), 5.35 (dq, 2H), 5.22 (dt, 2H), 4.56 (dd, 4H), 3.85 (d, 6H).  
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3,4-bis(allyloxy)benzaldehyde (16). In a 250 mL round bottom flask, 3,4-

dihydroxybenzaldehyde (6 g, 43.4 mmol)  was mixed with dimethylformamide (DMF, 30 

mL), allyl bromide (9.4 mL, 109 mmol), K2CO3 (18.0 g, 130 mmol) and NaI (0.65 g, 4.3 

mmol). The solution was stirred for 1.5 hr at room temperature. It was filtered and the 

filtrate was diluted with H2O (40 mL) and extracted with ether (3 x 40 mL). The organic 

layer was washed with water and brine, dried with MgSO4. Solvent was removed under 

vacuum and purified by silica gel column chromatography (30:70 EtOAc:hexane). The 

product was concentrated under vacuum to obtain 16 (2.04 g, yield: 22%). 1H NMR 

(CDCl3) δ 9.65 (s, 1H), 7.30-7.21 (m, 2H), 6.81 (d, 1H), 5.91 (m, 2H), 5.29 (dq, 2H), 

5.14 (m, 2H), 4.48 (m, 4H).  

3-(allyloxy)-4-hydroxybenzaldehyde (14). All of 15 previously prepared was 

dissolved in DCM in an ice bath. Slowly, BBr3 (13 mL, 137 mmol) was added into the 

reaction mixture. The reaction was allowed to stir for 3.5 hr and left to warm to room 

temperature. Afterwards, 60 mL H2O and 100 mL NaHCO3 were added into the reaction 

flask. The organic layer was extracted with EtOAc (3 x 50mL), dried with MgSO4 and 

filtered. The solvent was removed under vacuum to obtain a dark crude product. 1H NMR 

(CDCl3) δ 4.05 (qd, 2H), 1.98 (d, 3H), 1.19 (td, 3H). 

In a different method, 16 (0.1 g, 0.458 mmol) was dissolved in 10 mL 10% (w/v) 

KOH-MeOH in a round-bottom flask. After which, 10% Pd/C (0.02g) was carefully 

added in the reaction flask and stirred for 48 hr under room temperature. The solution 

was filtered under Celite and solvent was removed under vacuum. The concentrate was 

washed with 1 M HCl (10 mL) and the organic layer was extracted with EtOAc (3 x 10 
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mL). The organic layer was washed with water and brine, dried with MgSO4 and filtered. 

The solvent was removed under vacuum to afford a red-orange residue. 1H NMR (CDCl3) 

δ 9.75 (s, 1H), 7.34 (s, 2H), 6.90 (s, 1H), 6.00 (m, 2H), 5.38 (dq, 2H), 5.24 (m, 2H), 4.59 

(m, 4H). 
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