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Research Article

A flow-through microfluidic chip for
continuous dielectrophoretic separation of
viable and non-viable human T-cells

Effective methods for rapid sorting of cells according to their viability are critical in T cells
based therapies to prevent any risk to patients. In this context, we present a novel microflu-
idic device that continuously separates viable and non-viable T-cells according to their di-
electric properties. A dielectrophoresis (DEP) force is generated by an array of castellated
microelectrodes embedded into a microfluidic channel with a single inlet and two out-
lets; cells subjected to positive DEP forces are drawn toward the electrodes array and leave
from the top outlet, those subjected to negative DEP forces are repelled away from the elec-
trodes and leave from the bottom outlet. Computational fluid dynamics is used to predict
the device separation efficacy, according to the applied alternative current (AC) frequency,
at which the cells move from/to a negative/positive DEP region and the ionic strength of
the suspension medium. The model is used to support the design of the operational con-
ditions, confirming a separation efficiency, in terms of purity, of 96% under an applied AC
frequency of 1.5 × 106 Hz and a flow rate of 20 μl/h. This work represents the first exam-
ple of effective continuous sorting of viable and non-viable human T-cells in a single-inlet
microfluidic chip, paving the way for lab-on-a-chip applications at the point of need.

Keywords:
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� Additional supporting information may be found online in the Supporting Infor-
mation section at the end of the article.

1 Introduction

Cancer immunotherapy has demonstrated great potential for
personalized therapies in both pre-clinical and clinical trials
[1]. A successful example is the chimeric antigen receptor
(CAR)-modified T-cells therapy, recently approved by Amer-
ican and European agencies (FDA and EMA, respectively)
[2,3]. CAR-T cells, obtained by genetically engineering a pa-
tient’s own T-cells, synergize with the endogenous immune
response and specifically target tumor cells. The implemen-
tation of this promising therapy is, however, challenged by
the manufacturing of clinical-grade CAR-T cells, which is
currently costly and time consuming [4]. The search for alter-
native manufacturing strategies for CAR-T cells, compatible
with lab-on-a-chip solutions, is, therefore, a critical focus in
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the research community to generate point-of-care solutions
that are much more affordable and practical to implement.
Genetic engineering by electroporation allows for faster,
safer, and cheaper nucleic acids transfer in T-cells over the
traditionally used viral vectors [5]. This method, however,
poses great risks of loss in cell viability due to the high
magnitude of the applied electric field [5,6]. Prior to possible
injection into the patient’s body, it is therefore important to
efficiently separate viable from non-viable CAR-T cells, as
non-viable CAR-T cells can pose severe risks to the patient’s
health [7,8]. Traditionally, this separation is done under static
conditions in a petri dish by using cell viability assays that
measure cellular metabolic activity [9]. These assays are not
only time consuming and laborious, but they are also char-
acterized by low throughput [10,11]. Fluorescence-activated
cell sorting (FACS) that uses flow cytometry can instead
allow high-throughput cell separation or sorting [12,13]. This
method requires sample pre-treatment, as the cells must
be stained with a fluorescent dye, and an integrated light
source [14]. Overall, these techniques for cell separation
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require large sample volumes and are not compatible with a
point-of-care therapeutics approach.

Alternatively, several microfluidic techniques have been
reported for sorting viable and non-viable cells to address an
increasing need for portability [15].Most of thesemethods are
based on the exploitation of physicochemical differences, in-
volving the use of: hydrodynamic forces [16]; acoustic forces
[17,18]; magnetophoretic forces [19,20]; inertial forces [21–
23]; and membrane deformation [24]; fluorescence [25,26];
and differences in cell size [27]. A purity as high as 93% was
obtained in the case of a separation based on hydrodynamic
forces [16], where the separation efficiency is based on the dif-
ference in particle size. When acoustic forces are applied, the
separation efficacy is a function of the applied voltage and the
concentration of the cells in the suspensionmedium, and effi-
ciencies in the range of 50–98%have been observed [17]. Sim-
ilarly, separation efficiencies of 95% and 94% have been ob-
served in the case respectively of the use of magnetophoretic
forces [28] and inertial microfluidic forces [29]. Devices that
exploit cell membrane stiffness to sort viable and non-viable
cells have instead a lower sorting efficiency, which is in the
range of 82–86% [24].

Among these methods, dielectrophoresis (DEP), a label-
free separation technique that exploits the difference in
dielectric properties of viable and non-viable cells, is partic-
ularly attractive, as it is a fast and cost-effective label-free
analytical technique [30,31]. With DEP, cells are subjected
to a non-uniform electric field [32] and move toward the
high electric field region (positive DEP, pDEP) or away
from it (negative DEP, nDEP), depending on whether they
are more or less polarisable than the suspending medium
[33,34]. DEP-based microfluidic devices for viable, and non-
viable cell sorting, previously reported, can be categorized
according to device design, electrode configuration, and
operating parameters (applied frequency, and voltage), as
summarized in Table S1. To minimize adverse effects caused
by the electrochemical reactions onto the electrode surface, a
reservoir-based dielectrophoretic (rDEP) microfluidic device
for sorting viable and non-viable yeast cells was recently
reported [35,36]. On the other hand, the use of interdigitated
electrodes led to separation efficiency by DEP as high as 90%
in microfluidic devices [37,38]. Open and closed channel De-
terministic Lateral Displacement (DLD) microfluidic devices
have also recently made use of DEP forces to sort cells based
on both size and dielectric differences [39,40]. Zhao et al. [41]
reported a three-inlet microfluidic device with asymmetric
orifices embedding electrodes. In this device, the separation
of live and dead yeast cells was achieved via a non-uniform
electric field gradient over a large range of AC frequency
spectrum. A two-inlet microfluidic device that combines elec-
troporation with DEP-based sorting of viable cells has also
been reported [42]; in this device, the second inlet is used to
flow focus the cells to the center of the channel. Two arrays of
microelectrodes fabricated in castellated configuration, and
integrated within a microfluidic channel to generate oppos-
ing electric fields on both sides of the channel, have also been
tested for DEP-based cell sorting [43,44]. In this setup, the

ratio of the opposing electric fields controls the cell position
and sorting in the microchannels. Finally, Piacentini et al.
[45] modified the castellated device design by using only one
array ofmicroelectrodes rather than two, in combinationwith
hydrodynamic focusing, requiring a second inlet, to separate
platelets from red blood cells with an efficiency of 97%.

In this work, we report the first DEP-based single-inlet
microfluidic device custom-made for personalized cell ther-
apy applications, to separate viable human T-cells (CD8+)
from non-viable T-cells based on their dielectric properties.
Contrary to other devices so far reported, the system is char-
acterized by a single inlet and separates the cells by apply-
ing an AC electric field via a single array of castellated mi-
croelectrodes. Consequently, the chip developed in this study
has a simpler design and is compatible with continuous op-
erations, with no need for additional reagents. The difference
in the membrane potential of viable and non-viable human
T-cells is assessed by flow cytometry using a voltage-sensitive
dye (FloVolt). The cell sorting efficacy of the device is initially
numerically investigated by using the dielectric properties of
live and dead human T-cells as a function of ionic concentra-
tions of suspending solution. Furthermore, the effect of both
the applied AC frequency and flow rate on cell sorting effi-
ciency is also quantified. The critical frequency for successful
sorting viable and non-viable T-cells is consequently deter-
mined. To the best of our knowledge, this is the first example
of effective sorting of viable and non-viable T-cells, based on
their dielectric properties, via a microfluidic chip.

2 Mathematical model

To verify the working parameters of the microfluidic cell
sorter, Computational FluidDynamic (CFD) studies were per-
formed with COMSOL Multiphysics 5.5 (AC/DC, Microflu-
idics, and Particle tracing modules), using a double shell
model for the Maxwell-Wagner interfacial polarization of
mammalian cells. The model was tested by using the dielec-
tric properties of T-cells reported in the literature [46–48],
which are summarised in Table S2.

In the simulation, the electric current module was used
to apply a complex AC electric field phasor in the frequency
domain to the particles entering the microfluidic channel.
Themicrofluidicsmodule was used to establish creeping flow
(Re< 1) for the particle movement. The particle tracing mod-
ule was used to release particles into the separation region
and to trace the particles as they migrate from inlet to outlet
through the separation region. Moreover, the particle tracing
module was used to apply drag and DEP force [49].

The CFD simulations were set up by feeding viable and
non-viable cells with a ratio of 1:1. Two sets of CFD studies
were solved. First, a parametric sweep of fluid medium
conductivity, within the range of 0.02 S/m to 1 S/m, was
performed by keeping the applied frequency, f (Hz), constant
at a value of 1.5 × 106 Hz. Secondly, a parametric sweep
of applied frequency, within the range of 1.5 × 102 Hz to
1.5 × 1014 Hz, was performed by keeping the value of the
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Figure 1. Flow-cytometric measurement of the

membrane potential in viable and non-viable

cells. Membrane potential measurement in T-

cells in basal conditions (A) and following cell

death induction (B). (A) T-cells were stained

with the membrane potential sensitive fluores-

cent dye (FluoVolt) and the fluorescent intensity

was measured in viable (DAPI-negative) and

non-viable (DAPI-positive) cells. (B) Cell viabil-

ity was reduced by exposing T-cells to 7 freez-

ing/thawing cycles; cells were then stained with

the membrane potential sensitive fluorescent

dye (FluoVolt) and the fluorescent intensity was

measured in viable (no freezing/thawing) and

non-viable (7 freezing/thawing cycles) cells. Bar

plots report the median fluorescence intensity

(MFI) values. Data is the average of 2 (A), and 3

(B) replicates. P values from the two-tailed un-

paired t-test are shown, *P< 0.05.

conductivity of the fluid medium, σm, fixed at 0.420 S/m
for T-cells. This σm value was chosen because it led to the
maximum separation between viable and non-viable cells,
as resulted from the computational fluid dynamic study
(see Fig. 2A later). The complete description of the model is
reported in the Supporting Information.

3 Materials and methods

3.1 Materials

All chemicals were of analytical grade and used without
further modification unless otherwise specified. All aqueous
solutions were prepared with ultrapure water (0.182 M Ωm)
from a Milli-Q system (Millipore, UK). Phosphate buffer
saline (PBS) solution (0.1 mM, pH 7.5, and conductivity of
0.420 S/m) was prepared to mix 1.14 g of Na2HPO4 and
0.27 g of NaH2PO4 per 100 ml of distillate water. Human
T-cells were kindly provided by the human biospecimens
and drug discovery services (Cambridge Bioscience Limited,
Cambridge, UK). The frozen T-cell samples were placed in a
hot water bath at 37°C for 5 min and then centrifuged (ALC
Centrifuge PK120, Buckinghamshire, UK) at 1000 RPM for 5
min. The supernatant was removed using a micropipette and
the cells are resuspended in PBS. NucleoCounterR NC-200TM

was used to count the number of cells/ml of PBS.

3.2 Membrane potential measurement

To measure the membrane potential (potential difference
between interior and exterior of the cell membrane) in
T-cells, the FluoVolt Membrane Potential Kit (F10488,
ThermoFisher) was used following the manufacturer’s in-
structions. Briefly, about 2 × 106 of T-cells, cultured for 24 h
in RPMI 10% FBS and 1× Glutamine, were centrifuged;
the pellet was resuspended in 2 ml of staining solution and
incubated for 15 min at room temperature. Next, the cells
were centrifuged and washed with PBS twice (cells were
centrifuged after each PBS-washing step), resuspended in
500 μL of PBS with (Figs. 1A and S1A) or without (Figs. 1B
and S1B) DAPI (1 μg/ml; D9542, Sigma) and incubated for
5 min before being analyzed. The fluorescent signal from
the DAPI and FluoVolt dye was measured with the BD LSR
Fortessa at the wavelength of 405 nm and 488 nm, respec-
tively. At least 10000 events were recorded for each sample.
The median fluorescence intensity (MFI) was calculated over
the total events (Figs. 1B and S1B) or DAPI-negative and
DAPI-positive (Fig. 1A) events using the FlowJo V10 software.

3.3 Cell death induction and statistical analysis

To reduce cell viability, T-cells were either consecutively
frozen and thawed (7 freezing/thawing cycles, performed

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH www.electrophoresis-journal.com
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at the temperatures –80°C (in a freezer) and 37°C respec-
tively by means of a water bath, Fig. 1B) or electroporated
(Fig. S1B) by using the NucleofectorTM Device from Lonza
biotech, UK (program U-014 for T cells). Afterward, cells
were pelleted and processed for the staining as described
above. Differences between samples were analyzed by a
two-tailed unpaired t-test using GraphPad Prism 8 software
(Version 8.4.3). A P-value lower than 0.05 was considered
statistically significant.

3.4 Device fabrication

The cell sorter developed in this study consists of a microflu-
idic channel (length = 1.2 mm; width = 0.2 mm; depth =
0.05 mm; total volume = 0.012 μl), with one inlet and two
outlets (each 300 μm long, 200 μm wide and 0.05 mm deep)
- see Fig. S2A. An array of seven electrodes (80μmwide, with
a gap between electrodes of 80 μm), placed along one side of
the microfluidic channel, allows cell separation when a volt-
age is applied at a set frequency.

Fig. S2 shows the several steps for the device fabrication.
The microfluidic channel was fabricated by standard pho-
tolithography, followed by soft lithography. The negative pho-
toresist SU-8 2050 (MicroChemicals GMBH, Stuttgart, Ger-
many) was spin-coated onto a 3 inch silicon wafer (PI-KEM,
Tamworth, UK) at 3000 rpm for 40 s (with the spin coater
POLOS300, Miden Engweg, The Netherlands) to achieve a
channel height of 40 μm (Fig. S2B). The soft baking was per-
formed by placing the silicon wafer directly onto a hot plate at
95°C for 3 min. The inverse channel patterns were fabricated
by photolithography using a mask aligner (Karl Süss, Garch-
ing, Germany). The wafer was exposed for 7 s using a UV
lamp with an intensity of 9.4 mN/cm2. A development step
was performed to remove the access photoresist using SU-
8 developer (MicroChemicals GMBH, Stuttgart, Germany).
The structurewas replicated in polydimethylsiloxane (PDMS)
(Sylgard 184, Dow Corning, US), prepared with a 10:1 (base:
crosslinker) ratio, which was poured onto the silicon wafer
containing the channel inverse pattern and cured at 75°C for
60 minutes (Fig. S2C). The resulting structure, peeled off
from the silicon wafer, was bonded to the glass slide with
the patterned electrodes by using an oxygen plasma at 100
W for 45 s (Zepto plasma system, Diner GMBH, Germany),
as shown in Fig. S2A. Fig. S2E shows an actual photo of the
whole device.

The electrodes array was fabricated by spin-coating
the negative photoresist Az2020 (MicroChemicals GMBH,
Stuttgart, Germany), at 3000 rpm and for 30 s, onto a glass
slide; exposing the resulting glass slide to UV (intensity
9.4 mN/cm2) for 2 s; and incubating it for 2 min with a
Az826 MIF developer (MicroChemicals GMBH, Stuttgart,
Germany).

A 40 nm titanium adhesion layer was deposited by ther-
mal evaporation at 1400°C onto the patterned glass slide (Ed-
wards coating system E306A), followed by a 200 nm gold (Au)
layer (Fig. S2D). Subsequently, the glass slide was immersed

in a petri dish of acetone for 5min to liftoff the unpolymerised
photoresist, leaving the patterned electrodes only. The result-
ing structure was rinsed with DI water and dried before seal-
ing the PDMS channel on top of the electrode array by plasma
bonding.

3.5 Experimental setup

The separation efficacy of the microfluidic chip was assessed
with the help of an inverted microscope (Olympus IX73),
equipped with a CCD camera (Olympus XM10). Human T-
cells were used, at a cell population of 0.6 × 106 cells/ml in
PBS, with a conductivity of 0.420 S/m. PBS containing T-cells
was injected into the microfluidic chip with a syringe pump
(World Precision Instrument NE200) at a flow rate of 20μl/h.
A waveform generator (TENMA 72–3555), connected to the
electrodes array via copper wires and a conductive paste, was
used to apply an AC field with a frequency within the range of
10 KHz–3 MHz, and sort T-cells according to their dielectric
properties, as shown in Fig. S3. High-quality images were ac-
quired every 7 s by using the CCD camera. The schematic of
the experimental setup is shown in Fig. S4.

Viable and non-viable cells at a 1:1 ratio (fixed concentra-
tion for each type of cells: 0.6× 106 cells/ml) were fed into the
device over five hours. A sample volume of 60μl was collected
(resuspended by pipetting) from the reservoirs connected to
the two outlets, and the cell viability of the feeding suspension
and the two outlets, resuspended by pipetting, was investi-
gated by using a NucleoCounterR NC-200TM. The latter was
also used to assess the cell density in both outlets [50], equal
to 0.59 × 106 cells/ml, suggesting a loss of 1 × 104 cells/ml
during each experiment.

The efficacy of separation of the chip was assessed on the
basis of:

1. the degree of purity of viable cells in the top outlet, which
provides an indication on the presence of harmful non-
viable cells in this stream, % Purity = Nv_T

Ntot_T
× 100%,

where Nv_T refers to the number of viable cells in the top
outlet, and Ntot_T refers to the total number of cells in the
top outlet.

2. the yield of separation, which provides an indication
of loss of viable cells in the bottom outlet, % Y ield =
Nv_T
Nv_tot

× 100%, where Nv_tot refers to the number of vi-
able cells in the inlet.

4 Results and discussion

4.1 Measuring the membrane potential

Membrane potential in cells controls essential biological pro-
cesses, ranging from contractility to cell cycle control and
cancer progression [51,52]. Cell death has been associated
with a change in plasma membrane potential (PMP), which

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH www.electrophoresis-journal.com
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is mainly caused by a change of intracellular potassium and
sodium [53,54].

First, to assess the potential effectiveness of a DEP-based
separation, the PMP dielectric properties of both viable and
non-viable human T-cells were quantified and compared. The
advantage was taken of the natural cell death process, which
takes place after cells are cultured for a certain time. The T-
cells were kept in culture conditions for 24 h, after which
they were stained with a membrane potential-sensitive flu-
orescent dye. This step enabled the measurement of fast
changes in the membrane potential, PMP, which were an-
alyzed using flow-cytometry [55]. Based on the incorporation
of DAPI [56,57], a cell viability-sensitive dye, the PMP was
measured on both viable (DAPI-negative fraction) and non-
viable (DAPI-positive fraction) cells (Fig. 1A and S1A). A sig-
nificant increase in the fluorescent intensity from non-viable
cells incubated with the membrane potential sensitive dye
was found, indicating membrane depolarisation due to the
influx of positively charged ions (Fig. 1A) [58]. Next, we mea-
sured the membrane potential of T-cells with cell viability
experimentally reduced via multiple freezing/thawing cycles
(Fig. 1B) or electroporation (Fig. S1B). As for DAPI-positive
cells in Fig. 1A, this experiment showed a significant increase
in plasma membrane depolarisation when cell viability was
reduced (Figs. 1B and S1B).

These results confirm that the membrane potential of T-
cells changes according to the viability, and that the dielectric
property can be used for discriminating viable and non-viable
cells, motivating the development of DEP-based platforms for
the separation and enrichment of viable cells.

4.2 Optimal operational parameters for effective cell

sorting

To successfully separate the T-cells with different dielectric
properties by dielectrophoresis, their K factor should be dif-
ferent at a fixed frequency [59,60]. To quantify the dielectric
response of T-cells under an applied electric field, theK factor
for viable and non-viable T-cells was calculated as a function
of frequency by using Equation (5). The results, only concern-
ing the real part ofK, are shown in Fig. S5. The plots were gen-
erated by keeping all the dielectric parameters of the T-cells
constant and changing the frequency of the applied electric
field for three different values of conductivity of the media,
σm.

The value of K is in line with previous studies [45,61],
and for both viable and non-viable T-cells changes according
to the value of the medium conductivity (σm), as shown in
Fig. S5. These trends are in agreement with recent studies
on yeast [41] and HEK 293 cells [42].

For σm = 0.02 S/m and under low frequencies (1.5×102
–1.5×104 Hz), viable cells demonstrate a negative DEP be-
havior, with a K factor of –0.27 (Fig. 2A). This behavior
is caused by the Maxwell-Wagner polarisation of the inter-
face between the cell membrane and the surrounding solu-
tion [62]. The critical frequency, where the cells first change

Figure 2. Simulation of viable and non-viable T-cells separation

over time by DEP in the microfluidic device developed. T-cell sep-

aration under: A) three different values of conductivity of the sus-

pended medium, 0.02 S/m, 0.42 S/m, 1 S/m, for f = 1.5 × 106 Hz,

Vpp = 5 V, and a flow rate of 20 μl/h; B) three different values of

frequency, 1.5×104 Hz, 1.5×106 Hz, 1.5×108 Hz, at σm = 0.420 S/m.

In the simulation, viable and non-viable cells are representedwith

red and blue circles, respectively.

their DEP response from negative to positive or vice versa,
is known as the first cross-over frequency [63,64]. Accord-
ing to Fig. S5A, the first cross-over frequency result to be
approximately 1.5 × 105 Hz. As the frequency increases to
1.5 × 106 Hz, the cells experience positive DEP with a K fac-
tor of 0.87, to then transit back to a negative DEP region when
the frequency is further increased to 1.5 × 108 Hz. On the
other hand, under a conductivity of 0.02 S/m, non-viable cells
remain in the positive DEP region thorough the whole fre-
quency range.

When the conductivity is increased to 0.420 S/m, vi-
able cells experience negative DEP for frequencies be-
tween 1.5×102 Hz and 1.5×104 Hz, with a K factor of –0.48
(Fig. S5B). The transition to the positive DEP region for these
cells occurs when the applied AC frequency is increased to
1.5×106 Hz with a K factor of 0.01. The viable T-cells cross
back to the negative DEP region at 1.5×108 Hz and remain in
the negativeDEP region for the rest of the frequency range. In
this case, non-viable cells experience a negative DEP through-
out the frequency range (Fig. S5B). As shown in Fig. S5C,
when the conductivity of the media is further increased to 1
S/m, both viable and non-viable T-cells undergo a negative
DEP response for the entire frequency range tested [65–67].
The cells response to DEP at frequencies higher than the first
cross-over frequency is governed by the interaction between
cell cytoplasm and suspending solution [68,69]. On the con-
trary, at frequencies lower than the first cross-over frequency,
the interaction between the cell membrane and the medium
determines the dielectric response of the cells [41]. Based on
these results, computational fluid dynamic studies were per-
formed on single cell for three σm values to identify the op-
timal values of conductivity and frequency for effective cells
separation in the microfluidic device. Initially, the numerical
simulations were set by applying an AC field at a frequency
of 1.5×106 Hz, which, as shown in Fig. S5, is higher than the
estimated first cross-over frequency. The results are shown in
Fig. 2A.

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH www.electrophoresis-journal.com
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Under the lowest conductivity value investigated, both
viable (σcytoplasm = 0.56 S/m) and non-viable (σcytoplasm =
0.27 S/m) T-cells are more polarisable and move closer to the
electrode array at the top of the microfluidic channel, as a re-
sult of the higher cytoplasmic conductivities compared to the
fluid medium surrounding the cells [70]. When the medium
conductivity is increased to 0.420 S/m, while keeping all the
other parameters unchanged, the viable cells are pushed to-
ward the top outlet, since they are more polarisable than the
surrounding medium (pDEP). Contrary, the non-viable cells,
less polarisable than the surroundingmedium (nDEP), move
away from the electrode array toward the bottom outlet. As
the medium conductivity is further increased to 1 S/m, both
viable and non-viable cells become less polarisable and expe-
rience nDEP, thusmoving away from the electrode array (bot-
tom outlet). Finally, the effect of the applied dielectrophoretic
force, FDEP, on the cell separation efficacy was investigated
by keeping the medium conductivity constant at 0.420 S/m
(Fig. 2B). At 1.5×104 Hz, both viable (σmem = 6.63× 10–6 S/m)
and non-viable (σmem = 6.63 × 10–2 S/m) cells become less
polarisable than the medium in which they are suspended
and move away from the electrode array and toward the bot-
tom outlet, experiencing nDEP. Fig. 2B shows that, at 1.5 ×
106 Hz, viable T-cells (σcytoplasm = 0.56 S/m) experience pDEP
and move closer to the electrode array, while non-viable T-
cells (σcytoplasm = 0.27 S/m) move away from the electrode,
due to nDEP.

The DEP response of the cells at frequencies higher
than the second cross-over frequency is governed by the
interaction of cells cytoplasmic dielectric permittivity and
the permittivity of the surrounding medium. The second
cross-over frequency for σm = 0.420 S/m is estimated to be
1.5×107 Hz from Fig. S5B. Under this frequency, both the
viable and non-viable cells (εcytoplasm viable = 70 εcytoplasm nonviable

= 50) experience nDEP and move away from the electrode
array as their εcytoplasm is less than the εmedium = 80.

These results validate the analytical results presented in
Fig. S5. The analytical and computational fluid dynamics re-
sults presented in these sections formed the basis of our plat-
form design and experimental results.

4.3 Validating the separation efficacy

The optimal operational parameters resulting from the sim-
ulation analysis, within the range tested, were subsequently
validated with the fabricated device. Viable and non-viable T-
cells with a ratio of 1:1 suspended in PBS (σm = 0.420 S/m)
at a concentration of 0.6× 106 cells/ml were injected into the
device at 20 μl/h. As predicted, under an applied frequency
of 1.5 × 104 Hz, both viable and non-viable cells experienced
nDEP and moved away from the region of high electric field
strength toward the bottom outlet (Fig. 3A). When the fre-
quency was increased to 1.5 × 106 Hz, the viable cells experi-
enced pDEP, withK factor of 0.016, andmoved toward the top
outlet. The non-viable cells, on the other hand, experienced

Figure 3. Microscope images of T-cells in the microfluidic device

during operation under a flow rate of 20 μl/h and an applied volt-

age (Vp-p) of 5 V. The images were recorded at 7 fps at a magnifi-

cation of 10x. (A) Viable and non-viable T-cells moving toward the

bottom outlet, the region of low electric field (nDEP). (B) Viable T-

cells moving toward region of high electric field strength, closer

to the electrode arrays at the top outlet (pDEP) and non-viable

cells move toward the bottom outlet. (C) Viable and non-viable T-

cells moving toward the bottom outlet, the region of low electric

field (nDEP).

nDEP with a K factor value of –0.07 and moved to the bottom
outlet (Fig. 3B).

As shown in Fig. 3, viable cells are visually different from
non-viable cells as the latter have a degraded and permeable
outer membrane, which gives them a unique shape [24,71].
At a frequency of 1.5× 106 Hz, the separation between viable
and non-viable T-cells is not binary and some of the viable
T-cells move toward the bottom outlet. As the frequency is
further increased to 1.5 × 108 Hz, both viable and non-viable
cells enter the nDEP region and move toward the bottom
outlet (Fig. 3C). These experimental results validate themath-
ematical simulations on the applied frequency for effectively
sorting viable and non-viable CAR-T cells. Under an applied
AC frequency of 1.5 × 106 Hz, which, according to our
results corresponded to the optimal condition for separation,
a purity of 96% in the top outlet was observed, with a yield
of separation of 93%. The separation efficacy of our device
is in line with previous examples of DEP-based microfluidic
devices; while values of purity as high as 99% [72] for viable
and non-viable yeast cells, and 98.8% to separate red blood

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH www.electrophoresis-journal.com
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cells from platelets [45], have been reported, most studies
report values of purity within the range 95–97% [32,43,73,74].
Methods of separation of viable and non-viable cells based on
mechanical forces are characterized by a lower purity, within
the range 70–85% [24,75]. In all the above-mentioned de-
vices, a decrease in the sorting efficiency at higher flow rates
is observed [24,43,73,74]. As such, the effect of different flow
rates on the sorting efficiency of our device was quantified. To
achieve this, a 1:1 mixture of viable and non-viable cells ratio
(each at a concentration of 0.6 × 106 cells/ml) was injected
into the system. The flow rate was increased from 20 μl/h to
2 × 104 μl/h in steps of 200 μl/h. As shown in Fig. S6, by
increasing the flow rate to 2× 104 μl/h, the average efficiency
decreased to 86% when the flow rate was 2 × 103 μl/h and
to 80% at 2 × 104 μl/h. The decrease in sorting efficiency at
high flow rates in our device is attributed to the absence of
hydrodynamic focusing inlet (single inlet) reported in earlier
devices and has been discussed previously [76]. It was also
noted that, at high flow rates, cells experienced high shear
rates and it became increasingly difficult to visualize them
during experiments as shown in Fig. S7.

5 Concluding remarks

In this study, we present a novel AC-dielectrophoretic single-
inlet microfluidic device for continuous separation of T-cells
according to their viability, characterized by a simple oper-
ation compatible with continuous applications and no need
for additional reagents. An AC electric field is applied via an
array of castellated microelectrodes embedded into a single
microfluidic channel to separate online flowing cells based
on their dielectric properties. First, to support the design of
an effective device, the separation efficacy of the device was
mathematically simulated under a range of applied AC fre-
quency and for several values of conductivity of the medium.
It resulted that, within the range tested, the optimal values of
applied AC frequency andmedia conductivity are respectively
1.5 × 106 Hz and 0.420 S/m. Under these operational condi-
tions, the separation of viable and non-viable T-cells was ex-
perimentally validated. A separation efficiency of 93%, under
a flow rate of 20 μl/h, was demonstrated. This study provides
the first example of on-chip continuous separation of T-cells
according to their viability, which can protect patients from
the detrimental effects of infusion with non-viable cells. It
consequently represents amilestone toward the development
of lab-on-a-chip devices for point-of-need and cost-effective T-
cell-based personalised therapies.
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