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Abstract: In this paper, we present a microfluidic flow cytometer for simultaneous imaging and
dielectric characterization of individual biological cells within a flow. Utilizing a combination of
dielectrophoresis (DEP) and high-speed imaging, this system offers a dual-modality approach to
analyze both cell morphology and dielectric properties, enhancing the ability to analyze, characterize,
and discriminate cells in a heterogeneous population. A high-speed camera is used to capture images
of and track multiple cells in real-time as they flow through a microfluidic channel. A wide channel
is used, enabling analysis of many cells in parallel. A coplanar electrode array perpendicular to
cell flow is incorporated at the bottom of the channel to perform dielectrophoresis-based dielectric
characterization. A frequency-dependent voltage applied to the array produces a non-uniform electric
field, translating cells to higher or lower velocity depending on their dielectric polarizability. In this
paper, we demonstrate how cell size, obtained by optical imaging, and DEP response, obtained by
particle tracking, can be used to discriminate viable and non-viable Chinese hamster ovary cells in a
heterogeneous cell culture. Multiphysics electrostatic-fluid dynamics simulation is used to develop a
relationship between cell incoming velocity, differential velocity, size, and the cell’s polarizability,
which can subsequently be used to evaluate its physiological state. Measurement of a mixture of
polystyrene microspheres is used to evaluate the accuracy of the cytometer.

Keywords: Chinese hamster ovary (CHO); dielectrophoresis; dielectric spectroscopy; microfluidics;
microscopy; single cell analysis; flow cytometry

1. Introduction

For clinical and diagnostic applications, rapid discrimination and characterization of
single biological cells within a large heterogeneous population is desired [1,2]. Microflu-
idic devices are ideal platforms for this, as they provide rapid single cell analysis [3–8]
and have been used for cell identification, analysis, separation, and manipulation [9–16].
Optical and dielectric analysis are two different modalities and are usually performed
independently using different hardware. Optical imaging analysis provides information
on cell morphological parameters such as size, surface roughness, eccentricity, and nucleus
size [17–22]. Dielectric analysis, performed at frequencies in the beta-dispersion region,
provides information on plasma membrane complexity and permeability, net ion concen-
tration in the cytoplasm and nucleus, and even the presence of smaller membrane bound
organelles [22–27]. RF and microwave impedance sensing have been combined with optical
imaging to characterize pollen grains and yeast cells [28,29]. Combined, optical and dielec-
tric analysis can provide a large array of independent parameters, enabling researchers
to determine an individual cell’s physiological state or discriminate cell phenotype with
improved precision.

Biosensors 2024, 14, 577. https://doi.org/10.3390/bios14120577 https://www.mdpi.com/journal/biosensors

https://doi.org/10.3390/bios14120577
https://doi.org/10.3390/bios14120577
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biosensors
https://www.mdpi.com
https://orcid.org/0009-0002-2301-247X
https://orcid.org/0009-0003-5957-4471
https://orcid.org/0000-0002-3059-3455
https://orcid.org/0000-0001-8147-9882
https://doi.org/10.3390/bios14120577
https://www.mdpi.com/journal/biosensors
https://www.mdpi.com/article/10.3390/bios14120577?type=check_update&version=1


Biosensors 2024, 14, 577 2 of 17

Optical imaging and dielectric spectroscopy are two of many techniques used for cell
analysis. Dielectrophoresis (DEP) is a label-free and non-invasive method based on the
cell’s dielectric properties [7–12,15,16,22,23,25,26,30–33]. For example, dielectrophoretic
field-flow fractionation is an established technique for separating and discriminating
different cell types [34,35]. Dielectrophoresis operates by applying a spatially non-uniform
electric field to a polarizable particle such as a biological cell. This results in asymmetric
forces being exerted on the induced dipole, generating a dielectrophoretic force causing
translation of the cell as it passes through the field. Cell motion induced by dielectrophoresis
(DEP) is influenced by the frequency and spatial configuration of the applied electric field,
the dielectric properties of the surrounding medium, and the dielectric properties of the
cell itself [25,36], as described through the Clausius-Mossotti factor (CMF). The CMF
is a frequency-dependent parameter dependent on the dielectric properties of the cell’s
membrane and internal compartments and of the surrounding medium [37,38]. Thus, how
a cell responds to the DEP force can provide information about its structure, function, and
health [20,26,39–42].

In-flow optical image analysis uses a microscopy system with a high-speed camera to
capture real-time images of cells flowing in the microfluidic channel as they pass through
a detection window. The technique analyzes each cell’s image and attributes properties
such as size, eccentricity, and surface roughness [19,43]. One of the advantages of in-
flow optical analysis is the capacity to rapidly record the optical properties of a large
number of cells, enhancing the understanding of cellular heterogeneity. For example, the
approach has been used in bioprocessing monitoring to classify cells as viable, necrotic,
or apoptotic based on detailed morphological analysis [19]. Viable cells typically have an
intact and uniform shape, necrotic cells exhibit signs of membrane damage and irregular
morphology, and apoptotic cells can be identified by specific features such as cell shrinkage
and surface blebbing.

In this paper, we present a dual-modality DEP-imaging cell analysis microfluidic
system that provides information on both the morphology and dielectric properties of
every cell in a heterogeneous sample population. Particle imaging has previously been
used in microfluidic systems that employ dielectrophoresis separation and analysis [44–48].
For more accurate particle dielectric analysis, we introduce a differential velocity DEP
approach using particle tracking information [49]. Details of the DEP-imaging cytometer
are described, along with a multiphysics electrostatic-fluid dynamics model that enables
accurate extraction of the Clausius-Mossotti factor of individual cells. The analysis model
incorporates size information from optical analysis to enhance dielectric characterization.
We evaluate the device using a mixture of different-sized polystyrene microspheres to
extract fluid dynamics parameters. We apply the device to analyze a Chinese hamster
ovary cell culture grown in nutrient-depleted conditions, demonstrating the ability to
discriminate a population of both viable and non-viable cells.

2. Materials and Methods
2.1. Device Description and Operation

The in-flow DEP-imaging flow cytometer is illustrated in Figure 1. The device includes
a microfluidic channel, light source, and high-speed camera. A 50 µm deep, 8 mm wide
channel is fabricated using double-sided tape sandwiched between two 1 mm × 25 mm
× 75 mm glass slides. Two gold coplanar electrodes, 35 µm wide with a 25 µm gap, are
patterned on the bottom slide for application of DEP. The electrodes are perpendicular
to cell flow and run the entire width of the channel. The DEP actuation voltage, VDEP, is
applied at contacts at the edge of the chip. Two fluid ports are drilled into the top slide.
Cells enter at one port and are imaged as they flow over the DEP actuation region. A
flushing inlet enables cleaning of the channel. As in [49,50], a wide channel is used to
provide a large imaging area enabling analysis of many cells in parallel.
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Figure 1. (a) Experimental setup of the DEP-imaging flow cytometer. (b) Microfluidic chip, fluid
delivery, and interface for DEP. (c) Schematic diagram of the DEP-imaging flow cytometer, comprising
camera, light source, and microfluidic channel sandwiched between glass slides with fluid inlet ports.
(d) Longitudinal cross-section indicating cell trajectory in a parabolic laminar flow and showing height
and velocity change induced by DEP actuation due to the non-uniform field above coplanar electrodes.

Analysis samples with a concentration ranging from 5 × 104 to 5 × 105 particles/mL
are pumped through the channel using a gravity feed approach. An average fluid velocity
of 1300 µm/s, corresponding to a volumetric flow rate of 30 µL/min, is typically used. A
FLIR Blackfly™ (BFS-U3-16S2C-CS, Edmund Optics, Barrington, NJ, USA) camera with a
frame rate of 226 fps and a 1.6 MP sensor is used to capture images over a 670 × 894 µm2

field of view, corresponding to a 0.62 µm/pixel resolution. This allows for processing with
a maximum throughput of over 20 particles/s under ideal conditions. An image processing
and cell tracking algorithm, based on Track.py [51], uses static background subtraction to
identify and track moving cells and a defined size threshold to ignore small objects, such as
debris. Information, including position, velocity, diameter, and eccentricity for each cell, is
analyzed. Differential velocity (v i − vo), before and after the DEP electrodes is used for
dielectric analysis. Change in velocity is due to change in cell height within the channel as
a result of DEP actuation as shown in Figure 1d.

2.1.1. Cell Tracking Algorithm

Our system illuminates cells from below in quasi-darkfield mode. As the optical
refractive index of biological cells is very similar to that of the suspension medium, this
helps to illuminate the cells and enhance the cell’s edge features. A Gaussian filter is
applied to each video frame to increase the contrast between the cells and their background.
The filtered frame serves as a reference to distinguish the static background, which is
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subsequently subtracted, retaining only cells. A threshold is then applied, amplifying
the brightness of the cells within the frame. As the frame is processed, key features are
identified, including the centroid of each cell, cell eccentricity, area, and diameter. Features
that deviate significantly in terms of size or have an unusually high eccentricity (identifying
debris or aggregated cells) are labeled as anomalies and excluded. An example single frame
is shown in Figure 2a, containing three cells. The inset is 39 × 39 pixels showing a cell with
a 14.7 µm diameter and eccentricity of 0.57.

Once all frames have been processed, cell motion is analyzed using Track.py. The
trajectory and position of the three cells in Figure 2a are shown in Figure 2b as they are
tracked across the camera’s field of view and through the DEP actuation region. For a
typical input velocity of vi = 1000 µm/s, individual data points correspond to capturing cell
displacements of approximately 4.4 µm/frame (see Supplementary Materials for details).
The input and output velocities (v i and vo) are derived by calculating the slope of the
best-fit line to the cell’s centroid prior to and after encountering the DEP electrodes, as
shown in Figure 2c. Change in velocity is used to determine the dielectric characteristics of
the cell, as discussed in the following sections.
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Figure 2. Optical capture and analysis of cells. Background subtraction, contrast enhancement,
bright spot elimination, and cell visibility enhancement are used to track cells and identify key cell
features. (a) Example of one gray-scaled video frame. The CHO cell in the inset is 23.7 pixels across
(the electrodes are manually added in this plot). (b) The trajectory of cells is plotted based on data
obtained by the tracking algorithm. (c) Tracking data are used to plot position vs time and find the
cell’s velocity before and after the electrode.

2.1.2. Dielectrophoresis Analysis

In-flow dielectrophoresis is used to determine the dielectric characteristics of cells.
A polarizable particle, such as a cell, will experience a DEP force when exposed to a
non-uniform electric field. The particle’s polarizability and the surrounding medium’s
permittivity determine the DEP force’s amplitude and direction. The time-average DEP
force for a spherical particle of radius, r, is determined by [25,52]

→
F DEP = 2πε0εrmr3Re{Kcm(ω)}∇

∣∣∣EDEP
rms

∣∣∣2. (1)

Here, EDEP
RMS is the rms value of the electric field at the particle’s location due to the

sinusoidal voltage, VDEP, applied to the electrodes as shown in Figure 1. Re{Kcm(ω)} is
the real part of the Clausius-Mossotti factor, given as

Kcm =

∼
ε p −

∼
ε m

∼
ε p + 2

∼
ε m

, (2)
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where
∼
ε p and

∼
ε m are the complex permittivity of the particle and medium,

∼
ε p = ε0εrp −

jσp/ω and
∼
ε m = ε0εrm − jσm/ω, where ω is angular frequency, σp and σm are the particle

and medium conductivity, and εrp and εrm are the relative permittivity of the particle and
medium, respectively.

The real part of Kcm is frequency dependent and exhibits a dispersive behavior de-
pendent on the dielectric properties of the particle [9,24,42]. A biological cell’s complex
permittivity depends on both its structure and the dielectric characteristics of its internal
organelles, cytoplasm, and plasma membrane. A two-shell model, as shown in Figure 3a,
is an effective model that represents most of the dispersion processes in the beta-dispersion
frequency range (100 kHz–500 MHz) [42]. It includes the plasma membrane, cytoplasm,
and nucleus. Smaller organelles can be incorporated using an appropriate effective medium
theory. The double-shell model is commonly used to model the Re{Kcm} spectrum for a
wide range of cell types and consists of eight dielectric and four geometric factors [53].
Figure 3b shows the Re{Kcm} spectrum for CHO cells as well as a polystyrene microsphere.
Nominal values for the geometric and electrical parameters are taken from ref. [42], which
are based on extensive measurements, and are listed in Table 1. If the DEP frequency
is chosen appropriately, the sign and magnitude of Re{Kcm} can be used to identify cell
phenotype, such as viable and non-viable cells, as indicated by the 6 MHz red line in
Figure 3b [41,42]. The effect of a ±20% change in cell size (red band) and cytoplasm
conductivity (cyan band) are also shown in Figure 3b. This shows that viable-non-viable
discrimination is possible even with large cell-to-cell heterogeneity.

The dielectric differences between viable and non-viable cells as indicated in Table 1
are primarily a reflection of differences in cell membrane permittivity and conductivity,
cytoplasm and nucleus conductivity, and cell and nucleus size [42]. As cells progress
from viable to non-viable, their size decreases [39,54]. During starvation, cell membrane
active ion pump function reduces, leading to changes in cytoplasm ion concentration and a
subsequent decrease in cytoplasm conductivity [39,55,56], this occurring during the early
stages of apoptosis. During later-stage apoptosis, the cell membrane smooths, blebs form,
and cell membrane integrity is compromised [19,43]. This results in a decrease in membrane
permittivity and an increase in membrane conductivity [39,42]. The effects of size and
conductivity change on the Clausius-Mossotti factor are shown in Figure 3b. Membrane
permittivity change closely follows size change. We see that cytoplasm conductivity change
provides an excellent indicator of viability.
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Figure 3. (a) Double-shell model of a CHO cell with radius rcell . (b) Re{Kcm(ω)} spectra for viable
and non-viable CHO cells in a medium with σmed = 0.17 S/m and εmed = 78 ε0. Nominal size and
electrical parameters are taken from [42] and provided in Table 1. The red regions show the effect of
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±20% variation in the cell size (rcell = 5–7.5 m for viable cells and rcell = 4.5–7 m for non-
viable cells). The cyan regions show the effect of ±20% variation in the cytoplasm conductivity
(σcyt = 0.43 − 0.63 S/m for viable cells and σcyt = 0.055 − 0.085 S/m for non-viable cells). The
dashed line shows Re{Kcm(ω)} for a 15.7 µm diameter PSS with εrb = 2.5 and surface conductance,
Ksur f = 1 nS in a DI water medium [57].

Table 1. Dielectric parameters for viable and non-viable CHO cells [42].

Parameter Symbol Viable CHO Non-Viable CHO

Average particle radius (µm) rcell 6.25 5.5
Nucleus radius (µm) rn 0.55 ∗ rcell 0.55 ∗ rcell

Nuclear envelope thickness (nm) dn 40 40
Plasma membrane thickness (nm) dmem 5 5

Membrane conductivity (S/m) σmem 1 × 10−6 1 × 10−6

Nuclear envelope conductivity (S/m) σne 1 × 10−3 1 × 10−3

Nuclear envelope permittivity (F/m) εne 11.5ε0 11.5ε0
Cytoplasm permittivity (F/m) εcyt 54.5ε0 54.5ε0
Cytoplasm conductivity (S/m) σcyt 0.53 0.07
Membrane permittivity (F/m) εmem 8.5ε0 5 ε0

Nucleus conductivity (S/m) σn 1.5 0.56
Nucleus permittivity (F/m) εn 120ε0 69ε0

2.1.3. Dielectric-Fluid Dynamics Model

Device operation is illustrated in Figure 1d. The distribution of cells entering the
DEP actuation region is close to their equilibrium height hi and velocity vi. Cells exit at a
different height, ho, and velocity, vo, due to DEP forces at the electrodes and hydrodynamic
forces [33,52]. The real component of the Clausius-Mossotti factor, Re{Kcm} (Equation (1)),
determines the direction and amplitude of the DEP force. If the DEP force is attractive,
Re{Kcm} is positive (pDEP), and a cell will translate downward, resulting in a decrease in
height and velocity. Alternatively, when Re{Kcm} is negative (nDEP), a cell will be repelled
from the electrodes, resulting in an increase in height and velocity. Differential velocity,
vi − vo, input velocity vi, and cell size are obtained by optical particle tracking and can be
mapped to Re{Kcm} using multiphysics simulation. Further, as described in [38,42], the two-
shell compartment dielectric properties for a certain cell phenotypic may be determined by
measuring the Kcm(ω) spectrum over a range of frequency. This may also be utilized for
determining physiological aspects such as cytoplasm conductivity, which is related to ion
concentration and mobility in the cytoplasm, and membrane capacitance, which is related
to membrane complexity.

In this paper, multiphysics simulation using COMSOL™ fluid dynamics is used to
model the cell trajectory. The net force on a particle includes buoyancy, gravity, lift, drag,
and dielectrophoresis (DEP) forces [33,52,58] as follows:

→
F total =

→
F DEP +

→
F drag +

→
F grav +

→
F buoy +

→
F li f t. (3)

Here,
→
F DEP was given by Equation (1), and gravity and buoyancy forces are

→
F grav +

→
F buoy =

4
3

πgr3(ρp − ρm
)
ẑ, (4)

where g is the gravitational acceleration constant with ρp and ρm, the mass densities of
particle and medium, respectively. The hydrodynamic lift force is approximated as

→
F li f t =

6Cηr3⟨v⟩sgn(z)
H(H/2 − |z| − r)

ẑ, (5)

where C is a lift force constant, H is the height of the channel, z = H/2 − h; (−H/2 + r ≤ z
≤ H/2 − r), and h is the distance from the bottom of the channel to the center of the
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particle. Here, ⟨v⟩ is the average velocity of the fluid in the channel, and η is the viscosity
of the medium. The drag force is

→
F drag =

 6πrη
(→

v mx −
→
v px

)
x̂

6πrη
(→

v mz −
→
v pz

)
λẑ

, (6)

where
→
v m and

→
v p are the velocity of medium and particle, respectively. Here, λ is the ratio

of the force that a particle experiences when it translates perpendicular to two confining
parallel walls compared to the force in an unbounded fluid. Its value is a function of the
cell’s altitude in the channel and varies as the cell responds to the DEP force. For the
geometry of the channel, the altitude-dependent λ for our system is determined using the
theoretical model [59]. For our device, the cell size-to-height ratio may be small, and the λ

factor can be significant. Flow in the channel is assumed laminar with a parabolic velocity
profile [58], so that at a height, h, the fluid velocity

→
v m is

→
v m = 6⟨v⟩ h

H

(
1 − h

H

)
x̂. (7)

The channel geometry and fluid dynamics parameters used for our device are provided
in Table 2.

Table 2. Fluid dynamics parameters for PSS and CHO cells.

Parameter Symbol PSS CHO

Average particle radius (µm) r 5–7.5 4.5–7.5
Channel height (µm) H 50 50

Medium density (Kg/m3) ρm 1000 1015–1020
Medium viscosity (Pas) [60] η 0.001 0.001

Average flow velocity (µm/s) ⟨v⟩ 1300 1000–1200
Particle density (Kg/m3) ρp 1050 1050

Lift coefficient [38] C 0.31 0.31

2.2. Cell Preparation

Cell growth and preparation processes are detailed in [39,41]; however, a brief sum-
mary is provided here. Chinese hamster ovary cells (CHODG44-EG2-hFc/clone 1A7),
provided by Yves Durocher of the National Research Council, are grown in 250 mL shaker
flasks and incubated at 37 ◦C with a 10% CO2 overlay on a shaker platform (120 rpm). Cells
are passaged with a seeding density of 2.5 × 105 cells/mL in BioGro-CHO™ serum-free
medium (BioGro Technologies, Winnipeg, MB, Canada) and supplemented with 0.5 g/L
yeast extract (BD, Sparks, MD, USA), 1 mM glutamine (Sigma-Aldrich, St. Louis, MO,
USA), and 4 mM GlutaMax I (Invitrogen, Grand Island, NY, USA). To produce a population
containing both viable and non-viable cells, CHO cells are seeded and kept for five days,
during which time their viability is monitored. For DEP measurements of samples contain-
ing both viable and non-viable cells, an appropriate volume of day five cells was removed
from the culture and added to a mix of BioGro CHO medium and low conductivity medium
[22.9 mM sucrose (Sigma-Aldrich, St. Louis, MO, USA), 16 mM glucose (Thermo Fisher
Scientific, Waltham, MA, USA), 1 mM CaCl2 (Thermo Fisher Scientific, Waltham, MA,
USA), 16 mM Na2HPO4 (Thermo Fisher Scientific, Waltham, MA, USA)] with a 1:15 ratio.
A 20 mL sample was obtained with a concentration of 5 × 104 cells/mL and conductivity
of 0.17 S/m. Measurements were conducted within 20 min of resuspending the cells in
the low conductivity DEP medium to minimize the impact on cells. A trypan blue assay
was used to determine cell viability, and a cell counter (Countess™ 3 FL, Thermo Fisher
Scientific, Waltham, MA, USA) was used to measure the size and size distributions of both
viable and non-viable cells.
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3. Results
3.1. Evaluation Using PSS

In our experiments, the optical imaging region is centered over the electrode array so
that particles can be tracked and analyzed before and after DEP actuation. As explained in
the previous section, this can be mapped to the sign and amplitude of Re{Kcm}. Polystyrene
microspheres (PSS) (Polysciences™, Warrington, PA, USA [61]) suspended in deionized (DI)
water have permittivity,

∼
ε b = ε0εrb − j2sur f /rω, with εrb ∼ 2.5 and surface conductance,

Ksur f ∼ 1 nS [57]. PSS are homogeneous dielectric spheres and due to the surface
conductance have a simpler dispersive behavior as compared with biological cells, as
shown in Figure 3b. For an applied DEP frequency of 1 MHz, PSS in DI water have a real
part of the Clausius-Mossotti factor Re{Kcm} ≈ −0.5 for sizes similar to many biological
cells (5–20 µm diameter) and are used to evaluate our system.

Figure 4 shows the differential velocity versus incoming velocity for a two-population
mixture of 10 µm and 15.7 µm polystyrene microspheres for a DEP voltage 6 Vpp at
f = 1 MHz. Clear differentiation between the two populations can be made. The differential
velocities calculated by multiphysics simulation using the parameters in Table 1 are given
by solid curves. This shows that a mapping from (incoming velocity, differential velocity,
and size) as obtained by optical particle tracking to a unique value of Re{Kcm} can be made
for each particle.

Figure 5 gives the particle size distribution from optical image analysis corresponding
to the data points in Figure 4 for the mixture of 10 µm and 15.7 µm PSS. The process of
determining particle size involves edge detection following a threshold process, effectively
separating the particles from the background and creating an image of each particle. In
correspondence with the DEP differential velocity data shown in Figure 4, two distinct pop-
ulations are observed. The fitted normal distributions have means of 10.37 µm and 14.77 µm
with standard deviations of 0.43 µm and 0.32 µm, respectively. The corresponding manufac-
turer’s (Polysciences™ [61]) size standard deviations are 0.8 µm and 1.41 µm, respectively.
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3.2. Analysis of Viable and Non-Viable CHO Cells

Measuring cell viability provides important information on the physiological state of
a cell when monitoring its response to environmental stress, drug treatment, or external
stimuli [26,41,56,62]. It is of particular importance in bioprocessing, where monitoring viable
cell density in a culture is used for feeding strategies and determining optimal harvest
times [19,63]. To determine the optimal operating conditions of our device for discriminating
viable and non-viable Chinese hamster ovary cells, an initial multiphysics simulation is
performed. The dielectric parameters for viable/non-viable CHO from Table 1 along with
the fluid dynamics parameters from Table 2 are used. A DEP voltage VDEP = 8 Vpp and a
frequency of 6 MHz are used as viable cells exhibit pDEP and non-viable cell exhibit nDEP.
Figure 6a,b show the simulated differential velocity as a function of incoming velocity for
viable cells and non-viable cells, respectively. A 20% variation of Re{Kcm} at 6 MHz, based
on Figure 3b, is considered. For viable cells, the range [0.28–0.4] for Re{Kcm} is used, and
for non-viable cells, the range [−0.22–−0.18] is used. A 20% variation in size, [10–15 µm] for
viable cells and [9–14 µm] for non-viable cells, is also considered. This range of size is typical
of what is measured using a Countess™ 3 FL cell counter.

Figure 6 provides an indication of how the differential velocity is expected to vary for
different cell sizes and Re{Kcm}, which is important when the device is used to discriminate
between two different cell phenotypes (see Appendix A). Additionally, it is a mapping
that can be used to determine the value of Re{Kcm} based on the measured cell size,
incoming velocity, and differential velocity that our device provides. This can be used
to determine quantitative dielectric values for the cells, but this is not the focus of this
paper. The incoming velocity varies depending on the cell size and how the cells enter the
channel through the inlet port of the device (see Figure 1c). Therefore, a distribution of
incoming and differential velocities is expected in the experimental results. The simulations
show that cell size variation should not dramatically affect the discrimination capability of
the DEP-imaging flow cytometer approach. For maximizing the difference in differential
velocity between viable and non-viable cells, Figure 6 suggests that the device should be
operated such that the incoming velocity is in the range of 800–1200 µm/s.

Cell preparation and experiment procedure follow a previously developed protocol
where Chinese hamster ovary cells were cultivated and kept for 5 days in a BioGro-CHO™
medium in order to produce a sample with both viable and non-viable cells. After 120 h,
cells were extracted and resuspended in a medium with conductivity σ = 0.17 S/m and
immediately measured using the DEP-imaging cytometer for a DEP voltage of 8 Vpp (see
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Supplementary Materials). Cell viability was 70% as measured by trypan blue assay. The
differential velocity versus incoming velocity for each cell for a DEP frequency of 6 MHz is
shown in Figure 7 (see Appendix A). The experiment was conducted for an input velocity
corresponding to the circled areas in Figure 6.
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Figure 6. Simulation of the differential velocity, (v i − vo), as a function of incoming velocity, vi, for
cells with diameters and Clausius-Mossotti factor values typical of (a) viable and (b) non-viable cells.
A 20% variation in Re{Kcm} and size is evaluated.

The two distinct populations observed in Figure 7 are identified as viable and non-
viable cells according to the CMF spectrum shown in Figure 3b. A Gaussian mixture
model clustering algorithm, based on differential and incoming velocities, is employed to
identify the two populations within the experimental data. The high degree of separation
between clusters demonstrates the device’s ability to discriminate cells based on their
dielectric properties. The ellipsoids surrounding each cluster in Figure 7 represent a
defined probability that a data point belongs to that cluster’s Gaussian distribution (71%
for viable cells—blue and 75% for non-viable cells—red).

Figure 7 shows a larger number of non-viable cells than viable cells (45% viability),
which is lower than that measured by trypan blue assay (70% viability). This discrepancy
matches other dielectric-based measurements of viability, which showed that the dielectric
response of cells follows early apoptotic events, whereas trypan blue is a measure of late
apoptosis [41]. The vertical bars in Figure 7 show the range of differential velocity as
obtained by simulation for a 20% variation in Re{Kcm} value and a 20% variation in cell
size as shown in Figure 6a for viable cells (pDEP) and Figure 6b for non-viable cells (nDEP).
The measured DEP response for frequency 3 MHz as well as for no applied DEP voltage
is provided in the Appendix A. The no-DEP measurement indicates that the device has a
differential velocity measurement standard deviation of 56 µm/s.

Figure 8 shows the distributions of cell sizes obtained by optical analysis of viable and
non-viable CHO cell clusters. Size distribution data are from the viable and non-viable
clusters in both Figure 7 (measured at 6 MHz) and Figure A1 (measured at 3 MHz). The
analysis shows a discernible difference in size between the two cell populations, with
viable cells exhibiting a marginally larger mean diameter compared to non-viable cells.
This is in line with previous experiments [39,42]. The decrease is due to the physiological
changes that a cell undergoes during apoptosis reflecting cellular structure or integrity
alterations [54,64] and aligns with the observation that viable cells generally maintain a
larger volume [65]. In conjunction with DEP, the size information can serve as an additional
parameter for enhancing the accuracy of label-free cell viability.

For comparison, the size distributions of cells and their viability using a trypan blue
assay for the same cell sample as used for DEP measurements (measured using a cell
counter Countess™ 3 FL) are shown in Figure 9. The fitted normal distributions have
means of 12.00 µm and 14.67 µm, with standard deviations of 2.86 µm and 3.07 µm for
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non-viable and viable cells, respectively. The fitted normal distributions shown in Figure 8,
obtained from the DEP-imaging flow cytometer, have means of 12.09 µm and 13.26 µm, with
standard deviations of 2.19 µm and 2.06 µm for non-viable and viable cells, respectively.
The smaller standard deviations obtained by the DEP-imaging flow cytometer suggest more
accurate and consistent-in-size measurements. It should be noted that the DEP-imaging
cytometer measures cell size when in suspended flow, while the cell counter measures cell
size after they have settled on the surface of a counting slide.
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4. Conclusions

In this paper, we introduced a microfluidic cytometer that enables simultaneous
dielectric characterization and microscopic imaging of single biological cells while in
flow. By integrating dielectric characterization with high-throughput imaging within
a microfluidic framework, the device provides a novel method for multimodal label-
free, non-invasive analysis of cellular properties. If the DEP frequency and flow velocity
are chosen judiciously, discrimination of cell phenotype is possible. We demonstrated
that for CHO cells, a high degree of confidence in identifying viable and non-viable
(apoptotic) cells is possible. Analysis of cell size using complimentary imaging data
provides additional information when discriminating cell phenotype. In the case of CHO
cell culture, monitoring a decrease in average size would indicate that the cell population
viability was in decline, supporting DEP measurements.

A multiphysics model was developed, enabling the mapping of incoming velocity,
differential velocity, and cell size—derived from image analysis and particle tracking—to
the Clausius-Mossotti factor of each individual cell. Subsequently, the dielectric properties
could be mapped to physiological properties such as cell membrane complexity or internal
cell ion concentrations as done in [39]. The additional information on cell size is important
in enhancing the mapping accuracy.

The current device represents a robust proof of concept, and there is potential for
further improvements. The throughput can be increased dramatically by optimizing sample
cell density and the incoming flow velocity. A higher-resolution camera with a higher
frame rate would enable more precise cell tracking and provide improved cell imaging.
More importantly, since the optical system has a limited depth of focus, it is essential to
keep cells within this range of height to accurately extract their features. Adding DEP
electrodes on the top surface of the microfluidic channel would focus incoming cells
within a controlled height range. This would ensure that incoming cells flow through
the channel with more uniform velocity, enhancing the consistency of both dielectric and
imaging analyses. Additionally, DEP-imaging of fluorescent labeled cells could be used
to improve specificity and provide a method of correlating specific cell functions with
dielectric properties [66].

Our dielectric-optical cytometer can play an important role in bioprocessing monitoring
and control. Knowledge of when cell cultures enter an early apoptotic phase can influence
feeding strategies or aid in deciding when to terminate a process before cell lysis, reducing the
risk of early host cell protein release. We demonstrated that DEP measurement of CHO cells at
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6 MHz can distinguish viable and non-viable cells and, at this frequency, is most significantly
related to differences in cytoplasm conductivity. Change in cytoplasm conductivity occurs
during early apoptosis before cell membrane integrity is compromised. Additionally, in
conjunction with individual cell size information from optical measurement, viable cell count
can be used to accurately quantify viable-cell density in a culture.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/bios14120577/s1, Figure S1: Imaging video frames, with cells highlighted by
yellow circles. (a) Frame showing three cells in the imaging region and (b) a later frame showing cell
positions as they traverse to the right. (c) Processed frame corresponding to (a), where detected cells
are shown in yellow. (d) Processed frame corresponding to (b); Figure S2: Trajectories of detected Cells.
This figure illustrates the positions of cells within the field of view, with each cell tracked throughout
the video to analyze motion in response to experimental conditions; Video S1: Video of the mixture
of viable/non-viable CHO cells passing the field of view, utilized for data extraction and analysis of
trajectories and differential velocities; Video S2: Video of the mixture of PSS passing the field of view,
utilized for data extraction and analysis of trajectories and differential velocities.
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Appendix A

The differential velocity versus incoming velocity for each cell for a DEP frequency
of 3 MHz is shown in the scatter plot of Figure A1. Similar to Figure 7, experimental
conditions are the same as described in Section 3.2 for a CHO cell culture with a viability of
70% as measured by trypan blue assay. The experiment was conducted for a flow velocity
corresponding to the circled areas in Figure 6. A Gaussian mixture model clustering algo-
rithm is used to identify viable and non-viable cells. Combined cell size data corresponding
to the clusters in Figures 7 and A1 are used to produce the size distributions in Figure 8.

Figure A2 shows the differential velocity versus incoming velocity when VDEP = 0 V
(no-DEP case) is applied to the device electrodes. The result shows a mean differential
velocity of −3.37 µm/s with a standard deviation of 55.9 µm/s.

https://www.mdpi.com/article/10.3390/bios14120577/s1
https://www.mdpi.com/article/10.3390/bios14120577/s1
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