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Abstract of the Dissertation 
 

Isothermal Titration Calorimetry Investigation of the Crowding Effects of 

Immobilized Aptamers on Gold Nanoparticle Surfaces 

 

by 

Zachary Petrek 

 

Doctor of Philosophy in Chemistry and Biochemistry 

 

University of California, Merced, 2024 

 

 

 

Isothermal titration calorimetry (ITC) is a powerful tool for investigating interactions between 

biomolecules – which are especially pertinent to many biosensing platforms. Interactions 

between nucleic acid aptamers and protein targets are of particular interest as aptamers offer a 

versatile alternative to traditionally used molecular recognition elements. ITC has been used 

to characterize interactions between protein targets and aptamer molecular receptors for a 

better understanding of the target binding process. 

ITC experiments often consist of interacting biomolecules in dilute solutions. However, many 

aptamer-based applications require immobilization to a solid support. Interactions between 

neighboring immobilized aptamers change the local environment around each aptamer. 

Furthermore, as the solid support surface becomes increasingly crowded, aptamer / target 

binding is likely to deviate from what is known about binding in a dilute solution. Several 

barriers exist that complicate incorporating aptamer functionalized gold nanoparticles into the 

ITC platform. Barriers stemming from low signals produced from interacting biomolecules 

require unique resolutions. Overcoming these barriers is necessary for accurate 

characterization of binding events. 

This dissertation details how ITC was enabled for investigating target binding between 

immobilized aptamers on gold nanoparticle surfaces and target proteins – a novel approach for 

characterizing target binding of immobilized aptamer-based systems. By precisely accounting 

for reaction stoichiometry, matching titrant and titrate buffers, and countering non-specific 

adsorption, we demonstrate that ITC can be used to characterize systems that feature 

immobilized aptamers on colloidal gold nanoparticles and protein targets – unveiling ITC as 
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an additional means for guiding biosensor design. Additionally, an investigation into how 

aptamer loading density affects target binding reveals an improvement to binding affinity as 

loading density increases. ITC analysis reveals that entropic compensation stemming from 

prepaid entropic penalties from aptamer immobilization explains the counterintuitive trend of 

binding affinity improvements as loading density increases. Of important note, at sufficiently 

high loading densities, a precipitous decline of target binding is observed, likely from increased 

steric hindrance from neighboring aptamers. Limitations of ITC on aptamer functionalized 

gold nanoparticle systems are discussed as well as future directions for using ITC to better 

understand target binding in crowded environments. 
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Prologue 

Set on the surface of a gold nanoparticle, this dissertation aims to understand how crowded 

receptors influence the capture of a molecule of interest, i.e., target. By better understanding 

the thermodynamics of the target binding process, an explanation to a counterintuitive trend 

can be used to help transform biosensing platforms and point of care diagnostics to have far-

reaching implications for how we monitor the environments around and within us. 
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1.1 Overview 

When Richard Feynman gave his famous lecture “There’s Plenty of Room at the Bottom” to a 

room full of scientists at Caltech in 1959, only he and a few others could have imagined the 

field that would manifest from the ideas presented. Feynman discussed manipulating matter 

on an atomic scale and the impacts this new perspective would have on society, science, and 

technology.1 Ideas stemming from this talk would branch into a new field called 

“nanotechnology” and would reach and impact human lives in fields of medicine, 

communications, computing, and chemical analysis.  

‘Nano’ finds its origin from the Greek prefix ‘vᾶvoς’ meaning “dwarf.” In 1960, nano was 

adopted by the General Conference on Weights and Measurements as a standard prefix 

measuring 10-9. 

It is difficult to conceptualize how small a nanometer (nm), one billionth of a meter, is – though 

several relatable examples can be used from objects that we commonly encounter. The nominal 

value of the width of a human hair is approximately 75,000 nm. The finest sand on a white 

sand beach measures up to roughly 60,000 nm. The smallest snowflakes falling gracefully 

towards the Earth measure about 200,000 nm – all seemingly gigantic when fitted to the 

nanoscale. 

Small sizes contrasted with massive room for research and development, nanotechnology has 

grown to a multi-disciplinary field with research competing for Nobel Prize bids and funding 

from the most prestigious agencies.2, 3 

Objects in the nanoscale find themselves bordering classical (bulk) and quantum (molecular) 

domains as dimensional confinement shapes their properties. Their versatility and ability to 

bridge the gap between the macroscopic and molecular realms make them a focal point of 

scientific research and technological innovation. Large surface area to volume ratios lead to 

increased surface effects, as surface atoms have different bonding environments and energy 

levels compared to bulk materials. Surface effects impact reactivity of nanomaterials, making 

them excellent catalysts and constituents for drug delivery and sensing applications. Quantum 

confinement is responsible for changes in electronic structure, band gap, and optical properties 

of nanomaterials. Quantum confinement occurs when the motion of electrons within a material 

becomes restricted in one or more dimensions by the material’s physical size, leading to 

discrete energy levels within a nanomaterial. Therefore, altering the physical size of the 

nanomaterial allows for precise control over its optical and electrical properties. Nanomaterials 

are on the size scale of biological molecules and cellular structures. Surface modifications 

allow nanomaterials to be engineered for cellular uptake for specific intracellular processes 

such as drug delivery or to target specific cells. Already miniaturized, nanomaterials fit nicely 

into technology’s drive for compactness. These phenomena have integrated nanotechnology 

into seemingly every aspect of modern life – from computer chips to advanced sensing 
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techniques and coatings.4 A field appreciably enjoying the boom of nanotechnological research 

and development is chemical and biological sensing. 

Sensors are devices that quantitatively describe an environment by producing an output signal 

for the purpose of detecting a physical phenomenon. Examples of sensors can be found 

ubiquitously in our daily lives such as the heart rate monitors on smart watches, the tire 

pressure gauges in an automobile, or an at-home pregnancy test strip. These sensors detect or 

quantify signals of analytes of interest – blood volume changes through skin per unit time, 

pound-force per square inch of atmospheric molecules / elements (namely N2, O2, and argon) 

inside a tire, or the presence of chorionic gonadotrophin in urine – and relay the quantity or 

presence of the analyte to the user. Nanomaterials are exceptionally well-suited for 

incorporation into sensors due to the unique properties of the nanoscale. The high surface-to-

volume ratio of nanomaterials enhances sensitivity, allowing for detection of minute quantities 

of analytes. Nanomaterials exhibit rapid response times, crucial for real-time monitoring, and 

their tunable properties, such as size and surface chemistry, allow for precise customization. 

The biocompatibility of some nanomaterials makes them suitable for sensing in biological and 

medical contexts. Multiplexing capabilities enable the detection of multiple analytes, while 

miniaturization facilitates the development of compact, portable sensors. Advances in 

nanomaterial synthesis techniques have improved cost-effectiveness, paving the way to 

widespread adoption. The enhanced signal-to-noise ratio and versatility across optical, 

electrochemical, and piezoelectric sensors further underscores the significance of 

nanomaterials in sensing technologies. 

 

 

 

 

 

Figure 1.1: Visualization of the nanoscale. Created with BioRender.com 
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1.2 Fundamentals of Biosensing 

Almost all biosensors consist of three essential components working in conjunction, including 

a receptor designed to bind or react specifically to a target, a signal transducer that can 

effectively translate the presence or changes in the target into a detectable signal, and a readout 

system that measures the raw signal and converts it into usable data. All sensors must possess 

three essential evaluation criteria to guarantee the accurate and reliable interpretation of a 

sample. 

Selectivity: A sensor must only interact with a particular analyte so that the user can be 

confident that the signal generated is originating from the analyte. For this to be the case, 

sensors employ a “recognition element,” which is a molecule that is designed to only 

specifically interact with a particular analyte even in the presence of other similar molecules. 

Sensitivity: In the most basic sense, sensors display a signal for a given concentration. Ideally, 

a small change in concentration results in a large signal change, which can be quantified by 

the slope of a sensor’s calibration curve. A sensor’s detection limit is the smallest quantity of 

analyte that can be reliably detected – commonly corresponding to a signal that is three 

standard deviations above the noise.  

A sensor’s dynamic range is usually considered to be the range of concentrations that produce 

a linear or logarithmically linear change with respect to the generated signal. At high enough 

concentrations, sensors eventually reach a non-linear range where the signal transduction 

mechanism saturates the sensor’s detection apparatus. 

Reproducibility / Reliability: Sensors must be designed in a way that minimizes batch-to-

batch variation. Partly a challenge in engineering, ensuring that two sensors made from the 

same materials produce the same result gives the user confidence that the signal produced is 

reliable and reproducible. 

Fouling is a term used to describe a sensor’s inability to produce a reliable signal after non-

specific interactions with macromolecules in a solution containing the target analyte.5 Fouling 

either produces a false-positive signal or does not allow the molecular recognition element to 

interact with the target molecule. In either case, the sensor fails to produce a signal that can be 

trusted by the user. Sensor design aims to eliminate non-specific adsorption to the sensor 

surface in order to combat fouling and produce a reliable signal. 

 

1.3 Colloidal Gold Nanoparticles and Surface Functionalization 

Gold nanoparticles are commonly incorporated into numerous sensing platforms. Their unique 

properties translate to remarkable signal transduction capabilities that have elevated the 

performance of these sensing platforms. The surface of gold nanoparticles can also be easily 

modified to incorporate a molecular receptor that can facilitate the binding process. 
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Understanding how gold nanoparticles can integrate molecular recognition and signal 

transduction is crucial to understanding why these nanomaterials are so prolific. 

Gold nanoparticles possess a handful of attractive qualities and advantages that make them 

well-suited for signal transduction in biological and chemical detection. Gold nanoparticles are 

biocompatible, which allows for versatility for in vivo sensing applications and interactions 

with biomolecules without sacrificing biomolecular integrity.6 Most often through well-

established thiol – gold chemistry, gold nanoparticles are relatively easy to chemically modify, 

enhancing their versatility in various solvents, including aqueous solutions with various ionic 

strengths.  Gold nanoparticles have a characteristic red color when dispersed in solution. 

However, when aggregated together, they change color to blue or purple due to inter-particle 

plasmon coupling.7 This drastic color change has been leveraged in making colorimetric 

sensors where the presence of a target molecule can induce a color change that serves as a user-

friendly approach to detection. Electronic properties of gold nanoparticles can be utilized to 

design gold nanoparticle-based biosensors. Gold is conducting in nature, so changes in current 

stemming from surface functionalized ligands can be used for detection of quantification.8 

Gold nanoparticles also serve as quenchers in fluorescence-based detection mechanisms.9 

When fluorophores move away from the gold nanoparticle surface, the quenching by gold is 

diminished, increasing the fluorescence signal. Lastly, the high surface area to volume ratio of 

gold nanoparticles allows a single gold nanoparticle to accommodate large numbers of 

capturing ligands and target molecules.10 

Bare, unfunctionalized gold nanoparticles have very little practical use due to their stability 

issues in ionic strength solutions. When introduced to an ionic solution, charge screening by 

ions in the solution cause gold nanoparticles to irreversibly aggregate. This aggregation causes 

a redshift in the localized surface plasmon wavelength.11, 12 Though this has been leveraged as 

a detection technique, the uncontrolled nature of this process makes it difficult to leverage as 

a reproducible strategy for detection.13 In addition, bare gold nanoparticles are incapable of 

specific interactions, which are necessary for most chemical and biosensing applications. The 

absence of surface groups on gold nanoparticles exposes the surface to non-specific 

adsorption.14 Without surface groups, non-specific adsorption often leads to fouling, leading 

to poor reproducibility or even outright failure in sensing. 

Functionalizing gold nanoparticles with ligands solves the aforementioned issues. Firstly, 

functionalization provides stability for gold nanoparticles so they can exist in ionic strength 

solutions without aggregating. Certain ligands used for gold nanoparticle functionalization 

alter the surface charge, increasing electrostatic repulsion between neighboring particles – a 

process known as electrostatic stabilization. Alternatively, the presence of ligands on the gold 

nanoparticle surface serves as a ‘buffer zone’ around the corona of each gold nanoparticle 

which serves to prevent gold nanoparticles from aggregating together from attractive van der 

Waals interactions between neighboring nanoparticles. Secondly, surface functionalization 

passivates the gold nanoparticle surface, i.e., suppressing non-specific adsorption. These two 
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attributes improve the reproducibility, selectivity, and reliability of gold nanoparticle-based 

sensing platforms. 

Many surface functionalization techniques take place through thiol (-SH) gold chemistry. The 

Au-S bond (~232 kJ/mol) is sufficient to anchor molecules with thiol functional groups to the 

gold nanoparticle surface.15 The resultant dense monolayer that forms vastly improves the 

practicality and utility of gold nanoparticles. DNA is a common ligand used to functionalize 

the surface of gold nanoparticles. Through both electrostatic stabilization (negatively charged 

DNA backbone) and steric stabilization, DNA oligonucleotides vastly improve gold 

nanoparticle stability, versatility, and programmability. Several approaches to functionalizing 

gold nanoparticles with DNA oligonucleotides have been developed over the past 30 years. 

Mirkin et al. pioneered the field of functionalizing gold nanoparticles with DNA ligands with 

a “salt aging” technique.16 In their approach, sodium chloride is slowly added over several 

hours to reduce the electrostatic repulsion between citrate-capped gold nanoparticles and the 

negatively charged DNA phosphate backbone. At higher salt concentrations, more DNA 

strands will cover the gold surface, as sodium chloride screens the electrostatic repulsions 

between neighboring DNA ligands tethered to the surface.10 While this method requires 

lengthy preparation, it has been proven to work with many different gold nanoparticle sizes 

and can be readily scaled up for larger functionalization batches. Liu et al. established a rapid 

method for DNA functionalized gold nanoparticles by freezing solutions of gold nanoparticles 

and DNA.17 As the solution freezes, volume in the solution is excluded by ice crystals. Gold 

nanoparticles and DNA oligomers are forced together in close proximity, allowing thiol – gold 

bonding to commence. The main advantage of this approach is eliminating lengthy intervals 

that are necessary for the salt aging method. While being a rapid approach, this technique is 

sometimes ineffective with larger gold nanoparticles, as these particles are more likely to 

aggregate together when forced together during the freezing process. Additionally, dynamic 

light scattering (DLS) revealed that AuNPs functionalized by the freezing method often 

contain small amounts of aggregation, which may lead to disadvantageous downstream effects. 

Liu also developed a low pH method of functionalizing DNA oligonucleotides to gold 

nanoparticles.18 The nucleobase adenine can be protonated at low pH (pH < 3), which 

positively charges the DNA oligonucleotide and allows the DNA strand to overcome the 

electrostatic repulsion from the gold surface. Although this approach uses less DNA than other 

methods, it works best with adenine-rich sequences, which limits its applicability. Lastly, and 

most recently, Deng et al. developed an alternative method to functionalize gold nanoparticles 

with a dense DNA layer through the assistance of butanol.19 In the presence of excess butanol, 

hydrophilic DNA and gold nanoparticles are forced together in small water droplets. The 

approach is rapid, and the overall methodology is similar to the freezing method. This rapid 

method works well with larger gold nanoparticles and can achieve DNA loading densities 

about 2-3 times higher than the salt aging and freezing methods. Although technically able to 

scale up, this method does generate large quantities of butanol waste when functionalizing 

large quantities of gold nanoparticles, as butanol is added to the gold nanoparticle / DNA 
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reaction mixture in a 9:1 ratio. Therefore, each of the methods to functionalize gold 

nanoparticles has advantages and disadvantages.  The choice of the surface functionalization 

methods depends on the specific requirements of the applications, such as loading.  

The highly programmable base pairing of nucleic acids allows DNA functionalized gold 

nanoparticles to be assembled into higher order structures that possess unique geometries and 

properties. Higher order structures have been studied and assembled to increase plasmonic 

resonance, which increases the sensitivity of such structures.20, 21 Moreover, the DNA ligands 

can be used for specific recognition of target molecules. While the recognition of nucleic acids 

by these DNA ligands is well known, certain DNA sequences, known as DNA aptamers, are 

known to specifically interact with proteins, small molecules, and even cells. Hence, gold 

nanoparticles functionalized with DNA aptamers attracted significant attention due to their 

potential in biosensing applications.22, 23  

 

1.4 Aptamers as Molecular Recognition Elements 

Aptamers are short, synthetic nucleic acid strands that exhibit affinity for various target 

molecules.24 Aptamers undergo a conformational change to assume a unique tertiary structure 

that allows for specific yet non-covalent interactions with their targets.25 

Before aptamers, antibodies were the chief molecular recognition element for detection 

strategies for decades, dating back to the 1950s.26 Antibodies are the immune system’s method 

of recognizing antigens inside a host. They show a high affinity and specificity for a particular 

Figure 1.2: (Left) Photo of instability within a solution containing gold nanoparticles. 

Stable 10nm AuNP at the top of the microcentrifuge tube appear red while larger AuNP 

aggregates (caused by the addition of NaCl) appear purple. (Right) Scanning electron 

microscope image of DNA functionalized gold nanoparticle assembly. Complementary 

DNA binding between AuNP allows for the fabrication of higher order structures for 

advanced sensing techniques such as surface enhanced Raman spectroscopy (SERS). Scale 

bar is 20nm. Images taken by Zachary Petrek. 
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antigen. Despite the success in harvesting antibodies from host organisms, such as rats, 

antibodies do suffer from a few drawbacks in sensing applications. 

Because antibodies are produced and harvested from a host organism, they tend to show 

variation between batches. This variation can lead to challenges in reproducibility.24, 27 

Additionally, because antibodies are made of proteins, they are subject to irreversible 

denaturation in harsh conditions. After denaturation, the antibody will no longer be able to 

bind to the target molecule. Furthermore, antibody production and identification is a time and 

labor-intensive process that is limited to targets that elicit an immune response, rendering 

certain conditions, such as poisoning from specific toxins, incapable of generating antibody 

molecular recognition.28 

Aptamers have the potential to overcome some of these limitations of antibodies, making them 

attractive for sensing applications.29 Because they are identified and produced in vitro and 

under denaturing conditions, they are not subject to batch-to-batch variations. Additionally, 

because they are not made of proteins, but rather flexible nucleic acids, their denaturation 

process is reversible, which increases their shelf life and versatility in harsh environments and 

makes aptamers thermally stable. There is also a wider range of target molecules that aptamers 

can be generated for because an immune response is not necessary for aptamer production. 

Aptamers are also typically much cheaper to synthesize compared to antibody harvesting. 

The process of selecting DNA aptamers is known as SELEX. Though not the focus of this 

dissertation, understanding the SELEX process highlights how DNA oligonucleotides can be 

engineered to specifically interact with a range of target analytes. 

 

Table 1.1: Comparison between nucleic acid aptamers and monoclonal antibodies when considering 

biosensor design. 

 Nucleic Acid Aptamers Monoclonal Antibodies 

Preparation In vitro SELEX. Cheap to 

synthesize. No batch-to-batch 

variation. Time required is 

about 8 weeks. 

Requires in vivo production. 

Batch-to-batch variations are 

often present. Expensive 

process compared to SELEX. 

Time required is about 4 

months. 

Stability Long shelf life. Stable at room 

temperature and temperature 

resistant. Can undergo repeated 

rounds of denaturation / 

renaturation. Able to be 

lyophilized.  

Limited shelf life. Temperature 

sensitive and often require 

refrigeration. Refrigeration is 

required for transport and 

storage. Easily denatured. 
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Target Potential Not limited by immune 

response. Targets range from 

small molecules and ions to 

whole cells. 

Limited to targets that create a 

strong immune response. 

Size Small molecules that lead to 

decreased steric hinderance. 

Relatively large when 

compared to the target. 

Affinity Can select for a range of 

affinities depending on 

application. 

Dependent on the number of 

epitopes on the antigen. 

Specificity Single point mutations are 

easily identifiable with 

sequencing techniques. 

Specific, but different 

antibodies are known to bind to 

the same antigen. 

Modifiability Easily modifiable. 

Affinity is typically not 

sacrificed. 

Difficult to modify. 

Modification often leads to 

reduced activity. 

 

 

1.4.1 SELEX 

SELEX (systematic evolution of ligands by exponential enrichment) is used to identify and 

select for nucleic acid sequences that non-covalently interact with a target molecule. The target 

molecule can take many forms ranging in sizes and complexities, including ions, peptides, 

proteins, viruses, and even whole cells.30 The technique was first proposed in 1990 by 

independent groups and has grown to be the standard for identifying nucleic acid aptamers that 

bind to a target molecule with high specificity and affinity.31, 32 Starting from a random pool 

of oligonucleotides, multiple cycles select for aptamers with high affinity for a target. The 

SELEX process can be broken down into 5 steps. 

Figure 1.3: Illustration of aptamer conformation required for target binding. Secondary structure 

maximizes non-covalent interactions with the target.  
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1) Preparation of the initial oligonucleotide pool: At the start of the SELEX selection 

process, a random library of oligonucleotides is introduced to the target. These libraries 

are obtained from commercial vendors (such as Sigma Aldrich) and typically contain 

between 1014 – 1015 random oligonucleotide sequences. Each oligonucleotide sequence 

contains a recognition sequence (30 – 50 nucleotides) sandwiched between primer 

binding sites, which are used to amplify the sequence in subsequent steps. 

2) Incubation between target and oligonucleotides: Upon solvation, oligonucleotides will 

fold into secondary and tertiary structures that will interact with target molecules. 

Because the target molecules are often bound to a surface, oligonucleotides that show 

affinity for the target molecules will be immobilized. The immobilization of 

oligonucleotides serves as a partitioning strategy for purification. 

3) Partitioning the bound versus unbound oligonucleotides: Bound oligonucleotides are 

separated from unbound oligonucleotides. Bound oligonucleotides will move on to 

subsequent SELEX rounds, while unbound oligonucleotides will be removed through 

a method of purification that is specific to the SELEX experimental setup. A few 

common methods for partitioning bound versus unbound oligonucleotides are affinity 

columns, magnetic beads, capillary electrophoresis, or membrane filtration.33 

4) Amplification: Oligonucleotides that show affinity for the target molecule are amplified 

for subsequent SELEX rounds. DNA aptamers are amplified by PCR (polymerase 

chain reaction) while RNA aptamers are amplified by RT-PCR (reverse transcription 

polymerase chain reaction). With the primer binding sites on each side of the 

oligonucleotide sequence, amplification can proceed in the presence of primers, a 

polymerase and nucleotides. 

5) Sequencing: Binding oligonucleotide sequences are sequenced by Sanger sequencing 

or high-throughput sequencing methods. This helps ensure the binding is reproducible. 

The entire SELEX process takes weeks to months, depending on the number of SELEX cycles. 

Between 8 and 20 cycles are typically required to obtain high affinity aptamers. Additionally, 

negative-target selections are introduced throughout the SELEX process to screen against non-

specific binding. Other strategies include modulating the target concentration to ensure that 

higher affinity aptamers out-compete lower affinity sequences.34 
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1.4.2 Interactions with Targets 

While the specific interactions between aptamers and targets vary from case to case, there are 

a handful of intermolecular forces that are responsible for affinity between aptamers and target 

molecules. These interactions work in concert with each other and are highly dependent on the 

chemistry between the aptamer and the target molecule.35 External factors, such as pH, metal 

ion strength, and temperature, can affect the interaction energy of binding forces.  

 

Hydrogen bonding 

Hydrogen bonding is the most ubiquitous interaction between aptamers and targets.28 Nucleic 

acid base pairs are capable of being hydrogen bond donors or acceptors while the negatively 

Figure 1.4: Schematic of the SELEX process. Nucleic acid aptamers are selected from primary 

libraries. Multiple rounds of SELEX identify high affinity aptamers. Reprinted with permission 

from Recent Advances in Aptamer-Based Liquid Biopsy. J. L. Zhang, Y. H. Huang, M. Sun, S. 

Wan, C. Y. Yang and Y. L. Song. ACS Appl. Bio Mater. 2022. Copyright © 2022 American 

Chemical Society.  

 



12 
 

charged phosphate backbone functions as a hydrogen bond acceptor.36 Hydrophilic residues of 

the side chains of proteins often serve as hydrogen bond donors. Hydrogen bonding is also 

known to stabilize G-quadruplex structures, a common aptamer motif when interacting with 

proteins such as thrombin.37 

Electrostatic interactions 

Electrostatic interactions are another class of interactions that aptamers use to recognize target 

molecules. Electrostatic interactions mostly arise from the negatively charged phosphate 

backbone of a nucleic acid aptamer and positively charged amino acid residues, such as lysine 

and arginine.38 As water is most often the solvent for any protein or biological macromolecule, 

charged amino acid residues often reside on the surface of the protein where interaction with 

the aptamer phosphate backbone can readily take place. Electrostatic interactions can be non-

specific in nature and tend to be influenced by the surrounding media and salt concentrations. 

Hydrophobic effects and pi-stacking 

Hydrophobic effects refer to the tendency of nonpolar constituents to associate together while 

excluding water molecules in an aqueous solution. Though the phosphate backbone of the 

aptamer is charged and readily associates with water molecules, aptamer bases, especially 

purines adenine and guanine, have hydrophobic aromatic rings consisting of pi electrons. Pi-

stacking of purine-rich sequences is known to stabilize the nucleic acid secondary structure.39 

Hydrophobic residues of amino acids, such as tyrosine and tryptophan, are likely to associate 

with hydrophobic regions of aptamers.35 

Van der Waals interactions 

Van der Waals interactions are omnipresent in molecular interactions as random changes in 

electron density result in attractive or repulsive forces between atoms, molecules, and surfaces. 

While characteristically weak, van der Waals interactions typically couple with other non-

covalent interactions, such as electrostatic interactions, and contribute to interaction energies 

between aptamers and target molecules.40, 41 These interactions become more prevalent with 

increased molecular size. 

 

1.5 Thrombin and its Aptamers 

Thrombin is classified as an allosteric serine protease and acts as a central protein in the 

coagulation cascade in mammals.42, 43 Activated thrombin cleaves fibrinogen into fibrin, 

resulting in blood clots that stop bleeding. Because of its relevance in physiological 

homeostasis, studies involving thrombin and its detection serve as practical examples for 

biosensing development. 

The discovery of Thrombin Binding Aptamer (TBA) was among the first nucleic acid aptamers 

discovered though the SELEX process.44 Thrombin is often used as a model system in many 
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aptamer-based sensor studies because it has two known aptamers that bind to different 

locations on the thrombin protein independently.45 The short sequences of thrombin’s aptamers 

make them relatively inexpensive to synthesize. The affinities of these two well-characterized 

aptamers differ by two orders of magnitude, which can be leveraged for biosensing platforms.  

Bock et al. discovered the first aptamer that binds to human α-thrombin in 1992.44 The 15 base-

pair aptamer sequence (5’ - GGT TGG TGT GGT TGG – 3') is guanine-rich and in the presence 

of potassium cations, forms a stable G – quadruplex: a structure that adopts an antiparallel 

chair-like conformation from parallel guanine residues.46, 47 When in this folded conformation, 

15mer-TBA binds to the fibrinogen – recognition exosite, also known as Exosite I, of thrombin 

and has an affinity for this exosite of ~ 100 nM.27 When this aptamer binds to an active exosite 

of thrombin, the fibrinogen cleaving activity is reduced.   

More recently, an aptamer that binds to a different exosite of thrombin was discovered. 

Twenty-nine nucleotides in length, the 29mer aptamer (5’ – AGT CCG TGG TAG GGC AGG 

TTG GGG TGA – 3’) recognizes the heparin-binding exosite, also known as Exosite II, and 

has an affinity of 0.5 nM.27, 48 The difference in binding affinities and recognition sites from 

these two aptamers has prompted the development of sandwich assays for thrombin 

detection.45 

Many iterations and alterations of these two aptamers have been produced and studied for their 

effects on binding to thrombin. Adding a long, poly-T tail to Bock’s TBA was shown to 

increase affinity by nearly a factor of ten.49 Additionally, Tian et al. showed how combining 

the 15mer TBA sequence with the 29mer TBA sequence using a polyethylene glycol 

phosphoramidite linker to enable multivalent binding increased binding affinity by 97-fold.50 

These modifications to the TBA highlight the versatility of aptamers and how they can be 

leveraged to maximize binding efficiency to enhance biosensor performance. 

The understanding of thrombin and its aptamers make it a relatively user-friendly system for 

studying biosensing platforms. Thus, thrombin is the target captured by TBA, which serves as 

the molecular recognition element. Many biosensing platforms require immobilizing a 

molecular recognition element onto a solid support. Several factors, including the local 

environment of the molecular recognition element, are known to influence target binding. 

Molecular crowding is a factor that has been investigated in hopes of improving sensor 

performance and leveraging conditions that are favorable to target binding. 
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1.6 Crowding on Flat and Curved Surfaces 

Molecular crowding is a term used to describe the effects of neighboring molecules on 

chemical reactions, target recognition, and binding inhibition.51 Such instances occur naturally 

in cells and other heterogeneous solutions. The idea of molecular crowding was first introduced 

in the 1960 but did not break into mainstream research until the late 1990s. Minton et al. first 

described the idea of excluded volume in 1980, explaining how the thermodynamics of protein 

folding and stability was influenced by other macromolecules in a cell cytoplasm.52 Because 

cytoplasm density inside a cell is often large, he cautioned researchers against assuming results 

of experiments performed in dilute solution to match the conditions found in vivo. Minton’s 

Figure 1.5: Thrombin protein with its exosites highlighted in orange. Exosite I, the 

fibrinogen – recognition site, is the binding site for 15mer TBA. Exosite II, the 

heparin – recognition site, is the binding site for 29mer TBA. Reproduced from 

reference 44. Copyright © 2016, Oxford University Press, part of Nucleic Acids 

Research. All rights reserved. 
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thermodynamic interpretation of excluded volume effects on protein stability catapulted in-

solution crowding effects into an active field of study.53 

Interest around crowding on flat surfaces ensued with the development techniques 

immobilizing DNAs on solid support. Immobilized DNAs would take root in many notable 

biotechnological platforms such as eDNA sensors, DNA microarrays, and DNA sequencers. 
54-57 All these technologies used immobilized DNA as a molecular recognition element for 

target capture.  

Complementary DNA (cDNA) was a common target as these new technologies could be used 

to detect genes of interest. Researchers focused on how the density of immobilized DNA 

influenced cDNA capture efficiency, as the ability to understand crowding on solid support 

systems could be applied to eDNA sensors, DNA microarrays, and DNA sequencers. From a 

polymer physics perspective, DNA can be viewed as a negatively charged polymer. 

Counterions are required to stabilize DNA when tethered to a surface. Crowding the surface 

with large numbers of tethered DNA oligonucleotides represents an electrostatic barrier for 

cDNA hybridization.58 Conditions required to overcome electrostatic barriers and steric effects 

from tethered DNA brushes became a focus for the first crowding experiments pertaining to 

flat surfaces. 

Tarlov et al. developed a method of controlling the surface coverage of DNA immobilized on 

a gold surface by introducing a mercaptohexanol (MCH) spacer.59 MCH was demonstrated to 

displace non-specifically adsorbed DNA strands from the gold surface and helped extend the 

immobilized DNA into the solution phase. The MCH backfilling approach became mainstream 

in many DNA sensors as it greatly improved signal to noise ratios and hybridization 

efficiencies. Tarlov et al. further developed the field by introducing an electrochemical method 

of quantifying DNA immobilized on gold using chronocoulometry.60 This study allowed 

researchers to prepare different density DNA brushes to further optimize hybridization 

conditions. Southern et al. demonstrated how steric factors stemming from tethered DNA 

brushes affected cDNA hybridization on DNA microarrays.61 This study determined that 

spacer regions aided in cDNA hybridization and helped relate DNA brush density to cDNA 

hybridization. Geordiadis et al. was among the first to study how tethered DNA density 

influenced kinetics of cDNA hybridization.62 The conclusion that hybridization efficiency 

decreases with increasing probe density was not unexpected but opened the door for 

researchers to better understand the conditions necessary for cDNA hybridization to tethered 

surfaces. Levicky et al. studied the impact of immobilized DNA surface density and ionic 

strength on cDNA target capture.63 While it has been established that cDNA target capture 

efficiency decreases with increasing surface density, increasing the solution's ionic strength 

can help overcome the dense electrostatic DNA brush barrier. Given solution ionic strength 

and surface density conditions, Levicky et al. characterized non-hybridizing, suppressed 

hybridizing, and pseudo-Langmuir hybridizing regimes that can be used to predict cDNA 

hybridization efficiency. Levicky suggests that the Langmuir hybridization regime is where 
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immobilized probes do not interact with each other – a region where target binding would 

readily occur due to the lack of crowding interactions between immobilized DNA strands. 

While these studies have afforded insights into how the crowding interactions impact the 

hybridization of immobilized DNA probes, crowding effects on immobilized aptamer-based 

biosensors are not as well understood. Steric hinderance from neighboring bound aptamers, 

bound and unbound target macromolecules, and excluded volume from unbound aptamers is 

likely to hinder target capture. Xiao et al. illustrated how immobilizing DNA aptamers in a 

folded conformation increases signal gain in hairpin DNA sensors.25 Aptamers immobilized in 

their folded state have room to undergo conformational change when re-introduced to a target. 

The increased separation between probes results in a greater percentage of probes capturing 

target molecules, increasing the signal gain on a flat gold surface. 

 

Due to nanoparticle curvature, colloidal surfaces smaller than 60 nm in diameter likely display 

unique crowding effects when compared to flat surfaces. Gooding et al. studied how target 

capture may be affected by different DNA loading densities on colloidal gold nanoparticles by 

using the binding induced conformational change that turns on fluorescence of a reporter.22 

They discovered that increasing DNA aptamer loading densities on 49 nm diameter gold 

nanoparticles increases aptamer / target affinity when using a protein macromolecule target. 

While this study apparently contradicts the conventional wisdom regarding target capture in 

crowded environments, the mechanism of enhanced target binding on aptamer functionalized 

nanoparticles remains unclear. A first step toward such mechanistic understanding is to 

quantify the thermodynamics of aptamer / target binding in crowded, colloidal systems. 

Enthalpic and entropic contributions to aptamer target capture may illuminate how the driving 

forces of target binding are altered by the crowded environment, which in turn may help 

Figure 1.6: Illustration of how aptamer crowding on planar gold surfaces hinders target capture. 

Aptamers immobilized when complexed with targets showed increased signal gain compared to 

aptamers immobilized without complex. Reprinted with permission from Immobilization Strategies 

for Enhancing Sensitivity of Electrochemical Aptamer-Based Sensors. Yingzhu Liu, Juan Canoura, 

Obtin Alkhamis, and Yi Xiao. ACS Applied Materials & Interfaces 2021 13 (8), 9491-9499. DOI: 

10.1021/acsami.0c20707. Copyright © 2021 American Chemical Society.  
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researchers to improve biosensor design and preparation of nanoparticles to increase biosensor 

performance. 

1.7 Isothermal titration calorimetry (ITC) as a method of studying molecular 

interactions 

Isothermal titration calorimetry (ITC) is the standard for determining quantitative 

thermodynamic data for biomolecular studies. ITC measures the heat evolved or absorbed 

during the formation of a ligand / macromolecule complex.64 ITC is highly versatile, allowing 

the study of various biomolecular interactions without the need for fluorescent, radioactive, or 

redox labels. By measuring heat associated with a reaction, ITC is a direct method of 

thermodynamic characterization of the target binding process. The ability to provide a detailed 

thermodynamic profile makes ITC an invaluable tool in understanding the intricacies of 

molecular recognition.65, 66 Adapting ITC to study molecular crowding effects could help 

explain the deviation from the target capture trends observed in cDNA systems.  

In the context of molecular crowding, biomolecular interactions are commonly studied by 

fluorescence spectroscopy or potentiometry. In each of these techniques, the signal is generated 

by a tag located on the molecular recognition element: a fluorophore for fluorescence 

spectroscopy and a redox tag for potentiometry. Upon binding, the position of the tag changes 

in relation to the gold surface, which generates a change in signal (fluorescence or electrical 

current). These techniques reveal the association constant (Ka) for two interacting molecules, 

but rely on conformational changes of the molecular recognition element.67 This indirect 

method of analysis is subject to crowding effects, raising questions of the origin of the 

generated signal.  

Furthermore, it is difficult to use fluorescence and redox based detection strategies to quantify 

entropic or enthalpic contributions of target binding – leaving knowledge gaps surrounding the 

nature of the interaction between target and recognition molecules.  Several studies have 

concluded that molecular crowding effects can have an impact on the position of the tag, which 

is necessary for such studies.68, 69 

Few ITC studies have incorporated gold nanoparticles or studies involving crowding effects. 

Mirkin et al. used ITC to study how the DNA density on a gold nanoparticle affects the target 

capture of a complementary DNA oligonucleotide.70 They also demonstrated that DNA strands 

tethered to a gold nanoparticle surface enhanced cDNA target capture by preventing DNA 

strands on the gold surface from adopting unfavorable binding conformations. 

However, they did not study how varying crowding densities may affect target capture. 

Additionally, because this study focused on cDNA as a target, interactions between aptamers 

and targets remain unexplored. As such non-covalent interactions are distinct from base-

pairing interactions, the trends concerning how the nanoparticles alter DNA hybridization 

cannot be readily extrapolated to target binding by immobilized aptamers. 
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De et al. incorporated gold nanoparticles into ITC to study complex formation of amino acid 

functionalized gold nanoparticles functionalized with various proteins.71 The effects of 

crowding on complex formation were not the focus of this study. Due to the lack of quantitative 

information concerning thermodynamics, we still do not understand how molecular 

recognition is influenced by the local environment of the gold nanoparticles.  

 

1.7.1 ITC Working Principles 

An ITC consists of a sample well, reference well, and a syringe. The syringe delivers small, 

regular volumes of ligand to the sample well, which contains the macromolecule under study. 

The reference well is filled with buffer identical to the sample well, but lacking reactants. The 

concentration of the ligand in the syringe is typically 10x the concentration of the 

macromolecule in the sample well to ensure the reaction reaches saturation. Both the sample 

and reference wells sit inside an adiabatic jacket, ensuring that there is negligible heat exchange 

with the environment. 

Upon injection, ligands bind to unbound macromolecules in the sample well. The heat evolved 

from ligand / macromolecule interactions is measured by thermocouples that surround the 

sample well. The amount of power required to return the sample cell to the same temperature 

as the reference cell is recorded and directly related to the heat evolved during the reaction 

between ligand and macromolecule. Initially, because all the macromolecules in the sample 

well are unbound, ligands readily interact with macromolecules. However, after successive 

injections from the syringe, the macromolecules become saturated with ligands and binding 

begins to slow. As binding slows, less heat is evolved.  

By analyzing the resulting thermograms, crucial information including the binding affinity, 

free energy changes, enthalpy changes, entropy changes, and reaction stoichiometry can be 

extracted. 

 

Determining the binding affinity (KA) 

Consider the following equilibrium reaction between thrombin and aptamer interacting to form 

a complex… 

[𝐴] + [𝑇]  
𝐾𝐴
↔  [𝐴𝑇] 

Where: 

[𝐴] is the concentration of free aptamer. 

[𝑇] is the concentration of free thrombin. 

[𝐴𝑇] is the concentration of the aptamer / thrombin complex. 
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The association constant is used to quantify the binding affinity of the aptamer for the 

thrombin. 

𝐾𝐴 =
[𝐴𝑇]

[𝐴][𝑇]
 

(Equation 1)  

The association constant, 𝐾𝐴, has units of M-1 and can be used to determine the amount of 

bound aptamer at a specified concentration of aptamer and thrombin. The above equation can 

be arranged to more clearly show the ratio of the aptamer – thrombin complex to free thrombin, 

[𝐴𝑇] [𝑇].⁄  

𝐾𝐴[𝐴] =
[𝐴𝑇]

[𝑇]
  

(Equation 2)  

Notice: 

[𝑇]𝑏𝑜𝑢𝑛𝑑 + [𝐴𝑇] =  [𝑇]𝑡𝑜𝑡𝑎𝑙  

(Equation 3) 

When half of the thrombin binding sites are occupied by the aptamer, the other half are bound 

to the aptamer. At these conditions, [AT] equals [T], the value of 𝐾𝐴 can be expressed as simply 

1/[A]. 

 

Another view of equilibrium can be observed by comparing the fraction of binding sites 

occupied to the total number of binding sites, θ. The total number of binding sites is the sum 

of thrombin with and without aptamers bound. This ratio can be described in relation to the 

concentrations of thrombin without aptamers bound, [T], and the concentration of the total 

protein. [T]total. 

𝜃 =
𝐵𝑖𝑛𝑑𝑖𝑛𝑔 𝑠𝑖𝑡𝑒𝑠 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑠𝑖𝑡𝑒𝑠
=  

[𝐴𝑇]

[𝑇]𝑡𝑜𝑡𝑎𝑙
= 

[𝐴𝑇]

[𝐴𝑇] + [𝑇]
 

(Equation 4) 

 

By substituting [AT] = KA [A][T], the fraction of binding sites can be expressed as: 



20 
 

𝜃 =  
[𝐴𝑇]

[𝐴𝑇] + [𝑇]
=  

𝐾𝐴[𝐴][𝑇]

𝐾𝐴[𝐴][𝑇] + [𝑇] 
= 

𝐾𝐴[𝐴]

1 + 𝐾𝐴[𝐴]
  

(Equation 5) 

In the context of ITC measurements, the heat, q, released or absorbed during an injection is 

directly proportional to the moles of the AT complex formed. This quantity can be expressed 

in terms of the total volume, V, and concentration [AT]. Utilizing the expression for the 

fraction, θ, enables the representation of heat in relation to the association constant. 

 

𝑞 ∝ 𝑉[𝐴𝑇] = 𝑉[𝑇]𝑡𝑜𝑡𝑎𝑙 𝜃 = 𝑉[𝑇]𝑡𝑜𝑡𝑎𝑙 (
𝐾𝐴[𝐴]

1 + 𝐾𝐴[𝐴]
) 

(Equation 6) 

 

Therefore, the heat profiles obtained from ITC experiments can be employed to determine the 

binding affinity of the drug to the protein. The proportionality constant is determined by the 

quantity of heat released or absorbed during the binding of each molecule. 

 

Conventionally, the dissociation constant – the inverse of the association constant – is used 

because it has units of molar rather than inverse molar. The same relationship applies – when 

[AT] equals [T], the dissociation constant is [A]. 

𝐾𝐷 = 
[𝐴][𝑇]

[𝐴𝑇]
 

(Equation 7) 

 

Determining the free energy change (ΔG) 

As discussed above, ITC uses heat to determine the association constant of an interaction by 

calculating the heat evolved after each injection and relating it to the formation of the complex 

between aptamer and thrombin. The equilibrium constant is then used to determine the free 

energy change, ΔG, of the reaction by the following relationship: 

∆𝐺 =  −𝑅𝑇𝑙𝑛(𝐾𝐴) 

(Equation 8) 

 

Determining the enthalpy change (ΔH) 
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New non-covalent interactions form when two molecules interact. The rearrangement of non-

covalent interactions releases heat into the system or absorbs heat from the system. The 

formation of new non-covalent interactions between biomolecules is generally exothermic, 

meaning it releases energy and contributes to the stabilization of the system. This occurs 

because non-covalent interactions, such as hydrogen bonds, ionic interactions, van der Waals 

forces, and hydrophobic interactions, typically lower the overall free energy of the system. 

When two biomolecules come together, the attractive forces between complementary regions 

of the molecules result in a net release of energy. As the heat dissipates into the solution, the 

ITC cools to the sample cell so it can return to the temperature of the reference cell. This is 

represented as a negative value on the difference in power (DP) and corresponds to downward 

spikes when the titrant is introduced to the titrate.  

However, under certain conditions, the formation of new non-covalent interactions between 

two biomolecules can be endothermic. For instance, reactions that proceed by disrupting pre-

existing interactions within the biomolecules or with solvent molecules may require more 

energy than is released by the formation of the new interactions. In aqueous solutions, 

displacing strongly hydrogen-bonded water molecules from the biomolecules can be 

energetically costly. Conformational changes needed to accommodate new interactions may 

also require an energy input, as can overcoming electrostatic repulsion between charged groups 

on the biomolecules. As energy is taken from the surroundings for the reaction to proceed, the 

temperature of the sample cell drops. The ITC compensates for this cooling by adding heat to 

make the sample cell the same temperature as the reference cell. The difference in power is 

positive and is noted by upward spikes when the titrant is introduced to the titrate. 

 

The heat absorbed or released after each injection can be expressed as… 

 

𝑞𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = 𝑉 ∆𝐻 ∆[𝐿𝐵] 

(Equation 9) 

Where… 

qinjection is the heat associated after the injection (measured by the ITC). 

V  is the reaction volume. 

∆𝐻 is the enthalpy of binding. 

Δ[𝐿𝐵] is the change in the bound ligand concentration. 
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∆𝐻 for a given injection can be calculated from the equation above. 

The difference in power needed to keep the sample cell at the same temperature as the reference 

cell is integrated with respect to time, which produces a binding isotherm. The binding 

isotherm represents the total heat evolved or absorbed during the titration. The enthalpy change 

can be quickly determined graphically by measuring the difference between the initial 

injections and the injections after the titrant has saturated the titrate. 

After each injection, the bound ligand concentration increases. Since q is directly proportional 

to the increase in bound ligand, the magnitude of heat evolved or absorbed after each injection 

decreases in a stepwise fashion as the titrant saturates the titrate. 

The total amount of heat absorbed or released by the system is directly proportional to the total 

amount of bound ligand, which can be expressed as… 

𝑄 = 𝑉 ∆𝐻 ∑∆ [𝐿𝐵] = 𝑉 ∆𝐻 [𝐿𝐵] 

(Equation 10) 

Where… 

Q is the cumulative heat 

V is the reaction volume 

𝐿𝐵 is the concentration of bound ligand 

 

By integrating the total heat evolved from the reaction, the total enthalpy change, ΔH, of the 

reaction can be solved using Equation 10. 

 

Determining the entropy change (ΔS) 

There is a change in entropy in a system where two molecules bind together. In the case of 

DNA aptamers and target proteins, entropy changes relate to… 

- the restriction of DNA conformations because of target binding 

- the restriction of target protein conformations because of target binding 

- release of ordered water molecules after binding 

- the loss of some translational degrees of freedom for the aptamers and proteins 

- the rearrangement of neighboring DNA aptamers in crowded environments because of 

target binding 

Change in entropy is often difficult to measure directly. ITC deduces entropy changes from 

thermodynamic quantities that were previously discussed. 
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ITC determines the entropy change in a system of interacting biomolecules by the following 

relationship… 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 

(Equation 110) 

Where… 

∆𝐺 is the system’s change in free energy 

∆𝐻 is the system’s change in enthalpy 

𝑇 is the system’s temperature (K) 

∆𝑆 is the system’s change in entropy 

 

Previous sections outlined the determination of ∆𝐺 and ∆𝐻. Because ITC takes place at 

constant temperature, 𝑇 is constant. ∆𝑆 can be found by mathematical rearrangement. 

Determining the binding stoichiometry (N) 

ITC determines the stoichiometry of a reaction by analyzing heat changes during the titration 

of one reactant into another. Heat changes, q, are measured for each injection, and the area 

under the resulting peaks represents the total heat change. By calculating the heat change per 

mole of titrant and identifying the steepest part of the heat signal, which corresponds to the 

region of approaching equilibrium, ITC allows for the determination of stoichiometry. The 

stoichiometry is then calculated by comparing the total heat change to the heat change per 

mole. It's essential to note that ITC assumes a one-to-one binding, which is the case for 

thrombin interacting with an apatamer that binds to one exosite. For reactions with more 

complex stoichiometry or multiple steps, complementary analyses or techniques may be 

required for a comprehensive understanding of the reaction mechanism.  
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1.8 Roadmap of the Dissertation 

After a discussion of relevant background knowledge and information in chapter 1, chapter 2 

more thoroughly details how practical limitations were overcome to incorporate gold 

nanoparticles into ITC studies. Chapter 2 also examines how different aptamer crowding 

densities were fabricated on 10nm gold nanoparticles and quantified using a label free 

approach. Chapter 3 presents how molecular crowding on 10nm gold nanoparticle surfaces 

affects target binding and discusses how the nearest neighbor distance can be used to leverage 

high affinity binding. A discussion of the impacts of overcrowding along with misconceptions 

found in the literature is also presented.  

Figure 1.7: The diagram illustrates the basic principle of isothermal titration calorimetry (ITC), 

featuring a schematic of the calorimeter (right) and a typical titration experiment (upper left) along 

with its evaluation (lower left). In the upper left image, the titration thermogram shows the heat 

per unit of time released after each injection of the ligand into the protein. The lower left image 

depicts the relationship between the heat released per injection and the ratio of total ligand 

concentration to total protein concentration. Experimental data points are represented by circles, 

and the line indicates the best fit to a model with n identical and independent binding sites. The 

process involves inserting a syringe into the sample cell and performing a series of injections.  
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2.1 Introduction 

 
Isothermal titration calorimetry (ITC) is a label free approach for studying two interacting 

biomolecules.1, 2 ITC incrementally introduces two binding partners and extrapolates the 

magnitude of heat evolved that is resultant from binding partner association. A complete 

thermodynamic profile can be extrapolated in a single ITC experiment - providing insight into 

the driving forces of biomolecular interactions. Biomolecules that interact specifically with a 

target molecule are of particular interest for applied research applications such as sensing or 

bioimaging.3-6   

 

Studies that characterize biomolecular interactions commonly use ITC to generate a 

thermodynamic profile in a dilute solution. However, many applied research fields require 

immobilizing one binding partner on a solid support.7, 8 Once immobilized, the local 

environment of the molecular recognition element greatly differs from the dilute solution.9, 10 

Crowding between immobilized neighbors results in localized electrostatic repulsions and 

steric hinderance, which is likely to affect binding. Therefore, the propensities of immobilized 

molecules to interact with targets cannot be readily extrapolated from behavior in the dilute 

solution.  
 

To the best of our knowledge, ITC has not been used to study interactions between aptamer 

conjugated gold nanoparticles and protein targets. Several hurdles represent barriers to 

experimental success and leave an open question of whether it is possible to incorporate ITC 

into immobilized aptamer binding studies with protein targets. Potential difficulties include the 

requirement of large concentrations of aptamers to produce heat signatures detectable using 

calorimetry, the need to precisely control reaction stoichiometry, matching buffer components 

between the titrant and titrate, and countering non-specific adsorption between target proteins 

and exposed gold nanoparticle surfaces. Overcoming these challenges may enable ITC for 

immobilized aptamer studies, affording insight into how aptamer immobilization affects target 

binding. 

  

Here we explored how barriers for immobilized aptamer interactions with target proteins can 

be mitigated, enabling ITC to study the target recognition by surface immobilized aptamers. 

We dissected the components of the ITC experimental set-up to maximize the signal produced 

by target binding. We also provide insight into the limitations of this approach and discuss the 

applicability to similar systems involving immobilized aptamers. 

 

Future studies may utilize this tool for thermodynamic characterization of the target binding 

process of a variety of aptamers, which can aid in more rational design of materials and devices 

that incorporate immobilized aptamers. 

2.2 Materials 

Potassium chloride (KCl), magnesium chloride (MgCl2), sodium citrate dihydrate, tris borate 

EDTA (TBE), polyethylene glycol (PEG) 8000, sodium chloride (NaCl), tris acetate, and tris 
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(2-carboxyethyl) phosphine hydrochloride (TCEP) were purchased from Fisher Scientific. 

Sodium dodecyl sulfate (SDS) and dithiothreitol (DTT) were purchased from Sigma-Aldrich. 

Butanol was purchased from Spectrum Chemical Manufacturing Group. Calcium chloride 

hexahydrate (CaCl2) was purchased from Acros Organics. Thiol-OEG was purchased from 

Prochimia. All chemicals listed above were used without further purification or modifications. 

α-Thrombin (thrombin) was purchased from BSP Biosciences. Thiolated DNA aptamers were 

purchased from Integrated DNA Technologies (IDT). 10 nm gold nanoparticles were 

purchased from Ted Pella in Redding, CA. 3 kDa Amicon columns were purchased from 

Millipore Sigma. NAP-5 columns were purchased from Cytiva. 

 

2.3 Results and Discussions 

Several hurdles make using ITC to study interactions between immobilized aptamers and 

protein targets challenging. The root of these hurdles is often the magnitude of signal produced 

from interacting biomolecules. Interacting biomolecules tend to have small enthalpic changes 

upon binding, meaning that reactant concentrations need to be increased to produce detectable 

signals.11-13 Of a similar concern is minimizing experimental noise as to have less ambiguity 

from the collected signal. Recognizing the root causes, we outlined an experimental plan that 

could counter the limitations of ITC in studying such interactions. 

Fundamental to the success of these experiments is the preparation of materials and 

understanding the roles of loading density, buffer matching, and passivating agents to counter 

non-specific adsorption, which determine the magnitude of heat signals and the experimental 

noise. Below, we discuss in detail how these barriers were approached and overcome to enable 

ITC for study of immobilized aptamers on gold nanoparticles with protein targets. 

2.3.1 Reaction stoichiometry  

Over the past three decades, a handful of strategies have been developed to immobilize 

thiolated DNA oligonucleotides to gold nanoparticle surfaces. While all the strategies achieve 

the same goal, the loading density can vary considerably. Because it is the immobilized 

aptamer that interacts with the target protein, quantifying the loading density is a crucial step 

in experimental setup to arrive at the proper stoichiometric ratios between titrant and titrate. 

Furthermore, the stoichiometry of the reaction between immobilized aptamers and thrombin is 

directly tied to the amount of reactants required. ITC requires knowledge regarding the 

concentration of reactants so analysis software can be used to calculate binding affinity and 

thermodynamic profiles based on the reaction’s heat signatures and ratio of titrant to titrate per 

a given injection. The immobilized aptamer strands bind to the thrombin target, thus 

quantifying the number of aptamer strands per particle is an essential step in experimental 

planning.  

We employed three different functionalization strategies to immobilize DNA aptamers to the 

gold nanoparticle surface.14-16 While many studies rely on fluorescent tags (ref), which may 

alter the loading density in ways that are difficult to predict,  we used a label free approach to 

quantifying immobilized aptamers to obtain more reliable measurements of the loading density 
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for nanoparticles used for ITC experimentation. In the salt aging method, NaCl is slowly, 

incrementally added to a reaction containing gold nanoparticles and thiolated DNA aptamers. 

Because NaCl is used to screen electrostatic repulsions between neighboring immobilized 

aptamers, the aptamer loading density is expected to increase as the NaCl concentration inside 

the reaction vessel increases. Hence the loading density can be tuned to some extent by the 

final NaCl concentration. The freezing method uses the principle of excluded volume to drive 

aptamer immobilization. Ice crystals force aptamers and nanoparticles into close proximity 

where thiol-gold interactions can immobilize aptamers. The butanol dehydration method 

operates under a similar principle but uses butanol to remove excess water molecules from the 

gold nanoparticle / aptamer matrix. As the effective concentration of aptamers and 

nanoparticles rises, thiol-gold interactions anchor aptamers to the gold nanoparticles. 
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Figure 2.1: Schematics of various strategies to immobilize aptamers on gold nanoparticle surfaces. 

A) salt aging method B) freezing method C) butanol dehydration method, consisting of butanol 

phase (blank) on top and aqueous phase containing gold nanoparticles and excess DNA ligands on 

bottom. 300:1 ratio of aptamers to gold nanoparticles were used in all reactions. Following each 

functionalization protocol, thiol-OEG was added in a 300:1 ratio with respect to gold nanoparticles 

and allowed to react for 18 hours to passivate the exposed gold surface before purification.  

A) 

B) 

C) 
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As discussed in Chapter 1, immobilized DNA aptamers provide stability to colloidal gold 

nanoparticles. The negative charge of a DNA polymer grants electrostatic stabilization from 

the negatively charged phosphate backbone while also creating a ligand shell around each 

nanoparticle, which presents a steric barrier toward aggregation.17 During the immobilization 

process, thiolated DNA aptamers are present in excess to favor immobilization over 

destabilizing van der Waals forces that irreversibly aggregate unfunctionalized gold 

nanoparticles. However, excess aptamers in solution must be removed to ensure accurate 

quantification of the loading density. Solutions with weak ionic strength (i.e., resuspending in 

nanopure water) require ultra-centrifugation (99 k RCF) to pellet 10 nm gold nanoparticles at 

reasonable time scales (< 55 minutes) and remove unbound aptamers from the supernatant. 

While ionic strength does allow 10 nm gold nanoparticles to pellet at slower centrifugation 

speeds, we found that speeds slower than 25 k RCF failed to produce a compact pellet of 

functionalized 10 nm gold nanoparticles after 55 minutes in a 0.171 mol / L ionic strength 

solution. 

After a homogeneous solution of aptamer functionalized gold nanoparticles is obtained, 

immobilized aptamers can be liberated from the gold nanoparticle surface and quantified by 

UV-Vis spectroscopy to determine the average loading density on each gold nanoparticle. As 

DTT strongly interacts with gold,18, 19 the addition of  DTT in excess is a common technique 

for removing immobilized thiolated DNA oligonucleotides from gold nanoparticles.20 After 

the removal of the supernatant (containing DTT and thiolated DNA oligonucleotides), 

oligonucleotides can be purified from excess DTT through size exclusion chromatography. 

This important step ensures the absorbance signal at 260 nm is generated by thiolated DNA 

oligonucleotides instead of contributions from DTT. The extinction coefficient of 265,000 M-

1 cm-1 was provided by the DNA oligonucleotide manufacturer and used to quantify DNA at 

260 nm. 
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A wide range of aptamer loading densities were achieved by the three different immobilization 

techniques. Notably, the freeze and butanol dehydration methods produced very high aptamer 

loading densities. A modular approach with the salt aging technique enabled tailoring the 

loading density based on the final salt concentration. 

Figure 2.2: Schematics of the label free quantification process used to characterize immobilized 

aptamer loading density. Salt aging, freeze method, and butanol dehydration were used for aptamer 

immobilization.  

Figure 2.3: Average number of immobilized aptamers for nanoparticles prepared using 

three different methods, salt aging (0.3 M to 0.9 M NaCl), freeze, and butanol 

dehydration. 
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A better understanding of the reactant demand for ITC studies featuring immobilized aptamers 

on gold nanoparticles is seen after the loading densities are quantified. Assuming 225 µL of 

functionalized gold nanoparticles are required for triplicate ITC trials and a blank for 

background subtraction, Table 2.1 illustrates the volume of gold nanoparticles required to have 

a 10-fold aptamer concentration excess of titrant with respect to titrate.  

 

 

 

 

Functionalization 

Method 

Number of 

immobilized 

aptamers 

Final [AuNP] 

for ITC trial 

(µM) 

Volume of 10 nm AuNP 

stock solution (mL) 

0.3M NaCl 27 1.85 50.81 

0.5M NaCl 34 1.47 40.35 

0.7M NaCl 41 1.22 33.46 

0.8M NaCl 49 1.02 28.00 

0.9M NaCl 56 0.89 24.50 

Freeze Method 69 0.72 19.88 

Butanol Dehydration 124 0.40 11.06 

 

 

 

 

Figure 2.4 reveals a potential barrier toward ITC characterization of target binding of aptamer 

functionalized nanoparticles. Although larger gold nanoparticles can accommodate larger 

aptamer loading densities, the low stock concentrations of these nanoparticles require more 

starting materials when planning an ITC experiment. E.g., to study the binding to aptamers on 

50 nm gold nanoparticles at a common loading density, 1013/cm2, ~200 ml of the stock 

nanoparticle solution is needed for just a single data point. Synthesizing gold nanoparticles in 

house may be a cost-effective strategy for designing ITC experiments with larger gold 

nanoparticles, but this approach could have other barriers such as nanoparticle size 

homogeneity, costs of starting materials, and the requirement of larger batches of thiolated 

DNA aptamers. 

  

Table 1: Volumes of stock (8.2 nM) gold nanoparticles required for triplicate ITC trials. Final 

volume of functionalized gold nanoparticles is 225 µL. 

Table 2.1: Volumes of stock (8.2 nM) gold nanoparticles required for triplicate ITC trials. Final 

volume of functionalized gold nanoparticles is 225 µL. Final aptamer concentration is 50 µM. 



40 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Estimated volumes of stock gold nanoparticles required for ITC experiments assuming 

a final aptamer concentration of 50 µM and final volume of 225 µL. Stock solution concentrations 

used were provided by Ted Pella: 1.16 nM, 0.33 nM, and 0.07 nM for 20 nm, 30 nm, and 50 nm 

gold nanoparticles, respectively. 
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2.3.2 Titrant and titrate buffer matching 

Sizeable heat artifacts are often introduced when ITC titrant and titrate do not have matching 

buffers.21 The mixing of buffers can have a wide range of heat signatures, all of which lead to 

ambiguity in the signal generation and potentially faulty binding analysis. It is the best practice 

to match buffers of both species in the ITC experimental design to have a clear origin of the 

signal. 

Consider the two binding isotherms and integrated heat plots in figure 2.5. The top plots feature 

15mer TBA titrated into thrombin residing in the sample cell. The heat plot paints a clear 

picture of target binding and reaches saturation after sufficient titrant injections. However, the 

bottom plots, featuring a buffer mismatch between 15mer TBA and thrombin, fail to paint a 

clear picture of target binding. The binding isotherm fails to reach saturation because heat 

artifacts resultant from buffer dilutions are present. This also muddies the integrated heat plot, 

where target binding is not obvious. 

There are practical difficulties in ensuring that titrant and titrate buffers have identical buffer 

composition.  Thrombin that was purchased from BPS Bioscience arrived in a buffer solution 

(referred to as BPS buffer) containing 50 mM sodium citrate pH 6.5, 200 mM NaCl, and 0.1% 

PEG 8000. However, numerous studies have demonstrated the requirement of potassium ion 

to stabilize the g-quadruplex secondary aptamer structure for target binding to take place.22-24 

As such, it was necessary to resuspend thrombin in a buffer appropriate for target binding with 

15mer TBA. 

Gold Nanoparticle 

Size (nm) 

Surface Coverage (strands / cm2) Strands / gold nanoparticle 

 

10  

7.00 × 1012 22 

1.11 × 1013 35 

1.91 × 1013 60 

 

20 

7.16 × 1012 90 

1.19 × 1013 150 

1.91 × 1013 240 

 

30 

7.07 × 1012 200 

1.17 × 1013 330 

1.91 × 1013 540 

 

50 

7.00 × 1012 550 

1.21 × 1013 950 

1.91 × 1013 1,500 

Table 2.2: Aptamer strands per gold nanoparticle given surface coverage and nanoparticle size.  
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We used a freeze-drying strategy to resuspend thrombin in a buffer solution that would enable 

target binding. 92 µL of 3.55 mg/mL α-thrombin was frozen in a -80º C freezer and 

subsequently freeze-dried using a Labconco freeze dryer at -80º C and 0.2 mbar for several 

hours. Once the freeze-drying process was completed, freeze dried thrombin and buffer 

components were resuspended in 1,606 µL of thrombin binding buffer (TBB), which consists 

of 20 mM tris acetate pH 7.4, 140 mM NaCl, 5 mM KCl, 1 mM MgCl2, and 1 mM CaCl2. The 

TBB was the buffer used when 15mer TBA was discovered and commonly used for TBA / 

thrombin binding studies.12, 22, 25, 26 The final concentration of thrombin was 5.5 µM. Samples 

were aliquoted and frozen until use to best prevent denaturation. Of important note is the ratio 

of the thrombin stock buffer solution and the TBB. This ratio was used to match the buffer 

components between titrant and titrate. As such, we freeze dried 20 mL of BPS buffer and 

resuspended it into 349mL of TBB. As gold nanoparticles were functionalized and purified for 

ITC analysis, this new conjugation buffer (CB), consisting of BPS and TBB in a volumetric 

ratio of 0.0573, was used to replace the removed supernatant after each centrifuge spin. 

 

Figure 2.5: Binding isotherm and integrated heat plots of 15mer TBA and thrombin highlighting 

heat artifacts from mismatching buffers. Top plots consist of 15mer TBA and thrombin in matching 

CBs. Bottom plot has 15mer TBA in TBB and thrombin in CB. In both plots, concentration of 15mer 

TBA is 50 µM and concentration of thrombin is 5.5 µM. 
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2.3.3 Countering non-specific adsorption 

Non-specific adsorption between thrombin and gold nanoparticle surfaces can cause heat 

signatures that do not originate from aptamer binding to the target. In biosensing, this can lead 

to false positives and pose a challenge to reproducibility.27, 28 When gold nanoparticles are 

incorporated into the ITC experimental setup, an interface with which the thrombin target can 

interact must be accounted for to correctly identify the signal and characterize the 

thermodynamic profiles of binding partners. 

We functionalized 15mer TBA to 10 nm gold nanoparticles using the salt aging method until 

the final salt concentration was 0.3 M NaCl. After gold nanoparticles were functionalized with 

DNA aptamers, thiolated oligoethylene glycol (thiol OEG) was added in a 300:1 ratio with 

respect to gold nanoparticles to backfill the bare gold nanoparticle surface regions. Thiol OEG 

has been used in several studies for passivating gold surfaces.17, 28, 29  Immobilized aptamers 

on gold nanoparticles were loaded into the ITC syringe and titrated into the sample cell 

containing thrombin after purification and stoichiometric adjustment. Figure 2.6A shows the 

binding isotherms and integrated heat plots for 15mer TBA functionalized gold nanoparticles 

backfilled with thiol-OEG to prevent non-specific adsorption. The plots paint a clear picture 

of target binding while the negative control experiment (figure 2.6B) featuring 10 nm gold 

nanoparticles functionalized with CoV-1C-RBD aptamer, which recognizes SARS-CoV-2 

spike protein and backfilled with thiol-OEG does not exhibit binding behavior or produce 

sizable heat signatures.30 CoV-1C-RBD functionalized gold nanoparticles were titrated into a 

blank solution containing CB. The evolved heat is similar to that of the experimental trial 

containing thrombin. While there is a small difference between the binding isotherms, the 

blank experiment suggests that the evolved heat mainly originates from gold nanoparticle 

dilution, suggesting that contributions from non-specific adsorption between thrombin and 

gold nanoparticle surfaces are minimal. The blank experiments (figure 2.6 C&D) also confirm 

that the heat signature from 15mer TBA functionalized gold nanoparticles titrated into 

thrombin (figure 2.6A) is caused by specific recognition. Differences in heat signatures from 

blank experimental trials is low (~0.025 µcal / sec) but likely attributed to differences in gold 

nanoparticle concentrations in the syringe (concentration of gold nanoparticles for figure 2.6C 

is 1.85 µM, concentration of gold nanoparticles for figure 2.6D is 1.3 µM). 
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Figure 2.6: Binding isotherms and integrated heat plots of A) 0.3 M NaCl 15mer TBA 

functionalized gold nanoparticles titrated into thrombin – concentration of 15mer TBA is 50 µM, 

concentration of thrombin is 5.5 µM. B) CoV-1C-RBD aptamer functionalized gold nanoparticles 

titrated into thrombin – concentration of CoV-1C-RBD aptamer is 41 µM, concentration of 

thrombin is 5.5 µM. C) 0.3 M NaCl 15mer TBA functionalized gold nanoparticles titrated into 

blank buffer, D) CoV-1C-RBD aptamer functionalized gold nanoparticles titrated into blank buffer.  

A) 

B) 

D) C) 
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The binding isotherm and integrated heat plots of immobilized 15mer TBA on 10 nm gold 

nanoparticles demonstrate a novel application to ITC studies – thermodynamic 

characterization of binding interactions between immobilized 15mer TBA and target proteins 

in solution. The thermodynamic profile is compared to homogeneous 15mer TBA in Table 3. 

While there are a few notable differences, a thorough discussion of how the loading density 

affects target binding between immobilized 15mer TBA and target thrombin is presented in 

Chapter 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Strands 

/ 

particle 

Loading 

Density 

(strands / 

cm2) 

[Aptamer] 

(µM) 

[Thrombin] 

(µM) 

ΔH 

(kcal / 

mol) 

-T ΔS 

(kcal / 

mol) 

ΔG 

(kcal / 

mol) 

Kd 

(nM) 

0.3M NaCl 

Aged 

 

27 

 

8.60 ×1012 

50 5.5 -19.5 9.45 -10 45.6 

50 5.5 -20.2 9.52 -9.86 48 

50 5.5 -18.4 8.14 -10.3 30.9 

Free 15mer 

TBA 

 

N/A 

 

N/A 

50 5.5 -20.5 11 -9.52 106 

50 5.5 -22.3 12.8 -9.47 115 

50 5.5 -20.4 10.8 -9.59 93 

CoV-RBD-

1C Aptamer 

fxn AuNP 

aged to 

0.5M NaCl 

 

31 

 

8.80 ×1012 

41 5.5 - - - - 

41 5.5 - - - - 

41 5.5 - - - - 

Table 2.3: Thermodynamic profiles of replicate trials of ITC experiments containing 15mer TBA 

functionalized gold nanoparticles, homogeneous 15mer TBA, and CoV-1C-RBD aptamer 

functionalized gold nanoparticles. 
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2.4 Conclusion 

ITC is a powerful tool in characterizing binding interactions between aptamers and target 

proteins. With precise knowledge of titrant and titrate concentrations, ITC can produce a 

complete thermodynamic profile between binding partners and elucidation of reaction 

mechanisms. However, ITC has traditionally been limited to interactions that take place in a 

solution. Understanding how immobilized aptamers on nanoparticle surfaces affect 

interactions with target proteins would help researchers optimize and determine how to achieve 

target binding. 

Here we have highlighted several hurdles to nanoparticle incorporation into ITC experimental 

designs and illustrate how these barriers can be overcome. In doing so, we have opened the 

door to ITC characterization of nanomaterials featuring immobilized aptamers. We used 15mer 

TBA and thrombin to illustrate strategies for appropriate reaction stoichiometry, the 

importance of matching titrant and titrate buffers, and backfill with a passivating agent to 

prevent non-specific adsorption. Overcoming these barriers resulted in a successful 

characterization of binding between target thrombin and immobilized 15mer TBA on 10 nm 

gold nanoparticles. These ITC experimental designs can be adapted to various aptamer / target 

systems to thermodynamically characterize the binding process, demonstrating the versatility 

of ITC. 

While ITC has many advantages, a few noteworthy limitations were also noted. ITC is reactant 

intensive because many biomolecular interactions do not produce large heat signatures. The 

concentration of immobilized aptamers is directly related to the concentration of nanoparticles, 

thus nanoparticles with low stock concentrations could require an impractical amount of 

starting materials. Additionally, because different unique aptamer sequences interact with the 

nanoparticles differently, the loading density is difficult to predict a prioriwithout 

investigation. While a range of loading densities can be generalized based on the surface 

functionalization approach, ITC requires precise knowledge of the number of binding   

Thereforesites. Therefore, the loading density must be characterized to ensure proper 

stoichiometry.  
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3.1 Introduction 

Aptamers are short DNA or RNA oligonucleotides that selectively bind to target molecules 

with high affinity and specificity.1 A handful of unique attributes, such as durability in extreme 

environments, small size, and ease of chemical modification underscore aptamers as versatile 

and modular recognition elements for sensing platforms when compared to traditionally used  

antibodies.2, 3 While some applications use aptamers in solution, many others immobilize 

aptamers on a nanomaterial.4-6 Nanomaterials are choice components for sensor signal 

transduction due to rapid response times and high signal to noise ratios.7-10 Conjugating 

aptamers to nanomaterials has the potential to greatly improve the reproducibility and 

sensitivity of many sensing platforms for point of care diagnostics, environmental monitoring, 

and food safety screening.11-14 

Many sensing studies that incorporate aptamers as molecular recognition elements tend to 

focus on evaluating figures of merit such as limit of detection, reproducibility, and 

specificity.15-20 While these metrics are valuable for evaluating sensor performance, a better 

understanding of target binding by these immobilized aptamers, one of the key processes that 

determine sensor performance, could help rationally improve sensor design and fabrication. 

An important open question is how the local environment experienced by immobilized 

aptamers impacts their ability to recognize targets.  Once immobilized, the effective 

concentration and local environment of aptamers are much different from those in a dilute 

solution. In this crowded environment, aptamers experience increased electrostatic repulsion 

and steric hindrance from neighboring aptamers as well as bound target analytes.21, 22 As 

follows, the ability of the aptamer to recognize a target analyte cannot be extrapolated from 

behaviors in the dilute solution, where these interactions are negligible.  

Indeed, numerous studies that investigated the hybridization of complementary DNA (cDNA) 

with immobilized DNA strands on flat surfaces showed that the binding affinity decreases 

upon increasing the DNA probe density, showcasing the significance of crowding effects on 

immobilized DNA probes.23-25  However, non-covalent interactions between aptamers and 

target analytes are distinct from base-pairing interactions and thus, the impacts of surface 

density on target binding are likely to differ. Xiao et al. investigated the effect of surface 

crowding on target binding by aptamers immobilized on a flat surface.6 A novel 

immobilization strategy that suppresses the local clustering of probe molecules was found to 

improve the signal gain and the limit of detection for a variety of aptamer-based biosensors, 

suggesting that steric hindrance and electrostatic repulsion between aptamers in close 

proximity may hinder target binding, similar to how surface crowding impacts DNA 

hybridization. To investigate the effects of aptamer crowding on gold nanoparticles, Gooding 

et al. measured the binding affinity and kinetics of the interferon gamma target on DNA 

aptamer conjugated gold nanoparticles using a fluorescent tag that reports the binding induced 

conformational changes of the aptamer probes.4 They found that both the binding affinity and 

binding rate constant increased when the aptamer loading density was increased from 1.27 × 
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1011 strands / cm2 to 3.42 × 1012 strands/cm2. This trend appears to contrast with the prevailing 

assumption that the target binding is hindered at higher DNA probe densities.26-28  It is unclear 

whether this trend holds for other loading densities and other aptamers. Furthermore, while 

coupling signal generation to aptamer conformational changes upon target binding enables 

signal transduction, unambiguous interpretation of the fluorescence signal can be challenging: 

the increase in fluorescent signal may be caused by target binding, which can induce 

conformational changes, or the crowding effects, which can destabilize the nucleic acids 

secondary structures and cause signal increase even without enhancement in target binding.29 

Hence a label-free approach that can directly quantify binding affinity could eliminate such 

ambiguity. Moreover, the origin of this counter-intuitive crowding effect remains elusive due 

to a lack of comprehensive thermodynamic studies that could illuminate the mechanisms 

behind this effect. 

Here we use isothermal titration calorimetry (ITC) to systematically investigate the impacts of 

surface crowding on target binding to aptamer functionalized nanoparticles. ITC is used to 

quantify the binding affinity and understand the thermodynamic driving forces behind the 

counterintuitive relationship between aptamers in crowded environments and their enhanced 

interactions with target analytes. The surface loading density of thrombin-binding aptamer-

functionalized 10 nm gold nanoparticles is precisely controlled and then introduced to 

thrombin, revealing the thermodynamic profile of aptamer/target binding, including changes 

in enthalpy, free energy, and entropy. The thermodynamic profiles are compared across 

varying aptamer loaded surface densities, exposing the crowding effects on target binding. 

ITC, a label free approach, does not rely on an aptamer conformational change for signal 

generation. The decoupling of the signal generation from the target capture process serves to 

reduce the ambiguity of the signal generation. Gold nanoparticles, which are featured in many 

sensing platforms, serve as a model system as they are easily modifiable, but their size and 

curvatures are relevant to other nanomaterials that can be used for target capture purposes. 

While our study confirms Gooding’s finding4 that increasing loading density on the gold 

nanoparticle can improve binding affinity, thermodynamic characterization using ITC reveals 

new mechanistic insights into binding under increasingly crowded conditions. The enthalpic 

cost increases with a higher density, confirming the roles of steric/electrostatic repulsion.  

However, crowding reduces the entropic costs of target binding. This entropic compensation 

is more than sufficient for offsetting the enthalpic penalty, leading to higher affinities at higher 

densities.  Additionally, we found that the binding affinity declines precipitously when the 

loading density is above a certain threshold. While aptamer target interactions tend to be 

specific, this study highlights the utility of ITC as a method of understanding binding 

mechanisms in crowded environments for better optimization and engineering of high affinity 

aptamer-based sensors. 
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3.2 Methods and Materials 

Chemicals and Supplies 

Potassium chloride (KCl), magnesium chloride (MgCl2), sodium citrate dihydrate, tris borate 

EDTA (TBE), polyethylene glycol (PEG) 8000, sodium chloride (NaCl), tris acetate, and tris 

Figure 3.1: Schematic of reaction set up. 15mer thrombin binding aptamer (TBA) is immobilized 

on 10 nm gold nanoparticle surface. Gold nanoparticles with varying loading densities are loaded 

into the sample well and incrementally introduced to thrombin residing in the sample well. 

Evolved heat from aptamer target association is monitored using ITC. 



55 
 

(2-carboxyethyl)phosphine hydrochloride (TCEP) were purchased from Fisher Scientific. 

Sodium dodecyl sulfate (SDS) and dithiothreitol (DTT) were purchased from Sigma-Aldrich. 

Butanol was purchased from Spectrum Chemical Manufacturing Group. Calcium chloride 

hexahydrate (CaCl2) was purchased from Acros Organics. Thiol-OEG-3 was purchased from 

Prochimia. All chemicals listed above were used without further purification or modifications. 

α-Thrombin (thrombin) was purchased from BSP Biosciences. Thiolated DNA aptamers were 

purchased from Integrated DNA Technologies (IDT). 10 nm diameter gold nanoparticles were 

purchased from Ted Pella in Redding, CA. 3 kDa Amicon columns were purchased from 

Millipore Sigma. 

 

Preparation of Thrombin 

α-Thrombin arrived from the manufacturer in a buffer containing 50 mM sodium citrate pH 

6.5, 200 mM NaCl, and 0.1% PEG 8000. For brevity, this buffer will be referred to as BSP 

buffer in subsequent sections. 92 µL of 3.55 mg/mL α-thrombin was frozen in a -80º C freezer 

and subsequently freeze-dried using a Labconco freeze dryer at -90º C and 0.2 mbar for several 

hours. Once the freeze-drying process was completed, freeze dried α-thrombin and buffer 

components were resuspended in 1,606 µL of thrombin binding buffer (TBB), which consists 

of 20 mM tris acetate pH 7.4, 140 mM NaCl, 5 mM KCl, 1 mM MgCl2, and 1 mM CaCl2. The 

final concentration of α-thrombin was 5.5 µM. Samples were aliquoted and frozen until use.  

The buffer used as the solvent for purified gold nanoparticle reactants was made by combining 

BSP and TBB in a ratio of 0.0573 : 1, respectively. 

 

Preparation of Conjugation Buffer 

The conjugation buffer (CB) is a mixture of BSP and TBB. The purpose of CB is to match the 

α-thrombin solution with the gold nanoparticle solution to remove buffer mismatches that can 

cause abnormal heat artifacts during ITC measurements. 

CB was made by freeze-drying 20 mL of BSP buffer and resuspending in 349 mL of TBB. The 

resultant ratio of BSP buffer and TBB is 0.0573. CB was used during gold nanoparticle 

purification. 

 

Gold Nanoparticle Preparation 

❖ DNA preparation 

Prior to gold nanoparticle functionalization, TCEP was used to reduce DNA containing a 

disulfide functional group into a monothiolated functional group. This monothiolated DNA 

linker is used to anchor DNA to the gold nanoparticle surface. TCEP was mixed with a DNA 

solution at a ratio of 400:1. The reaction mixture was allowed to react overnight before 

purification with a 3 kDa Amicon column. The reducing mixture containing thiolated DNA 
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and TCEP was loaded into an Amicon column and spun at 5,500 RCF for 90 minutes. A one-

minute collection spin into a clean centrifuge tube eluted reduced DNA oligonucleotides for 

surface functionalization. The recovery yield ranged between 85 – 94%.  

❖ Surface functionalization 

DNA oligonucleotide surface functionalization took place using the procedure outlined in 

chapter 2. Briefly, DNA oligonucleotides were mixed with 10 nm gold nanoparticles in a 300:1 

ratio. 10% SDS was added to reach a final SDS percentage of 0.1%. Following conjugation of 

DNA oligonucleotides, thiol-OEG was added to all samples to counter non-specific adsorption 

from proteins during the ITC experiments.30 

Salt Aging 

Salt aging was performed by techniques established in literature.31, 32 Briefly, 5 M NaCl was 

added in increments of 0.1 M NaCl until the target concentration was reached. Thirty minutes 

elapsed between NaCl additions. Upon reaching the final salt concentration, the reaction 

mixture was allowed to react for 4 hours. Thiol-OEG-3 was added in a 300:1 ratio (with respect 

to gold nanoparticles) and allowed to react for 18 hours before purification. 

Freezing Method 

The freezing method of gold nanoparticle functionalization was performed by previously 

established methods.33 DNA oligonucleotides and 10nm gold nanoparticles were mixed in a 

300:1 ratio. The reaction mixture was then frozen in a -80º C freezer overnight. The following 

day, the reaction mixture was thawed and allowed to react with Thiol-OEG-3 in a 300:1 ratio 

(with respect to gold nanoparticles) for 18 hours before purification. 

Butanol Method 

Butanol dehydration to functionalize gold nanoparticles with single stranded DNA 

oligonucleotides was performed by previously established methodology.34 DNA 

oligonucleotides and 10nm gold nanoparticles were mixed at a ratio of 300:1. Sufficient TCEP 

was added to produce a 1 mM concentration before adding n-butanol in 9:1 ratio (butanol: 

particle solution). Subsequently, the emulsion was vortexed for a few seconds.  200 µL of 0.5x 

TBE was added followed by another few seconds of vortex partitioning. The butanol excluding 

solution volume samples were concentrated by a 1-minute centrifugation at 2000 RCF. The 

ventral red particulate layer was carefully pipetted and transferred into a 2 mL Eppendorf DNA 

LoBind tube. Thiol-OEG-3 was added in a 300:1 ratio (with respect to gold nanoparticles) and 

allowed to react for 18 hours before purification.  

 

Purification of Gold Nanoparticles 

Gold nanoparticles were purified by centrifugation after the 18-hour incubation with Thiol-

OEG-3. Gold nanoparticles were spun for 55 minutes at 4º C at 95,879 RCF using a Thermo 

Scientific Fiberlite F50L – 8 × 39 rotor in a Thermo Scientific Sorvall wX+ Ultra Series 

Centrifuge. About 90% of the supernatant was removed using a transfer pipette and replaced 
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with CB. A total of 6 centrifuge spins were performed. During the final centrifugation round, 

gold nanoparticles were left concentrated (around 0.800 – 1.9 µM). 

ITC experiments are heavily dependent on reactant concentration. The concentration of DNA 

aptamer strands was determined by first measuring the concentration of gold nanoparticles. An 

aliquot of concentrated functionalized gold nanoparticles was diluted by a factor of 2000. This 

served to obtain a measurable signal while not diluting large volumes of concentrated gold 

nanoparticles. An absorbance reading at 520 nm using a Cary-60 UV-vis by Agilent 

Technologies was obtained. The concentration was calculated by dividing the measured 

absorbance by the extinction coefficient provided by the manufacturer (9.55 × 107 M-1 cm-1). 

This concentration was multiplied by the number of DNA aptamers on the surface. 

Quantifying Immobilized Aptamers 

Following 10 nm gold nanoparticle functionalization and purification, a solution of 0.5 M DTT 

and 1.5 M NaCl was introduced to functionalized gold nanoparticles and allowed to incubate 

overnight. DTT removed immobilized aptamers from the solution while NaCl served to 

aggregate newly bare gold nanoparticles. The supernatant, containing previously immobilized 

aptamers, was collected after a 5-minute centrifuge spin at 5 k RCF. Aptamers were purified 

by NAP-5 size exclusion columns using ultrapure water as the mobile phase and quantified 

using absorbance at 260 nm from a Cary-60 UV-Vis by Agilent Technologies. Each sample of 

functionalized gold nanoparticles was performed and analyzed in triplicate to obtain a standard 

deviation of immobilized aptamers. 

ITC Experimental Conditions 

ITC experiments were performed on a Malvern PEAQ-ITC. All experiments featured thrombin 

in the sample well and aptamer functionalized gold nanoparticles in the syringe. All reactions 

took place at 25º C. 10 µcal / s was used as a reference power with feedback set to “high”. The 

stir speed was set to 750 RPM. The sample cell was loaded with 300 µL of thrombin in CB.  

Twenty injections were used for each experimental trial. The first injection was 0.2 µL and 

served to remove any residual air from the loading process. Nineteen injections, each 2.0 µL 

over a 4.0 second interval, delivered functionalized gold nanoparticles to the sample well 

containing thrombin. The interval between injections was 180 seconds to ensure equilibration 

with the baseline reference power before the next sample injection. Each ITC experiment lasted 

about 60 minutes. 

All reactions, apart from 0.9 M NaCl aged gold nanoparticles, were run in triplicate. 0.9 M 

NaCl aged gold nanoparticles were run in duplicate. 

Data Analysis 

Data analysis and interpretation was performed by the Malvern PEAQ-ITC analysis software 

using the single binding site method. Point to point subtraction between aptamer functionalized 

gold nanoparticles titrated into CB (blank) was used to control for heat of dilution. 
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Baseline smoothing for binding isotherms was carried out in Origin data analysis software. 

The heat spikes following titrant injection were masked and the resultant baseline was 

smoothed by adjacent averaging. 

Integrated heat plots were plotted as exported from the Malvern PEAQ-ITC analysis software. 

 

3.3 Results and Discussion 

Before systematically investigating the crowding effect of target capture on gold nanoparticle 

surfaces, a baseline study of 15mer TBA’s interaction with thrombin was used to validate the 

approach and better understand the role of the surface with respect to binding affinity. This 

positive control experiment featured free 15mer TBA in solution, without being tethered to the 

gold nanoparticle surface. 

Figure 3.2: Binding isotherms and integrated heat plots for (top) free 15mer TBA and (bottom) 

CoV-1C-RBD aptamer functionalized gold nanoparticles. Concentration of free 15mer TBA is 

50 µM. Concentration of CoV-1C-RBD is 41 µM. Thrombin concentration is 5.5 µM. 
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Figure 3.2 shows the generic ITC setup for reactants under investigation in this study. 

Thrombin was loaded into the sample well and the aptamer was titrated into the sample well 

from the syringe. The thermodynamic profile (table 3.1) obtained was in good agreement with 

previous ITC literature studies.35  

A negative control experiment was performed to ensure the origin of evolved heat resulted 

from the association between thrombin and 15mer TBA rather than thrombin’s association 

with a gold nanoparticle or non-specific interactions with the immobilized aptamer strand. 10 

nm gold nanoparticles functionalized with CoV-1C-RBD, a DNA aptamer that recognizes 

Covid S1 spike protein, with a loading density of 8.8 × 1012 strands / cm2, were introduced to 

thrombin in an identical ITC setup.36 While there is some heat generated from CoV-1C-RBD 

aptamer functionalized gold nanoparticles titrated into the sample cell containing thrombin, a 

blank titration of CoV-1C-RBD functionalized gold nanoparticles titrated into buffer (Figure 

2.6D) reveals a similar heat signature. Thus, evolved heat from CoV-1C-RBD aptamer 

functionalized gold nanoparticles can be attributed to dilution upon injection into the sample 

cell rather than specific interactions between immobilized CoV-1C-RBD aptamers and 

thrombin. The heat signature of CoV-1C-RBD functionalized gold nanoparticles titrated into 

thrombin stands in contrast to 15mer-TBA functionalized gold nanoparticles where a clear 

binding trend is observed. A discussion of this trend can also be found in Chapter 2. 

The effects of aptamer crowding on target binding was investigated by introducing 15mer TBA 

functionalized 10 nm gold nanoparticles to thrombin and measuring the heat evolved upon 

target binding. Central to crowding effects is the quantification of aptamer strands immobilized 

on the gold nanoparticle surface. To cover the entire range of loading densities, three different 

surface functionalization approaches were employed to fabricate gold nanoparticles. The final 

concentration of NaCl controls the DNA loading density of the salt aging method while the 

freezing and butanol dehydration methods feature higher loading densities. A discussion of 

these functionalization techniques is presented in Chapter 2.  

The salt aging method was stopped at a final NaCl concentration of 0.3 M to fabricate aptamer 

functionalized gold nanoparticles with a loading density of 8.60 × 1012 strands / cm2, equating 

to 27 strands per 10 nm gold nanoparticle. This relatively bare loading density produced a heat 

signature that is characteristic of binding with thrombin. Immobilizing the aptamer strands on 

the gold nanoparticle surface resulted in a 41.5 nM binding affinity. Compared to the 105 nM 

binding affinity of the free aptamer, this represents a 60.5% improvement to binding affinity. 

The enthalpic change of the binding reaction between thrombin and 0.3 M NaCl functionalized 

gold nanoparticles decreased when compared to thrombin and the free 15mer TBA. This trend 

is unsurprising as crowding interactions are known to create steric hindrance and electrostatic 

repulsions which are unfavorable to target binding. Aptamer immobilized on gold 

nanoparticles show less unfavorable change in entropic contribution (TΔS) upon target binding 

when compared to free 15mer TBA. Conformational restriction upon binding in the free 15mer 

TBA system results in an entropic contribution change of -11.5 kcal /mol. The -9.04 kcal / mol 

entropic contribution change upon binding of the immobilized aptamer system is rationalized 
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by the inherently increased starting entropy of the functionalized gold nanoparticles – whose 

immobilized aptamers experience less degrees of freedom when immobilized.  

 

 

Surface Functionalization 

Method  

Average Number of DNA 

Aptamers per Gold 

Nanoparticle 

Standard Deviation 

0.3 M NaCl 27 0.34 

0.5 M NaCl 34 2.86 

0.7 M NaCl 41 1.74 

0.8 M NaCl 49 1.49 

0.9 M NaCl 56 2.56 

Freeze Method 69 2.65 

Butanol Dehydration 124 7.41 

 

Gold nanoparticle loading density was increased to 1.08 × 1013 strands / cm2 (34 strands per 

particle) by suspending the salt aging procedure upon arriving at 0.5 M NaCl. These gold 

nanoparticles experience enhanced target binding compared to the more sparely loaded gold 

nanoparticles discussed above. The 31.8 nM binding affinity of 34 strands per gold 

nanoparticle represents an improvement of 23.3% when compared to the 27 strands per particle 

binding affinity and a 69.7% improvement when compared to the free 15mer TBA. As 

crowding effects increase in the 34 strands per particle samples compared to the 27 strands per 

particle samples, enthalpic changes decrease because crowding creates a higher energy system  

 

 

 

 

 

 

Table 3.1: Relationship between surface functionalization method and aptamer strands per 10 

nm gold nanoparticle. UV-Vis at 260 nm was used to quantify aptamer strands. 
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with increasing electrostatic repulsion. Increased crowding produced by the additional 

immobilized aptamer strands result in less unfavorable changes in entropic contribution when 

compared to less crowded aptamer functionalized gold nanoparticles because of the 

conformational restriction imposed by additional immobilized neighboring aptamer strands. 

Further increasing the aptamer loading density to 1.31 × 1013 (41 strands per nanoparticle) 

yields better enhancement of target binding affinity to 14.5 nM – an 86.2% increase compared 

to free 15mer TBA. The trends of decreasing changes in enthalpy (-16.57 kcal / mol) and 

entropic contribution (-5.91 kcal / mol) are also observed. A summary of binding 

thermodynamic profiles between free / immobilized aptamers and thrombin is shown in table 

3.3.  

 

Loading Density (Strands / Gold 

Nanoparticle) 

Affinity (nM) 

Free 15mer TBA 105 

27 41.5 

34 31.8 

41 14.5 

 

 

Table 3.2: Relationship to target binding affinity at varying aptamer loading densities. Binding 

affinity improvement observed as loading density increases.  
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Immobilized aptamers on gold nanoparticles exhibit less enthalpic change than homogeneous 

aptamers when binding to thrombin. The enthalpic penalty for thrombin binding increases as 

aptamer crowding increases. In other words, the enthalpic change upon target binding 

Figure 3.3: Binding isotherms (left) and integrated heat plots (right) of (top) 27 strands per 

gold nanoparticle [15mer TBA] = 50 µM, (middle) 34 strands per gold nanoparticle [15mer 

TBA] = 38 µM, (bottom) 41 strands per gold nanoparticle [15mer TBA] = 63 µM. Thrombin 

concentration is 5.5 µM. 
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decreases with increasing aptamer loading density. The volume change upon target binding is 

negligible, thus the enthalpy is approximately equal to the internal energy. In the free aptamer 

system, 15mer TBA forms non-covalent interactions with thrombin’s exosite 1, lowering the 

energy of the system and releasing heat. The heat release is characteristic of an exothermic 

process and a negative enthalpic change upon binding. The dilute homogeneous solution does 

not contain a large magnitude of electrostatic repulsion between aptamer strands. However, 

the immobilized aptamer system contains aptamers that are in closer proximity to each other 

than the homogeneous aptamer system. Before target binding, electrostatic repulsions form a 

DNA brush extending away from the gold nanoparticle surface. After target binding takes 

place, aptamer conformation becomes further restricted, and aptamer secondary structure 

increases electrostatic repulsions between conformationally locked aptamers and neighboring 

strands. This final state is higher in internal energy from neighboring electrostatic repulsions. 

As follows, because the bound, immobilized aptamer energy is higher than the bound, 

homogeneous aptamer, the enthalpic change of the immobilized aptamer system decreases 

with respect to the homogeneous aptamer system. This trend of decreasing enthalpic change 

upon target binding is observed as loading density increases due to higher internal energies of 

crowded systems.  

 

Figure 3.4: Thermodynamic profile of 15mer TBA interactions with thrombin at varying loading 

densities on 10 nm gold nanoparticles. ΔH and ΔS both decrease as loading density increases. 
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Immobilized aptamers on gold nanoparticles suffer less from unfavorable changes in entropic 

contribution than homogeneous aptamers when binding to thrombin. First, consider the free 

aptamer system. In the homogeneous aptamer solution, the aptamer exhibits considerable 

conformational freedom before target binding. However, upon binding to the target, non-

covalent interactions with exosite 1 on the thrombin target result in the aptamer becoming 

conformationally locked. The sharp decrease in conformational degrees of freedom results in 

a large, unfavorable change in entropic contribution. On the other hand, for aptamers 

immobilized on a nanoparticle, before target binding, electrostatic repulsions between 

neighboring strands already limit aptamer conformational freedom. Therefore, compared to 

free aptamers, the degrees of conformational freedom for the immobilized aptamers do not 

decrease as much for target binding, i.e., aptamer immobilization prepays the entropic 

contribution penalty involved in target binding. The entropic compensation is enough to offset 

the entropic penalty from crowded aptamer systems. Furthermore, as crowding on the gold 

nanoparticle surface increases, unfavorable change in entropic contribution upon target binding 

decreases. This trend is rationalized by further restriction of aptamer conformational degrees 

of freedom by electrostatic repulsions and excluded volume effects from neighboring aptamer 

strands before target binding. In increasingly crowded systems, as neighboring aptamer strands 

restrict conformational freedom before target binding, the unfavorable entropic contribution 

changes after target binding are less pronounced. 
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Figure 3.5: Binding isotherm and integrated heat plot of non-binding samples. A) 49 strands / 

particle. B) 55 strands / particle. C) 66 strands / particle. D) 114 strands / particle. 15mer TBA 

concentration is 50 µM for all plots. Thrombin concentration is 5.5 µM for all plots. 
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The loading density was further increased to investigate higher crowding regimes using higher 

salt aging concentrations along with the freeze and butanol dehydration methods. To the best 

of our knowledge, crowding regimes (< 1.5 × 1013 strands / cm2) have not been the subject of 

colloidal binding studies. Based on ITC measurements, the transition from binding to non-

binding loading is quite abrupt. The loading density difference between the threshold of 

binding and non-binding is roughly 20%. Steric effects are likely to account for the non-

binding behavior exhibited at higher loading densities. Despite the non-binding behavior 

observed at higher loading densities, figure 3.5 shows heat signatures upon titrant injection. 

Failure to achieve saturation at higher loading densities could be a result of slowed reaction 

kinetics under crowded conditions. Target binding kinetics is known to slow upon increasing 

loading density, however, Gooding et al. showed that increasing loading densities increased 

target binding kinetics on gold nanoparticle surfaces.4, 28 More investigation into this nebulous 

region could determine the cutoff threshold for binding more accurately and elucidate more 

complex behaviors or potential transient target binding. Nevertheless, these results show that 

the loading density needs to be carefully controlled: a relatively high density is needed to 

maximize binding affinity; on the other hand, overcrowding the surface can lead to a 

precipitous decline of binding. 

Our study suggests that the choice of the gold nanoparticle functionalization method is critical 

for aptamer / target binding. While there are parameters that can be changed in the various 

methods used to functionalize gold nanoparticles with DNA, methods that boast higher DNA 

surface densities, such as the freezing method and butanol dehydration, produce loading 

densities that are too high for target detection. The salt aging method of gold nanoparticle 

functionalization allows for suspending salt additions to closely tailor the final loading density 

– unlike the freezing or butanol dehydration methods that require the procedure be carried out 

to completion. 

 

Preparation 

Method 

Strands 

/ 

particle 

Loading 

Density 

(strands / 

cm2) 

[Aptamer] 

(µM) 

[Thrombin] 

(µM) 

ΔH 

(kcal / 

mol) 

-T ΔS 

(kcal / 

mol) 

ΔG 

(kcal / 

mol) 

Kd 

(nM) 

Free TBA N/A N/A 50 5.5 -20.5 11 -9.52 106 

50 5.5 -22.3 12.8 -9.47 115 

50 5.5 -20.4 10.8 -9.59 93 

CoV-RBD-

1C Aptamer 

fxn AuNP 

aged to 

0.5M NaCl 

31 8.80 ×1012 41 5.5 - - - - 

41 5.5 - - - - 

41 5.5 - - - - 

0.3M NaCl 

Aged 

27 8.60 ×1012 50 5.5 -19.5 9.45 -10 45.6 

50 5.5 -20.2 9.52 -9.86 48 

50 5.5 -18.4 8.14 -10.3 30.9 

34 1.08 ×1013 38 5.5 -18.5 8.22 -10.3 29.4 

Table 3.3: Thermodynamic profiles of all ITC experiments and replicates. 
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0.5M NaCl 

Aged 

38 5.5 -19.3 9.11 -10.2 34.5 

38 5.5 -18.2 7.9 -10.3 31.5 

0.7M NaCl 

Aged 

41 1.31 ×1013 63 5.5 -15.8 5.1 -10.7 13.7 

63 5.5 -17.1 6.43 -10.7 15.1 

63 5.5 -16.8 6.2 -10.6 14.6 

0.8M NaCl 

Aged 

49 1.56 ×1013 57 5.5 - - - - 

57 5.5 - - - - 

57 5.5 - - - - 

0.9M NaCl 

Aged 

55 1.75 ×1013 47 5.5 - - - - 

47 5.5 - - - - 

Freeze 

Method 

66 2.10 ×1013 50 5.5 - - - - 

50 5.5 - - - - 

50 5.5 - - - - 

Butanol 

Dehydration 

114 3.63 ×1013 50 5.5 - - - - 

50 5.5 - - - - 

50 5.5 - - - - 

 

 

3.4 Conclusion and Outlook 

Here, we use aptamer functionalized 10 nm gold nanoparticles to characterize the 

thermodynamic profiles of immobilized aptamer binding to a protein target. ITC was used to 

gain mechanistic insight into enhanced aptamer target interactions under crowding conditions 

by varying the loading density of immobilized aptamers. Increasing aptamer loading density 

on gold nanoparticle surfaces resulted in an improvement to binding affinity between aptamers 

and target thrombin, but only up to a certain loading density. The mechanism for increased 

binding affinity was determined to be entropically based, as increasingly crowded surfaces 

reduce the entropic contribution penalty upon target binding when compared to less crowded 

surfaces and free aptamers. The entropic compensation is enough to offset the enthalpic penalty 

observed as loading density increases. The ability to utilize ITC for this study explains the 

mechanism for enhanced immobilized aptamer affinity for target proteins. 

Our trends in binding affinity align with Gooding et al.’s conclusions;4 however, it should be 

noted that the higher loading densities were used in this study. The highest crowding density 

used by Gooding et al. was 3.3 × 1012 strands / cm2 whereas the lowest crowding density used 

in this study was 8.8 × 1012 strands / cm2. Over the range of loading densities used by Gooding 

et al., target binding affinity increased. However, Gooding did not use a loading density high 

enough to observe a precipitous decline in target binding. As such, in contrast to Gooding’s 

conclusion, target binding affinity does not always increase as loading density increases.  

The specific nature of aptamer interactions and conformational changes warrant caution when 

generalizing, but ITC can be utilized to investigate the intricacies of immobilized aptamers and 

their interactions with targets. While the optimal crowding density may be challenging to 

generalize, determining the loading density at which target binding ceases is crucial. For 

biosensing applications, optimizing the number of aptamer strands on an individual basis is 
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essential to achieve maximum sensitivity. This study provides insights into elucidating the 

optimal loading density by outlining an ITC experimental design and a method for quantifying 

aptamers on gold nanoparticle surfaces. 

 

A previous investigation uncovered decreased binding affinity between 15mer-TBA and target 

thrombin when 15mer-TBA is immobilized on the 5’ end of the aptamer.37 These differences 

are likely attributed to conformational changes relative to the surface after target capture. In 

the study presented within, 15mer-TBA was immobilized using the 3’ end, meaning steric 

hindrance is likely to decrease upon target binding as 15mer-TBA complex is removed from 

the surface. However, certain aptamers, such as the dopamine and glucose binding aptamer, 

are known to be displaced from the surface upon target binding.38 This phenomenon represents 

an intriguing avenue for study on crowded systems as movement toward or away from surfaces 

may affect the ability of an aptamer to capture a target depending on the local environment. 

Aptamers that move further from the immobilized surface are likely to experience fewer 

crowding effects from neighboring aptamer strands, which would allow them to capture targets 

despite high loading densities. Because steric hindrance is alleviated during target binding, the 

effects of target crowding are hypothesized to be decreased when compared to conformational 

changes that result in migration toward the surface. As such, higher loading densities would 

not hinder target binding. The specific nature of aptamer interactions and conformational 

changes warrant caution when generalizing, but ITC can be utilized to investigate the 

intricacies of immobilized aptamers and their interactions with targets. 

This investigation was intentionally designed to study a relatively large protein target. 

However, much investigation remains in small molecule targets. In these systems, steric 

hindrance originating from the target is negligible, meaning that steric hindrance will only 

come from neighboring aptamers. Small molecules can more easily pass through the dense 

aptamer brush, but conformational changes required for target capture are likely to hinder 

target capture at sufficiently high aptamer loading densities. Furthermore, cutoff loading 

densities for target capture are likely higher for small molecule aptamers compared to aptamers 

designed for macromolecular target capture. 

While this study underscores the mechanism for enhanced target binding under crowded 

conditions on colloidal gold nanoparticles, it leaves room for additional investigations to 

further probe the detailed interactions of immobilized aptamers and their targets. The role of 

nanoparticle curvature on the effect of gold nanoparticle crowding could be used to further 

optimize target capture. This study might fix aptamer loading density across nanoparticles 

ranging from 5 nm to 20 nm to better understand the role of the surface curvature. By nature 

of the curved surface, immobilized aptamers feel fewer crowding effects as they protrude from 

the surface and have fewer interactions with neighboring immobilized aptamers. However, as 

the size of the gold nanoparticle increases, the surface begins to resemble a planar surface.39 

Across similar loading densities, compared to larger nanoparticles, binding to smaller 

nanoparticles has more favorable enthalpy, i.e., ΔH is more negative. Fewer interactions with 

neighboring aptamers result in larger enthalpic changes after target binding on smaller gold 
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nanoparticles. Meanwhile, pronounced crowding interactions on larger gold nanoparticles 

result in an entropically driven target binding mechanism. Studies involving larger 

nanoparticles (>30 nm) will likely encounter practical limitations with stoichiometry suitable 

for ITC (Figure 2.4). Longer spacer regions would protrude aptamer recognition sequences 

further from the nanoparticle surface. The increased distance from the surface also results in 

increased distance from neighboring aptamer strands, which lowers the internal energy of the 

system. This decrease is likely to result in a larger enthalpic contribution to target binding when 

compared to shorter spacer regions at similar loading densities. Further investigation into 

spacer region length may discover the loading density cutoff for target capture. Because steric 

hindrance is alleviated with increasing spacer length, it is hypothesized that target binding will 

be observed at higher loading densities.  

Target binding is a fundamental aspect of biosensing that plays a pivotal role in the 

effectiveness of biosensor technology. Despite its importance, the detailed mechanisms and 

intricacies of target binding are often not fully explored in many biosensing developments. 

This oversight can hinder the optimization and performance of biosensors. The design and 

fabrication of biosensors depend heavily on fabricating materials that maximize target binding 

to generate reproducible, reliable, and highly sensitive signal outputs. By delving into the 

specifics of how targets are captured – particularly the interactions between immobilized 

aptamers and target proteins in solution – rationally designed biosensing materials can be 

developed. The effectiveness of a biosensor is significantly influenced by how these aptamers 

are immobilized on its surface and how they interact with their target proteins. Optimizing 

factors such as loading density, surface chemistry, the orientation of aptamers, environmental 

and buffer conditions, and kinetic parameters of binding interactions is crucial. By 

understanding and manipulating these factors, it is possible to create biosensors with enhanced 

performance characteristics and rationalize biosensor figures of merit, such as limit of 

detection and response time. This in-depth understanding, along with the proper tools to 

characterize target binding interactions, leads to the rational design and fabrication of 

biosensors, which can offer superior sensitivity, specificity, and reproducibility. 
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4.1 Appendix 
Free 15mer TBA 

 

 

 

 

 

 

 

 

Figure A1: Replicate trials of homogeneous 15mer TBA with thrombin. For both replicates, 

concentration of 15mer TBA is 50 µM, concentration of thrombin is 5.5 µM. Bottom plot is 

15mer TBA titrated into buffer (no thrombin in sample cell). 
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Negative control 

 

 

 

 

 

 

 

Figure A2: Replicate trials of CoV-1C-RBD aptamer functionalized 10 nm gold 

nanoparticles with thrombin. In both replicates, concentration of CoV-1C-RBD aptamer is 

41 µM, concentration of thrombin is 5.5 µM. Bottom plot is CoV-1C-RBD titrated into 

buffer (no thrombin in sample cell). 
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Figure A3: Replicate trials of homogeneous 0.3 M NaCl aged gold nanoparticles 

functionalized with 15mer TBA titrated into thrombin. In both replicates, concentration of 

15mer TBA is 50 µM, concentration of thrombin is 5.5 µM. Bottom plot is 0.3 M NaCl aged 

gold nanoparticles functionalized with 15mer TBA titrated into buffer (no thrombin in sample 

cell). 
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Figure A4: Replicate trials of homogeneous 0.5 M NaCl aged gold nanoparticles 

functionalized with 15mer TBA titrated into thrombin. In both replicates, concentration of 

15mer TBA is 37 µM, concentration of thrombin is 5.5 µM. Bottom plot is 0.5 M NaCl aged 

gold nanoparticles functionalized with 15mer TBA titrated into buffer (no thrombin in sample 

cell). 
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Figure A5: Replicate trials of homogeneous 0.7 M NaCl aged gold nanoparticles 

functionalized with 15mer TBA titrated into thrombin. In both replicates, concentration of 

15mer TBA is 61 µM, concentration of thrombin is 5.5 µM. Bottom plot is 0.7 M NaCl aged 

gold nanoparticles functionalized with 15mer TBA titrated into buffer (no thrombin in sample 

cell). 
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Figure A6: Replicate trials of homogeneous 0.8 M NaCl aged gold nanoparticles 

functionalized with 15mer TBA titrated into thrombin. In both replicates, concentration of 

15mer TBA is 50 µM, concentration of thrombin is 5.5 µM. Bottom plot is 0.8 M NaCl aged 

gold nanoparticles functionalized with 15mer TBA titrated into buffer (no thrombin in sample 

cell). 
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Figure A7: Replicate trial of 0.9 M NaCl aged gold nanoparticles functionalized with 15mer 

TBA titrated into thrombin. In both replicates, concentration of 15mer TBA is 50 µM, 

concentration of thrombin is 5.5 µM. Bottom plot is 0.9 M NaCl aged gold nanoparticles 

functionalized with 15mer TBA titrated into buffer (no thrombin in sample cell). 
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Figure A8: Replicate trials of 15mer TBA functionalized gold nanoparticles prepared by the 

freezing method titrated into thrombin. In both replicates, concentration of 15mer TBA is 50 

µM, concentration of thrombin is 5.5 µM. Bottom plot is 15mer TBA functionalized gold 

nanoparticles prepared by the freezing method titrated into buffer (no thrombin in sample cell). 
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Figure A9: Replicate trials of 15mer TBA functionalized gold nanoparticles prepared by the 

butanol dehydration method titrated into thrombin. In both replicates, concentration of 15mer 

TBA is 50 µM, concentration of thrombin is 5.5 µM. Bottom plot is 15mer TBA functionalized 

gold nanoparticles prepared by the butanol dehydration method titrated into buffer (no 

thrombin in sample cell). 
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Figure A10: (Top) Thiolated linker of 15mer TBA. Protecting group (circled in red) is 

removed upon DNA reduction. (Bottom) Mechanism for TCEP reduction of di-sulfide 

functionalized aptamers. Result is a mono-thiolated DNA aptamer after reduction. 

5’ 

3’ 
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Figure A11: Structure of thiolated oligoethylene glycol (thiol-OEG). For experiments 

within this dissertation, n is equal to 3. 
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Sample Identification Salt Age 

Target 

Volume 

Collected 

(L) 

Absorbance Dilution 

Factor 

Concentration 

DNA (M) 

Total Strands Strands per 

AuNP 

Average 

Number of 

Strands 

Standard 

Deviation 

          

15mer-TBA_PolyA_0.7M-NaCl_1 0.7M NaCl 6.52E-04 0.165 1 6.22E-07 2.44E+14 3.92E+01 41 1.74 

15mer-TBA_PolyA_0.7M-NaCl_2 0.7M NaCl 6.54E-04 0.179 1 6.75E-07 2.66E+14 4.26E+01 

15mer-TBA_PolyA_0.7M-NaCl_3 0.7M NaCl 6.51E-04 0.1707 1 6.44E-07 2.53E+14 4.05E+01           

15mer-TBA_PolyA_0.3M-NaCl_1 0.3M NaCl 6.61E-04 0.1004 1 3.78E-07 1.51E+14 2.72E+01 27 0.341 

15mer-TBA_PolyA_0.3M-NaCl_2 0.3M NaCl 6.70E-04 0.0997 1 3.76E-07 1.52E+14 2.74E+01 

15mer-TBA_PolyA_0.3M-NaCl_3 0.3M NaCl 6.73E-04 0.101 1 3.81E-07 1.54E+14 2.79E+01           

15mer-TBA_PolyA_0.9M-NaCl_1 0.9M NaCl 6.45E-04 0.1779 1 6.71E-07 2.61E+14 5.75E+01 56 2.56 

15mer-TBA_PolyA_0.9M-NaCl_2 0.9M NaCl 6.61E-04 0.1724 1 6.50E-07 2.59E+14 5.71E+01 

15mer-TBA_PolyA_0.9M-NaCl_3 0.9M NaCl 6.91E-04 0.1527 1 5.76E-07 2.40E+14 5.29E+01           

15mer-TBA_PolyA_0.8M-NaCl_1 0.8M NaCl 6.68E-04 0.1526 1 5.75E-07 2.32E+14 5.11E+01 49 1.49 

15mer-TBA_PolyA_0.8M-NaCl_2 0.8M NaCl 6.80E-04 0.1426 1 5.38E-07 2.20E+14 4.86E+01 

15mer-TBA_PolyA_0.8M-NaCl_3 0.8M NaCl 6.60E-04 0.1464 1 5.52E-07 2.20E+14 4.85E+01           

15mer-TBA_PolyA_Freeze_1 FREEZE 6.71E-04 0.2041 1 7.70E-07 3.11E+14 6.72E+01 69 2.65 

15mer-TBA_PolyA_Freeze_2 FREEZE 6.91E-04 0.213 1 8.03E-07 3.34E+14 7.22E+01 

15mer-TBA_PolyA_Freeze_3 FREEZE 6.96E-04 0.1998 1 7.53E-07 3.16E+14 6.83E+01           

15mer-TBA_PolyA_Butanol_1 Butanol 6.71E-04 0.0807 1 3.04E-07 1.23E+14 1.16E+02 124 7.41 

15mer-TBA_PolyA_Butanol_2 Butanol 6.83E-04 0.0885 1 3.33E-07 1.37E+14 1.29E+02 

15mer-TBA_PolyA_Butanol_3 Butanol 6.60E-04 0.0906 1 3.41E-07 1.36E+14 1.28E+02           

15mer-TBA_PolyA_0.5M-NaCl_1 0.5M NaCl 6.91E-04 0.0968 1 3.65E-07 1.52E+14 3.18E+01 34 2.86 

15mer-TBA_PolyA_0.5M-NaCl_2 0.5M NaCl 6.71E-04 0.1169 1 4.41E-07 1.78E+14 3.73E+01 

15mer-TBA_PolyA_0.5M-NaCl_3 0.5M NaCl 6.82E-04 0.1022 1 3.8E-07 1.58E+14 3.32E+01                 

Total AuNP 

   

Table A1: Data table for aptamer quantification experiments.  
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10nm-AuNP_0.9M-NaCl 0.9M NaCl 2.00E-04 1.078 3.33 3.76E-08 4.53E+12 

   

10nm-AuNP_0.7M-NaCl 0.7M NaCl 2.00E-04 0.743 6.66 5.18E-08 6.24E+12 

   

10nm-AuNP_0.3M-NaCl 0.3M NaCl 2.00E-04 0.66 6.66 4.60E-08 5.54E+12 

   

10nm-AuNP_FREEZE FREEZE 2.00E-04 0.979 3.75 3.84E-08 4.63E+12 

   

10nmAuNP-Butanol Butanol 2.00E-04 0.1599 5.26 8.81E-09 1.06E+12 

   

10nm-AuNP_0.8M-NaCl 0.8M NaCl 2.00E-04 0.4849 4.57 2.32E-08 2.80E+12 

   

10nm-AuNP_0.5M-NaCl 0.5M NaCl 2.00E-04 0.2083 18.18 3.97E-08 4.78E+12 

   

          

AuNP Extinction Coefficient (M-1 cm-

1) 

         

9.55E+07 

         

DNA Extinction Coefficient (M-1 cm-1) 

         

265000 
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Table A2: DNA Aptamer sequence and extinction coefficient information. 

 

 

 

 

 

Aptamer 

Name 

Sequence Extinction Coefficient (M-1 cm-1) 

15mer 

Thrombin 

Binding 

Aptamer 

(TBA) 

 

5’ – 

GGTTGGTGTGGTTGGAAAAAAA

AAA –Thiol Linker 3’ 

 

 

265,000 

 

CoV-1C-RBD 

Aptamer 

5′- 

CAGCACCGACCTTGTGCTTTGG

GAGTGCTGGTCCAAGGGCGTTA

ATGGACATTTT – Thiol Linker 3' 

 

514,600 




