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Cell migration is involved in physiological processes such as wound healing, host
defense, and cancer metastasis. The movement of various cell types can be directed
by chemical gradients (i.e., chemotaxis). In addition to chemotaxis, many cell types
can respond to direct current electric fields (dcEF) by migrating to either the cathode
or the anode of the field (i.e., electrotaxis). In tissues, physiological chemical
gradients and dcEF can potentially co-exist and the two guiding mechanisms may
direct cell migration in a coordinated manner. Recently, microfluidic devices that can
precisely configure chemical gradients or dcEF have been increasingly developed
and used for chemotaxis and electrotaxis studies. However, a microfluidic device that
can configure controlled co-existing chemical gradients and dcEF that would
allow quantitative cell migration analysis in complex electrochemical guiding
environments is not available. In this study, we developed a polydimethylsiloxane-
based microfluidic device that can generate better controlled single or co-existing
chemical gradients and dcEF. Using this device, we showed chemotactic migration of
T cells toward a chemokine CCL19 gradient or electrotactic migration toward the
cathode of an applied dcEF. Furthermore, T cells migrated more strongly toward
the cathode of a dcEF in the presence of a competing CCL19 gradient, suggesting the
higher electrotactic attraction. Taken together, the developed microfluidic device
offers a new experimental tool for studying chemical and electrical guidance for cell
migration, and our current results with T cells provide interesting new insights of
immune cell migration in complex guiding environments. © 2012 American Institute
of Physics. [http://dx.doi.org/10.1063/1.4718721]

. INTRODUCTION

Cell migration plays an essential role in a broad range of physiological and pathological
processes such as embryogenesis, inflammatory responses, wound healing, and cancer
metastasis.'™ In particular, immune cells migrate in tissues in response to various cellular guid-
ing signals, orchestrating both innate and adaptive immune responses.”® The ability of immune
cells to sense and migrate to concentration gradients of chemical factors in tissues, a process
termed chemotaxis, together with the highly ordered tissue-specific chemoattractant network,
provide a robust mechanism for coordinating different immune cell subsets to defined tissue
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sites.”® In addition, physical parameters such as mechanical stimulation, magnetic fields, and
electric fields can also mediate the migration of different cell types.>*~'* Particularly, various
cell types such as epithelial cells, tumor cells, and leukocytes were found to respond to physio-
logical or externally applied direct current electric fields (dcEF) by migrating toward either the
cathode or the anode of the fields through a process commonly referred as electrotaxis or
galvanotaxis.'>'*"' For some cell types such as epithelial cells, the roles of their electrotactic
responses to the wound-produced dcEF for mediating wound recovery have been clearly dem-
onstrated.” Among immune cells, previous studies showed that most of human peripheral blood
circulating leukocyte subsets are capable of undergoing electrotaxis in vitro (Ref. 12) and the
quantitative characteristics of several specific leukocyte subsets have been investigated in
details using in-vitro electrotaxis assays.”'"'> Moreover, a study has also demonstrated the pos-
sibility of manipulating T lymphocyte trafficking in vivo by electrotactic guidance.'? However,
compared to the relatively matured field of chemotaxis, the mechanisms of electrotaxis are not
clearly defined.'*?° A particular complication results from the co-existence of chemical fields
and electric fields in tissues that can potentially cross-modify the chemical or electric field pro-
files.”! Studies toward dissecting chemotactic and electrotactic guidance for cell migration are
hindered by the technical barrier of the existing electrotaxis assays that are incapable of gener-
ating well controlled co-existing chemical gradients and electric fields.

Conventional chemotaxis assays such as transwell assays produce chemical gradients by
free diffusion of chemoattractant molecules so that the gradient profiles vary over time.*>2°
The gradients in these assays can be further modified by electric field applications. The com-
monly used electrotaxis assays measure cell migration in electric fields inside a cell chamber
built within a petri dish.>'%!7=1%27-2® The dish-based electrotaxis assays are not capable of cre-
ating chemical gradients. Microfluidic devices offer the advantages in miniaturization and cellu-
lar environmental control, and various gradient-generating devices have been increasingly
developed and applied to cell migration and chemotaxis research over the last decade or so.?'*’
More recently, the potential of microfluidic devices for electrotaxis studies of different cell
types started to be realized.'"'*'>2!3932 The existing microfluidic devices basically generate
controlled electric fields inside a straight microfluidic channel but do not allow superposition
with chemical gradients.”’ Integration of chemical gradient-generation and electric fields appli-
cations in microfluidic devices for studying interactions of these two guiding factors for cell
migration is technically challenging because electric fields may modify chemical gradient pro-
files due to the electromigration mobility of chemoattractant molecules. On the other hand, an
earlier study employing a stripe assay has demonstrated the altered chemotaxis of human blood
granulocytes by an externally applied electric field.*®> In addition, our recent study comparing
human blood T cell chemotaxis and electrotaxis using separate microfluidic devices suggested
the differential potency of chemokine gradients and dcEF for attracting T cells.'"' Taken to-
gether, the importance of understanding cell migration in co-existing chemical gradients and
electric fields, the demonstrated alteration of cell migration in combined chemical and electric
fields, and the anticipated trend of microfluidics-based research for electrotaxis strongly moti-
vated us to explore new microfluidics-based strategies of controlling single and co-existing
chemical gradients and electric fields for cell migration research.

In the present study, we developed a polydimethylsiloxane (PDMS)-based microfluidic device
that integrates a flow-based gradient-generating module with electric fields applications through
multiple parallel side microchannels. Such a device would in principle allow superposition of sta-
ble chemical gradients and dcEF across the width of the main microfluidic channel because the
chemical gradient formation is dominated by continuous laminar flow mixing with negligible
influence by dcEF. We characterized single and co-existing chemical gradients and dcEF in this
device by multiphysics modeling to verify the hypothesized strategy of generating better con-
trolled co-existing chemical and electric fields. To validate the function of this developed micro-
fluidic device and to explore its use for studying chemotaxis and electrotaxis, we tested the migra-
tion of activated human peripheral blood T cells in single or co-existing chemokine CCL19
gradients and externally applied dcEF. Our results showed chemotaxis of T cells to single CCL19
gradients and electrotaxis of T cells to the cathode of the applied dcEF. These results are
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consistent with our previous studies using separate microfluidic chemotaxis or electrotaxis devi-
ces,'! and thus serve as important controls for further testing of cell migration in co-existing
chemical and dcEF in the new microfluidic device. Although we did not set specific anticipation
for T cell migration in co-existing CCL19 gradients and dcEF in our experiments, we found that
T cells show stronger migration toward the cathode of the dcEF in the presence of a competing
CCL19 gradient that is interestingly consistent with our previous comparison between T cell che-
motaxis and electrotaxis.'' This observed differential strength of chemical and electrical guidance
for T cell migration suggests various possible interesting scenarios for cell migration and traffick-
ing in complex tissue environments and thus opens up new possibilities of future research.

Il. MATERIALS AND METHODS
A. Cell preparation

Preparation of activated T cells has been described in detail previously.'" Briefly, human
peripheral blood mononuclear cells (PBMCs) were isolated from whole blood from healthy
adult blood donors (in collaboration with the Victoria General Hospital in Winnipeg under an
approved human ethics protocol) using the standard gradient centrifugation method. Isolated
PBMCs were activated by anti-CD3/CD28 antibodies in a 37 °C incubator with 8% CO, injec-
tion for 2 days. After the activation, cells in the culture medium (RPMI-1640 with 10% FBS)
were transferred to a new flask and cultured in the presence of IL-2 for a few days before cell
migration experiments.

B. Microfluidic device preparation

The device was designed in Freehand 9.0 (Macromedia) and the design was printed to a
transparency mask by a high resolution printer with at least 2400 dpi resolution. The device
masters were fabricated in The Nano Systems Fabrication Laboratory (NSFL) at the University
of Manitoba. Briefly, the design was patterned on a silicon wafer by contact photolithography
with SU-8 photoresist (MicroChem, MA), yielding ~100 um thickness. The PDMS replicas
were then fabricated by molding PDMS (Dow Corning, MI) against the master.'' For the de-
vice in the current study (Fig. 1), one outlet well (4 mm diameter holes) at the end of a 350 um
(W) x 1cm (L) channel (the main channel), two fluid inlets (1 mm diameter holes) at the other
end of the main channel, and 2 electrode wells (4 mm diameter holes) connected by the thin
side channels to the main channel were punched using sharpened needles. Then the PDMS rep-
lica was plasma bonded to a glass slide. Polyethylene tubing (PE-20, Becton Dickinson, MD)
was inserted into the inlet holes to connect the microfluidic device to syringe pumps (KD Sci-
entific, MA) with two 100 ul KD syringes containing medium or chemokine solution for fluid
infusion. The main channel was connected by 20 thin channels (40 yum in width and 3 mm in
length) on each side to the 2 electrode wells filled with medium, in where platinum electrodes
(SPPL-010, Omega Engineering, Inc.) were inserted. The electrodes were buried in a 1% aga-
rose gel block inside the well to prevent contact of possible toxic electrode byproducts with the
cell culture. The electrodes were then wired to a DC power supply for electric field application.
A new microfluidic device was used for each experiment.

C. Multiphysics modeling

Multiphysics modeling and simulations were performed using comsoL Multiphysics (v4.2)
with specialized modules for modeling chemical transport and electric fields, and the parameter
values were adapted from the literatures (particularly, the diffusion coefficient is ~1.7 x 10°
cm?/s (Ref. 34) and net charge value is 4+7 (Refs. 35 and 36) for chemokine CCL19).

D. Cell migration experiment setup

The microfluidic channel was coated with fibronectin (BD Biosciences, MA) for 1h at
room temperature and blocked with 0.4% BSA (bovine serum albumin) for another hour before
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FIG. 1. Schematic illustration of the microfluidic device. (a) 3D schematic drawing of the PDMS microfluidic device.
Green indicates CCL19 solution and orange indicates medium solution. Platinum electrodes were buried in agarose gel
blocks and inserted into the electrode wells. The two electrodes were then wired to the blue (cathode) and red (anode)
wires, respectively, that were connected to a DC power supply to apply electric fields to the device. The drawing of the side
channels was simplified with symmetric configurations. (b) Top view drawing of the microfluidic device with the channel
dimensions indicated. (c) Illustration of the cell migration experiment setup. Microfluidic device was placed on a micro-
scope stage; dcEF was applied to the device through a pair of electrodes; chemokine and medium solutions were infused
into the device through tubing from syringe pumps for generating chemical gradients; cell migration in the device was then
recorded by time-lapse microscopy. (d) Illustration of cell migration data analysis in the microfluidic device. Particularly,
the O.1. is defined as the ratio of the displacement of cells (Ay) relative to the electric field or the chemical gradients to the
total migration distance () using the equation O.I. = Ay/d.

the cell migration experiment. The experimental setup is illustrated in Fig. 1(c). Briefly, for
each experiment, a few thousand cells were loaded into the microfluidic channel and allowed to
settle in the fibronectin-coated channel. The device was maintained at 37°C by attaching a
transparent heater to the back of the coverslide (Minco, MN). The heater was powered by a DC
power supply (Harrison, Canada) and was controlled by a sensorless temperature controller
(Minco, MN). The temperature was calibrated to 37°C using a digital thermometer (VWR,
Canada). After the cells were settled in the channel, ~150 ul of medium (RPMI 1640 with
0.4% of BSA) was added to each well containing the agarose gel blocks and the electrodes,
which are connected to a DC power supply (Central Scientific, NY) to complete the circuit.
The assembled device was placed on a microscope stage (BX60, Olympus). To generate chemi-
cal concentration gradient, medium and chemokine solutions were infused into the device from
the fluid inlets through tubing by syringe pumps at the total flow rate of 0.6 ul/min. The chemo-
kine gradient was confirmed by measuring the fluorescence intensity profile of FITC-Dextran
10kDa that has similar molecular weight of CCL19 and was added to the chemokine solution.
Cell migration inside the main channel (in the region ~7 mm downstream of the main channel)
was recorded by time-lapse microscopy at 6 frames/min for at least 30 min using a CCD cam-
era (Sensicam, Optikon). The image acquisition was controlled by NIH ImagelJ (v.1.345).

E. Data analysis

Movement of individual cells was tracked using NIH ImageJ] (v.1.34s). The background
noise of the image was removed using the “despeckle” function. Then the images were
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calibrated to distance. Only the cells that migrated within the relatively uniform dcEF region of
the channel over the entire time-lapse were selected and tracked using the “Manual Tracking”
plug-in in NIH ImageJ. The tracking data were then exported to Excel and Origin for analysis.
A custom LabVIEW program was also used to analyze the tracking data. At least 40 cell tracks
from multiple independent experiments for each condition were analyzed. The data analysis
method is illustrated in Fig. 1(d). The movement of cells was quantitatively evaluated by (1)
the Orientation Index (O.L), which is the ratio of the displacement of cells (Ay) toward the
cathode of the electric field or the chemical gradients to the total migration distance (d) using
the equation O.1. = Ay/d, presented as the average value * standard error of the mean (SEM). In
the current experimental configuration, positive O.I. indicates cell migration toward the cathode
of the dcEF or away from the chemokine gradient; negative O.I. indicates cell migration toward
the anode of the dcEF or toward the chemokine gradient; (2) the average speed (V), calculated
as d/At and presented as the average value = SEM of all cells; and (3) statistical analysis of
migration angles, performed using Origin (v8.5, OriginLab Corporation, Northampton, MA)
and the custom Labview program to examine the directionality of the cell movement. Specifi-
cally, migration angles (calculated from x-y coordinates at the beginning and the end of the cell
tracks) were summarized in a direction plot, which is a rose diagram showing the distribution
of angles grouped in 20° intervals, with the radius of each wedge indicating the cell number.

lll. RESULTS
A. Generation of controlled chemical gradients and dcEF using the microfluidic device

As detailed in the microfluidic device preparation section and illustrated in Fig. 1, the
developed PDMS microfluidic device is a “Y” type chemical gradient-generating module with
electric field applied to the main channel from the side direction through multiple thin micro-
channels. The fundamental principle behind this design for generating better controlled single
or co-existing chemical and electric fields is that gradient profiles will be controlled by the
flows and thus minimizes the influence from the electric fields. Comparing to static assays, in
which electromigration of chemokine molecules will significantly modify chemokine gradient
over time, the introduction of the continuous flow in the current device limits the electromigra-
tion of chemokine molecules across the channel width as the chemokines flow through the
channel length.

The use of multiple parallel channels for applying dcEF is expected to help increase the
homogeneity of dcEF in the main channel. In addition, the alternating configuration of the small
channels from each side of the main channel is found to help reduce small channel blocking by
cells in our experiments and thus allow easier cell loading to the main channel. To verify the
hypothesized functions of this design, we performed multiphysics modeling and simulations
using comsoL Multiphysics to characterize chemical gradients and electric fields in the device.

First, we modeled and simulated the dcEF in the main channel of the device. As shown in
our later cell migration experiments, T cells showed clear electrotaxis toward the cathode of
the applied dcEF in the region ~7mm downstream of the main channel (0.75mm (L) x
0.35mm (W)) when a 10V of electrical potential difference was applied between the 2 elec-
trode wells at the defined flow rate. Therefore, similar experimental parameters including the
cell observation region, the flow rate, and the applied electrical potential difference were
adapted in the simulations. Our results showed that the dcEF in the center region (i.e., away
from the channel edges over a spans of ~200 um and cells migrated within this region were
selected for cell tracking analysis in the later cell migration experiments) of the main channel
is relatively uniform (Fig. 2) (the average dcEF strength is approximately 0.52 V/cm if a 10V
electrical potential difference is applied to the device). As we expected, the dcEF in the thin
channels is much higher due to more significant electrical potential drop in those thin channels.
In addition, the dcEF in the regions (in the main channel) where the thin channels connect the
main channel is higher than the center region resulting from the boundary effect as we
expected. Moreover, the dcEF varies along the 1 cm long main channel as expected. Superposi-
tion of dcEF with a 100nM CCL19 gradient does not significantly change the dcEF or the
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FIG. 2. Simulation of dcEF in the microfluidic device. (a) Top view of the microfluidic device. A 10V of electrical poten-
tial difference was applied to the device from the two electrode wells. (b) The color map and the arrows indicate the magni-
tude and the direction of the dcEF in the main channel (0.75 mm (L) X 0.35 mm (W) at ~7 mm downstream of the main
channel). (c) Plot of simulated dcEF across the main channel width in the region as in (b). The dcEF is presented as the av-
erage value with the error bar as the standard deviation (SD). The simulation results show that dcEF is relatively uniform in
the defined center region of the main channel and its magnitude can be configured to be within the physiological strength
range.

current density in the main channel. Thus, the microfluidic device can produce a relatively uni-
form dcEF in the defined region of the main channel and the magnitude of the dcEF can be
controlled to be within the physiological range (0.4-1.4 V/ecm),'? allowing us to analyze cell
migration in defined dcEF. Second, we modeled and simulated the chemokine gradient in the
main channel of the device. Our results showed that the gradient profile in the same region of
the main channel where we characterized the dcEF is maintained by the flows (total linear flow
velocity =2.9 x 10~* m/s) and is not significantly affected by the dcEF induced electromigra-
tion of the chemokine molecules (Fig. 3) as shown by the F test (p =0.82) to compare the gra-
dient profiles with or without dcEF.

Taken together, modeling and simulation of the microfluidic device validated the hypothe-
sized functions of the device for configuring better controlled single or co-existing chemical
gradients and dcEF, and provided the quantitative characteristics of chemical and electric fields
in the device that will guide the designs of cell migration experiments for studying chemotaxis,
electrotaxis and their interactions.

B. T cell chemotaxis to single chemokine gradients in the microfluidic device

Using the developed microfluidic device, we experimentally analyzed the migration of acti-
vated human peripheral blood T cells in a single 100nM CCL19 gradient. As we expected, T
cells show chemotaxis to the CCL19 gradient (Fig. 4) that is consistent with our previous studies
using the simple “Y” shape microfluidic device.'' By contrast, in the uniform medium control
experiment, cells migrate randomly with reduced speed (Fig. 4). It is worth pointing out that the
exact values of these cell migration parameters vary between the current data and our previous
studies using the simple “Y” shape device,'' possibly due to the device design difference,
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FIG. 3. Simulation of chemical concentration gradients with dcEF application in the microfluidic device. (a) Simulated nor-
malized CCL19 gradient in the main channel of the microfluidic device when a 10V electrical potential difference is applied
to the device through the 2 electrode wells. (b) Enlarged view of the CCL19 gradient in the boxed region in the main channel
as indicated in (a) (~7 mm downstream of the main channel). (c) Plot of simulated gradient across the main channel width in
the region as in (b) with (grey) or without (black) the applied dcEF. The simulation results show that the gradient profile is not
significantly affected by the applied dcEF. The p value of the F test comparing the gradient profiles is 0.82.

changes of several experimental conditions (e.g., cell observation region), and blood donor varia-
tions. Thus, the chemotaxis experiments demonstrate the function of the developed microfluidic
device for analyzing cell chemotaxis in single chemokine gradients.

C. T cell electrotaxis to single dcEF in the microfluidic device

Next, we performed electrotaxis experiments to analyze activated human peripheral blood
T cells in different applied dcEF using the microfluidic device. We applied a range of DC elec-
trical potential difference to the device and our results identified 10V as the most effective
electrical potential difference for inducing electrotactic migration of T cells toward the cathode
of the dcEF in this specific microfluidic device (Fig. 5). As described in Sec. III A, this electri-
cal potential difference results in a ~0.5 V/cm dcEF in the center region of the main channel,
confirming the ability of T cells to respond to the physiological strength of dcEF. The speed of
the cells is higher for the intermediate electrical potential difference (7V and 10V) within the
range of the electrical potential difference tested. Thus, the electrotaxis experiments confirm the
function of the developed microfluidic device for analyzing T cell electrotaxis in single dcEF.

D. T cell migration in competing chemokine gradient and dcEF in the microfluidic
device

Based upon the separate chemotaxis and electrotaxis experiments as describe above, we fur-
ther tested the migration of activated human peripheral blood T cells in co-existing CCL19 gradi-
ent and dcEF. In this experiment, we configured the CCL19 gradient (100 nM) and the dcEF
(10V across the device) along the opposite directions, creating a competing scenario between the
chemokine gradient and the dcEF for directing T cell migration (Fig. 6). Our results show that
the migration of T cells to the CCL19 gradient or to the dcEF is significantly altered compared
to it in single CCL19 gradients or single dcEF. Interestingly, the net migration of T cells is to-
ward the cathode of dcEF with reduced orientation index. The speed of T cells is not affected
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FIG. 4. Chemotaxis of activated T cells in the microfluidic device. Angular histograms of cell migration angles in the con-
trol condition (medium only) or in a 100nM CCL19 gradient are showed in (a) and (b), respectively. The rose diagrams
show the distribution of migration angles of all cells analyzed from multiple independent experiments for each condition.
The migration angles were calculated from x-y coordinates at the beginning and the end of the cell tracks and were grouped
in 20° intervals, with the radius of each wedge indicating the cell number (i.e., the radius of each circle indicates the cell
number with the increment of one). (¢) O.1. and speed of cells in the control condition or in a 100 nM CCL19 gradient. The
values are presented as the average = SEM. The results show the effectiveness of the developed microfluidic device for
analyzing cell chemotaxis in single chemokine gradients.

compared to it in single CCL19 gradient or single dcEF. These results demonstrate the function
of the developed microfluidic device for analyzing T cell migration in co-existing chemical and
electric fields and the altered cell migration suggests interesting interactions between chemotaxis
and electrotaxis.

Altogether, our results characterized the developed microfluidic device for configuring bet-
ter controlled single or co-existing chemical gradients and dcEF. The functions of the device
for analyzing cell chemotaxis, electrotaxis, and cell migration in co-existing chemical gradients
and electric fields were successfully demonstrated.

IV. DISCUSSION

In the present study, we developed a PDMS-based microfluidic device that can generate
separate chemical concentration gradients and electric fields or better controlled co-existing
chemical gradients and electric fields. Such a device is critically required for analyzing cell
migration in complex chemical and electrical guiding environments but it was not available pre-
viously.”! The T cell migration experiments using this developed device successfully demon-
strated these unique functions of the device. Thus, the developed device presents advancement
from the previous single function-based microfluidic chemotaxis and electrotaxis devices'' to
an integrated device for configuring more complex but better controlled electrochemical guiding
environments for cell migration analysis.

The current design of the device serves as a first step to explore the hypothesized principle
for generating better controlled single or co-existing chemical gradients and dcEF. We
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FIG. 5. Electrotaxis of activated T cells in the microfluidic device. (a)—(d) Angular histogram of cell migration angles in
different dcEF (i.e., 0V, 7V, 10V, and 15V electrical potential difference between the two electrode wells). The rose dia-
grams show the distribution of migration angles of all cells analyzed from multiple independent experiments for each con-
dition. The migration angles were calculated from x-y coordinates at the beginning and the end of the cell tracks and were
grouped in 20° intervals, with the radius of each wedge indicating the cell number (i.e., the radius of each circle indicates
the cell number with the increment of one). (e) O.I. and speed of cells in different applied dcEF. The values are presented
as the average = SEM. The results show the cathode-directing electrotaxis of cells when a 10V electrical potential differ-
ence was applied to the device and thus demonstrate the effectiveness of the developed microfluidic device for analyzing
cell electrotaxis in single dcEF.

successfully demonstrated the effectiveness of this concept in our modeling and cell migration
studies. On the other hand, the design of the microfluidic device can be further improved for bet-
ter performance. For example, the thickness of the connecting thin channels can be decreased
using a multi-height fabrication procedure®’ to further reduce flow disturbance and facilitate cell
loading. Similarly, the connecting junctions between the thin channels and the main channel can
be narrowed by increasing the fabrication resolution for the same purpose of reducing flow dis-
turbance. Furthermore, the joining channel for the thin channels on each side of the main channel
can be designed to bring them to equal electrical potential (possibly by making long and big elec-
trode wells that connect all the thin channels or by patterning on-chip electrodes across the thin
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FIG. 6. T cell migration in competing CCL19 gradients and dcEF in the microfluidic device. (a) Migration tracks of 6 cells
from a representative experiment with 2 cells (grey) migrating toward the 100nM CCL19 gradient (left) and 4 cells (black)
migrating toward the cathode of the applied dcEF (10 V across the device with the cathode on the right). (b) Angular histo-
gram shows the distribution of migration angles of all cells analyzed from multiple independent experiments. The migration
angles were calculated from x-y coordinates at the beginning and the end of the cell tracks and were grouped in 20° inter-
vals, with the radius of each wedge indicating the cell number (i.e., the radius of each circle indicates the cell number with
the increment of one). (c) O.I. and speed of T cells in single CCL19 gradient, single dcEF or competing CCL19 gradient
and dcEF. The values are presented as the average = SEM. The results show the stronger cell migration toward the cathode
of the applied dcEF in the presence of a competing CCL19 gradient.

channels'"). Our preliminary modeling and simulations suggest that such a design can improve
the uniformity of the dcEF along the main channel. To exclude the possible effect of electrolysis
(around the electrodes) induced pH change on gradient formation and cell migration, we meas-
ured the pH in our device before and after the dcEF application. The results showed that the pH
in the anode electrode well decreased and the pH in the cathode electrode well increased, con-
firming the expected electrolysis of medium. However, the pH value remains unchanged in the
medium well for the main channel. We have confirmed this unaffected pH in the main channel at
the equilibrium state by multiphysics simulation. In the current study, we used FITC-Dextran
10kDa that has similar molecular weight of CCL19 to indirectly verify the CCL19 gradient with-
out the dcEF, and we also showed that the CCL19 gradient is similar with or without dcEF by
multiphysics simulation. Ultimately, it will be important in the future to experimentally verify the
chemokine gradients with or without dcEF by for instance using fluorescently tagged chemokines
(but this will require the fluorescently tagged CCL19 without affecting its diffusivity and net
charge).

A key interesting finding from the current T cell migration experiments using this devel-
oped device is that T cells show stronger migration toward the cathode of the applied dcEF in
the presence of a competing CCL19 gradient (the dcEF strength and the chemokine gradient
condition for inducing optimal electrotaxis or chemotaxis were chosen). This result is consistent
with the comparison between chemotaxis and electrotaxis of T cells in single chemokine gra-
dients or dcEF using this device or as shown in our previous studies using single function
microfluidic devices,"' providing the initial experimental basis for discussing potential
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mechanisms behind the competition of chemotaxis and electrotaxis. For example, cells respond
to chemical gradients through their specific surface receptors for the chemoattractant molecules
and the activated receptors trigger complex downstream chemotactic signaling cascades.”®™*°
By contrast, such receptor specific signaling was not found for electrotaxis. On the other hand,
it has been demonstrated that electrotaxis shares many downstream signaling processes for che-
motaxis.*! Therefore, assuming chemotaxis and electrotaxis employ separate non-interacting
upstream signaling mechanisms but share the downstream signaling pathways, the competition
of chemotaxis and electrotaxis can be possibly viewed as a simple algebraic integration between
the chemical gradient activated and the dcEF activated downstream signaling events within the
same downstream signaling molecule pool (assuming it is unlimited). This will explain the
observed stronger migration of T cells toward the applied dcEF over the chemokine gradient
due to the stronger electrotactic attraction. In the second scenario, previous studies and our
recent modeling study have suggested that dcEF may polarize various cell surface receptors by
electrophoresis allowing cells to sense the dcEF and moreover to overcome chemoattractant
gradient by preferentially migrate toward the dcEF.'***™** Such a unified chemoattractant re-
ceptor based picture is also consistent with our observed stronger electrotactic migration of T
cells over a competing CCL19 gradient. Base on this theory, we would predict that CCR7, the
receptor for CCL19, can be polarized toward the cathode of the dcEF (note that receptor polar-
ization is a complex process that cannot be simply predicted by the receptor net charge and
thus needs to be experimentally determined*’). We would further predict that blocking CCR7
(using antibodies for example) will not only inhibit T cell chemotaxis to CCL19 or CCL21, but
may also reduce T cell migration toward the dcEF in competing CCL19 gradient and dcEF. On
the other hand, such a theory does not account for the observed T cell electrotaxis in single
dcEF wherein no CCL19 is presented. Finally, the current cell migration data in competing
CCL19 and dcEF with selected chemokine dose and dcEF strength does not exclude the possi-
bility that the competition outcomes may vary for other combinations of chemokine gradients
and dcEF and for other cell types, which will be interesting to investigate in future studies
using this developed microfluidic device.

In tissues, multiple chemical concentration gradients as well as electric fields can potentially
co-exist, and thus cells can be exposed to different spatiotemporal configurations of single or
overlapping chemoattractant gradients and dcEF.**' In the wound setting, both wound released
chemical gradients and wound-generated dcEF can potentially attract the surrounding epithelial
cells in a coordinated manner to facilitate wound healing.*' Similarly, combined chemical gra-
dients and dcEF may enhance immune cell recruitment or cancer metastasis based on the reported
chemotaxis and electrotaxis ability of various immune cell subsets and different metastatic cancer
cells."""'*1>1% Equally importantly, there are likely situations that chemical gradients and dcEF
direct cells along the opposite directions, and the competition outcomes will lead to different
physiological consequences. The observed stronger electrotactic migration of cells in competing
chemokine gradients and dcEF may support the possible scenario, in which cells from distant tis-
sues are effectively recruited by dcEF to the surrounding regions of a defined target (e.g., the
wound) without distraction by the surrounding tissue derived “irrelevant” chemoattractant gra-
dients. Once the cells get closer to the final target, the target derived chemoattractant gradients
and dcEF will collaborate to enhance cell recruitment to the target. In this regard, the more
potent but non-specific dcEF may work more effectively for long-range recruitment of relevant
cells to the surrounding regions of the target compared to the complete chemical based multi-step
cell recruitment model through multiple sequentially arrayed chemoattractant sources as proposed
previously.”® The flow conditions used in our device is not physiologically relevant to the real sit-
uations in tissues and therefore dcEF may indeed modify chemical gradients in tissues. On the
other hand, in the absence of flows, one can imagine that dcEF may either weaken the competing
gradient strength of chemoattractants with positive net charge (e.g., CCL19 and CCL21) or
enhance these chemical gradients when they are along the dcEF direction. In those cases, cell
migration toward dcEF may be further enhanced. The predictions will be different for chemoat-
tractants with negative net change or for anode-electrotaxing cell types. Therefore, a better under-
standing of the relative potency, and more importantly, the competition of chemical gradients and
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dcEF for attracting different cell types, will help dissect the complex coordination of cell migra-
tion and trafficking in tissues in the context of different physiological processes. The developed
microfluidic device will critically enable research toward this direction. Furthermore, characteriza-
tions of cell migration in competing chemoattractant gradients and dcEF may provide important
scientific basis for developing new therapeutic strategies for cell trafficking mediated diseases or
physiological processes such as autoimmune diseases, cancers, and wound healing, by electrically
manipulating cell trafficking and positioning in tissues. The observed stronger cell migration
toward dcEF over chemoattractant gradients in the current study argues the possibility of such
clinical applications.

V. CONCLUSION

In conclusion, the present study developed a novel microfluidic device that offers the abil-
ity to quantitatively analyze cell migration in better controlled single or competing chemoattrac-
tant gradients and dcEF. The developed device can be useful for a broad range of cell migration
and trafficking related research areas. Further development of the device and cell migration and
trafficking studies enabled by the device will generate important insights into the complex bio-
logical mechanisms of electrotaxis and its interaction with chemotaxis with implications for
physiological processes, disease pathologies, as well as clinical applications.
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