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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 interactions 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 reservoir. 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 development 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
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the design and optimization of the device towards wide ranging applications of cancer cell
dynamics in vitro and, ultimately, implantation for in vivo investigations.
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1 Introduction

Cell migration is critical for the survival, development and maintenance of multicellular
organisms.1=3 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
microenvironment to facilitate angiogenesis and metastasis.®-11 As a tumor grows, some
regions lose access to sufficient oxygen tension, producing a hypoxic environment.12
Studies have shown that hypoxia plays an important role in tumor progression, affecting the
metastatic spread of cancer and the selection for cells with a more aggressive
phenotype.13.14 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 developed to understand cellular
migration and the underlying mechanisms.1®~17 Chemoattractant gradients have been
formed through microfluidic devices 1819 and by using spatial patterning techniques.20
Additionally, 3-D assays 21723 have been developed to mimic the in vivo microenvironment;
however, most of these assays are created for in vitro characterization 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.?4
In this assay, a stainless steel needle (100 um inner diameter) is loaded with matrigel and
growth factors and used to create a physiologically relevant gradient to attract cells. This
assay was able to collect invasive tumor cells, whose gene expression profile was
determined.2> However, this assay does have some limitations, 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 nanointravital device (NANIVID),26 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 several days. The devices can be loaded with a chemoattractant,
such as EGF, or agents to induce changes in the tumor microenvironment, such as cobalt
chloride (CoCl,), which can artificially induce hypoxia.2”-28 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 gradient released from the device. To
monitor the real-time cell migration into the device, a scaled down electrode system is
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designed to detect the presence of cells based on a change in impedance. The NANIVID can
also be used as a disseminator 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 previously.28 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(dimethylsiloxane) (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
monoacrylate (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.

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 produced 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 incorporated 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, Invitrogen 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
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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 ImageJ software (NIH).
The fluorescence intensity was measured from the outlet of the device and converted 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 Corporation). The
media was supplemented with 5% fetal bovine serum (FBS, Gemini Bio-Products), 0.2%
Sodium Bicarbonate (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 suspended as a single cell population and mixed in matrigel
(BD Science) at a concentration of 10° cells/mL. Approximately 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) containing 10% FBS (Atlanta Biologicals,
Inc.) and penicillin/ streptomycin.

2.5 Cell Migration Assay (2-D)

MTLn3 Mena!"V 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
uM) 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 ImageJ 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 turning 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
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using a Leica SP5 confocal microscope. Z-stacks of this region were analyzed using ImageJ
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. Impedance
spectroscopy has been used previously to measure cell proliferation on electrodes.29:30
Interdigitated indium tin-oxide (ITO) electrodes and gold line electrodes were fabricated
using photolithography.3! The substrates were diced, cleaned, and covered with a PDMS top
cover. The PDMS top 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,SO4 (Transene Company):
H»0, (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 performed 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 Potentiostat (Princeton Applied Research). The cells were
suspended 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
ImageJ. The cell impedance data was normalized to the baseline (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 impedance 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-a 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% paraformaldehyde (Sigma-Aldrich) solution for one
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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 pg/mL) of mouse monoclonal
antibody to HIF1-a (Abcam Inc.) was added to the cells overnight at 4°C. A 1:100 dilution
(14 pg/mL) of DyLight™ 649-conjugated donkey anti-mouse antibody (Ex/Em: 649/670
nm, Jackson ImmunoResearch Lab 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.32 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 duration 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 um cell within 250 pm 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"V) to migrate toward the device. The devices were loaded with a hydrogel
blend containing various concentrations of EGF and tested in vitro. The migration 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 displacement (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.
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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 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 frequency. The lowest directionality was observed
in the negative 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). 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!V cells respond to the growth factor gradient. EGF-loaded devices showed an
average chemotaxis index greater than 0.8 due to the production 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. Combining the two yielded the effective chemotaxis index, which helped
determine the optimum chemoattractant concentration range.1” Figure 4(d) shows the
effective chemotaxis index of MTLn3 Mena!"V cells, which gives an optimum concentration
range for this device from 5 uM to 7 pM. A maximum of 0.649 effective chemotaxis index
was measured in the device loaded with 7 uM EGF, while the effective chemotaxis index
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was close to zero in the control experiments. It should be noted that MTLn3 Mena'™ cells
exhibit contact inhibition and change directions after contacting 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 environment by establishing a growth factor
gradient. In preparation 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
polarized 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 population 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 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!"V 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.31 Here, the focus is on measuring cellular survival and proliferation
on the patterned electrodes inside the bonded devices. A low density of cells (104/mL) was
seeded and allowed to proliferate for three days on the covered ITO interdigitated
electrodes. Each of the 64 fingers on the interdigitated electrodes were 10 um wide, 375 pm
long, and separated by 5 um. The devices were kept sterile and the measurement methods
were compatible with standard cell culture protocols. MTLn3 Mena'™ cells adhered to the
electrodes after four hours and grew normally as on a glass substrate for multiple days. The
impedance spectra collected at the various times were normalized to the media only baseline
measurements 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.
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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.31 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 um long, 10 um wide, and separated by 100 um, 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 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.12 Hypoxia-inducible factors (HIFs) are transcription factors
involved in the cellular adaptive response to hypoxia. HIF1-q, a subunit of HIF-1, is
regulated by oxygen levels and growth factors.33 Under normal oxygen conditions, HIF1-a
is readily degraded by the ubiquitin-proteasome pathway.34 However, under hypoxia, the
HIF1-qa 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.3®

To investigate the response of MTLn3 cells to an artificially 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
density 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 CoCly, also plotted in Fig. 8, showed no noticeable changes in HIF1-a expression.
A few hundred microns away from the device opening, the level of HIF1-«a expression of
the cells incubated with the 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.
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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 characterization 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 development and are being optimized for use as an in vivo cell
collecting device with a customized hydrogel system.
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James K. Williams is a third year graduate student at CNSE pursuing a PhD in nano-
engineering. He graduated from the University at Albany in 2005 with a BS in biology.
After completing his undergraduate degree, he worked in the semiconductor industry for
three years as an Etch Technician, gaining knowledge and experience in cleanroom
processing and equipment. The group that he worked in designed and fabricated thin-film
photodiode arrays for digital mam mography detectors. He began his graduate work in 2008,
fabricating and testing piezoresistive silicon strain gauges for an aerospace application.
Recently, he has worked on the development of the NANIVID, a device for in vivo studies
of breast cancer metastasis. His research interests include utilizing nanotechnology in the
development of medical devices and in the study of biological systems.

Frank B. Gertler received his BA in zoology from the University of Wisconsin, Madison, in
1985, where he also received his PhD in oncology in 1992. He is currently a full professor at
the Koch Institute for Integrative Cancer Research and Department of Biology at the
Massachusetts Institute of Technology. His research is aimed at understanding how
signaling pathways converge with cytoskeletal remodeling proteins to cause changes in cell
movement and shape. Specifically, he is interested in how regulation of cytoskeleton
controls various aspects of cell motility and morphology during development and in
pathophysiological conditions such as metastatic cancer. He has authored nearly 100 peer-
reviewed articles.
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Jeffrey B. Wyckoff was the Director of Intra-vital Imaging in the GLBPC at Einstein. His
expertise lies in intravital imaging, cancer biology, and mouse models. He, along with
collaborators Condeelis and Entenberg, developed the multiphoton-based intravital imaging
of living tumors in mice. He has also collaborated with Condeelis and Castra-cane in the
development of the collection and induction NANIVIDs. This work led to the discovery of
the paracrine loop between tumor cells and macrophages, leading to enhanced invasion and
metastasis. As Director of Intravital Imaging at Einstein, he has trained numerous graduate
students, post-docs, and collaborators to use intravital imaging. He has recently moved to a
position at the Friedrich Miescher Institute in Basel, Switzerland.

John S. Condeelis is The Judith and Burton P. Resnick chair in translational research,
professor and co-chairman of the Department of Anatomy and Structural Biology at the
Albert Einstein College of Medicine (AECOM). He is the director of the Cancer Center
program “Tumor microenvironment and Metastasis” and co-director, with Robert Singer, of
the Gruss Lipper Biophotonics Center of AECOM, a center dedicated to the development
and application of optical imaging tech nologies. His training is in nuclear physics, optical
physics and cell biology.Hiscurrentresearchinterestisintumorcellmotility,chemotaxis and
invasion during metastasis. He has pioneered the use of combined multiphoton imaging with
expression analysis to derive gene expression signatures that define the pathways used by
tumor cells in mam-mary tumors to move and invade blood vessels. He has authored more
than 230 scientific papers on variousaspectsof cell and cancer biology, and optical imaging.

James Castracane received the BS degree in physics from Canisius College, Buffalo, New
York, in 1976 and his Ph D in physics from The Johns Hopkins University, Baltimore,
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Maryland, in 1982. He is professor (founding faculty) and head of the Nano-bioscience
Constellation in the College of Nanoscale Science and Engineering (CNSE) at the
University at Albany-SUNY. His research interests encompass fundamental materials
science, optoelectronics and MEMS. His current research focus is on nanobioscience. Prior
to joining CNSE in 1998, his private sector experience involved positions at high technology
R & D companies including chief operating officer at InterScience, Inc. from 1994 to 1998.
As director of the New York State Center for Advanced Technology in Nanomaterials and
Nanoelectronics from 2004 to 2009, he continued to assist in the development of the
business potential of numerous companies through technical interactions and management
counseling. His publication record spans over 100 articles, numerous invited/keynote
presentations and fourteen patents issued/pending.
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(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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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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B 0 uM NANIVID C 7 uM NANIVID
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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
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superimposed at the common origin.
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Directionality
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Quantification of cellular motility. (a) Turning frequency of MTLn3 Mena'™ cells in the
presence of EGF-loaded device (b) Directionality of the same cells. (¢) The chemotaxis
index and (d) the effective 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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A
HANIVID Growth factor
radient
MDA-MB-231 cells Matrigel

Fig. 5.

M?DA-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 um.
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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 pm.
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(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 () compared to the control (O) (n = 3).
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