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Abstract 
 

An Immunoglobulin-E (IgE) DNA aptamer was covalently bound to IgE using a 

formaldehyde cross-linking method. The resulting complex was then separated from free 

aptamer by capillary electrophoresis (CE).  The bound-to-free peak area ratios were preserved as 

a result of the cross-linking, which acted as a “freeze-frame” of the reaction in equilibrium.  

Elevated temperature occurring during CE separations can cause dissociation of non-covalently 

bound molecules and their targets, decreasing the usefulness of the information obtained. Due to 

the formaldehyde cross-linking performed, the bound-to-free ratio was preserved over that of the 

uncross-linked control, which showed a decreased bound-to-free ratio upon heating. Additional 

trials were run on bovine serum albumin (BSA), anti-BSA, glucagon, and anti-glucagon using 

the formaldehyde cross-linking method. The results for this section were not conclusive due to 

difficulties in the separation and mechanistic issues with formaldehyde cross-linking. With the 

use of formaldehyde cross-linking, complexes that easily dissociate, under stringent separation 

conditions, can be covalently linked to prevent dissociation and allow for more sensitive analyses 

to be performed. 
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1. Abstract 
 

An Immunoglobulin-E (IgE) DNA aptamer was covalently bound to IgE using a 

formaldehyde cross-linking method. The resulting complex was then separated from free 

aptamer by capillary electrophoresis (CE).  The bound-to-free peak area ratios were preserved as 

a result of the cross-linking, which acted as a “freeze-frame” of the reaction in equilibrium.  

Elevated temperature occurring during CE separations can cause dissociation of non-covalently 

bound molecules and their targets, decreasing the usefulness of the information obtained. Due to 

the formaldehyde cross-linking performed, the bound-to-free ratio was preserved over that of the 

uncross-linked control, which showed a decreased bound-to-free ratio upon heating. Additional 

trials were run on bovine serum albumin (BSA), anti-BSA, glucagon, and anti-glucagon using 

the formaldehyde cross-linking method. The results for this section were not conclusive due to 

difficulties in the separation and mechanistic issues with formaldehyde cross-linking. With the 

use of formaldehyde cross-linking, complexes that easily dissociate, under stringent separation 

conditions, can be covalently linked to prevent dissociation and allow for more sensitive analyses 

to be performed. 
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2. Introduction 

2.1 Capillary electrophoresis (CE) 

A useful analytical method for separation of charged molecules is capillary 

electrophoresis (CE). Since its development, CE has been implemented in large variety of 

experiments in various branches of chemistry and biology.  The widespread use of CE can be 

attributed to its relatively simple instrumentation and high resolving power.  Electrophoresis has 

been used to separate amino acids, peptides, proteins, nucleic acids, and a variety of other 

analytes.  Analysis by CE begins by injecting a small sample plug into a buffer-filled capillary.  

The ends of the capillary are then placed into buffer-filled vials, and a potential is applied 

between the vials.  With the applied voltage, a high DC potential is created through the capillary 

and any charged species that were injected into the capillary will migrate according to their 

charge-to-hydrodynamic radius ratio, which is proportional to the species electrophoretic 

mobility. 

 

Figure 1. Schematic of a Capillary Electrophoresis System. 



 

The electrophoretic mobility of an analyte is based upon its charge and frictional forces it 

experiences moving through the system.  With each analyte having a unique migration time 

through the capillary, complex samples and samples that are difficult to separate by other 

methods can be separated using CE.  The overall schematic for a capillary electrophoresis 

instrument can be seen in Figure 1 [1]. 

Owing to the small dimensions of the capillary, the amount of sample that can be injected 

is between 0.1 - 10 nL [1].  Also due to the dimensions of the capillary, the amount of Joule 

heating present can be dissipated more quickly thus reducing its negative effects, and the 

potential that can be applied is much higher, in the range from 20 kV to 60 kV as opposed to 500 

V with gel electrophoresis [1].  A common detection method used with CE is laser-induced 

fluorescence (LIF).  LIF is an effective detection method for CE because the laser provides high 

intensity, monochromatic light to be focused on the relatively small capillary.  The variety of 

fluorescent labels and the ways in which they can be attached allows for LIF to be used on a 

large variety of analytes.  Overall, CE-LIF allows for high-speed and high-resolution separations 

to be conducted even when the volume of the sample is quite small, with a recorded limit of 

detection of approximately 10 zeptomoles [1]. 

2.2 Affinity Interactions 

Antibodies and antigen interactions have long been studied in both biology and medicine.  

The natural extension of this research into the field of chemistry has allowed for the development 

of several high precision analytical techniques that capitalize on the unique antibody-antigen 

interactions found in nature. An antibody and its corresponding antigen exhibit an intrinsic 

affinity and great specificity for each other.  The binding between antibody and antigen is very 



 

similar to that of an aptamer and its target.  The binding is based upon conformational fit and 

weak bond types, such as hydrogen bonds and Van der Waals.  As a result, complex biological 

mixtures can be separated through the introduction, binding, and separation of specific antibody-

antigen complexes; this process is known as an immunoassay [2].  A standard immunoassay 

reaction is as follows, with * signifying a fluorescent label: 

Antibody + Antigen*  Antibody-Antigen* + Antigen* 

The procedure for separating the antibody-antigen complex from free antibody has 

changed since the first studies were conducted.  In the earliest reports, antibodies were attached 

to solid supports and the mixture was eluted over them.  The complex was then eluted off the 

solid framework.  The next and most significant advancement was the utilization of CE 

separations, due to its high resolving power and low limits of detection, but most importantly, 

because solid supports were no longer required.  The lack of solid supports is important because 

the antibodies do not have to be immobilized on the support which can affect their native 

conformation.  Using CE for the separation allows the native conformations to be preserved and, 

as a result, the antibodies have higher affinity and the separation time is decreased.  When 

coupled with CE-LIF, the bound antibody-antigen complex will have a different electrophoretic 

mobility than the free antigen. These different electrophoretic mobilities will create two distinct 

peaks in an electropherogram, one free and one bound. As such, the use of immunoassays in 

analytical chemistry has become widely used for the quantification of unknown amounts of 

antigen in complex mixtures [2]. 

 

 



 

2.3 Aptamers 

Aptamers, from the Latin “to fit,” are single-stranded DNA or RNA molecules capable of 

binding to a target molecule with high affinity. Their high affinity makes them useful in 

recognizing target molecules in vitro.  They are analogous to antibodies in their affinity for 

specific molecules; however, unlike antibodies which are often unavailable for a given target or 

can have varying affinities, aptamers are generated in vitro and, by their nature, possess high 

affinity [3].  

Aptamers are selected from randomly sequenced, single-stranded oligonucleotide 

libraries.  A naïve library possesses 1024 different sequences, each of which takes on a unique 

conformation as a result of their random nucleotide sequence.  A target molecule can then be 

introduced and if an analogous binding site is present, due to the tertiary structure of the aptamer, 

the two will form a complex.  After initial binding of the molecule, the complex can be separated 

from sequences lacking affinity.  Performing these separations distinguishes bound aptamer-

target molecule complexes from the unbound sequences.  The complex can then be dissociated 

and the aptamers can then be amplified using the Polymerase Chain Reaction (PCR) [3]. After 

the initial PCR, target molecules are reintroduced creating complexes with high affinity 

aptamers, and those that do not bind can be separated.  The affinity of the aptamers for the target 

molecules increases, each time that this process is repeated.  This process is commonly referred 

to as the Systematic Evolution of Ligands by Exponential Enrichment (SELEX) method. This 

process usually has to be iterated multiple times before there is a significant increase in the 

affinity of the aptamers [4]. An important component of this process is the method used for 

separating the binding from the nonbinding oligonucleotide sequences. Two analytical separation 



 

techniques commonly used with SELEX are affinity chromatography and capillary 

electrophoresis. The SELEX procedure originally immobilized targets on a solid framework and 

aptamers flowed across them and, if the aptamers had affinity, binding would occur. Eventually, 

the solid supports were no longer necessary, as in the evolution of affinity selections, and CE-

SELEX came into common use.  However a detriment to the use of CE-SELEX is that efficient 

separations often involve stringent conditions that can cause the complex to dissociate due to the 

weak bonds present between the aptamer and its target molecule.  As a result, there will be a 

decrease in the number of high affinity aptamers that can be collected and detected.  The work 

described in this thesis is an attempt to maintain the aptamer-target complex during the 

separations. 

2.4 DNA-protein Cross-linking 

Methods have been developed to covalently link DNA and proteins.  A common way to 

create a covalently bound protein-DNA complex is through formaldehyde cross-linking.  Up to 

this point, cross-linking has primarily been used in chromatin immunoprecipitation (ChIP) assays 

where it is used to examine endogenous DNA-protein interactions.  Cells are placed in a solution 

of formaldehyde to cross-link DNA and DNA-binding proteins.  The cross-linking allows for a 

covalent bond to be made that prevents the interactions between DNA and proteins from being 

disturbed during the subsequent extraction process [5].  The cross-linking of the molecules 

generally occurs when they are within approximately 2 Å of each other [6].  The mechanism 

through which formaldehyde cross-links two molecules is through nucleophilic attack of a 

primary amino group by the nucleophilic carbon in formaldehyde.  Two amino acids that are 

essential for cross-linking from the protein perspective are lysine and arginine, both which have 



 

primary amino groups. As a result of the mechanism shown in Figure 2 [5], the ability to cross-

link proteins with aptamers is significant because of the amount of primary amino groups found 

in DNA.  Three of the nucleic acids, adenosine, cytosine, and guanine, all have primary amino 

groups that can be cross-linked. Upon reacting with formaldehyde, a Schiff base is formed that 

can then condense when encountered by another amino group, forming a covalent bond. 

 

Figure 2. Formaldehyde Cross-linking Mechanism.  Cytosine, for example, first reacts with 

formaldehyde forming a Schiff base that can then interact with the amino acid lysine to form the covalent cross-link. 

 

The ability to cross-link a DNA molecule and protein can be used as a possible solution to 

prevent dissociation of non-covalent complexes during stringent separation conditions used in 

aptamer selections. 

  



 

3.  Purpose 

The goal of this research is to develop a method for cross-linking a protein to a DNA 

aptamer using formaldehyde.  Upon doing so it will be possible to separate a covalently bound 

DNA-protein complex from free aptamers, reverse the cross-linking, and obtain a high affinity 

aptamer.  As stated above, one problem with efficiently isolating the aptamer-target complex is 

the dissociation of the complex during the separation step.  The main purpose of this research is 

to develop a protocol that uses formaldehyde to cross-link DNA aptamers and a protein of 

interest, instead of allowing them to be separated while non-covalently bound. Furthermore, the 

former procedures for aptamer selection have to undergo numerous rounds of amplification 

before a high affinity aptamer can be made [7].  With this new protocol, more efficient 

separation strategies may be applied to aptamer selections allowing higher affinity aptamers to 

be obtained.  

 

 

 

 

 

 

 

  



 

4. Materials and Method 

4.1 Reagents 

The aptamer used in these experiments was synthesized, fluorescently labeled and 

purified by Integrated DNA Technologies (Coralville, IA, USA). The IgE aptamer used was a 

single-stranded DNA, 37 base aptamer with the following sequence: 

5’GGGGCACGTTTATCCGTCCCTCCTAGTGGCGTGCCCC-3’. A fluorescein label was 

added to the 5’-end of the aptamer through the use of an ethylene glycol spacer [8]. Human IgE 

was obtained from Athens Research and Technology (Athens, GA, USA). Fluorescein 

isothiocyanate (FITC) glucagon was custom-synthesized by CHI Scientific, Inc (Maynard, MA, 

USA). Sodium phosphate dibasic was obtained from Thermo Fisher Scientific (Waltham, MA, 

USA).  Ethylenediaminetetraacetic acid (EDTA), bovine serum albumin (BSA), and sodium 

hydroxide (NaOH) were from EMD Chemicals (San Diego, CA, USA). Glycine was obtained 

from VWR (Suwanee, GA). Monoclonal antibody to glucagon from mouse ascites fluid (clone 

K79bB10, Kd = 1.6 nM), monoclonal anti-BSA from mouse ascite fluid (clone BSA-33), and all 

other chemicals, unless otherwise stated, were purchased from Sigma–Aldrich (Saint Louis, MO, 

USA).  All solutions were prepared using deionized water obtained from a Nanopure Diamond 

water purification system (Barnstead, Dubuque, IA, USA). 

  



 

4.2 Capillary Electrophoresis 

 The instrument used for the capillary electrophoresis separations in all experiments was a 

Beckman P/ACE MDQ CE (Beckman Coulter, Fullerton, CA, USA).  This instrument was 

coupled with an LIF detector using a 3 mW argon-ion laser (Beckman Coulter) with an 

excitation wavelength of 488 nm; the emission was collected through a 520 nm   20 nm 

bandpass filter with a photomultiplier tube as the detection source.  Data were collected at 16 Hz 

and analyzed by Beckman 32 Karat software (Beckman Coulter).  Uncoated fused-silica 

capillary with a 25 or 50 μm ID and 360 μm OD were purchased from Polymicro Technologies 

(Phoenix, AZ, USA).  The capillary temperature was maintained at 25°C for original trials in all 

experiments and then elevated to 40°C to test cross-linking.  The capillary was rinsed at the 

beginning of each day with 1 M NaOH for 5 min and deionized water for 2 min at 60 psi.  The 

capillary was then conditioned with the run buffer for 5 min at 60 psi.  The run buffer for the IgE 

trials was 5 mM Na2HPO4 and 5mM KH2PO4 at pH 8.4. The run buffer for the BSA and 

glucagon trials was 20 mM sodium carbonate and 20 mM sodium bicarbonate at pH 9.  Between 

analyses, the capillary was rinsed with 1 M NaOH and run buffer for 1 min at 60 psi.  IgE and 

BSA were injected by applying 0.5 psi for 5 sec and glucagon for 10 sec.  Separation was 

performed at 20 kV for IgE and BSA and 15 kV for glucagon with a 0.17 min voltage ramp time. 

  



 

4.3 Solution Preparation Methods 

4.3.1 IgE and IgE aptamer preparation 

For Trial 1, a stock solution with a concentration of 2.5 mM fluorescein labeled IgE 

aptamer was diluted using the sample buffer (phosphate) to a working concentration of 400 

nM. 100 μL of this working solution was heated at 95°C for 5 minutes.  It was then cooled by 

2°C/min to 20°C ensuring the aptamer took on the appropriate secondary structure.  A 

sample of 400 nM aptamer was analyzed using the CE method outlined in Section 4.2.  A 

working stock of IgE was also prepared from a 5.8 μM stock solution and diluted using 

sample buffer (phosphate) to a final concentration of 150 nM IgE.  Then a 10 μL sample of 

400 nM aptamer and 150 nM IgE was analyzed. All samples were incubated in darkness, to 

prevent photobleaching of the fluorophore, for 10 min before running or cross-linking. 

For Trials 2 – 4, a stock solution with a concentration of 2.5 mM fluorescein labeled 

IgE aptamer was diluted using the sample buffer (phosphate) to a working concentration of 

2.25 μM.  100 μL of this solution was prepared in the same manner as described above.  A 

sample of 2.25 μM aptamer was analyzed.  A working stock of IgE was also prepared from 

the 5.8 μM stock solution and diluted using sample buffer (phosphate) to a final 

concentration of 580 nM IgE.  Then a 10 μL sample of 2.25 nM aptamer and 580 nM IgE 

was analyzed.  The sample buffer used in all trials was 5 mM Na2HPO4 and 5mM KH2PO4 at 

pH 8.4.  All samples were incubated in darkness, to prevent photobleaching of the 

fluorophore, for 10 min before analyzing or cross-linking. 

 

 



 

4.3.2 BSA and anti-BSA preparation 

A stock solution of BSA was labeled with FITC using a Calbiochem FITC labeling 

kit from EMD Biosciences (La Jolla, CA, USA) and had a concentration of 23 μM FITC-

BSA.  From this stock solution, a working concentration of 50 nM FITC-BSA was made by 

diluting with the sample buffer (phosphate, EDTA, Tween 20).  A sample of 50 nM FITC-

BSA was analyzed using the CE method outlined in Section 4.2.  A working stock of anti-

BSA was prepared from a 5 μM stock solution and diluted using the sample buffer to a final 

concentration of 10 nM.  Then a 20 μL sample of 50 nM FITC-BSA and 10 nM anti-BSA 

was analyzed.  The sample buffer used was 20 mM NaH2PO4, 1 mM EDTA, and 0.1 % w/v 

Tween 20 at pH 7.4.  All samples were incubated in darkness, to prevent photobleaching of 

the fluorophore, for 10 min before running or cross-linking. 

 

4.3.3 Glucagon and anti-Glucagon preparation 

A stock solution of FITC-glucagon with a concentration of 143 μM was diluted to a 

working concentration of 10 nM in sample buffer (phosphate, EDTA, Tween 20).  A sample 

of 10 nM FITC-glucagon was analyzed using the CE method outlined in Section 4.2.  A 

working stock of anti-glucagon was prepared from a 78 μM stock solution and diluted using 

the sample buffer to a final concentration of 20 nM anti-glucagon.  Then a 10 μM sample of 

10 nM FITC-glucagon and 20 nM anti-glucagon was analyzed.  The sample buffer used was 

20 mM NaH2PO4, 1 mM EDTA, and 0.1 % w/v Tween 20 at pH 7.4.  All samples were 

incubated in darkness, to prevent photobleaching of the fluorophore, for 10 min before 

running or cross-linking. 



 

4.3.4 Formaldehyde Cross-linking 

Formaldehyde cross-linking was performed on separately prepared samples at the same 

concentrations as those used as controls.  The cross-linking was begun by adding 

formaldehyde to a final concentration of 1% (0.68 mL of 37% per 25 mL of solution) directly 

to the sample solution and rocking for 10 min. at room temperature [7].  The cross-linking 

was then stopped by adding glycine to a final concentration of 125 mM (3.75 mL of 1M per 

25 mL of solution).  It was then rocked at room temperature for 5 min [7].  The same volume 

of glycine was also added to the control samples using the same procedure for rocking. 

  



 

5. Results and Discussion  
 

All data collected in these experiments was done so in the manner of a non-competitive 

immunoassay, where an excess of fluorescently-labeled aptamer (Apt*) is incubated in the 

presence of a limiting amount of target.  The reaction occurred as:                         
Apt* is binding to IgE and forming Apt*-IgE complex, with unbound Apt* remaining free.  In 

the CE separation, this type of reaction produces two peaks, a bound peak (B) and a free peak 

(F).  To test the effectiveness of cross-linking in preserving the complex, the temperature during 

the separation was varied.  After successful cross-linking, dissociation of the covalent complex 

should not occur at either low or elevated temperatures.  In contrast, if the cross-linking was 

unsuccessful, then at elevated temperature the complex, being held together only by weak bonds, 

should dissociate.  To quantitatively determine if dissociation occurred, the ratios of the bound 

and free (B/F) peak areas were calculated.  For the cross-linked sample, the B/F ratio should not 

change, as a freeze-frame of the two in equilibrium has been created.  Likewise, if the complex 

was not successfully cross-linked, then the two components will dissociate and the B/F ratio will 

decrease. 

 

The cross-linking portion of the experiment is possible due to the high affinity of the 

aptamer and antibody for their target and antigen, respectively.  This high affinity for each other 

at ambient temperature results in the molecules being conformationally close together and if 

there is a 2 Å or less distance between them, then they can be cross-linked using formaldehyde 

[6].  Formaldehyde is added as the cross-linking factor and glycine is added to quench any 



 

remaining formaldehyde. When both of these are introduced they change the electro-osmotic 

flow in the buffer by altering the pH and the viscosity.  To insure that the changes in the B/F 

ratio was due only to formaldehyde cross-linking, glycine was also added to the control sample 

to ensure the electro-osmotic flow is as similar as possible in both samples.  In Figures 3 - 6, the 

peaks are labeled in the electropherograms as bound 25°C (B) or free 25°C (F) and bound 40°C 

(B40) or free 40°C (F40).  

 

 

6.1 IgE Trials 

Four separate trials were conducted for the IgE aptamer and its target, experiments from 

Trial 1 used 400 nM aptamer and 150 nM IgE and experiments from Trials 2 – 4 used 2.25 μM 

aptamer and 580 nM IgE. The electropherograms of the control samples for Trial 1 can be seen 

in Figure 3.  The free peak, F, migrates past the detector at approximately 2 min and the bound 

peak, B, at approximately 1 min.  Upon heating, these migration times change due to the effect 

of heat on the electro-osmotic flow in the capillary.  The free peak, F40, at 40°C migrates past 

the detector at approximately 1.5 min and the bound peak, B40, at approximately 0.8 min.  It can 

also be seen that upon heating to 40°C, the area of the bound peak, B40, has decreased compared 

to the bound peak, B, at 25°C.  The quantitation of the B/F ratio will be discussed later in this 

section. 



 

 

Figure 3. IgE Control Trial 1. The triplicate runs of the control experiment with 400 nM aptamer and 150 nM 

IgE and glycine. The blue, black, and red traces correspond to the control experiment separations performed at 25°C.  

The green and pink traces correspond to the control experiment separations performed at 40°C.  

 

The electropherograms of the cross-linked samples from Trial 1 can be seen in Figure 4.  

The free peak, F, migrates past the detector at approximately 1.9 min and the bound peak, B, at 

approximately 1 min.  The migration times are different from the control due to the effects of 

formaldehyde and glycine on the electro-osmotic flow. Additionally, these time shifts occurred 

as the result of higher temperature, the same as in the control.  The free peak, F40, at 40°C 

migrates past the detector at approximately 1.5 min and the bound peak, B40, at approximately 

0.8 min.  Upon heating to 40°C the bound peak, B40, decreases slightly when compared to the 

bound peak, B, at 25°C; however, relative to the free peak the area has not changed.  The 

quantitation of the B/F ratio will be further discussed later in this section. 



 

 

Figure 4. IgE Cross-linked Trial 1.  The electropherograms for the triplicate runs of cross-linked sample at 

the same concentration as the control sample, with blue, black, and red traces at 25°C and green and pink traces at 

40°C. 

 

For each of the electropherograms shown in Figures 3 and 4, the area of each peak was 

obtained and these values are listed in Table 1, for the control replicates, and in Table 2, for the 

cross-linked replicates. The B/F ratio was calculated by dividing the bound peak area by the free 

peak area. 

Table 1. IgE Control Trial 1 Peak Areas.  

Control Run Bound Peak Free Peak  B/F Ratio 

25OC Replicate 001 31072 343490 0.090 
25OC Replicate 002 30394 364103 0.083 
25OC Replicate 003 29321 360202 0.081 
40OC Replicate 001 11384 348517 0.033 
40OC Replicate 002 13473 381415 0.035 
40OC Replicate 003 13279 372931 0.036 

 



 

Table 2. IgE Cross-linked Trial 1 Peak Areas.  

Cross-linked Run Bound Peak Free Peak  B/F Ratio 

25OC Replicate 001 46673 183921 0.114 
25OC Replicate 002 48288 210509 0.254 
25OC Replicate 003 45628 189600 0.229 
40OC Replicate 001 32208 131556 0.241 
40OC Replicate 002 32462 133715 0.245 
40OC Replicate 003 33004 129940 0.243 

 

Based on the B/F ratios obtained from the electropherograms in Figures 3 and 4, there is 

an observable relationship between cross-linking and the preservation of the B/F ratio.  In the 

control replicates the B/F ratio was approximately 0.08 at 25°C and approximately 0.035 at 

40°C, a statistically significant decrease.  The cross-linked replicates had B/F ratios of 

approximately 0.24 at both 25°C and 40°C.  This preliminarily shows that formaldehyde cross-

linking can be used to preserve the B/F ratio. The quantification of these values will be discussed 

later in this section. 

The next part of the experiment was to replicate Trial 1 to insure the reproducibility of 

formaldehyde cross-linking an aptamer to its target. The concentrations were increased and the 

aptamer-to-IgE ratio was changed in an attempt to increase both signal and binding, respectively.  

The concentrations used in Trials 2 – 4 were 2.25 μM aptamer and 580 nM IgE. The 

electropherograms for the Trial 2 control separations are shown in Figure 5 and those for the 

cross-linked separation are shown in Figure 6.  The electropherograms shown are from Trial 2 

only; however, they are representative of the results obtained in Trials 3 and 4. 



 

 

Figure 5. IgE Control Trial 2.  Electropherograms are shown for the triplicate runs of the control with glycine 

with 2.25 μM aptamer and 580 nM IgE.  These Trial 2 electropherograms are representative of Trials 3 and 4. The 

units of the y-axis are relative fluorescence units (RFU). The blue, black, and red traces correspond to the separation 

of control with glycine at 25°C.  The green and pink traces correspond to the separation of control with glycine at 

40°C. 

 

Figure 6. IgE Cross-linked Trial 2. Electropherograms for the triplicate runs of the cross-linked samples with 

the same conditions as the control, Figure 5, with blue, black, and red traces correspond to the separations at 25°C 

and the green and pink traces correspond to the separations at 40°C. These Trial 2 electropherograms are 

representative of Trials 3 and 4. The units of the y-axis are relative fluorescence units (RFU). 



 

The electropherograms for Trials 2 – 4 also showed a visible decrease in area between the 

bound peaks, B and B40, of the control at 25°C and 40°C (Figure 5).  The formaldehyde bound 

peaks, F and F40, did not show significant decrease in area between 25°C and 40°C (Figure 6).  

The migration times were approximately the same and the increase in concentration 

corresponded to an increase in the signal, as was expected.  The peak areas for Trials 2 – 4 were 

obtained and are listed below in Table 3 for the control replicates and in Table 4 for the cross-

linked replicates.  Multiple trials were performed, under the same conditions, to show overall 

reproducibility of the formaldehyde cross-linking. 

Table 3. IgE Control Trials 2 – 4 Peak Areas. 
 

Trial 2 Bound Peak 
Free Peak Without 

Shoulder 
B/F Ratio 

25OC Replicate 001 1664985 28044286 0.059 
25OC Replicate 002 1751374 29911451 0.059 
25OC Replicate 003 1965344 31224490 0.063 
40OC Replicate 001 1042657 40472422 0.026 
40OC Replicate 002 999613 39925199 0.025 
40OC Replicate 003 1223453 62020712 0.020 

Trial 3  

25OC Replicate 001 1195356 31711595 0.038 
25OC Replicate 002 1232047 28075732 0.044 
25OC Replicate 003 1094906 30069340 0.036 
40OC Replicate 001 496690 39939685 0.012 
40OC Replicate 002 554598 35470943 0.016 
40OC Replicate 003 616723 38274499 0.016 

Trial 4  

25OC Replicate 001 1889656 26320149 0.072 
25OC Replicate 002 1769407 24706370 0.072 
25OC Replicate 003 1781622 26249215 0.068 
40OC Replicate 001 1315033 51356261 0.026 
40OC Replicate 002 1384515 55832771 0.025 
40OC Replicate 003 1356123 56246570 0.024 



 

Table 4. IgE Cross-linked Trials 2 – 4 Peak Areas. 
 

Trial 2 Bound Peak 
Free peak without 

shoulder 
B/F Ratio 

25OC Replicate 001 3126684 38538028 0.081 
25OC Replicate 002 3215153 38063380 0.084 
25OC Replicate 003 3536673 41197442 0.086 
40OC Replicate 001 2989048 31634939 0.094 
40OC Replicate 002 2738612 29663247 0.092 
40OC Replicate 003 2618011 26264926 0.100 

Trial 3  

25OC Replicate 001 2998560 37000699 0.081 
25OC Replicate 002 2880721 35310904 0.082 
25OC Replicate 003 2831615 31797191 0.089 
40OC Replicate 001 3007076 32547637 0.092 
40OC Replicate 002 2805259 31423517 0.089 
40OC Replicate 003 2702530 29750668 0.091 

Trial 4  

25OC Replicate 001 2829249 33184355 0.085 
25OC Replicate 002 3344981 40075233 0.083 
25OC Replicate 003 2918945 35443810 0.082 
40OC Replicate 001 2718245 35418511 0.077 
40OC Replicate 002 2712443 35590445 0.076 
40OC Replicate 003 2750147 37324808 0.074 

 

 From Tables 3 and 4, there is a clear trend that shows that the B/F ratio can be preserved 

through the process of formaldehyde cross-linking.  The control replicates at 40°C all showed a 

clear decrease in their B/F ratios when compared to the associated B/F at 25°C.  The 

formaldehyde cross-linked replicates did not show this decrease and the B/F ratios were 

maintained between the two temperatures.  Table 5 shows the average B/F ratios for Trials 1 – 4 

compared at the two temperatures with  standard deviations and % relative standard deviation 

(RSD), based on B/F ratios listed in Tables 3 and 4.  Using the standard deviations and the 

averages, the control versus cross-linked trials can be compared using a two-tailed Student’s t-



 

test.  There should be a statistically significant difference in the control samples when comparing 

the average B/F ratio at 25°C to 40°.  If the cross-linking was successful, then there should be no 

statistical significance between the average B/F ratio at 25°C and 40°C of the cross-linked 

samples. 

Table 5. Averaged Bound-to-Free Area Ratios 

Trial Average B/F Ratio 
Standard 

Deviation 
% RSD 

1 Control 25°C 0.085 0.005 5.58 
1 Control 40°C 0.035 0.002 4.70 

1 Cross-linked 25°C 0.241 0.012 5.06 
1 Cross-linked 40°C 0.234 0.026 11.06 

2 Control 25°C 0.060 0.002 3.87 
2 Control 40°C 0.025 0.001 2.02 

2 Cross-linked 25°C 0.084 0.002 2.89 
2 Cross-linked 40°C 0.095 0.004 3.96 

3 Control 25°C 0.039 0.004 10.16 
3 Control 40°C 0.014 0.002 16.12 

3 Cross-linked 25°C 0.084 0.004 5.34 
3 Cross-linked 40°C 0.091 0.002 1.72 

4 Control 25°C 0.070 0.002 3.14 
4 Control 40°C 0.025 0.001 3.01 

4 Cross-linked 25°C 0.084 0.001 1.75 
4 Cross-linked 40°C 0.076 0.002 2.17 

 

For all trials the differences between the two temperatures of the control were statistically 

different with a 99% confidence level and with p-values of approximately 0.001.  For all trials, 

the differences between the two temperatures of the cross-linked were not statistically significant 

and failed with test with p-values of approximately 0.67.  The difference between the control at 

25°C and 40°C suggests that the elevated temperature caused a change in the conformation of the 

DNA aptamer which then lost affinity and dissociated from the complex during serparation.  The 



 

formaldehyde cross-linked samples did not show this same difference and the B/F ratios were 

preserved during the separation at the higher temperature.  This leads us to believe that a 

covalent cross-link between the aptamer and IgE was formed using formaldehyde and the 

complex was less likely to dissociate, even upon heating.  These results can be summarized in 

Figures 7 and 8.  The average B/F ratios were plotted against the sample type at either 25°C or 

40°C. In Figure 7, error bars were added, signifying   1 standard deviation from the mean 

value.  

 

 

Figure 7. Comparison of IgE Trial 1 Average B/F Ratios.  The B/F ratios shown are the average values 

listed in Table 5. Trial 1 analyzed the ability to formaldehyde cross-link 400 nM aptamer and 150 nM IgE samples 

compared to a control were no formaldehyde was added. The error bars represent   1 standard deviation from the 

mean value obtained from the triplicate runs. 
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Figure 8. Comparison of IgE Trials 2 – 4 Average B/F Ratios. The B/F ratios shown are the average 

values listed in Table 5. Trials 2 - 4 analyzed the ability to formaldehyde cross-link 2.25 μM aptamer and 580 nM 

IgE samples compared to controls. 

 

As can be seen quantitatively in Table 5, and visually in Figures 7 and 8 there was a 

significant preservation, based upon the previously mentioned p-values, of the B/F ratio at 

elevated a temperature with formaldehyde cross-linking.  B/F ratios between the control 

experiments at 40°C and 25°C decreased, as predicted, while in the cross-linked samples, the B/F 

ratios at 40°C and 25°C remain unchanged. 

 

  

Control 25°C

Control 40°C

X-Linked 25°C

X-Linked 40°C

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

Trial 2
Trial 3

Trial 4

B
o

u
n

d
 t

o
 F

re
e

 A
re

a
 R

a
ti

o



 

5.2 BSA and Glucagon Trials 

 

 The aim of this portion of the experiment was to cross-link an antibody to an antigen in 

order to preserve a high B/F ratio.  Using the same procedure as for the IgE trials, the control 

was analyzed at 25°C and 40°C.  The elevation in temperature causes a denaturation of the 

protein, either the antibody or the antigen, and a loss of conformation leading to a loss of affinity.  

The B/F ratio should decrease as seen in the IgE trials upon dissociation of the complex.  Both 

labeled BSA and anti-BSA and labeled glucagon and anti-glucagon were cross-linked with 

formaldehyde and then analyzed to attempt to preserve the B/F ratio.  The BSA 

electropherograms are shown in Figure 9 for the two temperature trials of 50 nM BSA* and 10 

nM anti-BSA.  The glucagon electropherograms are shown in Figure 10 for the two temperature 

trials of 10 nM glucagon* and 20 nM anti-glucagon.  

 

 

Figure 9. BSA Trial. The control is labeled C25 and C40 and the formaldehyde cross-linked is labeled X25 and 

X40 for the two separations based on temperatures of either 25°C or 40°C. 



 

 

Figure 10. Glucagon Trial.  The control is labeled C25 and C40 and the formaldehyde cross-linked is labeled 

X25 and X40 for the two separations based on temperatures of either 25°C or 40°C. 

 

The results for the BSA and glucagon trials were not as conclusive as the results for the 

IgE aptamer.  The separations were not as well resolved and changes in peak profiles and 

migration times, due to the addition of the formaldehyde, made accurate comparison between the 

control and cross-linked samples difficult.  The ability to cross-link was not as straightforward 

because of several factors associated with protein conformation as opposed to the conformation 

of a DNA aptamer as was used in the IgE portion of this study.  The difficulty in cross-linking 

proteins arises due to the primary structure of a protein, i.e., its amino acid sequence. Unless 

there is a particularly large number of lysines or arginines that are found on the outside of both 

species and that are within the designated 2 Å, then, a critical amount of cross-linking will not 

occur. 



 

We believe that the reason there was no significant change between the peaks in Figures 

9 and 10 was because no cross-linking was occurring and the complexes were dissociating.  The 

resulting changes in peak position and general shape in these peaks was due to the introduction 

of formaldehyde and glycine and the effect these compounds have on the electro-osmotic flow in 

the capillary and on the electrophoretic mobility of BSA and glucagon.  A culmination of these 

factors resulted in inconclusive support for the formaldehyde cross-linking of an antibody to its 

antigen in these latter two trials. 

  



 

6. Conclusions 

 The use of formaldehyde as a cross-linker between a DNA aptamer and its target 

molecule can preserve the B/F ratio in a CE-immunoassay.  The effectiveness of cross-linking an 

aptamer to its target to preserve the B/F ratio upon heating was demonstrated in the first part of 

this study.  Upon heating of the aptamer-target complex, the affinity of the aptamer, which is 

based upon weak bonds, is altered which promoted dissociation in the control experiments and a 

statistically significant decrease in the B/F ratio.  Due to the covalent bonds created through 

cross-linking, the dissociation of the complex was prevented and the B/F ratio was preserved.  

The use of the formaldehyde cross-linking method to cross-link proteins coupled with the 

separation conditions used in the BSA and glucagon trials was not conclusive due to poorly 

separated peaks and difficulties in the mechanism of cross-linking.  Nonetheless, the further use 

and development of formaldehyde cross-linking, in relation to aptamers and their targets, may 

still lead to significantly more sensitive analysis of weakly bound aptamers, thus allowing the 

creation of new aptamers with higher affinity. 
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