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Abstract

Microfluidic cell enrichment by dielectrophoresis, based on biophysical and
electrophysiology phenotypes, requires that cells be resuspended from their
physiological media into a lower conductivity buffer for enhancing force fields
and enabling the dielectric contrast needed for separation. To ensure that
sensitive cells are not subject to centrifugation for resuspension and spend
minimal time outside of their culture media, we present an on-chip microfluidic
strategy for swapping cells into media tailored for dielectrophoresis. This strat-
egy transfers cells from physiological media into a 100-fold lower conductivity
media by using tangential flows of low media conductivity at 200-fold higher
flow rate versus sample flow to promote ion diffusion over the length of a
straight channel architecture that maintains laminarity of the flow-focused
sample and minimizes cell dispersion across streamlines. Serpentine channels
are used downstream from the flow-focusing region to modulate hydrodynamic
resistance of the central sample outlet versus flanking outlets that remove excess
buffer, so that cell streamlines are collected in the exchanged buffer with min-
imal dilution in cell numbers and at flow rates that support dielectrophoresis.
We envision integration of this on-chip sample preparation platform prior to or
post-dielectrophoresis, in-line with on-chip monitoring of the outlet sample for
metrics of media conductivity, cell velocity, cell viability, cell position, and col-
lected cell numbers, so that the cell flow rate and streamlines can be tailored for
enabling dielectrophoretic separations from heterogeneous samples.
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1 | INTRODUCTION

Abbreviations: DEP, dielectrophoresis; nDEP, negative
dielectrophoresis; pDEP, positive dielectrophoresis; RBCs, red blood

cells.

Biological samples used in basic research and in clinical
diagnostic settings often display a degree of heterogeneity
that arises due to cellular subpopulations [1], which is
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an essential feature of the hierarchical organization and
functioning of biological systems. Such heterogeneity
poses challenges toward correlating specific cell types
and markers to functional outcomes of interest to disease
onset and progression [2]. This is often addressed by using
antibody receptors to surface markers that identify each
cell type, for sorting cells of interest after fluorescent
staining [3] or magnetic functionalization [4], but these
sample preparation operations can be time consuming,
require costly chemicals, introduce a degree of selection
bias, and cause sample dilution to limit the enrichment
level possible for fractional subpopulations. Furthermore,
characteristic cellular surface markers are often not avail-
able for key biological functions, such as cancer metastasis
[5], stem cell differentiation lineage [6], and immune cell
activation [7]. Hence, label-free cellular separations based
on their inherent biophysical properties are gaining inter-
est, with microfluidic systems offering a dynamic platform
with sufficient force fields for controlled deflection of a
particular cell type from heterogeneous samples. Plat-
forms for cell separations based on biophysical differences
[8] in size [9], shape [10], deformability [11], and electrical
properties [12] are particularly of great interest to quantify
heterogeneity of cellular systems.

For the purposes of cell separation based on subcellu-
lar differences in physiology, such as electrical size, mem-
brane morphology, and cytoplasmic organization, there is
much interest in dielectrophoresis (DEP) [13, 14], wherein
microfluidic systems can be designed with spatial field
non-uniformities, for translation of polarized cells towards
the high field region by positive DEP (pDEP) or for trans-
lation of cells away from the high field due to polariza-
tion of the surrounding media [15-17]. In this manner,
DEP has been applied to isolate circulating tumor cells [18,
19], stem cell progenitors [20], cells based on their mito-
chondrial phenotype [21], bacterial strain discrimination
[22, 23], and isolation of secreted exosomes [24, 25]. The
DEP trapping force (Fpgp) for manipulating cells in a bio-
logical sample depends on the dielectric contrast between
the cell and its surrounding media, at specific frequen-
cies of the applied electric field. Other factors determin-
ing Fpgp include dependence on the product of the elec-
tric field (E) to its spatial non-uniformity (VE), represented
as: VE?, and a cube-fold dependence on the hydrodynamic
radius of the cell (a). At typical operating frequencies for
DEP (<10 MHz), the dielectric contrast is chiefly deter-
mined by the difference in conductivity of the cell inte-
rior (oge) to that of the suspending media (o,,). Hence
for biological cells that usually have an interior conduc-
tivity in the 5000-15 000 uS/cm range, significant levels of
pDEP can only be observed within media of conductivity in
the 100-1000 pS/cm range and under electric fields in the
>0.1 MHz range. On the other hand, while nDEP is pos-

sible in media of higher conductivity under electric fields
in the <0.1 MHz range, the degree of dielectric contrast to
differentiate cells based on their DEP behavior is minimal
and electrothermal flows arising from Joule heating due
to electric fields within high conductivity media can lower
the resolution of the separations [26, 27]. Hence, biologi-
cal cells in a sample must be swapped from their culture
media that typically possess conductivity levels of ~15 000
uS/cm, to the optimal media for DEP, which is at ~100-fold
lower conductivity (100-500 pS/cm) and includes ingre-
dients to reduce osmotic stress [28]. Such buffer swaps
are currently performed off-chip, which requires sensitive
cells to be repeatedly centrifuged, thereby requiring user
intervention, and increasing the time spent by sensitive
cells outside of their culture media, due to the need for
time-consuming and laborious sample preparation prior
to and after DEP sorting. Consequently, there have been
reports on loss of cell viability post-DEP separation [29,
30], which likely occur due to the sample preparation steps,
rather than due to electric field effects on cells.
Microfluidic media dilution strategies from prior reports
[31, 32] are likely to also dilute cells in the sample,
while inertial strategies to enhance mixing for media
dilution [33] would also alter cell streamlines to cause
their flow dispersion and reduce sample collection in the
exchanged buffer. Other strategies for buffer exchange uti-
lize acoustophoresis [34] or dielectrophoresis [35] for flow
focusing of cells in the sample, so that the suspending
media can be exchanged by cascaded ion diffusion. How-
ever, selectivity of the trapping force cannot be maintained
for all cell types in heterogeneous samples, the trapping
force magnitude varies as a function of exchanged media
properties [36], and the increasing cell-to-cell interactions
that occur during focusing of concentrated samples limit
their efficacy. Also, media exchange in these prior strate-
gies was not integrated in-line to downstream operations,
such as DEP, which requires specific ranges of flow rate
and media conductivity. Instead, we present a single-stage
microfluidic strategy (Figure 1 and Figure S1) of small foot-
print (~4x2 cm) that couples flow focusing of cells at the
center of a long straight channel by tangential flows, with
ion diffusion at the edges, for enabling on-chip media swap
of cells from their culture media to ~100-fold lower con-
ductivity media. The hydrodynamic resistances at the out-
lets are adjusted to minimize flow dispersion for collect-
ing majority of cells from the original biological sample
and to modulate the flow rate of cells for enabling in-line
DEP deflection downstream. Based on this, red blood cells
(RBCs) in the input sample (3.3 x 10® cells/ml) are trans-
ferred from a media of 1x PBS at ~15 000 puS/cm conduc-
tivity to a buffer with a media conductivity of ~175 uS/cm
and the collected sample exhibits minimal dilution
(108 cells/ml). In this manner, the media conductivity and
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(A) Schematic of the sample buffer swap and dielectrophoretic separation stages. The central outlet from the buffer swap

leads to a serpentine channel that enhances hydrodynamic resistance versus flanking outlets (see Figure S1). (B) Buffer swap occurs over the

cell focusing region by ion diffusion from sample buffer to the tangential flow buffer. (C) Negative dielectrophoresis (nDEP) and positive DEP

(pDEP) of the collected red blood cells (RBCs) from the buffer swap stage

flow rate of the collected sample are validated to support
in-line negative dielectrophoresis (nDEP) at 30 kHz and
positive dielectrophoresis (pDEP) at 1 MHz, by using a
set of sequential field nonuniformities in the downstream
microchannel for flowthrough DEP [37]. Based on this
platform, we envision the ability for on-chip automation
[38] and integration of sample preparation in-line with
DEP sorting to reduce user intervention and stress on
cells, as well as for monitoring of cell media properties,
as well as their numbers, velocity, viability, and position
in the microchannel, as may be required for tailoring DEP
separations for different degrees of cellular heterogeneity
within the biological sample of interest.

2 | MATERIALS AND METHODS

2.1 | Device design

A single-layer PDMS microfluidic device was designed
to focus the cell streamline from the inlet via high flow
rate tangential flows containing the DEP buffer. This
promotes diffusion-based ion mixing across the respec-
tive flow streams of the long straight channel (2 cm in
length, 1500 pm in width and 50 um in depth) that is
designed for high laminarity to minimize dispersion of
cell streamlines, so that cells can be exchanged from
physiological media to that of low conductivity media, as
required for downstream DEP deflection (Figure 1). The
collection region for cells in the swapped buffer consists
of a central sample outlet, designed for a width that is
larger than the flow-focused cell streamlines and for a
hydrodynamic resistance that is much higher than that
of the two flanking excess buffer outlets, as accomplished
by the central outlet leading to a serpentine channel that
is 99 times the length of the two flanking excess buffer
outlets. This reduces the flow rate and flow dispersion of
the cell streamlines exiting at the channel center from the

buffer swap stage, while ensuring that the excess buffer
is removed at high flow rate from the flanking outlets.
In this manner, the cells in the sample can be collected
without dilution and at modulated velocities that support
downstream DEP deflection at the desired separation
throughput. The enhanced net hydrodynamic resistance
of the cell collection region also ensures a degree of toler-
ance to external flow disturbances occurring at the inlet
and outlet. The collected cells in the swapped buffer pass
onward to an adjoining microchannel for in-line dynamic
DEP at the same flow rate, through connective tubing
between the sample outlet of the buffer swap stage and the
sample inlet of the DEP stage. Since the central outlet from
the buffer swap region has a serpentine length (~85 cm)
that is much greater than that of the DEP region (~1.5 cm),
the latter region does not have a significant upstream effect
on the hydrodynamic resistance balance from the buffer
swap region. The media conductivity after the buffer swap
stage was determined using a conductivity meter based on
three independent runs for swapping cells from 1x PBS to
the low conductivity buffer required for DEP.

2.2 | Device simulation

The device design and flow conditions were optimized
using COMSOL Multiphysics 5.6 package. We used the
microfluidics module to solve the Navier-Stokes equa-
tions for the laminar regime. We specified the volumetric
flow rates of the inlets to 0.99 pl/s for the sheath flow
and 0.01 pl/s for the sample. The boundary conditions
of non-slip for the wall and atmospheric pressure in
the outlets were applied. Concentration profiles were
obtained by coupling the fluid flow module with the
transport of diluted species interface to solve Fick’s law
diffusion equation. The initial sample concentration was
set to 157 mM of Na™ (the most abundant ion in PBS) and
close to 0 (0.0001 mM) to simulate deionized water in the
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sheath flows. Concentration profiles were plotted using
probe lines at different locations in the device after the
sheath and sample flow joined in the main channel.

2.3 | Device fabrication

The device was fabricated using standard single layer
patterning of “SU-8 resist by photolithography on 4”
silicon wafer to a 50 um depth. A 5:1 PDMS base to PDMS
crosslinker was used to micromold using the SU-8 pattern
as a master mold. The PDMS and the SU8 master were
cured at 60°C for 12 h, followed by demolding and oxygen
plasma bonding of the released PDMS channel layer
to a glass slide. Another PDMS channel layer with the
pattern for the dynamic DEP device was fabricated in a
similar manner and bonded to the same glass slide. Field’s
metal (RotoMetals, San Leandro, CA) was filled into the
so-called electrode channels of the DEP device that adjoin
the sample channel, with the device was submerged in a
65°C water bath to maintain Field’s metal as a liquid. After
electrode channel filling, the chip was cooled to room
temperature to solidify the liquid metal and fabricate
three-dimensional side wall electrodes across the sample
channel for creating sequential field nonuniformities to
initiate DEP.

2.4 | Microfluidic operation

RBCs from stock solution of blood type A+ human RBCs
(Valley Biomedical, Winchester, VA) were suspended in
RPMI 1640 HEPES (Sigma Aldrich, St. Louis, MO), sup-
plemented with 0.5% Albumax II Lipid-Rich BSA (Sigma)
and 50 mg/L hypoxanthine (Thermo Fisher Scientific)
for storage and dilution, as needed. This RBC sample
at a concentration level of 3.88 x 10® cells/ml in 1x PBS
was swapped into a media of lower conductivity by using
tangential flow of a media composed of 8% sucrose in DI
water. A syringe pump and a pressure microfluidic flow
controller were used to drive the sample and buffer/focus
flows, respectively. A flow rate sensor coupled with the
microfluidic flow controller was used to monitor the exit-
ing sample flow rate. The sample media conductivity prior
to buffer swap and after the buffer swap was measured with
a conductivity meter (LAQUAtwin, Horiba) after periodic
collection. An AC function generator integrated with a
high-frequency amplifier was used to deliver 80 V,, to the
electrodes for initiating DEP over the 30 kHz to 1 MHz
range [39], under dynamic flow conditions. Cell stream-
lines in the microchannel were imaged within the buffer
swap and DEP stages of the chip using a CMOS camera
connected to an inverted microscope (Zeiss Observer). The
output RBC sample from the buffer swap stage was routed

for in-line observation of DEP response at the same flow
rate and media conductivity conditions.

3 | RESULTS
3.1 | Optimizing the mixing length for
buffer swap

The chief design challenge is ensuring a sufficient mixing
length for dilution of ions in the sample media to reach
the media conductivity required for DEP, by diffusion of
ions from sample to the adjoining tangential flows, while
reducing flow dispersion of focused cells from the sample
streamline into the tangential flow streamlines that lead to
sample loss into the excess buffer outlet. For this purpose,
computational fluid dynamic simulations of the design
were performed using COMSOL to parameterize the
channel geometry (length, width, and architecture) and
flow rates to ensure sufficient time for ions to diffuse away
from the sample media into the tangential flow stream-
lines, while maintaining the focused cell streamline at the
channel center with minimal dispersion. The flow rate
ratios (tangential to sample flow rate) and width of the
buffer swap region are designed to ensure that the focused
streamline just exceeds the size of individual cells in the
sample. This allows the focused cell streamlines at the
channel center to maintain laminarity and enhances its
surface area of contact with the tangential flow to promote
ion diffusion. Based on simulated concentration profiles
(Figure 2A,B) and flow streamlines (Figure 2C), the
equilibration of ion concentration to levels of 5 mol/m? is
apparent over the channel width, onward from a diffusion
length of 3000 um from the sample input interface to the
tangential flow. Table 1 summarizes the flow rate, and the
sample media conditions prior to and after the buffer swap
stage. Based on this, the media conductivity level prior to
the buffer swap stage of: 14 150 + 21 pS/cm (three inde-
pendent measurements) can be diluted ~100-fold after the
buffer swap stage to: 173.3 & 1.7 uS/cm (three independent
measurements), using ~200-fold higher flow rate for the
sheathing flow (~129 ul/min) versus the sample flow
(0.6 ul/min). The resulting outlet from the buffer swap
stage is optimized for minimal loss of cells (~10® cell/ml in
collected sample) and has a flow rate of 1.8 pl/min, which
will be validated subsequently for their DEP behavior.

3.2 | Optimizing outlet hydrodynamic
resistance for reducing sample loss

Flow dispersion of the focused cell streamline over this
minimum required mixing length was simulated using the
particle tracing module, so that the flow conditions can be
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FIGURE 2

Simulations of the buffer swap stage to show (A) ion concentration profiles due to diffusion from sample media to tangential

flow media. (B) ion concentration profiles across width of the microchannel along progressive mixing lengths from sample inlet: (i) 300 um,
(ii) 1000 pm, (iii) 2000 pm, and (iv) 3000 um, per lines in (A). (C) Streamlines for cells (red) and buffer (shaded) show differences in flow
velocity of the central versus flanking outlets from the buffer swap stage, due to the excess hydrodynamic resistance from the serpentine

channel after the central outlet

TABLE 1 Flow rate and media conductivity at the inlet and
outlet of the buffer swap stage. The last row of the buffer
conductivity is the average and standard deviation of n = 3

measurements
Flow rate (ul/min) Buffer conductivity (US/cm)
Sample Sheath Sample
inlet inlet outlet Initial Final
0.6 129 1.8 14 150 173
0.6 130.2 1.8 14 180 177
0.6 130.2 1.8 14130 176
Collected sample Mean + SD (n = 3)
~10° cells/ml 14153 + 21 1753 £ 1.7

optimized to enable ion diffusion, while maintaining a low
Stokes number (<0.1) to ensure that the particles follow
their flow streamlines (Figure 2C). To ensure that the
cells follow the streamline toward the central collection
outlet rather than exhibiting deviation into the flanking
outlets that are designed for collection of excess buffers,
the width and hydrodynamic resistances for each outlet
branch were modulated. The width of the central outlet is
designed to be much larger than that of the focused cell
streamlines (Figure 2C) to slow the flow rate of cells after
their speeding under tangential flow, and to maximize
their collection. Furthermore, the outlet from the central
collection region leads to a serpentine channel of 99
times greater length versus that of the flanking channels,
thereby vastly increasing the hydrodynamic resistance of
the central outlet versus the flanking channels. Hence,
the net flow rate of the focused cell streamline is reduced
at the outlet, while excess buffer from ion diffusion to
cause the media conductivity alteration can be removed
at high flow rate through the flanking channels (see
flow velocity profiles of central and flanking outlets in
Figure 2C). As a result, the cell streamline passes with
minimal flow dispersion for collection at the central outlet
at a modulated flow rate (only threefold higher than
input sample flow rate) that supports dielectrophoretic

deflection. Results from hemocytometer runs on regularly
drawn samples (Table 1) confirm collection of a majority
of cells from the input sample, with the dead volume
of the connective tubing between the buffer swap and
DEP regions responsible for much of the sample loss.
The device overview (Figure 3A) shows that the focused
cells entering the buffer swap region (Figure 3(i)) retain
their focus across the mixing length to enter the central
collection channel (Figure 3(ii)) with minimal cell loss due
to flow defocusing (see Supporting Information Video SI).

3.3 | Validation for in-line
dielectrophoretic deflection

Based on this optimized design for the buffer swap, the
measured outlet flow rates (~1.8 ul/min) and diluted media
conductivities (~175 uS/cm) (Table 1) are validated to estab-
lish the ability to cause in-line dielectrophoresis, as per the
flow schematic of the device (Figure 4A) and images of the
field nonuniformity (Figure 4B) and 3D structure of the
electrode interface with the sample channel (Figure 4C).
Details on the pDEP and nDEP deflection are in
Supporting Information Videos S2 S3, respectively (also
Section S5). As per the comparison before (Figure 5A)
and after the electric field at 30 kHz (Figure 5B), nDEP is
apparent based on translation of the cell streamline away
from the high field region (see arrows in Figure 5B). Sim-
ilarly, after the electric field at 1 MHz (Figure 5C), pDEP
is apparent based on translation of the cell streamline
toward the high-field region (see arrows). It is noteworthy
that the current device lacks a tangential flow after the
buffer swap stage to focus the cells with respect to the field
nonuniformity for enabling sequential DEP deflection.
Hence, the nDEP and pDEP deflection are not as clearly
apparent as in our prior work [37] that used focusing
flows, but lacked the buffer swap stage. Nevertheless,
based on crossover frequency measurements on RBCs
after the reported on-chip buffer swap, we confirm that
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(A) Setup for the buffer swap stage connected to the dielectrophoresis (DEP) stage. Microscope images of (i) red blood cells

(RBCs) suspended in 1x PBS (14 150 uS/cm) entering the buffer swap region at 0.6 pl/min and (ii) exiting as RBCs in the swapped buffer

(173 uS/cm) at 1.8 ul/min
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FIGURE 4

(A) Connection from buffer swap region to the dielectrophoresis (DEP) device region through serpentine channel to

modulate hydrodynamic resistance (also see Figure S1). (B) Sequential field nonuniformities due to electrodes architecture across sample
channel. (C) Expanded view of the orifice region (dashed white box) showing the 3D electrode interface in the sample channel

the computed membrane capacitance of 11.25 mF/m? (see
Supporting Information S5 and S6) is close to that of prior
work [40].

4 | CONCLUDING REMARKS

To address the need for swapping biological cells from
their culture media into a media with a conductivity

level that is optimized for dielectrophoretic manipulation
and vice versa post-dielectrophoretic separation, we
present a microfluidic device with a buffer swap stage
that is connected in-line to a dielectrophoretic stage.
The microfluidic design and flow conditions were opti-
mized using flow and particle tracing simulations for
enabling ion diffusion from sample stream into tangential
flows, while appropriately increasing the hydrodynamic
resistance of the outlet collection channel versus that
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FIGURE 5
of red blood cells after outflow from the buffer swap stage at

Downstream flowthrough dielectrophoresis (DEP)

1.8 ul/min in media of ~175 uS/cm conductivity for deflection per
streamlines in Figure 1C. (A) Initial streamline of dispersed red
blood cells (RBCs) prior to DEP deflection. (B) nDEP at 30 kHz for
translation away from the high field region (see arrows). (C) pDEP
at 1 MHz for translation toward the high field region (see arrows).
See Supporting Information Videos S2 and S3, respectively

of the flanking excess buffer outlet channels, thereby
minimizing the flow dispersion of cells to enhance their
collection and to modulate their flow rate for supporting
downstream DEP. As a result, RBCs entering the buffer
swap stage at of 3.88 x 10® cells/ml at 0.6 pl/min in 1x PBS
media (14 150 pS/cm) can be diluted ~100-fold in media
conductivity after the buffer swap stage (~175 pS/cm),
using ~200-fold higher flow rate for the sheathing flow
(~129 pl/min) versus the sample flow. The sample outlet
from the buffer swap stage with ~108 cells/ml has a media
conductivity of ~175 uS/cm and a flow rate of 1.8 ul/min,
which is validated in-line for downstream nDEP at 30 kHz
and pDEP at 1 MHz. Follow-up work will integrate the
buffer swap stage on a single chip, prior to and after DEP,
and include in-line monitoring to characterize the outlet
sample media conductivity, cell numbers, cell velocity, cell
viability, and the position of cell streamlines for tailoring
the sample toward effective DEP separations.
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