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Abstract. We investigated the potential for using polydimethylsiloxane microfluidic devices in a biological assay to
explore the cellular stress response (CSR) associated with hyperthermia induced by exposure to laser radiation. In
vitro studies of laser-tissue interaction traditionally involved exposing a monolayer of cells. Given the heating-cool-
ing dynamics of the cells and nutrient medium, this technique produces a characteristic “bulls-eye” temperature
history that plagues downstream molecular analyses due to the nonuniform thermal experience of exposed cells. To
circumvent this issue, we devised an approach to deliver single cells to the laser beam using a microfluidic channel,
allowing homogeneous irradiation and collection of sufficient like-treated cells to measure changes in CSR after
laser heating. To test this approach, we irradiated Jurkat-T cells with a 2-um-wavelength laser in one branch of
a 100-um-wide bifurcated channel while unexposed control cells were simultaneously passing through the
other, identical channel. Cell viability was measured using vital dyes, and expression of HSPATA was measured
using reverse transcription polymerase chain reaction. The laser damage threshold was 25 42 J/cm?, and we
found a twofold increase in expression at that exposure. This approach may be employed to examine transcrip-
tome-wide/proteome changes and further comparative work across stressors and cell types. © 2013 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.18.11.117004]
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1 Introduction

Optical radiation can impart damage to tissue through a host of
biophysical and chemical mechanisms: photothermal, photo-
chemical, and photomechanical. The various forms of laser-
induced damage are determined by a combination of factors
including the total energy delivered to the tissue, the rate of
delivery, the wavelength of light, and the optical properties
of the irradiated tissue.! In addition, it is becoming evident
that these different damage mechanisms are not mutually exclu-
sive. For example, oxidative stress has been shown to contribute
to overall tissue damage within laser exposures that impart
predominately photothermal damage. The complex nature of
optical radiation and its ability to elicit damage via multiple
mechanisms necessitate a novel approach to the study of
laser-tissue interaction, one that comprehensively captures the
biochemical state changes occurring in cells following laser
exposure. Unfortunately, in the field of laser bioeffects, current
assessment of this interaction is largely restricted to an evalu-
ation of the overall damage outcome, whether by coarse visual
quantification, microscopic histological analysis of excised
tissues, estimates of “viability” using various protocols, and
to a lesser extent, analysis of select analytes (e.g., heat shock
protein 70) using various reporter constructs.””> Critically, an
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understanding of the cellular and molecular changes that
promote well-documented effects associated with laser-tissue
interaction remains insufficient.

Microfluidic devices offer the possibility of using lower
quantities of cells, high throughput, and detailed cellular analy-
sis for laser bioeffects research.>” Some of the demonstrated
applications of microfluidic systems include cell sorting, cell
trapping, cell culture, and electroporation.® Use of a microfluidic
device helps gather individually and similarly treated cells for
further molecular analyses. This technique overcomes the faults
of the traditional method of single exposures on whole cell pop-
ulations in a multiwell plate assay. In conventional bioeffect
studies, where a multiwell plate is used to irradiate cells, the
guassian profile of laser beam produces nonuniform irradiation
on the cells. Although flat-top laser beam profiles can be
achieved using beam shaper optics, the outputs of many lasers
commonly found in laboratories are not powerful enough to pro-
duce a uniform beam spot over the entire area of the plate. Using
microchannels of a microfluidic device, one needs a beam spot
only large enough to cover the width of the channel; hence, laser
power requirements are lower and uniform irradiation can be
achieved. In this paper, we demonstrate the utility of a micro-
fluidic device to expose mammalian cells to a 2-um-wavelength
laser irradiation. The 2-um wavelength irradiation was chosen
because it is strongly absorbed by water both inside and outside
the cell. The result is very rapid heating of extracellular and
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intracellular water, which causes thermal damage to critical
targets within the cell, where the photothermal damage mecha-
nism is dominant.’ Delivery of cells to the laser irradiation spot
at a constant velocity is tested. Uniformly laser-treated cells
were collected for further analyses, including cell viability and
heat shock gene expression.

2 Materials and Methods

2.1 Microfluidic Device Design and Fabrication

The schematic drawing of the microfluidic device is presented in
Fig. 1. It consists of a 6-mm-diameter enclosed inlet reservoir
through which cells are injected into the device channel.
The injected cells pass through an eight-channel filter assembly
where comparatively larger particles are blocked, followed by
a bifurcation of the inlet channel leading to two 3-mm-diameter
open outlet reservoirs. The dimensions of the various channels
are shown in Fig. 1. The device structure is 16 ym in height.
We also employed a second design consisting of a multi-
pass filtration system, as shown in the inset of Fig. 1.
Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning,
Michigan) was used to make the microfluidic device because
it is inexpensive, nontoxic to biological cells, optically transpar-
ent down to 230 nm, and easy to fabricate.'” Detailed procedures
for fabricating PDMS microfluidic devices can be found in
Duffy et al.'' Briefly, the desired design of the microstructure
was drawn using a computer-aided design program and profes-
sionally printed on transparencies. This transparency was then
used as a photomask in UV-photolithography to generate
a master mold. A thin layer of SU-8 photoresist (a negative pho-
toresist) was spin-coated on a silicon wafer to a thickness of
desired channel height (16 gm in our case). The photoresist
was exposed to UV light through the photomask. A developing
reagent was used to dissolve the unexposed regions. The result-
ing structure served as a master mold for fabricating PDMS
molds. To create the PDMS mold, the surface of the silicon/

photoresist master was treated with fluorinated silanes (which
prevent irreversible bonding to PDMS), and a liquid PDMS
prepolymer (in a mixture of 1:10 base polymer: curing agent)
was poured onto the photoresist master. Bubbles in the PDMS
mixture were removed using a vacuum chamber. The PDMS
was cured at 70°C for 1 h and peeled off the master mold,
producing the final microstructure design. The as-prepared
PDMS surface is highly inert. To make it more adhesive for
bonding to glass, a freshly prepared PDMS mold was exposed
to oxygen plasma at atmospheric pressure for about 20 s. This
breaks some crosslinks at the PDMS surface and makes it
more reactive. Before irreversibly bonding the PDMS mold
onto a glass slide, a 1-mm hole was punctured at the inlet
reservoir and 3-mm holes were punctured at both the outlet
reservoirs. Teflon tubing is connected to the inlet reservoir
via the 1-mm hole and is sealed with epoxy. The other end
of the tubing is attached to a syringe pump (NE-300, New
Era Pump Systems Inc., New York) for the delivery of cells.
The outlet reservoirs were kept open to manually collect cells
using a pipettor. The prepared microfluidic device can be auto-
claved to provide a sterile platform for the experiments. One of
the two channels is used to expose cells to laser radiation while
the other channel is used to collect nonirradiated cells for
comparison.

2.2 Cell Culture

Cultures of Jurkat clone E6-1 (human T-lymphocytes) cells
obtained from the American Type Culture Collection (ATCC,
Manassas, VA) were maintained at standard growth conditions
(37°C; 95:5—Air: CO,) in Roswell Park Memorial Institute
(RPMI)-1640 medium supplemented with 10% (v:v) fetal
bovine serum, 2 mM L-glutamine, 100 IU/ml penicillin, and
100 pg/ml streptomycin. To prepare cells for the microfluidic
devices, the cells were harvested during the logarithmic growth
phase, pelleted by centrifugation, and resuspended at a desired
concentration in a fresh growth medium.
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Fig. 1 Schematic of the top view of the microfluidic device. Inset shows the alternate filter design with multipass filtration system.

Journal of Biomedical Optics

117004-2

November 2013 « Vol. 18(11)



Butler et al.: Microfluidic approach for direct and uniform laser irradiation. ..

2 um laser 'Y <
Microfluidic chip ,

PN

-

- k'\
Syringe pump :_y

Fig. 2 Experimental setup for the 2-um-wavelength laser irradiation on
biological cells. Inset shows the schematic of the laser exposure
method. Images and videos are acquired in transmission geometry.

2.3 Experimental Setup

The microfluidic device was placed on the X-Y stage of an
inverted microscope with an attached camera. Cells were loaded
into the inlet reservoir using a 1-ml monoject syringe, which was
placed in a syringe pump. Pumping rates were set at the syringe
pump and adjusted to achieve the desired cell flow velocity.
Videos of cell flow were recorded at regular intervals to monitor
the stability of the cell flow velocity in the microchannel. The 2-
pm wavelength beam from a continuous wave fiber optic laser,
being invisible, was coaligned with a low power helium-neon
laser so that the 2-um beam spot could be directed without
using a near-infrared viewer. The laser beam was directed
such that it hit the microchannel at an angle, as shown in the
inset of Fig. 2. The spot size of the laser was 0.92 mm in diam-
eter at the surface of the PDMS chip. Once the cell flow velocity
was determined to be stable, cells flowing in one of the channels
were exposed to the 2-um laser. Both exposed and unexposed
cells were manually collected from the open outlets using a 0.1
to 10 ul pipettor and were stored in 2-ml microcentrifuge tubes.
To evaluate cell viability, cells were stained for 10 min with
a 1.5-uM solution of calcein AM and ethidium homodimer
1 (EthD-1) in Hanks balanced salt solution and then scored
to evaluate the live/dead ratio. Calcein stains live cells green and
does not stain dead cells, whereas EthD-1 stains dead cells red
but does not stain live cells.

3 Results and Discussion

The multipass filtration system (Fig. 1, inset) reduced the chan-
ces of completely blocking the inlet channel compared to the
eight-channel filtration system. This is because the initial filter
structures trapped larger particles, if there were any, within those
structures, which resulted in keeping the downstream channels
open. Achieving the desired cell velocity of 1 mm/s was a chal-
lenge due to the high flow velocity of cells in the 16-um-wide
channels. Having a tapered channel consisting of varying
dimensions before the bifurcation also contributed to undesired
flow rates. Therefore, the channel design was modified by
increasing the channel width to 150 gm while making it uniform
throughout the device except at the filter area. This enabled a
better control of the flow of cells. Instead of irradiating a single
cell at a time, this new design allowed us to irradiate several
cells at once while still achieving uniform irradiance on every
cell passing through the channel under the laser beam spot.
We discovered that maintaining a stable critical cell flow rate
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throughout the period of a particular experiment was difficult
due to the sedimentation of Jurkat-T cells inside the syringe
and connecting tubing. We also observed sedimentation and
aggregation of cells in the inlet reservoir. It was easy to observe
the cell medium flowing over the top of the sedimented suspen-
sion of cells in the inlet reservoir and into the channels, occa-
sionally carrying a few cells. In a microenvironment created by
microfluidic devices, where the Reynolds number for fluid flow
is much <1, cell flow is dominated by diffusion. Gravitational
effects are neglected in determining flow rates in the micro-
fluidic devices but are dominated by a ratio between inertial
and frictional forces.'> However, the dissertation work by
Marchington'? calculated a corrected “settling” velocity, show-
ing that a cell within a typical 100-ym microchannel is expected
to fall out of suspension within 10 s because cells are denser
than the surrounding medium. Various input cell densities
ranging from 1 million cells/ml to 6 million cells/ml were
evaluated. We observed that, for input cell densities lower
than 3 million cells/ml, there is a lack of supply of cells due to
sedimentation which affects constant cell flow through chan-
nels. Even though a stable cell flow velocity of 2 mm/s was
achieved, cell throughput was not steady. Hence, each exposure
run took about 30 min to collect enough cells to be useful for
subsequent analysis. After multiple runs (typically 6), we
observed cell lysing inside the device.

Reducing the time duration of the exposure and collection of
treated cells, achieving a stable cell flow rate close to the critical
flow rate, and collecting enough cells to do any relevant cell-
based assays were of particular interest. This was achieved
by reducing the diameter of the inlet reservoir from 6 to
1 mm, thus creating a direct flow of cells into the channel.
We were able to achieve steady cell flow velocities of 2.5 to
4 mm/s for ~15 min while exposing enough cells to perform
post-exposure measurements. Flow velocities down to 1 mm/s
can be achieved; however, the cell collection efficiency becomes
poor. Images of Jurkat cell flow are shown in Fig. 3. The camera
exposure time used for Fig. 3 images is 20 ms. The velocity of
the cell flow is calculated using streak length divided by expo-
sure time. Flow rate during laser exposure was maintained con-
stant in the microfluidic channels to obtain reliable flow velocity

Fig. 3 Phase contrast transmission images of live Jurkat cell flow
through a 150-um channel taken at different intervals. The 2-um laser
was irradiated on the channel at this spot. Cell flow velocity was calcu-
lated from streak length and exposure time.
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Fig. 4 Panels (a)—-(h) show images of cells stained for viability after 2-um laser exposure. Panels a, ¢, e, g show live cells (green fluorescence) and panels
b, d, f, h show dead cells (red fluorescence). Corresponding live and dead images of each case are taken under the same imaging conditions.

estimation. Exposure experiments were conducted using a cell
density of (6.4 £ 0.5) x 10° cells/ml and a pumping rate of 0.5
to 1 ul/ min at the syringe pump. Flow velocity estimation is
independent of the concentration of cells used; however, cell
concentration should be low enough to calculate accurate veloc-
ity estimates. The concentration of cells used in our experiments
was low enough to find and measure individual streaks while
providing sufficient cell throughput.

Laser fluence at the cell path is determined by measuring
transmission of laser radiation through the cell suspension in
the channel and also from reflection at the PDMS surface.
Laser exposures were between 220 and 360 ms duration as
that was the length of time for cells to transit the laser beam
spot and was estimated from the flow velocity of a cell.
Therefore, the output of the laser (irradiance in W/cm?) was
adjusted to provide the indicated radiant exposure (J/cm?) dur-
ing the time period of exposure. For post-exposure analyses,
the initial cell suspension that passed through the channels
with variable flow rate was collected and discarded continuously
until a desired velocity was reached. Laser exposure was initi-
ated only after a stable flow velocity was achieved. To remove
the presence of remaining unexposed cells completely, laser
exposure was continued on the cell suspension at the channel,
treated/untreated cells were collected and discarded three times
(~6 pl) from the collection wells.

Viability of Jurkat-T cells following 2-um laser irradiation in
a microfluidic device was tested using calcein AM and EthD-1
viability staining kit. Equal volumes of stained cell suspension
were taken in a 96-well microtiter plate for analysis. Grayscale
images of stained Jurkat cells for two radiant exposures as seen
under a fluorescent microscope are shown in Fig. 4. The cell
viability analysis for different radiant exposure values is plotted
in Fig. 5. The cell viability was scored after examining through
the entire volume of 100-ul cell suspension in the well even
though only a fraction of the examined cells throughout the vol-
ume is shown in Fig. 4. If at least half of the total cell population
showed red staining, the population of cells was classified as not
meeting the threshold for survival. In laser injury experiments,
the threshold point ED-50 is cited as 50% probability of injury.
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Our experiments show that ED-50 for Jurkat cells is
25 42 J/cm?. This agrees well with recent data using this sys-
tem to evaluate effects of red light on cell killing by 2-um laser
radiation.'* It should be noted that the damage threshold will be
dependent on irradiance (W/cm?) only when photothermal
damage mechanism is the dominating one.'> The same trend
was observed in the current study as we used 2-um laser that
induces predominantly photothermal damage on the cells.
Preliminary messenger ribonucleic acid (mRNA) analysis
was conducted and expression levels of HSPATA (a heat shock
protein) are plotted in Fig. 6. Heat shock proteins (HSPs) were
initially discovered as heat or cellular stress induced proteins.
Over the last decade, research has concluded that HSPs play
a role in cancer progression and the development of resistance
to chemotherapeutic agents. HSPA1A is not normally present
in significant amounts in nonstressed normal cells. It is
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Fig. 5 Cell survivability histogram of exposed Jurkat cells. Unexposed
cells at all doses were determined to be alive.
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Fig. 6 (a) Agarose gel illustrating mRNA levels in exposed and unexposed Jurkat cells. (b) Histogram of fold changes in mRNA induction levels of
exposed cells relative to unexposed cells. (c) Numerical values of laser fluences used.

upregulated in response to stress stimuli and promotes cell
survival.'® HSPA1A is reported to promote survival of tumor
cells through inhibition of apoptosis. HSP expression was not
observed for laser fluences beyond 24 J/cm?. We suspect
that the laser fluence was sufficiently high to induce necrotic
rupture of the cells, thus no expression of HSPA1A.

4 Conclusion

In this paper, the development toward a microfluidic device
which enables the delivery of continuous biological cell flux
is presented. Steady flow rates of 2.5 to 4.0 mm/s were
achieved using 0.5 to 1 ul/ min of pumping rate. The cell viabil-
ity analysis showed that cell survivability ceases above a laser
exposure of 25 +2J /cmz, whereas little to no cell death was
found in the control samples. Our preliminary results show
a twofold increase in HSPA1A expression levels as the fluence
approaches the laser damage threshold before the cells undergo
necrosis.
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