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ABSTRACT

Novel techniques for Dielectrophoresis (DEP) crossover frequency calculation, positive
dielectrophoretic spectroscopy and negative dielectrophoretic spectroscopy are proposed in this
dissertation. A novel automated immunoassay based on negative dielectrophoretic spectroscopy
for the detection and quantification of rare-analytes in a biological sample is also presented. All of
these techniques are based on a custom made automated software “DEP spectroscopy application”
for Microsoft Windows that was designed and developed for this research project. The techniques
for DEP crossover frequency calculation and dielectrophoretic spectroscopy were validated
through experiments with blue colored polystyrene beads with 1000 nm diameter. The techniques
for positive dielectrophoretic spectroscopy and negative dielectrophoretic spectroscopy were
validated through experiments with fluorescent polystyrene beads with 500 nm diameter. An
increase in negative DEP force was observed in response to the increase in the frequency of the
applied electric field. This increased DEP force resulted in higher speed of repulsion of
functionalized polystyrene beads from the edge of the electrode. The speed of repulsion was
measured for 0%, 0.8%, 50% and 100% conjugation of avidin with biotin functionalized
polystyrene beads with the automated software through real-time image processing. A significant
difference in the velocity of the beads was observed among different avidin-biotin conjugation
concentrations that can be used to quantify rare analytes in a biological sample. Using this
technique, as little as 80 molecules of avidin per biotin functionalized bead can be detected in a
sample. This technology can be applied to the detection and quantification of rare analytes that can
be useful in the diagnosis and treatment of diseases like cancer and myocardial infarction with the

use of polystyrene beads functionalized with antibodies for the target biomarkers.
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1. INTRODUCTION

Early diagnosis is vital for successful treatment of many life-threatening medical
conditions!?. Accurate diagnosis of a disease and subsequent prognosis by a physician involves a
number of laboratory tests. Because of their inherent importance as lifesaving tools, medical
laboratory tests should satisfy a set of stringent quality standards and requirements. The most basic
of which is the reliability. There is a growing need to produce reliable results in a cost effective
and time saving manner using a small volume of the test sample. To cater to this demand, a lot of
research is being done on the development of very small sensors (sizes on order of um) and lab-
on-chip devices. Many laboratory tests involve detecting and quantifying some rare analyte in the

biological sample through a biosensor®.

Target Target
Analyte Analyte

Biological Transducer
(Optical / Electrical)

Target Target
Analyte Analyte

Fig. 1. Block diagram of a biosensor

A biosensor essentially consists of a sensitive biological element, which reacts selectively
with the target analyte and a transducer or detector with associated signal processing and output
display as shown in Fig. 1%. The biosensors use a biomolecule like an enzyme, protein, antibody,
nucleic acid, etc., as an active detection agent>>. Broadly, biosensors are categorized into either

catalytic or affinity biosensors®. The catalytic biosensors employ an active biomolecule like an
1



enzyme that reacts specifically with some rare analytes®. The affinity biosensors exploit the
specific interaction of an analyte (ligand) and a biological receptor®. An immunosensor is
essentially an affinity biosensor that exploits antibody-antigen interactions®®. Antibodies are
glycoprotein molecules called immunoglobulins that are produced by plasma cells as an immune
response induced by an antigen®. When incorporated into a biosensor, the antibody is either
adsorbed or covalent bonded to a solid surface like a polystyrene well plate as in case of Enzyme
Linked Immunosorbent Assay (ELISA) or to polystyrene beads as in Latex Agglutination Assay
(LA)3>70, Then, the biological sample containing the target analytes is either pipetted, flowed or
mixed with the immunoassay®°. Any antigen molecules present in the sample react readily with
the antibody in the assay and agglutination occurs'!*?, There are many different techniques to
detect and quantify the agglutination in LA and ELISA like dielectrophoresis (DEP) or
electrochemical impedance spectroscopy™®*8. In DEP various target biological particles like
antigens, antibodies, cells or DNA can be detected, isolated, concentrated or purified*%-2. Mostly
visual inspection is done to detect positive or negative DEP regions or crossover frequencies®, but
recently automated procedures have also been reported for detection and quantification of DEP
forces and crossover frequencies??%’. Suehiro et al. proposed a dielectrophoretic impedance
measurement method for quantitative estimation of biological cell concentrations suspended in
aqueous medium?2. However, impedance measurement requires expensive impedance analyzers
and the results vary with the conductance of the analyte and the biological sample®. Song et al.
proposed an approach based on artificial neural networks for quantification of dielectrophoretic
force that is computationally intensive?. Bakewell et al. used statistical image quantification
methods for evaluation of surface conductance and conductivity of nanoparticles with positive

DEP experiments?’. The drawback of their approach includes complexity of the involved image



processing techniques. Wei et al. and Pesce et al. employed techniques based on optical tweezers
for dielectrophoretic force measurements®2%, Optical tweezers are very sensitive measurement
devices and require extensive and careful calibration. The method proposed in this dissertation
efficiently measures the effect of the DEP force through a live video feed from the microscope
camera and performs real-time image processing. It records the change in the fluorescence
emission as the system automatically scans the electric frequency of the function generator over a
specified time interval. The effectiveness of the method was demonstrated by extracting the
crossover frequencies and the DEP spectrum of polystyrene beads with blue color dye (1000 nm
diameter) and green fluorescent polystyrene beads with 500 nm diameter using this procedure.
This approach can lead to the development of detection methods with significantly higher
sensitivity than existing detection methods. Velmanickam et.al.® reported a dielectrophoretic label-
free immunoassay for rare analyte quantification in biological samples with capability to detect
and quantify about 850 avidin molecules attached to biotin functionalized polystyrene beads. An
improved method is proposed in this dissertation in which the quantitative measurement of DEP
through image processing is automated and DEP spectroscopic curves for various concentrations
of biotin-avidin conjugates over a range of frequencies are obtained. These standard curves can be
utilized to detect and quantify avidin molecules in biological samples. This technique resulted in
an improvement by an order of magnitude in the detection limit of rare analytes from previous
published results®. This method based on DEP spectroscopy has the potential to be used as a
primary point of care diagnostic technique because of its use of very small electrodes (size on the
order of um) and its capability to detect very low concentration of target analytes (< pg/ml). The
quantification of rare analytes is of much importance for detecting various stages of tumors in oral

and prostate cancer'?°. Similarly, early detection of raised troponin level in blood can help in



diagnosis and treatment of myocardial infarction?®°. For detection of other rare analytes, this
technique can be modified by substituting biotin with another binding antibody for the respective

target analyte.



2. ELECTROKINETICS
Electrokinetics deals with the motion of micro or nanoscale particles (either charged or
neutral) suspended in a fluid under the influence of an electric field?°312,
2.1. Electrical Double Layer
When an electrode is immersed in an electrolyte or a charged particle is suspended in an
ionic solution, an electrical double layer is formed at the solid — liquid interface. The formation

of this layer is explained in Fig. 2.
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Fig. 2. Electrical Double Layer (assuming solid particle has positive charge)



lons opposite in charge to the solid surface surround the immersed electrode or suspended
particle and form a layer, known as Stern layer®. lons in the Stern layer are adsorbed to the surface
and are closely packed. The electric potential drops linearly across the Stern layer. More ions from
the electrolyte form a layer of loosely bound ions beyond the Stern layer within a distance
corresponding to the Debye length*3*. The second layer is known as the diffuse layer. The potential
drops exponentially across the diffuse layer. The interface between the diffuse layer and the bulk
electrolyte solution is called the slip plane. The potential at the slip plane is called zeta potential.

The Debye length is given by the relation*33-%:

, EoEmKT
Ld - 877.'N022q2’ (21)

where ¢, is the permittivity of the free space, &,,is the relative permittivity of the medium, k is the
Boltzmann constant, T is the absolute temperature, No is the bulk concentration of ions in the
electrolyte, Z is the valency of the electrolyte and q is the charge on an electron. The charged
surface is electrically screened beyond the Debye length from the bulk electrolyte solution®.
Because of the formation of electrical double layer, ions in the electrolyte are attracted towards the
solid particles or surfaces and their concentration is increased in those areas. That is why, the
concentration of ions near the particle or electrode exceeds No which is the bulk concentration of
ions in the electrolyte®*,
2.2. Dielectrophoresis

Dielectrophoresis (DEP) is an electrokinetic phenomena in which electrically neutral
polarizable particles move in a non-uniform electric field*3®. It is exploited in biotechnology for
its remarkable capability of selectively isolating, concentrating or purifying target bio particles

present within a complex mixture by either attracting or repelling these target bio particles from



the electrodes!®3"38, The translational forces of attraction or repulsion arise from the interaction of
the dipole moment of the particles with the non-uniform electric field*°. Electrodes of different
lengths or complex shapes create a non-uniform electric field. A high electric field region is created
close to the right electrode and a low electric field region is created close to the left electrode as

shown in the Fig. 3.

+ _—
------------------------ -+ =
J— ’_---- .-

Fig. 3. Dielectrophoresis of a particle in a non-uniform electric field

If the particle is more polarizable than the surrounding medium it experiences a net force
towards the high electric field region and will be attracted towards the right electrode. This is called
positive DEP. On the other hand, if the particle is less polarizable than the surrounding medium it
moves toward the low electric field region. This process is known as negative DEP**2, The time

averaged DEP force on a spherical particle of radius r is given by*®>19:3:

(Fpgp) = anogmrgRe[KCM(w)]v(Ez)r (2.2)



where ¢, is the permittivity of the free space, &,,is the relative permittivity of the medium, VE is
the electric field gradient and Re[K -y (w)]is the real part of the Clausius-Mossotti factor (that is

effective polarisability (per unit volume) of the particle) which is given by*>193%:

* *
Ep—&m

Key(w) = (2.3)

)
ept2em

where &, is the complex permittivity of the particle and &5, is the complex permittivity of the

medium. The complex permittivity is related to the conductivity ¢ and the angular frequency ® of

the applied alternating current (AC) field through the following relation*>19:3:
g=e—j— (2.4)

Depending on the relative values of the permittivity of the particle and the medium, the
value of Ky, (w) varies from —0.5to 1. If K., (w) is positive, then particles are attracted to regions
of high electric field intensity, an effect called positive DEP. Similarly, if K-y, (w) is negative, then
the particles are repelled from the regions of high electric field intensity, an effect called negative
DEP. Since K.y (w) is frequency dependent, both positive and negative DEP effects can be
observed by changing the frequency of the applied electric field. The crossover frequency f,, is

defined as the frequency at which the force changes from positive to negative DEP. It is given

by4,5,19,36,43:

foo = i\/_ (op—om)(op+20m) (2.5)

2m (ep—em)(ep+2em)’

where o and € are conductivity and the permittivity of the particle and the medium. The value of
fxo depends on the conductivity of the particle o, at low frequencies (< 1 MHz) and on the
permittivity of the particle at higher frequencies. The total conductivity o, of a spherical dielectric

particle is given by the sum of its bulk oy, and surface conductivity K 41939,
8



O'p = Obpulk + TS (26)

Since oy Of the very small particles is negligible, the o, is mainly dependent on K.

Depending on the size and conjugation of the polystyrene beads, the value of K can vary over one
order of magnitude and provide a means to isolate, concentrate or separate different types of target
bio particles*4'.
2.3. Drag Force
The motion of the particles suspended in the medium is also affected by the drag force due
to the friction in the medium. The drag force acting on a small particle moving in a fluid is given

by the following relation®0:
Fyrag = 6mNTYD, (2.7)

where 7 is the viscosity of the medium, r is the radius of the particle and v is the velocity of the
particle. The drag force arises because of the friction of the fluid to the motion of the particle and
is opposite in direction to DEP force.
2.4. Electrothermal Forces
There is a high electric field generated to manipulate the micro or nano particles by the
electrodes whose dimensions are in um. This high electric field in a very small area generates a lot
of heat that is dissipated in the fluid adjacent to the electrode. The power generated by an electric

field E per unit volume in the surrounding medium is given by*?:
Prhedium = oE? W m_3)' (2.8)

where ¢ is the conductivity of the fluid surrounding the electrode.

Similarly, the power dissipated by the electrode is given by the following equation?:

9



p _ Vs (2 9)
electrode — R’ :

where Vims is the applied root-mean square voltage and R is the resistance of the electrode. The
total power dissipation is the sum of these two quantities given by eq. 2.7 and eq. 2.8. This power
dissipation in a small volume give rise to an increase in temperature of the sample. The change in

temperature A7 of the sample is approximated by the following relation:

AT ~ % (2.10)

where Vims is the applied root-mean square voltage, o is the electrical conductivity of the medium
and k is the thermal conductivity of the medium.

Since DEP requires non-uniform electrical field, the power dissipation and resultant
temperature change is also non-uniform throughout the sample. This non-uniform temperature
changes through the sample volume give rise to local changes in permittivity, conductivity,
viscosity and density of the medium*2. These differences give rise to buoyancy and electro-thermal
forces like the Coulomb force and the dielectric force. The Coulomb force arises because of the
free volume charges produced as a result of conductivity gradient generated in the fluid*2. The
dielectric force arise because of the differences in permittivity across the volume of the fluid*2.

2.5. Buoyancy

The buoyancy force arises because of the temperature gradient in the fluid giving rise to

changes in the density across the fluid which result in natural convection. The buoyancy force is

given by*?:
_ 8bm
Fp = —"ATg, (2.11)
where pm is the density of the medium, T is the temperature and g is acceleration due to gravity.

10



2.6. Brownian Motion
The time averaged movement of a particle undergoing Brownian motion is zero. The force
due to the Brownian motion on an isolated colloidal particle (experiencing no other phenomenon)

is given by*:
1)
FBrownian (t) =m 5—: + 61TT’|7'U, (2.12)

where m is the mass of the particle, v is the velocity of the particle, r is the radius of the particle
and 7 is the viscosity of the medium. The force due to Brownian motion is negligible as compared

to the DEP force and does not hinder the movement of colloidal particles because of the DEP3>42,

11



3. DEP SPECTROSCOPY APPLICATION
I have developed a Microsoft Foundation Classes (MFC) application in Visual C++ for the
Microsoft Windows operating system to carry out DEP spectroscopy of dielectric particles
dissolved in a conductive solution. The application can capture live video and time lapse images
from any USB Video Class (UVC) standard compliant microscope camera and perform real-time

image processing to efficiently measure the effect of the DEP force on dielectric particles and find

out the DEP crossover frequency and the DEP spectroscopic curve.

I

Is the Close
Button
Clicked?

Wait for
40 ms

End program

Fig. 4. Simplified flowchart of the DEP spectroscopy application®!
A simplified flowchart of the program is shown in Fig. 4. The program creates a dialog

based MFC application. The UVC standard compliant camera is accessed through Video for

12



Windows (VfW) library provided by Microsoft. A frame is captured from the camera and saved
as a bitmap in memory. The bitmap is processed and converted to a grayscale image. If an
experiment is being performed further image processing is done on the grayscale image as per the
experimental setup and settings. The results of the experiment and required images are saved in
memory. The original captured frame is displayed as shown in Fig. 5. The processed greyscale
image is displayed in measurement window shown in Fig. 6. The measurement window provides

a host of other functions and settings for the experiment.

#% DEP_Sensor - O X

Camera Feed

Fig. 5. MFC application for DEP spectroscopy showing live camera feed

13



The application captures and displays live video from microscope camera with a frame rate
of 25 frames per second as shown in Fig. 5. The frame rate can be increased or decreased to a value
within hardware constraints. The application then converts the captured frames into greyscale and
performs real-time image processing to obtain information about the dynamics. The application
has the complete pixel information, including the color, of the captured video frames in computer

memory and can perform various real-time image processing tasks to obtain useful information.

Measurement Window — O X

Camera Feed [] Auto Image Capture
[0 Auto Save Results

AutoSave Settings

FreqGen Settings

Set Box Coordinates Start Experiment Stop Experiment Delete Results Save Image Save Result

Fig. 6. Measurement Window: displays live greyscale video feed with various options for
realtime image analysis®!

The regions of interest in the video, where a strong DEP effect is visible, are identified to

efficiently analyze the effect of the DEP force on the suspended particles in the conductive

14



medium. Those regions of interest are marked with rectangles, squares, or parallelograms. The
image area within these regions of interest is now processed and recorded for efficiently
characterizing the DEP force and calculating the DEP spectroscopic curve. The “Set Box
Coordinates” button in Fig. 6 displays another dialog window shown in Fig. 7 from where the
height, width, slope and position of a square, rectangle or parallelogram can be set to specify the

region of interest for the experiment.

Dialog X
Box Height01 Iﬁ (3,300) Box Width01 | 100 (3, 300) Box Height02 IIZ—‘ (3,300) Box Width02 I110—| (3, 300)
X01 190 (50, 650) Y01 305 (50, 530) X02 455 (50, 630) Y02 I 137 (50, 530)
Box Height03 l 12 (3,300) Box Width03 | 90 (3, 300) Box Height04 I 15 (3,300) Box Width04 | 65 (3, 300)
X03 220 (50, 690) Y03 | 95 I (50, 530) X04 510 (50, 690) Y04 218 (50, 530)

Col, Slant03 | 3 (1,300) Row Slant03 |2 (1, 300) Col. Slant04 | 3 (1,300) Row Slant04 IZ (1, 300)
Box Height05 | 15 (3,300) Box Width05 I 65 (3, 300) Box Height06 | 12 (3,300) Box Width06 I 88 (3, 300)

X05 235 (50, 630) Y05 | 230 (50, 530) X06 524 (50, 630) Y06 352 (50, 530)

il
il

Col. Slant05 I 5 (1,300) Row Slant05 I 3 (1, 300) Col. Slant06 I 3 ] (1, 300) Row Slant06 l 2 (1, 300)
Box Height07 I 10 (3,300) Box Width07 l 10 (3, 300) Box Height08 I 10 ‘ (3,300) Box Width08 I 10 (3, 300)
X07 | 370 (50, 690) Yo7 125 (50, 530) X08 280 (50, 690) Y08 450 (50, 530)

Fig. 7. Dialog window to specify size and position of desired region of interest for the
experiment

As shown in Fig. 8, a desired interval to capture time lapse images for further processing
and record data values during the experiment can be set by clicking on the “AutoSave Settings”
button in Fig. 6. The minimum time interval to capture an image or record a new data value is 40
ms which is determined by the frame rate of the video stream and processing speed of the hardware.
Different time intervals for positive and negative DEP analysis can be specified. Since the
suspended particles take some time to accumulate along the edges of the electrode when positive

DEP is observed, additional time is needed to analyze this effect. However, in case of negative

15



DEP, the accumulated particles along the edge of the electrode are readily repelled as the frequency

is changed. So, negative DEP requires much less time for examination.

AutoSave Settings X
Image Save Interval PDEP 25 *40 ms (1-100)
Results Save Interval PDEP 25 *40 ms (1 - 100)
Image Save Interval NDEP 25 *40 ms (1-100)
Results Save Interval NDEP 25 *40 ms (1 - 100)

OK

Fig. 8. AutoSave Settings dialog window

The function generator can be set to automatically scan through a set of electrical
frequencies over the specified intervals of time. The settings dialog window as shown in Fig. 9 can
be opened by clicking on the “FreqGen Settings” button in Fig. 6. The address of the function
generator, the start, stop, and step frequency and peak to peak voltage can be specified in this
dialog window. Moreover, the time interval for the frequency to induce positive DEP and the time
interval for the frequency to induce negative DEP can be specified as well. The experiment can be
performed either to observe and analyze positive DEP or the negative DEP. In case of positive
DEP, the experiment starts with a frequency to induce positive DEP for the specified time interval.
When the time interval elapses, the frequency is automatically changed to another frequency that
induces negative DEP for the specified time interval. Then, the positive frequency is incremented
by the frequency step size. This cycle goes on until the stop frequency is reached. All frequency
switching by the function generator is done automatically by the application. The application is

designed for Tektronix AFG series function generators. The function generator was connected to
16



the computer via the USB port. To access and control the function generator it was first installed

in windows so that it can be accessed by any application from the operating system.

FreqGen Settings X
FercHon Bt s USB::0x0699::0x0346::C035117::INSTR
Start Frequency 100000 (10,000 Hz - 25,000,000 Hz)
Step 100000 (10,000 Hz - 25,000,000 Hz)
Stop Frequency 800000 (10,000 Hz - 25,000,000 Hz)
Vpp 10 (LOV-10.0V)
Time Positive DEP 500 * 40 ms (125 - 15,000)
Time Negative DEP 125 * 40 ms (125 - 15,000)
Frequency Positive DEP 300000 (10,000 Hz - 25,000,000 Hz)
Frequency Negative DEP 5000000 (10,000 Hz - 25,000,000 Hz)
(O Negative DEP
@ Positive DEP [:] Simulate Frequency Generator OK

Fig. 9. Function Generator Settings dialog window

That task was accomplished by installing a Virtual Instrument Software Architecture
(VISA) software. VISA is an industry wide standard architecture and has many proprietary
implementations. Since | am using the Tektronix AFG series function generator so | have used
TekVISA connectivity software that was provided by Tektronix. After installation of TekVISA
connectivity software | was able to control the function generator from the TekVISA software
interface through Tektronix provided user commands. Now, the next step was to interface between

TekVISA and the Visual C++ application. The Tektronix user commands were not recognized in
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Visual C++ environment. For that purpose, | modified an Interchangeable Virtual Instruments
Foundation (IVI) compliant device driver from LabWindows™/CVI environment to Microsoft
Visual C++. The IVI foundation is an industry wide consortium that maintains a software
repository and helpful guides for access and control of laboratory and testing equipment. VI
compliant drivers for LabVIEW were easily available for download. However, since Visual C++
is not as widely adopted as LabVIEW to interface with instruments, there was no available
compatible driver for Visual C++ in the IVI online software repository. The best driver | found
was coded for LabWindows™/CVI which is an ANSI C integrated development environment
(IDE) by National Instruments. To use this driver in Visual C++ some commands were needed to
be modified and the driver had to be compiled in Microsoft Visual Studio. This modified device
driver along with TekVISA connectivity software was used to access and control the function
generator from Microsoft Visual C++ program. The section of the code that access and controls

the function generator is included in Appendix A.

Confirm Delete Results X

Do you want to delete all results?

Yes No

Fig. 10. Delete Results Confirmation dialog window

Once all the settings are completed, the “Start Experiment” button may be clicked to start
the experiment and start recording images and results. The experiment automatically stops when
the stop frequency is reached. The experiment can also be stopped by clicking the “Stop
Experiment” button. Moreover, in addition to the automatically saved images and recorded results,

an image or result at any instance can be saved by clicking “Save Image” and “Save Result”
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buttons. The “Delete Results” button in Fig. 6 is utlized if, for any reason, the experiment was not
properly conducted and the results need to be deleted. Before deleting any results, a confirmation
dialog as shown in Fig. 10 is displayed to prevent the accidental deletion of valuable experimental
data.

The program can be closed by clicking the cross in the upper right corner of the dialog
window in Fig. 5. | have ensured to free all the reserved resources during program execution before

exiting the program to avoid any memory leaks.
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4. EXPERIMENTAL SETUP
The experimental setup used for the project is displayed in the Fig. 11. It consisted of a
personal computer with windows operating system, an OMFL600 low power microscope, pearl —
shaped interdigitated (P1D) electrode, UVC compliant ProScope PS-MC5UW microscope camera
and Tektronix AFG3021B function generator. The custom-built side illumination system is also
displayed in Fig. 11. The operational detail of the side illumination system is presented in chapter
7 of the dissertation. The OMFL600 microscope was placed on an optical table top purchased from

Newport Corporation to dampen any vibrational noise.

Fig. 11. Experimental Setup for the project

DEP spectroscopy application is installed and run on a personal computer with windows
operating system. A UVC compliant ProScope PS-MC5UW microscope camera and a Tektronix
AFG3021B function generator were connected to the personal computer through USB port. The
sample containing the rare analytes was pipetted onto the PID electrode for observation and

recording of data during the experiment. Fig. 12 shows the close-up top view of the PID electrode
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placed on the OMFL600 microscope. The objective lens of the microscope is visible below the
PID electrode. The terminals of the electrode were connected to the output port of the Tektronix

AFG3021B function generator.

Fig. 12. PID electrode placed on OMFL600 low-power microscope for observation. Electrode
terminals are connected to the Tektronix AFG3021B function generator.

The PID electrode was affixed in place by the adhesive tape to eliminate any chance of

accidental movement during the experiment.
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5. DEP CROSSOVER FREQUENCY MEASUREMENT

The automated software was validated by measuring the crossover frequency and DEP
spectrum of blue colored polystyrene beads purchased from Sigma-Aldrich. The nominal diameter
of the polystyrene beads with dark blue dye was 1000 nm. The experiemnt was performed with
PID electrode that was designed in the Biomedical Engineering Laboratory at NDSU and
fabricated in the NDSU microfabrication facilities. The electrode was designed and drawn to scale
in AutoCAD, validated in COMSOL Multiphysics and fabricated on a commercially available
glass wafer using photolithography, metal sputtering and lift-off procedures using 1000A thick
gold film. The PID electrode is capable of generating the maximum electric field of 1.8 x 10* V/m,
which is sufficient to polarize the polystyrene beads for microscopic observation of DEP. It was
reported earlier in Ref. 5 that the average electric field and the electric field gradients do not vary
with frequency in the PID electrode. This ensured that the polystyrene beads are subjected to the
same electric field gradients at all frequencies, and their DEP behavior is only dependent on the
value of Re[K,(w)], which is dependent on the polarizability of the beads and the medium.

The variation of the DEP force on 1000 nm polystyrene beads with dark blue dye was
observed at various frequencies. | took 10 pL polystyrene beads with a pipette in a centrifuge tube
and centrifuged at 5000 rpm for 12 minutes to separate the beads from the solution. After
centrifugation, the supernatant was removed and 390 pL of 0.01X diluted phosphate buffer saline
(PBS) with conductivity 0.01 S/m was added. The 10 pL of the prepared bead solution was pipetted
onto the clean PID electrode which was mounted on an OMFL600 low-power microscope for
observation during the experiment. The UVC compliant ProScope PS-MC5UW microscope
camera fitted on the top of the microscope was connected to the computer running the DEP

spectroscopy application to observe the PID electrode. The PID electrode was connected to a
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Tektronix AFG 3021B function generator. The function generator was also connected to the DEP
spectroscopy application for automated frequency switching during the experiment. The sample

on the electrode was illuminated by the mercury arc lamp of the microscope.

#4 DEP_Sensor - O X

Camera Feed

- A

&
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<

a

Fig. 13. The camera feed in DEP spectroscopy application with regions of interest marked by red
(for negative dielectrophoresis) and blue (for positive dielectrophoresis) rectangles®

DEP spectroscopy application software was used for observation and recording of the
results during the experiment. Two regions of interest were identified and selected as shown in
Fig. 13. The red rectangle marks the area of low electric field strength where polystyrene beads
are collected in the case of negative dielectrophoresis. In case of positive dielectrophoresis the

polystyrene beads are attracted to the high electric field regions towards the edge of the electrodes.
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The formation of a bridge or chain of polystyrene beads was observed between the opposite edges
of the electrode in the experiment in the case of positive dielectrophoresis as shown in Fig. 14.
The blue rectangle to mark the region of interest for positive dielectrophoresis was placed to
capture this effect. To start recording the measurements, the Start Experiment button in the

software measurement window was clicked. At the beginning, the function generator was

automatically set to a positive frequency of 50 kHz to establish positive DEP.

Fig. 14. DEP effect with blue polystyrene beads of 1000 nm diameter (a) Positve DEP effect
observed with applied electric field frequency of 100 kHz (b) Negative DEP effect observed with
applied electric field frequency of 15000 kHz (c) Positive DEP effect obsereved with applied
electric field frequency of 400 kHz (d) Negative DEP effect observed with applied electric field
frequency of 500 kHz.%*
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Through earlier trial experiments, it was observed that low frequency electric fields (<100
kHz) induce a positive DEP force whereas high frequency electric fields (> 1000 kHz) induce a
negative DEP force for the polystyrene beads suspended in the PBS buffer. The positive DEP force
resulted in the attraction of the beads towards the edge of the electrodes, and they formed a bridge
or chain between the opposite ends as shown in Fig. 14. The collection of the beads in the regions
of interest decreases the average light intensity in that region. For example, in case of negative
dielectrophoresis, the negative region of interest is much darker in color as compared to the
positive region of interest and vice versa. This observation was utilized to measure the DEP

crossover frequency and the spectroscopic curve.
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Fig. 15. Average intensity ratio (light intensity of negative DEP region / light intensity of
positive DEP region) versus frequency of the applied electric field. The crossover frequency was
found to be 474 kHz.%*

The ratio of the average light intensity in the negative DEP region with the average light

intensity in the positive DEP region was calculated and plotted against the frequency of the applied
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electric field. At the crossover frequency, the beads should be uniformly distributed across the
sample because of diffusion through Brownian motion. So, the average light intensity in both the
regions would be the same and their ratio would be equal to one. The crossover frequency was
found to be 474 kHz from the DEP spectroscopic curve as shown in Fig. 15.

The measurements were recorded after an interval of about 2 minutes to ensure that the
beads were collected at their respective high or low electric field regions. The Brownian motion
of the beads was negligible as compared to the DEP force as was predicted in Ref. 42. The drag
force experienced by the polystyrene beads was also negligible since the beads had been settled in
their respective regions and any negligible movement observed was caused by the Brownian
motion. However, the rise in temperature because of the high applied electric field (1.8 x 10* VV/m)
resulted in temperature rises that caused generation of electrothermal forces and evaporation of the
sample. This drawback limited the time of the experiment. To overcome this drawback, it was

sought to optimize the code for faster execution.
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6. DEP SPECTROSCOPY
Some experiments were also performed with fluorescent polystyrene beads of 500 nm
nominal diameter that were purcahsed from Phosphorex Inc. The DEP spectroscopy application
was used to calculate the DEP crossover frequency and the positive and negative DEP spectrum

of these fluorescent polystyrene beads.

Measurement Window = [m} X

Camera Feed [] Auto Image Capture
[0 Auto Save Results

AutoSave Settings

FreqGen Settings

Set Box Coordinates Start Experiment Stop Experiment Delete Results Save Image Save Result

Fig. 16. Measurement Window of DEP spectroscopy application with marked regions of
interest®!

The experiemnt was performed with the same PID electrode that was designed and
fabricated by our research group. The variation of DEP force on 500 nm fluorescent polystyrene

beads was observed at various frequencies. The 10 uL polystyrene beads were taken with a pipette
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in a centrifuge tube and centrifuged at 5000 rpm for 12 minutes to separate the beads from the
solution. After centrifugation, the supernatant was removed and 390 pL of 0.01X diluted
phosphate buffer saline (PBS) with conductivity 0.01 S/m was added. The 10 pL of the prepared
bead solution was pipetted onto the clean PID electrode which was mounted on OMFL600 low
power microscope for observation during the experiment. Then the UVC compliant ProScope PS-

MC5UW microscope camera fitted on the top of the microscope was connected to the computer

running the DEP spectroscopy application.

Fig. 17. Demonstration of positive and negative DEP effect through time — lapse images
captured through DEP spectroscopy application (a) Beads are collected at the edge of the
electrode due to positive DEP. (b) At the instant when electric field intensity is changed to
induce negative DEP (c) 80 ms later (d) 160 ms later.>!
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The PID electrode was connected to Tektronix AFG 3021B function generator. The
function generator was also connected to the DEP spectroscopy application for automated
frequency switching during the experiment. The sample on the electrode was illuminated by the
green fluorescent lamp with excitation wavelength of 460-550 nm and emission wavelength of
590 nm.

DEP spectroscopy application software was used for observation and recording of the
results during the experiment. For this experiment, the software was modified to mark six regions
of interest along with two smaller squares to mark background noise as shown in Fig. 16. In each
region of interest, the fluorescence intensity was calculated. The fluorescence intensity in the two
background boxes was also calculated and their average was used as background noise to calculate

the DEP spectroscopic curve.
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Fig. 18. Positive DEP spectroscopy curve. Crossover frequency is 719.25 kHz.*!
For positive DEP, the fluorescent polystyrene beads accumulated in the same way as was

in the previous experiment with polystyrene beads with blue color dye. The beads were attracted
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to the edges of the electrode and formed a bridge or chain between the two opposite sides in the
high electric field region as shown in Fig. 17. The recorded fluorescence intensity values from a
region of interest and average of intensity in the two background boxes was used to calculate the
DEP spectroscopy curves. The ratio of the fluorescence intensity and the background noise was
plotted against the applied frequency of the electric field to obtain the positive DEP spectroscopy
curve as shown in Fig. 18. At the crossover frequency fx, the DEP force Fpep is zero, so the
fluorescent polystyrene beads diffuse throughout the sample because of Brownian motion. This
should result in the observation of same fluorescence intensity all over the sample. Hence, the ratio
of fluorescent intensity in the region of interest to the background noise should be equal to one for
the crossover frequency. The positive DEP spectroscopy curve was extrapolated as shown in Fig.
18 to find out the crossover frequency. For this experiment the crossover frequency was found to

be 719.25 kHz>!,
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Fig. 19. Negative DEP spectroscopy curve. Each pixel corresponds to 0.6 pum.%t
However, in this experiment, a precise collection of the fluorescent polystyrene beads in

the low electric field region was not observed during negative DEP. This issue pushed us to devise
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a new strategy to observe and quantify negative DEP effect. Here it was observed that as the
applied electric field frequency is switched to induce negative DEP, the fluorescent polystyrene
beads attached to the electrode edges are repelled from the electrode and disperse in the medium
as shown in Fig. 17. The speed of repulsion of these fluorescent polystyrene beads was calculated
and plotted against the applied frequency of the electric field to obtain the negative DEP
spectroscopy curve as shown in Fig. 19. The crossover frequency from the negative DEP
spectroscopy curve cannot be found since the speed of the fluorescent polystyrene beads would
never be zero. Even at the crossover frequency, there should be some motion of the beads because
of the diffusion through Brownian motion.

The Brownian motion was negligible as compared to the DEP force as was predicted in
Ref. 42. The drag force due to the friction of the fluid arises in the observation of the negative DEP
spectroscopy. It opposed the repulsion of the beads from the edge of the electrode. The rise in
temperature of the sample because of the heat dissipation due to the applied electric field in a very
small volume was also observed. This rise in temperature resulted in generation of electrothermal
forces and the evaporation of the sample. This shortcoming limited the time of the experiment and

posed a challenge in achieving higher spectral resolution of the DEP spectroscopy curve.
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7. RARE ANALYTE QUANTIFICATION THROUGH NEGATIVE DEP
SPECTROSCOPY
The variation of the DEP force on biotin-avidin conjugated polystyrene beads at various
frequencies was also studied. The biotin functionalized polystyrene beads with 0.74 um diameter
(10,000 biotin molecules on each bead surface) were purchased from Spherotech Inc. These
biotinylated beads were conjugated with fluorescently labelled avidin molecules (1 mg/ml)

purchased from Vector Labs Inc. using the procedure recommended by the manufacturer.

Measurement Window = O X

Camera Feed

[ Auto Image Capture
[ Auto Save Results
= AutoSave Settings

FreqGen Settings

Set Box Coordinates Start Experiment Stop Experiment Delete Results Save Image Save Result

Fig. 20. Microsoft Windows application for DEP Spectroscopy. The regions of interest are
marked with colored rectangles. PID electrode is visible as darker region in the picture. Scale bar
indicates 100 um.>
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To achieve 100% avidin-biotin conjugation (i.e. 10,000 biotin molecules on the surface of
polystyrene beads attached to 10,000 avidin molecules) 3uL of avidin solution and 10 pL biotin
functionalized polystyrene beads were incubated for 30 min at room temperature. The solution
was then centrifuged at 5000 rpm for 12 min to separate functionalized beads from the solution.
After centrifugation, the supernatant was removed and 390 pL of 0.01X diluted phosphate buffer
saline (PBS) with conductivity 0.01 S/m was added. The 10 pL of the prepared conjugated bead
solution was pipetted onto the PID electrode for microscopic observation during the experiment.
Similarly, 50% and 0.8% avidin-biotin conjugated solutions were prepared by diluting the avidin
solution appropriately and keeping other parameters (incubation time, temperature, and centrifuge
speed) constant. The 0% solution contained only biotin functionalized polystyrene beads.

For the experiment, a clean PID electrode was mounted on OMFL600 low power
microscope and a side illumination technique for observations was employed. A custom made
green LED lamp illuminating from an angle of incidence of 45 degrees was used. This angle of
incidence reduces the amount of light collected by the camera that does not result from Rayleigh
scattering from the beads. When 10 pL of the prepared beads solution was pipetted onto the
electrode, the scattered light from the beads illuminated the electrode and is refracted towards the
microscope objective resulting in a sharp image of the beads without the use of fluorescence. Since
the diameter of the beads (~740 nm) is of the same order of magnitude as the wavelength of the
green LED (565 nm), the beads appear very bright on a dark background due to Rayleigh
scattering. The use of light source with a large incidence angle precluded the need of a complicated
fluorescent enabled sample and fluorescent microscope for the experiment and introduced a simple
and cost effective illumination for the microscopic observations. The PID electrode was connected

to the Tektronix AFG 3021B function generator.
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(a) (b)

(c) (d)
Fig. 21. Demonstration of negative DEP effect through time — lapse images captured through
DEP spectroscopy application (Assuming time = 0 when electric field frequency is changed to
induce negative DEP) (a) t =0 ms (b) t =80 ms (c) t = 160 ms (d) t = 240 ms. PID electrode is
visible as darker region in the picture. Scale bar indicates 100 pum.5?

DEP spectroscopy application software was used for observation and recording of the
results during the experiment. To start the negative DEP spectroscopy measurement, the Start
Experiment button in the software measurement window was clicked. At the beginning, the
function generator was automatically set to a positive frequency of 10 kHz to establish positive

DEP. Low frequency electric fields (< 50 kHz) induce positive DEP whereas high frequency

electric fields (> 250 kHz) induce negative DEP force for the polystyrene beads suspended in the
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PBS buffer®. The positive DEP force resulted in the attraction of the beads towards the edge of the
electrodes. A clear line of bright white beads can be seen forming at the edge of the electrodes in
Fig. 21(a). Once the beads form a layer at the edge of the electrode, the software automatically
switched the frequency to another value to observe the negative DEP spectroscopy. The negative
DEP force resulted in the quick repulsion of the beads from the edge of the electrode. The repulsion

of the beads was tracked and recorded by the software.
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Fig. 22. Plot of the Light Intensity versus the Position in the region of interest. Each pixel
corresponds to 0.6 um.

The speed of the repulsed beads as the travel away from the electrode edge was calculated
through image processing. The variation in light intensity in the region of interest was measured
with respect to the horizontal position in the region of interest at different time intervals as shown
in Fig. 22. The peak light intensity observed in the image corresponds to the position of the

functionalized beads. Two images were processed to calculate the speed of repulsion, one captured
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at positive DEP and the other just after switching to negative DEP. The shift in the center of the
mass of the light intensity is calculated for both images and is used to find out the speed of the

repulsion due to negative DEP.
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Fig. 23. DEP Spectroscopic Curve. Each pixel corresponds to 0.6 um.

A relationship between the speed of repulsion of the beads and the applied frequency of
the electric field was observed. As the software switched to higher frequency electric fields, the
negative DEP force was increased resulting in a higher speed of repulsion from the edge of the
electrode. While switching the frequency, all other experiment parameters and conditions were
maintained and kept constant. The obtained DEP spectroscopy results are shown in Fig. 23. A
significant change in the repulsion speed of the beads between 0% avidin-biotin conjugation (i.e.
only biotin functionalized polystyrene beads) and 0.8 % conjugation (80 avidin molecules attached

per biotin functionalized polystyrene bead) was observed, especially in the frequency range above
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1500 kHz. This means that this experimental setup can detect as little as 80 avidin molecules
attached on the biotin functionalized polystyrene bead surface®?.

The Brownian motion was negligible as compared to the DEP force. However, the high
electric field in a small volume resulted in increase in temperature due to heat dissipation. This
increased temperature gave rise to generation of electrothermal forces and eventual evaporation of
the sample. Another limitation encountered was that the PID electrode was made up of gold and
biotin has affinity for gold>*>". After a few readings, the biotinylated polystyrene beads were
adsorbed onto the electrode. This required frequent cleaning of the PID electrode for further
observations.

The polystyrene beads also experience hydrodynamic drag force due to friction which is
opposite in direction to the DEP force. Since the hydrodynamic drag force also depends on the size
of the particle, biotin functionalized polystyrene beads with higher concentrations of attached
avidin experienced higher drag force. The observed increase in speed for these beads means that
the increase in DEP force was greater than the increase in the hydrodynamic drag force. The graph
in Fig. 23 can be considered as a calibration curve for sensing and identification of avidin in

biological samples in a medium with the same conductivity.
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8. OPTIMIZATION OF DEP SPECTROSCOPY APPLICATION AND
RECOMMENDATIONS FOR IMPROVED ELECTRODE DESIGN

It has been recommended to improve the design of the electrode and the experimental
procedure to achieve better spectral resolution of negative dielectrophoretic spectroscopy to further
lower the detection limit of rare analytes in a biological sample. Although, the current PID
electrode provided high electric field gradients to polarize the polystyrene beads for
dielectrophoretic spectroscopy but its complex design made it difficult to predict the regions of
interest where polystyrene beads could be observed in the case of positive or negative DEP. So, it
is recommended to design and fabricate another electrode with simpler geometry that can provide
similar high electric field gradients with more predictable regions of interest where polystyrene
beads could be collected and observed in the case of positive or negative DEP. Such an electrode
will result in simpler algorithms to analyze the results through DEP spectroscopy application and
will improve the spectral resolution and reliability of the DEP spectroscopy curve.

The DEP spectroscopy application is also optimized for faster execution to complete the
data collection process before the generation of electrothermal forces in the observed sample.
Initially, images and results were saved to the hard disk during the program execution. It took
much longer to execute the program since, writing to hard disk is a slower process as compared to
saving the data in computer memory. In the latest version of the program that | developed, all the
data is stored in memory until the end of experiment and saved later before closing the program.
Moreover, the data collection strategy has been revised and streamlined to save only the required
results in memory rather than keeping all the captured images during the experimental procedure.
This improvement also reduced the amount of data to be stored in memory, reducing the risk of an

error due to insufficient computer memory. Once the spectral resolution of the negative
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dielectrophoretic spectroscopy is increased through improved electrode design and optimized
software application, it is being planned to design and test a complete point of care system for

detection and quantification of rare analytes in biological samples using this method.
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9. CONCLUDING REMARKS

| have proposed and validated an automated technique for detection and quantification of
rare analytes in biological samples. | have tested the technique with detection and quantification
of avidin conjugated to biotin functionalized polystyrene beads. This technique can be extended
for detection and quantification of other rare analytes through careful selection of binding
antibodies. For example, to diagnose myocardial infarction, troponin needs to be detected. This
can be accomplished by using an antibody that binds troponin instead of using biotin
functionalized polystyrene beads. It can help physicians to save many human lives from life
threatening diseases like cancer and myocardial infarction. | was able to achieve an improvement
by an order of magnitude in the detection limit of rare analytes when compared to previously
published results®. | have also optimized the DEP spectroscopy application to achieve higher
spectral resolution of negative dielectrophoretic spectroscopy. My technique has the potential to
be incorporated into a point of care lab on chip device because of its use of very small electrodes
and automated software for detection and quantification of biomolecules that are indicators of

diseases.
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APPENDIX A. SOURCE CODE TO ACCESS FUNCTION GENERATOR
The following are selected lines of code of the DEP spectroscopy application that are used
to access the function generator and change the frequency of the applied electric field during the

experiments.

if (ChangeFreqFlag)
{
//Change the signal from Frequency Generator (Tektronix AFG3021B)
ViSession tkafg3k;
ViStatus error = VI_SUCCESS;
Flag02 = TRUE;
if (SimulateFlag)
{
CString strx;
strx.Format(L"%g kHz", Freq / 1000);
AfxMessageBox(_T("Simulate Mode: Selected Frequency = ") + strx);
checkErr(tkafg3k_InitWithOptions("USB::0x0699::0x0346::C036068::INSTR"

, VL_TRUE, VI_FALSE, "Simulate=1", &tkafg3k));

else
checkErr(tkafg3k_init("USB::0x0699::0x0346::C036068::INSTR", VI_TRUE,

VI_FALSE, &tkafg3k));
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Error:

checkErr(tkafg3k_ConfigureOperationMode(tkafg3k, "1",
TKAFG3K_VAL_OPERATE_CONTINUOUS));
checkErr(tkafg3k_ConfigureOutputMode(tkafg3k, TKAFG3K_VAL_OUTPUT_FUNC));
checkErr(tkafg3k_ConfigureStandardWaveform(tkafg3k, "1",
TKAFG3K_VAL_WFM_SINE, G_Vpp, 0.0, Freq, 0.0));

checkErr(tkafg3k_ConfigureOutputEnabled(tkafg3k, "1", VI TRUE));

if (error != VI_SUCCESS)

{
ViChar errStr[2048];
tkafg3k_GetError(tkafg3k, &error, 2048, errStr);
AfxMessageBox((CString)errStr);

}

if (tkafg3k)

tkafg3k_close(tkafg3k);
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