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ABSTRACT

Molecular analysis dfree circulating (fc)DNA haghe potential to change the
face of medicine, specificalip cancer diagnostics ama monitoringthe efficacy of
cancer treatmentdn this study, anicrofluidic deviceusing AC electrokinetics is
developed for rapid concentration and detection of fcDNA from blddte device
rapidly concentratefcDNA from a blood samplesing a combination of AC
eledrothermal flow and dielectrophoresi¥he electrothermal fluid motion drives the
fcDNA towards the center of the electrode where dielectrophoretic trapping of the
fcDNA occurs. Once thiEEDNA is collected at the center of the electrode, the
concentratia in the blood sample can be determined by fluorescent analysis with an
intercalating dye that binds to doulsganded DNA The effects of the operating
parameters are investigated to optimize the design of the device. The electrokinetic
device can isa@lte 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

Cancerand disease ate/o of the most prevalent problems in the wosldere
there are not many early diagnostic todl$fiere also not many options for determining
whether or not the therapies for cancer are working effectively orAwtording 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 2Dfithose who are
diagnosed with cancer and dead from cancer, lnai¢iof the diagnosedna over60% of
the deaths occur in less developed regions of the WgrldVith so many people at risk
for cancey having cancer, but limited medical care, or having cancer and not even
knowing it, many researchers are loogiat newer, quicker ways to determine who has
cancer. And hopefullyith these new techniquesewill detect that cancer at an earlier
stage so treatment possibilities can be more effective.

One biomarker that researchers have been studying is freltirgyfc) DNA
from physiological samples, like blood and urinEhe details of where this DNA comes
from will be discussed later, btite importance of this fcDNA many people have been
usingit as a biomarker for various cancasswell as for the tfierent stages of a cancer
So if fcDNA could be isolatettom the physiological sampland then quantified to
determine whether or not someone has cancer, then this biomarker could be the new
development in cancer diagnostics aadcertreatment efficay that medicine has been
waiting for.

The purpose of this thesis is to prove that isolaticic@NA is possible with a
microfluidic deviceusingalternating currenfAC) electrokinetics Also, potential for this
technologyin cancer diagnostics andrzertreament efficacywill be shown with the
optimization of the microfluidic device

BACKGROUND OF FREE CIRCULATING DNA

Isolating fcDNA is greaif the assumption thatomeone with cancer afod
diseaséhas adifferentamount or type of DNAhan a namal person. But are éitypes of
DNA between a normal and cancer patidifferent? If so, how are they differerit Could
fcDNA be used as a biomarker for cancer? For some canesesych has been shown
to look at the concentrations and the typ&BNA present irbloodandbr urine and it
was alsaquantifiedto show the difference between the cancer patients and the normal
patients.So fromthe viewpoint of cancer diagnostics, and cancer treatment efficacy
fcDNA as a viable biomarker seems to hstane truth

But where doeshis DNA come from?0ne process that adds fcDNA to the blood
is called apoptosis. bkt of the fcDNAIn bloodcomes fronthis process in a normal
human being: a cell with shrink and condense, then be lysed and broken dowhdn sma
and smaller parts, and the DNA from the broken down cell will be released into the
blood. However, ifsomeone is not healthy (like a disease or cancer is affecting their
body), some of theellswill follow a process calledecrosisvherethere is a
spontaneous release of newly synthesized nucleic acids, ioctmepletebreakdown of
blood cells, and/or pathogenBecause of this release of DNA from new cells or old cells
breaking downthen the amount of fcDNA would also incref@and this fcDNA
would tend to be longer strands (more base pa8s)there are two different processes
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for creating fcDNA(apoptosis and necrositlat is released into the bloaahd
distinguishing between theo types of DNA is important

The size of the fcDNA cabe the determining factor for where the fcDNA comes
from. As briefly mentioned earlielgwer 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 18000base pairsvhile the fcDNAfrom necrosis
tendsto be longer, like 10,000ase pairsandis believed to be because of the
incompletion of digestion of the DNAoleculesand other cellular componen [3].

Once the cells have been broken daamd 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 blod 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,
prostde cancer, acute dengue virus, lung cancer, ovarian carcinoma, and gastrointestinal
disease.Brief detailsof these various cancers and studies willlbscribedinder the
following applicationscancer/disease diagnosticancer monitoringandcancer
treatment efficacy.

CANCERDISEASEDIAGNOSTICS

Some cancers looked at from a diagnostic standpoint when looking at fcDNA in
the blood include breast cangét [5], prostate cancg6] [7] [8], denguevirus infection
[9], pancreatic cancgl0], and lung cancdid1]. 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 {adlcand
also higher concentratiofigke ~3082000 ng/mL for dengue virus infecti¢@d]. 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 caallydogy
amounts of fcDNAIjt can be so low that would appear to be in the normal range for
fcDNA. So keeping that in mind with the fcDNA methof detectionnot all people
with cancers or diseases will be found, this method of detectiorould still potentially
help many people.

CANCERMONITORING

How it couldhelp one may askit could detect cancers earlier. A good example
of this would be with breast cancer and the various st#gethatpeople go through.
According toZ.H. Huanget al [4], their normal healthy controls typically had a
concentration o013 ng/mLof fcDNA, while those with breast cancer wertdevels of 65
ng/mL, and those with benign breast disease were at 22 ng/mL. In that study, some
peope 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 Zdticeiyang
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et al [4] looked at the four different stages and mégd 59 ng/mL, 62 ng/mL, 70 ng/mL,
and 66 ng/mL for Stage I, Il, lll, and IV respectiveind all were higher than the control
of 13 ng/mL Stages | and Il seem to report similar concentrations of fcPA higher
than the controljvhile the later stges 11l and IVseemarguably highethan the Stages |
and Il. Satingthat the later stages of breast cancer have hagiterentrations of fcDNA
than theearlier stages of breast cancer and that the earlier stages of breast cancer are
higher than the hethly controlscould establisla 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 stagesls®good for earlier detection

of the cancerleading to quicker response with treatnfearicertherapies, and maybe a
more positive prognosis for the patiefthis type of study could be applied to many
other cancersand if similar trends are observed, it coséde the lives of so mangnore.

CANCERTREATMENTEFFICACY

Not only would the diagnostiprognostic side to fcDNA be beneficial, but
fcDNA as a biomarkecould beutilized tomonitor how well a treatment is or is not
working. Some examples of this in the literature incladeudyon 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 eonet al [12], the scientits looked at creating a reference range
for various cancers and compare them to the normal fcDNA rangeftmeband after
treatment withadiation therapy. Some cancer patiewith lung, ovary, uterine, cervix,
or lymphomaumors generallghowed a deease in DNA levels in the sergmowever,
there were inconsistent results for otpatients withtumors like with breast, colon,
rectum, and gliom§l2]. Some of the inconsistent results seemed to be related to
treatment not being beneficiatreatment was considered beneficial wheted with a
decrease in tumor sizsdbr reduction of paifil2]. When treatment was unsuccessful,
the fcDNA levels tended t@main the same, or evarcreasg12]. Somonitoring the
levels of fcDNA can illustrate not only if someone has cancer or digeigber than
normal concentrations of fcDNAput whether or not their treatment option is actually
effectivebecase the concentration of fcDNA will decrease if effective or will remain the
same or increase if not effective

Another stug, by A. A. Kamatet al, demonstrahg a similar result includ®
observation®n ovarian cancen mice, wherdreatmenused waghemotherapyl3].
The ovarian cancer results seenedlustrate the treatmemitworking initially when
the fcDNA levels increased (63% above baseline) within 24 hours after treatment, but
then after 72 hourthe fcDNA leves decreased 20% below baseline, and continued to
drop even after 10 days to 83% below basdlli3¢. So the treatmergppearedo work
within a couple of daygust not right awayA. A. Kamatet al.[13] also tested to see if
fcDNA would increase when increasing tumor burden, wthelfcDNA amountid
increase A. A. Kamatet al concluded that using fcDNA to monitor what was happening
could indicate whether or not the treatment was workingdatidn by decreasing
fcDNA levels) or the tumor was growing (increasing levels of fcDINZ]J.
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So from tle brief aforementioned examples in tiberature, using fcDNA as a
biomarker for cancer and disease is fairly logicehe levels of fcDNA in
blood/plasma/serum can potentially identify someone with cancer or disease in a
diagnostic respectAlso, it could determine the stage of cancer or the progression of the
cancer Andfinally, it can monitor how well cancer treatnis 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 samplein a timely manner.

THEORY OF MICROFLUIDICS

One method of isolating this fcDNA ig/lusing alternating curreigdC)
electrokineticsn a microfluidic channelith an electrode preserithere are many forces
related to this microfluidics fieldand this study focuses on two of thehC
electrotherma(ACET) flow/forceand dielectrophoresi(DEP). The combination of the
two of these forces allows for a deviceisolate the fcDNA. The ACEflow drivesthe
fcDNA toward the center of the electrodeevéthe DEP forceacts totrap the fcDNA
along thecenteredgef the electrode.

The ACET flow andforceis typically defined byhelocalized heating of the
medium causing discontinuities in the medium conductivity and prrtyt[14].
Another way of saying this is the ACET forcan create a fluid floACET flow) from
the forcecreated by théemperature gradielitreated by the joule heating of the solution)
in the mediunj15]. Because of the size of tieéectrodes howevethese discontinuities
are extremely small and may be saevhat insignifican{14]. With thejoule heating and
thetemperature gradient, the solution exhibits local changes in conductivity, permittivity,
viscosity, and density of the solutiftb]. The emperature change can be estimated by

yyYy — Equationl: Temperature change approximation due to electrothermal fdigle

where T is temper at urtage, andkis te thermal condadtivity i t y ,
of the fluid. The maximum temperature incremezdn be approximated by

Yy — Equation2: Maximum change in temperatufs]

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 ofitmefimidic device.

Because of the mentioned temperature gradient, the fluid AGET fluid flow)
exists and the mximum velocity in théACET flow can bedefined as

V] T8t T T S — Equation3: Maximum velocity according to electrothermal fl{i6]

where [M| is a dimensionless facti@scribing variation of electrotiraal force and is
dependent on temper gteurng t(tT)v,i teyon(dl)ct iamnidt w
[15] [16]; where V is the amplitude of the voltage applied, k is the thermal conductivity

oft he f 1l ui d, dq i s the dynamic viscosity of
of the electrod¢l6]. It is important to note that the maximum velocity is on the order of



Lamandal?

V* (voltage to the fourth powefdr the ACET flow, because for thBEPforce to be
described next, the velocity is on the order é{woltage squared)Like with the
temperature gradient being proportional to the voltage squared and using this to
characterize the flow as ACET flow in the devithes difference of powe(v? vs V)
between the two forces used in this device can allowliffarentiaton between the two
forces at workand which one is actually dominating in the situation.

Another force important ttheisolation and separatiaf fcDNA in the
microfluidic deviceis dielectrophoresis (DEP)n most cased)EP separates the
particles of a solution based on their size and on their polarizability compared the
medium which the particles are submersed #}. In general terms, when an electric
field is applied taan electrode anthe medium with varying sizeofdielectric particles,
theelectric fieldwill inducea dipole withinthe particleallowing it tobecomepolarized
[17] [18]. Because these particles now have charged portions, they tend to move to one
of two different regions with DEP, thregh field DEPregion or thdow field DEPregion
[17]. When particlego to thehigh field DEP regionthe particle is under positive DEP
andthis is because the particles are more polarizable than the méssielRigurel) [17].
If the particles go to thiew field DEP region, the particles are less polarizable than the
surrounding mediumand thus under the influence of negative ¥&geFigure2) [17].

El ect El ect
+ ) -
+ Di el e _
+ part _
- ) AC EI ec
Field
+ - - .
+ ) Hi gh Fi
DEP Rec¢
- Low Fi ¢
- = DEP Rec¢

Figure 1: This figure illustrateasvhen 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 mavése high field region

because it is more polarizable than the solution it i$lid] [16] [19]
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Figure 2: This figure illustrates whenegative 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 (bluegfter polarization, the particle moves to the Ifield region because it
is less polarizable than the solution it is jh4] [16] [19]

Knowing the two types of DEP and how it separates the partialesd ortheir
size and their polarizability due to the electric field appigetinportant But in order to
distinguish DEP as being the dominant forcéodye able to characterize DEPeigually
important. Thetime average force for DERooking at the real componeanly, is

O ¢‘- 1 'YQU T O Equation4: Force of Dielectropbresis[14] [15] [17]

whereE is the magniude 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), andY' Q0 7 s the real part of the Clausius Mossotti Fa¢@wiF).

Thereal part of the CMF idefinedin Equation 5

Y 'QU 7 YOQ—F Equation5: Real partoftheCl ausi us Mossotti f a
[14] [15] [20] [17]

where-* ® & Q are the complex dielectric permittivities of particle and medium

(complex meaninghat the numbers have both real and imaginary portionsefived as

U* -j=0/weref=-1,0 i s the di,eahectlris tiedslamduct i
The CMF describes the frequency variation of thEP mobility force[15]. Or another

way tounderstand what the CMF doesfi&quation 5s greater than zero, then positive

DEP occurdecausehe particle is considered more polarizable than the surrounding

medium, but ifEquation 5s less than zerdhen negative DE acts on theparticle

because iis considered less polarizable than the surrounding mddizihp18].
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From the force equatiaiseen inEquation 4, some calculations can be made to
find the vebcity of the particle in the solution/medium to be,

N

0 — s —Y 'Q—-“ cd; s Equation6: DEP-induced velocity of spherical particle
- “a
[16]

=N

Theaforementione@quation(Equation § can be simplified by assumi@MVF to be 1,
and electric field to be definesO —, t00 T8t e— — wherewis the patrticle

radius istheelectrical permittivity of the medium isdhe dynamic viscosity of the

medium V is the amplitude of the applied voltagand r is the distance from the center of
the systenjl6]. With this,the velocity of the particle isbserved to ben 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 beingwin Speed of
the(spherical particle couldherebybeanalyed in the microfluidic devic® identify

the dominating forcethe ACET force or the DEP forcen the setup.

AC ELECTROKINETICFORCESAPPLIED TO DNA

A few of the curent projectsising this technologynfainly DEP forcesnone
researched used ACETo isolate DNAwill 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 elecfddi¢22] [23].
Another method use=tched 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 moleculd&5].

The first device mentionedas anAC electrokineticdevicewhich utilizesround
electrodesandthe DEP process to separate DNA from blood d@lf [22] [23]. As
mertioned earlier, the electrodes neglacel in a checkerboard pattern, where an AC
signal is applieda every other one while the ground attached to the rest. Thisctreate
high field DEP regions and low field DEP regions, allowpugitive DEP and negative
DEP to separate the different size parti¢[@s8lA vs blood cells). The DNA wsamore
polarizable tha the solution in this AC electrokinetic device, so positive DEP ®abidk
pull the DNA over the electrod€kigh field DEP regionsyvhile the negative DEPulled
the blood cells to the regions in between electrgtheslow field DEP regiongdR1] [22]
[23]. The groupstudyingthis device illustrated the device can be used to separate the
HMW DNA and microsphergsom alow conductive solution fird23]. Then, they went
on to show separation of HMW DNA froblood byputting the blood sample into the
device letting the device ruwith an applied AC voltage &0 V,p (voltage peako-
peak) at 10kHz for 15 minutes, and then washing thaceidf the electrodes to remove
the blood cells while the DNA remains in the high field regiover the electrod2?2].

They also demonstrateéde potentiabf using this devicas a diagnostic tool for cancer
patients by shwing separabn ofthe HMW DNA from early stage Chronic Lymphocytic
Leukemi a c an c endshowingiit easigndiéantli Higheo @bmpared to a
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normal blood sampl1]. The benefits of using this type of device wbhe identifying

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

It also requird minimal sample processing which allows for the shorter time frame.
Another technology using DEP to separate DNA particlesdectrodeless DEP.

Chouet al.lookedat how DEP and polarization affects biopolymers, particularly DNA

andconcludedhatthe potentials of this technology include separation of biological

objects(various cellspnd even the trapping and manipulation of DiMAleculeqd24].

The way DEP can work without an electrodéysnaking dielectric constrictions in a

material and passing an electric field through that maf@dql Particularly for this

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

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

at the constriction points in the quartz wdft]. Chouetal. were able to characterize

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

[24]. They were abl e t oanddtoubtept raanrdd endiahZ eAd r at
could all ow rfaoprpifinsge lcefc tsipveeci fi ¢ si ze DNAO,
enhancing sensitivity of detection | imits

hybridizd24 on rateso

A third technology that utilizes DEP for isolation[dNA is nanotweezers.
Kumemuraet al. studied silicon nanotweezers with the application of a pulsedf®EP
single DNA molecule trappin®5]. The result was successful at stretching and
capturing the lambdBNA at the opposig nanotweezer tips by applying 50 ms pulses of
a 1MHz, 1IMV/m AC DEP voltagf5]. The reason for the pulsing allows for minimal
electrothermal flow effects, so the single DNA molecule could be trg@2péd

All'in all, the technology for isolating DNA is currently being studied and
validated. There have been successful attempts for isolating BdiA solution (blood
or buffer) with the DEP nanotweezers or the electrodeless DEP or even the electrod
array The technology is still new howevanduse in the clinical settingasyetto be
achievel because the mechanisms for making this work and to optimize the process for
concentratinddNA is still a work in progress. Here is potential for using@
electrokineticgo isolate and separate DNA

APPLICATION TOTHIS MICROFLUIDIC DEVICE

When applyinghis knowledgeaboutDEP andACET flow to this study
characterization of the fluid flow and analysis of the particle motion are attributed to
these forces The followingfigures help describe the fluid motion observédgure3
andFigure4 describe the overall fluid motiatue to theACET forceobservedrom the
top of the microfluidic device and loolgrdown upon the electrodgeen closer to the top
of the poly(dimethylsiloxane) (PDMS) channdle ACET flow moves away from the
electrode centglas seen ifrigure3), and seen closer to the glass subsiitate bottom of
the dhannel), the ACET flow is observed to move toward the electrode ¢aesteeen in
Figure4).
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Par all el

Figure 3: The figure above illustrates the fluid motion due toA@ETforce (in blue)near the top of the
PDMS channel the motion isaway from the electrode center).

Parall el

Figure 4: The figure above illustrates tHeCETflow motion(in blue)toward the center of the electrode
when positionediear the glass substrate and electrode.

So inFigure3 andFigure4, themotion of theparticlesandfluid areobservedo havea
circular type motion. Idrigure5, the side crossectional view of the microfluidic device
seupis shownto illustratethis circular flow motion (due to thACET force previously
mentioned) pullinghe particles and fluikom the outer parts of the channel toward the
electrode centewhile near the glass substrate, but then as the flow motieel$reo the
center,it pushes up, and then away from the center.

Figure5: This figure illustrates a cross sectional view of &@€ETforce's circular motion (in blue) in the
microfluidic device with the PDMS channel on top #mel glass substrate and electrode on bottom.

In addition to theACET flow described in the previous three figu(Eggure3,
Figure4, andFigure5), the DEP force observed ini$ studywill pull the particles (if
more polarizable than the medium/fluid) to the electrode center eaigipicted irred
lines inFigure6 while the blue lines depict thCET force This study is utilizing
positive DEP tasolate the particles, specifically in this case the fcDNA, at the electrode
center.



Lamanda?2?

El ectrother
DEP Force

—— ——
ass Substrate (light ¢

Figure 6: This figure illustrates the DEP force (in red) with respect toARETforce (in blue) within the
microfluidic device.

So theACET force(as shown in blue ikigure6) drives the particleand fluidtoward

the center of the channel above the center of the electrode and then the DEShawee
in red inFigure6) brings the particle® theelectrodeedges at the centty be isolated
and concentrated from the soluti@ssuminghe DEP force is strong enough compared
to theACET flow. This separation is how the fcDN#vhich can then be further
guantified)is isolated aithe electrod center of the microfluidic device.
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MICROFLUIDIC CHANNEL FLUID MOTION CHARACT ERIZATION

Knowledgeof the previous microfluidic forces is important, but understanding
how these forces work in this particular microfluidic system is equally vitastingwas
completed to discern if the system follows these microfluidic foasedescribed. These
testswereattempedto explain the phenomena obseraedl to confirm thathe fluid
mechants knowledge previous explained is applical®\d.of the fluid flow
characterization work was completed in cooperation with Yi Lu in the Systematic
Bioengineering Lal§SBL).
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Figure 7: This figure illustrates the electrode and microfluidic device setup for the voltage and frequency
experiments fofluid characterization.

Par al el

The image above is theicrofluidic device usedbr all fluid motion
characterization excefur the wider electrode dat&igure7 is one of the electrode
widths used, but this was varied to see thedrthe gap of the wider electrode data set
was also larger than depicted Hemad the temperature profidifferent setup shown in
Figurel7 andFigurel18). Descriptions of hovall of the electrodesra made, antlow
thedevice itselfis put together ariem Appendix B: Method of Maikg Electrode and
Device The electrodés attached to a function generatat the large black rectangles on
the bottom portion of the electrode)apply the AC signal and an oscilloscapased 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

Forthe voltage vs. speddsts a parallel elecode was usefseeFigure?).
Varying channel heights (500 e€m, 600 e&em, 8
the general trendA constant frequency of 1MHz was applied to the electrode at varying
voltages(measured in vehge peako-peak (Vpp)and recorded as what is on the
electrode not what is appligénd the resulting AC signal was a square waMee test
solution was usingluoSphere® from Invitrogen Molecular Probdgsarboxylate
modified microspheres with size@f. 21 e m; has yell ow/ green flu
and these microspheres were diluted tmncentration df/10,000Xof the stock solution
with Mueller Hinton Broth (MHB). A video was taken of the particles approaching the
electrodé s o0 u t and tlereadadysis using Imagéd follow the particles and
measure distance of the particles travelbalved forcalculaton of the speed of the
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FluoSphere® for each voltage. The speed is the average speed of the particles
(FluoSpheres®) as they approacheghe e ct r odeds 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.

Speed (um/s) vs Voltage (Vpp)
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Figure 8: This graph illustrates thepeed of the fluorosphereompared to the voltage applied to the
electrode at four different channel heightith trendlines corresponding to each as well

Speed (um/s) vs Voltage (Vpp)
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Figure 9: Thisgraphillustrates the speed of the twadcrochannels (vih channel heights used for future
experimentsversus the voltage applied to the electrode.
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Speed (um/s) vs Voltage (Vpp)
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Figure 10: This figure illustrates the trend at the higher voltagesvimious channel heightst |
corresponds closely to the ACH®w and force.

The resultof the voltage vs. speed testsowa trendthat with increasing channel
height, the speed of the FluoSpheres® incredseshe speed does appearéach a
maximumaround 80& m The difference between the 890rand the 100@ m heights
appears negligibleThe reason for thisozld be that thee lines shouldhot be directly
correlated since the height in the channel where the measurements wereetaken
different. The smallest channélejght=500¢ mhad data takeas closed the bottom
but while still showing particle movementhile the next level uphgight=600e mwas
recorded about ~63 em abaewe cthhemnkedt hem,ghdars
measured at99¢e m t he bott om. So the 80ty 1000 em
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 increasetich makes sense since the drag along the glass/thanne
edge would slow the fluid down

FromFigure8 andFigure9, one can see that as voltage increases the speed
increases, following a seemingly,\except when observing the higher voltages. This
impliesthat for the lower voltages DEP could be stronger, but for the higher voltages
ACET force would most likely dominate. FigurelO, we observe therder ofvoltage
peakto-peak to be 3.8 4 suggestinghatACET force is the donmant forcesincethe
ACET fluid velocity is proportional to Vpp It is nota perfect match, and so it would
seem that DEP, proportional to Viapay still be influencing this, ggerhaps stilanother
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force like buoyancymight be a factor.This generatrendhowevermakes sense because
if the voltage gets too high then the fluid motion is too fast,pasitive DEP cannot
separate particles because A@ET force is too strong.

FREQUENCY VS. SPEED

Like the voltage vs. speed tedfse frequency vs spedestsused the same
electrodg(seeFigure?). The setup is practically the same with the testing solution and
the various channel sizes. Towy difference is aonstant voltage of ¥pp wasapplied
to the electrodéwith theexception ofthe 506 m c hannel height, whi cl
6 Vpp in order to have a measureable speeadpservéhow the frequencyof the AC
signalandthe channel height differencesfluencethespeed of the FluoSphef@s
The results gathered aptbtted inFigurell andFigurel2 are from my own
work studying the speed of the FluoSph@.esiowever, after discussion with Yi Lu
aboutwhat issupposed tbesea, it was determined that the cablesedto connect the
function generator, oscilloscope, and the electwwele ineffectivgnot meant to work)
at the higher frequencies, leading to esinrthe graphgor the higher frequenciesYi
Luds gr ap h sludbddovsieow vleatethe speeatesfrequency should actually
look like as they were tested with the BNC cablesich allow for the higher frequencies
(seeFigureld). Anothern ot e about Yi Lués graphs for th
a sine wave was usedther 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 diffence besides not using a BNC cable.

Speed (um/s) vs. Frequency (Hz)
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Figure 11: This graph illustrates the speed of the fluorosphemrapared to the frequency (in logscadé)
the AC signabpplied to the electrode.



Lamanda27

Speed vs. Frequency
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Figure 12 Thisgraph illustrates the speed of the fluorospheres at varying frequesmidied to the
electrodefor the two different microchannels used in later experiments.

From thegraphg(FigurellandFigurel?2) above the speed would seem to peak
between 100 kHz and 1000 kHz (1 MHz). Howewasrmentioneg@reviously,the more
accurate result is, as seerFigure14, the speed would increase as the frequency
increases, then it trendsleyvelling off in the higher frequencies around S0ID0KHz.
The differences in height al most seem negl
600 em height were fairly similar and | ike
that is possible like with the voltage analysis before is that with moving faeraythe
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 mylo@n (
em width el ectr @uBed Owictnh aaopBiGheelentroderas seen
in Figure7). Thesevoltage and frequency dependent gragiswvn inFigure13and
Figurel4, Yi Lu used 1/10,000X concentration of FluoSpheres®HB medium to
observe the particle and flow moti¢also the same as my solution)hisset of
experimend however was used to observe how conductivity affects the resflltidg
motion andorces. In order to have varying conductivities, the MHB vadisited with DI
waterso 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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Speed vs \Woltage for Different Conductivities (S/m)
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Figure 13: This figure illustrates how condueity (S/m)and the voltage (Vpg) an af f ect t he spee
of partcles. The trend is as conductivity and voltage increase, the speed does as well.

Speed vs Frequency for Different Conductivities (S/m)
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Figure 14: This figure illustrates how speegdrf/s)can changevhendifferent conductivities (S/m) and
frequencies (kHz) are examined. The sigidlied was a sine wave with a constant volfagagnitude of
7 Vpp. The trend is as conductiy increases so does the spead;fregency increases the speed does for
the lower side of frequencies, but then as indrepsom 500 kHz to 1MHz range andgher, the speed
levels to a more constant value
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The results of Yi Luds work show that
speed. This is observed in both the frequency dependentiguee(l4) and the voltage
dependent da (Figure13). Specifically looking at the voltage dependent d&igure
13), asthevoltage andhe conductivity increaséhe speed tends to increase more rapidly
with higher conductivity values. Ehspeed increasing more rapidly makes particle
isolation with higher conductivities more difficult. Looking at the frequency dependent
data Figurel4), the speed seems to increase initjdilyt as the frequency increases to 1
MHz or greater, the speed rensialativelyconstant. This appears to illustrate a
stronger voltage dependarsponsehan frequency depdent response

WIDER ELECTRODE VS. SPEED

With this set of tests, the size of the electrode was varied. The witltd of
el ectrode increasgsend f6rO®memM00 1HMO0t e m20&GnNd

1

differencetobe notedvas t he gap of the el ectrode incr
50 em in the previous speed ver @G@utte5001 t age
em gap values are stil.IThegchaanelthagihtwaskepr ef er en
consistent for these tests at 800¢&gm. For

kept at a consistent 4 Vpp. For the voltage dependence data, theéyegqas kept at a
constant IMHz. The solution tested was the same as the previous tests.

Varying Widths of Electrodes: Speed vs. \oltage
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Figure 15: This figureis agraphof the voltage dependency. epeed of varying width electrodes. The 100
em wi dt h and ofels froomthegearler datd seenfiigure 10to 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 em tiarasmuhdt h does not

s e
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Speed vs Frequency
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Figurele: This figure illustrates the frequency depende
width and 50 em gap aRgurelddndHrigaral? eThefresutof this data trendst a i n
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 thevider electrode trends thatith larger electrdesparticles
travelfaster, buthey also seem t@ach a limit as seen in the voltage dependérigyre
15). When looking aFigurel5, all of the voltages appear to have a similar speed when
thewidh of the electrode is 600 em or greater
of the el ect rThawderkeleciradgytendsGolbe faster in the frequency
dependent data as wédls seen ifrigure16), but when lookng at frequency for one
width, the speed trends to remaining more constant and then decredsm@s
mentioned earlier with my frequency dependent data, the higher end frequencies most
likely are not correct and should actually be levelling off, satigg that the larger
electrode should have a relatively constant speed across all frequencies.

Anotherobservation seen in these graphigrel5andFigurel6) is that he 100
em width electrode is the highest of all t
data. Another major different besides the width howevehegap of the electrode is
also narrower This should/ield and does yiel@ stronger electric fieldnd 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. Thewolg setup used an IR
camera focused on the glass slide side to get an accurate temperatoce rEael
electrode is different from the previous data, but it is the electrode useabktrof the
later experiments (sd@gurel7 andFigurel8). The sample looked atadso different
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from the previous solutions as itas EDTA lysed blood sample, which has a

conductivity around ~0.4 S/mThe channel heigtior this setup s 8 0The € m.
temperature @phs 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 thel{ETHA
blood sanples with anagnificationof the teeth at the center of the electr@d

ectr odesmhN

Lengt h:
El ectrode l

Figure 18: This figure illustrates the electrode (sameFagure 17) andthe microfluidic device setup for
the temperature pifde experiment.

Par al | el
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Temperature ChanggX=T-RT; RT=21.38C) vs Time
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Figure 19: This graph demonstrates the temperature profilEDT Alysed blood samples; the
temperatures are measuredthé center of the electrode where the Détvauld be isolated; this the
temperature distbution for varying voltages.

The results of the temperature profiges seen ifrigurel9) are as follows. The
temperature increases with increasuoltage. All of the tests showethximum
temperatures leveling off after aiauminutes of application of the square wave to the
electrode. A ote forFigurel9is a temperature profile for 17 Vpp was attempted, but
the IR Camera used saturate®@at62C, so the device got hotter than anticipated aad th
settindfilter would have needed to be changed in order to get an accurate steady state
temperature reading at the center of the electimdine higher voltageFor this reason
and due to the fact that what was being trapped at the center of thedseeas being
burnedandthereforewould not be used for isolating fcDNAhe data set was excluded.

The following imageKigure20) looks at the seven minute mark to see the overall
steady state temperatures at the various ge#ta
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Figure 20: These are the temperature profiles of the microfluidic dgficeEDTAlysed blood samplejt
the time point 420 seconds with application of varying voltages: A) 5 Vpp (voltagéopeask measured
on the elecbde), B) 8 Vpp, C) 11 Vpp, & D) 14 Vpp.

Figure 21: This figure illustrates the temperature profile of microfluidic device while 11 Vpp is negsu
on the electrode at the 42@cond mark. This is different frdfigure 20C because this illustrates the
maximum temperature for this voltafgb-36°C).
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As stated, lie images before thigigure20 andFigure21) were all taken at the
previously mentioned laling 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 imagef-igure20 andFigure21) the maximum teperature is at the center of the
electrode, which is where the electric field and forces are strongesiguire 20, the
images show how the different voltages tested visually compare; this corresponds to the
data that as theoltage increases the temperature does as Whik 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 irFigure21 shows a better distribution of themperature at 11 Vpp
which shows a maximum temperature abodC36lt is important to note that the
maximum temperature at the center of the electdodsnot get todhot since it could
denature the fcDNA that is being isolated and concentr&iezn the literature, it seems
that DNA can denature at temperatures betweé@ &ad 100C [26]. The reason for the
large range is due to the gypf 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 ~48C.

Change in Temperature (RT=21:88vs \Voltage (Vpp)
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Figure 22: This figure illustrates how temperature relates to the voltage measured on the eleiNaide.
this graph is the change in temperatur€@) so it is how much hotter than room temperature (ZCB8
the center of the electrodeaches.

In Figure22, the graphllustrates 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 temperatuat 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 reaetease the
values differ very little. Alsothe trend of the data implies that temperature is directly
related to Vp?’. FromEquation landEquation 2the ACET force impliesemperature
to beproportional to Vppnot Vpp-’. But temperature is also dependent on the

conductivity ( wHBdquation1Y4s — éndEquation 2¥d &), ism

thisis the most likelyreason for the difference in the powers. If the conductivity does not
remain constant asssumed 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 ad 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 heighto 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 nansized particles, DNA, was possible. A solutadHMW
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 andFigure24) illustrate the microfluidic device and the
power supply used to apply the square wave to createGRd andDEPforces. The

glass slide was place orLBICA DMI4000B microscopgwith LEICA CTR 4000

control box or electronics boxjith fluorescent capabilitiesA camera (DMK31AF03
Imaging Source) was attached to the microscope to take images of the samples under
fluorescence for further analysikinlike the experiments deribed with the microfluidic
fluid motion characterization, the electrode connects to the power in the middle of the
electrode length rather than at the bottom (compayare7 with Figure24).

Channel hei gh
400, 60d8m

1‘ PDMGShann
Gl ass Paral |l el
Figure 23: This is a crosssectional 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 electro@de using
function generator anda oscilloscopés attached to measukghatthe voltages on the electrode because
it is different from what is appliedith the function generator

EXPERIMENTAL PROTOCOLS AND PROCEDURES

The protocol begins with preparation of the solutidihe solution is high
molecular weight DNA (HMWDNA) diluted to 2ug/mL concentration witteionized
and autoclaved water (DI waterYThis solution was then mixed with SYBReen | dye,
and then incubated at room temperature for 5 minutes. After incupatrosphate
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, witetfzs one molar or
less. Specifications for the test are detailed under the speqieziment

EXPERIMENTL: INITIAL TESTSVITH PARALLELELECTRODEDESIGN(LOWCONDUCTIVITY)

The DNA solution was diluted with THEDTA to the 2 pg/mL concentration.
The final concentration of the DNA was further diluted to 0.2 pg/mL orr#thL. The
final dye concentration was 1/1000X of original stock solution of SX@Ben | dye.
The phosphate buffer was diluted to have a conductivity of S{inl The electrode gap
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for this experiment was measured to be pf§ while initially was assumed to be about
20um. A larger gap electrode of 50uwas also attempted.

EXPERIMENTAL RESULTS AND ANALYSIS

The50 umgagmeasi r e d t o électrodedatiemgtad yielded some results
(Figure25) of fluorescing DNA but the 2Qum gap (measured to be ~fi&) showed
more promising resultsnore fluorescing DNA at the center of the electr(seeFigure
26).

Electrode Electrode

B Electrode ' Electrode

Figure 25: This figure illustratesher e sul t s from the ~45 em gap el ectr
height anda 1 MHzAC signal applied to the electrod&) depictavhat occurs a5 Vpp appliedo the
electrodewhile B) is 17 Vpp applied to the electrode.

Figure 26: This figure illustratessolation of DNA fronthe smaller gaff~15¢ electrodewith a smaller
channel heigh(400¢ n). The frequency and vtage are thesame ag-igure 25.
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After choosing the smaller gap, tests were completed at varying voltages and
frequencies to find the optimal settingsirst the voltage dependency of the electrode
was tested.

Average Area vs. Time
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Figure 27: This figure illustrates the voltage dependency and time dependency of the isolation of HMW
DNA shown as an areaif?), 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 naftetesignal application.

10min: Average Area vs. \oltage
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Figure 28: This image looks at just the 10 minute mark to flagure 27 to find that 17 Vpp is the
maximum area of isolation of HMW DNA.
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From the previous two figure&igure27 andFigure28), 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 muchecatteg15
minutes, and then decreasing amounts after 20 minutes Figure27). So the time
point of 10 minutes was pursued. Also from the images (Fure28), the maximum
voltage appears to b& Vpp applied to the electrode and so this value or close to it was
used for these tests.

After the voltage analysishanging the methodology for measuring how much
DNA was attempted with the same data as seen with the area curves. Rather than looking
a 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 $eguara29 and
Figure30, but the fluorescare ranged more, leading to more variability and larger error
bars as seen fhigure31 andFigure32.

Mean Intensity vs Time at Varying Voltages
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Figure 29: This figure illustrates the mean intensity of the HMW DNA coetgto time and varying
voltages (Vpp) applied to the electrode. Al'l resul
electrode. The frequency of the signal applied was 1 MHz. The best result was achieved at 17 Vpp.
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10 Min Mark: Intensity vs Voltage (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 electrodédiis demonstrates a maximum intensity at 17 Yipesults

were achieved in a dMm0Ogam ehaonhebden thhe~fibequenc)
1 MHz.

Mean Intensity vs Time at Varying Voltages
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Figure 31: This fgure illustrates the mean intaty of the HMW DNA compared to time and varying
voltages (Vpp) applied to the electrode. All resultswereachiel i n a 400 em channel ol
electrode. The frequency of the signal applied was 1 MHebdst result was achieved seems to be at 17
Vpp except large error bars make this questionable.
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10 Min Mark: Intensity vs Voltage (Vpp)
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Figure 32 This graph illustates the trend of the DNA capture after 10 minutes of varying voltages and 1
MHz square wave applied to the electro@ikis demonstrates a maximum intensity at 17 Vpp, but with
large error bars, these all could be relatively the saileresults wereade ved in a 400 em che
the ~15 em gap el ectrode. The frequency of

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 minutgspditation of the
signal was the ideal length of time. Even the images of the various voltages shown in
Figure33illustrate more fluorescence in the 17 Vigure33 C) and possibly similar
but debataly less fluorescence at the center for 19.5 fpgyre33D).

Figure 33 Thisfigure has 4 imagesemonstrating thdifferent voltages A) 13 Vpp, B) 15 Vpp, C)17 Vpp,
and D) 19.5 Vpmpplied to the eletrode which correspong tihe fluorescent values givenhigure
29/Figure 31 andFigure 30/Figure 32

With all of this voltage analysis and even caripg the images of HMA DNA
fluorescing at the center with the datayould 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 te-1sg1m gap electrode with a 400

pm channel height at a conductivity of ~0.1 S/m. FRigure33, the HMW DNA trends

to increasing the entire time; however when reaching the 17 Vpp and 19.5 Vpp the
difference appears to be veryaiwhile the difference between 15 Vpp and 17 Vpp
appears more significant. This is congruent with the area analysgure28, and so

the area analysis and images were trusted to yield that 17 Vpp was the maximum even
thoughthe 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 isolatiddMtV DNA at the center of the
electrode occurfkather 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 e&m. The same el ectrode was stildl
The following image Figure34) 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 irrigure35, and this shows that using fluorescemmeasures to quantify the
DNA was problematic for multiple tests. It did not yield consistent fluorescent
intensities, but the general trendFigure34 still held true.

Mean Intensity vs Frequency
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Figure 34: This image illustates the general trend for the frequency dependent data, but the specific
intensity values for multiple tests seemed to be inconsistér@general trendbf peaking at 500kHz
600kHz seemed to be correct.
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Mean Intensity (a.u.) vs Frequency (Hz)
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Figure 35: This imagedemonstrates 4 different trials attempting to collect data for which frequersthe
most isolation and trapping of HMW DNA occurred when 16 Vpp square wave was dppli@dninutes
tothe~1%= m gap eavitha€6G0g retdhrenel height on top.

Therefore fom Figure 35, the only discernable information is that the maximum
isolation appears to occur in the frequency range of 300 kHz and 706ikiHever if
the generalrend inFigure34is used, then it can be said that 500 kHz should be where
themaximum isolation of HMW DNA occurs. The images for these tests were then
consulted to confirm the results.
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Figure 36: his 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.
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Electrode Electrode
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Figure 37: Thisfigure illustrates what is visually occuring at te various frequencies for Zmta from
Figure 35: A)300 kHz, BY0O0 kHz, C) 500 kHz, D§00 kHz,andE) 700kHz
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Electrode Electrode Electrode Electrode Electrode Electrode
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Figure 38: This figure illustratesvhat is visually occuring at the various frequencies for Tidhta from
Figure 35: A)300 kHz, BY00 kHz, C) 500 kHz, D§00 kHz, E)700 kHz, and FIMHz.

FromFigure36, Figure37, andFigure38, the highest concentration of HMW
DNA occurred at frequencies 500 kHz, 600 kHz, andi@@0respectively. From these
imagesand the data collected appears to be more conclusive that the maximum

isolationis arounda frequency 0600kHzi 600 kHz
So the best isolation of HMW DNA so far

~15em gap parall el el ectrode at 16b6igupp and
37D).
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EXPERIMENTZ2: INCREASINGCONDUCTIVITYTO MORE PHYSIOLOGICALY RELEVANTSMULATE
BLOOD SAMPLE)

The conductivity of the HM\ADNA samples was varied by changing the
concentration of the phosphate buffer addéde phosphate buffeusedhad a
conductivity of~0.7 S/m (1M phosphate buffer has a conductivity measurero€6.98+
0.08 S/m). Dilution with deionized and autoclavedater(DI water)allowedfor control
of the conductivity of the buffer.

EXPERIMENTAL RESULTS AND ANALYSIS

n Electrode

Electrode Electrode Electrode

Electrode Electrode

C

Figure 39: This figure illustrates some exabap of the resltis at higherconductivities All tests were

compl eted in a 400 em chaenmmegapo.n A)n o nedcut crtoidvei twyi twhe
the signalof 7 Vpp and MHz square wave applied to the electrode for 10 minutes. B) Cornitietas

the ame as A but the voltage applied was changed to 5 Vpp (MiiZ) and applied for 5 minutes. C)

Conductivity was 6.3 S/m and the signal appli¢althe electrode was a 7 Vpp, 600 kHz square wave for

10 minutes.

The above imagesf Figure39 show a small sampling of what occurred with
increasing the conductivity of the buffek | | t est s were compl et ed i
on a parallel electrode with the ~45m g a p . Two i mages hmd cond
butvarying signals applied={gure39A with the signabf 7 Vpp and 1MHz square wave
applied tothe electrode for 10 minutes aRjure39B with a signal applied of ¥pp and
1 MHz for 5 minutes) The third Figure39C) had a conductivity of ~0.3 S/m and the
signal applied to the electrode was ¥pp, 600 kHz square wave for 10 minutes.
Almost all trials did not sekardlyany concentration of DNA with the exception of
maybe a spot or two. Arfyuffer solution sample with HMW DNA which had
conductivity higher than ~0.1 S/was very difficult toconcentrate any DNAt the
center of the electrode, so some changes needed to be made.
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CHANGES TO EXPERIMENTAL DESIGN AND SETUP

Upon reading article by Kumemuea al. (mentioned before with the
nanotweezers and isolating a single strand of D]4B), 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 cocentration 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 desigaboveis a pardkl electrode with connections the center
rather than the bottom of the electrod¢owever, a variatiom electrode design include
the type of center whether it is a plain parallel electrode or if there are protrusions
sticking from the middlevhichlook like teeth. Theteeth in the centdrave been
designed twary in the size and shape and even how long along the ¢asitezen in
Figure4Q), but only one design has been tested due ta tirhe design tested has the
teeh 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 teettRod ¢ nFigUrel& andFigure40D).

cl L

Figure 40: This illustrates various designs of the teeth at the center of the electrode: A) smaller round
teeth, 2mm along length of centB) 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

EXPERIMENT3: RETESTINGBUFFER SOLUTIONS WITIEWELECTRODEDESIGN

The setugor this experiment is similar to the initial tedbsitthechangds in
electrode desigas described in the previoparagraphwhere the electrode is depicted
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in Figurel7, Figure18, andFigure40D. The channel height used in these experiments
was 600 um, and the conductivity of the buffer was ~0.1 S/m. Various voltages were
tested to obtain the voltage dependent trend akB@drequency for the square wave
applied to theslectrode. Also various frequencies were attempted for the frequency
dependency of the setup at the constant volbadd Vpp.

EXPERIMENTAL RESULTS AND ANALYSIS

Mean Intensity vs Voltage (Vpp)
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Figure 41: This figure illustrates the voltage dependency of teetede designvith teethwhen the
frequency was set to 5@B1z. The values are averages for two trials with SEM for error bars.

FromFigure4l, one can see a general trend that the maximum isolation of HMW
DNA occurs between3dland 15 volts peato-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 kages tested in the previous graph after 10 minutes of
application Figure41): A) 9 Vpp B) 11 Vpp C)13 Vip, D) 15 Vpp E) 17 Vpp and F) B Vpp Between
15Vppand 17 Vpp appears to be the peak from these images, but maytéodb3Vpp as well.

From the voltage dependency deteges inFigure42, 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 concentnatad 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 shoulcibmund 14/15 Vpp since that is consistently
a higher value in the images and data collected.
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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 ksvdidriaot
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
Figure43 andFigure44. Because the fluorescence values were inconsistent between
trials, images for the different trials were looked at as well to corroborate the data.

Trial 1: Mean Intensity vs Frequency
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Figure 43: This figure illustrates the numerical data for one trial of fneqcy 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 SBMHz.

Trial 2: Mean Intensity vs Frequency (Hz)
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Figure 44: This figure illustrates the numerical data faisecondrial of frequency dependent data when
the square wave applied is 14 Vpp. Peaks in the data appd®0kHz, 700kHz, ar@MHz.



Lamandab3

: P
Figure 45: This figure illustrates the fcDN&olation at the various freacies (numerics graphed in
Figure 43) for Trial 1 after 10 minutes of application of 14 Vpp square w&)e&0 kHz B) 100 kHz C)
300 kHz D) 400 kHz E) 500 kHz F) 600 kHz G) 700 kHz H) 1000 kHz ) 3000 kHz and J)5000 kHz
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Figure 46: This figure illustrates the fcDNA isolations at the various fregies (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) 600 kHz, G) 700 kH#) 1000 kHz 1) 3000 kHz and J)5000 kHz
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FromFigure4b5, the frequency peaks occur at 500 kHz, 600 kHz, and 3 fdiHz
highest isolation of HMW DNA fluorescencieom Figure46, 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 datakigure43 andFigure44, and the images iRigure45
andFigure46, the consistently higher isolation of HMW DNA occurs at frequencies in
the 400 kHz600 kHz range and 3 MHz.

Sowith the new electrode desigtite teeth with a length of 2 mm, triangle shépe
and angle of 50 degrees (for the teeth tip angle), and gap between the tips of the teeth of
~2 0 ¢ rmigufed7ardFigure4d0D) , and set up: 6abdbuflerm c hann
solution around 0.1 S/mhe ideal voltage was found to be about 14/15Vpp and the ideal
frequencies narrowed to 400 ki890 kHz range and 3 MHz. Itveith these frequencies
that testing in higher conductivity solutions commended a lower voltage needed
since the conductivitgf the solutionncreased

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 whatdxi isolation of fcDNA
is possible. The results Bfgure47 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 oductivity buffer solutions as seenfigure4?2, Figure45, and
Figure46.

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

(with teeth in the centeR0em gap at teeth, 50° angle of tips of teetlith the AC signal applied for 10

minutes: A) 3MHz, 10 Vpp square wave appl&)em channel heighB) 400 kHz, 8 Vppgquare wave,

800em channeheight C) 400 kH, 10 Vppsquare wavapplied 600em channel heighD) 400 kHz, 12
Vppsquare wave applie@®00em channel height

The results of thikigher conductivity experimenEi{gure47) specifically show
that more isolaon seems possible at the 400 kHz frequency over the 3Wwihith were
two of the frequencies from the lower conductivity testing showing promising results.
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Only one image from the 3 MHz frequency is shown, becahwsas the best result, and
the three dferent 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 spedically the blood samples.

DiscussIoN

From these initial tests, higher conductivity solutions seem nearly impossible to
concentrate HMW DNA with thanitial parallel electrodemicrofluidic device the ~15
em gap el ectrode wit helhetitrangimgfram4D®m , t a@an@O0 ® h
em. However , boutoesworked and seemied to be prgmising for
isolating fcDNA The success of this device when using a buffer solution (~0.1 S/m)
occurred at 50@8Hz-600kHz frequency range and 16 p417 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 (~0.15/m) tests worked, with maximum isolation found to be in the
600 em channel hei ght wi t hVppadmdtheiiddak al vol t a
frequencies narrowed to 400 ki890 kHz range and 3 MHz. Higher conductivity tests
were then completed to try alstion 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. Bgtideal voltage or channel height was
notdetermined. It was gt 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 stef®ne possibility to keep in mind though is that the blood
solutions may need to liluted 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 possiding 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 learningandobserving 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 solutifinse blood
is much more \dcous and contains more than just DNAferent 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 whatvould 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 connecttdhe aenter rather
than the bottom of the electrotilee with the buffer and DNA experiments described in
the previous sectionThe design teste@s mentioned in the previous sectiith the
redo in buffer testd)as the teettwith a length of 2Znm, triangle shaped aramhgle of50
degreegfor the teeth tip anglepand gap between thips ofthet e et h of 20 e m
Figurel7 andFigure40D). Also the channel height of the device should be 800 pm, but
would be specified in the specific experimeriiairing the blood sample testing, not all
samples went into the microfluidic device as conductivity of the solutions were measured
and cetermined whether or not putting into the device would be worth pursuing since the
device works better at lower conductivity levels.

EXPERIMENTAL4: BLOOD SAMPLE PREPARATIONSOR MICROFLUIDIC DEVICE

The setup for this experiment was to prepare the bloedrious way4) using
different buffers to dilute?) centrifugation to get to plasma tarremove white blood
cells, or3) various lysing solutions. Details of the various methodsiader the
protocol sectionwith previous versiorigerationsin AppendixA: 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 fin
solution to be used in the microfluidic device were measured usidgtiveay Model
4520 Conductivity Meter with the probe attachment K10/4AMM/141 (where k=1.27 at 25
°C). Themethods that seemed likely for use in the microfluidic dewieesthentesed
in the device to ascertain whether or not isolatioft DPNA 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 w
the current electrode (triangle shaped teeth with angle of 50 degrees at the tips and gap of
~20 em bet ween t3eeFigurdlpfe electrodetdésign uses ot h ) .
microfluidic device. An 800 um height PDMS cha&ahwas used for this experiment.
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EXPERIMENTAL PROTOCOLS AND PROCEDURES

The RBC Lysis protocol was taken from t
blood cells and separating out the white blood cells from solution for further analysis.
The following probcol is the final procedure used after some iterations and modifications
to BioLegendds protocol so fur-drtulatng t esti ng
DNA (seeAppendixA: Iterations of Lysing Protocal&®BC Lysis Protocql

RBC Lysis Protocol
1. Take 75 e¢L of whole blood sample to use
a. AddHMW-DNA to replicate bl ood that has
eg/ mL -BINMA: 9 e¢L of bl ood)
b. Make sure to incubate for 5 minutes and vortex to mix DA blood well

2. Dilute 10x RBC lysis (from BioLegend) to 1x working concentration with DI
H20
3. Make sure to warm 1x solution to room temperature before use
4. Dilute 200 €L of 10x RBC |l ysis with 180
5. Add1l5mL of 1x RBC lysia solution to 75 ¢lL
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. Usingtheblood ysi s solution, mix in 15 eL of I
acid dye

9. Incubate at room temperatum 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 solutionwith a sodium bicarbonate and sadighloride quenching solutionthe
following protocol was found in research that looks into using white blood cells for
further research, but modified to look at free circulating DNAe initial protocol and
iteratiors can be found iAppendixA: Iterations of Lysing ProtocalSaponin/Formic
Acid Protocol

Saponin/Formic Acid Protocol
(do step 1 and then skip to step 6 if have lysis and quencher solutions made)
1. Tke 75 €L of whole blood sample to use
a. AddHMW-DNA t o replicate bl ood that has
€ g/ mL -BINMAV 9 L of bl ood)
b. Make sure to incubate for 5 minutes and vortex to mix DNA into blood well
2. Maketotal Lysis solution and quenehsolution
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3. *Lysis solution (total40mL): 48¢ L f or mi ¢ aci2d@dmgx ed wi t h
saponinandthenadd DI water until total volume #0 nL (probably add
approximately39.95 mL)

4. *Quencher Solution (total® mL): Mix 0.06 g (60 mg) sodium bicarbonatevith

0.3 g (300mg) sodium chloride and fill with DI #D until reache40 nL total

(probably close td0 mL of water but not quite)

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

Mi x 75 €L of blood Iluwanth 900 L total |y

Allow to sit for only 6 seconds

Mi x 367 €L (true value is 366.9230769 ¢

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

9. Further process the solution by centrifugation

10.2000xg for5 minutes(2.0 RCF setting for centrifuge)

11. Aspirate the supernatant without disturbing pellet

12. Centrifuge the supernatant again at 200@x@ RCF setting for centrifugéjr 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),
Mi x in 15 €L of DNA dye: SYBR Green | n

15.Incubate at room temperature for 5 minutes

16. After incubation, this is the Testing Solution

17.Testing Solution is readyr 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

©NOo O

Another method flysing 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 wald flow into the cells. The following method was used at varying
concentrations of DI water to blood to see if there is an ideal concentietiemitial
protocol and iterations can be foundAippendixA: Iterations of Lysing Protocal®I
Water Lysis of RBCs Protocol

DI Water Lysis of RBCs Protocol
1. Taked2s e¢eL of whole bl ood sampl e
a. AddHMW-DNA to replicate bl ood
eg/ mL -BINMA: 9 L of bl ood)
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:add250¢ L of DI250wat whot e bl ood
b. 7525 RATIO:add8375 €L of D watef twbole bl ood
3. Incubate blood and water at room temperature for 5 minutes
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4. Using this diluted blood solution, mixthe L of DNA dye: SYBR Gr
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 aforementiatedgbhad
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 tod'he initial protocol and iterations cae bund inAppendixA:
Iterations of Lysing Protocal®| Water/PBS Lysis of RBCs Protocol

DI Water/PBS Lysis of RBCs Protocol

1. Take D50 €L of whole blood sample to use f

a. Add HMW-DNAtoreplc at e bl ood that has cancer
eg/ mL -BINMA: 9 e¢L of bl ood)

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

2. Mix in DI water with blood
a50: 50 RATI O: add 350 €L of DI water to
b75: 25 RATI O: odAd®dI 5nater to 350 &L of v

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 €L of 2X PBS to
b. 7525 Ratio: Ad 525 e¢L of 2X PBS to DI water
5. Using this diluted blood solution, miximteE L 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 microchannekuriidorescent

microscope after this.

Another red blood cell lysing solution used for research to separate red blood cells
for further processing is a 1ImM EDTA solution. The following protocol is the final
method used to for lysing red blood cells used was modified from the aforementioned
research to focus on the free circulating DNA rather than the red bloodTteImitial
protocol and iterations can be foundAppendixA: Iterations of Lysing Protocald mM
EDTA Lysis Protocal

1mM EDTA Lysis Protocol
1. Take4d0Oe L of whol e bl ood sample to use for
a. AddHMW-DNA to replicate blood that has
eg/ mL -BINMA: 9 eL of bl ood)
b. Make sure to incubate for 5 minutes and votterix DNA into blood well
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2. Mix400e L ble@ed: I ysis (1mM EDTA)

3. Mix by inverting at | east 5 ti mes
mix)

4. Incubate at room temperature for 2 min

5. Mix by inverting at least 5 times

6. *Centrifuge at 2000xg for@ mirutes(2.0 RCF setting forcertrifuge)

7. Aspirate the supernatant

a. This is solution to be used for further testing
8. Using tis solution (supernatant from 7 or if no centrifugation just use solution
from5, mxin50 €L of DNA dye: SuU®&® Gr een
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 solutiowhsle blood with EDTA

(vort

nu

The last method looked at was processing whole blood into plasma and testing for

free circulating DNA from plasma instead of whole blaite plasma would be easier
to work with than whole bloadrhe initial protocol and iteratioran be found in
AppendixA: Iterations of Lysing Protocal®lasma Dilution Method

Plasma Dilution Methodfrom **whole blood or bought plasmskip to step 4)

1.

** Take 1 mL of whole blood sample to use émalysis

a. AddHMW-DNA t o replicate blood that has

eg/ mL -BIMAV: 9 €L of bl ood)
b. Make sure to incubate for 5 minutes and vortex to mix DNA into blood well
**Spin whole blood using centrifuge at 50000 RCF setting for centrifuge)
for 7 minutes
a. Centrifuge again if needgday need total of 3 spins)

3. ** Aspirate plasma after centrifugaticand the plasma is to be used for future
experiments and testing
4. Dilute plasma with DI water
a. b0:50Ratio:B0 €L of DD wat el asmab
b. 75:25Ratio7 50 €L of DI water to 250 €L
5. Using these diluted plasma solutions, midbe L 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 underdgkaamt

microscope after this.

EXPERIMENTAL RESULTS AND ANALYSIS

The first set of measurements made were of the various buffer solutions (see

Tablel) 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 uS/cm drSlfn. So it is fairly
negligible by comparison tilve values obtained for the otharious solutiongas seen in
Tablel). These values were also graphedhow the difference between the
conductivity levels more easily (ségyure48 andFigure49).

Buffers Conductivity (S/m) \ (+) St. Dev. | (-) St. Dew.

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
QuencherflaHCG and NacCl) 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

Tablel: This table lists the average conductivities of the buffer solutions used to lyse or dilute the blood
samples (whole blood or plasma sample) with calimd standard deviation. These values were created
using 510 measurements.

Conductivities for Buffers
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Figure 48: This figure illustrates the values B&ble 1 with the standard deviations of each.
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Figure 49: This figure is the same &3gure 48, but allowsfor the smaller values (like for EDTand the
saponin and formic acid solutipto be seemore easily.

After looking at these buffer solutions, various blood solution®wested 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 phosplfatesbluition,
isolation was able to occur around @4n 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 aroundl#2QIL is too thick to creatthe
ACET flow motion that would allowior fcDNA to get to the electrode and then for DEP
to isolate it at the center of the electrodéhe sample nesdo be diluted or cells
lysed/removed or even a combination of the two processewarious lysing processes
were looked at and conductivities measured. The results obtiurictivities measured
for thevarious processed blood samples are se@ale2, Table3, andTable4.
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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,; 0.3161 0.0113 0.0113
centrifuged)

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

Table2: This table lists the values of the average conductivitieggnous blood samples that were lysed,
or diluted. These values were calculated withGbvalues.

Plasma Sample Conductivity (S/m) Standard Dewvation
Plasma 6pun down)

50uL DI Water:50uL plasma 0.6180 0.0051
(50:50 dilution) normal

75uL DI Water:251L plasma 0.3363 0.0028
(25:75 dilution) normal

50uL DI Water:50uL plasma 0.5281 0.0029
(50:50 dilution) spiked

75uL DI Water:25uL plasma 0.2903 0.0033
(25:75 dilution) spiked

Plasma Dilutions (bought) Conductivity (S/m) Standard Deviation
50uL DI Water:50uL plasma 0.6361 0.0489
(50:50 dilution) normal

75uL DI Water:25pL plasma 0.2593 0.0025
(25:75 dilution) normal

50uL DI Water:50uL plasma 0.5743 0.0066
(50:50 dilution) spiked

75uL DI Water:25pL plasma 0.2681 0.0021

(25:75 dilution) spiked
Table3: This table lists the average measurements for conductivity of various plasma samples. The
average conductivities and standard deviations were calculated wlithvalues.
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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
Table4: This table takes the values framable3 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 moregr an EDTAlysed blood solution would be the best
processeto follow. Most of the lysing solutions with the exception of 1ImM EDTA were
very high conductivity. Saponin and formic acid process would have been considered if
another quencher soluti@mould be determinetb stop the lysing processince the lysing
solution was very low, but the quenching solution was extremely higlequencher
solution of the saponin and formic atyding proces$iad an extremely high
conductivity which is the reason for the resulting Higbonductive blood solution. But
this process and a lot of the other processes dilute the blood sanijfléo 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 isoldtable6 summaizes all of the various
processand tha ranks them based on a few qualities with varying importambe.
score closest to 10 is the best method.

Method ID number for M ethod ID number for
Table 6 Table 6
1X RBC Lysis from 1 DI Water dilution (w/ | 6
BioLegend 2X PBS quencher)
50:50
DI Water Dilution 2 DI Water dilution (w/ | 7
(no quench) 50:50 2X PBS quencher)
75:25
DI Water Dilution 3 PlasmaDilution 50:50 8
(no quench) 75:25
DI Water Dilution 4 Plasma Dilution 75:2% 9
(no quench) 90:10
Saponin/Formic Acid | 5 1 mM EDTA lysis 10
Lysis (w/ NaCl and
NaHCQG quencher)

Table5: This is the identifiction numbers for the ranking tabilalfle6).
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Par amet Conductivity | Isolation | Destroy | DoesNot | Dilution Score
RBCs Destroy Ratio

(Importance (0.3) (0.3) (0.1) WBCs (0.15)

Met hod (0.15)

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

Table6: Thisranks the varias blood dilution and lysing methods with the score closest to 10 indicating
the best while dser to 0 is the worst by comparison.

With the decision that the diluted plasii@®:75 ratio)or the EDTAlysed blood
solution to be considered, the following table and figuisb(e 7 andFigure50) 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

Table7: 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 @viith 5
measuremeni@s mentioned above wiitable1, Table2, andTable4).
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Figure 50: This figure illustrates the values listedTiable7.

After choosing these two processes, some testing in the microfluidic channel was
completed.The channel height used here is 800 i.of the imagegin Figure51 and
Figure52) are close to the centef the electrode, focusing on the teeth after 10 minutes
of application of the square wave 10 Vpp and Ka@.
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n Electrode Electrode

Figure 51: This image shows the results of the plasma sandillged to 25:75 ratio A) normal bought
plasma B) boght plasma spiked with HMW DNA C) normal plasma from centrifuged whole blood D)
plasma centrifuged from whole blood spiked with HMW DNA








































































