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1 Introduction

Cell migration is critical for the survival, development and

Abstract. Cancer cells create a unique microenvironment in vivo that
enables migration to distant organs. To better understand the tumor micro-
environment, special tools and devices are required to monitor the inter-
actions between different cell types and the effects of particular chemical
gradients. Our study presents the design and optimization of a versatile
chemotaxis device, the nano-intravital device (NANIVID), which consists
of etched and bonded glass substrates that create a soluble factor reser-
voir. The device contains a customized hydrogel blend that is loaded with
epidermal growth factor (EGF), which diffuses from the outlet to create a
chemotactic gradient that can be sustained for many hours in order to
attract specific cells to the device. A microelectrode array is under devel-
opment for quantification of cell collection and will be incorporated into
future device generations. Additionally, the NANIVID can be modified
to generate gradients of other soluble factors in order to initiate controlled
changes to the microenvironment including the induction of hypoxia,
manipulation of extracellular matrix stiffness, etc. The focus of the article
is to present the design and optimization of the device towards wide
ranging applications of cancer cell dynamics in vitro and, ultimately,
implantation for in vivo investigations. © 2012 Society of Photo-Optical Instrumenta-
tion Engineers (SPIE). [DOI: 10.1117/1.JMM.11.1.013013]

Subject terms: cancer cell migration; microfabrication; impedance spectroscopy;
3-D culture; hypoxia.
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mechanisms.'>"'”  Chemoattractant gradients have been
formed through microfluidic devices '®!” and by using spa-
tial patterning techniques.”® Additionally, 3-D assays >/~

maintenance of multicellular organisms.'™ External stimuli
are required for guiding normal cellular migration,"” but
tumor cells can respond to these signals in unintended ways,
leading to tumor progression® and dissemination.” A tumor is
a dynamic system that can evolve and adapt its microenvi-
ronment to facilitate angiogenesis and metastasis.”'! As a
tumor grows, some regions lose access to sufficient oxygen
tension, producing a hypoxic environment.'” Studies have
shown that hypoxia plays an important role in tumor progres-
sion, affecting the metastatic spread of cancer and the
selection for cells with a more aggressive phenotype.'>!*
Deeper understanding of the processes involved in tumor
progression, such as chemotaxis and hypoxia, requires
robust technologies that are capable of changing the cellular
microenvironment both in vitro and in vivo.

A variety of cellular chemotaxis assays have been devel-
oped to understand cellular migration and the underlying

*These authors contributed equally to this work.
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have been developed to mimic the in vivo microenvironment;
however, most of these assays are created for in vitro char-
acterization studies, and there are significant difficulties in
transitioning them to in vivo applications. The only known
chemotaxis assay that can be easily used both in vitro and
in vivo is a needle-based assay.>* In this assay, a stainless
steel needle (100 pm inner diameter) is loaded with matrigel
and growth factors and used to create a physiologically rele-
vant gradient to attract cells. This assay was able to collect
invasive tumor cells, whose gene expression profile was
determined.” However, this assay does have some limita-
tions, including that the gradient is sustained for only a
few hours and in vivo imaging of the tumor during the
assay is not possible.

‘We have developed a novel research tool, called the nano-
intravital device (NANIVID),?® to replace the existing needle
assay. The NANIVID is made of biocompatible, optically
transparent materials and contains a customized hydrogel
for the sustained release of encapsulated materials over sev-
eral days. The devices can be loaded with a chemoattractant,
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such as EGF, or agents to induce changes in the tumor
microenvironment, such as cobalt chloride (CoCl,), which
can artificially induce hypoxia.”’*® When hydrated, the
hydrogel expands and passively releases the loaded factor
into the environment through the single outlet of the device.
When loaded with EGF, the device attracts cells through the
active migration of the cells towards the chemoattractant gra-
dient released from the device. To monitor the real-time cell
migration into the device, a scaled down electrode system is
designed to detect the presence of cells based on a change in
impedance. The NANIVID can also be used as a dissemina-
tor of chemical agents to manipulate the microenvironment
as desired. The fabrication process and materials were
selected so that it can be used easily in both existing tissue
culture techniques (2-D, 3-D) and in animals.

2 Materials and Methods

2.1 Device Fabrication and Loading

The fabrication of the devices has been described pre-
viously.26 For the reservoir chamber, a gold and chrome
film was deposited on both sides of Pyrex® glass substrates
using electron beam evaporation. Photoresist was spun on
both sides followed by photolithography. Both metals
were etched on one side using Chromium etchant 1020
(Transene) and Gold Etchant TFA (Transene) followed by
an isotropic etch of the Pyrex® substrate using hydrofluoric
acid to form the chamber. The remaining photoresist and
metals were removed from both sides, leaving the transparent
glass substrates. The finished substrates were diced and
cleaned in acetone, isopropanol, and ethanol. Poly(dimethyl-
siloxane) (PDMS, Sylgard) was spun on an acetate sheet,
and the top covers of the device were placed on the
PDMS, which was then cured overnight at 60°C. Both the
bottom reservoir and the PDMS-coated top cover were
exposed to oxygen plasma for 15 s. The hydrogel consisted
of 20% polyethylene glycol diacrylate (PEGDA, Glycosan)
blended with 10% methoxy polyethylene glycol-550 mono-
acrylate (PEGMA, Sartomer) and Irgacure 2959 (BASF).
The hydrogel was mixed with EGF (Invitrogen Corporation)
and was cured under UV light for 2 min. For the hypoxia
experiment, devices were loaded with 20 mM CoCl,
(Sigma-Aldrich). The two pieces were then sealed together
to form the finished device.

Reservoir

Outlet

2.2 Device Design

Two different device designs were utilized in this work. In
the 2-D experiments, a rectangular device design was used,
as shown in Figs. 1(a) and 1(b). The hydrogel was loaded and
cured in the central round region of the device. A triangular
chamber allowed room for the diffusion of EGF and led to a
single outlet in the device. A point gradient was thus pro-
duced from this outlet and the nearby cells were attracted
towards the device. For the 3-D experiments, a narrower,
pointed device was designed to allow for easier insertion
into a tumor, as shown in Fig. 1(c). This design also incor-
porated fluorescent polystyrene beads (FluoSpheres®,
Invitrogen) in the top cover to indicate the device opening.
Due to the use of optically transparent materials, finding
the device opening while inside a tumor would be difficult
without these fluorescent markers. The pits in the top cover
for the fluorescent beads were made using the same process
as the reservoir, and the beads were loaded before
placing the top covers on the PDMS sheet.

2.3 Device Release Dynamics

Devices were loaded with Rhodamine-EGF (R-EGF, Invitro-
gen Corporation) mixed into the hydrogel blend and bonded
as described above. In the bulk release experiments, multiple
devices were placed in each well of a 12-well plate. The
devices were hydrated in starvation media consisting of
L15 media (Sigma-Aldrich) and 0.8% bovine serum albumin
(BSA, Sigma-Aldrich), degassed briefly by low vacuum
treatment, and inspected using an optical microscope.
Samples were then collected from each well at various
time intervals and stored at —20°C until measurements. The
collected samples were transferred into 96-well plates along
with standard solutions and analyzed using the Infinite M200
Plate Reader (Tecan). The fluorescence intensity was then
converted into a concentration using a standard curve. To
quantify the chemical gradient released from the device,
R-EGF loaded devices were hydrated in a Petri dish with
starvation media and then transferred to a MatTek® glass-
bottom dish. A thin layer of mineral oil (Sigma-Aldrich)
was cast on the top of the media to reduce evaporation
and the device was imaged using a fluorescence microscope.
Time lapse experiments were performed and the images were
analyzed using Imagel] software (NIH). The fluorescence
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Fig.1 (a) A 3-D representation of the in vitro NANIVID. (b) Optical image of in vitro device. (c) Optical image of the device used in the 3-D chemotaxis
experiments. (d) Experimental set up of the 2-D chemotaxis assay. The direction of the EGF diffusion and the cell migration are shown.
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intensity was measured from the outlet of the device and con-
verted into an R-EGF concentration using the standard curve.

2.4 Cell Culture in 2-D and 3-D

For the 2-D experiments, MTLn3 Mena™ and MTLn3 rat
mammary adenocarcinoma cells were cultured in polysty-
rene dishes using alpha-MEM media (Invitrogen Corpora-
tion). The media was supplemented with 5% fetal bovine
serum (FBS, Gemini Bio-Products), 0.2% Sodium Bicarbo-
nate (Sigma-Aldrich), and penicillin/streptomycin (Gibco/
Invitrogen Corporation). The cells were kept at 37°C under
humid conditions with 5% carbon dioxide. For the 3-D
experiments, MDA-MB-231 human mammary carcinoma
cells expressing green fluorescent protein (GFP) were sus-
pended as a single cell population and mixed in matrigel
(BD Science) at a concentration of 10° cells/mL. Approxi-
mately 200 uL of matrigel containing MDA-MB-231 cells
was crosslinked at 37°C in a glass-bottom dish. The cells
were cultured in DMEM (Invitrogen Corporation) contain-
ing 10% FBS (Atlanta Biologicals, Inc.) and penicillin/
streptomycin.

2.5 Cell Migration Assay (2-D)

MTLn3 Mena™ cells were starved in L15 media including
0.8% BSA for 2.5 h before the migration assay. Devices
loaded with various concentrations of EGF (0, 4.5, 5, 6,
7, and 7.5 M) were hydrated in starvation media and
then transferred to the dishes that contained the starved
cells. Figure 1(d) shows the direction of the EGF diffusion
and cell migration in this experimental setup. Images were
collected every 2 min under a phase contrast microscope
for a total of four hours. The collected images were analyzed
using ImagelJ software (NIH). The centroid of each cell was
tracked using the ROI Tracker plugin. The cell tracking data
was analyzed to generate vector plots and calculate the turn-
ing frequency, directionality, chemotaxis index, and effective
chemotaxis index of the cells. For each concentration used,
10 to 25 cells were tracked in three separate experiments.

2.6 Cell Invasion in 3-D

MDA-MB-231 cells expressing GFP were starved overnight
in L15 media supplemented with 0.8% BSA and 0.5% FBS.
Devices loaded with hydrogel containing 2 uM EGF were
hydrated in matrigel and degassed by low vacuum treatment.
The degassed devices were examined under a microscope
to assure that no air bubbles were trapped in the device
chamber. Devices were then inserted into the matrigel matrix
containing the starved MDA-MB-231 cells. The region near
the device opening was imaged at different time intervals
using a Leica SP5 confocal microscope. Z-stacks of this
region were analyzed using ImagelJ software.

2.7 Electrode Fabrication and Encapsulation

As mentioned above, the development and testing of these
encapsulated electrodes are directed at scaling available
designs down to be integrated into the NANIVID. Impe-
dance spectroscopy has been used previously to measure
cell proliferation on electrodes.””* Interdigitated indium
tin-oxide (ITO) electrodes and gold line electrodes were fab-
ricated using photolithography.”! The substrates were diced,
cleaned, and covered with a PDMS top cover. The PDMS top
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cover was cast using an SU-8 mold. To fabricate the mold,
a 100-mm silicon wafer was Piranha cleaned using a 3:1
mixture of H,SO, (Transene Company): H,O, (Puritan
Products). SU-8 2100 (Microchem) was spun on the
wafer at 2000 rpm for 30 s. The wafer was baked at 65°C
for 10 min and 95°C for 45 min followed by exposure in
an EVG 640 Contact Aligner. Post exposure bakes were per-
formed at 65°C for 5 min and 95°C for 30 min, followed by
development in SU-8 developer (Microchem). The SU-8
mold surface was treated with SigmaCote (Sigma-Aldrich),
and the PDMS solution was cast on the treated mold. The
PDMS solution was prepared by mixing the polymer and
curing agent at a 10:1 ratio. The PDMS was cured on the
mold overnight at 60°C. The cured PDMS was removed
from the mold and cut according to the device dimensions.
The microelectrode substrate and the PDMS cover were
treated with oxygen plasma to activate their surfaces and
then bonded together.

2.8 Impedance Measurements

The bonded electrodes were sterilized overnight under UV
light. After rinsing with phosphate buffered saline, the device
was exposed to an oxygen plasma for 5 min to improve cell
adhesion. Alpha-MEM was added and baseline impedance
measurements were taken using the PARSTAT 2265 Poten-
tiostat (Princeton Applied Research). The cells were sus-
pended in media and added to the Petri dish containing
the device. The cells adhered to the electrodes and the
impedance was measured in triplicate at various cellular
confluences. Impedance measurements were taken in the
frequency range from 1 Hz to 1 MHz at 10 mV rms with
seven points per decade. The cells were imaged at each
measurement over a period of three to four days, and the
cell coverage was determined by analyzing images using
Imagel. The cell impedance data was normalized to the base-
line (i.e. media only) impedance in order to determine the
percent change at each frequency so that the ideal frequency
range for these measurements could be identified. The impe-
dance values at the optimal frequency were plotted against
the corresponding coverage of cells on the electrodes.
When the electrodes are incorporated into the NANIVID,
these plots will serve as calibration curves to determine
cell coverage from the impedance value at the optimal
measurement frequency.

2.9 Mimicking Hypoxia and HIF1-«
Immunofluorescence

CoCl, was selected as a hypoxia mimicking agent for use
with MTLn3 cells. The cells were cultured on UV sterilized
glass coverslips for 24 h, after which a CoCl,-loaded device
and fresh culture media were added. The cells were then
incubated with the device for 6 h. Reference marks were
made on the coverslip at the end of experiment to note
the position of the device. The cells were fixed in a 4% par-
aformaldehyde (Sigma-Aldrich) solution for one hour, then
permeabilized in 0.2% Triton-X 100 (Sigma-Aldrich) for
15 min and blocked using 5% FBS (Atlanta Biologicals,
Inc.). A 1:50 dilution (40 pug/mL) of mouse monoclonal
antibody to HIF1-a (Abcam Inc.) was added to the cells
overnight at 4°C. A 1:100 dilution (14 ug/mL) of
DyLight™ 649-conjugated donkey anti-mouse antibody
(Ex/Em: 649/670 nm, Jackson ImmunoResearch Lab
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Inc.) was then incubated at 37°C for one hour.
Finally, a 1:200 dilution (5 pg/mL) of DAPI nucleic acid
stain (Ex/Em: 358/461 nm, Invitrogen Corporation) was
incubated at 37°C for 15 min. Fluorescence imaging was
performed on a Leica scanning confocal microscope and
Leica software was used for image analysis. The image
was divided into 50 X 775 um? regions and analyzed with
the Leica software to calculate the DyLight™ 649 and
DAPI intensities. Three CoCl, loaded and three empty
devices were compared.

3 Results and Discussion

3.1 EGF Gradient Formation

Polyethylene glycol based (PEG-based) hydrogel systems
have been shown to release biologically active growth factors
into the surrounding environment in a controlled fashion.*> A
custom blend of PEGDA (20%w/v) and PEGMA
(10% w/v) hydrogel was used to create a highly porous
matrix from which loaded chemical agents could passively
diffuse and establish a concentration gradient. R-EGF was
used in a device release study to characterize the chemical
gradient released from the device. Figure 2(a) shows the
bulk release profile of R-EGF from the device over time.
In these experiments, a slow and sustained release of the
growth factor was observed. An average of more than
20% of the total growth factor in the hydrogel was released
from the device over a period of 48 h. The chemical diffusion
gradient from the devices was measured over the same dura-
tion as the cellular migration studies. Figure 2(b) shows the
R-EGF gradient from the device outlet. The hydrogel system
used in the device was self sufficient in releasing the
entrapped molecules into the environment in that it required
no external input. The gradient profile was flat in the first
20 min of the experiment and started to rise after 30 min,
reaching a maximum value after three hours, as shown in
Fig. 2(b). At 40 min, the gradient (the percent difference
between the front and back of the cell) across a 10 gm
cell within 250 ym of the device was about 0.7%. This
value rose to 2.2% at three hours.

3.2 Cell Migration Studies

Chemotaxis is the directed movement of cells up a chemical
concentration gradient. These devices were able to create
a suitable shallow growth factor gradient to induce cancer
cells (MTLn3 Mena™) to migrate toward the device. The
devices were loaded with a hydrogel blend containing

A Rhodamine-EGF bulk release
o 0.2,
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Fig. 3 Vector plots of MTLn3 Mena™ cells responding to the EGF
gradient from the device. (a) A representative image of final frame
of the tracked cells in EGF gradient, with the device on the right
side (not shown). White arrows represent the displacement of the
cells and color lines (see online version) are the paths traveled by
these cells. (b) and (c) Vector plots of the cells from the control
and 7 uM device experiment, in which all the vectors were superim-
posed at the common origin.

various concentrations of EGF and tested in vitro. The migra-
tion of the cells can be depicted by a vector plot, which
shows the overall movement of each cell. Vector plots are
an ideal way to determine the phenotypical behavior of
these cells in the presence of chemoattractant gradients.
Figure 3(a) is a representative image of cells tracked in
the last frame of an experiment with the device located on
the right-hand side. Each white arrow shows the overall dis-
placement (or vector) of the cell in that particular experiment,
while the colored lines (online version) depict the actual path
of the cells. In the vector plots, all of the cell vectors were
superimposed on one common origin to display the overall
trend. Figure 3(b) shows the control experiment (0 uM EGF)
in which the cells moved, as expected, in random directions.
In the control experiment, the magnitude of each vector was
small, indicating that these cells did not move far from their
initial location due to the randomness of their movement.
When the EGF loaded devices were used, the growth factor
gradient generated from the device outlet caused a change
in cell movement. The cells detected the gradient in their

B Rhodamine-EGF Gradient
25 r
3 hr

—_
=
=
B 1.5 [40 min
2
MI 20 min

0.5 T T \

100 200 300

Distance from outlet (um)

Fig. 2 Rhodamine-EGF release from the device. (a) The bulk release of R-EGF into the dish from the device. (b) R-EGF gradient profile along the

device axis over time.
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microenvironment and migrated toward the device. As the
EGF loading was increased, the cell response became more
pronounced with a maximum response observed at 7 uM
loading, as shown in Fig. 3(c). The devices loaded with EGF
concentrations below and above 7 uM caused the cells to
start losing directionality due to a weak EGF gradient and
a higher degree of receptor saturation, respectively.

The turning frequencies of the cells, as shown in Fig. 4(a),
indicate that, as the loading of EGF in the device was
increased up to 7 uM, the turning frequency of the cells
decreased. The rate of turning was higher in the control
experiments with no EGF in the device, with an average
recorded value of 41.4 deg/min. The minimum turning
frequency observed was at 7 uM, with an average value of
24.4 deg/min. The cells with a higher turning frequency
were less directional and moved randomly for the duration
of the experiment, with the majority of the cells ending up
near the starting position. Directionality is the ratio between
the displacement and the total path traveled by the cell.
Figure 4(b) shows the directionality of MTLn3 Mena™ in
the concentration gradient of the chemoattractant, which
shows the opposite trend as compared to the turning fre-
quency. The lowest directionality was observed in the nega-
tive control (0 uM) device, while the highest directionality
was recorded with the 7 uM loaded devices, with an average
value of 0.71, approximately three times greater than the
control. The average value of the directionality was reduced
in devices with an EGF concentration greater than 7 uM,
likely due to EGF receptor saturation. The average values
of directionality were more than 0.6 for all the devices
with an EGF concentration of 5 uM or more. This implies
that the effect on cells will be maintained for long periods
of time in agreement with the EGF release results of
Fig. 2(b). Essentially, the concentration of the EGF released
from the device will decrease after reaching a maximum, at a
time beyond the gradient measurements shown in Fig. 2(b).
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Fig. 4 Quantification of cellular motility. (a) Turning frequency of
MTLn3 Mena™ cells in the presence of EGF-loaded device (b) Direc-
tionality of the same cells. (c) The chemotaxis index and (d) the effec-
tive chemotactic index (directionality * chemotaxis index) of the cells
in the EGF gradient generated by the NANIVID. [Error bars represent
+ standard deviation from three experiments, 10 to 25 cells in each
experiment. Statistical significance from the control is indicated by the
line with star on the top (p < 0.05)].
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Even at these lower concentrations, the device will still form
a gradient that can attract cells, extending to useful life of
a single device.

The degree of chemotaxis can be calculated as the
chemotaxis index, i.e., the cosine of the angle between
the vector plot and the device axis. This is plotted in
Fig. 4(c), showing that MTLn3 Mena™ cells respond to
the growth factor gradient. EGF-loaded devices showed
an average chemotaxis index greater than 0.8 due to the pro-
duction of a long-lived EGF gradient, while the control
devices had a chemotaxis index of nearly zero. While the
directionality demonstrated the mobility of the cells, it did
not correlate the chemical gradients with the direction of
migration. On the other hand, the chemotaxis index provided
information about the cellular response to a chemoattractant
gradient, but did not show the distance travelled. Combin-
ing the two yielded the effective chemotaxis index, which
helped determine the optimum chemoattractant concentra-
tion range.!” Figure 4(d) shows the effective chemotaxis
index of MTLn3 Mena™ cells, which gives an optimum
concentration range for this device from 5 uM to 7 uM.
A maximum of 0.649 effective chemotaxis index was mea-
sured in the device loaded with 7 uM EGF, while the effec-
tive chemotaxis index was close to zero in the control
experiments. It should be noted that MTLn3 Mena™ cells
exhibit contact inhibition and change directions after con-
tacting other cells. In the migration studies, the cells were
tracked for the entirety of the experiment, including after
multiple collisions with the neighboring cells, which may
give rise to the relatively large error bars.

This device was able to attract the cells in a 2-D environ-
ment by establishing a growth factor gradient. In prepara-
tion for in vivo studies, the design was modified and tested
in vitro in 3-D culture. In this new design, the front of the
device was diced at a 45° angle, resulting in a sharp edge for
easy insertion. In addition, the outlet was moved to the side
of the device to eliminate the possibility of clogging the
device opening during insertion and marked with fluorescent
polystyrene beads embedded in the top cover. Figure 5(a)
shows a schematic of the 3-D cell invasion assay, in which
MDA-MD-231 cells expressing GFP were cultured in a
matrigel-based 3-D matrix. The device was inserted into
the matrix, generating a 3-D gradient from the outlet. Figure 5
(b) shows the cells in the matrigel near the device on the first
day of the experiment. After 24 h, the number of cells
increased [Fig. 5(c)]. The corresponding images for the
control, a NANIVID with no EGF loaded, are shown in
Figs. 5(d) and 5(e). The devices were inserted into a matrigel
matrix containing similar distributions and concentration of
starved cells. After 24 h, the MDA-MB-231 cells were polar-
ized toward the EGF device, as seen in Fig. 5(c). These initial
experiments demonstrated that the growth factor gradient
from the NANIVID not only polarized cells toward the
device opening in a 3-D matrix, but also increased the popu-
lation of cells near the outlet by active migration of cells in
3-D environment in 24 h. Further experiments are in progress
to evaluate the device in vivo and will be reported in future
publications.

3.3 Impedance Spectroscopy Measurements

The NANIVID is under optimization to collect cells both
in vitro and in vivo. In order to measure the real-time status
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NANIVID

Y

/radient

MDA-MB-231 cells Matrigel

Growth factor

Fig. 5 MDA-MB-231 cells 3-D invasion assay. (a) Schematic of the assay. A side channel NANIVID is inserted into matrigel containing MDA-MB-
231 GFP expressing cells. EGF (2 uM) device at (b) 0 and (c) 24 h, showing a top view of the device, with green fluorescent cells and red fluorescent
polystyrene beads (see online version). The control device at (d) 0 and (e) 24 h. Scale bars are 100 ym.

of the device, a non-invasive, cell counting electrode system
is being developed in parallel and will be integrated into the
device in the future. MTLn3 Mena™ cells were grown on
top of various electrode designs both on open dies and inside
bonded devices. The characterization of open electrodes with
different materials and designs is presented elsewhere.®!
Here, the focus is on measuring cellular survival and prolif-
eration on the patterned electrodes inside the bonded devices.
A low density of cells (10*/mL) was seeded and allowed to
proliferate for three days on the covered ITO interdigitated
electrodes. Each of the 64 fingers on the interdigitated elec-
trodes were 10 ym wide, 375 ym long, and separated by
5 pm. The devices were kept sterile and the measurement
methods were compatible with standard cell culture proto-
cols. MTLn3 Mena™ cells adhered to the electrodes after
four hours and grew normally as on a glass substrate for mul-
tiple days. The impedance spectra collected at the various
times were normalized to the media only baseline measure-
ments to identify the most sensitive frequencies. Figure 6(b)
shows the response of the ITO interdigitated at 3 kHz, which
was found to be the optimal frequency. It is observed that
with low cell coverage there is a rapid change in impedance,
while at higher densities the change begins to plateau. At
100% confluence, there is a 5% increase in impedance
over the baseline measurement.

Initially, the electrodes were made of indium-tin oxide
(ITO) because the devices needed to be transparent, but
due to reduction in the size of the device, the available
area of the electrode was limited. Fortunately, it was
found that an electrode system containing just two parallel
lines showed a significantly higher response than the inter-
digitated system.®" Also, the high resistivity of ITO caused a
high background impedance, which obscured the effects of
the cells on the total impedance of the system. Therefore, the
next generation of electrodes was made with gold.
Figure 7(a) shows the response of the gold line electrodes,
which were 550 ym long, 10 ym wide, and separated by
100 pm, for which the optimum frequency was determined
to be 13 kHz. At 100% confluence, the impedance was 30%
greater than the baseline, a significant improvement over
the ITO devices. These line electrodes are not transparent;
however, due to the small feature size, they can be easily
incorporated into future generations of the NANIVID
without significantly interfering with the imaging, as
shown in Fig. 7(b).

3.4 Mimicking Hypoxia

A second application for the device is to act as a dispersant
of specific chemical agents in the tumor microenvironment

Side View B 1.06 - IDE Impedance at 3 kHz
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Fig. 6 (a) Side and top views of the encapsulated electrodes used in this experiment. (b) The normalized real impedance of MTLn3 Mena'™ cells on
ITO interdigitated electrodes. The plot shows the relationship between the impedance change and the percent cell coverage area. (c) An optical
image showing the cell attachment on the electrodes. The scale bar is 100 um.
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Fig. 7 (a) The normalized real impedance of MTLn3 Mena'™ cells on gold line electrodes. The plot shows the change in impedance versus the
percent cell coverage area. (b) An optical image showing the cell attachment on the gold electrodes. The scale bar is 100 um.
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Fig. 8 The ratio of DyLight 649 to DAPI showing an increase in HIF1-
a expression near the inlet of the CoCl, loaded NANIVIDs (w) com-
pared to the control (O) (n = 3).

in order to manipulate that environment in ways of interest.
A hypoxia mimicking agent was selected due to the link
between hypoxia and tumor progression and metastasis.'”
Hypoxia-inducible factors (HIFs) are transcription factors
involved in the cellular adaptive response to hypoxia.
HIF1-a, a subunit of HIF-1, is regulated by oxygen levels
and growth factors.** Under normal oxygen conditions,
HIF1-a is readily degraded by the ubiquitin-proteasome
pathway.** However, under hypoxia, the HIFl-a protein
is stabilized and will accumulate in the cell. Cobalt
has been shown to bind to HIF1-a and stabilize the protein,
preventing degradation and mimicking the effects of
hypoxia.®

To investigate the response of MTLn3 cells to an artifi-
cially induced hypoxic environment, devices were fabricated
and loaded with 20 mM CoCl,. The devices were incubated
with the cells for 6 h, followed by immunostaining
for the presence of HIF1-a. The ratio of the intensity of the
DyLight™649 secondary antibody to the intensity of the
DAPI nuclear stain provided the levels of expression of
HIF1-a while compensating for slight differences in cell den-
sity in regions of interest. As seen in Fig. 8, for the three
CoCl, loaded devices, the DyLight™ 649/DAPI intensity
ratio was highest near the device opening and then decreases
with distance demonstrating the establishment of a CoCl,
gradient. Three control devices, with no CoCl,, also plotted
in Fig. 8, showed no noticeable changes in HIF1-a expres-
sion. A few hundred microns away from the device opening,
the level of HIF1-a expression of the cells incubated with the
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CoCl, loaded devices was near the level in the control
experiments. These results show that the NANIVID can
be used as a delivery vehicle of chemicals to manipulate
the tumor microenvironment in ways of interest, such as
using CoCl, to chemically mimic hypoxia. Other induction
targets including hypoglycemia and extracellular matrix
stiffness will be investigated in the future.

4 Conclusions

A micro-electro-mechanical based device, the NANIVID,
was fabricated using optically transparent, biocompatible
materials and customized hydrogel systems. The hydrogel-
based reservoir created a growth factor gradient and was
able to stimulate and attract cells even in a shallow gradient.
The cell counting component was fabricated from both
indium tin oxide and gold, and the initial characteriza-
tion of different electrode designs was accomplished. The
NANIVID was also used as dispersant to mimic a hypoxic
environment in vitro. New designs of device are under devel-
opment and are being optimized for use as an in vivo cell
collecting device with a customized hydrogel system.
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