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Abstract
Cell migration is one of the crucial steps in many physiological and pathological processes,
including cancer development. Our recent studies have shown that carbon nanotubes (CNTs),
similarly to asbestos, can induce accelerated cell growth and invasiveness that contribute
to their mesothelioma pathogenicity. Malignant mesothelioma is a very aggressive tumor
that develops from cells of the mesothelium, and is most commonly caused by exposure to
asbestos. CNTs have a similar structure and mode of exposure to asbestos. This has raised a
concern regarding the potential carcinogenicity of CNTs, especially in the pleural area which
is a key target for asbestos-related diseases. In this paper, a static microfluidic gradient device
was applied to study the migration of human pleural mesothelial cells which had been through
a long-term exposure (4 months) to subcytotoxic concentration (0.02 ug cm™2) of single-walled
CNTs (SWCNTs). Multiple migration signatures of these cells were investigated using the
microfluidic gradient device for the first time. During the migration study, we observed that
cell morphologies changed from flattened shapes to spindle shapes prior to their migration
after their sensing of the chemical gradient. The migration of chronically SWCNT-exposed
mesothelial cells was evaluated under different fetal bovine serum (FBS) concentration
gradients, and the migration speeds and number of migrating cells were extracted and
compared. The results showed that chronically SWCNT-exposed mesothelial cells are more
sensitive to the gradient compared to non-SWCNT-exposed cells. The method described here
allows simultaneous detection of cell morphology and migration under chemical gradient
conditions, and also allows for real-time monitoring of cell motility that resembles in vivo
cell migration. This platform would be much needed for supporting the development of
more physiologically relevant cell models for better assessment and characterization of the
mesothelioma hazard posed by nanomaterials.

Keywords: microfluidics, static gradient device, cell migration, nanomaterial effects, human
pleural mesothelial cells
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1. Introduction

1.1. Microfluidic gradient devices for cell migration study

Cell migration is known to be a crucial step in many physi-
ological events including embryogenesis, morphogenesis,
neurogenesis angiogenesis, wound healing, and inflamma-
tion, and is also implicated in the pathophysiology of many
diseases including cancers (von der Mark et al 1999, Cho and
Klemke 2000). Enhanced cell migration is a key feature of
aggressive tumors and has been used as a predictive indicator
of tumor metastasis (Kaufman and Flores 2011).

To date, in vitro cell migration assays employ conventional
methods such as under-agarose assay (Heit and Kubes 2003),
Boyden chambers (Boyden 1962), Dunn chambers (Zicha
et al 1991), Zigmond chambers (Zigmond 1977), and micro-
pipette-based assay (Servant et al 1999). However, these
assays are limited in providing reliably controlled chemical
gradients and are lacking in analysis of migration speed and
cell morphological changes as well as real-time monitoring of
cell migration. These disadvantages can be overcome by using
microfluidic devices, which have been applied to study cell
migration (Frevert et al 2006, Liu et al 2008, Kim et al 2010).

Microfluidic platforms for gradient generation can be
classified into five categories: laminar flow gradients, static
gradient, 3D gradients, 1D gradients, and immobilized gra-
dients. Comprehensive reviews for microfluidic gradient
platforms were reported previously (Kim et al 2010, Berthier
and Beebe 2014). For studies of cell migration on 2D sub-
strates under the effects of soluble chemoattractant gradients,
laminar flow-based platforms, static gradient devices, or
1D gradient devices are commonly chosen. For a laminar
flow-based microfluidic gradient device, the gradient was
generated by diffusion with a progressive mix of compounds
from different concentrations of fluid streams, and the gra-
dient was transverse to the direction of the flow. This type of
device offers precisely controlled stable gradients over time.
However, the shear stress induced by the constant flow can
affect cellular migration as well as induce undesired signaling
events (Berthier and Beebe 2014). The static gradient (Diao
et al 2006, Berthier er al 2010) and 1D gradient platforms
(Boneschansker ef al 2014, Irimia 2014) have been developed
to reduce interference due to shear stresses caused by con-
tinuous flows. Using a high fluidic resistance as an integrated
section, such as an integrated high resistant porous membrane
(Diao et al 2006), has been shown to effectively minimize or
prevent convective flows and generate gradient based on static
diffusion of chemoattractants.

1.2. Human pleural mesothelial cells and long-term exposure
to SWCNTs

Mesothelial cells are specialized cells forming a protective
non-adhesive surface lining the serosal cavities and internal
organs (Mutsaers 2002), and have a variety of functions
including enzyme regulation and production (Martin et al
2000), antigen presentation (Valle et al 1995), and fluid and
cell transportation. Malignant mesothelioma, a rare form of

cancer developed from mesothelial cells, is a very aggressive
tumor with low survival rate and no effective treatment. The
most common anatomical site for mesothelioma is the pleura
(the outer lining of the lungs and internal chest wall), but it
can also arise in the peritoneum (the lining of the abdominal
cavity) or the pericardium (the sac that surrounds the heart)
(Kaufman and Flores 2011). About 70% of all diagnosed
malignant mesothelioma cases are pleural mesothelioma
(Bridda et al 2007) and chronic exposure to asbestos fibers is
recognized as the major cause (Carbone et al 2002).

CNTs are high-aspect-ratio cylinders of one (single-
walled) or several coaxial (multi-walled) graphite layer(s)
with nanoscale diameters and microscale lengths (Foldvari
and Bagonluri 2008, Shvedova et al 2009). With structural
similarity as well as a similar exposure mode to asbestos,
concerns about the potential carcinogenicity of CNTs have
been raised, especially in the pleural space, which is a key
target tissue for asbestos-related diseases (Lohcharoenkal
et al 2013). In vivo studies have shown that CNTs have been
found in the alveolar epithelium, the mucous lining layer, the
air spaces and interstitium, and the pulmonary venule (Mercer
et al 2008, 2011, Wang et al 2010, 2013). They were biop-
ersistent with low clearance rate, can cause inflammation,
fibrosis, and granuloma formation (Lam et al 2004, Muller
et al 2005, Chou et al 2008), and have the potential to further
induce mesothelioma (Elgrabli er al 2008). We have previ-
ously developed an in vitro chronic exposure model to mimic
CNT-induced malignant transformation and demonstrated the
induction of cancer phenotypes of pleural mesothelial cells
by CNTs that may contribute to their mesothelioma patho-
genicity (Wang et al 2013).

Our earlier experiment indicated that shear stresses induced
by the constant flow greatly affected mesothelial cells’ attach-
ment in the laminar flow-based gradient device. In this paper,
we presented a microfluidic static gradient device to satisfy
the specific needs for studying the migration of human pleural
mesothelial cells chronically exposed to subcytotoxic concen-
tration of CNTs, including substrate coating, static gradient
generation, extended experimental duration up to 24h for
real-time monitoring cell migration, and analysis of mul-
tiple migration signatures. To our best knowledge, there is no
report on utilizing microfluidic gradient devices for studying
nanomaterials’ effects on cell migration. It is important to
develop approaches as well as cell models for better assess-
ment and characterization of the mesothelioma hazard posed
by nanomaterials.

2. Materials and methods

2.1. Device design and fabrication

A microfluidic device was designed and fabricated for static
gradient generation and live cell imaging. The device con-
sisted of a cell-seeding chamber, five migration channels and
a cell-receiving chamber as shown in figure 1. Two devices
were fabricated on a glass slide together. For each experi-
ment, under the same FBS concentration gradient, one device
was used for observing SWCNT-exposed cells, and the other
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Figure 1. Schematic diagram of the molds for fabrication of the gradient device. (A) The first shallow mold layer (16 um) to define four
reservoirs, cell-seeding/receiving chambers, and five migration channels. (B) The second mold layer to define four reservoirs and cell-
seeding/receiving chambers. The square box shows the alignment marks on both layers. (C) Two devices fabricated and bonded on one
glass slide; the size of the two devices together is 2 X 4cm. (D) Image shows the cell-receiving chamber, the migration channels, and the
cell-seeding chamber, respectively; the scale bar is 100 um. (E) Schematic view of the cross section of the device shows different heights of

the cell chambers and migration channels.

device was used for observing non-SWCNT-exposed cells.
Four reservoirs with a diameter of 6 mm were punched for
cells, serum-free media, and FBS-containing media loading
during the experiment, respectively. The cell-seeding/
receiving chambers had a width of 600um and a height of
160 um. The migration channels were 400 um in length, 75 um
in width, and 16 um in height. The aspect ratio of the migra-
tion channels was lower than that of the cell-seeding/receiving
chambers, and thus the resistance of the migration channels
was much higher to better control the chemical diffusion and
gradient generation.

Standard photolithography was used for the master
mold fabrication and polydimethylsiloxane (PDMS) soft

lithography was used for the microfluidic gradient device fab-
rication. As shown in figure 1(A), the bottom layer of mold,
which defined the molding areas for five migration channels
and cell-seeding/receiving chambers, were fabricated by SU-8
2025. The thickness of this layer was referred to the infor-
mation sheet from MicroChem and controlled by spinning
the SU-8 at 4000rpm for 60s. After spun-coating, this layer
was first soft baked at 65°C (1 min) and 95 °C (5min), then
exposed under UV light, post-baked at 65 °C (1 min) and 95 °C
(5min), and finally developed and hard-baked at 150°C for
1 h. The actual thickness of the fabricated layer was measured
and confirmed as 16 um using a profilometer (Tencor Alpha-
Step 200). To fabricate the top molding layer (figure 1(B)),



J. Micromech. Microeng. 25 (2015) 075010

H Zhang et al

which defined the molding areas for cell-seeding/receiving
chambers on top of the bottom thin SU-8 layer, a high-viscous
SU-8 2075 was spun-coated over the bottom layer at 1500 rpm
for 30s to generate a thicker top layer. This layer was then soft
baked at 65 °C (7min) and 95 °C (30 min). To align the bottom
and top molding areas for cell-seeding/receiving chambers,
alignment marks were designed and fabricated as shown in
figure 1, and a mask aligner (Karl Suss MJIB3) was used for
pattern alignment. After UV exposure, the top layer SU-8 was
post baked at 65 °C (5 min) and 95 °C (15 min), and developed.
Finally, the mold was hard baked at 150°C for 1h and was
ready for PDMS replication. The thickness of the cell-seeding
and cell-receiving chambers was measured and confirmed as
160 um by the profilometer. The mold was ready for the gra-
dient device fabrication.

During PDMS soft lithography, silicone elastomer base
(Slygard 184, Dow Chemical) was mixed with curing agent
(Slygard 184, Dow Chemical) at a ratio of 10:1 and cast onto
the master mold to obtain a 3mm thick PDMS slab. PDMS
was cured in an oven at 60 °C for 3 h, and then a thick PDMS
slab was cut and peeled off from the mold. The reservoirs for
cell and media loading were punched using a 6 mm diameter
puncher. As shown in figure 1, two replicated PDMS devices
and a glass slide were treated with oxygen plasma (50W,
100mTorr) for 205, and were brought together to form a per-
manent irreversible bonding. Before the cell experiment, the
microfluidic devices were filled with deionized water and UV
sterilized for 8h in a biosafety hood.

2.2. Gradient characterization

In cell chemotaxis and migration studies, fluorescence mol-
ecules are commonly used to visualize a gradient for its
characterization. The choice of fluorescence molecules is
based on their molecular weights, which need to be similar
or same as those of chemoattractants used for cell chemotaxis
studies. In our experiment, fetal bovine serum (FBS) was
used as the chemoattractant because it contains a mixture of
natural chemokines and is widely used as the chemoattrac-
tant in migration assays. The majority component in FBS is
bovine serum albumin, and thus albumin—fluorescein isothio-
cyanate conjugate (FITC-albumin) from albumin bovine was
selected as the fluorescent marker. In addition, 10% FBS is
commonly used to study mesothelial cells’ migration in the
Transwell assay, and we used 10% FITC-albumin as a repre-
sentative concentration for monitoring gradient development
and characterization.

A challenge for static gradient generation resides in main-
taining a diffusion-dominant environment in the presence of
pressure differences that can occur in experimental situations.
Unwanted pressure differences generate convection and can
prevent the setup of a stable gradient (Berthier et al 2010),
To prevent pressure differences, the device shown in figure 1
was first loaded with M199 media, and then M199 media
inside the reservoirs connecting cell-receiving chambers
were carefully removed and refilled with the same volume of
10% FITC-albumin M199 media solution. The liquid levels
in both reservoirs were kept at the same level with removing

and refilling same volume of solutions, and then covered with
thin PDMS layers, to prevent liquid evaporation. The liquid
levels in two reservoirs on the cell-seeding side were also
kept identicall and covered with thin PDMS layers during the
operation. Additionally, sterilized wetted tissue was placed
beside the device and enclosed together with the device in
a petri dish using Parafilm® M film to further prevent liquid
evaporation during 24h imaging at 37 °C. Furthermore, the
fluorescence live cell imaging microscope (Nikon Eclipse Ti,
Japan) equipped the microscope cage incubator (OKOLab,
Italy) is capable of precisely controlling temperature and
humidity. The incubation cage was prewarmed for 1h before
loading the devices.

2.3. Simulation

A 3D numerical transient diffusion model was built and
the simulation was conducted using commercial software
COMSOL Multiphysics 5.0. The dimensions of the model
were set the same as the actual fabricated device. The transport
of the concentrated FBS was simulated using the transport of
diluted species node. The governing equation is:

@+u-Vc=V-(DVc)+R

ot
where c is the concentration of the species (mol m™), D is
the diffusion coefficient of human serum albumin in water
(6.1 x 107""'m?s~") (BNID 100612) from (Milo et al 2010)
because human serum albumin has the same molecular weight
as the FBS, R is the reaction rate expression for the species
(mol (m3s)™1), and u is the velocity vector (m s~1). To simulate
the static gradient development, the governing equation was
simplified as the diffusion-based form only, as:

E=V-(DVc)+R
ot

and a ‘no flux” boundary condition was set on all the exterior
boundaries.

2.4. Cell culture and chronic SWCNT exposure

Human pleural mesothelial (MeT5A) cells were acquired
from the American Type Culture Collection (Manassas, VA)
and maintained in M199 medium (Life Technologies, Grand
Island, NY) supplemented with 5% FBS, 2mM L-glutamine,
100UmL™" penicillin/streptomycin, 1ugmL~" epidermal
growth factor (EGF) and 50 ug mL~" hydrocortisone. Cell cul-
ture was performed in a humidified atmosphere of 5% CO,
at 37°C. SWCNTs, synthesized by high-pressure carbon
monoxide disproportionate process (HiPCO), were obtained
from Carbon Nanotechnology (CNI, Houston, TX). Elemental
analysis of the supplied SWCNTs by nitric acid dissolution
and inductively coupled plasma atomic emission spectrom-
etry (ICP-AES; NMAM #7300) showed that the SWCNTs
were 99% elemental carbon and contained less than 1%
w/w of contaminants. Diameter and length distribution of
dispersed SWCNT measured by field emission scanning elec-
tron microscopy (FESEM; model S-4800; Hitachi, Tokyo,
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Japan) demonstrated 1.42 um mean length and 0.38 um mean
width, respectively. Particles possessed surface areas between
400-1040m>g~".

The cells were continuously exposed to a subcytotoxic
surface area dose of 0.02ugcm™2 of SWCNTSs for 4 months
following the method previously described (Wang et al 2013).
The determination of treatment dose was based on in vivo CNT
exposure conditions with the reported total lung burden dose
of 20 ug in mice (Porter ef al 2010). The penetration of CNTs
from the lung periphery into the pleural space after pulmo-
nary exposure was quantified and 0.6% of the deposited CNT
burden was found to reach the visceral pleura. From the esti-
mated pleural surface area of 5cm? in mice, the possible dose
of CNT per square centimeter of visceral pleura is approxi-
mately 0.024 ugcm™2. During the cell culture, 0.1 mgmL~!
stocks of SWCNTs in phosphate buffer saline (PBS) con-
taining 150 yugmL~" Survanta® (Abbott Laboratories, Abbott
Park, IL) were sonicated and diluted in media (0.1 ugmL™")
prior to cell exposure. Cells were exposed to the dispersed
particles every 3d following a PBS wash and passaged once
per week to initial seeding densities.

2.5. Real-time imaging

A Nikon Eclipse Ti inverted fluorescence microscope (Nikon
Japan) equipped with an OKOLab (Italy) Cage incubation
system was used for the long-term and real-time imaging.
The microscope was fully automated for imaging multiple
positions in sequence, and equipped with long working dis-
tance objectives to rapidly acquire high-resolution phase
contrast and fluorescent real-time images. The cage incubator
system included an enclosure, a temperature-control module,
CO; and humidity modules, and a stage insert chamber. For
our experiment, three positions, including one at the cell-
seeding chamber, one at the migration channel, and one at
the cell-receiving chamber, were imaged and tracked for each
migration channel, and a total of 15 positions were recorded
for each device. At each position, bright field images were
taken every 15 min over a period of 24 h.

2.6. Analysis of cell migration

Cell migration was analyzed when the stable gradient was
established. ImageJ was used to track and analyze cell move-
ment. Those MeT5A cells that migrated over a distance of two
cell diameters (about 120 ym) from their original positions and
kept moving along the gradient were counted as exhibiting
responses to the FBS gradient. The cells that remained within
a 120 um radius of their original positions were excluded from
the analysis, as were any cells that stopped or detached from
the substrate. Cell morphological changes prior to/during/after
their migrations were imaged and analyzed. Additionally, cell
migration was characterized in terms of three parameters:
speed of migration, direction of migration, and the number
of cells migrating. The speed of migration was calculated as
the distance of cell trajectory along the channel divided by
cell migration time. The direction of migration can be either
toward or away from the gradient. With an image-stitching

technique supported by the Nikon NIS Element software,
large images were taken before and after each experiment.
The numbers of cells in the areas of interest in the corre-
sponding large images were counted. Three experiments were
performed for each test. The results were evaluated by r-test.

3. Results and discussion

3.1. Gradient development

The gradient was formed through the migration channels inter-
connecting the cell-seeding chambers and the cell-receiving
chambers. Fluorescence images were taken every 15min for
24h using the inverted fluorescence microscope. The fluo-
rescence intensities in the region of the migration channels
were recorded as shown in figure 2(A) and were analyzed
by ImageJ. Additionally, the 3D COMSOL simulation was
performed to predict the gradient development along the
migration channels as shown in supplemental figure 1 (stacks.
iop.org/IMM/25/075010/mmedia).

In microfluidic systems it is difficult to match fluid levels
precisely within input reservoirs, even though the media and
solutions were carefully removed and refilled with the same
volumes and PDMS films were used to cover the reservoirs to
prevent evaporation effects on fluid flow. In order to limit fluid
flow resulting from small pressure differences, the fabricated
migration channels were shallow in height (16 um) and narrow
in width (75 um), and the cell-seeding and receiving chambers
were 10 times deeper in height (160 um) and 3.5cm in length
between the reservoirs on each side. This design helped to
create a high fluidic resistance within the migration channels
to minimize the convective flow from the FBS loading site due
to any pressure difference.

During the gradient characterization with FITC-albumin,
upon introduction of the FITC-albumin into the two reser-
voirs connected to the cell-receiving chamber, approximately
5-6h were required for the gradients to gradually generate
through the migration channels, with an additional 3—4h for
the gradients to be stabilized and kept steady until the end
of the experiment (24h in total). From the cell responses,
we noticed that the adhered cells underwent morphological
changes and polarized from a flattened shape to an elongated,
spindle shape in about 6h, indicating that the cells sensed
the gradient near the regions close to the migration channels
and were in the process for migration. Figure 2(B) shows the
gradient concentration profiles along the migration channels
at 6, 10, 14, and 24 h, respectively, based on the experimental
results and the simulation. The selected hours indicated the
initial established gradient that the cells started to sense (6 h),
the established steady gradient (10h), the gradient kept steady
(14h), and the gradient at the end of the experiment (24 h).
Figure 2(C) shows the gradient slope at different times during
the gradient development. These results showed a long time
required for gradients to be stably established. The gradients
gradually increased to a level to which the cells were more
sensitive. The slope of a chemoattractant gradient is thought
to influence the migration rate of cells in vivo. In general,
the experimental data was consistent with the simulation well
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Figure 2. Characterization of the gradient development. (A)
Fluorescence image shows the FITC-albumin gradient along a
migration channel. Dashed white lines indicated the boundary

of migration channel. Scale bar is 100 um. (B) The normalized
gradients along the migration channel at different time (6, 10, 14,
and 24 h) were demonstrated based on the experimental results and
the numerical simulation. (C) The characterization of the gradient
slopes during the gradient development based on the experimental
results and the numerical simulation.

for the gradient development as shown in the figures. At the
steady state, a mass balance was reached within the system
when the chemical flux entering the migrations channels
equaled the chemical flux leaving the migration channels.
Furthermore, each side chamber together with the reservoirs
provided a much larger volume (172 uL) than the migration
channels’ volume (2.4nL). Although the concentration near
the regions of the migration channels in the cell-seeding
chamber was not maintained at exactly zero, however, the
small diffusing FBS flux from the migration channels was

diluted by the large volume of FBS-free solution in the
cell-seeding chamber. These factors helped to establish the
steady-state gradient by not allowing the chemical species to
accumulate in the chamber and reach a balanced state.

3.2. Cell morphology

After sterilization, two microfluidic devices were coated with
50 ug mL~! fibronectin for 1 h at room temperature to enhance
cell attachment. Then, the fibronectin solution was rinsed
and replaced with serum-free M199 medium and the devices
were kept inside an incubator to warm up. Subsequently, the
chronically SWCNT-exposed MeT5A cells (1.5 x 10%cells
per microliter) were loaded into the seeding chamber of one
device, while the non-SWCNT-exposed MeT5A cells were
loaded into the other device. Both devices were kept in the
CO; incubator for 2 h until the cells start to attach. Finally, the
devices were placed onto the microscope incubation stage for
imaging.

Supplemental figure 2 (stacks.iop.org/JMM/25/075010/
mmedia) illustrates the overall process of mesothelial cells
migration inside the microfluidic gradient device. Initially
after the cells were loaded inside the devices, it took about
2-3h for the cells to adhere to the fibronectin-coated glass
substrate. Most of the cells had a flattened shape after adhe-
sion as shown in figures 3(A) and (E). Prior to migration,
elongated, spindle shaped cells were clearly observed as
shown in figures 3(B) and (F). The results indicated that
the mesothelial cells underwent a morphological transition
from a flattened shape to a spindle shape prior to migra-
tion. This morphological transition was gradually observed
at approximately 6h after the initial time point (figure 3(A)
and supplemental movies S1 and S2). Additionally, the
morphological transition observed in our experiment was
similar to that of the mesothelial cells observed in vivo
(Nagai et al 2013).

Although the numbers of cells at initial loading were con-
trolled to be the same by keeping the same cell concentration
and loading volume, the actual numbers of migrated cells
were different when they moved into the channel. The migra-
tion channel was 75 um in width, and as we observed in some
situations, one cell or two cells migrated together through the
channels along the bottom of the channels. During their sub-
sequent migration, the cells kept their elongated shape and
moved through the migration channel along the gradient direc-
tion (figures 3(C) and (G) and supplemental movies S3 and
S4). In other situations, three or more cells migrated together
through the channels during some part of their migration.
In some of those cells, either the cells or parts of the cells
adhered to the sidewalls and moved along the channels, and
those cells normally showed considerably elongated shape
during their migration. We also noticed that the majority
of cells migrated in straight trajectories through the chan-
nels. After the cells migrated through the channels, they
exhibited random movement with a flattened, less elongated
shape in a uniform FBS concentration environment inside
the cell-receiving chamber as shown in figures 3(D) and
(H) and supplemental movies S5 and S6. Additionally, the
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Figure 3. Cell morphologies shown at their adhesion, prior to migration, during migration and post migration, respectively. (A)—(D) show
the morphology of non-SWCNT-exposed cells; (E)-(H) show the morphology of SWCNT-treated cells. Most of the cells were flattened
after adhesion, and then gradually changed to spindle shapes prior to their migration. (A) Non-SWCNT exposed cells’ morphology after
the initial adhesion; (B) prior to their migration (~6h after adhesion); (C) during their migration; (D) after their migration. (E) SWCNT-
exposed cells” morphology after initial adhesion; (F) prior to their migration; (G) during their migration; (H) after their migration. Scale bar

is 100 ym.

non-SWCNT-exposed and SWCNT-exposed cells exhibited
similar migratory behavior and morphology.

It has been suggested that mesothelial cells need to
undergo morphological transitions in response to inflamma-
tion and injury (Whitaker and Papadimitriou 1985, Fotev et
al 1987). Because chronic injury and inflammation could
trigger or promote tumor formation by sharing some common
signaling mechanisms (Bjerkvig ef al 2005), monitoring of

morphological changes may provide a clue to malignant
transformation. Most conventional assays described in the
previous section do not detect morphological changes during
cell migration. Our microfluidic gradient device provides the
technique and experimental approach that allows direct obser-
vation of the cellular dynamics and morphological transitions
during cell migration, which can be virtually applied to any
cell types. The real-time monitoring feature of this system
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would be also useful for tracking interested molecules, e.g.
genes and proteins, to study their role in the migratory process.

3.3. Migration under different FBS concentration gradients

Different concentrations of FBS ranging from 5 to 20% were
used to compare the migratory activity of SWCNT-exposed
and non-SWCNT exposed MeT5A cells. FBS was used as the
chemoattractant because it contains a mixture of natural chemo-
kines and is widely used as a chemoattractant in the Transwell
migration assay (Breckenridge et al 2010). In general, the
speeds observed in our experiment were consistent with those
observed in vivo with the reported values of 6-24umh=! for
mesothelial cells (Nagai ef al 2013). As shown in figure 4(A),
the average migratory speeds of SWCNT-exposed cells
under different FBS concentration gradients were compared.
The raw data of the speeds for individual tracked cells were
provided in the supplementary information (supplemental
figure 3) (stacks.iop.org/JMM/25/075010/mmedia). The cells
moved significantly faster under 5% (23.68 + 12.84umh™",
p <0.01), 10% (21.75 + 15.38umh~!, p <0.01), and 15%
(21.81 + 12.82umh~!, p < 0.01) FBS concentration gradients

compared to the speed with no FBS (16.84 + 10.77 umh™").
A significantly slower movement of SWCNT-exposed cells
(15.35 + 9.19umh™!, p < 0.001) was observed under the 20%
FBS concentration gradient compared to other concentration
gradients. Additionally, when there was no FBS present, the
cells showed random movement in the connection region of the
cell-seeding chamber and the migration channel (supplemental
movie S7). In the migration channels, the cells were observed
moving toward the cell-receiving chambers; however, a com-
parable number of cells was observed to move in the opposite
direction, away from the cell-receiving chamber. As shown
in figure 4(B), those cells showed similar migration speeds
(toward: 16.84 + 10.77ymh‘1; away: 14.17 + 9.82,umh";
p =0.32). No cells were observed moving against the gradient
direction when a FBS gradient was present. From these results,
the SWCNT-exposed cells demonstrated their increasing
migration activities from low FBS concentration gradient to
higher concentration gradient compared to the non-SWCNT-
exposed cells group, in which the speeds for cell migration
towards the gradients were varied (figure 4(D)), cells migra-
tion against the gradient was always observed, and no clear
migration patterns or trends for non-SWCNT-exposed cells
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Figure 5. (A) Average number of migrating cells observed inside microfluidic gradient devices under different FBS concentration gradients
for chronically SWCNT-exposed cells and non-SWCNT-exposed cells (control). (B) Average number of migrating cells observed inside

the Transwell assays under different FBS concentration gradients for chronically SWCNT-exposed cells and non-SWCNT-exposed

cells (control). (C) Representative images showing the cells migrated through the Transwell insert membrane under different FBS
concentrations. The experiments were performed three times for each condition. Values are represented as the mean + s.e.m.

were able to be tracked under the conditions with or without
the presence of FBS chemical gradients.

3.4. Number of migrated cells

The number of migrated cells is a parameter commonly used
in conventional Transwell migration assay to indicate and
characterize cell migration. Cell migration with increasing
numbers is traditionally considered as a cancer hallmark and a
key characteristic of aggressive tumors. Additionally, it can be
used as a predictive indicator for metastasis.

For this study using the microfluidic gradient device, the
number of migrated cells was counted based on the method
introduced in the ‘Materials and methods’ section. Data for the
number of migrating cells were extracted and compared for
each FBS concentration as shown in figure 5(A). Additionally,
we performed parallel experiments using the Transwell assay
under different FBS concentrations as shown in figure 5(B).
Compared to the no-FBS condition, an increased number of
migrating cells in the presence of FBS was observed from
SWCNT-exposed and non-SWCNT exposed cells in both
microfluidic and Transwell assays. For SWCNT-exposed
cells, the number of migrating cells increased with increasing
FBS concentration gradients from no FBS presented to 15%
FBS, which were shown as 35 cells at no FBS presence, 62

cells at 5% FBS, 75 cells at 10% FBS, and 92 cells at 15%
FBS respectively for an average number from three experi-
ments for each condition.

For the 20% FBS concentration gradient, dramatically
decreased number of SWCNT-exposed cells (43 cells at 20%
FBS) was observed in the cell-receiving chamber within the
same experimental duration. The same trend of responses for
SWCNT-exposed cells was also observed in the Transwell
assay (figures 5(B) and (C)) with a reduced number of migrated
cells under the 20% FBS concentration. The possible reason
can be explained from the microfluidic experiment based on
the migration speeds of these cells shown in figure 4. The
exposed cells were able to respond to the presence of the FBS
gradient; however, they demonstrated significantly reduced
migration speeds, which then resulted in the reduced number
of migrated cells.

For non-SWCNT-exposed cells, no clearly increasing tra-
jectory for the number of migrating cells was observed under
different FBS concentrations in the Transwell assay. Similar
findings were observed in microfluidic studies in which the
number of migrated cells was varied under each condition and
no clear pattern was able to track. From this study, the chroni-
cally SWCNT-exposed mesothelial cells demonstrated more
sensitive towards the gradient changes compared to the non-
SWCNT-exposed cells.
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Additionally, because the experiments were performed
and imaged over 24 h, the cells’ divisions were observed
during the experiments. In our previous reported work using
Transwell assay (Lohcharoenkal et al 2013), Cyquant cell
proliferation and Hoechst 33342 assays were used to eval-
uate the exposed cells’ growth characteristics. The results
showed that chronically SWCNT-exposed mesothelial
cells induced cell growth about 1.5 times higher than that
of non-SWCNT-exposed cells. In the microfluidic experi-
ments, we observed more cell divisions in SWCNT-treated
cells. Figure 5 actually reflected the final result due to two
effects: cell migration by sensing the gradients and cell
proliferation. However, for the studies of migration speeds
in figure 4, the images were taken with a 15min interval,
and cell divisions were caught in some images, but it was
not possible to capture all cell divisions through the whole
experimental duration. In our future studies, it will be nec-
essary to combine proliferation assay analysis with cell
migration studies.

3.5. Biological mesothelial cell model for assessment of
nanotoxicity

With similar fibrous morphology and mode of exposure to
asbestos, growing concerns have arisen for elevated risk of
CNT-induced lung carcinogenesis. Evidence has shown that
CNTs are biopersistent and can cause lung damage (Shvedova
et al 2005, Mercer et al 2008); however, relatively little is
known about the long-term carcinogenic effects of CNTs. We
have previously shown the malignant transformation of these
CNT-exposed cells. Transwell assays were used for the studies
of cell migration in these experiments, and cell migration with
increased numbers was considered as one of the major fea-
tures indicating neoplasticlike transformation phenotype and
the aggressiveness of these mesothelial cells upon CNT expo-
sure (Lohcharoenkal et al 2013, Wang et al 2013).

The assessment of cell models for gradient sensing is
closely tied to technological advances (Berthier and Beebe
2014). 1- and 2D static microfluidic gradient devices with a
similar gradient generation approach have been applied for
studies of cell chemotaxis responses, and human neutrophils
or neutrophil-like cells, as very useful human cell migration
models, were studied most in publications (Berthier er al
2010, Butler et al 2010, Boneschansker et al 2014). Compared
with neutrophils, mesothelial cells are less studied in their
sensing of gradients. However, the chronically CNT-exposed
mesothelial cell is considered as a biological cell model for
predicting mesothelioma pathogenicity of nanomaterials
and assisting mechanistic studies of the cellular and molec-
ular events leading to mesothelioma. There is a vital need to
develop more physiologically relevant cell models for better
assessment and characterization of the mesothelioma hazard
posed by nanomaterials, and technologies like microscale
platforms to control spatiotemporal chemical gradients in a
reliable and precise way.

From our studies, the challenges of studying mesothelial
cells” migration using microfluidic gradient devices are: 1)

10

they are adherent cells and require an appropriate molecular
coating and coating concentrations as well as consider-
able cell seeding time. We tested collagen and fibronectin
coatings with varied concentrations and found 50ugmL~!
fibronectin coating provided the best results for cell adhesion
and mesothelial cells migration in sensing the gradients. 2)
Shear stress greatly affects mesothelial cells’ adhesion and
survival. In our early experiments using laminar flow-based
microfluidic gradient device, the gradients were generated
and maintained because of the continuous flows from differ-
ently concentrated streams, the cells continuously exposed
under the shear stress and gradually showed loss of their
attachment on the substrate, and then died during the experi-
ment without apparent migration under the gradients. 3) The
mesothelial cells demonstrated slow migration speeds and
it is critical to controll the gradient in a reliable and precise
way. Laminar flow-based gradient devices are not suitable
for studies of mesothelial cells because of continuous shear
stress exposure on cells, as shown in our previous attempts.
Thus, a better option for cell migration would be static gra-
dient devices similar to our design, in which the passive
diffusion of FBS from the reservoirs into the cell-receiving
chamber created a gradient in which the highest concen-
trations were in the cell-receiving chamber and the lowest
concentrations were in the regions of the migration chan-
nels connected to the cell-seeding chamber. 4) Controlling
the gradient regions. Different to the Transwell assay, the
cell seeding densities were harder to be controlled in micro-
fluidic gradient devices. The cells in the regions close to
the migration channels can sense the gradient quickly and
migrate through the migration channels. Cells beyond these
regions might sense the gradient and migrate toward the
channels; however, these cells have less chance of entering
the channel due to their migration speeds (based on the
measured speeds) and the experimental duration. The static
gradient device needs better optimization of the design to
control the cell population exposed under the gradient envi-
ronment and have majority cells sensing the gradients as
well as keeping a long-term stable gradient.

4. Conclusions

We presented a microfluidic static gradient device for
studying cell migration and the effect of chronic SWCNT
exposure on mesothelial cell migration. The device presented
here demonstrated a reliable approach to generate gradients
under diffusion while effectively reducing convective flow.
The device allows real-time tracking and identification of cell
migration at a single-cell level. More migration signatures
related to chronic CNT exposure of mesothelial cells could be
investigated using the microfluidic gradient device at first time,
and this provides benefits over the conventional Transwell
assay, in which the cell migration number is the only param-
eter to be tracked. Using this method, we demonstrated that
chronic exposure to SWCNTs increased the migratory activity
of human pleural mesothelial cells compared to non-SWCNT-
exposed cells, supporting their mesothelioma pathogenicity.



J. Micromech. Microeng. 25 (2015) 075010

H Zhang et al

This platform would be much needed for supporting the devel-
opment of more physiologically relevant cell models for better
assessments and characterization of mesothelioma hazard of
nanomaterials. Furthermore, the knowledge obtained from
this study would be valuable for the development of 3D cell
migration or cell invasive models in future studies of malig-
nant mesothelial cells. The described microfluidic gradient
device could be used to study the migration of other cell types
in which a gradient generated by non-shear flow conditions
may be more preferable.
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