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ABSTRACT 

Deoxyribonucleic acid (DNA) is a popular receptor material for biosensors in 

applications such as medical diagnostics, environmental monitoring, and food safety. 

Many of these sensors rely on the hybridization of DNA, either to a target nucleic acid or 

to itself, in order to produce a measurable signal. One way to increase the sensitivity and 

tunability of DNA-based biosensors is by tethering the strands to a nanoparticle surface, 

although questions remain about how DNA melting behavior changes when confined to a 

surface and the implications these effects could have on biosensor performance. In this 

work, we use single-molecule fluorescence imaging to explore the thermodynamics of 

DNA melting on gold nanoparticle surfaces. We first discuss the development of a 

nanothermometry technique based on a super-resolution imaging technique called DNA-

PAINT that allows us to indirectly study the local temperature of DNA-functionalized gold 

nanoparticle arrays. This method is non-perturbative to the system and allows us to probe 

the hybridization status of DNA on a single-strand basis, providing spatial information that 

enables us to investigate the cooperative properties of surface-tethered DNA.  

In our second chapter, we use this technique to investigate how the thermodynamics 

of surface-tethered DNA melting are impacted by various aspects of the melting 

environment. We found that DNA on surfaces exhibits anomalous salt-dependent melting 

behavior when compared to solution-phase studies. By analyzing both the melting 

temperature and melting transition width, we can see how the behavior is affected by the 

DNA length, ion concentration and identity, and distance between the DNA and the 

nanoparticle surface.  
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Finally, we think about the implications of these findings on DNA-nanoparticle 

biosensors and explore what aspects still need further investigation, including the potential 

of super-resolution reconstructions to help us understand DNA cooperativity. Overall, the 

work in this dissertation highlights the differences between surface-tethered and solution-

phase DNA behavior and the need to understand the various influential factors within DNA 

monolayers for successful biosensor design.  
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CHAPTER 1 

INTRODUCTION 

1.1 DNA-Based Biosensors 

 Deoxyribonucleic acid (DNA) is a popular material for biosensors in applications 

such as diagnostics,1–3 environmental monitoring4–6 and food safety.7–9 A biosensor 

generally consists of a bioreceptor, which is capable of detecting a target analyte, and a 

transducer, which converts the presence of that biomarker into a measurable signal, such 

as an optical or electrochemical readout.10 Compared to conventional bioreceptor materials 

like enzymes11 or tissue,12 DNA is advantageous due to its biocompatibility, low 

production cost, and tunability, which allows for increased sensitivity and selectivity.13,14 

Most DNA-based biosensors work by detecting the hybridization state of the receptor, 

whether it is binding to a target analyte or to itself in a secondary structure.15 For example, 

Figure 1.1A shows a schematic of a DNA hairpin sensor, also called a ‘molecular beacon,’ 

which relies on a fluorophore-quencher pair in order to detect short segments of a target 

DNA.16 With no target present, the receptor is folded into the hairpin shape such that the 

fluorophore and quencher are in close proximity, so no fluorescent signal is detected. With 

the target strand present, it is thermodynamically favorable for the stem of the hairpin to 

melt away from itself and for the loop to bind to the target strand, producing a measurable 

fluorescent signal.17 Recently, molecular beacons were used in conjunction with 

polymerase chain reactions (PCR) to detect the SARS-CoV-2 viral DNA.18 DNA-based 

sensors have also expanded their reach with the development of aptamers: single-stranded 

DNA that can self-hybridize into specific secondary or tertiary structures that allow them 

to interact with non-oligo biomarkers such as proteins, bacteria and viruses (Figure 
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1.1B).19–21 Unlike molecular beacons, it needs to be thermodynamically favorable for 

aptamers to remain in a folded configuration in order to be receptive to their target. This 

advancement means that DNA biosensors can be applied to a wide variety of applications, 

such as virus recognition,22,23 cancer biomarker detection,24–26 and pollution 

monitoring.27,28 

Figure 1.1. (A) Example of a DNA hairpin biosensor. With no target present, the 
receptor is folded into the hairpin shape such that the fluorophore and quencher are in 
proximity and no fluorescent signal is detected. With the target strand present, it is 
thermodynamically favorable for the hairpin to melt away from itself and bind to the 
target strand, producing a measurable signal. Reprinted with permission from Ref 16. 
Copyright Mao et al. 2020. (B) Schematic of a functional aptamer. Single-stranded DNA 
is specially selected to form a 3-dimensional structure that is capable of recognizing 
biomarkers such as proteins, enzymes, and viruses. Adapted with permission from Ref 
21 under license CC BY-NC-ND 4.0. Copyright American Chemical Society 2024.  
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One of the key elements in many biosensing applications is the ability to tether the 

bioreceptor (in this case, the DNA) to a sensor substrate in such a way that it is readily 

accessible to both the analyte and transducer.29 Some of the earliest DNA biosensors used 

thin metallic films to host the DNA in the form of microarrays. DNA microarrays remain 

a widely used construction, especially for electrochemical transducers, where the film 

serves as both the substrate and working electrode.30 However, many of the benefits of 

these sensors can be improved with metallic nanoparticles, either by replacing or 

integrating with the thin film substrate. Metallic nanoparticles have large surface-to-

volume ratios, allowing more target binding sites, are biocompatible, can offer additional 

properties such as plasmon excitation, and have extensive application versatility.31,32 One 

way to illustrate this is to compare surface plasmon resonance (SPR) sensors, which rely 

on surface plasmon polaritons that propagate through metallic thin films, with localized 

surface plasmon resonance (LSPR) sensors, that use plasmons confined to individual 

nanoparticles.  While both have their place in sensing applications, LSPR sensors have the 

advantage of a higher surface area and smaller sensing volume which allows increased 

sensitivity to interactions happening on the sensor surface.33 Their small size also enables 

them to be integrated directly into point-of-care devices.34 Nanoparticles can be easily 

tuned through their shape and size, which can give them other unique optical, catalytic, and 

magnetic properties that further enhance their sensing ability.35–37  

Figure 1.2 highlights the range of DNA-NP biosensors that rely on the 

hybridization properties of DNA for their given application. Figure 1.2A shows a design 

by the Mirkin group in 2007 that takes advantage of the quenching properties of gold 

nanoparticles with what they called a “nano-flare,” capable of detecting specific proteins 
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in cancer cells.38 Similar to the molecular beacon described earlier, the nucleic acid 

receptor binds the target (in this case, mRNA) and releases the reporter flare, which can be 

detected through fluorescence microscopy.  

Figure 1.2. Examples of DNA-nanoparticle biosensor configurations that rely upon 
DNA denaturation. (A) “Nano-flare” biosensor consisting of gold nanoparticles 
functionalized with RNA that is hybridized to a fluorophore-decorated reporter strand. 
The fluorophore is quenched by the nearby metal. The arrival of the target mRNA 
releases the reporter, allowing it to be detected by fluorescence microscopy.  Reprinted 
from Ref 38. Copyright 2007 American Chemical Society. (B) Colorimetric sensor that 
uses nanoparticle aggregation and denaturation of aptamer-containing DNA to detect 
adenosine. The presence of the target molecule thermodynamically induces the aptamer 
to fold, releasing the linker and causing nanoparticles separation, inducing a color 
change. Reprinted with permission from Ref 39. Copyright John Wiley and Sons 2006.  
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Figure 1.2B shows a colorimetric biosensor using the aggregation of gold 

nanoparticles combined with aptamer technology to detect adenosine.39 In its natural state, 

the nanoparticles are aggregated through a DNA linker that contains an unfolded single-

stranded aptamer with an affinity for adenosine. The presence of adenosine makes it 

thermodynamically favorable to induce aptamer folding and binding, thus forcing the 

linker strands apart and separating the nanoparticles, producing a color change. These 

examples both rely upon release (or melting) of a bound strand to allow target detection 

and demonstrate the importance of understanding the melting behaviors of DNA when 

designing and using DNA-NP biosensors in both in vivo and in vitro studies.  

1.2 Methods of Signal Transduction in DNA-Based Biosensors  

 In addition to the bioreceptor, the other important aspect of DNA-NP biosensors is 

the transducer, which is necessary to convert hybridization status into a measurable 

signal.40 Some techniques, such as those that involve electrochemistry41–44 or SPR 

imaging45–47 are able to monitor DNA melting in real time but require the presence of thin 

metallic films in order to produce signal. Techniques such as spectroscopy48–51and 

fluorescence microscopy,52–54 can be used for DNA tethered to solid surfaces as well as 

nanoparticles. For example, the Mirkin lab looked at DNA binding thermodynamics on 

small, highly curved gold nanoparticles in solution using fluorescence intensity 

measurements and compared them to binding interactions of the same DNA strands in 

solution, finding that the surface-tethered probes have a higher melting temperature53   

While the transducer methods mentioned thus far have used ensemble 

measurements, it is also possible and often beneficial to detect DNA hybridization using 

optical techniques, like fluorescence, at the single molecule level.54,55 Doing so allows us 
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to study and potentially characterize individual binding events, which can give insight into 

not only how the DNA monolayer behaves as a whole (i.e. cooperativity)56–58 but how 

strands differ from one another. For example, previous work from our lab has shown that 

super-resolution imaging can give us the positions of DNA bound to the surface of gold 

nanorods (Figure 1.3).  

Figure 1.3. Super-resolved reconstructions showing the heterogeneity of DNA bound 
to gold nanorods. The orange ovals show the size and orientation of the rod, the white 
x shows their center-of-mass, and the colored pixels show the number of DNA reporting 
at different sites on the surface. Reprinted with permission from Ref 60. Copyright 
American Chemical Society 2015.   
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By comparing individual rods to each other, we can see that not only is the amount 

of DNA per rod heterogeneous (for example, nanorods J and C), but the position of DNA 

within a single rod is also not always evenly spaced (such as nanorod G or K). Tethering 

DNA to the surface of a nanoparticle can cause behavior that contradicts with what you 

may think based on ensemble studies, which tend to assume that particles are completely 

and evenly covered. If DNA binding can be different from particle-to-particle, we must 

also ask whether hybridization behaviors on nanoparticles will differ based on the status of 

the surface-bound DNA.  

To probe this, we developed a technique to study DNA melting based on a super-

resolution imaging method called DNA Point Accumulation for Imaging Nanoscale 

Topography (DNA-PAINT). Our system uses three DNA strands: a single stranded 

‘anchor’ with a thiolated end that can bind to a nanoparticle surface, a ‘blocking’ strand 

that is complementary to the anchor, and a short ‘imaging’ strand with a fluorophore 

attached that is also complementary to the top portion of the anchor (Figure 1.4).  An array 

of nanoparticles is functionalized with single stranded DNA (the ‘anchor’) and placed in a 

buffer solution containing short ‘imager’ oligos with a fluorophore attached.59 The imagers 

will diffuse in solution and transiently bind with any anchor strand that is available (i.e. not 

‘blocked’ by a blocking strand), resulting in a burst of fluorescent intensity near the 

nanoparticle surface that can be tracked and localized.60 Therefore, we can gain 

thermodynamic data by starting with all anchors being blocked, incrementally melting 

away the blocking strand, and counting the number of fluorescent events that occur at each 

temperature.  
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In this work, we use this technique on arrays of lithographically produced gold 

nanotriangles immobilized on a glass substrate, which has several benefits. The first is that 

it removes the influence of nanoparticle curvature, which is seen in many of the other 

surface-tethered DNA melting studies that use nanospheres or rods.61,62 Because our 

Figure 1.4. Schematic of the three-strand DNA-PAINT system, with an ‘anchor,’ 
‘blocking,’ and ‘imaging’ strand. The nanoparticle surface is functionalized with a 
thiolated anchor strand. When the anchor is hybridized to a complementary blocking 
strand, the sample is considered ‘blocked’ and the imaging strand is unable to bind and 
no fluorescent event occurs. When the blocking strand is not present, the imager is able 
to briefly bind to the anchor, creating a transient fluorescent event. If we start with a 
sample that is fully blocked and incrementally heat it to and beyond the melting 
temperature (TM), melting away a fraction of the blocking strand at each temperature, 
we can relate the number of fluorescent events to the local temperature.  
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particles are arrayed in a predictable shape and pattern, we know where the nanoparticles 

are, so we can ensure that the DNA is bound specifically to the nanoparticles and not on 

the glass or in solution. Lastly, with the single-molecule resolution of our technique, we 

can generate super-resolution reconstructions (much like those seen in Figure 1.4) of our 

nanotriangles to see not only particle-to-particle variation but heterogeneity within the 

DNA binding on single particles. However, before we can study these thermodynamic 

interactions at the single particle level, we need to establish how the system behaves at the 

ensemble level, using our single-molecule strategy to build up ensemble melting curves. 

1.3 Scope of this Dissertation 

The focus of this dissertation is to use single-molecule fluorescence microscopy to 

better understand the environmental influences on the thermodynamics of surface-tethered 

DNA melting in order to explore how it could affect biosensor performance. In Chapter 3, 

we discuss the development of our DNA-PAINT technique that allows us to probe the 

effect of local temperature on surface-tethered DNA. While this approach can give us 

single-molecule/single-particle resolution, it is important that we start with ensemble 

measurements in order to benchmark the technique. In Chapter 4, we analyze how the 

thermodynamics of surface-tethered DNA change when altering the concentration and 

identity of ions in the melting environment. The result is that surface-tethered DNA 

exhibits a decrease in melting temperatures at physiologically relevant salt conditions, 

whereas it is typically only seen at very high ionic concentrations in solution-phase 

experiments. We discuss how this may impact DNA-NP in sensing applications and rule 

out several possible causes for this observed behavior. Finally, in Chapter 5, we provide a 

brief outlook into the future directions and experiments that could help us further our 
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understanding of DNA-NP biosensors, ultimately moving towards the single particle level 

by integrating super-resolution imaging. Specifically, we focus on the questions regarding 

how surface-tethered DNA interacts with various ions and the implications this could have 

on in-vivo sensing applications within the human body.   
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CHAPTER 2 

METHODS 

2.1 Sample Preparation 

2.1.1 Nanosphere Lithography 

All samples used in these experiments consist of arrays of gold triangular 

nanoparticles on glass coverslips (Fisher Scientific, No. 1 Thickness, 25 x 25 mm), which 

had been cleaned by a series of solvents (acetone, isopropanol, and nanopure water) for 30 

minutes each with sonication, then plasma-cleaned with Argon for 20 minutes (Harrick 

Plasma, Plasma Cleaner PDC-32G). The particles were produced using an in-house 

nanosphere lithography technique. Polystyrene spheres (approximately 600 nm, 

Invitrogen) were centrifuged at 1000 rpm for 10 minutes. Half the supernatant was 

discarded in order to concentrate the spheres, which were then combined with a solvent. 

The identity of the solvent (such as ethanol or isopropanol) and the ratio of spheres to 

solvent can vary day to day depending on the concentration and aggregation of the 

polystyrene spheres. Typically, starting with ethanol in a 1:5 (ethanol: spheres) ratio by 

volume and adjusting via trial and error has good results.  

To prepare the nanosphere mask, approximately 500 uL of nanopure water was 

pipetted onto the clean glass slide on a flat surface. The solvent, ratio, and water amounts 

can be adjusted based on the day and age of the polystyrene spheres. A micropipette 

containing approximately 10 uL of the polystyrene-ethanol solution was brought to one 

corner of the sample, causing the water to retreat such that a small drop of the polystyrene 

solution could be placed on the bare glass. As the water returned, it lifted a single 
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monolayer of spheres on top of the surface of the water. The process was repeated until 

most of the slide was covered in the polystyrene sphere monolayer, after which the water 

was quickly and smoothly removed via pipette and the sample was left to dry for at least 

24 hours before being deposited with metal. The result is hexagonal close packed 

monolayer of spheres, which serves as a template for the deposition of nanotriangle arrays. 

2.1.2 Nanosphere Array Deposition 

The nanosphere arrays were allowed to dry for at least 24 hours, then metal was 

deposited using a thermal deposition system (Kurt J Lesker Nano36) with a 3 nm chromium 

sticking layer and a 30 nm layer of gold. Post-deposition, slides were sonicated in 

tetrahydrofuran (THF) overnight, which was switched with fresh THF for an additional 

hour on the second day to remove the spheres and leave an array of nanotriangles behind. 

Then, the samples were sonicated in acetone, isopropanol, and nanopure water for 30 

minutes each. The resulting nanoparticle arrays are as shown in the schematic in Figure 

2.1. Samples were stored in fresh nanopure water. Immediately before functionalization, 

samples were sonicated in nanopure water for 5 minutes and plasma-cleaned with argon 

for 20 minutes. 
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2.1.3 DNA Functionalization 

The samples were functionalized with single-stranded thiolated DNA (see 

sequences below) using a technique that combines previously reported low-pH and salt-

loading-based techniques.1 25 uL of 200 uM anchor strand DNA in nanopure water 

(Integrated DNA Technologies) was combined with 25 uL of 100 mM tris(2-

carboxyethyl)phosphine (TCEP, ) in an Eppendorf tube (labeled “1”) and allowed to react 

for 30 minutes in order to cleave the thiol bond. During this time, the NSL array was dried 

with nitrogen and plasma cleaned as described above. A hybridization chamber (Grace 

Bio-Labs SecureSeal) was affixed to the part of the NSL with the most well-ordered array, 

Figure 2.1. Schematic of gold triangular nanoparticle arrays created through nanosphere 
lithography. A monolayer of polystyrene spheres (white circles) is deposit on a glass 
coverslip, which is then thermally deposited with a thin layer of chromium and a layer 
of gold. The polystyrene and excess metal is then removed with solvents, leaving bare 
glass in between the nanotriangles.  
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as determined by eye using diffraction of light. After the 30 minutes, 25 uL of nanopure 

water was added to the DNA solution and vortexed. 60 uL of this solution was added to 

the hybridization chamber and briefly sonicated. The sample was placed on a rocker plate 

(Boekel) for 15 minutes. In the meantime, the remaining 15 uL of DNA solution was 

moved to a second Eppendorf (labeled “2”). 60 uL of 100 mM pH 3 citrate buffer with 1 

M NaCl was added to Eppendorf 1 in order to collect any remaining DNA. 15 uL of the 

low-pH citrate buffer was also added to Eppendorf 2 along with 110 uL of 2X Phosphate-

Buffered Saline (PBS) with 1 M NaCl.  

After the 15 minutes, the buffer from Eppendorf 1 was also added to the 

hybridization chamber, sonicated for three short bursts, and allowed to react on the rocker 

plate for 2 hours, covered. At that point, 25 uL of the functionalization solution was moved 

from the hybridization chamber to Eppendorf 2 and vortexed. The remaining solution was 

removed from the hybridization chamber and replaced with the contents of Eppendorf 2 

for two days. After about 24 hours, a few drops of 2X PBS + 1 M NaCl buffer was added 

to the hybridization chamber (until filled) to replace liquid lost to evaporation and slightly 

increase the salt concentration. After another 24 hours, the sample was heated with 0.3X 

PBS at 65 C for 20 minutes and rinsed with hot 0.3X buffer in order to promote 

reorganization of the DNA.2 After this point, the sample was ready to be imaged or 

hybridized to a blocking strand.  
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2.1.4 DNA Sequences 

Table 2.1. ‘Original’ strand sequences used in Chapter 3. All blocking strands are 
complementary to the color coordinated part of the anchor strand. G/C percentage of 
the duplex depends on the length of the blocking strand: 20.8% for 24bp, 16.7% for 
30bp, and 22.2% for 36bp.  Imaging strands bind starting at the 5’ end of the anchor 
strand. 

Table 2.2. ‘G/C Corrected’ strand sequences used in Chapter 4. The blocking strand 
sequences remain the same regardless of which anchor strand is used (i.e. non-shifted 
24bp blocking strand is identical to the shifted 24bp blocking strand), but the section of 
the anchor complementary to the blocking strands is located 6 base pairs lower (closer 
to 3’ and the nanoparticle surface) in the shifted strand, as indicated by the color. All 
G/C-Corrected blocking duplexes have a 16.7% G/C content. Both the non-shifted and 
shifted imaging strands are complementary to the 5’ end of their respective anchor 
strand. 
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 For the sequences listed in Tables 2.1 and 2.2, ‘3DTPA’ refers to the dithiol linker 

that forms the bond between the DNA strand and the gold nanoparticle surface and 

‘3ATTO532N’ refers to the fluorophore, ATTO-532, that provides the emission we see 

during transient binding events. All DNA is from Integrated DNA Technologies (IDT). 

2.1.5 Buffer Composition  

Unless otherwise stated, buffers for hybridization, melting, and imaging were made 

by diluting a 10 X stock of phosphate-buffered saline (pH 7.4) from Invitrogen. The 

components of the 10 X stock are: 

1.37 M Sodium Chloride 

0.027 M Potassium Chloride 

0.080 M Sodium Phosphate Dibasic 

0.020 M Potassium Phosphate Monobasic  

In Chapter 4, we introduce a phosphate-buffered potassium melt buffer that uses potassium 

as the primary ion rather than sodium. These buffers which were made by diluting a 10 X 

stock that we made with the following components:  

1.37 M Potassium Chloride 

0.027 M Sodium Chloride 

0.080 M Potassium Phosphate Dibasic 

0.020 M Sodium Phosphate Monobasic 

 All buffers were stored under refrigeration to avoid bacterial growth. 

 



 
24 

 

2.2 Experimental Setup 

2.2.1 Optical Microscopy Setup and Data Collection 

Unless stated otherwise, all DNA-PAINT experiments were done using a 160 uL 

of 10 pM imaging strand solution in 2 X PBS solution with added 600 mM NaCl. All 

single-molecule fluorescence experiments outlined here were conducted on an inverted 

microscope (Olympus IX 71) using a 100x oil-immersion objective (Olympus UPlanFL N) 

with a variable numerical aperture (0.6-1.3 NA) as shown in Figure 2.2. Excitation was 

done using a 532nm continuous wave laser (Laser S6 Quantum Torus) with an intensity of 

0.5 kW/cm2. The laser was made circularly-polarized by a quarter wave plate and set in a 

through-the-objective total internal reflection (TIR) configuration to avoid exciting the 

fluorophores in solution. Emission was collected through the objective, passed through a 

dichroic filter (Semrock LPD01-355RU-25) and a band pass filter (Semrock BrightLine 

575/25) centered on the ATTO-532 emission to reject most of the gold nanoparticle 

luminescence, and then imaged on an electron multiplied (EM) CCD (Princeton 

Instruments ProEM 1600). Acquisition was done using WinView software for 1000 frames 

at 200 ms per frame, with an avalanche gain of 100.  

Before DNA-PAINT data acquisition, we took a brightfield optical image using 

white light to confirm that there were no major nanoparticle defects in the ROI. Then, we 

acquired a bleaching movie consisting of 1000 frames with a 200-millisecond acquisition 

time to photobleach any nonspecifically-bound fluorophores in the region of interest. We 

then immediately acquired a second movie with the same imaging parameters from which 

we extracted our DNA-PAINT data. In total, it takes approximately 7 minutes to image a 
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given region. All fluorescence imaging was performed at room temperature (controlled 

heating was performed off the microscope). For each imaging experiment, we moved to a 

different region of interest on the sample to avoid degradation of the DNA due to the 

formation of reactive oxygen species.3 

 

 

Figure 2.2. General schematic of a single-molecule optical setup. The 532nm excitation 
laser is circularly polarized by a quarter wave plate and is directly by a series of mirrors 
to a wide-field lens at the base of the microscope. It is reflected by a dichroic mirror to 
entire the objective in a TIR configuration, producing an evanescent field at the sample 
plane. The fluorophore emission is collected back through the objective, passing 
through the dichroic mirror and a bandpass filter (to lower the nanoparticle scattering 
intensity) to an EMCCD camera. 
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2.2.2 External Heating Setup 

Water bath heating was accomplished using a temperature controlled hot plate 

(Corning PC-420D, Thermo Scientific SP88850195) equipped with a water bath (Figure 

2.3). The samples were first rinsed with room temperature buffer, before being filled with 

buffer that had been floating in the heated water bath in an Eppendorf tube. The samples 

were fixed to a plastic petri dish that floated in the water bath at a set temperature for 10 

minutes. The final heating (T>>TM) sat for 20 minutes to ensure that all blocking strand 

was removed.  

 

Figure 2.3. Schematic of the external heating setup used in Chapters 3 and 4. The 
sample is taped to a plastic petri dish and floated on a temperature-controlled water bath. 
The well is filled with melting buffer. For accurate temperature measurements, an 
identical test sample is fitted with a thermocouple. Both the water bath and the internal 
sample solution temperatures are recorded.  
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For accurate temperature readings of the melting buffer solution, a second identical 

sample was also floated in the water bath and had a thermocouple (Perfect Prime) placed 

inside the solution well. This reference sample was used to avoid contaminating the active 

sample. After heating, the sample was rinsed several times using hot 0.3X PBS buffer, once 

with room-temperature 2X PBS + 600 mM NaCl buffer and once with imaging strand 

before imaging again.  

2.3 Data Processing 

2.3.1 Single-Molecule Event Counting 

The collected movies were cropped to 200x200 pixels and converted to a TIF file 

using ImageJ. Movies were processed using a MATLAB code, SMALL-LABS, from the 

Biteen Lab4, with the following parameters: a nominal diameter of 6 pixels, a temporal 

window of 600 frames for the average subtraction, a temporal window of 300 frames for 

the off-frames list, and a guessing threshold of 90. As shown in Figure 2.4, the code first 

looks for regions of increased intensity when compared to a list of off-frames, which it 

attempts to fit to a Gaussian function. Those that fit within a certain threshold are then 

tracked and those that stay ‘on’ for three consecutive frames or longer are counted as 

events. The red circles in Figure 2.4B indicate events that met the intensity criteria but did 

not adequately fit to a Gaussian function. The purple circles denote events that fit both the 

intensity and Gaussian qualifications but did not last three frames (likely due to nonspecific 

binding), and the green circles indicate the regions that are counted as events. 
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2.3.2 Theoretical DNA Melting Curves 

Theoretical melting data in Chapter 3 was calculated using a program called uMelt, 

developed by the Wittwer Lab at the University of Utah (dna-utah.org), as well as a Beta 

version designed for smaller oligomers5. We’d like to thank Zachary Dwight for providing 

us with that software. We used parameters from Huguet et al.6 using a salt correction from 

SantaLucia and Hicks.7   

2.3.3 Super-Resolution Reconstructions 

Super-resolution data was collected on gold nanosphere lithography arrays 

functionalized with single-stranded DNA as described previously. Imaging strand 

concentration was increased to 20 pM in order to maximize the number of fluorescent 

events. For the super resolution reconstructions shown in Chapter 3, approximately 10 

Figure 2.4. (A) Still frame of raw DNA-PAINT data. (B) Output from the SMALL-
LABS code showing counted events. Red circles indicate regions of increased intensity 
that do not fit well to a Gaussian function and are thus ruled out as events. Green circles 
indicate those red regions that then fit well to a Gaussian function, and purple circles 
indicate that those events have been ‘on’ for three consecutive frames and are therefore 
counted as events.  

A B 
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movies were taken in each region of interest. This is higher than the single-molecule 

counting experiments, but is necessary in order to have enough events to form the 

reconstruction. The movies were concatenated and converted into one TIF file using 

ImageJ. Drift correction was also done in ImageJ using the thunderSTORM plug-in8. All 

parameters were standard, except for the peak intensity threshold, which was set to 

0.5std(Wave.F1). The fluorescent events were localized and counted using the 

SMALL_LABS MATLAB code as described above.4 The fits file extracted from the 

SMALL_LABS code and the drift correction file from ImageJ were input into an in-house 

MATLAB code called PAINT-MAPS in order to create the histogram reconstructions.  
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CHAPTER 3 

DNA-PAINT TO PROBE THERMODYNAMICS OF 

 SURFACE-TETHERED DNA 

Portions of this chapter are reproduced with permission from Reinhardt, P. A.; 

Crawford, A. P.; West, C. A.; DeLong, G.; Link, S.; Masiello, D. J.; Willets, K. A. Toward 

Quantitative Nanothermometry Using Single-Molecule Counting. J. Phys. Chem. B 2021, 

125 (44), 12197–12205. Copyright 2021 American Chemical Society. This work was done 

in collaboration with my colleague, Phillip Reinhardt.  

3.1 Introduction 

 DNA-functionalized nanoparticles are popular biosensor components for 

diagnostics,1–4 and environmental monitoring.5–8 Many biosensor designs rely on 

hybridization between the DNA bioreceptor and the target molecule or oligo, which must 

be thermodynamically favorable in the sensing environment.9 For example, the Gu lab 

published a sensing and drug-delivery system based on gold nanoparticles functionalized 

with DNA hairpins used to treat cancer cells specifically based on the presence of 

telomerase, an enzyme that is produced in large amounts by cancer cells.10 The DNA 

hairpin, which is modified to contain both a fluorophore and a cancer-treating drug, is 

thermodynamically inclined to unfold when in the presence of telomerase, releasing both 

moieties and therefore detecting and treating the cells simultaneously. If the DNA fails to 

denature, or denatures prematurely, the drug will not be released in the right place, leading 

to increased side effects and inefficient treatment. Thus, understanding the 
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thermodynamics of these types of DNA-nanoparticle biosensing and drug delivery systems 

is crucial to their success.  

 While DNA melting has been well studied in solution,11–13 questions remain 

regarding how the presence of a nanoparticle and the arrangement of a DNA monolayer on 

its surface could impact the denaturation thermodynamics. Several optical techniques have 

been developed to study nanoparticle-tethered DNA melting, including those using 

localized surface plasmon resonance,14 spectroscopy, 15–17 or fluorescence microscopy.18,19 

However, single-molecule optical techniques have the potential to report on the 

hybridization status of individual surface-tethered DNA strand, which can reveal 

heterogeneity within DNA-nanoparticle systems.20–22 Additionally, by localizing these 

single hybridization events, it opens the possibility of sub-diffraction limited resolution to 

better understand how the arrangement of DNA on a nanoparticle surface affects its melting 

behavior.  

Herein, we present a super-resolution fluorescence imaging technique capable of 

reporting on surface-tethered DNA melting at the single molecule level. Figure 3.1A 

illustrates the basic principle. Gold nanoparticles are functionalized with thiolated single-

stranded DNA (ssDNA), known as the ‘anchor’ strand. The anchor is then hybridized to a 

complementary strand of DNA, known as the blocking strand. We can determine the 

hybridization status of the anchor strand by DNA-PAINT (point accumulation for imaging 

nanoscale topography) using short oligomers of fluorophore-labeled ssDNA, known as 

imaging strand, that are complementary to the terminal sequence of the anchor strand.21,23 

Upon binding of the imaging strand to any available anchor strand, a burst of fluorescence 

occurs and is counted. At temperatures below the melting temperature (TM) of the anchor 
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and blocking DNA duplex, no anchor strand is available for binding, resulting in low 

numbers of fluorescent events associated with the imaging strand (Figure 3.1A, left). If 

the sample is exposed to temperatures well above the TM of the duplex, all blocking strands 

will melt, resulting in a maximum number of fluorescent binding events between the 

anchor and the imaging strand (Figure 3.1A, right). If the temperature T ≈ TM of the duplex, 

roughly half of the blocking strands will be removed, resulting in intermediate fluorescence 

activity (Figure 3.1A, middle). By counting the number of fluorescence events as a 

function of temperature, we generate a DNA melting curve that follows the expected 

sigmoidal DNA denaturation profile (Figure 3.1B). The TM of the anchor and blocking 

duplex can be tuned by changing the length of the blocking strand and/or the salinity of the 

buffer solution, allowing us to tune the sensitivity of our nanothermometer into various 

temperature regimes. Moreover, by fitting each fluorescence event to a 2-dimensional 

Gaussian function, we can reconstruct the underlying structure of the gold nanoparticle 

substrate with subdiffraction-limited resolution. Thus, our approach offers both 

quantitative nanoscale temperature measurements and the ability to map thermal 

differences on <20 nm length scales. Although our technique does not measure temperature 

changes in real time (rather, it reports on the maximum temperature reached during heating 

and then is imaged in a separate step), this two-step system also removes the influence of 

the fluorophore on melting behavior,24–26 allowing us to observe uninhibited DNA 

thermodynamics.  
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Figure 3.1. (A) Schematic of DNA-PAINT nanothermometry experiments. (left) Gold 
nanoparticles are functionalized with thiolated anchor strand (blue) which is then 
hybridized to its complement (the “blocking” strand, orange), creating double-stranded 
DNA. Fluorophore-labeled imaging strand (green with red star) is unable to interact 
with the surface-bound anchor strand due to the presence of the blocking strand. 
(middle) When T ≈ TM, ∼50% of the blocking strand denatures, leaving exposed anchor 
strands to interact with imaging strands. Upon binding to an anchor strand, each imaging 
strand generates a measurable burst of fluorescence. (right) When T ≫ TM, all blocking 
strand is removed, generating an increase in the number of measured fluorescence 
events associated with transiently bound imaging strand. (B) A schematic melting curve 
using this technique, showing how the fluorescent events associated with imaging strand 
binding are expected to increase as a function of temperature. The number of events can 
be normalized to the maximum number of events and fit to a sigmoid, allowing TM to 
be extracted. 
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3.2 Experimental Methods 

3.2.1 Substrate Preparation 

Complete details of the substrate preparation and DNA functionalization steps can 

be found in Chapter 2. Briefly, periodic arrays of gold nanotriangles were prepared by 

using nanosphere lithography on glass coverslips.27  After cleaning, a SecureSeal 

hybridization chamber from Grace Bio-Laboratories was adhered to the substrate. The 

nanoparticles were functionalized with a 48 base pair (BP) thiolated single-stranded DNA 

(anchor strand) by using a modified low-pH, high salt method.28,29  After anchor strand 

functionalization, the sample was heated to 58 °C in 0.3X phosphate buffered saline (0.05 

M Na+) to promote a more uniform DNA monolayer, based on our previous work.30 For a 

“blocked” sample, complementary 36 or 24 base pairs (bp) strand (the ‘blocking strand’) 

was hybridized to the anchor strand by slow heating and cooling. 

3.2.2 Sample Heating 

All sample heating was performed ex situ on a hot plate, followed by imaging at 

room temperature. For the ex situ heating, DNA-functionalized samples were placed in 

Petri dishes floating on a thermocouple-controlled water bath. The hybridization chambers 

were filled with preheated buffer at the desired temperature. A reference sample with an 

embedded thermocouple provided direct temperature measurements of the nanoparticle 

environment, allowing us to monitor any differences between the water bath temperature 

and the temperature at the substrate. After heating, the warm buffer solution was removed 

and samples were rinsed with room temperature buffer before being transferred to the 

microscope to be imaged at room temperature. 
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3.2.3 Fluorescence Imaging 

The imaging solution consisted of short strands of DNA (10 or 12bp) modified with 

Atto532 dye (imaging strand) in 2.0X PBS + 600 mM NaCl. Samples were imaged on an 

inverted microscope with a 100× oil-immersion objective and excited by a 532 nm laser in 

a total internal reflection configuration. The emission passed through a bandpass filter to a 

CCD camera, which collected movies for 1000 frames with a 200 ms integration time. The 

bandpass filter at 575 nm was used to reject background luminescence from the gold 

nanoparticles. The full experimental setup and additional details can be found in Chapter 

2.  

For each imaging experiment, we moved to a different region of interest in the 

sample. This allowed us to build up statistics on different regions to validate the robustness 

of our imaging strategy, while also avoiding potential degradation of the DNA due to the 

formation of reactive oxygen species.31 We observed some loss of activity after imaging 

the same region for long periods of time, although we could minimize the effect by 

introducing oxygen scavengers (vide infra); however, for the work presented here, we 

chose to image different regions to generate statistics and demonstrate site-to-site 

reproducibility.  

3.2.4 Image Processing 

The 1000 frame movies were cropped and processed by using open-source 

MATLAB Code SMALL-LABS.32 This software is designed to account for high 

background systems and to accurately count true DNA binding events based on intensity, 

duration, and quality of fit while rejecting short-lived nonspecific binding events (see 
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Chapter 2 for additional details). We used the same analysis parameters for all experiments 

described in the text, allowing the code to determine fluorescence events, to prevent any 

researcher-dependent biases. 

3.3 Results 

For our experiments, we fabricated periodic arrays of gold nanotriangles using 

nanosphere lithography.27 Figure 3.2A shows a representative atomic force microscopy 

image of a nanoparticle array produced by this technique, with nanotriangles that measure 

∼208 nm from base to tip. For comparison, Figure 3.2B shows a super-resolved DNA-

PAINT image, demonstrating that we can recreate the expected pattern and shape of the 

nanotriangles. The DNA-PAINT experiments were performed on gold nanotriangles 

functionalized with only anchor strand and imaged with a 12bp imaging strand solution. 

The resulting image reveals not only that we have uniform binding of the anchor strand to 

the gold nanoparticles but also that we only localized imaging strand at the particle surface, 

indicating that nonspecific binding between nanoparticles was not an issue. Moreover, the 

sizes of the nanotriangles were below the diffraction limit of light, confirming that our 

DNA-PAINT approach provided the requisite spatial resolution to map individual 

nanoparticles within an assembly.33  
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Having demonstrated successful mapping of exposed anchor strands by DNA-

PAINT, we next tested the ability of the blocking strand to prevent interactions between 

the imaging strand and the anchor (as in Figure 3.1A, left). Figure 3.3 shows the number 

of fluorescent events associated with a sample in which the anchor strands were blocked 

with a 36bp complement (leftmost bar). The mean number of fluorescent binding events 

between the imaging strand and the anchor was at or near background, showcasing the 

effective hybridization between the surface tethered anchor strand and the blocking strand.  

 

 

 

Figure 3.2. (A) Atomic force microscopy image showing a representative gold 
nanoparticle array created by using nanosphere lithography. (B) Super-resolved DNA-
PAINT image of a representative gold nanoparticle array, created by localizing 
fluorescent events associated with imaging strands interacting with anchor strands on 
the surface of the gold nanotriangles. The inset of both figures is a zoomed-in image of 
a single triangular nanoparticle. The super-resolved data were generated by acquiring 
5000 image frames with a 200 ms integration time. 
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Next, we performed ex situ heating of the sample for 20 min at 58 °C, which is 

higher than the predicted TM of 54 °C for the duplex between our 48bp anchor strand and 

36bp blocking strand. After heating, the sample was cooled to room temperature and 

imaged on the microscope. The total number of fluorescence events increased dramatically 

(Figure 3.3), indicating that we successfully removed all or nearly all of the blocking 

strand from the surface. Lastly, we reintroduced blocking strand to the sample (see Chapter 

Figure 3.3. Fluorescence counts as a function of the hybridization status of the 48bp 
anchor strand. The sample started off blocked by its 36bp complement, resulting in a 
low number of fluorescent events when the imaging strand was introduced (left bar). 
After heating to ∼58 °C for 20 min, significant fluorescent events from the imaging 
strand is observed, indicating successful removal of the blocking strand (center bar). 
Reintroduction of the blocking strand restores the low number of fluorescent binding 
activity (right bar). Error bars represent the standard deviation across three repeat 
measurements at different regions of interest in the sample (note that the error bars are 
too small to be seen for the blocked cases). The inset shows the same data on a log scale. 
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2 for hybridization method) and found that we could successfully reblock the sample and 

return to a low number of fluorescent events. On the basis of the comparison between the 

fluorescence activity of the blocked and unblocked samples, we calculate the hybridization 

efficiency between the anchor strand and the blocking strand to be 99.1 ± 0.4%. These 

results demonstrate reversible control over the DNA-PAINT activity depending upon the 

hybridization status of the anchor strand. 

Moreover, the low number of binding events for the blocked sample validated that 

the laser used during DNA-PAINT imaging did not result in any appreciable photothermal 

heating of the nanoparticles, as we would expect to see the number of fluorescence events 

to continuously increase above background if the laser were driving any photothermal 

processes (e.g., DNA melting) at the surface. This conclusion was further supported by 

calculations that show that our laser is far from the absorption resonance of the 

nanotriangles (Figure 3.4A), leading to minimal heating at the surface (Figure 3.4B), 

which were done by colleagues in the Masiello lab.34 The maximum temperature of the 

gold nanoparticle was 0.094 °C above room temperature with a laser intensity of 4.2 x 106 

W/m2, which is not able to aignificantly influence DNA melting behavior.   
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Our next control tested the surface-tethered duplex stability to ensure our results 

were not affected by the length of time that the sample was heated. Figure 3.5A shows the 

number of fluorescence events measured for a sample exposed to multiple ex situ heating 

Figure 3.4. (A) Circularly-polarized absorption spectrum of the gold triangular 
nanoparticle, with a peak wavelength at 1260 nm. (B) Thermal simulation of gold 
triangle in response to laser conditions used for DNA-PAINT imaging. The maximum 
temperature of the gold nanoparticle was 0.094°C above room temperature with a laser 
intensity of 4.2 x 106 W/m2 This temperature increase was minimal because of the low 
power and off-resonant conditions of the excitation laser. Therefore, at the current 
imaging conditions, plasmonic heating due to the excitation laser was not significant 
enough to influence DNA melting. 
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cycles at 37 °C, with fully blocked and fully unblocked signals shown for comparison 

(leftmost and rightmost bars, respectively). For these data, the sample was blocked with a 

24bp complement and imaged with a 12bp imaging strand, initially resulting in very little 

fluorescent activity. The sample was then heated at 37 °C in 0.0946 M Na+ melt buffer for 

10 min before imaging, resulting in an increase in fluorescent counts that shows duplex 

melting occurred. The sample was then subjected to another 10 min at 37 °C and 

maintained a very similar number of fluorescent binding events, showing that the number 

of exposed anchor strands did not appreciably change, even with the additional heating 

step. This procedure was repeated for a third 10 min heating cycle, and similar counts were 

observed. T-tests confirmed that the differences in counts were not statistically significant. 

If subsequent heating cycles were leading to additional DNA melting, we would expect the 

fluorescence counts to increase with each exposure at 37 °C; instead, we observed a fairly 

flat response, indicating that the number of counts is dominated by the thermodynamics of 

the system. To confirm that we were not in a regime in which all duplexes were melted, 

we heated the sample to 58 °C for 20 min in 0.0946 M Na+ melt buffer, which is sufficient 

to melt off the remainder of the blocking strand, and found that the activity was roughly 

double the activity seen at 37 °C. This difference between counts at 37 and 58 °C validated 

that the fluorescence counts were sensitive to the hybridization status (and thus 

temperature) of the system. Figure 3.5B shows a second stability test under different 

conditions to further strengthen our argument that the time scale of heating had a minimal 

effect on the measured counts. We note that 10 min is an upper bound on the length of time 

required to melt the DNA duplexes. 
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Figure 3.5. Stability tests showing that repeated heating cycles maintain uniform 
activity levels. The sample was blocked with a 24bp blocking strand, heated at ∼37 °C 
in 0.0946 M Na+ (A) and 0.315 M Na+ melt buffers (B) three times for 10 min each, and 
then heated to 58 °C for 20 min to fully remove the blocking strand. The sample was 
imaged with a 12bp (A) or 10bp (B) imaging strand between each heating cycle. Data 
points reflect the average of three repeat measurements at different regions of interest 
in the same sample, with the error bars representing the standard deviation across those 
three measurements.  
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Having established the robustness of our approach to report on differences in 

temperature, we next optimized the length and concentration of the imaging strand to 

maximize the number of counts for the fully unblocked sample. Figure 3.6 shows the 

number of fluorescent events generated on a fully unblocked sample by using either a 10 

or 12bp imaging strand at different concentrations in a 2.0X PBS + 600 mM NaCl imaging 

buffer.  

 

 

Figure 3.6. Fluorescent counts as a function of imaging strand concentration for 
different lengths of imaging strand DNA. Data points reflect the average of three repeat 
measurements at different regions of the same sample, with the error bars representing 
the standard deviation across those three measurements. Data were acquired over 1000 
frames with a 200 ms integration time. The absence of error bars indicates that the 
standard deviation was on the order of the symbol size. 
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As expected, the 10bp imaging strand had higher total event counts than the 12bp 

due to its lower predicted TM (30.8 °C vs 41.5 °C) and thus shorter interaction time with 

the anchor strand. Both sets of data show that the fluorescence activity saturates at high 

concentration of imaging strand due to spatial and temporal overlap of binding events that 

prevent accurate counting. From these curves, we chose 10 pM of the 10bp imaging strand 

as our ideal concentration, as these conditions maximized binding events while still 

maintaining accurate counting statistics. Moreover, this concentration ensured that we 

record sufficient counts at intermediate temperatures when the sample is partially blocked. 

To demonstrate the temperature sensitivity of our nanothermometry approach, we 

constructed DNA melting curves by monitoring the number of fluorescent events as a 

function of temperature. For these samples, the anchor strand was hybridized with a 36bp 

blocking strand and then exposed to heated 0.0473 M Na+ melt buffer for 10 min segments 

at increasing temperatures. After each ex situ heating cycle, three regions of the sample 

were imaged with DNA-PAINT to obtain counting statistics on the number of fluorescence 

events. Temperature measurements were performed in order, since the DNA denaturation 

process only reports on the highest temperature experienced by the system, unless blocking 

strand is reintroduced (as in Figure 3.4). Figure 3.7 shows the resulting melting curve, 

where the number of events at each temperature is normalized by the maximum number of 

events when T ≫ TM. For this set of conditions, we found that temperatures above 58 °C 

are sufficient to remove all the blocking strand.  
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The resultant curve shown in Figure 3.7 is an aggregated data set from multiple 

samples produced by different researchers and imaged on different days. We found that 

each sample had different maximum numbers of binding events when fully unblocked (e.g., 

at high T, Table 3.1), which could be due to variability in gold surface area (e.g., defects 

in the array), Au–S functionalization efficiency, and/or DNA surface density. However, as 

Figure 3.7. DNA-PAINT melting curve using a 48bp anchor strand, a 36bp blocking 
strand, and a 0.0473 M Na+ melt buffer, imaged with 10 pM 10bp imaging strand in 
2.0X PBS + 600 mM NaCl. The red, blue, and black data points correspond to different 
experiments done on different days by multiple researchers. The number of events has 
been normalized to the maximum number of events when T ≫ TM (here ≈58 °C). Data 
points are averages of three repeat measurements at different regions of interest in the 
sample, with the error bars representing the standard deviation. The data were fit to 
Equation 3.1 and the experimental melting temperature (TM) was determined to be 38 
°C for these blocking and melting conditions. The blocking efficiency is calculated to 
be 99.6 ± 0.4%. 
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we moved to different regions of a given sample, we found better site-to-site 

reproducibility, suggesting that the DNA functionalization step is the most likely 

contributor to variations in total events, since we would not expect defects in the array to 

persist over the entire sample. Because we also obtain super-resolved data with our 

technique, we examined the events from each region of interest under a given set of 

conditions and found that each nanotriangle shows roughly the same number of events 

(representative data shown in Table 3.1), further supporting our conclusion that the 

functionalization is uniform across the sample, even though it may vary from sample to 

sample. Importantly, upon normalizing the temperature-dependent activity for each 

experiment by its maximum counts at high temperature, we find that they all lie along the 

same master curve, allowing us to conclude that the differences in DNA density does not 

appear to have a negative effect on the temperature response of the system.  

We fit the data in Figure 3.7 to the following equation, where F is the normalized 

number of fluorescence counts at a given temperature, Fmax is the maximum value of our 

normalized fluorescence counts, Fmin is the minimum value of normalized fluorescence 

counts, T is the temperature, TM is the melting temperature, and dT is the steepness of the 

curve around TM:  

(Equation 3.1) 

The data in Figure 3.7 are well described by Equation 3.1, yielding a TM value of 

38 °C. The sample-to-sample agreement showcases the reproducibility of using normalized 

counts as a measure of the available anchor strands on the gold nanoparticle surface. 
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Table 3.1. Raw data from Figure 3.7. Each experiment used a different sample, which 
was imaged at three different regions of interest (ROI) at each temperature, with 
temperatures starting at room temperature (approximated at 20°C) and ending at ~58°C. 
The average number of fluorescent events and standard deviation are for the three 
regions at each temperature, with 1000 frames per movie. This data shows that the three 
samples had very different total fluorescent counts when fully unblocked, yet as seen in 
Figure 3.7, the melting curves agreed very well after normalization. 
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Next, we tested the tunability of the temperature sensitivity of our approach. DNA 

melting temperatures strongly depend upon the number of hybridized base pairs, the 

sequence of those base pairs, and the salinity of the environment under which melting 

occurs.35,36  This dependence provides us many opportunities to tune the temperature 

ranges over which we can interrogate with this new nanothermometry technique. After the 

success of the first melting curve using a 36bp blocking strand and 0.0473 M Na+ melt 

buffer (shown in Figure 3.7 and reproduced in Figure 3.8A, light blue), we altered the 

melting temperature of the duplex by changing the salinity of the buffer used during 

heating. In Figure 3.8A, the red data show that by increasing the salinity of the melting 

buffer to 0.158 M Na+, we increased the experimentally determined TM of the 36bp 

blocking strand from 38 to 54 °C. We compared the experimental melting curves to those 

predicted by uMelt, a solution phase melting curve predictive software.35  uMelt predicted 

a 10 °C increase in the melting temperature as we increased the salinity from 0.0473 to 

0.158 M Na+, agreeing reasonably well with our experimentally measured increase of 16 

°C. Although the agreement between the TM values measured by DNA-PAINT (38 and 54 

°C) and those predicted by uMelt (54 and 64 °C) differ significantly, we were unsurprised 

by this result, given that the calculations are done in the solution phase (and are typically 

not considered to be as accurate for smaller oligomers),18,37,38 while our experiments were 

performed with DNA monolayers on the nanoparticle surface. Thus, we consider uMelt as 

a helpful tool for making predictions regarding trends in DNA melting temperatures, even 

if the values do not agree exactly. 

To test the idea that uMelt could help predict melting trends, we switched to a 24bp 

blocking strand and used uMelt to predict a melt buffer salinity that would yield a TM value 
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between the two that we had already measured. The predicted curve is shown in Figure 

3.8B (purple) for a 24bp blocking strand in 0.315 M Na+ melt buffer. We then proceeded 

to build an experimental melting curve from samples under these conditions (Figure 3.8A, 

purple) and found that the result matched well with what was predicted from theory. 

Interestingly, we experimentally observed that the melting transition is sharper for the 

shorter blocking strand, in direct contrast to the theoretical prediction. Nonetheless, despite 

these differences between experiment and theory, we have clearly demonstrated the ability 

to tune the temperature sensitivity of our DNA-PAINT based nanothermometry approach 

by modifying the DNA sequence and/or buffer salinity. Thus, by functionalizing a sample 

with a carefully designed DNA duplex and measuring the ratio in fluorescence activity 

between the sample at an unknown temperature and at a temperature well above TM, we 

believe our approach makes it possible to extract quantitative temperature information. 
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Figure 3.8. (A) Experimental DNA-PAINT melting curves using various blocking 
strand lengths and melting buffer salt concentrations (as shown in the legend). Each 
experiment used a 48bp anchor strand and a 10 pM 10bp imaging strand in the 2.0X 
PBS + 600 mM NaCl buffer. Each data set was fit to a sigmoid, and the experimental 
melting temperature (TM) was extracted. Extracted melting temperatures: blue, TM = 38 
°C; purple, TM = 47 °C; and red, TM = 54 °C. (B) Theoretical melting curves for the 
same sequences and salinity conditions as in (A). The trend in the melting temperatures 
matches the experimental data, although the TM values differ, most likely due to 
differences in the conditions (surface-tethered vs solution). Blue, TM = 54 °C; 
purple TM = 61 °C; and red, TM = 64 °C. 
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One challenge with our approach is that this technique only reports on the highest 

temperature the system has experienced rather than providing a real time, in situ readout 

of the temperature. This in situ temperature restriction is due to the nature of the DNA-

PAINT process, which relies on a transient, yet sufficiently long-lived, interaction between 

the anchor strand and the imaging strand that would fail to occur at temperatures exceeding 

the melting temperature of the anchor–imager duplex. Moreover, in order for DNA-PAINT 

to generate enough fluorescent events to be statistically relevant for extracting a 

quantitative temperature, we need to image the system for a sufficient length of time to 

collect enough data. For the multiparticle temperature experiments presented here, we took 

1000 frames with 200 ms integration times, for a total imaging time of 200 s; this timing 

was sufficient to generate statistics to measure the temperature of the system but did not 

yield high quality super-resolved images of the individual nanoparticles (Figure 3.9). For 

measurements on single particles, longer imaging times would be required to generate 

enough binding events to be statistically significant (as in Figure 3.2B). While the 

extended imaging time is a limitation of the technique for in situ temperature 

measurements, this issue is offset by the well-established ability of DNA-PAINT to 

generate super-resolved images. In particular, this advantage is crucial for probing 

nonuniform thermal profiles in nanoparticle assemblies, where the ability to measure 

temperature in real time is far less critical than probing quantitative differences in the 

thermal properties of the individual nanoparticles, as will be demonstrated in future 

work.33  
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3.4 Conclusions 

In summary, we present progress toward a super-resolution nanothermometry 

technique that exploits the well-defined temperature-dependent melting of DNA to provide 

an indirect readout of local temperature at the nanoscale. By combining DNA-PAINT with 

surface-tethered DNA duplexes with controllable melting characteristics, we can generate 

melting curves by counting single molecule fluorescence binding events. We found that 

this technique is not only sensitive to changes in the DNA length and sequence, but the 

Figure 3.9. Super resolved frequency histograms for a representative region of interest 
at each temperature. Images of events localized are from regions of interest used to 
build the data set seen as red circles in Figure 3.8. Bin size = 75 nm to aid in pattern 
recognition with the low per particle number of events. 
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ionic environment. This raises questions about how these influences can affect DNA 

melting thermodynamics, which we address in Chapter 4. 
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CHAPTER 4 

THE EFFECT OF SALT ON SURFACE-TETHERED DNA MELTING 

 USING SINGLE-MOLECULE STUDIES 

4.1 Introduction 

DNA-functionalized nanoparticles are a popular component of biosensors, especially 

in the fields of diagnostics,1–4 environmental monitoring,5–8 and food safety.9–11 Many of 

these devices involve the hybridization of single-stranded DNA, whether to itself (i.e. 

aptamers)12 or to a target oligo,13 where the thermodynamics of melting/binding must be 

optimized for the sensing environment.  While the thermodynamics of hybridization in 

solution are well-studied in the literature,14,15 our understanding of how the hybridization 

and melting behavior changes when the DNA is tethered to a nanoparticle surface is less 

robust. For example, it has been shown in the literature that DNA exhibits signs of 

cooperative behavior when in the presence of neighboring DNA,16–18 but the intricacies 

and influences of the melting environment on these behavioral changes, and therefore their 

effect on biosensor performance, are not fully understood.  

Cooperativity is when the behavior of one molecule (in this case, one DNA strand) 

affects the behavior of its neighbors.19 When it comes to surface-tethered DNA, positive 

cooperativity, where the melting of one duplex encourages the melting of its neighbors, 

leads to sharper melting transitions than those seen in solution, which can be reflected in 

the shape of the sigmoidal melting curve.20 Cooperativity can also be negative, where the 

melting of one duplex decreases the probability of its neighbors melting, leading to more 

gradual melting transitions.16 Both positive and negative cooperativity have been observed 
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in surface-tethered DNA, depending on the surface conditions and DNA packing, but the 

mechanism behind this difference is not fully understood. For example, multiple studies 

have shown sharp melting curves for DNA that is used to link gold nanoparticles, whether 

in particle-to-particle aggregates (Figure 4.1A),20–22 or particle-to-surface systems (Figure 

4.1B).23–25 The Mirkin group discussed the factors that can influence the melting behavior 

of DNA-linked gold nanoparticles, including the nanosphere radius, salt concentration, and 

DNA density.20 They found that doubling the anchor density modestly increases the 

melting temperature and causes sharper transitions. Increasing the salt concentration led to 

an increase in melting temperature, as expected based on similar studies in solution, but 

did not produce a noticeable change in the transition sharpness. Lastly, increasing the 

nanoparticle size between 13-50 nm increased both the melting temperature and the 

sharpness of the melting transition in both the particle-to-particle and particle-to-surface 

configurations.   

However, when it comes to microarrays of DNA on planar surfaces, literature suggests 

that neighboring DNA strands tend to exhibit negative cooperativity, thus broadening the 

melting curve.26–28 This is attributed to the DNA packing more tightly on flat surfaces than 

those with high curvature (Figure 4.1C-D)29, causing steric and electrostatic repulsion 

from nearby neighbors. When one DNA duplex melts, it reduces the crowding and 

increases the stability of the neighboring duplexes remaining on the surface, decreasing the 

probability that they will melt. This added stability makes for a broader melting transition. 

However, the systems currently used to model DNA thermodynamics on surfaces 

frequently overlook the impact of these inter-strand interactions.  
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Figure 4.1. Schematic of different surface-tethered DNA configurations in which 
cooperativity has been observed in the literature. (A) Gold nanoparticles linked as 
aggregates with hybridized DNA (particle-to-particle). (B) Gold nanoparticles linked to 
glass surfaces with hybridized DNA (particle-to-surface). (A) and (B) adapted with 
permission from Ref 20. Copyright American Chemical Society 2003. (C) DNA tethered 
to a planar surface and (D) a spherical surface. Green rods represent bound DNA anchor 
strands, orange chains represent single-stranded DNA targets in solution, and green and 
red spheres represent ions in solution. Reprinted with permission from Ref 16 under 
license CC-BY-4.0. Copyright Macmillan Publishers Limited 2015. 
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4.1.1 Models of Surface-Tethered DNA Hybridization 

The most commonly-used model of DNA hybridization in microarrays is that of a 

Langmuir adsorption isotherm.30 To visualize this model, imagine an anchor species, a, 

that is tethered to a surface, and a complementary blocking strand, b, that is floating in 

excess in the solution above. The Langmuir isotherm assumes two possible states: either b 

is hybridized to a (to make ab), or they are separate, therefore ignoring all other possible 

interactions between strands. Despite being originally used to describe the adsorption of 

gas molecules, the Langmuir equation can be rearranged to adequately describe the fraction 

of anchor strands that are occupied by blocking strands:31  

    (Equation 4.1) 

Where 𝜃𝜃 is the fraction of hybridized anchors at equilibrium, 𝑐𝑐𝑡𝑡 is the concentration of 

blocking strands in solution, and 𝛥𝛥𝐺𝐺° is the free energy of surface hybridization, typically 

obtained through nearest neighbor calculations for the complementary sequences.32  

Because it assumes the hybridization state of the DNA is binary and individual binding 

sites act independently, the Langmuir isotherm model does not account for cooperativity 

between strands when describing the melting behavior of surface-tethered DNA 

populations.  

Several groups have modified the Langmuir isotherm model to include a parameter for 

electrostatic interactions in order to account for cooperativity effects.26,27,32,33 For example, 

a model originally introduced by Halperin et al.34 modifies the Langmuir isotherm as 

follows:  

     (Equation 4.2) 
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The additional exponential term accounts for the number of charges (Nt) as well as the 

electrostatic free energy per unit surface (𝛿𝛿𝛾𝛾𝑒𝑒𝑒𝑒
𝛿𝛿𝛿𝛿

), which takes into account the effects of the 

charges from anchor strands, blocking strands, and salt but assumes that the charges are 

smeared evenly across the surface. This model was later validated on planar surfaces by 

Fuchs et al.26 who concluded that it reflected experimental results at low salt conditions, 

up to approximately 0.5 M. To do so, they measured equilibrium melting curves at various 

salt concentrations, which were able collapse onto a master curve when plotted against the 

model derived from Equation 4.2. They also found that the melting temperatures they 

extracted followed trends expected in solution as a function of salt concentration. They 

theorized the electrostatic repulsion felt in surface-tethered hybridization was directly 

related to the fraction of hybridized anchor strands, due to the fact that a surface 

functionalized with double-stranded DNA is more highly charged compared to one with 

just the single-stranded anchors.   

With this model in mind, Fuchs et al. outlined several possible regimes that can occur 

based on ionic concentration and DNA density, from which we can gain qualitative insights 

about our system.26 The theory stems from the intersection of several different relevant 

length scales: the height of the probe layer (H), which comes from the length of the DNA 

anchor strands; the Debye length (rD), related directly to the ionic concentration of the 

solution; and the Gouy-Chapman length (Λ), which depends on the surface charge and thus 

the probe density. At low density, it is considered to be the “mushroom” regime, where 

anchor strands do not feel the presence of their neighbors very strongly (Figure 4.2). As 

stated previously, we use an excess of DNA in our functionalization process to ensure a 

consistently dense-packed monolayer across experiments, so we assume to primarily be in 
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the high-density regime, called the “brush” region (I or VI). Within the brush region, low 

salt concentrations tend to have electrostatic interactions dominated by the DNA 

counterions, while high salt concentrations tend to be dominated by salt screening. In our 

system, we calculated the Debye length for each of our salt concentrations and found them 

all to be under 1 nm. Given our anchor strand length of 48bp (approximately 16.32nm), the 

value of rD/H is well below 1, putting our system into regime I. 

 

 

 

 

Figure 4.2. Schematic of the electrostatic regimes found in DNA microarrays. H 
corresponds to the height of the probe layer and is therefore related to the length of the 
anchor strand. Λ is the Gouy-Chapman length and rD is the Debye length. Reprinted 
with permission from Ref 26. Copyright Elsevier 2010.  
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Lei et al. took the model one step further and adjusted the Langmuir equation to account 

for a variety of intermolecular interactions that are observed in DNA on planar surfaces:16 

   (Equation 4.3) 

where ΔGex is the excess hybridization free energy, which accounts for the difference in 

crowding between the double stranded DNA and the single stranded DNA anchors. This 

additional value could be calculated by including various influences on molecular 

crowding: the isotropic excluded volume (i.e. the space occupied by one strand that is 

inaccessible to other strands), orientational interactions between DNA molecules, 

electrostatic interaction, ionic osmotic pressure and hydration repulsion among double-

stranded DNA on the surface. They coined a value, D, that compares the width of the 

melting transition in the microarray to that in solution in order to quantify cooperativity, 

where D > 1 indicating negative cooperativity, D < 1 showing positive cooperativity, and 

D = 1 meaning no cooperativity.  

Using this approach, Lei et al. found that the model can explain both the positive 

cooperativity found in DNA-functionalized nanoparticle sensors (e.g. particle-to-particle 

and particle-to-surface, Figure 4.1A-B) and the negative cooperativity found in planar 

microarrays (Figure 4.1C) through the competition between orientational attraction and 

electrostatic interaction. By calculating D for a range of ionic concentrations as well as 

anchor densities for both spherical and planar geometries, they determined that both 

geometries are capable of both forms of cooperativity. In planar surfaces, negative 

cooperativity motivated by electrostatic repulsion is dominant except for instances of high 

salt concentration (>0.3 M) combined with medium-to-low anchor density. In spherical 
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geometries, they noted that the overall degree of cooperativity (positive or negative) was 

reduced compared to the planar surface, which they attribute to less molecular crowding 

due to the additional spatial accessibility found in spherical particles (see Figure 4.1D). 

They found through their calculations that the spherical particles had a larger region of 

positive cooperativity, including at high anchor density, likely also due to the spatial 

accessibility. From there, they concluded that overall, high curvature favors positive 

cooperativity.  

In this work, we study the melting of DNA on surface-immobilized planar 

nanoparticles, which serve to represent an intermediate system between the highly curved 

nanospheres and fully planar microarrays used in most binding assays. This chapter 

explores how the ionic environment as well as DNA sequence affect both the melting 

temperature and the shape of the melting transition, providing new insights into the role of 

cooperativity in surface-tethered DNA melting thermodynamics.  

4.1.2 DNA-PAINT to Probe DNA Thermodynamics 

In Chapter 3, we introduced a quantitative nanothermometry technique that used single-

molecule fluorescence imaging to study the melting transitions of surface-tethered DNA 

(Figure 4.3A).35  Using this technique, we are able to create melting curves that relate the 

number of single-molecule fluorescent events to solution temperature (Figure 4.3B). To 

ensure reproducibility in the following studies, data are collected over multiple days for 

each melting curve and the number of fluorescence events at a given temperature is 

normalized to the maximum number of events (when the sample is fully unblocked, i.e. no 

blocking strand is present) for that day. Each melting curve is fit to a sigmoidal equation 
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such as a Boltzmann (Equation 3.1) with the final value forced to go through 1.0 unless 

otherwise stated. From this equation, the melting temperature (TM) and melting range (dT) 

can be extracted. TM is defined as the temperature at which 50% of the blocking strand has 

been removed, correlating to a normalized event value of 0.5. dT quantifies the width of 

the melting transition, such that a smaller dT indicates a sharper transition and a larger dT 

indicates a more gradual transition. By looking at trends in TM and dT, we can begin to 

understand how the ionic environment influences surface-tethered DNA melting.  

 

 

Figure 4.3. (A) Schematic of the DNA-PAINT experimental design. The anchor strands 
(navy blue) are bound to the gold nanoparticle surface with a thiol bond. Depending on 
the temperature, a fraction of the anchor strands is hybridized to a blocking strand 
(orange). Imaging strands in solution bind to available (‘unblocked’) anchor strands, 
producing a measurable fluorescent event. The number of events is counted at each 
temperature to produce a melting curve. (B) Example melting curve generated through 
this technique, as described in Chapter 3. Each point represents the mean of three 
regions of interest and the error is the standard deviation. The normalized events are 
calculated by dividing the number of events at a given temperature by the maximum 
number of events (when the sample is fully unblocked) for a given collection day. The 
shaded region indicates the 95% confidence interval used to calculate error in the 
extracted TM and dT.  
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4.2 Experimental Design 

For these experiments, we chose similar DNA strands similar in length to those used in 

DNA-based biosensors.36–38 It is common to choose relatively short DNA strand lengths 

(20-60 base pairs for aptamers14 and 15-50 base pairs for target hybridization)15 in order to 

keep the analyte in close proximity to the transducer element. It is also important that the 

melting temperature of these strands occurs within the temperature range of the sensing 

environment, whether physiological temperatures16 for in-vivo sensing or room 

temperature for in-vitro.  In order to explore various possible influences on surface-tethered 

DNA melting, we used several different anchor-blocking strand combinations that 

systematically vary the base-pair length and distance to the particle surface while 

maintaining the sequence and G/C percentage (Table 4.1).  

Each anchor strand was 48 base pairs long with a poly-A tail, bound to the gold surface 

with a thiol bond. The blocking strands were 24- or 30-base pairs (bp) in length with a G/C 

percentage of 16.7% (4 and 5 G/Cs respectively). The blocking strands were 

complementary to their respective anchor strand, either from the 5’ end (opposite the 

nanoparticle surface) for the non-shifted strands, or 6 base pairs down from the 5’ end for 

the shifted strands (Figure 4.4). For both non-shifted and shifted, the blocking strand 

sequences were identical. The blocking strand lengths were chosen because they fall into 

the range commonly used for biosensors as described in Section 4.1 and therefore allow 

us to explore the thermodynamics typically observed in biosensing applications. The G/C 

percentage was chosen in order to control the melting temperatures such that the DNA is 

not melting prematurely at room temperature nor requiring the hot water bath to boil (see 

Section 2.2). Unless otherwise noted, the sequences used in this work have been confirmed 
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to have no known secondary structures, using a secondary structure predictor program by 

VectorBuilder.  

 

 

The DNA was functionalized onto an array of lithographically-produced flat, gold 

nanotriangles on a glass substrate using the techniques described in Chapter 2.35 Literature 

has shown that the packing density of DNA on the surface has major implications for the 

cooperativity, affecting both TM and dT,27 so we maintained a consistent, densely packed 

Table 4.1. DNA sequences used in Chapter 4. ‘3DTPA’ is the thiol linker that binds the 
anchor strand to the gold nanoparticle surface. The blocking strand sequences remain 
the same regardless of which anchor strand is used (i.e. non-shifted 24bp blocking strand 
is identical to the shifted 24bp blocking strand), but the section of the anchor that is 
complementary to the blocking strands is located 6 base pairs lower (closer to 3’ and the 
nanoparticle surface) in the shifted strand. Both the non-shifted and shifted imaging 
strands are complementary to the 5’ end of their respective anchor strand. 
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monolayer by using an excess of anchor DNA in the functionalization solution. We 

assumed the distance between strands on the surface to be about 5 nm apart based on studies 

done previously by the Mirkin lab and the lack of curvature of our particles.29 It should be 

noted our anchor strands use a dithiol linker (3DTPA) while the Mirkin studies used a 

single thiol bond, but their measurement serves as an approximate minimum interstrand 

distance for our system. This results in roughly 2300 anchor strands per particle. Our region 

of interest includes approximately 400 particles in a 75 μm2 region. 

  

 

4.3 Effect of Ionic Concentration on DNA Thermodynamics 

We began by probing the role of salt in surface-tethered DNA thermodynamics.  For 

this experiment, we started with the non-shifted anchor strand and the 24bp blocking strand 

Figure 4.4. Schematic of the shifted and non-shifted blocking strands. The blocking 
strands of each length are identical (i.e. the 24bp strands have the same sequence 
regardless of if it is shifted or non-shifted) but the sequence of the anchor strand changes 
such that the blocking strand is complementary to a different position on the strand. The 
non-shifted strands are complementary starting at the 5’ end of the anchor strand. The 
shifted strands are complementary starting 6 base pairs (approximately 2 nm) from the 
5’ end of the anchor. Therefore, the shifted blocking strands are closer to the 
nanoparticle surface than the non-shifted blocking strands.  
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(see Table 4.1) as we varied the sodium concentration of the melting buffer. What we 

observed, as shown in Figure 4.5, is an increase in TM with increasing salt concentration 

up until about 0.2 M NaCl, after which the TM began to decrease with additional salt. 

 This inversion from increasing to decreasing TM with increasing salt has been reported 

in many solution-phase experiments and even surface-tethered systems in the literature; 

however, the decrease typically occurs around 1.0 M NaCl, which is well above 

physiological values.39–43 The slope of the decline of TM is typically less than that of its 

increase but can depend on the length and sequence of DNA.44 However, the mechanism 

of why this occurs is not entirely known. It is generally understood that, in solution, DNA 

melting temperatures increase when exposed to higher salt concentrations due to the charge 

screening effect of positive ions on the negatively-charged phosphate background.19 

Hamaguchi et al. theorized that once the screening ability has been saturated by cations, 

the excess of anions (like Cl-) works to destabilize the DNA duplex due to their chaotropic 

properties.40 This means that high concentrations of Cl- can disrupt hydrogen bonds among 

water molecules, lessening its stabilizing ability and leading to a decrease in TM at high 

ionic strengths.45  
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Figure 4.5. (A) Extracted TM as a function of sodium concentration for the non-shifted 
24bp blocking strand on 48bp anchor strand. Sequence can be found in Table 4.1. Error 
bars represent the 95% confidence interval as demonstrated in Figure 4.3. The respective 
melting curves are shown in (B). The 95% confidence interval is not shown for clarity.  
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We also analyzed the melting range, quantified by dT, which gives information about 

how steep or gradual the melting transition is and therefore can give insight into the 

cooperativity of the system. Figure 4.6 shows dT for the non-shifted 24 bp blocking strand 

system, which decreases as we increase the NaCl concentration. Assuming we have a 

densely packed monolayer and thus are in a negatively cooperative regime, this indicates 

that the negative cooperativity in the system decreases as the salt concentration increases. 

It is possible that this trend is due to the increased ion concentration screening the repulsive 

forces felt between neighboring DNA strands, as explained by the modified Langmuir 

model by Lei et al. discussed in Section 4.1 (equation 4.3).16 Interestingly, this decrease in 

negative cooperativity persists as [Na+] increases, even as the trends in TM vary. 

 

 

Figure 4.6. Extracted dT as a function of sodium concentration for the 24bp blocking 
strand on 48bp anchor strand. Sequence can be found in Table 4.1.  
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Next, we looked at the trends in TM for the 30bp blocking strand (Figure 4.7). Much 

like we saw in Figure 4.5, TM increased up to ~0.2 M NaCl, after which we saw a slight 

decrease that leveled out as the salt concentration increased. While the inversion point is at 

the same [Na+] for both the 24 and 30 bp strand lengths, it is notable that the slope of the 

decrease is less than what we observed with the 24bp, resulting in more of a plateau. Similar 

behavior was seen in a study by Tomac et al., where a shorter strand (in their case, 10bp) 

showed a greater rate of instability with increasing salt compared to a longer strand 

(15bp).44 Maity et al. note that it is common for the instability rate (i.e. the slope of the 

decrease at high salt concentrations) to be much less sharp than the stability rate, which 

they attribute to the effect of excluded volume at higher concentrations.41 While the 

increase of cations in solution works to destabilize the DNA duplex, the excluded volume 

is a stabilizing force that counteracts the instability by making it difficult for the ssDNA to 

diffuse away from its complement, thereby promoting continued interactions.  

 Because the 30bp is longer than the 24bp, there is more crowding in this system, 

which could possibly explain why the 30bp sees does not have the same loss of stability 

with increasing salt as the 24bp. Additionally, the extra length of the blocking strand holds 

more negative charge, thus requiring more water molecules in its hydration shell, which 

may lead to less sensitivity toward the chaotropic behavior of the Cl- ions described in the 

previous section.46  
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Figure 4.7. Extracted TM as a function of sodium concentration for the non-shifted 30bp 
blocking strand on 48bp anchor strand. Sequence can be found in Table 4.1. Error bars 
represent the 95% confidence interval as demonstrated in Figure 4.3. The respective 
melting curves are shown in (B). The 95% confidence interval is not shown for clarity. 
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However, the dT trends for the 30bp blocking strand did not follow what we saw with 

the 24bp, as shown in Figure 4.8. At low [Na+], dT was relatively small, indicating low 

levels of negative cooperativity. As we increased the salt, dT increased, pointing towards 

stronger negative cooperativity, before decreasing back down near where it started at the 

highest salt concentrations. It is likely that this behavior is the result of competing forces 

within the DNA monolayer, whether related directly to the 30bp blocking strand or to the 

ionic environment. For example, calculations from Crothers suggest that sequence may 

play a role in the transition width, with regions rich in G/C pairs melting at higher 

temperatures with sharper transitions.47 Because the 30bp blocking strand has an additional 

G/C pair compared to the 24bp, this may be a contributing factor to why a different trend 

in behavior is observed.  

 

Figure 4.8. Extracted dT as a function of sodium concentration for the 30bp blocking 
strand on 48bp anchor strand. Sequence can be found in Table 4.1.  
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It is also possible that there are competing ionic forces within the melting environment 

that the 30bp experiences differently than the 24bp. In order to begin to understand the 

possible influences on this behavior, it is necessary to think about the complicated charge 

environment that surrounds the DNA monolayer, such as the effect of charge gradients. 

While we mentioned in Section 4.1 that the Debye length relative to the nanoparticle 

surface is small in comparison to the length of our DNA, it is important to remember that 

DNA is also a charged molecule, and therefore, there is an additional charge gradient 

generated by each molecule perpendicular to the strand.48 Sections of the anchor strand that 

are hybridized to the blocking strand (Table 4.1) have a stronger negative charge, so this 

gradient also changes as you travel along the anchor strand from the nanoparticle surface 

to the bulk solution. Therefore, the charge dispersion within the monolayer is not linear. 

Additionally,  theoretical studies by Uline et al. indicate that in surface-tethered DNA 

systems, only a small percentage of Na+ ions are actually able to penetrate the DNA 

monolayer and that protons play a larger role in DNA stabilization.49 They found that the 

penetration ability of Na+, and therefore the distribution of Na+ and protons within the 

monolayer, was dependent on both the density of the DNA on the surface as well as the 

Na+ concentration. In dense brush systems at low salt concentrations, nearly all DNA 

stabilization is achieved by protons. This prediction agrees with X-ray photoelectron 

spectroscopy (XPS) data by Ray et al., which showed that the percentage of sodium 

compared to protons within the monolayer (Na+/P) never exceeded 11.4%, regardless of 

the DNA density.50 This data, along with the information regarding Cl- from the beginning 

of this section, indicates that the key players within the ionic environment likely go beyond 
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the simple sodium stabilization picture, thereby complicating the effects that salt has on 

the stabilization/destabilization of dsDNA in a densely packed monolayer.  

4.4 Effect of Surface Proximity on DNA Melting 

Upon observing that the 30bp and 24bp strands exhibited different behavior in both TM 

and dT in response to high salt concentrations, we theorized that it could be because the 

30bp extends closer to the nanoparticle surface and is therefore feeling a different ionic 

environment than the 24bp. To test this hypothesis, we designed a ‘shifted’ anchor strand 

that uses the same 24bp and 30bp blocking strands but with their positions shifted 6 base 

pairs closer to the nanoparticle (Figure 4.9A). Because our imaging strand is 10 base pairs 

long, these shifted blocking strands still adequately prevent binding with the imaging 

strand, which we can tell by comparing the normalized number of events when the sample 

is fully blocked and has not been heated. Ideally, this number should be as close to zero as 

possible if the blocking strand is preventing every anchor from binding with the imaging 

strand. Figure 4.9 shows this data for the non-shifted (blue) and shifted (orange) anchor-

blocking systems, as a function of (B) room temperature, (C) blocking strand length, and 

(D) sodium concentration. The variance in temperature is due to normal fluctuations in 

room temperature. Statistically, the two populations are not significantly different 

(confirmed by T tests), indicating that the shifted blocking strand sufficiently prevents the 

imaging strand from binding as well as the non-shifted strand.  
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Shifting the blocking strand down the anchor allows it to potentially probe different 

parts of the ionic environment as it gets closer to the DNA-particle interface. Particularly, 

the shifted 24bp blocking strand and the non-shifted 30bp blocking strand are the same 

distance from the nanoparticle surface (refer to Figure 4.3), so we theorized that the TM 

and dT trends of the shifted 24bp system may reflect the trends seen previously in Figures 

4.7 and 4.8 if the distribution of charges within the monolayer was playing a large role. 

Figure 4.10A shows a comparison of shifted vs. non-shifted TM for the 24bp blocking 

strand. The corresponding melting curves are shown in Figure 4.10B.   

Figure 4.9. (A) Comparing the normalized number of events for fully blocked samples 
functionalized with the non-shifted (blue) and shifted (orange) anchor strands as a 
function of (B) temperature, (C) blocking strand length and (C) sodium concentration. 
Samples had not been externally heated since the blocking strand was hybridized, and 
variance in the temperatures is due to normal room temperature fluctuations.  
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Figure 4.10. (A) Schematic of the shifted (red) and non-shifted (pink) 24bp blocking 
strands on the 48bp anchor. Note that the shifted blocking strands are closer to the 
nanoparticle surface. (B) Comparison of TM as a function of sodium concentration for 
the 24bp. (C) Melting curves for the data shown in (B). The 95% confidence intervals 
are not shown for clarity. Colors in (B) and (C) correspond to those in (A). 
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We found that the shifted 24bp blocking strand melting temperatures were not 

statistically different from the non-shifted values at the respective salt concentrations, 

resulting in the same inverted V-shape. Therefore, we concluded that the proximity of the 

blocking strand to the nanoparticle surface was not responsible for the TM behavior seen in 

the 30bp trends.  By comparing the melting range, quantified by dT, of the shifted and non-

shifted systems, we can gain information about how cooperativity of the system might be 

changing as we move further from the DNA-solution interface and closer to the particle 

surface. Figure 4.11 shows dT for the 24bp blocking strand in both relative positions along 

the anchor strand, extracted from the melting curves in Figure 4.10C. 

. 

 

For the 24bp data, shifting the blocking strand closer to the nanoparticle surface (red) 

resulted in a similar salt-dependent trend as the non-shifted data (pink), which indicates 

that it is not likely that the shifted strand is feeling a different ionic environment than its 

Figure 4.11. Comparison of dT as a function of sodium concentration for the 24bp non-
shifted (pink) and shifted (red) blocking strands. A larger dT corresponds to a more 
gradual melting transition.  
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non-shifted counterpart.  However, it is worth noting that the shifted strand showed 

consistently larger dT values, indicating a higher degree of negative cooperativity than the 

non-shifted strand. One possible explanation for this is that blocking strands that are closer 

to the solution interface (i.e. the non-shifted 24bp strand) are more spatially accessible 

compared to strands that are buried in the DNA monolayer. As discussed in Section 4.1, 

spatial accessibility has the tendency to lessen the intensity of cooperativity in either 

direction (i.e. gets closer to a no-cooperativity regime), so that would account for the more 

negatively cooperative behavior reflected in the dT of the shifted strand. Alternatively, the 

nonlinear charge distribution along the hybridized DNA for the shifted 24bp could induce 

higher electrostatic repulsions buried within the monolayer that promote negative 

cooperativity. 

Shifting the 30bp blocking strand further down the anchor strand, just as we did with 

the 24bp, can provide information about another interface, between the top of the DNA 

monolayer and the solution. For both lengths, the shifted configuration moves the blocking 

strand approximately 2 nm away from this interface, thus altering the charge distribution 

within the monolayer. Therefore, if this interface is a major contributor to the trends in 

melting behavior, we would expect to see similarities between the two shifted strands. 

Figure 4.12 shows the comparison of TM for the 30bp blocking strand in both positions, as 

well as the respective melting curves.  
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Figure 4.12. (A) Schematic of the non-shifted (light blue) and shifted (dark blue) 30bp 
blocking strands on the 48bp anchor. Note that the shifted blocking strands are closer to 
the nanoparticle surface. (B) Comparison of TM as a function of sodium concentration 
for the 30bp. (C) Melting curves for the data shown in (B). The 95% confidence intervals 
are not shown for clarity. Colors in (B) and (C) correspond to those in (A). 
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The resulting trends in TM indicate that the shifted and non-shifted 30bp strands 

behaved similarly, rising at low salt concentrations and leveling out after approximately 

0.24 M Na+.  Figure 4.13 shows that the melting curve shape of the shifted 30bp blocking 

strand system also followed similar trends to the non-shifted 30bp blocking strand, with an 

increase until mid-range salt conditions and a decrease at high salt concentrations. Much 

like the 24bp, the shifted strand shows higher dT (indicating more negative cooperativity) 

for three out of the six [Na+] values measured.  

 

 

Because shifting the 30bp blocking strand closer to the nanoparticle surface and 

further from the DNA-solution interface did not result in a different trend in dT, we can 

conclude that the ionic environment is not the sole driving force of its behavior in 

comparison to the 24bp strand. It is likely that there is a contributing factor that stems from 

the 30bp strand itself. In addition to the cooperativity between neighboring DNA strands 

Figure 4.13. Comparison of dT as a function of sodium concentration for the 30bp non-
shifted (light blue) and shifted (dark blue) blocking strands. A larger dT corresponds to 
a more gradual melting transition. 
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discussed in Section 4.1 (inter-strand cooperativity), it has also been reported that DNA 

can exhibit signs of cooperativity between base pairs within the same strand (intra-strand 

cooperativity).51 This is largely due to the difference in binding strength between A/T and 

G/C pairs. Not only does the number of G/C pairs affect the binding stability, but the 

position of those G/C pairs within the sequence likely play a role in stabilizing the 30bp 

blocking strand, causing it to interact differently with the ions in solution, although the 

exact mechanism of why this is occurring with this strand is not yet known. Likely, these 

intra-strand interactions are one piece of the complex picture influencing the DNA melting 

thermodynamics.  

By comparing the trends we have observed with the 30bp blocking strand, both 

shifted and non-shifted, to that of the 24bp, it is clear that there is still a lot to learn 

regarding the environment surrounding DNA monolayers and how it affects melting 

behavior. Specifically, we have demonstrated that dT is essential in understanding the 

interactions between neighboring DNA strands and the potentially conflicting forces 

working within the system. While many of the current thermodynamic studies in the 

literature discuss the role of TM, most overlook the value of the melting transition width.  

Furthermore, the models currently used to describe DNA binding assays, such as 

those discussed in Section 4.1, are helpful in giving insight into the melting behaviors that 

we have observed in this chapter, especially regarding the 24bp sequences. However, even 

with modifications to account for electrostatic repulsion and crowding effects, the 

Langmuir isotherm model does not perfectly describe our system. One possible reason is 

that the Langmuir model assumes an excess of single-stranded DNA targets in the solution, 

which would allow an equilibrium to form between the number of blocking strands in 
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solution and those hybridized to the surface-tethered anchor strands. In our system, we 

remove the single-stranded blocking strand after each temperature, resulting in a very low 

and inconsistent concentration of blocking strand in solution. However, this does not 

explain the differences observed between the two strand lengths observed in this work, 

indicating that there are still questions to be explored regarding the melting environment 

within DNA microarrays.  

4.5 Effect of Ion Identity on DNA Thermodynamics 

The last potential influence on DNA thermodynamics that we wanted to study was the 

identity of the local ionic environment during melting. To this end, we replaced the 

phosphate-buffered saline melting buffer used in the previous sections with a phosphate-

buffered potassium buffer, maintaining the same overall monocationic strength and pH. 

Note that all imaging was still done in saline buffers as described in the previous sections. 

Potassium was chosen because it has the same charge as sodium, but a different ionic 

radius. In aqueous environments, sodium has a larger solvated radius than potassium due 

to their difference in charge density drawing in different numbers of water molecules. This 

can be represented by the Stokes radius, which is 1.94 Å for sodium and 1.34 Å for 

potassium.52 In the literature, sodium- and potassium-based melting buffers have produced 

similar melting behavior in DNA as shown in theory and solution-phase experiments.53,54 

While we considered using a magnesium buffer as well, we decided against it in this set of 

experiments due to the conflicting relationships that magnesium has been shown to have 

with both concentration and G/C percentage in solution-phase melting.53 Focusing on 

sodium and potassium allows for a more one-to-one comparison. What we observed was 

that the TM trended with salt in the same way as the sodium-based buffer, including the 
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same behavior inversion at 0.197 M (Figure 4.14A). The TM for each of the three 

concentrations were not statistically different between the sodium and potassium-based 

melting curves.  

Figure 4.14B shows that dT for the potassium melting buffers were lower than those 

of sodium, but it is likely that this is an artificial phenomenon due to the curve shape. It is 

Figure 4.14. Comparison of (A) TM and (B) dT for melting curves done in sodium and 
potassium melt buffers as a function of ion concentration. Both sets of conditions used 
the non-shifted 48bp anchor and 24bp blocking strand. The total monocationic 
concentration of the melting buffer was kept consistent and both samples were imaged 
in identical sodium-based melting buffer.  
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worth noting that the melting curves created in potassium buffer exhibited an unusual curve 

shape that was reproducible across multiple samples, researchers, and ion concentrations 

(Figure 4.15). While a typical melting curve using sodium buffer fits well to a sigmoidal 

equation, with a sharp central rise and a flat plateau on the upper and lower ends, the 

potassium buffer curves resulted in an “overshoot” where the activity at the beginning of 

the upper plateau was greater than that at the higher temperatures, resulting in normalized 

counts over 1.0. This overshoot resulted in very sharp sigmoidal fits. For Figure 4.15, we 

compared the curves with no forced final value (left column) to those forced to go through 

1.0 (right column). The TM did not change in a statistically significant way between the two 

fitting techniques, but we found the non-forced fitting to better reflect the melting data 

based on the R2 values. Therefore, we did not force the final value to go through 1.0 when 

fitting these curves and extracting the TM and dT in Figure 4.14.  
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Figure 4.15. Melting curves done in potassium-based melting buffer, using the 48bp 
non-shifted anchor strand and the 24bp blocking strand for (A) 0.16 M K+, (B) 0.20 M 
K+, and (C) 0.24 M K+. Due to the unusual ‘overshoot’ curve shape, we compared the 
sigmoid fits when we did not control the final value of the fit (left column), and when 
the fit was forced through a final value of 1.0 (right column).  
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4.6 Conclusions 

In conclusion, we have begun to untangle the various influences that can play a role in 

melting thermodynamics of surface-tethered DNA through single-molecule fluorescent 

studies. Notably, we found that increasing the salt concentration led to first an increase 

then decrease in the melting temperature. This reflects a trend seen in solution-phase 

experiments in the literature, but at a much lower concentration that is physiologically 

relevant for biosensing applications. We found that the 30bp blocking strand was less 

sensitive to this change in the ionic environment than the 24bp blocking strand. Through 

analysis of the melting transition width, we found that the 24bp strands reflect trends in 

cooperativity predicted by current models, but the 30bp strand shown evidence of 

competing forces causing a rise and fall in the degree of cooperativity as we increased the 

salt concentration. We discussed the possible conflicting influences within the local 

environment that could be resulting in this behavior, including the DNA density, the 

penetration ability of Na+, and the role of other ions such as H+ and Cl-. By shifting the 

blocking strand 6 base pairs down the anchor strand, we not only explored the possibility 

that being close to the nanoparticle surface was an influential factor for the 30bp but also 

probed potential differences in the nonlinear ionic gradient. However, we found shifting 

the position of the 30bp strand had minimal effect on the melting behavior, ruling those 

out as a contributor.  Lastly, we looked at components of the ionic melting environment 

and found that replacing sodium with potassium exhibited similar melting trends, 

demonstrating a similar ability to penetrate the DNA monolayer. These findings highlight 

the importance of understanding how ionic environments can influence the 
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thermodynamics of surface-tethered DNA melting and how it could impact the 

performance of DNA-nanoparticle biosensors.  
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CHAPTER 5 

FUTURE DIRECTIONS AND OUTLOOK 

5.1 Introduction   

 As this dissertation has shown, the thermodynamic picture of surface-tethered DNA 

is much more complicated than that of solution-phase DNA, and there are many factors 

that can influence the success of DNA-based biosensors. In Chapter 3, we developed and 

validated a technique that used single-molecule measurements in order to study DNA 

melting on gold nanoparticle surfaces. However, before we could use the technique on the 

single-particle level, we needed to understand the various contributions to the system on 

an ensemble level. In Chapter 4, we investigated the influence of the ionic environment 

and strand length on the melting temperature and transition width. We found that the 

current models used in most DNA melting assays are not sufficient to explain the trends 

we observed, leading to more questions that need to be explored regarding the ionic 

environment within the DNA monolayer. In this chapter, we provide an outlook on how 

this technique could be used at the single-particle level through super-resolution imaging 

and the steps we are currently taking towards it.  

5.2 Limitations of the Technique 

One of the drawbacks to using DNA-PAINT to study DNA thermodynamics is that the 

time required per melting curve makes it a relatively low-throughput technique. For 

example, the melting curves shown in this dissertation take 2-4 full days of imaging in 

order to collect enough data to have meaningful statistics. The time involved in making a 

batch of lithographically produced samples (typically 12) is about a week including metal 



 
99 

 

deposition, which we can only do once we have a worthwhile number of samples with 

high-quality polystyrene masks. The process to functionalize each new sample with a 

specific anchor strand is 3 days, and samples cannot be reused for different anchor 

sequences, although it is something our lab is working towards. Considering each sample 

can be used for a maximum of three weeks before they begin to lose activity (indicating 

the anchor strands on the surface are either damaged or desorbed), we average about one 

melting curve every two weeks. This is much more time-intensive than other techniques 

used to generate melting curves of surface-tethered DNA.1–3 Despite the throughput 

limitations, a major benefit to our approach over other techniques is the spatial information 

that is naturally encoded in the single-molecule data.   

5.3 Toward Spatial Information Using Super-Resolution Imaging 

We showed in Chapter 3 that it is possible to localize the single-molecule 

fluorescent events captured during our melting curve experiments into super-resolved 

reconstructions (Figures 3.2 and 3.9, reproduced in Figure 5.1). However, in order to be 

able to count the events captured, we needed to ensure that they were spatially and 

temporally separated (i.e. the diffraction-limited spots associated with each event do not 

overlap with one another), so the maximum number of events we can get is limited to fewer 

than 1800 events per 1000 frame movie. At temperatures near or below TM, where the 

number of events is roughly half of what we can observe at fully unblocked temperatures, 

we have even fewer events. Therefore, in order to get valuable spatial information at a 

single-particle level, we would need to collect at least five movies per region of interest (as 

in Figure 5.1A), which is time consuming and not practical to do during our typical melting 

curve experiments.  
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5.3 Toward Spatial Information Using Super-Resolution Imaging 

Figure 5.1. (A) Super-resolved DNA-PAINT image of a gold nanoparticle array, created 
by localizing fluorescent events associated with imaging strands interacting with anchor 
strands on the surface of the gold nanotriangles. The inset is a zoomed-in image of a 
single triangular nanoparticle. The super-resolved data were generated by acquiring 
5000 image frames with a 200 ms integration time. Adapted from Figure 3.2. (B) Super 
resolved frequency histograms for a representative region of interest at each 
temperature. Bin size = 75 nm to aid in pattern recognition with the low per particle 
number of events. Reproduced from Figure 3.9.  
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Therefore, we need a strategy that allows us to study trends at the single-particle 

level, even if we only have a few events per particle. One way to accomplish this is to 

collapse events from multiple particles onto one nanoparticle footprint. Currently, we are 

developing a MATLAB code that will let us collapse the events associated with individual 

particles within the array down to one particle. Because our nanotriangles are laid out in 

predictable arrays with areas of bare glass in between, the code can map out their precise 

location, even in areas where minor defects (i.e. connected particles due to slips in the 

nanosphere array during the deposition stage) have occurred. It works by systematically 

predicting and checking the location of the glass circles that lie in between the particles, 

starting from the middle of the ROI and working in concentric circles outward. Figure 5.2 

shows some preliminary data generated by this code. While the development of this code 

is still in progress, we are optimistic that it will be able to use the existing data set shown 

in this dissertation to gain new insight into the thermodynamics of our system. 

Figure 5.2. (A) Preliminary super-resolved data using the house-written MATLAB 
code. Red triangles indicate the predicted location of nanoparticles and the purple dots 
are localized events. (B) Zoomed-in portion of the image in (A).  
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Once this code is developed, future researchers can validate that we are in a high-

density regime. Throughout this dissertation, we used samples functionalized in an excess 

of anchor strand in order to maintain a consistent, densely packed monolayer of DNA on 

the nanoparticle surface. However, as discussed in Chapter 1, DNA functionalization on 

gold nanoparticle surfaces can be heterogenous between particles and even within the same 

particle. Studies have shown that the cooperativity of surface-tethered DNA melting is 

directly related to the density of strands on the surface,4 so understanding how strands are 

arranged on planar surfaces can have major implications on the thermodynamics and 

therefore the function of DNA-based biosensors.  

Furthermore, as discussed in Chapter 4, DNA strands confined to monolayers on 

planar surfaces tend to exhibit signs of negative cooperativity due to interactions with its 

closely-packed neighbors.5–8 Our sample geometry allows researchers to explore this 

phenomenon more by looking at more and less confined DNA strands on the same particle. 

The nanotriangle arrays have a planar configuration in the center of each particle, but the 

DNA strands on the edges have fewer neighbors, less confinement, and more access to ions 

in solution (Figure 5.3). With our single molecule resolution, we can localize where on the 

particle events occur at different temperatures to see if those edge strands have more or 

less stability than the strands more tightly confined within the particle.  
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5.4 Future Directions for Better DNA Biosensing Applications 

 After we have extracted as much information as possible from our existing data set, 

the next step would be to explore some of the questions that came up in Chapter 4. Due to 

the time limitations of the DNA-PAINT technique, it would be beneficial for future 

researchers to use a higher-throughput method, such as the fluorophore-quencher system 

proposed by Nasef et al.,3 which can be benchmarked against our existing data. 

Specifically, future experiments should focus on expanding the range of DNA lengths, G/C 

content and salt concentration to develop our understanding of how the nonlinear ionic 

environment affects the melting temperature and melting transition width. Additionally, 

varying the length of the anchor strand, which we kept consistent at 48bp throughout this 

thesis, could help fill in an intuitive picture of the complex charge gradient that we 

discussed in Chapter 4.  

Figure 5.3. (A) Schematic demonstrating how DNA strands on the edges of the 
nanoparticle (blue) can experience molecular crowding and ionic environments 
differently compared to those in the middle of the nanoparticle (red). (B) A top-down 
view of the particle in (A).  
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Next, because we observed an unusual melting curve shape when using potassium-

based buffers, it would be worthwhile to further interrogate the role of ion identity in the 

melting thermodynamics. Magnesium, which has a higher charge than sodium or 

potassium, would give additional insight into the charge distribution effects discussed in 

Chapter 4. In the literature, melting temperatures of solution-phase DNA in the presence 

of magnesium have been shown to have nonlinear relationships with DNA length, G/C 

content, and magnesium concentration.9 For this reason, we decided to not to explore the 

role of magnesium using our DNA-PAINT technique and opted to study just sodium and 

potassium, which are a more direct comparison when it comes to expected melting 

behavior in solution.  

5.5 Conclusions  

 The research shown in this dissertation demonstrates the complexity of DNA 

melting thermodynamics for surface-tethered systems, specifically regarding neighboring 

DNA interactions and the ionic environment within the DNA monolayer. While Chapter 4 

gives insight into how intricate these influences are, this chapter provides an outlook on 

how we can use the single-particle resolution encoded within our existing data to gain a 

better understanding of each of the key components of the melting environment. 

Additionally, we discussed future studies that could help untangle the relationships 

between DNA length, G/C percentage, and ion content using higher-throughput methods. 

Investigating these properties and their effects on DNA melting thermodynamics can help 

us not only better understand how DNA behaves on surfaces but how it can impact the 

success of DNA-based biosensors.  
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