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ABSTRACT 

Molecular analysis of free circulating (fc)DNA has the potential to change the 

face of medicine, specifically in cancer diagnostics and in monitoring the efficacy of 

cancer treatments.  In this study, a microfluidic device using AC electrokinetics is 

developed for rapid concentration and detection of fcDNA from blood.  The device 

rapidly concentrates fcDNA from a blood sample using a combination of AC 

electrothermal flow and dielectrophoresis.  The electrothermal fluid motion drives the 

fcDNA towards the center of the electrode where dielectrophoretic trapping of the 

fcDNA occurs.  Once the fcDNA is collected at the center of the electrode, the 

concentration in the blood sample can be determined by fluorescent analysis with an 

intercalating dye that binds to double-stranded DNA.  The effects of the operating 

parameters are investigated to optimize the design of the device.  The electrokinetic 

device can isolate high molecular weight DNA, which can be distinguished from low 

molecular weight DNA.  Quantitative detection of fcDNA in physiologically relevant 

concentrations is demonstrated toward rapid diagnostics of cancer and monitoring of 

treatment efficacy.     
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INTRODUCTION 

Cancer and disease are two of the most prevalent problems in the world where 

there are not many early diagnostic tools.  There also not many options for determining 

whether or not the therapies for cancer are working effectively or not.  According to 

Cancer Research UK, there were 14.1 million adults diagnosed with cancer in the world 

in 2012.  There were also 8.2 million deaths due to cancer in 2012.  Of those who are 

diagnosed with cancer and dead from cancer, over half of the diagnosed and over 60% of 

the deaths occur in less developed regions of the world [1].  With so many people at risk 

for cancer, having cancer, but limited medical care, or having cancer and not even 

knowing it, many researchers are looking at newer, quicker ways to determine who has 

cancer.  And hopefully with these new techniques, we will detect that cancer at an earlier 

stage so treatment possibilities can be more effective. 

One biomarker that researchers have been studying is free circulating (fc) DNA 

from physiological samples, like blood and urine.  The details of where this DNA comes 

from will be discussed later, but the importance of this fcDNA is many people have been 

using it as a biomarker for various cancers as well as for the different stages of a cancer.  

So if fcDNA could be isolated from the physiological sample, and then quantified to 

determine whether or not someone has cancer, then this biomarker could be the new 

development in cancer diagnostics and cancer treatment efficacy that medicine has been 

waiting for.   

The purpose of this thesis is to prove that isolation of fcDNA is possible with a 

microfluidic device using alternating current (AC) electrokinetics.  Also, potential for this 

technology in cancer diagnostics and cancer treatment efficacy will be shown with the 

optimization of the microfluidic device.   

BACKGROUND OF FREE CIRCULATING DNA 

 Isolating fcDNA is great if the assumption that someone with cancer and/or 

disease has a different amount or type of DNA than a normal person.  But are the types of 

DNA between a normal and cancer patient different? If so, how are they different?  Could 

fcDNA be used as a biomarker for cancer?  For some cancers, research has been shown 

to look at the concentrations and the type of fcDNA present in blood and/or urine, and it 

was also quantified to show the difference between the cancer patients and the normal 

patients. So from the viewpoint of cancer diagnostics, and cancer treatment efficacy, 

fcDNA as a viable biomarker seems to hold some truth. 

 But where does this DNA come from?  One process that adds fcDNA to the blood 

is called apoptosis. Most of the fcDNA in blood comes from this process in a normal 

human being: a cell with shrink and condense, then be lysed and broken down in smaller 

and smaller parts, and the DNA from the broken down cell will be released into the 

blood.  However, if someone is not healthy (like a disease or cancer is affecting their 

body), some of the cells will follow a process called necrosis where there is a 

spontaneous release of newly synthesized nucleic acids, or the incomplete breakdown of 

blood cells, and/or pathogens.  Because of this release of DNA from new cells or old cells 

breaking down, then the amount of fcDNA would also increase [2] and this fcDNA 

would tend to be longer strands (more base pairs).  So there are two different processes 
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for creating fcDNA (apoptosis and necrosis) that is released into the blood, and 

distinguishing between the two types of DNA is important.   

The size of the fcDNA can be the determining factor for where the fcDNA comes 

from.  As briefly mentioned earlier, lower molecular weight (i.e. the less base pairs, or 

shorter strands of) DNA typically come from the normal cell killing cycle apoptosis, 

while those that come from necrosis typically exhibit more base pairs or a higher 

molecular weight.  It is believed that in the normal human being, the fcDNA from 

apoptosis typically shows lengths of 180-1000 base pairs while the fcDNA from necrosis 

tends to be longer, like 10,000 base pairs, and is believed to be because of the 

incompletion of digestion of the DNA molecules and other cellular components [2] [3].  

Once the cells have been broken down and the DNA released, it can be released into the 

blood, urine, or other fluids found in the body.  Urine, synovial fluids, saliva, and sputum 

might be options for isolation of fcDNA, but the focus of this study is the fcDNA from 

blood (whole blood or blood plasma/serum) and how well it could work for the 

cancer/disease applications. 

It has been established in the literature that fcDNA can be a biomarker for cancer 

and disease.  Many cancers and diseases have been looked at including breast cancer, 

prostate cancer, acute dengue virus, lung cancer, ovarian carcinoma, and gastrointestinal 

disease.  Brief details of these various cancers and studies will be described under the 

following applications: cancer/disease diagnostics, cancer monitoring, and cancer 

treatment efficacy. 

CANCER/DISEASE DIAGNOSTICS 

 Some cancers looked at from a diagnostic standpoint when looking at fcDNA in 

the blood include breast cancer [4] [5], prostate cancer [6] [7] [8], dengue virus infection 

[9], pancreatic cancer [10], and lung cancer [11].  With all of these cancers, the amounts 

and lengths of DNA in the cancer/diseased patient vary, but they consistently report 

longer strands of DNA, like upwards of 80,000 base pairs for pancreatic cancer [10], and 

also higher concentrations, like ~300-2000 ng/mL for dengue virus infection [9].  With 

this information, it would seem like this would be a great diagnostic tool.  However, it is 

important to note that at the same time some cancers and/or diseases can have really low 

amounts of fcDNA; it can be so low that it would appear to be in the normal range for 

fcDNA.  So keeping that in mind with the fcDNA method of detection, not all people 

with cancers or diseases will be found, but this method of detection could still potentially 

help many people.  

CANCER MONITORING 

How it could help one may ask.  It could detect cancers earlier.  A good example 

of this would be with breast cancer and the various stages of it that people go through.  

According to Z.H. Huang et al. [4], their normal healthy controls typically had a 

concentration of 13 ng/mL of fcDNA, while those with breast cancer were at levels of 65 

ng/mL, and those with benign breast disease were at 22 ng/mL.  In that study, some 

people varied with being much lower or higher than these values for each group, but the 

mentioned values were the median trends.  For the people with breast cancer, Z.H. Huang 
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et al. [4] looked at the four different stages and reported 59 ng/mL, 62 ng/mL, 70 ng/mL, 

and 66 ng/mL for Stage I, II, III, and IV respectively, and all were higher than the control 

of 13 ng/mL.  Stages I and II seem to report similar concentrations of fcDNA (still higher 

than the control) while the later stages III and IV seem arguably higher than the Stages I 

and II.  Stating that the later stages of breast cancer have higher concentrations of fcDNA 

than the earlier stages of breast cancer and that the earlier stages of breast cancer are 

higher than the healthy controls could establish a trend allowing for distinguishing 

normal patients, early stage breast cancer patients, and later stage breast cancer patients.  

Finding the higher levels of fcDNA for the earlier stages is also good for earlier detection 

of the cancer, leading to quicker response with treatment/cancer therapies, and maybe a 

more positive prognosis for the patient.  This type of study could be applied to many 

other cancers, and if similar trends are observed, it could save the lives of so many more. 

CANCER TREATMENT EFFICACY 

Not only would the diagnostic/prognostic side to fcDNA be beneficial, but 

fcDNA as a biomarker could be utilized to monitor how well a treatment is or is not 

working.  Some examples of this in the literature include a study on a variety of cancers 

trying to establish reference ranges for concentrations of fcDNA and another study on 

ovarian cancer with chemotherapy used as the treatment method.   

In the study by Leon et al. [12], the scientists looked at creating a reference range 

for various cancers and compare them to the normal fcDNA range for before and after 

treatment with radiation therapy.  Some cancer patients with lung, ovary, uterine, cervix, 

or lymphoma tumors generally showed a decrease in DNA levels in the serum; however, 

there were inconsistent results for other patients with tumors, like with breast, colon, 

rectum, and glioma [12].  Some of the inconsistent results seemed to be related to 

treatment not being beneficial; treatment was considered beneficial when noted with a 

decrease in tumor size and/or reduction of pain [12].  When treatment was unsuccessful, 

the fcDNA levels tended to remain the same, or even increase [12].  So monitoring the 

levels of fcDNA can illustrate not only if someone has cancer or disease (higher than 

normal concentrations of fcDNA), but whether or not their treatment option is actually 

effective because the concentration of fcDNA will decrease if effective or will remain the 

same or increase if not effective. 

Another study, by A. A. Kamat et al., demonstrating a similar result included 

observations on ovarian cancer in mice, where treatment used was chemotherapy [13].  

The ovarian cancer results seemed to illustrate the treatment not working initially when 

the fcDNA levels increased (63% above baseline) within 24 hours after treatment, but 

then after 72 hours the fcDNA levels decreased 20% below baseline, and continued to 

drop even after 10 days to 83% below baseline [13].  So the treatment appeared to work 

within a couple of days, just not right away.  A. A. Kamat et al. [13] also tested to see if 

fcDNA would increase when increasing tumor burden, which the fcDNA amount did 

increase.  A. A. Kamat et al. concluded that using fcDNA to monitor what was happening 

could indicate whether or not the treatment was working (indication by decreasing 

fcDNA levels) or the tumor was growing (increasing levels of fcDNA) [13]. 
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So from the brief aforementioned examples in the literature, using fcDNA as a 

biomarker for cancer and disease is fairly logical.  The levels of fcDNA in 

blood/plasma/serum can potentially identify someone with cancer or disease in a 

diagnostic respect.  Also, it could determine the stage of cancer or the progression of the 

cancer.  And finally, it can monitor how well cancer treatments are working for each 

patient.  The next step is to be able to isolate the fcDNA from the blood or plasma or 

serum sample and accurately quantify how much is in sample in a timely manner.  

THEORY OF MICROFLUIDICS 

 One method of isolating this fcDNA is by using alternating current (AC) 

electrokinetics in a microfluidic channel with an electrode present. There are many forces 

related to this microfluidics field, and this study focuses on two of them: AC 

electrothermal (ACET) flow/force and dielectrophoresis (DEP).  The combination of the 

two of these forces allows for a device to isolate the fcDNA.  The ACET flow drives the 

fcDNA toward the center of the electrode where the DEP force acts to trap the fcDNA 

along the center edges of the electrode. 

 

The ACET flow and force is typically defined by the localized heating of the 

medium causing discontinuities in the medium conductivity and permittivity [14].  

Another way of saying this is the ACET force can create a fluid flow (ACET flow) from 

the force created by the temperature gradient (created by the joule heating of the solution) 

in the medium [15].  Because of the size of the electrodes however, these discontinuities 

are extremely small and may be somewhat insignificant [14].  With the joule heating and 

the temperature gradient, the solution exhibits local changes in conductivity, permittivity, 

viscosity, and density of the solution [15].  The temperature change can be estimated by  

∆𝑇 ≈
𝜎𝑉2

𝑘
                Equation 1: Temperature change approximation due to electrothermal force [16] 

where T is temperature, σ is conductivity, V is voltage, and k is the thermal conductivity 

of the fluid.  The maximum temperature increment can be approximated by  

∆𝑇 =
𝜎𝑉2

8𝑘
                                      Equation 2: Maximum change in temperature [16] 

It is important to note that the change in temperature is proportional to the voltage 

squared, because this can help characterize the fluid flow as ACET fluid flow.  This will 

be used later in the study to check the characteristics of the microfluidic device. 

Because of the mentioned temperature gradient, the fluid flow (ACET fluid flow) 

exists, and the maximum velocity in the ACET flow can be defined as  

𝑣𝑚𝑎𝑥 = 0.000528
|𝑀|

𝑇

𝜀𝜎𝑉4

𝑘𝜂𝑟
               Equation 3: Maximum velocity according to electrothermal flow [16] 

where |M| is a dimensionless factor describing variation of electrothermal force and is 

dependent on temperature (T), conductivity (σ), permittivity (ε), and the frequency (ω) 

[15] [16]; where V is the amplitude of the voltage applied, k is the thermal conductivity 

of the fluid, η is the dynamic viscosity of the solution, and r is the radius from the center 

of the electrode [16].  It is important to note that the maximum velocity is on the order of 
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V4 (voltage to the fourth power) for the ACET flow, because for the DEP force to be 

described next, the velocity is on the order of V2 (voltage squared).  Like with the 

temperature gradient being proportional to the voltage squared and using this to 

characterize the flow as ACET flow in the device, the difference of power (V2 vs V4) 

between the two forces used in this device can allow for differentiation between the two 

forces at work, and which one is actually dominating in the situation. 

 

Another force important to the isolation and separation of fcDNA in the 

microfluidic device is dielectrophoresis (DEP).  In most cases, DEP separates the 

particles of a solution based on their size and on their polarizability compared the 

medium which the particles are submersed in [17].  In general terms, when an electric 

field is applied to an electrode and the medium with varying sizes of dielectric particles, 

the electric field will induce a dipole within the particle, allowing it to become polarized 

[17] [18].  Because these particles now have charged portions, they tend to move to one 

of two different regions with DEP, the high field DEP region or the low field DEP region 

[17].  When particles go to the high field DEP region, the particle is under positive DEP 

and this is because the particles are more polarizable than the medium (see Figure 1) [17]. 

If the particles go to the low field DEP region, the particles are less polarizable than the 

surrounding medium and thus under the influence of negative DEP (see Figure 2) [17]. 

 
Figure 1: This figure illustrates when positive DEP occurs: an alternating current (AC) electric field is 

applied (seen in the thin black lines), then the particle becomes polarized creating high field regions 

(green) and low field regions (blue); after polarization, the particle is moves to the high field region 

because it is more polarizable than the solution it is in. [14] [16] [19] 
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Figure 2: This figure illustrates when negative DEP occurs: an alternating current (AC) electric field is 

applied (seen in the thin black lines), then the particle becomes polarized creating high field regions 

(green) and low field regions (blue); after polarization, the particle moves to the low field region because it 

is less polarizable than the solution it is in. [14] [16] [19] 

Knowing the two types of DEP and how it separates the particles based on their 

size and their polarizability due to the electric field applied is important.  But in order to 

distinguish DEP as being the dominant force or to be able to characterize DEP is equally 

important.  The time average force for DEP, looking at the real component only, is 

𝐹𝐷𝐸𝑃 = 2𝜋𝜀𝑚𝑟3𝑅𝑒 [𝐾(𝜔)]𝛻𝐸𝑅𝑀𝑆
2

  Equation 4: Force of Dielectrophoresis [14] [15] [17] 

where E is the magnitude of the electric field applied to the electrode, r is the radius of 

the spherical particle (assumption is made that the object moved by the DEP is spherical 

for simplicity), and 𝑅𝑒 [𝐾(𝜔)] is the real part of the Clausius Mossotti Factor (CMF).  

The real part of the CMF is defined in Equation 5, 

 𝑅𝑒 [𝐾(𝜔)] = 𝑅𝑒(
𝜀𝑝

∗ −𝜀𝑚
∗

 𝜀𝑝
∗ +2𝜀𝑚

∗ )  Equation 5: Real part of the Clausius Mossotti factor K(ω) 

[14] [15] [20] [17] 

where 𝜀𝑝
∗  𝑎𝑛𝑑 𝜀𝑚

∗  are the complex dielectric permittivities of particle and medium 

(complex meaning that the numbers have both real and imaginary portions and defined as 

ε* = ε-jσ/ω, where j2=-1, ε is the dielectric constant, and σ is the conductivity) [14] [15].  

The CMF describes the frequency variation of the DEP mobility force [15].  Or another 

way to understand what the CMF does is if Equation 5 is greater than zero, then positive 

DEP occurs because the particle is considered more polarizable than the surrounding 

medium, but if Equation 5 is less than zero, then negative DEP acts on the particle 

because it is considered less polarizable than the surrounding medium [17] [18].   
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From the force equation (seen in Equation 4), some calculations can be made to 

find the velocity of the particle in the solution/medium to be, 

 

𝑢𝐷𝐸𝑃 =
𝑣𝑅𝑒(𝛼)

4𝛾
𝛻|𝐸|2 =

𝑎2𝜀

6𝜂
𝑅𝑒 [

𝜀𝑝
∗−𝜀𝑚

∗

 𝜀𝑝
∗+2𝜀𝑚

∗ ] 𝛻|𝐸|2        Equation 6: DEP-induced velocity of spherical particle 

[16] 

The aforementioned equation (Equation 6) can be simplified by assuming CMF to be 1, 

and electric field to be defined as 𝐸 =
𝑉

𝜋𝑟
, to 𝑢𝐷𝐸𝑃 ≈ 0.03

𝑎2𝜀

𝜂

𝑉2

𝑟3
 where 𝑎 is the particle 

radius, ε is the electrical permittivity of the medium, η is the dynamic viscosity of the 

medium, V is the amplitude of the applied voltage, and r is the distance from the center of 

the system [16].  With this, the velocity of the particle is observed to be on the order of 

V2.  So this voltage squared can allow one to characterize the flow as under DEP control; 

and as mentioned earlier, ACET can be characterized by speed being on the V4.  Speed of 

the (spherical) particle could thereby be analyzed in the microfluidic device to identify 

the dominating force, the ACET force or the DEP force, in the setup. 

AC ELECTROKINETIC FORCES APPLIED TO DNA 

A few of the current projects using this technology (mainly DEP forces, none 

researched used ACET) to isolate DNA will be described in the following paragraphs.  

One device uses round electrodes in a checkerboard pattern to isolate the DNA at the 

electrodes while the blood cells accumulate in between the electrodes [21] [22] [23].  

Another method uses etched quartz with an array of constriction points that when an 

electric field is applied, DEP can be utilized to trap the DNA at the constriction points 

[24].  And finally, the third method to be discussed will use nanotweezers and DEP to 

isolate single DNA molecules [25]. 

 The first device mentioned was an AC electrokinetic device which utilizes round 

electrodes and the DEP process to separate DNA from blood cells [21] [22] [23].  As 

mentioned earlier, the electrodes were placed in a checkerboard pattern, where an AC 

signal is applied to every other one while the ground attached to the rest.  This created 

high field DEP regions and low field DEP regions, allowing positive DEP and negative 

DEP to separate the different size particles (DNA vs blood cells).  The DNA was more 

polarizable than the solution in this AC electrokinetic device, so positive DEP worked to 

pull the DNA over the electrodes (high field DEP regions) while the negative DEP pulled 

the blood cells to the regions in between electrodes (the low field DEP regions) [21] [22] 

[23].  The groups studying this device illustrated the device can be used to separate the 

HMW DNA and microspheres from a low conductive solution first [23].  Then, they went 

on to show separation of HMW DNA from blood by putting the blood sample into the 

device, letting the device run with an applied AC voltage of 20 Vp-p (voltage peak-to-

peak) at 10kHz for 15 minutes, and then washing the surface of the electrodes to remove 

the blood cells while the DNA remains in the high field regions over the electrode [22].  

They also demonstrated the potential of using this device as a diagnostic tool for cancer 

patients by showing separation of the HMW DNA from early stage Chronic Lymphocytic 

Leukemia cancer patients’ blood and showing it was significantly higher compared to a 
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normal blood sample [21].  The benefits of using this type of device would be identifying 

cancer related DNA biomarkers with a small sample of blood in a short amount of time.  

It also required minimal sample processing which allows for the shorter time frame. 

 Another technology using DEP to separate DNA particles to is electrodeless DEP.  

Chou et al. looked at how DEP and polarization affects biopolymers, particularly DNA, 

and concluded that the potentials of this technology include separation of biological 

objects (various cells) and even the trapping and manipulation of DNA molecules [24].  

The way DEP can work without an electrode is by making dielectric constrictions in a 

material and passing an electric field through that material [24].  Particularly for this 

study by Chou et al., a quartz wafer was etched to have constriction points set up in an 

array and then when an electric field was applied, the DNA would be isolated and trapped 

at the constriction points in the quartz wafer [24].  Chou et al. were able to characterize 

how length of the DNA and frequency of the signal would affect the electrodeless DEP 

[24].  They were able to “trap and concentrate single- and double-stranded DNA” which 

could allow for “selective trapping of specific size DNA”, cleaning up PCR results, 

enhancing sensitivity of detection limits for gene array chips, and “acceleration of gene 

hybridization rates”. [24] 

 A third technology that utilizes DEP for isolation of DNA is nanotweezers.  

Kumemura et al. studied silicon nanotweezers with the application of a pulsed DEP for 

single DNA molecule trapping [25].  The result was successful at stretching and 

capturing the lambda-DNA at the opposing nanotweezer tips by applying 50 ms pulses of 

a 1MHz, 1MV/m AC DEP voltage [25]. The reason for the pulsing allows for minimal 

electrothermal flow effects, so the single DNA molecule could be trapped [25]. 

  

All in all, the technology for isolating DNA is currently being studied and 

validated.  There have been successful attempts for isolating DNA from solution (blood 

or buffer) with the DEP nanotweezers or the electrodeless DEP or even the electrode 

array.  The technology is still new however, and use in the clinical setting has yet to be 

achieved because the mechanisms for making this work and to optimize the process for 

concentrating DNA is still a work in progress.  There is potential for using AC 

electrokinetics to isolate and separate DNA. 

APPLICATION TO THIS MICROFLUIDIC DEVICE 

When applying this knowledge about DEP and ACET flow to this study, 

characterization of the fluid flow and analysis of the particle motion are attributed to 

these forces.  The following figures help describe the fluid motion observed.  Figure 3 

and Figure 4 describe the overall fluid motion due to the ACET force observed from the 

top of the microfluidic device and looking down upon the electrode: seen closer to the top 

of the poly(dimethylsiloxane) (PDMS) channel, the ACET flow moves away from the  

electrode center (as seen in Figure 3), and seen closer to the glass substrate (the bottom of 

the channel), the ACET flow is observed to move toward the electrode center (as seen in 

Figure 4). 
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Figure 3: The figure above illustrates the fluid motion due to the ACET force (in blue) near the top of the 

PDMS channel (the motion is away from the electrode center). 

 
Figure 4: The figure above illustrates the ACET flow motion (in blue) toward the center of the electrode 

when positioned near the glass substrate and electrode. 

So in Figure 3 and Figure 4, the motion of the particles and fluid are observed to have a 

circular type motion.  In Figure 5, the side cross-sectional view of the microfluidic device 

setup is shown to illustrate this circular flow motion (due to the ACET force previously 

mentioned) pulling the particles and fluid from the outer parts of the channel toward the 

electrode center while near the glass substrate, but then as the flow motion travels to the 

center, it pushes up, and then away from the center.  

 
Figure 5: This figure illustrates a cross sectional view of the ACET force's circular motion (in blue) in the 

microfluidic device with the PDMS channel on top and the glass substrate and electrode on bottom. 

 In addition to the ACET flow described in the previous three figures (Figure 3, 

Figure 4, and Figure 5), the DEP force observed in this study will pull the particles (if 

more polarizable than the medium/fluid) to the electrode center edges, as depicted in red 

lines in Figure 6 while the blue lines depict the ACET force.  This study is utilizing 

positive DEP to isolate the particles, specifically in this case the fcDNA, at the electrode 

center. 
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Figure 6: This figure illustrates the DEP force (in red) with respect to the ACET force (in blue) within the 

microfluidic device. 

So the ACET force (as shown in blue in Figure 6) drives the particles and fluid toward 

the center of the channel above the center of the electrode and then the DEP force (shown 

in red in Figure 6) brings the particles to the electrode edges at the center to be isolated 

and concentrated from the solution, assuming the DEP force is strong enough compared 

to the ACET flow.  This separation is how the fcDNA (which can then be further 

quantified) is isolated at the electrode center of the microfluidic device.  
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MICROFLUIDIC CHANNEL FLUID MOTION CHARACTERIZATION 

 Knowledge of the previous microfluidic forces is important, but understanding 

how these forces work in this particular microfluidic system is equally vital.  Testing was 

completed to discern if the system follows these microfluidic forces as described.  These 

tests were attempted to explain the phenomena observed and to confirm that the fluid 

mechanics knowledge previous explained is applicable.  All of the fluid flow 

characterization work was completed in cooperation with Yi Lu in the Systematic 

Bioengineering Lab (SBL). 

 

 
Figure 7: This figure illustrates the electrode and microfluidic device setup for the voltage and frequency 

experiments for fluid characterization. 

 The image above is the microfluidic device used for all fluid motion 

characterization except for the wider electrode data (Figure 7 is one of the electrode 

widths used, but this was varied to see the trend; the gap of the wider electrode data set 

was also larger than depicted here) and the temperature profile (different setup shown in 

Figure 17 and Figure 18).  Descriptions of how all of the electrodes are made, and how 

the device itself is put together are in Appendix B: Method of Making Electrode and 

Device.  The electrode is attached to a function generator (at the large black rectangles on 

the bottom portion of the electrode) to apply the AC signal and an oscilloscope is used to 

measure the actual voltage and frequency on the electrode, which is different compared to 

what is applied by the function generator. 

VOLTAGE VS. SPEED 

 For the voltage vs. speed tests, a parallel electrode was used (see Figure 7).  

Varying channel heights (500 μm, 600 μm, 800 μm, and 1000 μm) were tested to observe 

the general trend.  A constant frequency of 1MHz was applied to the electrode at varying 

voltages (measured in voltage peak-to-peak (Vpp) and recorded as what is on the 

electrode not what is applied), and the resulting AC signal was a square wave.  The test 

solution was using FluoSpheres® from Invitrogen Molecular Probes (carboxylate-

modified microspheres with size of 0.21μm; has yellow/green fluorescence at 505/515) 

and these microspheres were diluted to a concentration of 1/10,000X of the stock solution 

with Mueller Hinton Broth (MHB).  A video was taken of the particles approaching the 

electrode’s outer edge, and then analysis using ImageJ to follow the particles and 

measure distance of the particles traveled allowed for calculation of the speed of the 

Glass Slide 

Electrode Width: 100 μm Length: 5 mm 

Microchannel 

Electrode Gap: ~50 μm Parallel Electrode 

Width: ~35 mm 
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FluoSpheres® for each voltage.  The speed is the average speed of the particles 

(FluoSpheres®) as they approach the electrode’s outer edge. 

 

 The following figures are the results of the speed calculations for the various 

channel heights and with respect to the different voltages measured on the electrode. 

 

 
Figure 8: This graph illustrates the speed of the fluorospheres compared to the voltage applied to the 

electrode at four different channel heights with trendlines corresponding to each as well. 

 
Figure 9: This graph illustrates the speed of the two microchannels (with channel heights used for future 

experiments) versus the voltage applied to the electrode. 
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Figure 10: This figure illustrates the trend at the higher voltages for various channel heights.  It 

corresponds closely to the ACET flow and force. 

The results of the voltage vs. speed tests show a trend that with increasing channel 

height, the speed of the FluoSpheres® increases, but the speed does appear to reach a 

maximum around 800 μm.  The difference between the 800 μm and the 1000 μm heights 

appears negligible.  The reason for this could be that these lines should not be directly 

correlated since the height in the channel where the measurements were taken were 

different.  The smallest channel (height=500 μm) had data taken as close to the bottom 

but while still showing particle movement, while the next level up (height=600 μm) was 

recorded about ~63 μm above the bottom, and the 800/1000 μm channel heights were 

measured at ~99 μm the bottom.  So the 800/1000 μm channel heights are directly 

comparable and do not show much of a difference; if all channels worked the same way, 

then the trend here actually shows that as one moves away from the bottom of the 

channel the speed increases, which makes sense since the drag along the glass/channel 

edge would slow the fluid down. 

From Figure 8 and Figure 9, one can see that as voltage increases the speed 

increases, following a seemingly V2, except when observing the higher voltages.  This 

implies that for the lower voltages DEP could be stronger, but for the higher voltages 

ACET force would most likely dominate.  In Figure 10, we observe the order of voltage 

peak-to-peak to be 3.5 to 4 suggesting that ACET force is the dominant force since the 

ACET fluid velocity is proportional to Vpp4.  It is not a perfect match, and so it would 

seem that DEP, proportional to Vpp2 may still be influencing this, or perhaps still another 
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force, like buoyancy, might be a factor.  This general trend however makes sense because 

if the voltage gets too high then the fluid motion is too fast, and positive DEP cannot 

separate particles because the ACET force is too strong. 

FREQUENCY VS. SPEED 

Like the voltage vs. speed tests, the frequency vs speed tests used the same 

electrode (see Figure 7).  The setup is practically the same with the testing solution and 

the various channel sizes.  The only difference is a constant voltage of 4 Vpp was applied 

to the electrode (with the exception of the 500 μm channel height, which had a voltage of 

6 Vpp in order to have a measureable speed) to observe how the frequency of the AC 

signal and the channel height differences influence the speed of the FluoSpheres®.   

The results gathered and plotted in Figure 11 and Figure 12 are from my own 

work studying the speed of the FluoSpheres®.  However, after discussion with Yi Lu 

about what is supposed to be seen, it was determined that the cables used to connect the 

function generator, oscilloscope, and the electrode were ineffective (not meant to work) 

at the higher frequencies, leading to errors in the graphs for the higher frequencies.  Yi 

Lu’s graphs have been included to show what the speed versus frequency should actually 

look like as they were tested with the BNC cables, which allow for the higher frequencies 

(see Figure 14).  Another note about Yi Lu’s graphs for the frequency dependency is that 

a sine wave was used rather than the square wave since the function generator used was 

limited to a maximum frequency of 5 MHz for the square wave yet 20 MHz for the sine 

wave.  My graphs used the square wave, which could also be a limiting factor in 

accounting for the difference besides not using a BNC cable. 

 

 
Figure 11: This graph illustrates the speed of the fluorospheres compared to the frequency (in logscale) of 

the AC signal applied to the electrode. 
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Figure 12: This graph illustrates the speed of the fluorospheres at varying frequencies applied to the 

electrode for the two different microchannels used in later experiments. 

 From the graphs (Figure 11 and Figure 12) above, the speed would seem to peak 

between 100 kHz and 1000 kHz (1 MHz).  However, as mentioned previously, the more 

accurate result is, as seen in Figure 14, the speed would increase as the frequency 

increases, then it trends to levelling off in the higher frequencies around 500-1000kHz.  

The differences in height almost seem negligible as comparing the 500 μm height and the 

600 μm height were fairly similar and likewise with the 800 μm and 1000 μm.  One trend 

that is possible like with the voltage analysis before is that with moving away from the 

channel/glass edges, the speed would increase. 

CONDUCTIVITY CHANGES WITH SPEED: DEPENDENCE ON VOLTAGE AND FREQUENCY 

These tests were completed by Yi Lu who used a similar setup to my own (100 

μm width electrode with a 50 μm and an 800 μm channel on top of the electrode as seen 

in Figure 7).  These voltage and frequency dependent graphs shown in Figure 13 and 

Figure 14, Yi Lu used 1/10,000X concentration of FluoSpheres® in MHB medium to 

observe the particle and flow motion (also the same as my solution).  This set of 

experiments however was used to observe how conductivity affects the resulting fluid 

motion and forces.  In order to have varying conductivities, the MHB was diluted with DI 

water so that three different conductivities could be looked at: 0.67 S/m, 1.3 S/m, and 2.4 

S/m. 
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Figure 13: This figure illustrates how conductivity (S/m) and the voltage (Vpp) can affect the speed (μm/s) 

of particles.  The trend is as conductivity and voltage increase, the speed does as well. 

 
Figure 14: This figure illustrates how speed (µm/s) can change when different conductivities (S/m) and 

frequencies (kHz) are examined.  The signal applied was a sine wave with a constant voltage, magnitude of 

7 Vpp.  The trend is as conductivity increases so does the speed; as freqency increases the speed does for 

the lower side of frequencies, but then as increasing from 500 kHz to 1MHz range and higher, the speed 

levels to a more constant value. 
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 The results of Yi Lu’s work show that as conductivity increases, so does the 

speed.  This is observed in both the frequency dependent data (Figure 14) and the voltage 

dependent data (Figure 13).  Specifically looking at the voltage dependent data (Figure 

13), as the voltage and the conductivity increase, the speed tends to increase more rapidly 

with higher conductivity values.  The speed increasing more rapidly makes particle 

isolation with higher conductivities more difficult.  Looking at the frequency dependent 

data (Figure 14), the speed seems to increase initially, but as the frequency increases to 1 

MHz or greater, the speed remains relatively constant.  This appears to illustrate a 

stronger voltage dependent response than frequency dependent response. 

WIDER ELECTRODE VS. SPEED 

With this set of tests, the size of the electrode was varied.  The width of the 

electrode increased from 100 μm to 200 μm, 600 μm, 1000 μm, and 1400 μm.  Another 

difference to be noted was the gap of the electrode increased to 100 μm rather than being 

50 μm in the previous speed versus voltage and speed versus frequency tests (but the 50 

μm gap values are still graphed as reference for these).  The channel height was kept 

consistent for these tests at 800μm.  For the frequency dependence data, the voltage was 

kept at a consistent 4 Vpp.  For the voltage dependence data, the frequency was kept at a 

constant 1 MHz.  The solution tested was the same as the previous tests. 

 

 
Figure 15: This figure is a graph of the voltage dependency vs. speed of varying width electrodes.  The 100 

μm width and 50 μm gap electrode is from the earlier data seen in Figure 10 to show how it compares to 

this new data of wider electrodes.  The trend is the speed will increase with increasing electrode width, 

however after 600 μm the width does not seem to matter as much. 
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Figure 16: This figure illustrates the frequency dependency of the diffterent size electrodes with the 100 μm 

width and 50 μm gap as reference from the data in Figure 11 and Figure 12.  The result of this data trends 

the wider the electrode the faster the speed of the particle even though the change versus frequency 

appears to remain more constant. 

The results from the wider electrode trends that with larger electrodes particles 

travel faster, but they also seem to reach a limit as seen in the voltage dependency (Figure 

15).  When looking at Figure 15, all of the voltages appear to have a similar speed when 

the width of the electrode is 600 μm or greater, but the speed did increase from the width 

of the electrode being 200 μm. The wider electrode tends to be faster in the frequency 

dependent data as well (as seen in Figure 16), but when looking at frequency for one 

width, the speed trends to remaining more constant and then decreasing.  Also as 

mentioned earlier with my frequency dependent data, the higher end frequencies most 

likely are not correct and should actually be levelling off, suggesting that the larger 

electrode should have a relatively constant speed across all frequencies. 

Another observation seen in these graphs (Figure 15 and Figure 16) is that the 100 

μm width electrode is the highest of all the frequency dependent and voltage dependent 

data.  Another major different besides the width however is the gap of the electrode is 

also narrower.  This should yield and does yield a stronger electric field and thereby 

stronger DEP and ACET flow forces, showing up at faster speeds. 

TEMPERATURE PROFILE USING IR CAMERA 

 Another aspect used to study the flow characteristics of the microfluidic device 

was the temperature profile for the overall channel.  The following setup used an IR 

camera focused on the glass slide side to get an accurate temperature reading.  The 

electrode is different from the previous data, but it is the electrode used in most of the 

later experiments (see Figure 17 and Figure 18).  The sample looked at is also different 
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from the previous solutions as it is an EDTA lysed blood sample, which has a 

conductivity around ~0.4 S/m.  The channel height for this setup is 800 μm.  The 

temperature graphs are average temperatures at the center of the electrode, which is also 

where the maximum temperature occurs. 

 

   
Figure 17: This figure is the electrode (A) used to measure the temperature profiles in the EDTA-lysed 

blood samples with a magnification of the teeth at the center of the electrode (B). 

 

 
Figure 18: This figure illustrates the electrode (same as Figure 17) and the microfluidic device setup for 

the temperature profile experiment. 
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Figure 19: This graph demonstrates the temperature profile of EDTA-lysed blood samples; the 

temperatures are measured at the center of the electrode where the DNA should be isolated; this is the 

temperature distribution for varying voltages. 

The results of the temperature profile (as seen in Figure 19) are as follows.  The 

temperature increases with increasing voltage.  All of the tests showed maximum 

temperatures leveling off after about 7 minutes of application of the square wave to the 

electrode.  A note for Figure 19 is a temperature profile for 17 Vpp was attempted, but 

the IR Camera used saturated at 59.62°C, so the device got hotter than anticipated and the 

setting/filter would have needed to be changed in order to get an accurate steady state 

temperature reading at the center of the electrode for the higher voltage.  For this reason 

and due to the fact that what was being trapped at the center of the electrode was being 

burned and therefore would not be used for isolating fcDNA, the data set was excluded. 

The following image (Figure 20) looks at the seven minute mark to see the overall 

steady state temperatures at the various voltages. 
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Figure 20: These are the temperature profiles of the microfluidic device (for EDTA-lysed blood sample) at 

the time point 420 seconds with application of varying voltages: A) 5 Vpp (voltage peak-to-peak measured 

on the electrode), B) 8 Vpp, C) 11 Vpp, & D) 14 Vpp. 

 
Figure 21: This figure illustrates the temperature profile of microfluidic device while 11 Vpp is measured 

on the electrode at the 420 second mark. This is different from Figure 20C because this illustrates the 

maximum temperature for this voltage (35-36°C). 
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 As stated, the images before this (Figure 20 and Figure 21) were all taken at the 

previously mentioned leveling off point of 7 minutes.  So these images show that steady 

state or maximum temperatures reached for the whole face of the electrode.  As seen in 

these images (Figure 20 and Figure 21) the maximum temperature is at the center of the 

electrode, which is where the electric field and forces are strongest.  In Figure 20, the 

images show how the different voltages tested visually compare; this corresponds to the 

data that as the voltage increases the temperature does as well.  This image also 

demonstrates that as the voltage increases the temperature gradient increases to include 

farther down the channel, and so the ACET flow will be stronger farther away from the 

electrode center.   

The data in Figure 21 shows a better distribution of the temperature at 11 Vpp, 

which shows a maximum temperature about 36°C.  It is important to note that the 

maximum temperature at the center of the electrode does not get too hot since it could 

denature the fcDNA that is being isolated and concentrated.  From the literature, it seems 

that DNA can denature at temperatures between 50°C and 100°C [26].  The reason for the 

large range is due to the type of DNA, and the solvent in which the DNA is immersed 

[26].  So with this in mind, the EDTA lysed solution should probably not have higher 

than 14 Vpp applied to the microfluidic device since the maximum temperature measured 

there is ~48°C. 

 

 
Figure 22: This figure illustrates how temperature relates to the voltage measured on the electrode.  Note 

this graph is the change in temperature in °C, so it is how much hotter than room temperature (21.38°C) 

the center of the electrode reaches. 

 In Figure 22, the graph illustrates what the temperature profile looks like in terms 

of the voltage applied to the electrode.  The two lines represent the beginning of the 

steady state temperature at 420 seconds (7 minutes) and the end of measurement readings 
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1200 seconds (20 minutes).  This confirms that steady is in fact reached because the 

values differ very little. Also, the trend of the data implies that temperature is directly 

related to Vpp2.7.  From Equation 1 and Equation 2, the ACET force implies temperature 

to be proportional to Vpp2 not Vpp2.7.  But temperature is also dependent on the 

conductivity (which is the σ and k in Equation 1: ∆T ≈
σV2

k
 and Equation 2: ∆T =

σV2

8k
), so 

this is the most likely reason for the difference in the powers.  If the conductivity does not 

remain constant as assumed in this case, then the temperature would change because of it. 

 

So with all of these initial characterization tests, the microfluidic device does 

follow and combine the ACET force and the DEP force in order to move the particles in 

the solution and then isolate them as the electrode center.  It was also concluded that the 

electrode with the smaller gap and smaller width would be better for stronger forces, 

while which channel height to be used was still under analysis.  
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MICROFLUIDIC DEVICE: DNA IN BUFFER 

 After studying the fluid motion characteristics, testing on the microfluidic device 

commenced to see whether or not isolation/separation of particles was possible, 

particularly if isolation of nano-sized particles, DNA, was possible.  A solution of HMW 

DNA in phosphate buffer was created to test the microfluidic device to find a setting for 

trapping DNA.  To know if the DNA was concentrated, an intercalating dye was used to 

fluorescently mark the DNA. 

EXPERIMENTAL DESIGN AND SETUP 

The following figures (Figure 23 and Figure 24) illustrate the microfluidic device and the 

power supply used to apply the square wave to create the ACET and DEP forces.  The 

glass slide was place on a LEICA DMI4000B microscope (with LEICA CTR 4000 

control box or electronics box) with fluorescent capabilities.  A camera (DMK31AF03 

Imaging Source) was attached to the microscope to take images of the samples under 

fluorescence for further analysis.  Unlike the experiments described with the microfluidic 

fluid motion characterization, the electrode connects to the power in the middle of the 

electrode length rather than at the bottom (compare Figure 7 with Figure 24). 

 

 
Figure 23: This is a cross-sectional view of the microfluidic device to detail channel height. 
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Figure 24: This figure is the experimental setup used to apply the square wave to the electrode using a 

function generator, and a oscilloscope is attached to measure what the voltage is on the electrode because 

it is different from what is applied with the function generator. 

EXPERIMENTAL PROTOCOLS AND PROCEDURES 

The protocol begins with preparation of the solution.  The solution is high 

molecular weight DNA (HMW-DNA) diluted to 2µg/mL concentration with deionized 

and autoclaved water (DI water).  This solution was then mixed with SYBR-Green I dye, 

and then incubated at room temperature for 5 minutes.  After incubation, a phosphate 

buffer was used to dilute the solution to a 200ng/mL concentration of DNA and it was 

this solution that was used in the microfluidic device.  The conductivity of the solution 

was determined by the concentration of the phosphate buffer, whether it was one molar or 

less.  Specifications for the test are detailed under the specific experiment. 

EXPERIMENT 1: INITIAL TESTS WITH PARALLEL ELECTRODE DESIGN (LOW CONDUCTIVITY) 

The DNA solution was diluted with Tris-EDTA to the 2 µg/mL concentration.  

The final concentration of the DNA was further diluted to 0.2 µg/mL or 200 ng/mL. The 

final dye concentration was 1/1000X of original stock solution of SYBR-Green I dye.  

The phosphate buffer was diluted to have a conductivity of ~0.1 S/m.  The electrode gap 
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for this experiment was measured to be ~15 µm, while initially was assumed to be about 

20 µm.  A larger gap electrode of 50µm was also attempted. 

EXPERIMENTAL RESULTS AND ANALYSIS 

The 50 µm gap (measured to be ~45 μm) electrode attempted yielded some results 

(Figure 25) of fluorescing DNA, but the 20 µm gap (measured to be ~15 µm) showed 

more promising results: more fluorescing DNA at the center of the electrode (see Figure 

26). 

 

 
Figure 25: This figure illustrates the results from the ~45 μm gap electrode with the 500 μm channel 

height, and a 1 MHz AC signal applied to the electrode. A) depicts what occurs at 15 Vpp applied to the 

electrode while B) is 17 Vpp applied to the electrode. 

 
Figure 26: This figure illustrates isolation of DNA from the smaller gap (~15 μm) electrode with a smaller 

channel height (400 μm ).  The frequency and voltage are the same as Figure 25. 
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After choosing the smaller gap, tests were completed at varying voltages and 

frequencies to find the optimal settings.  First the voltage dependency of the electrode 

was tested.  

 
Figure 27: This figure illustrates the voltage dependency and time dependency of the isolation of HMW 

DNA shown as an area (μm2), area of the fluorescing DNA at the electrode center at the four time points: 

5, 10, 15, and 20 minutes and the 4 voltages (Vpp): 13 Vpp, 15 Vpp, 17 Vpp, and 19.5 Vpp on the electrode. 

The maximum area appears at 17 Vpp with between 10 and 15 minutes after signal application. 

 
Figure 28: This image looks at just the 10 minute mark to from Figure 27 to find that 17 Vpp is the 

maximum area of isolation of HMW DNA. 
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 From the previous two figures (Figure 27 and Figure 28), it can be determined 

that the voltage to be applied to achieve maximum isolation of HMW DNA at the center 

of the electrode was after about 10 minutes of application, with not much change after 15 

minutes, and then decreasing amounts after 20 minutes (from Figure 27).  So the time 

point of 10 minutes was pursued.  Also from the images (from Figure 28), the maximum 

voltage appears to be 17 Vpp applied to the electrode and so this value or close to it was 

used for these tests. 

 After the voltage analysis, changing the methodology for measuring how much 

DNA was attempted with the same data as seen with the area curves.  Rather than looking 

at area, the fluorescent intensity was used to measure the amount of DNA in the image at 

the center of the electrode.  This data showed similar trends as seen in Figure 29 and 

Figure 30, but the fluorescence ranged more, leading to more variability and larger error 

bars as seen in Figure 31 and Figure 32. 

 

 
Figure 29: This figure illustrates the mean intensity of the HMW DNA compared to time and varying 

voltages (Vpp) applied to the electrode.  All results were achieved in a 400 μm channel on the ~15 μm gap 

electrode.  The frequency of the signal applied was 1 MHz.  The best result was achieved at 17 Vpp. 
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Figure 30: This graph illustrates the trend of the DNA capture after 10 minutes of varying voltages and 1 

MHz square wave applied to the electrode.  This demonstrates a maximum intensity at 17 Vpp. All results 

were achieved in a 400 μm channel on the ~15 μm gap electrode.  The frequency of the signal applied was 

1 MHz. 

 

 
Figure 31: This figure illustrates the mean intensity of the HMW DNA compared to time and varying 

voltages (Vpp) applied to the electrode.  All results were achieved in a 400 μm channel on the ~15 μm gap 

electrode.  The frequency of the signal applied was 1 MHz.  The best result was achieved seems to be at 17 

Vpp except large error bars make this questionable. 
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Figure 32: This graph illustrates the trend of the DNA capture after 10 minutes of varying voltages and 1 

MHz square wave applied to the electrode. This demonstrates a maximum intensity at 17 Vpp, but with 

large error bars, these all could be relatively the same. All results were achieved in a 400 μm channel on 

the ~15 μm gap electrode.  The frequency of the signal applied was 1 MHz. 

 Even with all of this analysis, there was still a similar trend that 17 Vpp was the 

voltage to be applied for maximum isolation, and that 10 minutes of application of the 

signal was the ideal length of time.  Even the images of the various voltages shown in 

Figure 33 illustrate more fluorescence in the 17 Vpp (Figure 33 C) and possibly similar 

but debatably less fluorescence at the center for 19.5 Vpp (Figure 33 D). 

 

 
Figure 33: This figure has 4 images demonstrating the different voltages A) 13 Vpp, B) 15 Vpp, C)17 Vpp, 

and D) 19.5 Vpp applied to the electrode which correspong to the fluorescent values given in Figure 

29/Figure 31 and Figure 30/Figure 32. 

 With all of this voltage analysis and even comparing the images of HMA DNA 

fluorescing at the center with the data, it would appear that 17 Vpp seems to have the 
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highest isolation/concentration of HMW DNA at the center of the electrode.  This is for 

the setup: 1 MHz frequency square wave applied to the ~15 µm gap electrode with a 400 

µm channel height at a conductivity of ~0.1 S/m. From Figure 33, the HMW DNA trends 

to increasing the entire time; however when reaching the 17 Vpp and 19.5 Vpp the 

difference appears to be very small while the difference between 15 Vpp and 17 Vpp 

appears more significant.  This is congruent with the area analysis in Figure 28, and so 

the area analysis and images were trusted to yield that 17 Vpp was the maximum even 

though the fluorescent data did not seem to work as well.  So the time point to use was 10 

minutes and the voltage was 17 Vpp. 

 

 After finding the optimal voltage for this setup, a frequency analysis was 

attempted to find at which frequency the best isolation of HMW DNA at the center of the 

electrode occurs. Rather than use 17 Vpp as found in the previous setup, a slightly lower 

voltage of 16 Vpp was used for all frequency tests and the channel height was increased 

to 600 μm.  The same electrode was still used for these tests though. 

The following image (Figure 34) was obtained from compiling a set of data with 

the largest range of frequencies to show the general trend.  The data for various trials can 

be seen in Figure 35, and this shows that using fluorescence measures to quantify the 

DNA was problematic for multiple tests.  It did not yield consistent fluorescent 

intensities, but the general trend in Figure 34 still held true. 

 

 
Figure 34: This image illustrates the general trend for the frequency dependent data, but the specific 

intensity values for multiple tests seemed to be inconsistent.  The general trend of peaking at 500kHz-

600kHz seemed to be correct. 
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Figure 35: This image demonstrates 4 different trials attempting to collect data for which frequency has the 

most isolation and trapping of HMW DNA occurred when 16 Vpp square wave was applied for 10 minutes 

to the ~15 μm gap electrode with a 600 μm channel height on top. 

 Therefore from Figure 35, the only discernable information is that the maximum 

isolation appears to occur in the frequency range of 300 kHz and 700 kHz. However if 

the general trend in Figure 34 is used, then it can be said that 500 kHz should be where 

the maximum isolation of HMW DNA occurs.  The images for these tests were then 

consulted to confirm the results. 
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Figure 36: This figure illustrates what is visually occuring at the various frequencies for Trial 1 data from 

Figure 35: A)100 kHz, B) 300 kHz, C) 500 kHz, D) 700 kHz, E) 1MHz, F) 3MHz, and G) 5MHz. 

A B C 

D F E G 



Lamanda 46 

 
Figure 37: This figure illustrates what is visually occuring at the various frequencies for Trial 2 data from 

Figure 35: A)300 kHz, B) 400 kHz, C) 500 kHz, D) 600 kHz, and E) 700kHz. 
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Figure 38: This figure illustrates what is visually occuring at the various frequencies for Trial 4 data from 

Figure 35: A)300 kHz, B) 400 kHz, C) 500 kHz, D) 600 kHz, E) 700 kHz, and F) 1MHz. 

From Figure 36, Figure 37, and Figure 38, the highest concentration of HMW 

DNA occurred at frequencies 500 kHz, 600 kHz, and 500 kHz respectively.  From these 

images and the data collected, it appears to be more conclusive that the maximum 

isolation is around a frequency of 500 kHz–600 kHz.   

So the best isolation of HMW DNA so far was in a 600 μm channel height on a 

~15μm gap parallel electrode at 16 Vpp and 600 kHz applied to the electrode (see Figure 

37 D). 
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EXPERIMENT 2: INCREASING CONDUCTIVITY TO MORE PHYSIOLOGICALLY RELEVANT (SIMULATE 

BLOOD SAMPLE) 

The conductivity of the HMW-DNA samples was varied by changing the 

concentration of the phosphate buffer added.  The phosphate buffer used had a 

conductivity of ~0.7 S/m (1M phosphate buffer has a conductivity measurement of 6.98 ± 

0.08 S/m). Dilution with deionized and autoclaved water (DI water) allowed for control 

of the conductivity of the buffer. 

EXPERIMENTAL RESULTS AND ANALYSIS 

 
Figure 39: This figure illustrates some examples of the results at higher conductivities. All tests  were 

completed in a 400 μm channel on an electrode with the ~15 μm gap. A) Conductivity was ~0.7 S/m with 

the signal of 7 Vpp and 1 MHz square wave applied to the electrode for 10 minutes. B)  Conductivity was 

the same as A but the voltage applied was changed to 5 Vpp (still 1 MHz) and applied for 5 minutes. C)  

Conductivity was ~0.3 S/m and the signal applied to the electrode was a 7 Vpp, 600 kHz square wave for 

10 minutes. 

The above images of Figure 39 show a small sampling of what occurred with 

increasing the conductivity of the buffer.  All tests were completed in a 400 μm channel 

on a parallel electrode with the ~15 μm gap.  Two images had conductivities of ~0.7 S/m 

but varying signals applied (Figure 39A with the signal of 7 Vpp and 1MHz square wave 

applied to the electrode for 10 minutes and Figure 39B with a signal applied of 5 Vpp and 

1 MHz for 5 minutes).  The third (Figure 39C) had a conductivity of ~0.3 S/m and the 

signal applied to the electrode was a 7 Vpp, 600 kHz square wave for 10 minutes.  

Almost all trials did not see hardly any concentration of DNA with the exception of 

maybe a spot or two.  Any buffer solution sample with HMW DNA which had a 

conductivity higher than ~0.1 S/m was very difficult to concentrate any DNA at the 

center of the electrode, so some changes needed to be made. 

A B 
C 
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CHANGES TO EXPERIMENTAL DESIGN AND SETUP 

Upon reading article by Kumemura et al. (mentioned before with the 

nanotweezers and isolating a single strand of DNA) [25], a new design for the electrode 

was constructed in AutoCAD.  The idea for the new design is hypothesized to have a 

stronger DEP force by adding points or tips or teeth in the center of the parallel electrode, 

to allow for better concentration of the fcDNA.  One can see from earlier data that the 

narrower the gap the faster the particles travelled, thus a stronger force.  But what about 

adding these teeth?  Would it allow for better concentration? 

The electrode design above is a parallel electrode with connections at the center 

rather than the bottom of the electrode.  However, a variation in electrode design includes 

the type of center whether it is a plain parallel electrode or if there are protrusions 

sticking from the middle which look like teeth.  The teeth in the center have been 

designed to vary in the size and shape and even how long along the center (as seen in 

Figure 40), but only one design has been tested due to time.  The design tested has the 

teeth with a length of 2 mm, triangle shaped and angle of 50 degrees (for the teeth tip 

angle), and gap between the tips of the teeth of ~20 μm (see Figure 17 and Figure 40 D). 

 

 
Figure 40: This illustrates various designs of the teeth at the center of the electrode: A) smaller round 

teeth, 2mm along length of center, B) triangular teeth at 90 degree angle at the tip, 1mm along length of the 

center C) larger round teeth, 1mm along the length, D) 50 degree angle tip teeth, 2mm along length 

EXPERIMENT 3: RETESTING BUFFER SOLUTIONS WITH NEW ELECTRODE DESIGN 

 The setup for this experiment is similar to the initial tests, but the change is in 

electrode design as described in the previous paragraph, where the electrode is depicted 

A D 

C 
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in Figure 17, Figure 18, and Figure 40D.  The channel height used in these experiments 

was 600 µm, and the conductivity of the buffer was ~0.1 S/m.  Various voltages were 

tested to obtain the voltage dependent trend at 500 kHz frequency for the square wave 

applied to the electrode.  Also various frequencies were attempted for the frequency 

dependency of the setup at the constant voltage of 14 Vpp. 

EXPERIMENTAL RESULTS AND ANALYSIS 

 
Figure 41:This figure illustrates the voltage dependency of the electrode design with teeth when the 

frequency was set to 500 kHz.  The values are averages for two trials with SEM for error bars. 

 From Figure 41, one can see a general trend that the maximum isolation of HMW 

DNA occurs between 13 and 15 volts peak-to-peak.  Although the error bars on this data 

are quite large, the images from which the data was quantified to reference that in fact the 

trend is this. 
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Figure 42: This figure illutstrates the 6 different voltages tested in the previous graph after 10 minutes of 

application (Figure 41): A) 9 Vpp, B) 11 Vpp, C)13 Vpp, D) 15 Vpp, E) 17 Vpp, and F) 19 Vpp.  Between 

15 Vpp and 17 Vpp appears to be the peak from these images, but maybe down to 13 Vpp as well. 

From the voltage dependency data images in Figure 42, 13 Vpp, 15 Vpp, and 17 

Vpp all had decent amounts of HMW DNA present at the teeth of the electrode, but 15 

Vpp and 17 Vpp had slightly better concentration of the HMW DNA.  So although the 

images and data do not completely agree as the images are not the entire electrode but 

rather a small portion of it and the numerical data is for the entire electrode, one can 

suggest that the maximum isolation should be around 14/15 Vpp since that is consistently 

a higher value in the images and data collected. 

A B C 

D E F 
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After establishing the voltage dependency for the new electrode and device setup, 

a frequency analysis of this device was again attempted.  The results of two trials did not 

yield similar fluorescent intensities much like previous fluorescent intensity analyses, but 

general peaks seem to occur in the 400 kHz, 600 kHz, and 3 MHz values as seen in 

Figure 43 and Figure 44.  Because the fluorescence values were inconsistent between 

trials, images for the different trials were looked at as well to corroborate the data. 

 

 
Figure 43: This figure illustrates the numerical data for one trial of frequency dependent data when the 

square wave applied is 14 Vpp.  Peaks in the data appear between 400kHz and 600kHz and at the higher 

end near 3-5MHz. 

 
Figure 44: This figure illustrates the numerical data for a second trial of frequency dependent data when 

the square wave applied is 14 Vpp.  Peaks in the data appear at 400kHz, 700kHz, and 3MHz. 
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Figure 45: This figure illustrates the fcDNA isolation at the various frequencies (numerics graphed in 

Figure 43) for Trial 1 after 10 minutes of application of 14 Vpp square wave: A) 50 kHz, B) 100 kHz, C) 

300 kHz, D) 400 kHz, E) 500 kHz, F) 600 kHz, G) 700 kHz, H) 1000 kHz, I) 3000 kHz, and J) 5000 kHz.. 
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Figure 46: This figure illustrates the fcDNA isolations at the various frequencies (numerics graphed in 

Figure 44) for Trial 2 after 10 minutes of application of 14 Vpp square wave: A) 50 kHz, B) 100 kHz, C) 

300 kHz, D) 400 kHz, E) 500 kHz, F) 600 kHz, G) 700 kHz, H) 1000 kHz, I) 3000 kHz, and J) 5000 kHz. 
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 From Figure 45, the frequency peaks occur at 500 kHz, 600 kHz, and 3 MHz for 

highest isolation of HMW DNA fluorescence; from Figure 46, the maximum HMW 

DNA isolation occurs at frequencies: 400 kHz, 500 kHz, 700 kHz, 1 MHz, and 3 MHz, 

with the highest or largest accumulation appearing at 3 MHz and the rest having similar 

accumulation.  So from the data in Figure 43 and Figure 44, and the images in Figure 45 

and Figure 46, the consistently higher isolation of HMW DNA occurs at frequencies in 

the 400 kHz-600 kHz range and 3 MHz.   

So with the new electrode design: the teeth with a length of 2 mm, triangle shaped 

and angle of 50 degrees (for the teeth tip angle), and gap between the tips of the teeth of 

~20 μm (see Figure 17 and Figure 40 D), and setup: 600 μm channel height and buffer 

solution around 0.1 S/m, the ideal voltage was found to be about 14/15Vpp and the ideal 

frequencies narrowed to 400 kHz-600 kHz range and 3 MHz.  It is with these frequencies 

that testing in higher conductivity solutions commenced, but a lower voltage needed 

since the conductivity of the solution increased. 

 

 Higher conductivity buffer solutions were prepared and tested to get to similar 

conductivity values to whole blood, so that when testing the microfluidic device at 

appropriate conductivity levels, one can observe if and what kind of isolation of fcDNA 

is possible.  The results of Figure 47 show some isolation of fcDNA at the teeth in the 

higher conductivity buffer solutions, however, the amount of isolation is significantly less 

compared to the lower conductivity buffer solutions as seen in Figure 42, Figure 45, and 

Figure 46. 

 

 
Figure 47: This image refers to the higher conductivity (~0.4 S/m) results using the new electrode design 

(with teeth in the center: 20 μm gap at teeth, 50° angle of tips of teeth) with the AC signal applied for 10 

minutes: A) 3MHz, 10 Vpp square wave applied, 600 μm channel height, B) 400 kHz, 8 Vpp square wave, 

800 μm channel height, C) 400 kHz, 10 Vpp square wave applied, 600 μm channel height, D) 400 kHz, 12 

Vpp square wave applied, 600 μm channel height. 

The results of this higher conductivity experiment (Figure 47) specifically show 

that more isolation seems possible at the 400 kHz frequency over the 3 MHz which were 

two of the frequencies from the lower conductivity testing showing promising results.  

A B C D 
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Only one image from the 3 MHz frequency is shown, because it was the best result, and 

the three different 400 kHz frequencies were shown to illustrate that even over 4 Vpp 

span, the fcDNA would be isolated.  Overall, the 400 kHz frequency just showed more 

promise for results, and so it would be pursued for further study with other solutions, 

more specifically the blood samples.  

DISCUSSION 

 From these initial tests, higher conductivity solutions seem nearly impossible to 

concentrate HMW DNA with the initial parallel electrode-microfluidic device: the ~15 

μm gap electrode with 100 μm width, and the channel height ranging from 400 μm to 600 

μm.  However, lower conductivity solutions worked and seemed to be promising for 

isolating fcDNA.  The success of this device when using a buffer solution (~0.1 S/m) 

occurred at 500 kHz-600 kHz frequency range and 16 Vpp-17 Vpp for the square wave 

applied to the electrode.  

 To try and better this result, the electrode design was changed to incorporate teeth 

in the gap to try and increase the electric field and the DEP force.  The results of the 

lower conductivity (~0.1 S/m) tests worked, with maximum isolation found to be in the 

600 μm channel height with the ideal voltage to be about 14/15 Vpp and the ideal 

frequencies narrowed to 400 kHz-600 kHz range and 3 MHz.  Higher conductivity tests 

were then completed to try a solution more comparable to whole blood (in terms of 

conductivity at least), and the results were that some isolation occurred, and that the 400 

kHz frequency was better than the 3 MHz.  But the ideal voltage or channel height was 

not determined.  It was just shown that isolation at the higher conductivities may be 

possible, as seen with the buffer solution tests, and so testing with the blood samples 

should be the next step.  One possibility to keep in mind though is that the blood 

solutions may need to be diluted to the lower conductivities to get the best result with this 

device, and also because blood has more particles/cells in it, it will most likely not work 

as the ideal buffer solution with only HMW DNA.  

 So the next steps would be looking at possibly using whole blood, blood dilutions, 

or different blood processing techniques to find the optimal solution to put into the 

microfluidic device and have it isolate and concentrate the fcDNA from the sample. 
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MICROFLUIDIC DEVICE: BLOOD APPLICATIONS 

 After learning and observing the microfluidic forces ACET flow and DEP in 

action and then understanding how they work with HMW DNA in a buffer solution, the 

next step is to see how the microfluidic device works with blood solutions.  Since blood 

is much more viscous and contains more than just DNA, different methods of diluting 

and or processing the blood were considered, especially after trying to see if whole blood 

might even work in the device.  Whole blood was put into the microfluidic device to 

observe what would happen, and no ACET flow could be established nor isolation of 

fcDNA.  So different processing techniques are critical for putting the blood sample into 

the microfluidic device, which then may or may not be able isolate fcDNA. 

EXPERIMENTAL DESIGN AND SETUP 

The electrode design is a parallel electrode with connections at the center rather 

than the bottom of the electrode like with the buffer and DNA experiments described in 

the previous section.  The design tested (as mentioned in the previous section with the 

redo in buffer tests) has the teeth with a length of 2 mm, triangle shaped and angle of 50 

degrees (for the teeth tip angle), and gap between the tips of the teeth of 20 μm (see 

Figure 17 and Figure 40D).  Also the channel height of the device should be 800 µm, but 

would be specified in the specific experiments.  During the blood sample testing, not all 

samples went into the microfluidic device as conductivity of the solutions were measured 

and determined whether or not putting into the device would be worth pursuing since the 

device works better at lower conductivity levels.  

EXPERIMENTAL 4: BLOOD SAMPLE PREPARATIONS FOR MICROFLUIDIC DEVICE 

The setup for this experiment was to prepare the blood in various ways 1) using 

different buffers to dilute, 2) centrifugation to get to plasma or to remove white blood 

cells, or 3) various lysing solutions.  Details of the various methods are under the 

protocol section with previous versions/iterations in Appendix A: Iterations of Lysing 

Protocols.  A vortex mixer, the VWR Analog Vortex Mixer (set to auto), was used to 

prepare samples and mix samples (when stated). 

To determine which method was worth pursuing, conductivities of the final 

solution to be used in the microfluidic device were measured using the Jenway Model 

4520 Conductivity Meter with the probe attachment K10/4MM/141 (where k=1.27 at 25 

°C).  The methods that seemed likely for use in the microfluidic device were then tested 

in the device to ascertain whether or not isolation of fcDNA was possible.  Usually 

conductivities less than ~0.4 S/m would be the most likely to work since that was the 

highest conductivity tested in buffer solutions that observed some fcDNA isolation with 

the current electrode (triangle shaped teeth with angle of 50 degrees at the tips and gap of 

~20 μm between the tips of the teeth).  See Figure 17 for electrode design used for 

microfluidic device.  An 800 µm height PDMS channel was used for this experiment. 
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EXPERIMENTAL PROTOCOLS AND PROCEDURES 

The RBC Lysis protocol was taken from the BioLegend’s protocol for lysis red 

blood cells and separating out the white blood cells from solution for further analysis.  

The following protocol is the final procedure used after some iterations and modifications 

to BioLegend’s protocol so further testing could be completed on the free-circulating 

DNA (see Appendix A: Iterations of Lysing Protocols: RBC Lysis Protocol).  

RBC Lysis Protocol 

1. Take 75 μL of whole blood sample to use for analysis 

a. Add HMW-DNA to replicate blood that has cancer (RATIO: 1 μL of 2 

μg/mL HMW-DNA: 9 μL of blood) 

b. Make sure to incubate for 5 minutes and vortex to mix DNA into blood well 

2. Dilute 10x RBC lysis (from BioLegend) to 1x working concentration with DI 

H2O 

3. Make sure to warm 1x solution to room temperature before use 

4. Dilute 200 μL of 10x RBC lysis with 1800 μL of DI H2O 

5. Add 1.5 mL of 1x RBC lysis solution to 75 μL blood 

6. Gently vortex each tube after adding lysis solution (use lower setting on vortex 

mixer) 

7. Incubate this at room temperature for 15 minutes 

8. Using the blood-lysis solution, mix in 15 μL of DNA dye: SYBR Green I nucleic 

acid dye 

9. Incubate at room temperature for 5 minutes 

10. After incubation, this is the Testing Solution  

11. Testing Solution is ready for analysis in microchannel under fluorescent 

microscope after this. 

 

Another protocol used to get rid of red blood cells was a saponin and formic acid 

lysing solution with a sodium bicarbonate and sodium chloride quenching solution.  The 

following protocol was found in research that looks into using white blood cells for 

further research, but modified to look at free circulating DNA.  The initial protocol and 

iterations can be found in Appendix A: Iterations of Lysing Protocols: Saponin/Formic 

Acid Protocol. 

 

Saponin/Formic Acid Protocol  

(do step 1 and then skip to step 6 if have lysis and quencher solutions made)  

1. Take 75 μL of whole blood sample to use for analysis 

a. Add HMW-DNA to replicate blood that has cancer (RATIO: 1 μL of 2 

μg/mL HMW-DNA: 9 μL of blood) 

b. Make sure to incubate for 5 minutes and vortex to mix DNA into blood well 

2. Make total Lysis solution and quencher solution 
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3. *Lysis solution (total=40 mL): 48 μL formic acid mixed with 0.02 g (20 mg) 

saponin, and then add DI water until total volume is 40 mL (probably add 

approximately 39.95 mL) 

4. *Quencher Solution (total=10 mL): Mix 0.06 g (60 mg) sodium bicarbonate with 

0.3 g (300 mg) sodium chloride and fill with DI H2O until reaches 10 mL total 

(probably close to 10 mL of water but not quite) 

5. Use vortex to mix solutions well (low setting for vortexing; gentle vortexing) 

6. Mix 75 μL of blood with 900 μL total lysis solution 

7. Allow to sit for only 6 seconds 

8. Mix 367 μL (true value is 366.9230769 μL; want ratio of 5.3 mL quencher:13 mL 

blood-formic-acid-saponin mixture)of Quencher solution to stop the lysis of RBC 

9. Further process the solution by centrifugation 

10. 2000xg for 5 minutes (2.0 RCF setting for centrifuge) 

11. Aspirate the supernatant without disturbing pellet 

12. Centrifuge the supernatant again at 2000xg (2.0 RCF setting for centrifuge) for 5 

minutes if necessary (disturbed pellet, etc.)  

13. This is solution to be used/tested 

14. Using the solution (the supernatant that was aspirated from the centrifuged tube), 

Mix in 15 μL of DNA dye: SYBR Green I nucleic acid dye  

15. Incubate at room temperature for 5 minutes 

16. After incubation, this is the Testing Solution  

17. Testing Solution is ready for analysis in microchannel under fluorescent 

microscope after this. 

*Note: Lysing and Quenching solution amounts made in bulk because that was what 

could be measured accurately in the lab; then stored at room temperature when not in 

use 

 

Another method of lysing red blood cells is using DI (deionized and distilled) 

water.  This works by creating a hypotonic solution outside the cells, so the water will 

want to flow into the cells to equilibrate and this causes bursting of the cells since too 

much water would flow into the cells.  The following method was used at varying 

concentrations of DI water to blood to see if there is an ideal concentration. The initial 

protocol and iterations can be found in Appendix A: Iterations of Lysing Protocols: DI 

Water Lysis of RBCs Protocol. 

  

DI Water Lysis of RBCs Protocol 

1. Take 425 μL of whole blood sample to use for analysis 

a. Add HMW-DNA to replicate blood that has cancer (RATIO: 1 μL of 2 

μg/mL HMW-DNA: 9 μL of blood) 

b. Make sure to incubate for 5 minutes and vortex to mix DNA into blood well 

2. Mix in DI water with blood 

a. 50:50 RATIO: add 250 μL of DI water to 250 μL whole blood 

b. 75:25 RATIO: add 375 μL of DI water to 125 μL of whole blood 

3. Incubate blood and water at room temperature for 5 minutes 
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4. Using this diluted blood solution, mix in 4 μL of DNA dye: SYBR Green I 

nucleic acid dye 

5. Incubate at room temperature for 5 minutes 

6. After incubation, this is the Testing Solution  

7. Testing Solution is ready for analysis in microchannel under fluorescent 

microscope after this. 

 

After some more research, it was discovered that the aforementioned protocol had 

a possibility for lysing the white blood cells in addition to the red blood cells, so the 

following solution was used to stop the lysing of red blood cells before the white blood 

cells were affected too. The initial protocol and iterations can be found in Appendix A: 

Iterations of Lysing Protocols: DI Water/PBS Lysis of RBCs Protocol. 

DI Water/PBS Lysis of RBCs Protocol 

1. Take 1050 μL of whole blood sample to use for analysis  

a. Add HMW-DNA to replicate blood that has cancer (RATIO: 1 μL of 2 

μg/mL HMW-DNA: 9 μL of blood) 

b. Make sure to incubate for 5 minutes and vortex to mix DNA into blood well 

2. Mix in DI water with blood 

a. 50:50 RATIO: add 350 μL of DI water to 700 μL whole blood 

b.75:25 RATIO: add 525 μL of DI water to 350 μL of whole blood 

3. Incubate blood and water at room temperature for 5 minutes 

4. Add similar amount of 2X PBS to water/blood solution as water was initially 

added 

a. 50:50 Ratio: Add 350 μL of 2X PBS to DI water/blood solution 

b. 75:25 Ratio:  Add 525 μL of 2X PBS to DI water/blood solution 

5. Using this diluted blood solution, mix in 14 μL of DNA dye  

6. Incubate at room temperature for 5 minutes 

7. After incubation, this is the Testing Solution  

8. Testing Solution is ready for analysis in microchannel under fluorescent 

microscope after this. 

 

Another red blood cell lysing solution used for research to separate red blood cells 

for further processing is a 1mM EDTA solution.  The following protocol is the final 

method used to for lysing red blood cells used and was modified from the aforementioned 

research to focus on the free circulating DNA rather than the red blood cells. The initial 

protocol and iterations can be found in Appendix A: Iterations of Lysing Protocols: 1mM 

EDTA Lysis Protocol. 

1mM EDTA Lysis Protocol 

1. Take 400 μL of whole blood sample to use for analysis  

a. Add HMW-DNA to replicate blood that has cancer (RATIO: 1 μL of 2 

μg/mL HMW-DNA: 9 μL of blood) 

b. Make sure to incubate for 5 minutes and vortex to mix DNA into blood well 
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2. Mix 400 μL blood: 600 μL lysis (1mM EDTA) 

3. Mix by inverting at least 5 times (vortex if necessary because inverting doesn’t 

mix) 

4. Incubate at room temperature for 2 min 

5. Mix by inverting at least 5 times 

6. *Centrifuge at 2000xg for 10 minutes (2.0 RCF setting for centrifuge) 

7. Aspirate the supernatant 

a. This is solution to be used for further testing 

8. Using this solution (supernatant from 7 or if no centrifugation just use solution 

from 5), mix in 50 μL of DNA dye: SYBR Green I nucleic acid dye 

9. Incubate at room temperature for 5 minutes 

10. After incubation, this is the Testing Solution  

11. Testing Solution is ready for analysis in microchannel under fluorescent 

microscope after this. 

*Test done without centrifugation as well; Testing solution is whole blood with EDTA 

 

The last method looked at was processing whole blood into plasma and testing for 

free circulating DNA from plasma instead of whole blood since plasma would be easier 

to work with than whole blood. The initial protocol and iterations can be found in 

Appendix A: Iterations of Lysing Protocols: Plasma Dilution Method. 

 

Plasma Dilution Method (from **whole blood or bought plasma-skip to step 4) 

1. **Take 1 mL of whole blood sample to use for analysis  

a. Add HMW-DNA to replicate blood that has cancer (RATIO: 1 μL of 2 

μg/mL HMW-DNA: 9 μL of blood) 

b. Make sure to incubate for 5 minutes and vortex to mix DNA into blood well 

2. **Spin whole blood using centrifuge at 5000xg (5.0 RCF setting for centrifuge) 

for 7 minutes  

a. Centrifuge again if needed (may need total of 3 spins) 

3. **Aspirate plasma after centrifugation, and the plasma is to be used for future 

experiments and testing 

4. Dilute plasma with DI water 

a. 50:50 Ratio: 500 μL of DI water to 500 μL plasma 

b. 75:25 Ratio: 750 μL of DI water to 250 μL plasma 

5. Using these diluted plasma solutions, mix in 50 μL of DNA dye  

6. Incubate at room temperature for 5 minutes 

7. After incubation, this is the Testing Solution  

8. Testing Solution is ready for analysis in microchannel under fluorescent 

microscope after this. 

EXPERIMENTAL RESULTS AND ANALYSIS 

The first set of measurements made were of the various buffer solutions (see 

Table 1) used to dilute or lyse a blood sample, with the exception of deionized water (DI 
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water).  DI water typically has a conductivity around 1 µS/cm or 10-4 S/m.  So it is fairly 

negligible by comparison to the values obtained for the other various solutions (as seen in 

Table 1).  These values were also graphed to show the difference between the 

conductivity levels more easily (see Figure 48 and Figure 49). 

 

Buffers Conductivity (S/m) (+) St. Dev. (-) St. Dev. 

MHB 1.129 0.01 0.01 

Phosphate Buffer (0.1M) 0.757 0.008 0.007 

Normal Saline 1.551 0.039 0.009 

Tris EDTA 3.33 0.1 0.02 

RBC Lysis Solution (BioLegend)  2.1140 0.0223 0.0223 

Lysis (Saponin and formic acid) 0.1285 0.0015 0.0015 

Quencher (NaHCO3 and NaCl) 5.1430 0.0457 0.0457 

2X PBS 2.7557 0.0364 0.0364 

1M Phosphate Buffer 6.9825 0.0818 0.0818 

1mM EDTA  0.0132 0.0003 0.0003 

Table 1: This table lists the average conductivities of the buffer solutions used to lyse or dilute the blood 

samples (whole blood or plasma sample) with calculated standard deviation.  These values were created 

using 5-10 measurements. 

 

 
Figure 48: This figure illustrates the values of Table 1 with the standard deviations of each. 
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Figure 49: This figure is the same as Figure 48, but allows for the smaller values (like for EDTA and the 

saponin and formic acid solution) to be seen more easily. 

 After looking at these buffer solutions, various blood solutions were tested and 

observed.  Whole blood was measured to be about 0.546 S/m with plasma valuing about 

twice as much.  These values are fairly high, and so isolating fcDNA was not easily 

accomplished at these conductivities.  From previous tests in phosphate buffer solution, 

isolation was able to occur around 0.4 S/m solution.  So the highest possible conductivity 

with this setup would possibly be whole blood.  The problem with whole blood is that it 

is very viscous and thick, so a small sample around 120-140µL is too thick to create the 

ACET flow motion that would allow for fcDNA to get to the electrode and then for DEP 

to isolate it at the center of the electrode.  The sample needs to be diluted or cells 

lysed/removed or even a combination of the two processes.  So various lysing processes 

were looked at and conductivities measured.  The results of the conductivities measured 

for the various processed blood samples are seen in Table 2, Table 3, and Table 4. 
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Blood Sample Conductivity (S/m) (+) St. Dev. (-) St. Dev. 

whole blood 0.546 0.005 0.021 

Plasma 1.1790 0.0154 0.0154 

RBC Lysis Solution 1.7928 0.0219 0.0219 

50:50 dilution DI Water 0.3418 0.0186 0.0186 

25:75 dilution DI Water 0.2361 0.0151 0.0151 

10:90 dilution DI Water  0.1162 0.0028 0.0028 

Saponin lysis & quencher 1.6946 0.0070 0.0070 

50:50 dilution DI water/PBS 1.0870 0.0070 0.0070 

25:75 dilution DI Water/PBS 1.1869 0.0255 0.0255 

normal blood (EDTA; 

centrifuged) 

0.3161 0.0113 0.0113 

normal blood (EDTA lyse) 0.3616 0.0018 0.0018 

spiked blood (EDTA; centrifuged) 0.3202 0.0189 0.0189 

spiked blood (EDTA lyse) 0.3778 0.0029 0.0029 

Table 2: This table lists the values of the average conductivities for various blood samples that were lysed, 

or diluted. These values were calculated with 5-10 values. 

Plasma Sample Conductivity (S/m) Standard Deviation 

Plasma (spun down)   

50µL DI Water:50µL plasma 

(50:50 dilution) normal 

0.6180 0.0051 

75µL DI Water:25µL plasma 

(25:75 dilution) normal 

0.3363 0.0028 

50µL DI Water:50µL plasma 

(50:50 dilution) spiked 

0.5281 0.0029 

75µL DI Water:25µL plasma 

(25:75 dilution) spiked 

0.2903 0.0033 

Plasma Dilutions (bought)  Conductivity (S/m) Standard Deviation 

50µL DI Water:50µL plasma 

(50:50 dilution) normal 

0.6361 0.0489 

75µL DI Water:25µL plasma 

(25:75 dilution) normal 

0.2593 0.0025 

50µL DI Water:50µL plasma 

(50:50 dilution) spiked 

0.5743 0.0066 

75µL DI Water:25µL plasma 

(25:75 dilution) spiked 

0.2681 0.0021 

Table 3: This table lists the average measurements for conductivity of various plasma samples.  The 

average conductivities and standard deviations were calculated with 5-10 values. 
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Average from values above Conductivity (S/m) Standard Deviation 

50:50 dilution normal plasma 0.6271 0.0270 

25:75 dilution normal plasma 0.2978 0.0026 

50:50 dilution plasma spiked 0.5512 0.0048 

25:75 dilution plasma spiked 0.2792 0.0027 

Table 4: This table takes the values from Table 3 and makes a single average value for each plasma 

solution. 

From the values above, it was determined that either a diluted plasma solution 

with dilution to 25% or more, or an EDTA-lysed blood solution would be the best 

processes to follow.  Most of the lysing solutions with the exception of 1mM EDTA were 

very high conductivity.  Saponin and formic acid process would have been considered if 

another quencher solution could be determined to stop the lysing process, since the lysing 

solution was very low, but the quenching solution was extremely high.  The quencher 

solution of the saponin and formic acid lysing process had an extremely high 

conductivity, which is the reason for the resulting highly conductive blood solution.  But 

this process and a lot of the other processes dilute the blood sample to 10% or less, so this 

could be problematic as well because the amount of DNA in the sample in the device 

would be quite small and much harder to isolate.  Table 6 summarizes all of the various 

process, and then ranks them based on a few qualities with varying importance.  The 

score closest to 10 is the best method. 

 

Method  ID number for 

Table 6 

Method  ID number for 

Table 6 

1X RBC Lysis from 

BioLegend 

1 DI Water dilution (w/ 

2X PBS quencher) 

50:50 

6 

DI Water Dilution  

(no quench) 50:50 

2 DI Water dilution (w/ 

2X PBS quencher) 

75:25 

7 

DI Water Dilution  

(no quench) 75:25 

3 Plasma Dilution 50:50 8 

DI Water Dilution  

(no quench) 90:10 

4 Plasma Dilution 75:25 9 

Saponin/Formic Acid 

Lysis (w/ NaCl and 

NaHCO3 quencher) 

5 1 mM EDTA lysis 10 

Table 5: This is the identifiction numbers for the ranking table (Table 6). 
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Parameter → 

 

(Importance) 

Method ↓ 

Conductivity 

 

(0.3) 

Isolation 

 

(0.3) 

Destroy 

RBCs 

(0.1) 

 Does Not 

Destroy 

WBCs 

(0.15) 

Dilution 

Ratio 

(0.15) 

Score 

 

 

1 1 1 9 9 1 3 
2 6 1 5 1 8 3.95 
3 7 7 6 1 5 5.7 
4 8 1 7 1 4 4.15 

5 2 1 9 9 2 3.45 

6 3 1 3 7 8 3.75 

7 3 1 4 7 5 3.4 

8 4 5 10 10 8 6.4 

9 5 5 10 10 5 6.25 

10 6.5 9 8 9 7 7.85 

Table 6: This ranks the various blood dilution and lysing methods with the score closest to 10 indicating 

the best while closer to 0 is the worst by comparison.  

 

With the decision that the diluted plasma (25:75 ratio) or the EDTA-lysed blood 

solution to be considered, the following table and figure (Table 7 and Figure 50) are used 

to summarize the important blood solutions and visualize them compared to each other. 

 

 

Blood/Plasma Solutions Conductivity (S/m) (+) St. Dev. (-) St. Dev. 

whole blood 0.546 0.005 0.021 

Plasma 1.1790 0.0154 0.0154 

25:75 dilution normal plasma 0.2978 0.0026 0.0026 

25:75 dilution plasma spiked 0.2792 0.0027 0.0027 

normal blood (EDTA; centrifuged) 0.3161 0.0113 0.0113 

normal blood (EDTA lyse) 0.3616 0.0018 0.0018 

spiked blood (EDTA; centrifuged) 0.3202 0.0189 0.0189 

spiked blood (EDTA lyse) 0.3778 0.0029 0.0029 

Table 7: This table lists the values of the important blood and plasma solutions that were considered for 

moving forward.  These average conductivities and standard deviations were calculated with 5-10 

measurements (as mentioned above with Table 1, Table 2, and Table 4). 
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Figure 50: This figure illustrates the values listed in Table 7. 

 After choosing these two processes, some testing in the microfluidic channel was 

completed.  The channel height used here is 800 µm.  All of the images (in Figure 51 and 

Figure 52) are close to the center of the electrode, focusing on the teeth after 10 minutes 

of application of the square wave 10 Vpp and 400 kHz. 
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Figure 51: This image shows the results of the plasma samples diluted to 25:75 ratio: A) normal bought 

plasma B) bought plasma spiked with HMW DNA C) normal plasma from centrifuged whole blood D) 

plasma centrifuged from whole blood spiked with HMW DNA 

A B 

C D 
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Figure 52: This image shows the results of the EDTA lysed samples: A) normal EDTA lysed blood sample 

without centrifugation B) EDTA lysed blood sample spiked with HMW DNA without centrifugation C) 

normal EDTA lysed blood sample with centrifugation D) EDTA lysed blood sample spiked with HMW DNA 

with centrifugation. 

For Figure 51, the images show isolation of DNA in the plasma samples that 

came from processing whole blood with centrifugation, but nothing for the bought 

plasma sample.  This most likely is due to the setting of the square wave-10 Vpp and 400 

kHz- and the combination of this with the conductivity of ~0.3 S/m; this is not optimal 

for isolation. For Figure 52, the EDTA lysing process without centrifugation was 

extremely bright, and this is believed to be the white blood cells in the sample becoming 

fluorescent with addition of the SYBR-Green dye.  Once the EDTA lysed blood was 

A B 

C D 
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centrifuged, mainly DNA was shown and only a few large bright clumps believed to be 

the white blood cells were still present.  All of the centrifuged samples for both the 

EDTA lysed and the plasma images do show a seemingly large amount of DNA, 

however.  This was interesting to observe and went unnoticed for a while as being 

problematic, but will be discussed more in later paragraphs. 

After these tests, EDTA lysing was to chosen to analyze further.  The reason for 

this was because of the possibility for making this solution useful in a point of care type 

device, and hopefully without the use of centrifugation even though centrifugation is 

necessary at this point.  The white blood cells (WBCs) are dyed/marked by the SYBR-

Green I dye, and so the noise and fluorescence due to these cells (see images Figure 52 A 

and B) makes identifying the fcDNA alone more difficult, and so they were centrifuged 

out to get better results. 

EXPERIMENT 5: BLOOD SAMPLES TESTING IN MICROFLUIDIC DEVICE, OPTIMIZATION OF 

VOLTAGE PARAMETER 

Both plasma and EDTA lysing options looked promising, but as mentioned in the 

previous section, EDTA lysing was pursued because potentially it could work without 

centrifugation, and this would be ideal for a point of care system where only EDTA 

would need to be added to the blood solution, then the blood goes directly into the 

microfluidic device, and DNA would concentrate and be measured.  However, EDTA 

was used with centrifugation for these experiments however to obtain better results since 

white blood cells seemed to fluoresce along with the DNA (as seen in Figure 52).  So the 

SYBR-Green I dye, tagged the fcDNA and the WBCs.  The electrode design for these 

experiments is in Figure 17. 

EXPERIMENTAL PROTOCOLS AND PROCEDURES 

Using the EDTA blood lysing process, the blood sample with 200 ng/mL HMW-

DNA added to the solution was processed and then tested in an 800 µm channel (need 

140 µL to fill channel) on the electrode as in the setup in Figure 23 and Figure 24.   

The parameter which was being optimized in this experiment was voltage because 

all other parameters were set due to time constraints of this thesis: the one electrode used 

was the same one with a ~20 µm gap at the teeth as seen in Figure 17; the channel height 

was set to be 800 µm; and the frequency was set to be 400 kHz.  Voltages tested at the 

400 kHz frequency were 5 Vpp (voltage peak-to-peak), 7 Vpp, 9 Vpp, 11 Vpp, and 14 

Vpp measured on the electrode by the oscilloscope. 
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EXPERIMENTAL RESULTS AND ANALYSIS 

 

 
Figure 53: This image displays the concentration of DNA at the center of the electrode teeth for varying 

voltages: A) 5Vpp, B) 7 Vpp, C) 9 Vpp, D) 11Vpp, and E) 14 Vpp. 

B A C 

D E 
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Figure 54: This figure shows the isolation and concentration of fcDNA (white) when the microfluidic 

device has 11 Vpp and 400kHz measured on the electrode. 
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Figure 55: This figure illustrates accumulation of cell debris, proteins, and other various particles present 

which occurs when the temperature at the electrode is too hot. The settings for this were 14 Vpp and 

400kHz measured on the electrode.  A) is the fluorescent image to see the fcDNA (which appear white). B) 

is the brightfield image showing the dark larger particles assumed to be cell debris or denatured proteins. 

 The results from the first image (Figure 53) show the differences at the various 

voltages for the EDTA lysed blood samples.  The highest accumulation appears to be at 

11 Vpp, which is then viewed as the whole electrode in Figure 54.  What is interesting is 

that after 11 Vpp, the 14 Vpp tested shows no isolation at the center, but rather it became 

very dark.  In Figure 55, the reason for why the fluorescent image (A) is darker is seen in 

the brightfield image (B): the cell debris and other particles in the blood sample are being 

A B 
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trapped at the center of the electrode instead of the DNA.  So from these results it would 

seem that the ideal voltage to work at would be 11 Vpp. 

EXPERIMENT 6: ELECTROKINETIC DEVICE STUDY OF HIGH MOLECULAR WEIGHT AT VARIOUS 

CONCENTRATIONS IN BLOOD 

Figure 17 shows the electrode design used for microfluidic device and is the same 

as the previous experiments.  This setup used the 11 Vpp found from the previous data 

and kept the same 400 kHz frequency for the square wave applied to the electrode. 

EXPERIMENTAL PROTOCOLS AND PROCEDURES 

Various concentrations of HMW-DNA was added to the blood sample in order to 

obtain a spiked sample with at least concentrations 2 ng/mL, 5 ng/mL, 25 ng/mL, 50 

ng/mL, 100 ng/mL, and 200 ng/mL.  Mixing of the various solutions occurred before the 

EDTA lysing process was used to make a solution that could be put into the microfluidic 

device for testing of isolation.  In order to make these various solutions, 150 µL of 2 

µg/mL Lambda-phage DNA was mixed with 1350 µL of whole blood to make the 200 

ng/mL solution; 25 µL of 2 µg/mL Lambda-phage DNA was mixed with 475 µL of 

whole blood to make the 100 ng/mL solution; 12.5 µL of 2 µg/mL Lambda-phage DNA 

was mixed with 487.5 µL of whole blood to make the 50 ng/mL solution; 12.5 µL of 2 

µg/mL Lambda-phage DNA was mixed with 987.5 µL of whole blood to make the 25 

ng/mL; 100 µL of 25 ng/mL solution was mixed with 400 µL of whole blood to make the 

5 ng/mL solution; and 40 µL of 25 ng/mL solution was mixed with 400 µL of whole 

blood to make the 2 ng/mL solution. 

The reason for the large amount of the 200 ng/mL solution was because it was 

also used to complete Experiment 5: Blood Samples Testing in Microfluidic Device, 

Optimization of Voltage Parameter (the voltage analysis to find the optimal voltage).  

The reason for the large amount of 25 ng/mL solution is because it was used in a serial 

dilution to make the smaller concentrations of DNA added to the blood without having to 

make a lot of solution for the smaller concentrations and because the size of the pipettes 

would not allow for finer resolution to go to the lower concentrations. 

After these blood solutions were prepped, they were then lysed using the EDTA 

lysing method, and then the supernatant was then used in the microfluidic device after 

adding SYBR-Green I dye to mark the HMW-DNA (the Lambda-phage DNA).  The 

solution was pipetted into the device and then the holes covered with tape to prevent 

evaporation of the solution through the hole since the solution does heat up with 

application of a square wave to the electrode. 
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EXPERIMENTAL RESULTS AND ANALYSIS 

 

 
Figure 56: This image displays what was isolated at the teeth for the various DNA concentrations: A) 0 

ng/mL, B) 2 ng/mL, C) 5 ng/ml, D) 25 ng/mL, E) 50 ng/mL, F) 100 ng/mL, and G) 200 ng/mL. 

 Upon looking at concentrations 0 ng/ml, 2 ng/mL, 5 ng/mL, 25 ng/mL, 50 ng/mL, 

100 ng/mL, and 200 ng/mL (in Figure 56), there was no consistent data, but also a lot of 

DNA present (as mentioned before with the centrifuged processed blood).  The greatest 

concentration of DNA as the center of the teeth actually seems to be the 0ng/mL and this 

means that the HMW DNA that is supposed to signify the fcDNA, is not actually being 

trapped by the electrode.  So using the EDTA lysed process with centrifugation is not 

yielding the results intended.  This belief for this is because of the centrifugation process.  

It is believed that the centrifugation process is lysing the white blood cells and adding 

DNA to the solution, so the DNA captured in these images may be HMW, but it is 

mainly from the lysed WBCs in the blood and not in fact the Lambda phage DNA added.  

Because of this mishap with the centrifugation process due to experimenter error, this 

process was abandoned. 

A B 

E 

C D 

F G 
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EXPERIMENT 7: ISOLATION OF VARYING CONCENTRATIONS OF HIGH MOLECULAR WEIGHT 

DNA IN PLASMA SAMPLE 

After having attempted to have the EDTA-lysed blood solution but yielding no 

results, varying concentrations of HMW DNA (Lambda phage DNA) were added to 

plasma samples, then diluted to 1/10th of the concentration (or 10 %), and ran in the 

microfluidic device.  Plasma (bought from Innovative Research IPLAS-Na Heparin) for 

the rest of the experiments was found to work better with the time constraints.  Also 

changed in this experiment was the microscope.  Rather than using the inverted 

microscope (Leica DMI 4000B) where the images were taken from the bottom and 

nothing occurring on top of the electrode would be seen, an upright microscope (Nikon 

Eclipse) was used to observe what is occurring on top of the electrode at the teeth.  A 

third change was the amount of time the microfluidic device was working.  It would run 

at 16 Vpp and 400 kHz for 20 minutes rather than 10 minutes at 11 Vpp and 400 kHz. 

The concentrations of HMW DNA used in the limit of detection part of this 

experiment were 0 ng/mL, 50 ng/mL, 100 ng/mL, 200 ng/mL.  These concentrations are 

physiologically relevant to cancer patient concentrations of HMW DNA (100 ng/mL or 

greater).  Another part of this experiment was to determine difference in normal plasma, 

low molecular weight (LMW) DNA added to plasma, and HMW DNA added to plasma 

as the expectation is normal plasma will have the lowest signal, with LMW DNA coming 

in at a close second, and HMW DNA having a significantly higher fluorescence level 

than the LMW DNA and normal samples.  The concentration of these samples were 

significantly higher (2000 ng/mL) so that fluorescence measurements could be captured 

for both samples (HMW and LMW DNA). 

EXPERIMENTAL RESULTS AND ANALYSIS 

 The conductivity was tested for this experiment and found to be ~0.1 S/m, so 

using the initial buffer solution optimization values should be relevant and allow for 

isolation of fcDNA in these plasma samples diluted to 10% (see Figure 57). 

 

 
Figure 57: This image displays the conductivities comparing the 10% blood plasma and the phosphate 

buffer control (1/100X). The averages and standard deviations were calculated with 23 values. 
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 From the Figure 57, one can see that the conductivities are very close, but with 

the values of 0.1526 S/m ± 0.0077 S/m for the 10% blood plasma and the 1/100X 

phosphate buffer being 0.1494 S/m ± 0.0015 S/m, a t-test concludes that these 

conductivities would overlap about 10% of the time (p < 0.1). 

 

 
Figure 58: This figure displays the images of the diluted plasma with concentration of HMW DNA at the 

teeth of the electrode: A) 0ng/mL HMW DNA, B) 50 ng/mL HMW DNA, C) 100 ng/mL HMW DNA, and D) 

200 ng/mL HMW DNA. 

 From the image above (Figure 58), it would appear that the limit of detection (the 

minimum concentration of HMW DNA) for the device would be close to 100 ng/mL.  It 

is the first image that one can distinguish the HMW DNA at the teeth compared to the 

normal plasma sample (0 ng/mL HMW DNA).  It is a dim fluorescence, but the 

fluorescence tends to increase with the increasing concentration as one would expect. 

 

A B 

C D 



Lamanda 78 

 
Figure 59: This graph shows the numerical values of fluorescence for the images in Figure 58, with a 

linear trendline to represent the data.  The limit of detection (LOD) was calculated to be ~44ng/mL. 

 The graph in Figure 59 demonstrates the calculated limit of detection based on the 

normal plasma sample fluorescent values (0 ng/mL) measured in the images and the 

linear trend obtained by measuring fluorescence at the various concentrations mentioned 

earlier (0 ng/mL, 50 ng/mL, 100 ng/mL, and 200 ng/mL).  The calculated limit of 

detection is ~44ng/mL even to though from the images in Figure 58 suggest that the limit 

of detection is closer to 100 ng/mL.  For the calculated limit to be true, the fluorescence 

would have to be significant enough in the image that the naked eye cannot detect it, and 

this is entirely possible as the areas of fluorescence looked at are quite small on the 

images. 

 Besides wanting a limit of detection for the microfluidic device, the device should 

also be able to distinguish between HMW DNA, LMW DNA, and a normal plasma 

sample.  The following figures (Figure 60 and Figure 61) are the results of putting 2000 

ng/mL of each type of DNA and compare it to the control plasma case (0 ng/mL). 
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Figure 60: This figure shows the differences between images of (A) 2000ng/mL of HMW DNA, (B) 2000 

ng/mL of LMW DNA, and no DNA added to plasma (C-brightfield, D-fluorescent). 

 In the above image, the 2000 ng/mL HMW DNA in A) of Figure 60 has higher 

fluorescence at the teeth compared to the LMW DNA (B) and the control (0 ng/mL in D). 

The image of the brightfield C) of Figure 60 is shown to represent where the electrode is 

for fluorescent image D). To confirm that the fluorescence of all of these is significant, 

the average fluorescence for each concentration along the teeth of the electrode was 

measured to get the following result (Figure 61).  

 

A B 

D C 
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Figure 61: This graph is the numerical values for fluorescence for the previous figure (Figure 60). 

 From the above graph and using a two-tail t test, we find that the HMW DNA 

fluorescence value is significantly higher than both the LMW DNA (p < 0.002) and the 

control (p < 0.001).  In addition to this, even the LMW is significantly higher than the 

control (p < 0.002).  So this device can distinguish between HMW DNA, LMW DNA, 

and normal plasma sample (no DNA added; 0 ng/mL). 

DISCUSSION 

From all of the work done in blood, the EDTA lysing process seemed the most 

promising at first with the lowest conductivity that lysed the RBCs and allowed the blood 

sample to work in the microfluidic device.  It also did not dilute the sample as 

significantly compared to the other lower conductivity processes (40% dilution compared 

to 25% and 10% for plasma dilutions). However, due to an inability to centrifuge the 

sample without lysing the WBCs, the process became difficult to work with and find 

accurate results relating to the fcDNA. 

The next promising solution was looking at plasma solutions and diluting them to 

a lower conductivity to allow the device to work well, since it was the lower conductivity 

(~0.1 S/m) that worked the best for the microfluidic device.  With a 10% plasma solution 

being similar to the low conductivity (~0.1 S/m) that was previously shown to work well 

in buffer, a limit of detection for the microfluidic device was established/calculated to be 

~44 ng/mL.  Also, the device can distinguish between the HMW DNA, LMW DNA, and 

control plasma sample (0 ng/mL DNA added), which is important for isolating the 

fcDNA and being able to identify the cancerous/disease fcDNA (HMW DNA) and not 

the normal fcDNA (LMW DNA).  This was the result desired because it means there is 

potential for this device to identify and concentrate the HMW DNA in a blood sample, 

and it has the potential to become the cancer diagnostic/prognostic tool. 
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CONCLUSIONS 

 This research study looked at building a microfluidic device, characterizing the 

flow motion of that device, and then applying that knowledge to attempt concentrating 

fcDNA in a blood sample.  Through trial and error, and some literature research for 

relevant values to use as a basis for designing experiments, this project was able to create 

a microfluidic device that has the potential for concentrating the fcDNA from a patient 

and determining if the DNA isolated is of HMW origin or LMW origin and what 

concentration of DNA is being looked at because of the fluorescence of the DNA with 

the SYBR green dye attached to it.   

The device is a parallel electrode with teeth at the center (~20 μm between teeth 

tips) and an 800 μm channel height.  A square wave applied to the electrode (16 Vpp and 

400kHz) concentrates the HMW DNA at the electrode teeth tips.  The conductivity of 

this solution (plasma solution) was ~0.1 S/m in order for isolation to occur with the 

application of that specific square wave with the previously described device.  The device 

has a detection limit or minimum concentration of HMW DNA of ~44 ng/mL.  And, the 

device can distinguish between HMW DNA, LMW DNA, and normal plasma DNA 

levels with at least a significance of p<0.002.  With all of this information, the device has 

the potential for identifying the fcDNA that comes from cancers cells (the HMW DNA). 

This study was designed to show that this device would be worth pursuing in 

terms of concentrating fcDNA.  And it is.  It also showed clinically relevant amounts of 

DNA could be detected in terms of cancer related fcDNA.  So this microfluidic device 

should be pursued and studied more.  Some possible improvements could be with 1) 

looking at the blood processing steps again to try and find the best way of processing the 

blood with the hopes of a point of care diagnostic tool, specifically relooking at EDTA 

lysing method and finding another way to rid the sample of WBCs or even finding 

another method of ridding the sample of all blood cells (filtering method), 2) trying to 

optimize the device further, with the possibility of a smaller gap in the electrode or 

changing the design of the channel to maximize the amount of DNA isolated at the center 

of the electrode from the blood sample, and 3) testing blood samples from cancer 

patients. 
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APPENDIX A: ITERATIONS OF LYSING PROTOCOLS 

RBC LYSIS PROTOCOL 

1. Take 75 μL of whole blood sample to use for analysis 

a. Add HMW-DNA to replicate blood that has cancer (RATIO: 1 μL of 2 

μg/mL HMW-DNA: 9 μL of blood) 

b. Make sure to incubate for 5 minutes and vortex to mix DNA into blood well 

2. Dilute 10x RBC lysis (from BioLegend) to 1x working concentration with DI 

H2O 

3. Make sure to warm 1x solution to room temperature before use 

4. Dilute 200 μL of 10x RBC lysis with 1800 μL of DI H2O 

5. Add 1.5 mL of 1x RBC lysis solution to 75 μL blood 

6. Gently vortex each tube after adding lysis solution (use lower setting on vortex 

mixer) 

7. Incubate this at room temperature for 15 minutes 

8. Centrifuge at 400xg for 5 minutes 

9. Aspirate supernatant without disturbing pellet 

10. This is the solution to be used/tested 

11. Centrifuge again at 400xg for 5minutes if necessary (disturbed pellet, etc.)  

12. Using the blood-lysis solution, mix in 15 μL of DNA dye: SYBR Green I nucleic 

acid dye 

13. Incubate at room temperature for 5 minutes 

14. After incubation, this is the Testing Solution  

15. Testing Solution is ready for analysis in microchannel under fluorescent 

microscope after this. 

*Took out centrifugation because did not get any pellet with that setting or higher rates 

(1500xg; 2000xg; 10,000xg: &12000xg) 
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SAPONIN/FORMIC ACID PROTOCOL  

(do step 1 and then skip to step 6 if have lysis and quencher solutions made)  

 

1. Take 75 μL of whole blood sample to use for analysis 

a. Add HMW-DNA to replicate blood that has cancer (RATIO: 1 μL of 2 

μg/mL HMW-DNA: 9 μL of blood) 

b. Make sure to incubate for 5 minutes and vortex to mix DNA into blood well 

2. Make total Lysis solution and quencher solution 

3. **Lysis solution (total=1750 μL): 2.1 μL formic acid mixed with 0.000875g (.875 

mg) saponin and add DI water until total volume is 1750 μL (probably add 

approximately 1747.9 μL) 

4. **Quencher Solution (total=400 μL): Mix 0.0024g (2.4mg) Sodium bicarbonate 

with 0.012g (12mg) sodium chloride and fill with DI H2O until reaches 400 μL 

total (probably close to 400μL of water but not quite) 

5. Use vortex to mix solutions well (low setting for vortexing; gentle vortexing) 

6. Mix 75 μL of blood with 900 μL total lysis solution 

7. Allow to sit for only 6 seconds 

8. Mix 367 μL (true value is 366.9230769 μL; want ratio of 5.3 mL quencher:13 mL 

blood-formic-acid-saponin mixture)of Quencher solution to stop the lysis of RBC 

9. Further process the solution by centrifugation 

10. *200xg for 5min  

11. Aspirate the supernatant without disturbing pellet 

12. *Centrifuge the supernatant again at 200xg for 5minutes if necessary (disturbed 

pellet, etc.)  

13. This is solution to be used/tested 

14. Using the solution (1. the blood-lysis solution if skip the centrifugation or 2. using 

the supernatant that was aspirated from the centrifuged tube), Mix in 15 μL of 

DNA dye: SYBR Green I nucleic acid dye  

15. Incubate at room temperature for 5 minutes 

16. After incubation, this is the Testing Solution  

17. Testing Solution is ready for analysis in microchannel under fluorescent 

microscope after this. 

* Use different centrifuge rate for Step 10 & 12: tried 500xg, for 5 minutes, 2000xg 

because found paper that states WBCs form pellet at that rate (try for 5 min); tried 

2500xg for 5 minutes (no more pellet); so 2000xg was used since was lowest speed 

where pellet formed 

**too small of an amount used in step 3 so changed to larger amounts that were 

measurable: 0.02 g of saponin: 48 μL formic acid and then add DI water until 40 mL 

in total reached; quencher for step 4 too small as well so changed to larger 

(measurable amounts): 0.06 g sodium bicarbonate: 0.3 g sodium chloride and then 

add DI water until 10mL is reached *Note with this change: Lysing and Quenching 

solution amounts made in bulk because that was what could be measured accurately 

in the lab; then stored at room temperature when not in use 
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DI WATER LYSIS OF RBCS PROTOCOL 

1. Take 75 (for each sample and have three samples…because three different 

dilutions to test; change to 425 μL in total for use for all three samples) μL of 

whole blood sample to use for analysis 

a. Add HMW-DNA to replicate blood that has cancer (RATIO: 1 μL of 2 

μg/mL HMW-DNA: 9 μL of blood) 

b. Make sure to incubate for 5 minutes and vortex to mix DNA into blood well 

2. Mix in DI water with blood 

a. 50:50 RATIO: add 75 μL of DI water to 75 μL whole blood 

b. 75:25 RATIO: add 225 μL of DI water to 75 μL of whole blood 

c. 90:10 RATIO: add 675 μL of DI water to 7.5 μL of whole blood  

3. Incubate blood and water at room temperature for 5 minutes 

4. Using this diluted blood solution, mix in 4 μL of DNA dye: SYBR Green I nucleic 

acid dye for both solutions-the 50:50 and the 75:25 

5. Incubate at room temperature for 5 minutes 

6. After incubation, this is the Testing Solution  

7. Testing Solution is ready for analysis in microchannel under fluorescent 

microscope after this. 

*Took out the 90:10 ratio because it was very dilute (too dilute to be able to detect 

DNA) 

**make larger ratios—50:50 becomes 250 μL of DI water to 250 μL whole 

blood;75:25 becomes 375 μL of DI water to 125 μL whole blood; 90:10 becomes 450 

μL of DI water to 50 μL whole blood 
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DI WATER/PBS LYSIS OF RBCS PROTOCOL 

1. Take 1050 μL of whole blood sample to use for analysis  

a. Add HMW-DNA to replicate blood that has cancer (RATIO: 1 μL of 2 

μg/mL HMW-DNA: 9 μL of blood) 

b. Make sure to incubate for 5 minutes and vortex to mix DNA into blood 

well 

2. Mix in DI water with blood 

a. Initially look at 40 μL of DI water to 80 μL whole blood but changed to 

larger amount of 200 μL of DI water to 400 μL whole blood; Final 

ratio=50:50 RATIO: add 350 μL of DI water to 700 μL whole blood 

b. Initially look at 75 μL of DI water to 50 μL whole blood but changed to 

larger amount of 300 μL of DI water to 200 μL whole blood; Final 

ratio=75:25 RATIO: add 525 μL of DI water to 350 μL of whole blood 

3. Incubate blood and water at room temperature for 5 minutes 

4. Add similar amount of 2X PBS to water/blood solution as water was initially 

added 

a. Initially would have added 40 μL of 2X PBS but needed larger amount so 

changed to 200 μL of 2X PBS; Final 50:50 Ratio: Add 350 μL of 2X PBS 

to DI water/blood solution 
b. Initially would have added 75 μL of 2X PBS but needed larger amount so 

changed to 300 μL of 2X PBS; Final 75:25 Ratio:  Add 525 μL of 2X 

PBS to DI water/blood solution 
5. Using this diluted blood solution, mix in 14 μL of DNA dye: SYBR Green I 

nucleic acid dye for both solutions-the 50:50 and the 75:25 

6. Incubate at room temperature for 5 minutes 

7. After incubation, this is the Testing Solution  

8. Testing Solution is ready for analysis in microchannel under fluorescent 

microscope after this. 
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PLASMA DILUTION METHOD 

1. **Take 1 mL of whole blood sample to use for analysis  

a. Add HMW-DNA to replicate blood that has cancer (RATIO: 1 μL of 2 

μg/mL HMW-DNA: 9 μL of blood) 

b. Make sure to incubate for 5 minutes and vortex to mix DNA into blood 

well 

2. **Spin whole blood using centrifuge at 2000xg (5000xg) for 7 minutes (2.0 

RCF changed to 5.0 RCF because no separation; use 5000xg or 5.0 RCF) 

a. Centrifuge again if needed (usually needed more than one spin through) 

3. **Attempted with bought plasma too (no centrifugation necessary) 

4. **Aspirate plasma after centrifugation 

5. Dilute plasma with DI water 

a. Initial thought for 50:50 Ratio: 750 μL of DI water to 750 μL plasma 

changed to 500 μL of DI water to 500 μL plasma (sometimes initial ratio 

is used like for bought plasma tests) 

b. Initial thought for 75:25 Ratio: 1125 μL of DI water to 375 μL plasma but 

changed to 750 μL of DI water to 250 μL plasma 

6. Using these diluted plasma solutions, mix in 50 μL of DNA dye (**note higher 

concentration of DNA dye here than in previous protocols (about 5 times higher); 

if total solution is 1500 μL then 75 μL was added) 

7. Incubate at room temperature for 5 minutes 

8. After incubation, this is the Testing Solution  

9. Testing Solution is ready for analysis in microchannel under fluorescent 

microscope after this. 
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1MM EDTA LYSIS PROTOCOL 

1. Take 160 μL (400 μL) of whole blood sample to use for analysis  

a. Add HMW-DNA to replicate blood that has cancer (RATIO: 1 μL of 2 

μg/mL HMW-DNA: 9 μL of blood) 

b. Make sure to incubate for 5 minutes and vortex to mix DNA into blood 

well 

2. Mix 160 μL blood: 240 μL lysis (1mM EDTA)use larger amount 400 μL blood: 

600 μL lysis 

3. Mix by inverting at least 5 times (vortex if necessary because inverting doesn’t 

mix) 

4. Incubate at room temperature for 2 min 

5. Mix by inverting at least 5 times 

6. Centrifuge at 2000xg for 10 min (2.0 RCF on centrifuge in lab for 10 min) 

7. Aspirate the supernatant 

a. This is solution to be used for further testing 

8. Using this solution (supernatant from 6), mix in 20 μL (50 μL because larger 

amount) of DNA dye: SYBR Green I nucleic acid dye (**note this uses the same 

higher concentration of DNA dye as the plasma setup) 

9. Incubate at room temperature for 5 minutes 

10. After incubation, this is the Testing Solution  

11. Testing Solution is ready for analysis in microchannel under fluorescent 

microscope after this. 

**Test done without centrifugation as well; Testing solution is whole blood with 

EDTA 
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APPENDIX B: METHOD OF MAKING ELECTRODE AND DEVICE 

Information here is a collaborative effort with another member of the Systematic 

Bioengineering Lab (SBL), Yi Lu. 

MAKING OF ELECTRODE 

 Making the electrode starts with designing the electrode in AutoCAD, a computer 

aided drawing modality.  The designs are drawn to scale and created so that the design 

could be sent out to a company to make a glass mask for use in making the electrodes in 

the clean room.  It is important that the designs are made to keep the electrode design 

itself see through glass while the surrounding of the electrode is actually solid (metal).  

Once the mask is made and received, the electrode making process can begin. 

 In a clean room environment (ECE clean room at the University of Arizona was 

used), the glass slides are prepped (cleaned) so that the photolithography and lift off 

procedures used can be accomplished without problems.  To clean the electrode, acetone 

and isopropanol are used sequentially, then rinsed with DI water, and compressed air 

dried to clean the glass slide.  Then the glass slide is put on the hotplate at 120°C for 5 

minutes.  Then the glass slide is put onto the Solitec Spin Coater machine to put a 

hydrophobic coating (HDMS) and the photoresist (Positive Resist AZ3312) on.  The 

setting used was 1000 rpm for 30 sec for both the hydrophobic coating and the 

photoresist.  Then the glass slide is baked on the hotplate at 90°C for 90 seconds so that 

the photoresist sticks to the glass surface. 

 The next step of the photolithography process and lift off procedure is to expose 

the glass slide with the photoresist to UV light to pattern the electrode design on the slide.  

The glass slide is put onto the ABM Mask Aligner, and then the glass mask made from 

the AutoCAD drawings is placed over the glass slide.  The design desired is the one that 

should be over the glass slide (a glass mask can have 20 or so designs).  Once the glass 

slide and mask are in place, the ABM Mask Aligner machine is set to turn on the UV 

light and expose the photoresist portion visible under the mask for about 10 seconds.  

This time can change depending on the intricacies of the design of the electrode, but too 

long or too short can yield unwanted electrode design.  After exposure, the glass slide is 

put into a developer and swirled to remove the photoresist exposed to the UV light 

(usually takes about 30 seconds).  This leaves the photoresist present around the electrode 

design and this is why the mask needs to be made so only the electrode design is clear 

glass.  Once the electrode is visible, take out of developer immediately so that all of the 

photoresist does not come off, because it could, and rinse off the developer with DI 

water.  To know if timing is good for both of the UV light and the developer stages, a 

microscope is used to observe the smallest details of the electrode design. It is important 

to see the electrode how the final product is supposed to look.  If the features are not as 

desired, then the timings of the UV light exposure and/or developer may need to change.  

Too long of a UV exposure time could lead to the UV light going around the design and 

making the electrode bigger than anticipated and maybe not leaving a gap.  The problem 

with timing of the developer stage was already mentioned (too long in developer and 

whole coating, not just the UV light exposed parts could be gone). 
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 Once the desired electrode is seen surrounded by the photoresist, the glass slide is 

placed in the E Beam machine, used to coat the glass slide with metals by evaporation 

process.  Make sure the patterned side is facing where the evaporated metal comes from 

otherwise no electrode can be made and the glass slide will all be covered in metal.  The 

glass slide is put on a rotating stage a certain distance from where the evaporating metal 

comes from.  Depending on the distance and speed of rotation, this determines the 

thickness of the metal deposited onto the entire glass slide (the photoresist portion 

surrounding the clean glass electrode design portion).  For this electrode, the metals used 

were titanium and gold deposited as 50nm titanium: 150 nm gold: 50 nm titanium.  The 

reason these metals are used is because the gold is the source of power, and the titanium 

is the protective coating.  Titanium is fairly stable with good metallic properties that 

would allow higher conductivity solutions to go to higher applied voltages.  Initially, 

chrome was used, but this would evaporate away at too high of a voltage in a high 

conductivity solution; hence the change to titanium.  Platinum could be used but in the E 

Beam machine, only two glass slides could be put in, whereas with the gold and titanium 

combination, up to 10 times more electrodes can be made (allowing for more efficiency 

in making and testing electrodes).  

 After the glass slides are coated in metal using the E Beam machine, the 

photoresist can be removed by acetone.  This removes the remaining photoresist layer, 

and the metal on top of it, but the metal that attached to the glass directly stays behind.  

This is the electrode used in the microfluidic device. 

MAKING OF DEVICE 

 The microfluidic device can be put together after the electrode and the 

microchannel is made.  The microchannel is made by using mixing PDMS in 

recommended ratios, covering the correct channel height mold (whether the desired 

height is 400 μm, 600 μm, 800 μm, or 1000 μm), and placing on a hotplate until the 

PDMS cures.  Once the PDMS channel is made, the channel is cut around (see Figure 62) 

to be placed on top of the glass slide and electrode.  Holes are punctured into the circular 

portion of the channel (see Figure 62). 

  

 
Figure 62: This is figure illustrates where the holes (in blue) are punched into the channel, and what the 

channel is cut to (darker gray portion). 
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 Once the channel is cut and the holes are punched, the glass slide and electrode 

have one more preparation step before bonding of the channel and glass slide/electrode 

can occur.  The electrode needs leads to be attached so that the function generator can be 

attached.  Some wire is soldered to the rectangular portions of the electrode at the bottom 

(see Figure 62 for reference).  

After the channel and glass slide/electrode are prepped completely, the channel 

and the glass slide/electrode can be fused/bonded together by plasma treatment.  The 

channel (faced up) and the glass slide/electrode are placed into the plasma machine with 

the sides that are to be bonded, and the pieces are exposed for 5 minutes so that the 

surfaces both become hydrophilic.  Immediately upon removal from the plasma machine, 

the channel (with the side exposed to the plasma) will be put down onto the glass slide 

and centered over the electrode (as seen in Figure 62).  Some important notes when 

bonding the channel and the glass slide/electrode together, 1) the channel and the glass 

slide/electrode should be clean before plasma treating to prevent contaminants, and 2) 

when placing the channel on the glass slide and center, align the two pieces without them 

touching first, and then press down as quickly as possible to get the best possible 

adhesion between the two surfaces. 

 Once bonded, do not use immediately after bonding for testing samples, but rather 

wait for a day to allow for full adhesion. This is the device to be used for isolating the 

fcDNA from samples, in blood and/or buffer. 
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