Biomedical Research and Therapy, 6(3):3040- 3052

Original Research

Determination of electrophysiological properties of human
monocytes and THP-1 cells by dielectrophoresis

Rafeezul Mohamed'*, Mohd Azhar Abdul Razak?, Nahrizul Adib Kadri3

'Regenerative Medicine Cluster,
Advanced Medical and Dental Institute,
Universiti Sains Malaysia

“Faculty of Electrical Engineering,
Universiti Teknologi Malaysia

Department of Biomedical Engineering,

Faculty of Engineering, University of
Malaya

Correspondence

Rafeezul Mohamed, Regenerative
Medicine Cluster, Advanced Medical and
Dental Institute, Universiti Sains
Malaysia

Email: rafeezul@usm.my

History

e Received: Oct 16, 2018
o Accepted: Mar 14, 2019
e Published: Mar 31, 2019

DOI:
https://doi.org/10.15419/bmrat.v6i3.527

‘i} Check for updates

Copyright

© Biomedpress. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution 4.0 International license.

BioMedPress

The Open Access Publisher

ABSTRACT

Introduction: Dielectrophoresis (DEP) is based on polarization and bioparticle movement in ap-
plied electric fields. Each type of cells has its own electrical properties within the DEP spectra and
undergoes significant changes in direction of frequency following an increase of an applied non-
uniform alternating current (AC) electric field. Therefore, DEP can be an effective technique for char-
acterization and separation of different cells. The goal of the current study was to determine the
electrophysiological properties of human monocytes and a human monocytic cell line originated
from an acute monocytic leukemia patient (THP-1), using a lab on a chip (LOC) device that utilised
microarray dot electrodes. Methods: Ten microliters of human monocytes isolated from peripheral
blood mononuclear cells and highly confluent THP-1 cells were diluted in DEP medium and added
to the spacer of the LOC device. Subsequently, the AC signal in the range of 10 kHz to 2 MHz was
supplied to the LOC device, and the dynamic behaviours of monocytes and THP-1 cells due to the
DEP force were observed. Images were captured and analyzed using MATLAB software. Results:
Microscopic visualization showed that THP-1 cells were physically larger than human monocytes.
The dielectric parameters (radius, diameter, and conductivity and permittivity of the cytoplasm and
membrane) were greater for THP-1 cells compared to monocytes. The cross-over frequencies for
THP-1 cells and monocytes were respectively 66 kHz and 280 kHz. Conclusion: In conclusion, the
DEP spectra reflected the morphological differences between monocytes and THP-1 cells. The di-
electric properties for each type of cells can be used as the criteria in the development of DEP-based

characterization assays.
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INTRODUCTION

The efficiency of separation and purification tech-
niques is important in studies of leukocyte sub-
populations !. Existing cell sorting approaches, such
as fluorescence activated cell sorting (FACS)?, mag-
netic cell sorting, and pillar-based microchips have
become methods of choice for isolating leukocyte sub-
populations. All these sorting approaches are based
on the markers expressed on the cell surface®. How-
ever, these methods involve several preparations and
require expensive and bulky equipment such as large
magnets, flow cytometers, columns, and centrifuges .
Therefore, a new economical sorting device with the
ability to discriminate cells, which is compliant with
automated and microfluidic applications, is needed !.
Dielectrophoresis (DEP) stimulates particle move-
ment following interaction with a non-uniform alter-
nating current (AC) electric field®. The positive DEP
(p-DEP) response occurs when the particles move to-
wards the electrode edge, where a high electric field
gradient is present’. When the particles move away
from the electrode edge, the response is known as neg-
ative DEP (n-DEP)”. During DEP, particles respond

uniquely to different frequencies as they consist of dif-
ferent electrical potentials®.

DEP effects develop from a non-uniform electric field
generated by an electrode. In early DEP studies, elec-
trodes were fabricated from plates, thin metal wires,

and needles®1°.

However, today’s advanced micro
fabrication technologies facilitate fabrication of DEP
platforms based on microelectrode arrays that are
able to generate strong DEP forces even when small
voltages are applied 12, The best-known electrode
structures are planar and three-dimensional '*. In the
current study, standard photolithographic processes
were used to fabricate a 4 X 4 microarray dot elec-
trode. Yafouz et al.'* described the fabrication pro-
cess in detail. Similar electrode geometry was used
in a previous study designed to characterize cells in
homogenous populations '>. Dot electrode geometry
offers several advantages, such as confined and well-
defined analysis areas, efficient electric range infiltra-
tion, and an axis symmetry that allows electrical ter-
ritory dissemination °.

Numerous researchers are working on developing a
non-invasive separation device to characterize cells
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based on dielectric parameters'®. DEP has been
widely used in cell lysis research!” and in charac-
terisation of a variety of yeasts'® and human cells,
such as nerve cells %, platelets>?, sperm cells?!, can-
cer cells?2, and leukaemia cells 3. Many studies have
been conducted to determine the dielectric properties
of human whole blood?*, T and B lymphocytes>>2°,
and erythrocytes?’.

With the ultimate quest to develop a Lab on a Chip
(LOC) device-based sorter that uses a microarray dot
electrode, this study was conducted to firstly char-
acterize the dielectric properties (radius, diameter,
and conductivity and permittivity of the cytoplasm
and membrane) of human monocytes and a human
monocytic cell line originated from an acute mono-
cytic leukemia patient (THP-1). In addition, the
cross-over frequency of each cell type was also deter-
mined.

METHODS

Cells, cell culture medium, and reagents

THP-1 cells were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA).
Roswell Park Memorial Institute (RPMI)-1640, fetal
bovine serum (FBS), penicillin and streptomycin, and
phosphate-buffered saline (PBS) were obtained from
Thermo Fisher Scientific (Waltham, MA, USA). Anti-
human CD3 FITC, anti-human CD14 FITC and anti-
human CD14 PE were obtained from BD Biosciences
(San Jose, CA, USA).

Culturing human monocytes and THP-1
cells

To isolate monocytes, 40 mL of freshly collected
(Uni-
versiti Sains Malaysia human ethical approval:
USM/JEPeM/140384) were diluted in two volumes
of PBS supplemented with 2 mM ethylenediaminete-
traacetic acid (EDTA) (Thermo Fisher Scientific,
Waltham, MA, USA). The diluted cell suspension was
carefully layered onto 15 mL of Ficoll Histopaque
(GE Healthcare Life Sciences, Malborough, USA),
and then centrifuged at 300 g for 40 min at room

human blood from healthy volunteers

temperature in a swinging bucket rotor (brakes off).
Following centrifugation, the top layer was pipetted
off without disturbing the mononuclear cell layer
at the interface. The interface of cells was carefully
transferred using a Pasteur pipette into a fresh 50
mL conical tube followed by centrifugation at 300 g
for 5 min at 4°C. Trace amounts of erythrocytes in
the cell suspensions were removed using a human
erythrocyte lysing kit (R&D Systems, Minnesota,
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USA) according the manufacturer’s protocols. The
cell suspension was centrifuged at 300 g for 5 min,
and then, cells were lysed in 5 mL of erythrocyte lysis
buffer for 5 min at room temperature. Following
incubation, the cell suspension was washed with PBS
and centrifuged for 5 min at 300 g. The supernatant
was discarded and the cell pellet, which consisted of
peripheral blood mononuclear cells (PBMCs), was
resuspended in PBS. A haemocytometer was used to
count the cells under a light microscope. Phenotypic
expression of CD3 and CD14 were determined by
BD FACS CANTO II (BD Bioscience, San Jose, CA,
USA).

Subsequently, 10 x 10° PBMCs were seeded in a T25
cell culture flask and left to adhere in a 5% CO> in-
cubator for 2h in complete RPMI medium. Non-
adherent cells were discarded and the remainder were
washed twice with 3 mL of sterile PBS to completely
remove non-adherent cells. Subsequently, 2 mL of
complete RPMI were added to the flask, and adherent
cells were carefully scrapped off the sides of the flask
using a cell scraper. The removed adherent cells were
placed in a new 50 mL tube. The flask was then ob-
served under an inverted microscope to identify any
remaining cells. If cells were present, complete RPMI
medium was added and the scrapping process was re-
peated. The tube containing the adherent cells was
centrifuged at 300 g for 5 min at room temperature.
The supernatant was then pipetted off and 1 mL of
complete RPMI medium was added to resuspend the
cell pellet containing monocytes. Phenotypic expres-
sion of CD3 and CD14 were determined by BD FACS
CANTO II (BD Bioscience, San Jose, CA, USA).
THP-1 cells were cultured in complete RPMI
1640 supplemented with 10% FBS and 1% peni-
After the cells reached 90%
confluency, they were transferred into a 15 mL cen-

cillin/streptomycin.

trifuge tube and centrifuged at 300 g for 5 min. After
the supernatant was discarded, 1 mL of complete
RPMI medium was added to resuspend the cell
pellet. A haemocytometer was used to count the cells
under a light microscope. Phenotypic expression of
CD14 were determined by BD FACS CANTO II (BD
Bioscience, San Jose, CA, USA).

After monocytes and THP-1 cells were counted, the
cells were centrifuged at 300 g for 5 min in separate
Next, 2 mL of DEP medium (280 mM D-
mannitol solution (Sigma Aldrich, Missouri, USA))

tubes.

were added to each tube after discarding the super-
natant. The mixtures were centrifuged again at 300 g
for 5 min. The supernatant was discarded, and 1 mL
of DEP medium was added to each tube. Finally, 1 x
10% monocytes and THP-1 cells were used to deter-
mine their electrical properties using a LOC device.
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DEP theory, DEP device and operation

Yafouz et al.?® described in detail DEP theory, DEP
The DEP force
(Fpep) applied on a spherical particle of radius r is

device and operation procedures.

represented by the equation:
<?DEP> = 2717}”3808,”136 [K((J))] VE2 (1)

€y and gyare respectively defined as the permittivity
values of the free space and the relative permittivity
of the surrounding medium; VE is the electric field
gradient; and Re[K(w)] is an important part of the
Clausius-Mossotti factor. The Clausius-Mossotti fac-
tor is represented by:

e -€n

K(0)=—2

o+ 26, @

€px and g,* are defined as complex permittivity of
the particle and the medium respectively, whereby the
complex permittivity is stated as:

e =¢e— A (3)

(0]

€ is the permittivity, @ is the angular frequency, j is
the square root of -1 and ¢ is the material conductiv-
ity. The Fpgp turns zero at a specific frequency and
this phenomenon is known as the crossover frequency
(Re[K(@)] =0).
The LOC device was a compact of five layers as shown
in Figure 1. A 4x4 microarray dot electrode was
used (Figure 2), which was fabricated by our team
from Universiti Malaya, led by Associate Professor
Dr Nahrizul Adib Kadri.
cated using the standard photolithographic processes.

This electrode was fabri-

Generally, Gold-coated (24K) with microscopic glass
slides from Fisher Scientific, New Hampshire, USA
were cut into two pieces to acquire the dimension of
38x26 mm”. AutoCAD software was used to design
microelectrode geometry, and the manufacture of the
photomask was performed by JD photo-tools (Old-
ham, Lancashire, UK). A gold dot microarray elec-
trode was placed on the bottom layer of Indium Tin
Oxide (ITO) (15-30 Q ITO-coated glass slide, SPI
Supplies, West Chester, PA, USA), which acted as the
ground electrodes counter electrode at the top. The
vertical DEP effects generated higher numbers of par-
ticles experiencing DEP force.

Experimental set up

5Vp-p sinusoidal electrical signals were supplied to
the DEP device by a function generator (Textronix,
Beaverton, OR, USA) to provoke the non-uniform
electrical range required for DEP. The experiments

were carried out by applying one signal to all four
dots even though the device was capable of receiving
four signals at the same time. For each set of the cells
(monocytes and THP-1 cells), 15 individual frequen-
cies in the range of 10 kHz to 2 MHz were transmit-
ted via the microarray dot electrodes. The LOC device
was positioned on a microscope stage (BX51, Olym-
pus, Tokyo, Japan), and the plane of the cells was fo-
cused to discern the movement of the cells, which was
triggered by the DEP force. Images of the cells were
captured by a CCD camera (Dino Capture, Torrance,
CA, USA), which was placed in one of the microscope
eyepieces. The experiment was performed three times
for each frequency and each sample. Images were cap-
tured after 10 seconds of applying the electrical signal.
All images were saved in the dedicated computer for
subsequent analysis.

Image analysis

The microscopic images obtained from this experi-
ment were analyzed to evaluate the effects of DEP on
monocytes and THP-1 cells to determine their dielec-
tric properties. Initially, the images were segmented
into regions of interest (ROIs), in which, the central
part of the dot area was segmented into a square shape
(Figure 3). All images had the same dimensions of
145 x 145 pixels.

The acquired images were converted into binary im-
ages with the threshold value of 170 (Figure 4). The
binary images then were converted into black and
white using the built-in function im2bw in MATLAB
software (Mathworks, Natick, MA, USA). The func-
tion had two parameters, known as ‘unsigned integer’
and ‘level’ values. The ‘level’ values were defined as
the values between 0 and 1 that measure the intensity
of the level boundary. The value was converted to ‘0’
(black) if it was lower than the boundary level, and to
‘1’ (white) if it was above the boundary level. The total
number of black pixels for each image was counted us-
ing MATLAB software to measure the light intensity.
The alteration of light intensity for each frequency was
determined by subtracting the total number of black
pixels of an image, without application of the electri-
cal signal applied, from the total number of black pix-
els of the image with p-DEP and n-DEP effects. The
values of light intensity alteration were then normal-
ized and plotted (y-axis) against the applied electrical
frequency (x-axis). A single shell dielectric model was
used to fit the DEP spectra and identify the radius,
membrane specific capacitance, internal conductiv-
ity, and permittivity for each cell types.
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Figure 1: A Schematic diagram of the LOC device. It consists of five layers, as the top and bottom device covers
were made of 4 mm thick polymethyl methacrylate (PMMA). Indium tin oxide(ITO)-coated glass slides serve as the
ground electrodes. The spacer, in whichthe DEP effect occurs, acts as the gasket chamber. The 4 x 4 microarray
dotelectrode was fabricated using standard photolithographic processes. A 3 mm channel was designed in the
middle of the spacer to create space for the fluid to flow. Flexible wires were soldered to the gold and ITO elec-
trodes via silver-loaded epoxy and were connectedto the function generator which supply electrical signal to the
LOC device. The image was reproduced with permission from '3,
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Figure 2: A 4 x 4 microarray dot electrode. Sixteen individual inputs can be supplied electrical signal simulta-

neously.

Statistical analysis

Statistical analysis was conducted using Statistical
Package for the Social Sciences (SPSS) version 16.0
(SPSS, Chicago, IL, USA), which assessed the dif-
ference in the DEP response between monocyte and
THP-1 cells. A t-test was carried out using the indi-
vidual data points of the intensity shifts at each fre-
quency. A p-value <0.05 was interpreted as statisti-
cally significant. The experiment was repeated three
times with monocytes isolated from three different
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donors.

RESULTS

Phenotypic analysis of isolated monocyte
and THP-1 cells

Phenotypic analysis of CD3, which represented T
lymphocytes, and CD14, representing monocytes,
was carried on isolated PBMC and monocytes. Flow
cytometry analysis showed that the percentage of
CD3" and CD14" in PBMC were respectively 54.3%
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Figure 3: Segmented region of interest in the square shape for distributed cells without the application of
electrical signal (1), cells with the p-DEP effect (2), andcells with the n-DEP effect (3).
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Figure 4: Segmented binary image with threshold value of 170. A) binary image without the application of
electrical signals; B) binary image with p-DEP effect (1 MHz); and C) binary image with n-DEP effect (10 kHz).

and 0.81% (Figure 5A). Following two-hour incu- DEP spectra and dielectric properties
bation of PBMC in culture flask and serial washing  The DEP spectra, which represented the effects of
steps, the percentage of CD3+ and CDI14+ in ad-
herent monocyte were 2.18% and 44.5%, respectively  the light intensity shift (y-axis) against the electrical
(Figure 5B). Meanwhile, the percentage of CD14", frequency applied for the captured images (x-axis).

which represented monocytes in cultured THP-1cell,  The DEP spectra of monocytes and THP-1 cells were
was 4.12% (Figure 5 C).

DEP on each cell type, were constructed by plotting

analyzed using a wide range of frequencies to deter-
mine their electrophysiological properties based on
single shell dielectric model. Figure 7 shows the DEP
Figure 6 shows representative images of DEP effects  spectra for monocytes. The dielectric parameters for
on monocytes and THP-1 cells on the dot electrode.  the cytoplasm and membrane of monocytes were as
Monocytes and THP-1 cells were distributed equally  follows: cytoplasmic radius = 3.1 um, conductivity
within the dot perimeter before the transmission of (o) =0.011 S/m, permittivity (¢) = 85; and membrane
AC signals (reference). When the LOC was supplied  diameter (d) = 0.5 nm, conductivity (¢) = 0.001 uS/m,
with 10 kHz and 1.4 MHz, monocytes and THP-  permittivity (¢) = 0.64.

1 cells respectively exhibited n-DEP and p-DEP re-  Figure 8 shows the DEP spectra for THP-1 cells and
sponses. Image analysis showed that THP-1 cells were  their electrophysiological properties based on single
physically larger and had weaker p-DEP compared to  shell dielectric model. The dielectric properties for
monocytes. THP-1 in the cytoplasm and membrane, which were

Effect of DEP on monocytes and THP-1 cells
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Figure 5: Phenotypic analysis of isolated PBMC, monocyte andTHP-1 cell. Isolated PBMC and monocytes
were stained with CD3 FITC and CD14 PE. The stained cells were incubated for 30 min in the dark, washed and
analysed by flow cytometry. The percentage of CD3+ and CD14" in PBMC were 54.3% and 0.81% respectively (A).
Meanwhile, the percentage of CD3" and CD14" in adherent monocyte were 2.18% and 44.5% respectively (B).
On the other hand, the percentage of CD14" which represent monocytes in cultured THP-1 cell was 4.12% (C).

Frequency 10 kHz (n-DEP effect) Reference 1.4 MHz (p-DEP effect)

Monocytes

Figure 6: Representative images of monocytes and THP-1 cells with n-DEP responses, reference state, and
p-DEP responses in the dot electrode. Monocytes and THP-1 cells were distributed equally within the dot
perimeter before transmission of the AC signal (reference). Monocyte and THP-1 cells show n-DEP effect after
applying the 10 kHz signal (n-DEP effect). However, both cells show p-DEP effect after applying the 1.4 MHz sig-
nal.
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Figure 7: DEP spectra of monocytes in conductivity medium (0.01 S/m). The circles (O) on the graph indicate
the measured data. Best-fit lines were added to the DEP spectrum of each set of cells using logistic function.
The correlation coefficients of the lines were greater than 0.9. The error bars show the standard error of three
experiments conducted at each frequency. Continuous curves show best fits of the single-shell dielectric modelfor
monocytes. The cross-over frequency for monocytes was 280 kHz.

greater than those of monocytes, were as follows: cy-
toplasmic radius = 8 um, conductivity (o) = 0.109
S/m, permittivity (€) = 100; and membrane diameter
(d) = 8.2 nm, conductivity (¢) = 0.01 uS/m, permit-
tivity (&) = 3.7.

The cross-over frequencies for monocytes and THP-
1 cells were obtained by adding the best fit lines to
the DEP spectrum of each cell type. The cell cross-
over frequency was defined as the frequency at which
there was no occurance of cell movement in response
to DEP. At this point, the light intensity was equal to
zero. It was shown that the cross-over frequency was
280 kHz for monocytes and 66 kHz for THP-1 cells
(Figures 7 and 8). Furthermore, statistical analysis
showed that there was a significant difference between
DEP spectra of monocytes and THP-1 cells (p<0.05).

DISCUSSION

Dysfunction of innate immune cells can expose the
host to various autoimmune diseases such as rheuma-
toid arthritis (RA) and systemic lupus erythematosis
(SLE). Depletion of PBMCs inhibits RA, while gran-
ulocytes can induce RA progression *2. Alterations of
monocyte morphology and function in SLE patients
reduce the ability of these cells to perform phagocyto-
sis of bacteria 3. Thus, the important function of in-
nate immune cells warrant extensive research, and ef-
fective techniques for isolating immune cells are crit-
ical to the outcome of such studies.

In the current study, a simple and rapid technique
for isolating PBMCs and monocytes was used. First,
PBMCs were isolated from blood by density gradi-
ent centrifugation using Ficoll Histopaque. Follow-
ing centrifugation, cells and other elements in the
blood were separated in the Ficoll Histopaque so-
lution in layers based on their density/size differ-
ences>?. Next, monocytes were isolated from PBMCs
using adherence technique. This method has sev-
eral limitations, such as a high percentage of lympho-
cyte contamination, low flexibility, high manipula-
tion, and monocyte transient activation>. The first
hour of monocyte adherence is characterised by high
lymphocyte contamination, but it decreases to 40-
50% after two washes and is further reduced to 30%
after five washes®>. Bennett et al.3® reported that af-
ter four vigorous washes during the first 24h, mono-
cytes were still contaminated with 24% of lympho-
cytes®°. Factors such as the number of PBMCs used
in the monocyte adherence procedure, the number of
washes, vigorous washing, and the duration of adhe-
sion strongly impact the degree of lymphocyte con-
tamination when isolating monocytes using the ad-
herence technique®. In the current study, the effi-
ciency of CD3 isolation, which represented T lym-
phocytes, after 2h of culture and vigorous washing,
was about 95.9%. On the other hand, the percentage
of CD14 expression increased to about 98% in adher-
ent monocytes.
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Figure 8: DEP spectra for THP-1 cells in conductivity medium (0.01 S/m). The circles (O) on the graph indicate
the measured data. Best-fit lines were added to the DEP spectrum of each set of cells using logistic function.
The correlation coefficients of the lines were greater than 0.9. The error bars show the standard error of three
experiments conducted at each frequency. Continuous curves show best fits of the single-shell dielectric model
for THP-1 cells. The cross-over frequency (the frequency at which the light intensity is equal to zero) for THP-1 cells

was 66 kHz.

Table 1: Summary of dielectric parameters for other mammalian cells measured using a microfluidic
electrorotation device and analyzed using a single shell dielectric model

Technique

Four electrode in
phase quadrature

Cell types

Frequency

MDA231,
T  lymphocytes,

1 kHz-1 GHz

Dielectric parameters

MDA231 (26 + 4.2 mF/m2)

References

29

and T lymphocytes (11 £ 1.1
Erythrocytes mF/m2)
Erythrocytes (9 £ 0.80
mF/m2)
Four electrode in Leukocytes 10 kHz-120 MHz ~ T-lymphocytes (10.5 + 3.1 !
phase quadrature (WBCs) mF/m2)
B-lymphocytes (12.6 £ 3.5
mF/m2)
Monocytes (153 + 43
mF/m2)
Four electrode in Leukocytes 10 kHz-10 MHz T lymphocytes (7.01 + 0.91 3¢
phase quadrature (WBCs), SkBr3, mF/m2)
and A549 B lymphocytes (10.33 & 1.6

mF/m2)
Granulocytes (9.14 + 1.06
mF/m2)
Monocytes (11.77 £+ 2.12
mF/m2)
SkBr3 (14.83 £ 1.74 mF/m2)
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Figure 9: A single shell dielectric model. ¢ is the dielectric permittivity and o is the electric conductivity. The
subscripts, int, membr, and 1, represent cell interior, cell membrane, and suspending medium, respectively. R
represent radius of the cell, and d is the membrane thickness. Figure and description were adapted from Marszalek

etal.’.

Other techniques for isolating monocytes are avail-
able. For example, magnetic activated cell sorting
(MACS) technology, which utilises positive selection
of classical monocyte-specific markers such as CD14,
isolated 90-95% of monocytes (CD14*7CD167)%’.
Isolation of monocytes by FACS also achieved 95—
98% monocyte purity. However, FACS is suitable
for isolating intermediate (CD14t"CD16") or non-
classical (CD16™tCD14™) monocytes, which express
different percentages of CD14 and CD16. Both
MACS and FACS also have several disadvantages in
addition to the requirement of expensive instruments
and accessories. Monocytes isolated by MACS tech-
nology can be contaminated by the magnetic particles
used to label cells *3. FACS methods reduce the viabil-
ity of sorted cells due to rapid flow in the machine .
THP-1 is a human leukaemia monocytic cell line de-
rived from the peripheral blood of a 1-year old male
human with acute monocytic leukemia®. THP-1
cells are frequently utilised by researchers to deter-

mine monocytic functions*’.

THP-1 cells express
low levels of CD14, which is a surface marker for
human monocytes, as observed in our flow cytome-

try data (Figure 5 C)*!. Homogenous genetic back-

ground that diminishes donor variability by THP-

40 Furthermore,

1 superseded primary monocytes
THP-1 cells are easily accessible and can be pur-
chased directly from ATCC. In contrast, primary hu-
man monocytes must be isolated from the periph-
eral blood of a healthy human donor. Several stud-
ies have demonstrated that THP-1 displays a more
mature monocytic phenotype compared to those of
other immortalized human monocyte cell lines, such
as U937 cells*2. The interaction between THP-1 and
endothelial cells also mimics that of human primary
monocytes *>~4°. A THP-1 cell is a non-adherent cell
and thus can be cultured as a cell suspension.

LOC designs offer an alternative sorting technique,
and numerous LOC designs have been invented for
various applications. Masuda et al. *® applied DEP in
a LOC device to manipulate and discriminate them
into different outlets. Fatoyinbo et al.'® fabricated a
device composed of a gold 4 x 4 dot-patterned mi-
croarray with a parallel ground indium tin oxide mi-
croelectrode on top to rapidly measure the dielectric
properties of cells. The advantage of the microarray
dot electrode approach is that each dot can be en-
ergized separately, and cell electrophysiology can be
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measured at near real-time speed !>. A similar LOC
device with microarray dot electrodes was used in the
current study to measure the DEP effect on mono-
cytes and THP-1 cells.

When monocytes and THP-1 cells were subjected
to a non-uniform electric field, two different forces
were generated between the cells and the surround-
ing medium, resulting in DEP effects. The move-
ment of the monocytes and THP-1 cells in response
to p-DEP or n-DEP forces occurred due to the rela-
tive polarizability of the cells and the DEP medium,
which consisted of D-Mannitol to dilute the cells. The
280 mM D-mannitol solution is a low conductivity

isotonic solution*’

. Generally, when the high fre-
quency electrical signal was applied, the cells with
p-DEP effect became more polarizable than the sur-
rounding medium. When the low frequency electrical
signal was applied, the cells with n-DEP effect became
less polarizable than the surrounding medium. The
images captured during the experiment showed that
THP-1 cells had a weaker p-DEP effect than mono-
Mi-
croscopic visualisation showed that THP-1 cells were

cytes due to their morphological differences.

physically larger than monocytes, and the greater size
influenced the strength of p-DEP effects.

The light intensity variation between the original im-
ages (before the AC signals were transmitted) and the
final images (after the AC signal was applied) was cal-
culated to evaluate cell motions in the ROI. The prin-
ciple of Beer-Lambert’s law of light absorption states
that the light intensity corresponds to the cell concen-
tration 8. After AC signals were applied, the light in-
tensity was low for cells with n-DEP effect, as all cells
were situated in the middle of the ROI and thus, more
black pixels were detected. DEP spectra revealed that
the light intensity shifted to the negative side. In con-
trast, cells with p-DEP effect moved away from the
center of the ROI, which increased the light intensity,
and fewer black pixels were detected in the image. In
this case, the DEP spectra showed that the light inten-
sity shifted to the positive side.

To quantify DEP effects on monocytes and THP-1
cells, DEP spectra of the light intensity shift were
plotted against the frequency of the applied AC sig-
nals, which ranged from 10 kHz to 2 MHz. The di-
electric properties (radius, diameter, and conductiv-
ity and permittivity of the cytoplasm and membrane)
were determined by adjusting the light intensity shifts
towards the shell model that described the cells*® and
conducting the best-fit numerical analysis’. This
method has been used in many DEP characterization
studies °~>3, In the current study, the dielectric prop-
erties of the cytoplasm and membrane of THP-1 cells
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were greater than those of monocytes. To date, this is
the first report of the dielectric properties of THP-1
cells, so no data are available for comparison. The di-
electric parameters obtained in this study for mono-
cytes were lower than the values reported by Yang et
al.!. They were comparable to those reported for cy-
toplasm relative permittivity and conductivity, which
were in the range of 50-150 and 0.1-1.3 S/m, respec-
tively>*. Values of relative permittivity and conduc-
tivity of the cell membrane were reported to be ap-
proximately 2-15 and 10~'8-107* $/m>*. Previous
estimation of the thickness of the cell membrane were
4-10 nm>>°°, Table 1 shows a summary of dielectric
parameters for other mammalian cells such as mouse
lymphocytes and erythrocytes, human erythrocytes,
normal and malignant white blood cells and leukemia
cells that were measured using a microfluidic electro-
rotation device and analyzed using a single shell di-
electric model %0

Monocytes and THP-1 cells are composed of complex
internal and membrane structures. Characterization
of electrophysiological properties for both cell types
was conducted using a single-shell dielectric model
(Figure 9), as this model is the most frequently used
model for studying cell biology>”~>. In this model, a
cellis assumed to consist of a conductive interior, such
as a sphere or an ellipsoid, surrounded by a weak con-
ducting, concentric, and rigid membrane shell 310,
AC signal frequencies between 1 kHz and 10 MHz,
which are often used in DEP research, mainly pro-
duce two cellular dielectric characteristics: plasma
Differ-
ent cells contain distinct dielectric properties, and

membrane capacitance and conductivity®.

therefore, are influenced greatly by any changes in the
cell physiology or abnormal cell conditions 1+4%61:62,
Other factors may also influence the dielectric prop-
erties of a cell type, such as intracellular and mem-
brane morphology, membrane surface conductance,
ion and molecule dispersion, and transport across the
membrane®?. The cell membrane is consisted of lipid,
glycolipid, and glycoprotein membrane components,
thus, charged molecules may attach to the membrane
surface and affect the conductivity and permittivity
of the cell membrane®. The DEP medium also af-
fects the dielectric properties because each cell may
act differently in media with different ionic concen-
trations .

The cross-over frequency is defined as the frequency
at which the light intensity is equal to zero. At this
point, there is no p-DEP or n-DEP effects on the cells.
In this study, the sigmoid shape for both monocytes
and THP-1 cells was consistent, and the cross-over
frequency respectively occurred at 280 kHz and 66
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kHz. These results indicate that monocytes and THP-
1 cells have unique cross-over frequencies, which in
turn suggests that DEP is a reliable approach for char-
acterising the cells. Huang et al.** used a silicon-
based microchip with interdigitated gold microelec-
trodes fabricated using standards, a photolithography
patterning technique to study characteristics of cells.
They found that PBMCs had a wide range of cross-
over frequencies, from 35 kHz to 120 kHz, due to the
mixed population of cells. They also reported obvious
differences in the cross-over frequencies for mono-
cytes (44.6 kHz), natural killer cells (63.2 kHz), B cells
(78.8 kHz), and T cells (89.1 kHz).

CONCLUSIONS

In conclusion, the different sizes of monocytes and
THP-1 cells may explain the observed differences in
dielectric properties between these cell types. The
dielectric properties of THP-1 cells, which are often
used as a model for primary human monocytes, were
greater than those of monocytes. These differences in-
dicate that THP-1 cells may not be the best model for
studying human primary monocytes. The dielectric
properties for each type of cells can be used as the cri-
teria in the development of DEP-based characteriza-
tion assays.
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