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ABSTRACT 

Fatema Tuz Zohra, Using Single-molecule DNA flow-stretching experiments to see the effects 

of temperature and viscosity. Master of Science in Engineering (MSE), August, 2021, 47 pp., 20 

figures, 48 references. 

Deoxyribonucleic acid (DNA) is a highly charged long and semi-flexible polymer of 

which length is much longer than cell dimensions at least by 1,000-folds. A long linear DNA 

turns into a crumpled structure to fit into a tiny cell volume by the process known as DNA 

compaction. In nature, DNA fits into the volume of the cell using DNA compaction by 

packaging genome material. Various types of protein are involved in DNA compaction. To 

experiment with various proteins as DNA compaction agents, DNA needs to be stretched out.  In 

our thesis, the effect of temperature and buffer viscosity on DNA stretching and fluctuation was 

observed using steady-state laminar flow. From experimental data, a slight increase in length, 

with the increase of temperature and viscosity was found out. The total change of the stretched 

length of DNAs was almost 0.7µm - 0.8 µm for 0 %PEG in EBB buffer to 5% PEG in EBB 

buffer solution in our experiment. The total increase of length from 4 ºC to 30 ºC was almost 0.5 

µm which is almost linear.  It was observed that temperature changes did not lead to a noticeable 

change in the fluctuation of DNA, but when buffer viscosity was increased, the fluctuation of 

DNA decreased. The average fluctuation of DNAs for 3% PEG and 5% PEG are 15% and 28% 

lower than the fluctuations of DNAs for EBB buffer. Thus, it can be concluded that DNA length 

and fluctuation are a function of viscosity. 
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CHAPTER I 

INTRODUCTION 

Deoxyribonucleic acid (DNA) is a long highly charged, and semi-flexible polymer, 

which stores genetic information in all cells. The total length of DNA in a human cell is 2 m [1], 

whereas the nucleus of each human cell is only about 10 μm in diameter [2]. Therefore, long and 

linear DNA needs to be compacted to fit into this tiny volume. The process in which a long 

linear DNA turns into a crumpled structure to fit into a tiny cell is known as DNA compaction 

[3]. It occurs in a highly dynamic and organized fashion. Multiple elements such as DNA-

binding proteins are involved in this process. One of the important elements is known to be 

DNA-binding proteins [3]. DNA-binding proteins compact DNA by bending, wrapping, or 

bridging to package it within the cellular volume [3]. DNA compaction is important for 

maintaining and regulating genetic information. Gene regulation is one of the most important 

applications for DNA compaction. Besides, DNA compaction is important for DNA 

manipulation and fabrication of nanostructure [4]. Reversible DNA compaction can be a 

protector of DNA from biochemical, mechanical, and chemical stress [4]. Regulation and 

Packaging of gene expression are the major roles of DNA compaction [4]. Due to the importance 

of DNA compaction in various aspects of genome regulation and maintenance, a growing 

number of intensive studies on DNA compaction have been done (Figure1).  Supercoiling and 

DNA compaction play important role in gene transcription. The effect of DNA compaction on 

transcription was first studied in 1987, by Baeza et al.[5]. They have reported the enhancement 
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in gene transcription because of DNA compaction [5]. However, the result of this experiment 

could not be verified due to the lack of evidence. Recently, Tusmoto et al.(2003) showed a sharp 

inhabitation in transcription activity due to DNA compaction. polyethylene glycol (PEG) and 

spermine were used as compacting agents in their experiments [6]. Another study demonstrated 

DNA compaction as an on/off switching of transcription [6], [7]. They used an elegant 

fluorescence resonance energy transfer (FRET) assay for detecting a single-molecule of mRNAs. 

The mRNAs were in water-oil-based microdroplets which were coated with a phospholipid 

membrane. [4], [7]. Photocontrol of DNA compaction allows controlling gene expression on 

both transcription and translation levels [4]. DNA compaction and reversible DNA compaction 

can be a protector of DNA from biochemical, mechanical, and chemical stress [4]. Another use 

of DNA is as a nanostructural template [8]. DNA template offers a broad range of nanostructure 

sizes and shapes. Nanomaterial deposition with DNA templates can be applied to a wide range of 

materials like Ag, Pd, Cu, Ni, Co, Au, Pt, oxides, and semiconductors [4], [9]–[12]. DNA as a 

template for nanostructure can open an immense possibility for its size and variety. 
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Figure 1: The trend of the number of publications on DNA compaction over the years. (Data 

received from Web of Science) 

In DNA compaction experiments, DNA is stretched out using different force fields to see 

the effect of various compacting agents. Single DNA molecules can be stretched and 

manipulated by flow, electric, magnetic, and optical fields [13]. Flow fields are probably the 

most convenient because it does not need complex tools such as optical or magnetic tweezers or 

high-frequency electric fields like the others [12], [13]. Water-based solutions are generally used 

to study DNA compaction. One of the reasons behind this is that DNA adopts an elongated coil 

confirmation due to the strong repulsion between negatively charged phosphate groups [14]. 

Thus, proteins can recognize binding sites with variable sequence lengths. Upon addition of 

appropriate compaction agents, DNA undergoes a strong compaction process. Stretching out of 

DNA is a crucial part of DNA compaction experiments, as proteins can recognize binding sites 

with variable sequence lengths. In our experiment, the laminar flow flowed through a 
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microfluidic flow cell where DNAs are tethered to the surface at one end. The other end was 

labeled with a quantum dot that emits fluorescence signal upon laser excitation to see the 

conformational changes of flow stretched DNA at different temperatures and viscosity. The 

range of 'microfluidic' focuses on the ability to manipulate fluids in the 5–500 m range [15], 

[16]. Microfluidic flow cells contain single or multiple flow channels where flows are driven 

through. Recent developments in this field, make it a powerful tool to study the micrometer 

scales, such as  DNA helicases, DNA packaging motors, dsDNA (double-stranded DNA) 

translocases, nucleases, DNA polymerases, RNA polymerases, RNA helicases, and DNA and 

RNA dynamics [17]–[20]. Microfluidics is equally important in the field of engineering, medical 

and biological science. In particular, microchannels are frequently used to study the mechanical 

properties of these substances. 

Single-molecule biophysics provides powerful methodologies to study biomolecules. In 

conventional ensemble experiments, a large number of molecules is observed at the same 

time[21]. The results are then averaged out to determine their properties. This can be correct or 

may not be correct because biomolecules generally have heterogeneity. So, the result from 

conventional ensemble techniques may need to be corrected sometimes. Single-molecule needs 

to be studied at a time to determine this heterogeneity [4], [22].  Single-molecule experiments 

study one molecule at a time which makes single-molecule biophysics a powerful tool to study 

heterogeneity.  Sometimes, surprising and noble information is achieved through these 

techniques which provides an access to valuable molecular information [22]. The single-

molecule method is a strong tool for studying complex chemical and biological systems. Firstly, 

these techniques measure biological molecules one at a time. In contrast, for conventional 

ensemble experiments, they interrogate a large number of molecules at a time and infer their 
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properties by averaging the output results. The single-molecule technique can measure molecular 

properties more directly. For example, single-molecule biophysics can directly observe multiple 

distributions of folding states of protein when ensemble experiments can only give indirect 

results [23]. This technique can be used to measure dynamic systems with rare species or states 

under equilibrium conditions. This technique is vital for the elements of dynamic systems that 

are difficult to synchronize. For example, the movement of DNA enzymes along their track is 

very complicated and stochastic. As a result, it is difficult to synchronize at a significant distance 

during this movement. Single-molecule methods can be utilized to study these modalities [24]. 

The single-molecular technique can also be applied to directly measure the kinetic rate constant 

and connectivity of different systems and different states [28]. Additionally, molecular structure, 

their functional responses, as well as molecular force, can be measured directly with single-

molecule manipulation [28]. At large concentrations, some biological molecules show 

aggregation behaviors. The single-molecular technique allows the study of these biological 

molecules as well. The properties of the monomeric species can also be monitored using single-

molecular technique at low concentration and equilibrium conditions.[25], [26], and single-

molecule techniques can study their original concentrations. Single-molecule biophysics 

developed only about 30 years ago. In only less than 30 years of its lifetime, its application in 

different fields is growing tremendously [21]. Scanning tunneling microscopy(STM) [27] and 

atomic force microscopy (AFM) [28] are used to image individual DNA molecules in water. The 

first single fluorophore was detected at liquid helium temperature in 1990 [29]. Later the 

experiment extended to room temperature which in turn opened the possibilities of biological 

and chemical implementation [21]. During the mid-1990s, single-molecule fluorescence and 

manipulation techniques were used to study more complicated and sophisticated biological 
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systems. The discovery of DNA melting and overstretching transition was propagated due to the 

application of optical tweezers and glass fibers during DNA stretching [30]. During the 

movement of myosin, individual Adenosine Triphosphate (ATP) turnovers can be observed 

directly using fluorescence imaging [31]. 

Broadly speaking, the single-molecule technique can be defined into two categories; 

Fluorescence imaging and spectroscopy and force-based manipulation and detection. Some 

examples of force-based manipulation and detection include optical traps and magnetic tweezers. 

Optical traps use tightly focused lasers to apply force and small movement to molecules. There 

are single beam and dual-beam optical tweezers with nanometer resolution. Magnetic traps can 

apply torque and thus control the supercoiling nature of DNA [4], [21], [22]. 

Fluorescence imaging and spectroscopy can be divided into two areas; in vitro and in vivo 

[21].  When experiments are performed in live cells it is called in vivo [21]. On the other hand, 

when experiments are performed inside tubes it is called in vitro. Experiments in in vivo have a 

number of challenges. But it has become possible by using fluorescence-labeled quantum dots. 

The fluorophore is a chemical that emits fluorescence upon excitation. Single-molecule 

fluorescence detection is achieved when fluorophores are repeatedly excited and the emitted 

fluorescence photon is then detected and analyzed. The fluorescence emitted by the fluorophore 

is limited [21]. As a result, the single-molecule technique needs bright fluorophores and a high 

efficient and low-background photon detector [21], [23]. High-efficiency optics are required for 

the collection of a large number of photons [29]. Objectives with a high numerical apertures 

(numerical aperture N.A: 1.2 or higher) are used to collect a large number of photons. Also, 

single-molecule techniques need a high-sensitivity photon detector (CCD or EMCCD camera). 

This helps to minimize the effects of scattering and fluorescence from buffers and impurities. To 
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minimize background photon, total internal reflection (TIR) and confocal are mostly used to 

study single-molecule fluorescence [21], [23]. Total internal reflection fluorescence microscopy 

(TIRFM, Figure 2b,c) was used in our experiment. TIRFM creates a very thin evanescent field 

(approx. 100–200 nm thick) that is very close to the interference which in turn avoids background 

fluorescence from the rest of the samples. 

 

Figure 2: Examples of six single-molecule instrumentation (a) Confocal geometry and dual-color 

detection; fV is focal volume, Ob is objective, ex is excitation with laser, DC is a dichroic 

mirror, Ph is pinhole, PD is point detector, emf is emission filter. (b) Prism-type TIRFM. (c) 

Through-objective TIRFM; eW is an evanescent wave, C is an area detector or camera. (d) 

AFM; psd is the position-sensor detector, M is the molecule. (e) Optical tweezer; LS is the light 

source, pb is polystyrene bead. (f) Magnetic tweezer; Magis magnet, mb is the magnetic bead. 

The figure is taken from Reference [22] 
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In TIR fluorescence microscopy, an incident beam of light undergoes TIR at the surface 

between two materials of high and low refractive indices. A narrow evanescent field is formed in 

the lower refractive index material. The field is approximately 100-200nm thick.[45].  This 

mechanism is the physical basis for TIRFM. In TIRFM, only the molecules near the coverslip 

surface are illuminated. Using this techniques molecules within 100 nm can be visualized. [45] 

Some of the examples of fluorescence imaging and spectroscopy include FRET, FIONA, 

fluorescence correlation spectroscopy, and so on [21], [32]. 

FIONA stands for fluorescence imaging with one-nanometer accuracy that has been used 

to localize a single dye or group of single dyes with approximately 1 nm accuracy [21]. This 

accuracy is achieved by using TIRF, deoxygenation agents, high quantum field, and low noise 

detector [32]. In the FIONA technique, fluorophores are placed on a coverslip and excited with 

some method, the most successful one is utilizing total internal reflection fluorescence 

microscopy (TIRFM). The reason behind this is that TIRF requires a very small fluorophore 

volume and background fluorophores are also very low [21]. A charged-coupled camera (CCD) 

or an electronic multiplication charged-couple camera (EMCCD) collects fluorescence and the 

intensity is plotted as a function of x and y [21].  But one of the major challenges of this process 

is light diffraction. A small size appears to be a big object because of light diffraction. In our 

experiment, the fluorescence-labeled quantum was 20 nm in size. However, it appeared 200 nm 

because of light diffraction [Figure 3]. 

According to the FIONA technique when the fluorescence is plotted as a function x and 

y, the point-spread function is fitted by two-dimensional Gaussian functions [32]. The main 

objective is to determine the mean value of the distribution and its uncertainty which is 

positional accuracy or the standard error of the mean [33]. Thompson et.al showed that 
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approximate localization is equal to the width of the point spread function (PSF) divided by the 

square root of the total number of photons when sufficiently enough number of photons were 

collected [21]. But some variables like background noise must also be considered. 

 

Figure 3: An EMCCD image and its point spread function. The actual size of the flurophores is 

20nm. But because of light deffraction, the appered size is much bigger than the actual size. 

Scale bar denotes 400nm. (1 pixel = 107 nm) [33] 

 

 The standard error of the mean, σµ can be described by the following equation.  
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Where, 

S= Standard deviation. 

N= number of photons. 

a= Pixel size of CCD or ECCD camera.  

b= standard deviation of background. 

The first term (
𝑆𝑖
2

𝑁
) is the photon noise, the second term is the effect of the photon size of 

the pixel of the detector and 3rd term is the effect of the background. The recommended pixel size 

ranges from  80 to 120 nm [32], [36]. 

When a large number of photons are collected, the second and third terms are negligible so the 

standard error of the mean, σµ is  

σµ=
𝑆𝑖

√𝑁
  

In the experiments employed for this thesis work, fluorescence-labeled quantum dots were 

attached at one end of the DNA, and an EMCCD camera and a TIRF microscope were used. One 

dimensional Gaussian fit was used in the y-axis. Custom-written MATLAB codes were used for 

data analysis. 

Another challenge about intracellular organelles which we need to overcome is that, in 

addition to having water molecules, ions, metabolites, and other small solutes—typically they 

contain other macromolecules such as proteins, nucleic acids, ribosomes, and lipids which is 

between 200 and 400 g/L of mass per unit volume [34]. The complex environment can happen 

because the crowding and confinement of these biological compounds may impact in vivo 
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biomolecular function. Reduction of diffusivity is one of the most common consequences. 

Crowder molecules also have an effect on macromolecular folding and stability and internal 

dynamics [34]. The effect of this crowded cellular environment is very significant in the activity 

of biomolecules. High viscosity fluid was used in this experiment to stretch DNAs to study the 

effect of a crowded cellular environment. Our study proved that the stretching and fluctuation of 

DNA are a function of viscosity. One of the consequences of the viscosity of the fluid is viscous 

drag Fv. Viscous drag force is basically a resistance force that is employed on a dynamic object. 

When laminar flow flows around a sphere in a fluid flow,  drag force Fv is proportional to the 

viscosity of the fluid η, and speed of the flow v, and the characteristic size of the object L. So, 

higher drag force is expected for higher viscosity of the fluid and larger size of the object. Because 

of Fv, DNA stretching increases with the increasing viscosity of the liquid [37], [38]. 

A central property of DNA is helicity. The helicity of DNA is ∼10.5 bp/turn [39]. The 

helical twist depends on temperature. With the increase of temperature, DNA twist unwinds 

Initially, it was estimated that the rate of the change of the helical twist Tw(T)  varied from −4 to 

−5º/(ºC·kbp) by measuring circular plasmids and electrophoretic mobility [39]. Later, for 

thermophilic temperature which is close to DNA melting, a linear dependency on temperature was 

observed up to 80 ˚ C  with a coefficient of 10.5º/(ºC·kbp)  using electrophoretic mobility [39]. 

Strick et al. (1998)  used a magnetic tweezer experiment to determine the dependence of DNA 

twist on temperature [39]. The helix unwind was found to be 30% larger (−13.4º/ºC·kbp) than the 

previous study. Kriegel F. et al. (2018) [39] have experimented on the effect of temperature on 

DNA helix at different temperature. They used a unique and custom-built temperature-controlled 

magnetic trap to study the changes of DNA twist with respect to temperature. They observed that 

with the increase of temperature DNA unwinds, even for the temperature which is much lower 
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than the melting temperature. They found that DNA unwinds with a rate of Tw(T) = (−11.1 ± 

0.3)◦/(◦C·kbp) [39]. The increase of the temperature diminishes the stabilize state of the DNA 

helix. So, this theory predicted that with the increase of temperature, the overstretching force will 

decrease. DNA overwinds, under small force (<30 pN) [47]. DNA can be extended by 0.5nm/turn 

due to overwinding. [47]. One of the explanations for this phenomenon is the reduction of the inner 

core radius [47]. The overstretching force of DNA is a function temperature, and with the increase 

of temperature, the overstretching force decreases [35]. 

Jiang, H. R., & Sano, M. (2003) have found that if temperature gradients are applied to 

DNA, they create internal tension on the DNA, and DNA stretches out [40]. They measured 

conformations of one end tethered and two ends tethered DNA in different temperature gradients, 

up to 3 K∕μm. They have observed that the length of DNA increases with the increase of 

temperature gradient. In this experiment, the concept of single-molecule biophysics is used to see 

the conformational changes of flow stretched DNA at different temperatures and with different 

viscosity [40]. 

In this thesis paper, the effects of temperature and viscosity on flow-stretched DNA have 

been studied. The changes in fluctuation with the change of temperature and viscosity have also 

been investigated. In our experiment, the temperature of the buffer solution was increased from 4 

ºC to 30 ºC to study the effect of the temperature on DNA stretching. For the viscosity experiment, 

three different solutions with three different viscosity were applied and the results were compared 

to see the effect of viscosity on flow stretched DNA. 

In the following chapter, materials, and methods,  the results of the experiment, summary 

of the experiment are discussed in detail. 
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CHAPTER II 

EXPERIMENTAL SETUP 

In our experiments, single-molecule biophysics visualization was used to investigate the 

effects of different buffer temperatures and viscosities on the lengths of flow-stretched DNAs. 

One end of the bacteriophage lambda DNA was tethered to the microfluidic flow cell surface and 

the other end was labeled with a fluorescent quantum dot (Qdot). The fluorescence signal from 

the Qdot was tracked using Total Internal Reflection Fluorescence (TIRF) microscopy. A heat-

block (figure 7) was used to control buffer temperatures. Firstly, coverslip, quartz top, and 

double-sided tape were used to make a two-channel microfluidic flow cell (see Figure 4). The 

surface of the coverslip (also called cover glass) was passivated with mPEG (Methoxy 

polyethylene glycol) (96 %) and biotin-PEG (4 %) to minimize nonspecific DNA bindings [48]. 

The biotin-PEG allows one end of the biotinylated lambda DNA to be tethered to the surface via 

neutravidin-biotin interactions. Polyethylene tubes with a dimension of PE number: 60, wall 

thickness: 0.009”, were used as an inlet and an outlet of the flowcell [48]. A quartz top was used 

to accommodate these four holes. The dimension of this quartz top is 20 mm x 25 mm x 1 mm 

[48]. Cover glass and quartz top was attached using a double-sided tape. The thickness of the tap 

was 0.12 mm [48]. Flow channel layout was used to create the flow channel which was drawn on 

the tape and then cut off [48]. Thus, the thickness of the tape was the thickness of the flow 

channel [48]. The width of each channel was 1.8 mm [48]. For our experiments with different 

buffer viscosity, the length of the inlet tubing was 13 cm and for the experiments with different 
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temperatures, the inlet tubing was 30 cm long. In both cases, the length of outlet tubing was 1.5 

to 2 cm.  

 

 

Figure 4:  Two-channel microfluidic flow cell. 

Bacteriophage lambda DNA used its complementary single-strand 5' overhangs to label 

DNA with biotin- and digoxigenin- oligos [48]. Bacteriophage lambda DNA was labeled with 

biotin at one end and digoxigenin at the other end (Figure 5) [48]. The biotinylated end was 

tethered to the surface of the PEGylated cover glass through biotin-neutravidin (or biotin-

streptavidin) interaction [48]. The end with digoxigenin was used in labeling a fluorescent 

quantum dot. 
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Figure 5: Figure shows how one end of the DNA is labeled with biotin and the Other end is 

labeled with digoxigenin which was attached to the fluorescence-labeled quantum dot. (Figure: 

Courtesy of Dr. HyeongJun Kim) 

Next, 2.7 µL BL1-Dig2-Lambda-DNA with 0.3 µL of 32x-diluted (~30 nM) anti-Dig 

antibody-conjugated Qdot 605 was incubated in the presence of 16.7 µL EBB buffer for 5 

minutes. The composition of EBB buffer is 10 mM Tris pH 8.0, 150 mM NaCl, 10 mM MgCl2.  

Using a syringe, add 57 µL of 0.25 mg/mL of neutravidin to the flow channel through the inlet 

tubing. Incubate for 5 minutes. After 5 minutes, 180 µL EBB buffer was inserted into the tubing 

using pipette tips which helped to reduce bubbles formation when connected to the syringe 

pump. Figure 6 shows the experimental setup. A syringe pump was used to pump the solution 

with a controlled flow rate. The outlet of the flow cell is connected to the syringe of the syringe 

pump and the inlet was connected to the solution. 
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Figure 6: Experiment setup. 

The syringe pump pulled the solution through the flow channel by pulling syringe 

plunger [48]. We added 350 µl EBB+BSA (bovine serum albumin) buffer with 10 µl incubated 

DNA–Qdot solution and flowed this solution into the flow channel with a flow rate of 30 µl/min. 

The biotinylated end was tethered to the surface of the PEGylated coverglass by biotin-

neutravidin (or biotin-streptavidin) interaction. 

For the DNA flow-stretching experiment with different buffer viscosity, after flowing the 

DNA-Qdot buffer solution, we flowed EBB buffer (without PEG) through the flow channel first 

followed by EBB buffer supplemented with 3% PEG or 5% PEG. EMCCD camera captured this 

experiment and exposure time was 200 milliseconds. We took around 1500-2000 frames. For the 

first 100-150 frames, there was no flow. The position of the Qdot in this region is the tethered 

point or unstretched DNA length. DNA stretched length was calculated alone at this point. As, in 

the viscosity experiment, EBB buffer flowed first before 3% or 5% PEG solution; when data 

were collected for 3% or 5% PEG, the first 300-400 frames contain only the effect of EBB buffer 
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on DNA stretching.  An exposure rate means the photons will be captured every 200 msec. 

Different experiments were conducted for 3% PEG in buffer solution and 5% PEG in EBB 

buffer. In DNA flow-stretching experiments, for investigating effects of different temperatures, 

after flowing the DNA-Qdot buffer solution, EBB buffer was used. The temperature of the buffer 

solution was manipulated using a heat block (Figure 7). In our experiment temperature of the 

buffer was increased and flowed through the flow cell. Thus, all the DNAs experienced the same 

temperature.  

 

Figure 7: Heat block 

Figure 8 shows the experimental setup of our experiment. In this picture, we can see the 

air spring, syringe pump, and flow cell. In the figure, the inlet tube of the flow cell is dipped into 

the buffer solution. The driving force for flow speed is the syringe pump which is attached to the 

air spring. Air spring is attached to the outlet tubing. The speed we got from the syringe pump 

was not smooth rather it was jerky motion. The air spring made flow smooth. The quantum dot 

was excited with 532 nm laser light, and it emitted fluorescence. The fluorescence, which was 
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emitted by quantum dots, was detected by the EMCCD camera. TIRF microscope was used in 

this experiment, so the background noise is negligible. 

The data were analyzed using MATLAB. To analyze the data, ImageJ software was also 

used. We opened the TIFF file of the movie using ImageJ software. Then, regions of interest 

(ROI) for both Cy3 and quantum dot channels were selected. The list of ROI (information of the 

selected area) is imported to custom-written MATLAB codes that perform Gaussian fitting on 

the signal and determine the positions of the quantum dots over time.  

For data analysis, one-dimensional Gaussian fitting was used to analyze the data. So, 

instead of analyzing the position of quantum dots in both x-y directions, the position of Qdots 

was only analyzed in the y-direction.  

 

Figure 8: Experimental setup ii. 
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In the next chapter, the experimental result which we obtained by using the experimental 

setup discussed in this chapter, will be discussed. Also, the pros and cons of this experiment and 

future development will be discussed in the following chapter. 
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CHAPTER III 

RESULT AND DISCUSSION 

If DNA is removed from an organism, contacts with proteins, and is placed in water, at 

moderate salt concentrations, DNA behaves as a flexible, self-avoiding polymer at long length 

scales. This behavior is statistically identical to those expected for any linear chain in a good 

solvent [41]. In other words, in a water-based solution, DNA adopts an elongated coil 

conformation. Stretching DNA in several investigations has shown that DNA exhibits unusual 

elastic behavior [42]. So, if a DNA molecule is subjected to external or internal stress, DNA 

stretches out. However,  overstretching transition happens when DNA stretched out beyond its B-

form contour length overstretching transition. This force is called overstretching transition force. 

When DNA stretched more than 1.7 times of its B-contour length, the force increased rapidly. The 

overstretching force for DNA double helix is about 65 pN [43] [43]. It was found that both 

overstretching transition and DNA melting are the functions of temperature [35][43]. DNA melting 

defines as the dissociation of DNA double helix into single-stranded DNA. DNA melting point 

depends on both heat and force. DNA melting temperature depends on the hydrogen bonds in DNA 

molecules. In the experiments performed for this thesis work, laminar flow is applied to the DNA 

to exert force on DNA. The force, which is exerted on the DNA in our experiment, is much lower 

than the overstretching force (<1 pN). Thus, there is no overstretching transition of DNA in this 

experiment. The contour length of DNAs used in our experiments is 16 µm in length. However, 

the end-to-end DNA distance under our flow-condition is only up to 12 µm (Figure 9). 
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Figure 9: Contour length (L) of DNA and its end-to-end distance. 

The simplest model of a linear polymer to study the elasticity and fluctuation of DNA is a 

string of beads that are joined by springs. Rouse's model said that each bead has the same drag and 

diffusion coefficients, and each bead act as a Brownian diffuser [44]. However, this model neglects 

the fact that each bead is under the effect of the flow field that is produced by other diffusing beads 

and this flow field is changing with time. This hydrodynamic interaction (HI) was included in the 

Zimm model and this interaction is the reason for the linear dynamics of the polymer [44]. 

However, the Zimm model includes hydrodynamics interaction between beads. According to him, 

each bead interacts with its neighborhood beads [44]. Although mathematical techniques were 

applied to calculate exact results for fluctuating hydrodynamics, this is not enough. To calculate 

the internal HIs of polymer dynamics more sophisticated mathematical techniques are needed. 

Because this field is still unsolved [44]. 

An international team (Berkley Lab) experimented on the flexible nature of DNA 

molecules, from the Berkeley National Laboratory under the Department of Energy's Lawrence 
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and they successfully captured the flexible nature of DNA. They attached gold nanoparticles to 

both ends of the DNA molecule. High-resolution 3-D images were captured to observe each DNA 

segment. Figure 10 shows the flexible structure of the DNA segments, which can be compared 

with jump ropes at the nanoscale. 

 

Figure 10: In this figure, the flexible nature of the double-helix DNA segments is shown. Both 

ends of this segment were connected to gold particles. The 3-D density maps, labeled with yellow 

and purple which are shown in this figure were reconstructed at Berkley lab from the induvial 

segment of DNA. They used individual-particle electron tomography or IPET to reconstruct these 

maps. (Credit: Berkeley Lab) (Revealing the Fluctuations of Flexible DNA in 3-D.” 

https://newscenter.lbl.gov/2016/03/30/revealing-the-fluctuations-of-flexible-dna-in-3-d/ 

(accessed Jul. 12, 2021). 
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In our experiment, the fluctuation of DNAs at different temperatures and viscosity was also 

calculated, to see how DNAs behave at different drag forces and temperatures. To see the effect 

of drag force on the fluctuation of DNAs, three different buffer solution with three different 

viscosity was used at room temperature. The temperature of the buffer solution was increased from 

4ºC to 30ºC to see the effect of temperature on the fluctuation of DNA. To calculate the fluctuation, 

the standard deviation of the stretched length of DNAs for different conditions was calculated. 

3.1 Effect of viscosity in flow stretched DNA 

As we discussed earlier, cellular environment is very crowded which may impact 

biomolecular function in vivo. But in vitro experiments, this effect is often not considered. The 

goal of our experiment is to observe the effect of the crowded cellular environment on flow 

stretched DNAs. We have investigated the effect of viscosity in flow-stretched DNA by utilizing 

polyethylene glycol (PEG) as a crowding reagent. At constant temperature, four different buffer 

solutions of four different viscosities were used in our experiment: EBB (10 mM Tris pH 8.0, 

150 mM NaCl, 10 mM MgCl2), the ones supplemented with 3% (w/V) PEG, 5% (w/V) PEG, 

and 10% (w/V) PEG. But DNAs got stuck on the surface of the cover glass when 10% PEG 

(w/V) was used. Brookfield digital rheometer MODEL DV-III+ was used to measure the 

viscosity of each solution. We have performed three different measurements for each sample and 

each condition. We have increased revolutions per minute (rpm) from 20 to 100. Figure 11 

shows the measured viscosity of four different buffer solutions with different rpm of the spindle 

of Brookfield digital rheometer MODEL DV-III+.  
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Figure 11: Viscosity of different solutions with the spindle rpm at 22 ºC. rpm of the spindle was 

changed from 20 to 100. The viscosity of the solutions depends on applied stress. The viscosity 

of 10% PEG with EBB Buffer solution is higher than other solutions. The unit of the viscosity of 

the graph is cp which stands for centipoise which is equal to mPa´s. 

Figure 11 shows the measured viscosity for different rpm of the spindle. It was observed 

that with the increase of rpm, viscosity increases for all the solutions. When rpm of the spindle is 

increased from 20 to 100, viscosity for EBB buffer, 3% PEG suspended in EBB buffer, 5% PEG 

suspended in EBB buffer and 10 % PEG suspended in EBB buffer increased from 2 cp to 12 cp, 4 

cp to 17.6 cp, 8 cp to 18.4 cp and 10 cp to 24.4 cp, respectfully.  
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The non-Newtonian fluid does not obey newton’s law of viscosity. Viscosity is independent of 

applied stress according to Newton’s law. But for non-Newtonian fluid, viscosity depends on the 

applied stress. From Figure 11, the viscosity is changing with the increase of rpm. Because of 

this, it is safe to say that the fluid, used in our experiment, is a non-Newtonian fluid. For non-

Newtonian fluid, viscosity is equal to shear stress divided by share rate.  

Figure 12: Velocity profile of laminar flow. 

For laminar flow, at the boundary, velocity is zero and at the middle of the channel, the 

velocity is highest. So, the velocity gradually changes from zero to its maximum velocity. 

Velocity reaches Vmax in the middle of the height. 

The flow channel had a rectangular cross-section of our experiment with a cross-section 

1.85 mm x 0.12 mm. 

In our experiment, for the first 100 -140 frames, no flow was present. As, the DNA is a 

flexible polymer and keeps fluctuating in the solution, to calculate the tethered point, the average 

position of the DNAs in this frame was considered as a tethered point of the DNA or unstarched 

DNA length.   
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Figure 13 shows the DNA stretching versus the time when DNA was stretched using 5% 

PEG in EBB buffer solution.  The exposure rate of this experiment was 200 milliseconds. This 

means that data were taken every 200 milliseconds. From Figure 13, it is clear that for the first 

20.6 seconds there is no flow, which means during the first 103 frames. Buffer flow starts after 

103 frames. It takes few seconds to stretch the DNA fully. In figure 13, the DNA is fully 

stretched at around 38.2 seconds or 191 frames. From figure 13, DNA stretching divides into two 

parts: the first part is DNA stretching with EBB buffer and the second part is DNA stretching 

with 5% PEG in EBB buffer. DNA stretching for EBB buffer was sustained from 38 (or 190 

frames) seconds to 85 seconds (or 450 frames). DNA stretching for 5% PEG in EBB buffer 

solution was sustained from 92 seconds (or 460 frames) to 400 seconds or (2000 frames). From 

this figure stretched length and fluctuation of DNA were calculated. The average position can be 

calculated from the average value for different conditions (See Fig 13). From the average 

position, the Stretched length of DNA can be calculated. Fluctuation of DNAs can be calculated 

from the standard deviation of the position of the Qdots (Fig. 13). 
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Figure 13: The stretched DNA length versus time. 

Figure 14 shows the histogram for stretched DNA length and fluctuations of DNA for 

EBB buffer and the one with 3% PEG, respectively. In our experiment, the EBB buffer flowed 

with a 50 µl/min flowrate followed by a 3% PEG buffer. 
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Figure 14:  Histogram of flow-stretched DNA length and fluctuation of DNAs. a) Histogram of 

the flow-stretched length of DNA for EBB Buffer b) Histogram of the flow-stretched length of 

DNA for EBB Buffer containing 3% PEG c) Histogram of Fluctuation of DNA for EBB Buffer 

d) Histogram of Fluctuation of DNA for 3% PEG Buffer. The sample number is 50 from 2 

different experiments. 
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In the above histogram, 50 samples were taken from 2 different experiments. From the 

above histogram, for stretching DNA with EBB buffer, the length between 11 µm to 11.5 µm has 

the highest frequency and length between 4.5 µm to 5 µm and 7 µm to 7.5 µm has the lowest 

frequency which is 1. For stretching DNA with 3% PEG suspended in EBB buffer, the length 

between 11.5 µm to 12 µm has the highest frequency and length between 5 µm to 5.5 µm and 7.5 

µm to 8 µm has the lowest frequency which is 1. So, from this histogram, it can be observed that 

stretched length for DNAs has increased by 3% PEG suspended in EBB buffer. From these 50 

samples, the average fluctuations for EBB buffer and 3% PEG in EBB buffer were 0.4168 µm 

and 0.3508 µm, respectively. So, the viscosity decreases by more than 15% when 3% PEG 

suspended in the EBB buffer solution was introduced in the flow channel. 

 Figure 15 shows a histogram for EBB buffer and 5% PEG. In this experiment, the EBB 

buffer has flowed at a 50 µl/min flow rate followed by a 5% PEG buffer.  
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Figure 15: Histogram of stretched length and fluctuation of DNAs for 5% PEG solution in EBB 

buffer. a) Histogram of the stretched length of DNA for EBB Buffer b) Histogram of the 

stretched length of DNA for 5% PEG containing EBB buffer c) Histogram of Fluctuation of 

DNA for EBB Buffer d) Histogram of Fluctuation of DNA for 5% PEG Buffer. The Sample 

number is 51 which was taken from 3 different experiments. 
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In the above histogram, 51 samples were taken from 3 different experiments. From figure 

15, it can be observed that for stretching DNA with EBB buffer, the length between 11.5 µm to 

12 µm has the highest frequency and the length between 4.5 µm to 5 µm, 6 µm to 6.5 µm, 8.5 

µm to 9 µm, 9.5 µm to 10 µm and 10.5 µm to 11 µm has the lowest frequency which is 1. For 

stretching DNA with 5% PEG in EBB buffer, the length between 12.5 µm to13 µm has the 

highest frequency and the length between 4.5 µm to 5 µm, 6.5 µm to7 µm, 9 µm to 9.5 µm, 10.5 

µm to11 µm and 11 µm to 11.5 µm has the lowest frequency which is 1. Therefore, from this 

histogram, it can be stated that stretched length for DNAs has increased by 5 % PEG. The 

average fluctuations from the above 51 points for 5% PEG solution in EBB buffer were 0.2624 

µm which was more than 28% lower than the fluctuation while using EBB buffer alone. The 

average fluctuation of DNAs for 3% PEG and 5% PEG are 15% and 28% lower than the 

fluctuations of DNAs for EBB buffer respectively. Thus, it can be concluded that DNA length 

and fluctuation are a function of viscosity. 

 

Figure 16: Flow-stretched length of DNA with PEG concentration in EBB buffer. 
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The above graph indicates that average length for 0% EBB is lower than 12 µm while the 

one for 5% EBB is ~12.5 µm. It implies only a 0.7 µm- 0.8 µm increase in length. 

One of the reasons for the length extension upon using high viscosity fluid was the drag force. 

The drag force is directly proportional to velocity when the flow has a low Reynolds number. 

When a particle with a radius of r, moves with a velocity v in a fluid with viscosity η we can 

write:  

Fd = 6π η v r 

The length of DNA used in this experiment is 16 µm and the fluorescence-labeled 

quantum is 20 nm. DNAs are semi-flexible polymers. Therefore, the stretching of DNA depends 

on the applied force. The more the applied force is, the more the DNA will stretch out. 

One of the reasons behind the decrease of fluctuation with increasing viscosity could be the 

compactness caused by the crowded environment. From the change of fluctuation, we can say 

that a crowded environment indeed influences the activity of biomolecules.  

3.2 Effect of temperature on flow stretched DNA 

As it has been stated above, temperature affects DNA twisting, overstretching transition 

of DNA, and DNA melting.  Moreover, it was observed that if a thermal gradient is applied to 

DNA, it will cause some internal tension which will result in DNA stretching. In our experiment, 

the temperature gradient was not applied to the DNA; rather temperature was increased 

uniformly in all parts of the microfluidic flow cell. In our experiment, the stretching of DNA 

under various temperatures was investigated. 
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Figure 17 shows DNA stretching at different temperatures. Figure 17 can be divided into 

7 regions; without any flow (o second to 47 seconds), 4 C (63 seconds to 132 seconds), 10 

ºC(336 seconds to 385 seconds), 15ºC (644 seconds to 690 seconds), 20ºC (945 seconds to 990 

seconds), 25ºC (1168 seconds to 1190 seconds), and 30ºC (1432 seconds to 1460 seconds). From 

figure 17, a slight change in the DNA stretched length from temperature 4ºC to 30ºC was 

observed. Nevertheless, the change in fluctuation is difficult to tell just by looking at the figure. 

To calculate the fluctuation of the DNAs at the different temperatures, the standard deviation of 

length was calculated. Because of that, the unit of the fluctuations of the DNA was micron in this 

experiment. 
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Figure 17: Stretching length of DNA versus time. 

Figure 18 shows histograms for the length of DNA stretching at various temperatures. In 

this histogram, there are 50 data points are taking from 4 different experiments. The average 

stretched lengths of DNA for 4ºC, 10ºC, 15ºC, 20ºC, 25ºC, and 30ºC are 11.0360 ±1.2627 µm, 

11.0706±1.3512 µm, 11.1914±1.2592 µm, 11.2708±1.2871 µm, 11.1890±1.2932 µm, and 

11.4081±1.5542 µm respectively. There is a slight change in the average stretched length of 

DNA from 4ºC to 30ºC which is about 0.5 microns. 
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Figure 18: Histogram of the stretched length of DNAs for a) 4C, b) 10 ºC, c)15 ºC, d) 20ºC, e) 

25 C, and) 30 ºC. The sample number is 50 which were taken from 4 different experiments. 
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Figure 19: Stretched length of DNA versus Temperature. 

From Figure 19 it can be observed that the average stretched-length of DNA increases 

from 4 ºC to 20 C which is almost linear. Then the average stretched length of DNA decreases 

at a temperature of 25C, and then increases again at a temperature of 30C. Overall, the length 

change from 4C to 30 C is about 0.5µm. Jiang, H. R., & Sano, M. have found that if the 

temperature gradient is applied to DNA, they create internal tension on the DNA, and DNA 

stretches out. [36].  They measured conformations of one end tethered and two ends tethered 

DNA in different temperature gradients up to 3K∕μm. They have observed that the length of 
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DNA increases with the increase of temperature gradient. Also, it was found that overstretching 

force depends on temperature. With the increase of temperature, overstretching force decreases. 

From our experiment, it was found out that temperature does influence the stretched length of 

DNA. So, it can be said that high temperature creates some pressure which in turn increases the 

stretching length of DNAs. 
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Figure 20: Histogram of fluctuation of DNAs for a) 4 ºC, b)10 C c)15 ºC, d)20 C, e) 25 C, and 

e) 30 C. The sample number is 50 which were taken from 4 different experiments.
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Figure 20 shows the distribution of fluctuation of DNAs for different temperatures. There 

are 50 sample points from 4 different experiments. Average values of fluctuation for 4 ºC, 10 ºC, 

15 ºC, 20 ºC, 25 ºC, and 30 ˚C are 0.4919 µm, 0.3638 µm, 0.3735 µm, 0.4302 µm, 0.3762 µm 

and 0.4163 µm, respectively. There is no definite trend in fluctuation with different temperatures. 

Temperature changes play little or no role in flow-stretched DNAs under our experimental 

conditions.  

The data obtained from a series of single-molecule flow-stretching experiments with 

different temperatures and buffer viscosity indicate that the degrees of DNA stretching by flow 

(the length of flow-stretched DNAs) are affected by both temperature and viscosity. We also 

found out that buffer viscosities lead to changes in DNA fluctuations under flow. However, no 

noticeable changes in fluctuation were observed with different temperatures. 
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CHAPTER IV 

CONCLUSION 

In this experiment, single-molecule biophysics was used to study the effect of 

temperature and viscosity on flow-stretched DNA. From our experiment, it was found that 

temperature affects DNA stretching when the applied force is much lower than the 

overstretching force. The total increase of length from 4 C to 30 C was almost 0.5 µm which is 

almost linear. However, no noticeable change in the fluctuation of DNAs was observed with 

different temperatures. In future work, the effect of temperature on the fluctuation of the 

overstretching DNA will be studied.  

Again, for viscosity, a significant change in the stretched length of DNA was found from 

our experiment. Also, the viscosity affects fluctuation. We saw a noticeable decrease in the 

fluctuation with the increase of viscosity. The average fluctuation for EBB buffer and 3% PEG in 

EBB buffer solution were 0.4168 µm and 0.3508 µm respectively. So, the DNA fluctuation 

decreases by more than 15%. The average fluctuations with 5% PEG solution in EBB buffer 

were 0.2624 micron which was more than 28% lower than the fluctuation while using EBB 

buffer. From this, it is clear that with the increase of the viscosity of buffer solution at a constant 

temperature, the Fluctuations of DNAs decreased. One of the reasons can be the compact 

environment created by high viscosity. Because of this compacted environment, high viscosity 

fluid can stretch DNA more than the lower viscosity fluid. 
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The total change of the stretched length of DNAs was changed almost 0.7 µm - 0.8 µm for 0 % 

PEG in EBB buffer to 5% PEG in EBB buffer solution in our experiment. 

The experiment with 10 % PEG solution in EBB buffer was failed. it affects the surface 

passivation and DNA got stuck on the cover glass. In the future, 10 % PEG in buffer solution 

with better surface passivation can be used to do this experiment. 
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