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 After using click chemistry to attach forward primer sequences to the beads, the reaction 

was assessed for completion by incubating forward primer labeled beads with the 

complementary sequence in STE buffer. Beads were then stained with SYBR Green I and 

fluorescence was analyzed with flow cytometry. These results were compared to primer-

conjugated beads not incubated with the complementary sequence, beads created to test non-

specific binding, and azide-modified beads, which were also stained with SYBR Green I (Figure 

4.9). The non-specific binding beads were created by performing the click reaction without the 

addition of Ascorbic Acid solution or the copper (II) - Tris(benzyltriazolylmethyl)amine (Cu-

TBTA) catalyst. Without these reagents, reaction cannot occur between the two functional 

groups. Therefore, a fluorescent signal from this bead population would indicate that primer 

attaches to the beads non-specifically. Azide-modified beads were also analyzed in order to 

determine if the first step of azide modification of the beads causes non-specific interaction with 

DNA primers. 

 Figure 4.9 shows that the click chemistry reaction was successful. Azide-modified beads 

showed a fluorescent signal of approximately 1 700. The non-specific binding population was 

slightly higher at approximately 1 900. After attachment of forward primer, fluorescence shifted 

to 2 100. This shift was expected, because, although SYBR green is a double-strand DNA 

intercalating dye, it does have some affinity for single strands. After adding the complementary 

sequence, however, fluorescence intensity shifted to over 80 000. This demonstrated that forward 

primer was, in fact, attached to the beads.  
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Figure 4.9 Evidence of forward primer attachment after using click chemistry. Magnetic beads modified with a PCR 
forward primer sequence using click chemistry (Section 4.2.4.1) were analyzed for attachment by incubating 
modified beads with the complementary sequence. After staining beads with a double-stranded DNA intercalating 
dye (SYBR Green I), beads were analyzed via flow cytometry (Average intensities in parentheses). These results 
were compared with azide-modified beads, beads tested for nonspecific binding (no catalyst added during reaction), 
and forward primer-labeled beads. Results show successful attachment of forward primer to the beads.  
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4.3.1.5.2 Amplification of DNA to Beads with Newly-selected 

               Aptamers 

Forward primer-modified beads for a newly-selected thrombin aptamer (c5; selected by 

Dr. Joonyul Kim) were tested for functionality by first amplifying beads in the presence of 

template to cover the surface. Beads were then analyzed via flow cytometry and compared to 

controls to confirm successful amplification. During PCR, beads were tested with and without c5 

forward primer in free solution, for varying numbers of cycles. The effect of free forward primer 

on bead saturation is of interest, because allowing amplification to solely depend on DNA 

attached to the bead surface could delay the reaction. The number of cycles needed to saturate 

the beads was determined by reacting aliquots for 40, 60, or 80 PCR cycles. When the flow 

cytometry histogram no longer shifts to higher fluorescence intensity, the minimum number of 

cycles needed to saturate the beads has been reached. All of these variables were applied to 

primer-labeled beads, amine-modified beads from the company, azide-modified beads, and 

forward primer beads without reverse primer in solution (NC). These controls were designed to 

reveal if there was any non-specific binding of PCR product to the beads.   

Figure 4.10 shows the flow cytometry results for this experiment. The plots show that 

increasing the number of cycles had no effect on bead saturation. Fluorescence intensity after 40, 

60, or 80 cycles remained at between approximately 4 000 and 6 000 for primer-labeled beads. 

Adding forward primer in free solution did affect the intensity slightly, pushing the result up to 6 

300 after 80 cycles under these conditions. These results could be taken as positive, but the 

controls tell a different story. Negative control beads (no reverse primer in solution) are slightly 

higher in intensity than the positive samples. For instance, after 40, 60, and 80 cycles the 

negative beads are 6 600, 6 900, and 7 400 respectively. This indicates that either there was 
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contamination of reverse primer in the PCR solution, or amplification did not occur properly on 

the primer-labeled beads. Because the aqueous negative control for PCR did not amplify, we 

must assume that no contamination was present in the PCR solutions. Results obtained from the 

other controls do suggest that non-specific adsorption of DNA does not play a factor. For 

instance, unmodified amine-labeled beads from the company register an intensity of 3 900 after 

40 cycles. However, when forward primer is added in free solution the intensity shifts to 117 

000. For this control, having forward primer in solution is the only way that amplification can 

occur, since there are no primers on the bead surface. The trend continues regardless of cycle 

number and indicates that unmodified beads adsorb PCR products from solution. Upon azide 

modification, however, the fluorescence intensity no longer shifts. For example, after 40 cycles, 

azide beads shifted from 4 500 to only 5 400 when forward primer was added in free solution. 

This trend continues, regardless of cycle number. Since azide-modified beads were used in the 

attachment of forward primer via click chemistry, we know that non-specific adsorption of DNA 

will not occur. Therefore, the result obtained from primer-labeled beads must be due to failure of 

PCR to efficiently amplify DNA onto the bead surface. Some aspect of the click chemistry could 

have rendered the DNA on the surface unable to amplify efficiently. Further experimentation 

must be done to address this issue if click chemistry is to be used in the future. Favorable results 

obtained in the study of digital bead detection (Section 4.3.2) may present a solution to this 

problem.   
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Figure 4.10 Flow cytometry histograms of beads modified with forward primer (click chemistry) for amplification 
of a selected aptamer sequence. Beads were analyzed before and after PCR amplification in the presence of aptamer 
template sequence, by staining with a double-stranded DNA intercalating dye (SYBR Green I). PCR was performed 
for varying numbers of cycles with and without forward primer in free solution to assess the effect on amplification 
efficiency. Results are plotted on a log scale. Controls include unmodified amine beads, azide-modified beads, and 
primer-labeled beads with no reverse primer in solution. “Positive Beads” denotes primer-labeled beads with all 
necessary reagents for successful amplification. (A) 40 cycles of PCR. (B) 60 cycles of PCR. (C) 80 cycles of PCR.  
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 4.3.2 Toward Digital Analyte Detection with Micro-beads 

Initially, digital PCR was attempted by using template concentrations of 0, 6.6, 33.2, 66, 

or 1 000 fM in droplets. This translates to 1 copy in every 5 droplets, 1 copy per droplet, 3 copies 

per droplet, and 40 copies per droplet, respectively. Droplets were generated with a multi-

channel emulsion generator (See Chapter 2, Figure 2.5), and PCR amplification was performed. 

After PCR, droplets were imaged on a confocal microscope to determine how the frequency of 

positive droplets changed with template concentration. An algorithm was created using Image J 

to find the droplets in each image, separate them into regions of interest, and measure their mean 

intensities. The data at each concentration was plotted in Excel and analyzed for digital results. 

The results obtained were inconsistent and did not show a clear difference between 

concentrations. It was later discovered that PCR reagents, including DNA, can interact with 

surfactants at the droplet oil-water interface (Figure 3.6 B), and a biocompatible surfactant was 

designed to address this issue (Chapter 3).  

Using biocompatible surfactants, both the polymerase chain reaction (PCR) and 

recombinase polymerase amplification (RPA) have been performed in droplets at low template 

concentrations, as described in Chapter 3 (Section 3.3.4). PCR was performed at 0, 7, and 670 

copies per droplet (Figure 3.6 C) and showed promise for application to digital detection. 

Analysis of droplet populations with confocal microscopy showed a clear difference in droplet 

intensities and the number of positive droplets. Because there was more than 1 copy per droplet 

present at the two concentrations tested (160 fM and 16 pM), there is no separation in intensity 

between the two, as all droplets should be positive. Reduction of template copy number to 1 copy 

per droplet or less should yield digital results. Isothermal amplification, RPA, also shows 
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promise for digital amplification, by allowing successful detection of as few as 7 DNA copies 

per droplet as well (Figure 3.6 D).  

As introduced at the beginning of this chapter, droplet digital detection has been shown to 

be a highly efficient method for quantifying DNA samples using Poisson statistics. It has 

recently been transformed into commercially-available workflows with sample-in/answer-out 

capabilities [6]. Performing digital analysis with beads, however, could further increase 

throughput by harnessing the power of flow cytometry to rapidly analyze PCR products. Once 

information is obtained, DNA can easily be recovered for additional purposes—a  capability that 

is possible yet more complex using only droplet-based confinement and amplification. 

  4.3.2.1 Toward Digital Detection via Ligation of Template to Beads 

 Thrombin aptamer A was used as a template for attempting digital detection of PCR 

products through ligation. The aptamer template to be ligated to the beads was hybridized with a 

partially complementary DNA connector sequence, where one half was complementary to the 

aptamer, and the other half was complementary to the forward primer already attached to the 

beads. Once all three were hybridized, the aptamer and forward primer were brought into close 

enough proximity to connect via a ligation enzyme (Figure 4.11 A). Varying concentrations of 

hybridized aptamer/connector DNA sequence were added to equal concentrations of primer-

modified beads in order to ligate different concentrations of thrombin aptamer A. Beads were 

then amplified with PCR, and flow cytometry was used to count the number of fluorescent 

beads. The expectation was that only beads with ligated template would amplify. Therefore, all 

beads should amplify when 1 or more copies of DNA are ligated per bead. As concentration is 

decreased to less than 1 copy per bead, the flow cytometry distribution should split into two 



179 

 

populations of positive and negative beads. The PCR protocol was carefully considered and 

adjusted to an extension temp of 66 °C to prevent annealing of the excess connector sequence to 

either the forward primer or aptamer sequence during amplification. This could cause artifactual 

PCR amplification products to build up in the reaction. Beads were washed several times before 

PCR in order to remove excess aptamer/ connector, but remaining above the melting temperature 

(TM) of the connector should greatly reduce the chances of nonspecific products from any 

connector that may be left over. 

Figure 4.11 B shows the real-time PCR trace for beads ligated with 100, 10, 1, or 0.1 

template copies per bead. During ligation, controls were made in free solution without beads to 

test enzyme efficiency. The negative control (NC) consisted of forward primer and template, 

while the positive control (PC) contained forward primer with template and ligation enzyme. 

These controls were used as templates during PCR, along with aliquots of the ligated beads. No 

additional template was added to beads for the reaction, ensuring that amplification was strictly 

dependent on the amount of DNA ligated to the bead surface. Aqueous PCR positive and 

negative (no template) controls were also analyzed. Amplification was expected only in the wells 

where ligase was added. The PCR results clearly showed that different concentrations of DNA 

were ligated to the beads (Figure 4.11 B). The bead populations of 100, 10, 1, and 0.1 copies per 

bead showed C(t) values of 25, 30, 35, and 40, respectively.  

Flow cytometry results (Figure 4.11 C) showed that azide-modified beads had a 

fluorescence of 2 034, and forward primer-labeled beads had an average intensity of 4 345. 

Sample beads were observed to split into multiple populations of different intensities, and gating 

of the data allowed for determination of the percentage of total counted beads that were 

represented by each intensity. When 100 copies of template were ligated per bead, the average 
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intensities were 23 546 (17.23%), 77 906 (68.57%), and 613 239 (5.18%), where the percentage 

in parenthesis represents the amount of beads of that particular intensity on the plot. At a ligation 

concentration of 10 copies per bead, the intensity of the majority of the beads shifted to 91 918 

(67.43%) and 734 246 (23.31%). This could be due to steric crowding of the beads at 100 copies 

per bead. Reducing the amount of DNA on the surface may lead to more efficient amplification. 

The same trend is observed after decreasing to 1 copy per bead, yielding results of 104 305 

(83.99%) and 727 833 (5.80%). Finally, 1 copy in every 10 beads showed average intensities of 

513 (5.40%), 63 657 (56.51%), and 421 146 (31.90%), which are lower than previous results.  

The results obtained are not entirely as expected, meaning that all beads were positive 

regardless of the concentration of DNA ligated. Once PCR amplification begins, the second 

DNA strand created from the ligated template is free to leave the proximity of the original bead 

and anneal with other primer-labeled beads. This will eventually result in the amplification of all 

beads, especially after 60 cycles of PCR. In order to obtain digital results, this technique must be 

combined with droplet encapsulation to ensure that amplified DNA only remains in contact with 

the bead to which it was originally ligated. In addition, the number of PCR cycles can be 

decreased, as droplet encapsulation increases the surface area-to-volume ratio, which should 

result in more efficient amplification.  

The results of the ligation experiment were positive, however, in that they demonstrate 

how amplification can work when beads are modified with forward primer using click chemistry. 

Thus far, the only indication of DNA amplification has been obtained using beads modified via 

EDC and NHS chemistry. Each amplified bead population from the ligation experiment shows a 

flow cytometry intensity of at least 15 times higher than that of the primer-labeled beads (Figure 

4.11 C). Therefore, when click chemistry is used, template should be ligated to the bead to 
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ensure successful amplification. This technique should also be applied when attempting to 

amplify aptamer sequences for the purpose of obtaining binding affinity measurements (Section 

4.3.1.5.2).  
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Figure 4.11 Amplification and detection of template ligated beads. (A) The desired DNA template sequence 
(Thrombin aptamer A) is hybridized with a partially complementary DNA connector sequence, where one half is 
complementary to the template, and the other half is complementary to the forward primer already attached to the 
beads. Once all three are hybridized, the aptamer and forward primer are in close enough proximity to connect via a 
ligation enzyme. (B) Real-time PCR trace for amplification of beads ligated with 100, 10, 1, or 0.1 copies of 
thrombin aptamer A per bead. Aqueous positive control contains all reagents for amplification, while negative 
control does not contain template sequence. Beads amplify at different C(t) values proportional to the amount of 
template present. (C) Flow cytometry histograms of beads amplified with 100, 10, 1, or 0.1 template copies per bead 
(cpb). Beads were stained with a double-stranded DNA intercalating dye (SYBR Green I). Azide-modified beads 
and primer-labeled beads are used as controls.  
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4.4 Conclusions 

 DNA-coated beads were created to use for aptamer binding affinity measurements. 

Several methods of DNA attachment were explored. A PCR forward primer for thrombin 

aptamer B was successfully attached to carboxyl latex beads using EDC and NHS conjugation to 

bind the beads to an amine-labeled DNA sequence. DNA aptamers were specifically produced 

onto primer-conjugated bead surfaces using PCR. Thrombin protein bound specifically to 

thrombin aptamer-conjugated beads, and flow cytometry suggested that the Kd is no higher than 

200 nM, in agreement with prior studies. Results and calculations revealed that attomole 

amounts of DNA were attached to the bead surface, which agrees with previously-published data 

gathered by similar methods [2].  

EDC was also used to successfully attach a forward primer for thrombin aptamer B to 

magnetic beads, which were found to be easier to handle than latex beads. Both single-stranded 

and double-stranded DNA were used in the reaction to determine the best method of attachment, 

and reacting with ss DNA for a shorter amount of time was found to give the best result. Real-

time PCR and flow cytometry were used to confirm that amplification successfully occurs on 

beads made in this manner. The next step in experimentation will be to incubate aptamer-

modified beads with fluorescent thrombin and analyze them with flow cytometry.     

Another method of attachment developed simultaneously involved the use of click 

chemistry. An azide-modified bead and an alkyne-forward primer were reacted using standard 

“click” chemistry. Annealing of the primer’s complementary sequence proved successful 

attachment after staining the beads with a double-stranded DNA intercalating dye, solidifying 

this method as another option for attaching PCR primers to magnetic beads for amplification of 
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target sequences. The click chemistry attachment method was used to bind PCR primers for 

newly-selected aptamers c3 and c5, and beads were amplified by PCR to cover the bead surface 

in the aptamer sequences. However, flow cytometry of bead-confined PCR products was 

inconclusive, because the negative control (no reverse primer in solution) and sample beads 

registered at the same fluorescent intensity. This suggests that either amplification did not work 

properly at the bead surface, or there is contamination that amplified the negative control.  

Amine-labeled beads from the company non-specifically bound to DNA, but azide modification 

of beads prevented adsorption from occurring. Further development of the click chemistry 

method, mainly in achieving successful PCR amplification, is needed before it can be used for 

binding affinity measurements.   

Beads were also used to begin development of a method for digital detection of PCR 

products. This method should allow detection of rare events from a pool of DNA sequences 

through ligation, amplification, and flow cytometry analysis. qPCR, as well as flow cytometry, 

were used to show successful ligation of DNA to beads. Flow cytometry histograms showed 

traces of a digital result, which could be improved by further diluting beads before amplification. 

If desired, droplet encapsulation could still be used with this technique. One benefit of template 

ligation when utilizing droplets is that template sequences are trapped within the droplet and do 

not interact with surfactants at the oil-water interface. DNA has been demonstrated to have some 

interaction with surfactants, especially if they are charged. In some cases the interaction can 

cause the DNA to migrate from the droplets and into the oil phase, negatively impacting 

amplification results. A second benefit would be to further prevent cross-talk between beads and 

ensure efficient amplification. This is an aspect that is particularly important when attempting to 

simultaneously amplify unique sequences much like the process used during aptamer selection. 
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With the bead ligation method, sequences from a library of potential aptamers could be 

individually ligated to beads, encapsulated in droplets, and amplified in a single PCR tube. The 

potential for aptamer selection is discussed in greater detail in Chapter 5.  
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CHAPTER 5 

CONCLUSIONS AND FUTURE EXPERIMENTS 

5.1 Conclusions  

5.1.1 Passively-Controlled Droplet Generators and Imaging Techniques 

A major component of this dissertation work was related to the successful formation and 

passivation of sub-nanoliter droplets for high throughput biological assay platforms. First, we 

described methods used to create two passively-controlled microfluidic devices for rapid droplet 

generation: a single-channel generator for steady and monodisperse droplet formation, and a 

multi-channel generator for increased speed of production. Both devices allowed for assay 

flexibility through on-chip mixing of various reagents into a single droplet. Emulsion droplets 

were collected in a larger outlet reservoir that was interfaced to a syringe vacuum through a 

PDMS plug, which was ideal for easy pipette transfer of emulsions to other devices for 

experimentation. The multi-channel generator also utilized a custom-made PDMS O-ring 

adapter, which was bonded directly to the device and used as an interface between the outlet and 

the PDMS plug. Several changes made to the design and fabrication of the multi-channel 

generator allowed for the rapid production of emulsion droplets of similar monodispersity to 

those created by the single-channel generator. The number of aqueous inlets on the multi-channel 

emulsion generator allowed for the simultaneous production of droplets with up to 4 different 

compositions. In the future, the speed of production and the increased number of inlet reservoirs 

provided by the multi-channel chip could allow for the testing of different sample concentrations, 

or performance of high-throughput experiments with samples and calibration curve points all 

produced on a single device for quantitative analysis.  
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 In addition to successful droplet generation, we also presented several methods for 

droplet imaging. Density differences between aqueous solutions and oils were exploited to create 

an aqueous monolayer at the interface of the two different oils and obtain data from many 

droplets in a single image. A solid support called a “drop cage” was created to stabilize the 

monolayer and to keep droplets from moving during imaging. These methods were used to 

obtain data from droplets during real-time RPA experiments presented in Chapter 3 (Figure 3.7). 

Another imaging method used frequently was the reinjection of droplets directly into a 100 µm-

deep microfluidic channel. Droplets were allowed to pack into this channel and settle before 

imaging (See Figure 3.6 C, D). Finally, single-droplet analysis was made possible through the 

use of single-point detection with a photomultiplier tube (PMT). The PMT was focused on a 

defined region of interest (ROI) along a microfluidic channel on the droplet reinjection chip, and 

data was obtained from each droplet as they passed through the ROI. This technique should be 

useful for detecting PCR products in droplets containing various starting template 

concentrations. These droplet reinjection and optical detection methods hold significant promise 

for droplet digital PCR (ddPCR) applications, which would be a powerful asset to the laboratory 

and a cost-effective alternative to commercially available platforms of this nature [1-2]. 

5.1.2 Formation and Characterization of Biocompatible Surfaces within Picoliter 

          Droplets 

Additionally, we have shown that commercially available reagents can be used to impart 

biocompatibility to droplet surfaces. A direct binding interaction between a carboxylated 

perfluoropolyether (Krytox) and a polyetherdiamine (Jeffamine) at the interface of oil and 

aqueous solution—supported by FT-IR, mass spectrometry, fluorescence microscopy, and NMR 

data—was harnessed to create biocompatible aqueous droplets for homogeneous protein assays, 
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droplet PCR, and droplet RPA. Furthermore, the efficiency of real-time RPA within droplets 

passivated by the “Jeffamine” additive was compared with that of KryJeffa-stabilized droplets at 

concentrations of <10 template copies per droplet and shown to be just as effective. Maximum 

biocompatibility was achieved when Jeffamine was added directly to aqueous solution at a 

concentration of 0.75% w/v, but additional optimization can be achieved in the future by 

determining the surfactant critical micelle concentration (CMC) and the time scales of interfacial 

adsorption for both surfactant and aqueous additive. Overall, our current results suggest that this 

simple polyetherdiamine (Jeffamine) aqueous additive provides a dynamic shielding effect at 

droplet surfaces and is an attractive alternative to covalent modification of Krytox for droplet-

based biochemical reactions. 

This interaction between Krytox carboxylate and primary amines is likely a major factor 

in the incompatibility of unbound Krytox with many biochemical reactions, as enzymes and 

proteins typically contain a number of primary amines that could be attracted to the interface and 

lead to the failure of the reaction.  This study should also give further insight into interaction 

mechanisms with other additives [3-4] or surfactants [5]. Finally this type of interaction could be 

used for various future applications, such as the attraction of biomolecules like DNA to the oil–

water interfaces of droplets to participate in surface-based biochemical assays.  

5.1.3 Bead-based Assays as Complements to Droplet Compartmentalization 

We have utilized DNA-covered beads for a variety of applications, including for the 

creation of methodology for making aptamer binding affinity measurements (Kd). Several 

methods of DNA attachment were used to attach a PCR forward primer to both latex and 

magnetic micro-beads, and DNA amplification was used to cover the bead surfaces with 
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aptamers. After incubation of aptamer-modified beads with target protein (human thrombin), 

flow cytometry analysis showed specific binding and allowed accurate estimation of the Kd (≤ 

200 nM). In addition, qPCR was used to determine that the amount of aptamer bound to the 

beads was in the attomole range, a figure that agrees with other reports [6].   

A method using EDC and NHS attachment was also developed to successfully attach a 

forward primer for aptamer introduction onto magnetic beads, which were found to be easier to 

handle than latex beads. Two methods of attachment involving either single-stranded, amine-

modified primer, or a double-stranded complex with the primer and its complementary sequence, 

were used in the reaction to determine the best method of attachment. It was found that reacting 

with ss DNA for a shorter amount of time gave the best result. qPCR and flow cytometry results 

confirmed that amplification successfully occurs on beads made in this manner. The next step in 

experimentation will be to incubate aptamer-modified beads with fluorescent thrombin and 

analyze them with flow cytometry to reproduce the results obtained with latex beads.     

Click chemistry was also developed as an alternative method of attaching forward primer 

to beads due to the nature of the reaction, which easily forms stereospecific products in benign 

solvents at high yields [7-8]. A popular click chemistry reaction named the Huisgen copper (I)-

catalyzed azide-alkyne 1,3-dipolar cycloaddition (CuAAC) reaction was used to bond an azide-

modified bead to an alkyne-forward primer. The reaction was shown to be complete by 

incubating the reacted beads with the primer’s complementary sequence and then detecting 

fluorescence via flow cytometry after staining the beads with a double-stranded DNA 

intercalating dye. To use this method for aptamer binding affinity measurements, click chemistry 

was used to bind PCR primers for newly-selected aptamers c3 and c5, and beads were amplified 

by PCR to cover the bead surface in the aptamer sequences. Flow cytometry of bead PCR 



191 

 

products was inconclusive, however, because the negative control (no reverse primer in solution) 

and sample beads registered at the same fluorescent intensity, suggesting that amplification does 

not work properly at the bead surface and that further development of the method is needed 

before click chemistry can be used as a viable option.   

A second application for DNA-covered beads in the future is the digital detection of PCR 

products through ligation, amplification, and flow cytometry analysis. Traditionally, digital PCR 

is performed by diluting template to no more than one copy per chamber or droplet, amplifying 

to end point, and then counting the fraction of positive chambers/droplets from the total number 

of chambers/droplets in order to determine the starting DNA concentration. One of our goals is 

to use beads as the “compartments” for dilution and rapid flow cytometry analysis of end-point 

PCR products to determine DNA concentration. Thus far, real-time PCR, as well as flow 

cytometry, have been used to show successful ligation of DNA to beads at 100, 10, 1, and 0.1 

template copies per bead. Flow cytometry histograms showed traces of a digital result, which 

could be improved by further diluting beads before amplification. If desired, droplet 

encapsulation could still be used with this technique to further prevent cross-talk between beads 

and ensure efficient amplification.  

5.2 Future Experiments 

5.2.1 Toward Aptamer Selection 

5.2.1.1 Introduction to Aptamer Selection 

Aptamers are single-stranded, ligand-binding nucleic acids that bind to targets with high 

affinity. The name aptamer is derived from the Latin root words “aptus meros,” meaning fitting 

particle. Aptamers exist for many different targets, including peptides, proteins, viruses, drugs, 
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and cells, and they are so specific that they can easily distinguish between closely-related targets 

[9]. As shown in Figure 5.1, aptamers bind to their targets by folding into well-defined tertiary 

structures. Some of the parameters that encourage binding are electrostatic and Van der Waals 

attractions, hydrogen bonding, aromatic ring stacking, that contribute to overall compatibility of 

the aptamer and target [10]. In many ways, aptamers are similar to antibodies in their binding 

affinity, but they provide several advantages over antibodies. These advantages include ease of 

synthesis and modification due to their lower molecular weights, lower cost, resistance to 

changes in assay conditions, and ease of reproduction [10]. Aptamers are becoming increasingly 

popular for biomarker recognition, and they could eventually replace antibodies. Although a 

general lack of numbers in selected aptamers and aptamer pairs continues to limit application 

toward medical research, recently there have been significant increases in interest and 

investments in aptamer-selection technology in the commercial sector, and multiple aptamer 

based drugs are in late stages of clinical trials. 

 

 

Figure 5.1 Schematic representation of the functionality of aptamers. After folding into three-dimensional 
structures, aptamers (RNA or DNA) can recognize and bind to their target.  

Reprinted from [10]. Copyright 2007 with permission from Elsevier.  
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A given aptamer is discovered through a process called SELEX, which stands for the 

systematic evolution of ligands by exponential enrichment, and is illustrated in Figure 5.2. Using 

an In Vitro, Darwininan-like selection, this process allows complex, synthetic libraries of 1012 – 

1015 different nucleotide sequences to be reduced to populations consisting of just a few of the 

strongest binding aptamer sequences. The main steps involved in the SELEX process are 

binding, partitioning, elution, amplification (PCR), and conditioning [10]. In short, the process 

must include methods to create a random oligonucleotide library, incubate it with the target of 

interest, discard non-binding sequences, elute the bound sequences, amplify these sequences to 

enrich the pool, and then condition them to return to single-stranded DNA and begin the cycle 

again. If RNA aptamers are desired, appropriate in vitro transcription steps will need to be 

inserted as necessary to convert the DNA pool to RNA. According to Stoltenburg et al, SELEX 

is generally finished when an enrichment of target-specific oligonucleotides is observed with no 

further increase in affinity. This can take anywhere from 6-20 rounds to complete [10]. The end 

of the process must also include a method to characterize selected aptamers, such as sequencing 

and measuring binding affinity.  
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Figure 5.2 In vitro selection of target-specific aptamers using SELEX technology. Starting point of each SELEX 
process is a synthetic random DNA oligonucleotide library consisting of a multitude of ssDNA fragments with 
different sequences (1015). This library is used directly for the selection of DNA aptamers. For the selection of 
RNA aptamers the library has to be transferred into an RNA library. The SELEX procedure is characterized by the 
repetition of successive steps consisting of selection (binding, partition, and elution), amplification and conditioning. 
In the first SELEX round the library and the target molecules are incubated for binding. Unbound oligonucleotides 
are removed by several stringent washing steps of the binding complexes. The target-bound oligonucleotides are 
eluted and subsequently amplified by PCR or RT-PCR. A new enriched pool of selected oligonucleotides is 
generated by preparation of the relevant ssDNA from the PCR products (DNA SELEX) or by in vitro transcription 
(RNA SELEX). This selected oligonucleotide pool is then used for the next selection round. In general, 6 to 20 
SELEX rounds are needed for the selection of highly affine, target-specific aptamers. The last SELEX round is 
finished after the amplification step. The enriched aptamer pool is cloned and several individual aptamers have to be 
characterized. 

Reprinted from [10]. Copyright 2007 with permission from Elsevier.  
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Most aspects of the SELEX process, excluding amplification, will depend on the type of 

target and the desired application in mind for the aptamer [10]. Some common selection methods 

include capillary electrophoresis, magnetic beads, affinity chromatography, and flow cytometry 

[10-11]. This is an advantage, because the selected aptamer is already suited for the application, 

as if it were custom-made for it. Therefore, there is no need to worry about whether or not the 

DNA will perform under the assay conditions. Another benefit lies in the DNA library 

complexity. Utilizing a synthetic DNA library of such large complexity (1012 – 1015 sequences) 

opens the door to select DNA sequences that do not exist in nature, which may bind even better 

[9]. In addition, several groups have shown that chemical modification of nucleotides may 

encourage even tighter binding [10, 12, 21-22].     

5.2.1.2 Toward Aptamer Selection Using Beads and In Vitro Compartmentalization  

Currently, there is no standardized SELEX protocol for any target. The majority of 

published aptamers were manually selected with widely differing methodology, which is a time-

consuming and inefficient process. In addition, because the PCR amplification is not specific and 

is done in free solution, it is easy for sequences that do not bind the target to be enriched 

alongside the wanted aptamers [10]. One of the major goals of the Easley laboratory is to create a 

standard protocol for aptamer selection that addresses these issues and incorporates all of the 

methodology developed in this dissertation work, including microfluidic emulsion generators 

(Chapter 2), biocompatible surfactants (Chapter 3), and bead-based PCR (Chapter 4).  

To begin this process, an aptamer library will be diluted to a concentration that incorporates 

only 1 DNA sequence per droplet using an emulsion generator. Segregating the DNA sequences 

in this manner allows for each droplet to act as its own miniature reaction compartment, 
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preventing recombination of DNA sequences and build-up of shorter, artifactual products that 

often occurs when amplification is done in free solution [13]. In addition to a single library 

template sequence, 1 forward primer-modified micro-bead, and PCR reagents will also be 

incorporated into a single droplet. Emulsion PCR will follow. After PCR, droplets will be 

broken, and magnetics used to recover DNA-covered beads for aptamer preparation. This portion 

of the selection method is taken from BEAMing, which was discussed in detail in Chapter 4 [14-

15]. As mentioned in Chapter 4, in order to create functional aptamer beads, the second DNA 

strand must be removed, and aptamers must be cooled rapidly to encourage folding into well-

defined tertiary structures. Aptamer-labeled beads can then be incubated with the fluorescently-

labeled target of interest (e.g. thrombin, insulin) and separated into binding and non-binding 

populations using fluorescence-activated cell sorting (FACS). When analyzing histogram plots 

of number of events vs. intensity, the beads with the best aptamers should have high intensity 

and a low number of events. DNA sequences can then be cleaved and taken through the selection 

process again. This process would continue until the majority of events detected are of high 

intensity. The recovered aptamers will then be sequenced and analyzed for binding affinity.   

Another research group has recently performed this bead-based aptamer selection method 

using polydispersed emulsion droplets generated by stir bar. The technology, which they named 

“particle display,” was used to select high-affinity DNA aptamers for four different proteins in 

just three rounds of the SELEX process by screening the binding affinities of >108 aptamer 

micro-beads [19]. Their research supports the usefulness and necessity of micro-beads for rapid 

and cost-effective analysis of large libraries of sequences. Our research group would like to 

streamline the process further by using droplet microfluidics, which would provide greater 
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control over the number of beads and template sequences encapsulated through the generation of 

monodispersed droplet populations.  

 One change that can be incorporated to improve this method is template ligation. As 

discussed in Chapter 4, PCR templates were ligated to beads in order to facilitate digital 

amplification and detection. Droplets were not used for that method, but there are benefits to 

incorporating them when needed. For instance, DNA has been demonstrated to interact with 

charged surfactants at the oil-water interface, which can negatively impact assays contained 

within the droplet (Chapter 3). At such low concentrations of 1 template sequence per droplet 

needed for SELEX, the entire experiment could be ruined by this effect. Herein, biocompatible 

surfactants have been shown to reduce interaction of reagents with the interface (Chapter 3), but 

ligating 1 template sequence per bead would further ensure that DNA will remain encapsulated 

within the droplet and ensure efficient, unbiased amplification of library sequences.  

5.2.1.2.1 Incorporating Beads Into Droplets on Emulsion Generator 

Thus far we have demonstrated rapid formation of monodisperse droplet populations 

using microfluidic devices. We have also utilized biocompatible surfactants to successfully 

perform emulsion PCR and successfully performed PCR on bead populations. The next step in 

realizing a bead-based aptamer selection method is the incorporation of micro-beads into 

emulsion droplets.  

Stir bar emulsions were used as a preliminary experiment to demonstrate how beads can 

become encapsulated within water-in-oil emulsion droplets. A flat-bottomed microcentrifuge 

tube containing “Griffith’s mix” (4.5% v/v Span 80, 0.4% v/v Tween 80, 0.05% v/v Triton X-

100, Mineral oil), an oil/surfactant combination shown to work with emulsion PCR [13], was 
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placed on a magnetic stir plate and stirred at 1 000 rpm. An aqueous solution containing 2 µm 

latex beads was prepared and added to the stirring oil/surfactant mixture dropwise over a period 

of 1.5 min. Once all of the solution was added, the mixture was allowed to continue stirring for 

an additional 5 min. Emulsion droplets were transferred to a PDMS/glass reservoir and imaged 

via confocal microscopy. Figure 5.3 shows a confocal image of beads in droplets. Many droplets 

contain more than one bead due to the polydispersity of droplet sizes created when using the stir 

bar method. Videos of the beads in droplet demonstrated that droplets were stable and that beads 

remained encapsulated.      

 

Figure 5.3 Confocal reflectance image of 2 µm beads inside of water-in-oil emulsion droplets. Emulsion was made 
via stir bar by adding an aqueous solution containing 2 µm latex beads dropwise to a solution of “Griffith’s mix” 
(4.5% v/v Span 80, 0.4% v/v Tween 80, 0.05% v/v Triton X-100, Mineral oil), an oil/surfactant combination shown 
to work with emulsion PCR [13].  The solution was stirred on a magnetic stir plate at 1 000 rpm. The resulting 
emulsion was transferred to a PDMS reservoir (See Chapter 2, Section 2.2.4.1) for imaging.  
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In order to create monodisperse droplets and better control the number of beads 

incorporated per droplet, microfluidic droplet generators were introduced. Because PDMS 

devices are used, the Griffith’s mixture of oil and surfactant, which contains mineral oil, could 

no longer be used. Instead, fluorocarbon oils and surfactants were incorporated (See Chapter 3). 

A single-channel emulsion generator (Chapter 2, Figure 2.1) was prepared for this purpose. 

Droplets were generated using our standard fluorocarbon oil/surfactant mixture as the carrier 

phase and PCR buffer as the aqueous phase. 1 µL of Dynabeads® M-270 Carboxylic Acid 

(Invitrogen) were added to the center reservoir, which equates to 2 x 106 beads total. Beads were 

mixed into the PCR buffer by pipetting, and droplets were formed by pulling an 80 kPa vacuum. 

Images and videos of beads were taken using microscopy. Figure 5.4 shows images of these 

droplets after being reinjected into a microfluidic channel. As shown, many droplets contain only 

one bead. There are some droplets that contain two beads, but this can be addressed by adjusting 

the bead concentration.   

 

Figure 5.4 Bead-containing emulsion droplets reinjected and packed into a microfluidic channel. A single-channel 
emulsion generator (Chapter 2, Figure 2.1) was used to generate droplets containing beads of 2.8 µm size using a 
fluorocarbon oil/surfactant mixture as the carrier phase and PCR buffer as the aqueous phase. Droplets were formed 
by pulling an 80 kPa vacuum. Droplets were then transferred so a second microfluidic device for reinjection 
(Chapter 2, Figure 2.11 A) and imaged via microscopy after packing into a microfluidic channel. Many droplets 
contain only 1 bead.    
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Future work for the aptamer selection experiment includes the combination of all of the 

elements presented here and in the preceding chapters of this dissertation work. Before using a 

large aptamer pool, a simple starting point in combining beads with emulsion PCR would be to 

encapsulate one forward primer-modified bead per droplet along with two different aptamer 

sequences containing two different fluorescent tags. After PCR, droplets could be broken and 

beads recovered and sorted into the two populations. Another proof of concept experiment would 

be to encapsulate one bead per droplet and perform emulsion PCR with two different aptamers. 

One aptamer would be for a specific target (e.g. thrombin), while the second aptamer would be 

for another target (e.g. leptin). After PCR and bead recovery, all beads would be incubated with 

one of the fluorescent targets, and flow cytometry used to sort binding from non-binding beads. 

Both of these experiments can be done with and without ligating the aptamer template sequences 

directly to the beads, providing a means for comparing the effectiveness of each method. 

5.2.1.2.2 Methods for Breaking Emulsions 

The last element needed to make the aptamer selection project successful is an efficient 

method for breaking emulsions to recover beads after amplification. Several methods have been 

demonstrated to be useful for breaking emulsions made with Krytox (perfluoropolyether) 

surfactant bound to Jeffamine (polyetheramine) aqueous additive at the oil-water interface. Two 

of these methods, previously discussed in Chapter 3, were the use of EDTA or H2SO4 for 

emulsion destabilization. EDTA has been shown to destabilize PEG groups by binding and 

removing divalent ions from solution [16]. Since the Jeffamine additive used for 

biocompatibility is composed of polyethylene glycol (PEG) and polypropylene glycol (PPG) 

chains, we hypothesized that Jeffamine-bound surfactant would be destabilized in the presence 

of EDTA. Adding 0.5 M EDTA caused Jeffamine-bound surfactants to become destabilized, 
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while unmodified Krytox surfactant remained intact (Chapter 3, Figure 3.4). This method could 

be useful in the future for controlled emulsion breakage.    

An even simpler method can be used when beads are included in the droplets, as they will be 

for the aptamer selection experiments. We made an emulsion containing PCR buffer, Jeffamine 

additive, and 2 µm magnetic beads by vortexing for 30 seconds in the presence of the 

oil/surfactant mixture. The emulsion was centrifuged at 19 000 rcf for 45 min, and the emulsion 

was observed to separate into two distinct layers. Beads remained at the water-oil interface, 

because they have a density of 1.6 g/mL, which is less than that of the fluorocarbon oil (1.91 

g/mL). Further experimentation is needed in order to optimize the amount of time needed to 

break the emulsion. This is a simple and effective method for recovering beads from emulsion 

droplets.    

5.2.2 Surface-Based Assays in Droplets via Direct Interaction with Surfactants   

In Chapter 3 we introduced an interaction between Krytox carboxylate 

Perfluoropolyether surfactant and primary amines, which we believe to be a combination of ionic 

and hydrogen bonding. This interaction was demonstrated through the use of FT-IR, NMR, and 

MS, and it could open the door for exploration of other interactions between surfactants and 

reagents in aqueous solutions to perform a variety of assays. For instance, amine-labeled DNA 

was shown to be capable of participating in the primary amine interaction through the fluorescent 

detection of a complex containing amine-labeled DNA and its fluorescent complementary 

sequence at the oil-water interface of Krytox-stabilized droplets. Attracting DNA to the oil-water 

interface could provide a vehicle for detection of proteins with high signal-to-noise ratios using 

techniques similar to previously-developed electrochemical proximity assays (ECPA) [17, 20]. 
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Since ECPA is a surface-based assay using DNA to recruit probes and target protein, our 

discovery of direct interactions between Krytox carboxylate surfactants and amine-terminated 

DNA could allow for a droplet surface-based assay similar to ECPA to be used in droplets, if the 

experimental read-out is converted to a fluorescence format. Two possibilities are illustrated in 

Figure 5.5. If the target protein is fluorescent, migration to the interface should cause a 

measurable increase in signal at the droplet edges and a decrease at the droplet center (Figure 5.5 

A). As a second option, probes could be reconfigured into a “turn-on” format by including a 

short DNA probe that is complementary to the thiolated DNA present at the interface. When the 

aptamer complex forms with the target, this short sequence could be displaced and fluorescent 

signal released into the center of the droplet (Figure 5.5 B).     

 

 

Figure 5.5 Proposed droplet surface-based proximity assays. (A) An interaction between a DNA sequence and 
surfactant causes DNA to assemble at the inner oil-water interface.  Next, encapsulated fluorescent target and 
antibody-oligo pairs form a complex that drives fluorescent target to the interface, causing a decrease in intensity at 
the droplet center and an increase at the droplet edges. Results should be quantitative if droplets containing known 
amounts of target are analyzed alongside samples of unknown concentration to generate a standard curve. (B) The 
droplet surface based assay could also be converted to a “turn-on” format. 1 – The DNA assembled at the interface 
now contains a quencher and is annealed to a shorter segment of DNA containing a fluorophore, to form a FRET 
pair. 2 – When the target/antibody-oligo complex forms, the short segment of DNA is displaced, causing an increase 
in fluorescence at the droplet center. 3 – The fully-formed complex is assembled at the interface. Note: Target is not 
fluorescently-labeled in this method.    
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Additional experiments confirming the effectiveness of the DNA-Krytox interaction need 

to be performed before utilizing this method. Thus far, internal amines within the DNA strand 

have been shown to interact with Krytox as well, which may present a problem. However, 

utilizing a double-stranded complex of DNA should resolve this issue. If this option is to be 

used, the proposed system would have to be redesigned in a way in which the assay will cause 

displacement of the second strand. If DNA cannot successfully interact directly with Krytox, it 

can be attached to another primary-amine modified molecule that would in turn serve as a linker 

between the Krytox and the DNA, so that assembly at the interface can still occur. Other 

interactions also been explored. We have begun development of a method that involves synthesis 

of biotin-modified Krytox for use with streptavidin-coated materials in order to make droplet-

based surface assays a reality. 

5.2.3 Multi-Islet Secretion Measurements with pFRET Assay 

Our research group is interested in performing continuous monitoring of hormone 

secretions from pancreatic islets in order to further understand the effects of diabetes and obesity 

on glucose regulation in the body. The use of a passively-controlled microfluidic device that 

traps and measures secretions from up to 8 murine islets at once was previously demonstrated 

[18]. This technique utilized enzyme-linked immunosorbent assays (ELISA) to measure insulin 

secreted from each islet after basal (3 mM) and stimulatory (11 mM) levels of glucose were 

applied, which yielded results comparable to conventional methods performed in bulk solution 

[18]. This method not only simplified stimulation and sampling through the use of a passively-

controlled device, but also provided a platform for obtaining information from single islets.  
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We would like to simplify these measurements even further by replacing ELISA 

techniques with our highly-sensitive proximity FRET (pFRET) assays. Quantitative information 

could be obtained by simply using fluorescence microscopy to detect signals directly from 

droplets containing islet secretions, eliminating the need for post sampling analysis involving 

transfer of material to external devices for measurement and read-out. Instead, the hormone 

secretions will be trapped within individual droplets already containing probes for pFRET and 

allowed to incubate on a specially-designed microfluidic device that allows droplets to remain on 

the device for up to 5-6 min from the point of formation to the point of reaching the outlet, 

providing the desired measurement of concentration over time. These devices also contain 

chambers where droplets can be stored and incubated further if the vacuum is stopped. This 

dissertation work will contribute to the realization of this goal by providing a biocompatible 

surfactant that allows for droplet stability and optimal assay performance. As mentioned in 

Chapter 3, the pFRET assay for measurement of insulin concentration did not work in the 

presence of unmodified, Krytox carboxylate surfactant. However, when Jeffamine aqueous 

additive is included, assay performance was recovered (Chapter 3, Figure 3.6 A). Therefore, the 

realization of a passively-controlled method for continuous monitoring of hormone secretions 

from multiple islets directly on chip will require the combination of previously-reported 

techniques and our method to generate biocompatible droplet surfaces.  
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