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ABSTRACT OF THE THESIS

Silicon Nanowire Compatibility Analysis with Rat Hippocampal
Progenitor Cells for use in Neuroprosthetics Development

by

Eun Kyung Joanne Lee

Master of Science in Biology

University of California, San Diego, 2014

Professor Deli Wang, Chair
Professor Willie Claiborne Brown, Co-Chair

Nanomedicine is one of the most promising areas of nanotechnology, aspiring
to use nanoparticles and structures to diagnose, analyze, and treat medical conditions.

Current research in nanomedicine relies on larger scale measurement and there has not



been a study that shows how the individual cells react to the presence of nanoparticles.
It is our belief that understanding how a cell reacts and interacts with semi-conducting
or metal nanostructures, specifically nanowires (NW) is important for designing future

nanodevices, particularly Neuroprosthetics.

Adult rat hippocampal progenitor cells from female Fischer 344 rats were
cultured to be kept in its undifferentiated state and were allowed to settle by gravity on
top of three types of NW chips — ones with horizontal, vertical, and random growth of
silicon nanowires to answer the following questions: 1. Are cells viable with nanowire
structures? 2. How does the cell interact with nanowires by observing changes in
cellular component, specifically cytoskeletal movement (contents or arrangements)
when in contact with the NWs. Results showed that there were significantly less viable
cells found on horizontal NWs than vertical ones, although mechanical difficulty with
imaging vertical NW may have contributed to death or loss of cell interaction with
NW on imaging. There was evidence of cells actively and preferentially interacting
with NWs with horizontal NW chips. Future direction of the study would be to use
NWs to stimulate and detect electrical activities within the cell and study how the ion

gradients are affected in/around the cell.

Xi



Introduction:

What is Nanotechnology? Nanotechnology is a manipulation of materials at
nano-scale to create specific chemical and physical properties and functions at a
molecular or an atomic level (1). A nanometer is one billionth of a meter —for
comparision, consider other familiar elements: DNA is about 2.5 nm long, and a
sodium ion is about 0.2 nm in diameter. The miniscule dimensions of nano-devices are
stirring up much excitement in the scientific community because it allows for unique

interaction with cells and organisms at subcellular and/or molecular level.

Another interesting fact of nano-particles is that they exhibit different physical
properties at nanoscale than what is well known to be their property at macroscale. For
instance, gold particles are solid at room temperature in macroscale, but are liquid in
nanoscale; silicon is normally an excellent insulator but becomes a conductor in

nanoscale; opaque materials such as copper turn transparent at nanoscale.

Technological advancement has brought nanotechnology into many aspects of
our lives, from nano-coated textiles to cancer therapy. Of the many fields of research
for nanotechnology, Nanomedicine is one of the most sought after field, with much
hope and aspirations to use the unique properties of nanoparticles for the purpose of
diagnosis, analysis, and treatment of physical ailments. In this experiment, we
attempted to lay the ground work for developing a neural prosthesis operating at

nanometer scale by interfacing rat hippocampal neurons with functional



semiconductor nanowire (NW) devices and studying its apparent relationship via

imaging methods.

Of various types of nanomaterials available, nanowires were chosen for its
unique conductive property to be able to stimulate and/or detect electrical stimulus.
With proper grid system to guide processing of the information obtained from a
nanowire chip, one can increase the sensitivity of detecting changes in electrical
currents within a system — even that of a single cell, depending on the size of the wires.
Naturally, neurons would be the cellular system of choice for analysis with an
electrically sensitive device such as nanowires.

Neurons’ normal function involves constant communication through electrical
stimulus and responses to both intracellular and extracellular processes. Once
damaged, however, neurons of Central Nervous System (CNS), unlike the neurons of
the Peripheral Nervous System (PNS), were found not to regenerate and reinstate its
original connection and communication. Over the years, it has been found that the
neurons of CNS do attempt to regenerate but its attempts are overpowered by the vast
range of inhibitory signals (2-10). Various studies have been done to identify the
origins and mechanisms of these inhibitory signals to counteract neuron’s regenerative
efforts, and now grafting various cell types — from fetal CNS neurons, peripheral
neurons, specific lines of astrocytes (C6-R cells), macrophages, and Schwann cells —
unto the damaged adult CNS have shown varied success in rescuing damaged neurons

to stimulating regeneration and recovering function (11-17).



Therefore a system of microelectrode system consisted of biocompatible
nanowires may provide insight into the activities of normal and damaged neurons in
the brain and in the peripheries, to assist in finding ways to stimulate regeneration or
reconstitute damaged CNS (whether due to neurodegenerative diseases or trauma)
through neuroprosthetics development. However, neurons are not the only cell types
that communicate via electrical stimulus. All cells in the body are filled with and
surrounded by ionic charges — whether it is charged proteins or ionic molecules. lonic
gradients and resulting currents are an essential part of cell communication and are
influential in many cellular processes. For example, determining whether the hyphal
tip will grow in fungi (24), or inhibiting or promoting communication between
neighboring thyroid follicular cells (26) are all based on ionic gradients and resulting
currents in an intracellular and extracellular environment. Hence, nanowire based
microelectrode system may be used to study all types of cells and processes.

Even for nanoscale drug delivery system developed to overcome drug
resistance in cancer chemotherapy (27) nanowire array may provide an advantage over
currently available protocol for testing effectiveness of the chemotherapy. Currently,
drug resistance is said to be prevalent if there are no size reduction observed for the
tumor in treatment or a relapse occurs after a ‘successful’ completion of a treatment
program (28). Many mechanisms have been proposed to compensate for the multi-
drug resistance genes. For example, increase in intracellular and vicinity concentration
of drug at the target cancer cells were accomplished by up-regulating the rate of

endocytosis and by modifying the biodistribution of the drug using an improved



mechanisms for specific targeting, respectively(28).

Frequently, molecular analytic techniques for studying certain gene or protein
expression from cell lysate or a crude estimation of size reduction of a tumor is used to
determine effectiveness of an antitumor drug. Obtaining data of the changes in a single
cell level for the purpose of observing drug effects over time is difficult to record due
to the physical limitations of currently available probes and electrodes. The small size
and versatility of biocompatible nanowire array can overcome such barriers to be used
as a nanoprobe to detect and stimulate at a single cell level.

Introduction on Nanowire variety

For the experiments, Silicon nanowires were chosen for its known
biocompatibility and simplicity for production.

There exist many different methods for NW production, including Top-down
etched Silicon nanowires and bottom-up self-assembled semiconducting nanowires.
The NWs can be arranged both vertically and horizontally. Each type and arrangement
of wires has their own advantages and disadvantages:

Vertical nanowires are made either through a top-down or a bottom-up
approach. A top-down approach indicates a starting material is etched or broken down
to form the grooves around the wires and a bottom-up approach indicates a catalyst is
used to initiate self-assembly to form growing strands of wires; for example, in our
experiments, Silicon nanowires are etched out through a top-down approach from a p-
Silicon wafer block using metal assisted chemical reaction, while semiconducting

wires are built through self-assembly starting from a catalyst seed.



In general, vertical wires are formed in a relatively uniform, predictable pattern
depending on the initial placement of catalysts for semiconducting or metal wires or
by the etching protocol used. However, due to physical limitations of the components
used for seeding, there are limitations in wire density achievable for a given area. Also,
while seeded semiconductor wires may form too dense of a wire forest, random-array
semiconductor wires tend to form too sporadically around an area, making
semiconductor wires more difficult to work with. Vertical Silicon wires on the other
hand have a very uniform organization as etching is done by metal-assisted chemical
reaction. The wire density depends on the reaction between the substrate and the
etching solution and for that reason it is difficult to create varied versions of the chips
in terms of its wire density. The technique we used to make vertical Silicon nanowires
is a widely used, cost-effective technique for large scale synthesis of Si nanowires
arrays at low temperature (Figure 2). This technique was initially proposed by a group
from China (4). Authors suggested a growth mechanism in the initial paper and then
published the detailed descriptions regarding the chemical etching process in a later
paper (5).

Length of the vertical wires were controlled by the duration of the etching or
self-assembly time, while the diameter of individual wires were not. However, the
main difficulty we had with the vertical wires in the study was the lack of a reliable,
convenient method to invert the cell-NW mixture to make it compatible to image with

an inverted microscope. The opacity of the substrate base along with its dense wire



forest on top, light could not penetrate from the bottom and image the wires and the
cells on top surface of the chip.

Horizontal nanowires are made by sheering off the vertical nanowires from
their base via ultrasonication and suspending them in a volatile solution such as
isopropanol before spraying it onto a surface to dry, allowing the wires to adhere to
the surface while the volatile liquid vaporizes. Horizontal wire suspension system
provided a versatile platform to try different density of wires as well as various surface
materials and was convenient for transport of materials and simplified chip preparation.
Also, by using thin and transparent material as the substrate, we were able to use an
inverted microscope to image the chip-cell culture mix without harming the wires or
the cellular networks. However, it was common to have an uneven spread of
nanowires throughout a given surface area, resulting in clumps of wires found in some

areas while no wires were seen in other areas.



Materials and Methods

Nanowire Substrates:

Vertical Silicon Nanowires from metal assisted etching (vertical SINW): P-

type Boron doped Silicon wafers at 1-0-0 orientation (1-5 Q cm™, waferworld) were
cleaned with solvent, rinsed with DI water and dried with N2. The metal-assisted
chemical etching process was applied to the cleaned Silicon wafers in agueous
solutions of 0.02 M Silver Nitrate (AgNO3) and 5 M Hydrofluoric acid (HF) with
gentle stirring. The solution was kept at a constant temperature of 50°C. Their model
and equations describing the etching process are shown in Figure 1, and the home
made etching setup is shown in Figure 2. After etching, wafers were gently spray
rinsed with DI water and then silver coating formed on the nanowires were etched in
nitric acid. Samples were then spray rinsed with DI water again and dried with N>
(3,6). 2” wafers were then cut to 2 x 2 cm? pieces for investigation. For chips that
were to be treated with critical point drying before being imaged using SEM were cut
into bigger pieces (7.5 x 7.5 cm?).

Horizontal Silicon Nanowires (horizontal SINW): A horizontal etched SiINW

chip was made following the same procedures as for vertical SINW chip and then was
ultrasonicated (50W for 2 minutes in isopropanol) to dissociate individual nanowires
from the base of the chip. Some of the samples were exposed to centrifuge to remove
bigger bundles of nanowires. This method allowed us to prevent leaving large bundles
of nanowires behind on the silicon substrate. Figure 4 shows the substrate after

ultrasonication—it is clear to see patches of nanowires missing from the array. Once



dissociated, horizontal nanowires were sprayed onto a substrate surface to dry and
allowed to adhere to the surface while the volatile liquid vaporizes.

Concentrated SINW solution was made by transferring isopropanol solution
with loose nanowires separated through ultrasonication process, into a spray bottle.
Before each experiment, the mixture was sprayed uniformly as possible, onto a glass
slide surface and then left to dry for 5-10 minutes. During spray, the distance and
interval spray time were kept constant, while the substrate (glass slide) was rotated for
an even coating all throughout. Figure 5 shows the concentrated SINW suspended in
isoproanol and SEM images of the horizontal SINW sprayed onto a glass slide.

Nanowire synthesis

The nanowires length is dependent on the etching time while the diameter of the
nanowires does not show significant change. Figure 3 shows the effect of increased
etching time (5, 10, and 20 minutes) on the length of the nanowires on p-silicon
wafer— longer the etching time, the longer the nanowires are. For Figure 3a, 5 minutes
of etching time resulted in average NW length of 580nm; Figure 3b, 10 minutes of
etching time resulted in average NW length of 1.5um; and Figure 3c, 15 minutes of
etching time resulted in average NW length of 2.8um. Average diameter of the
nanowires does not fluctuate very much regardless of the length of the etching time;
the average diameter was found to be in the range of 36 to 260nm for all three etching
times. The images were taken after cleansing with diluted nitric acid. Figure 3 shows
both the optical image of the etched nanowires arrays on a full 2” wafer as well as the

side view of the nanowires structures were characterized using ultrahigh resolution



scanning electron microscopy (HRSEM: FEI XL 30 with FEI Sirion column). Edges
and the backside of the 2” Silicon wafer were protected from the etching solution. In
the image of the wafers after etching, the area with nanowires show up as a darker
region compared to the surrounding area without etched nanowires due to the light
absorption in the SINW array; therefore with the longer etching time, the intensity of
the dark region is shown to increase.

The nanowires shows smooth surface, well-vertically aligned, and
shows uniform diameter along the length of the wire. The etching process shown has
an average etching rate of 110 A/s. EDAX study shows no evidence of Ag particles
left over in the silicon nanowires arrays.

Cells and Reagents

Adult rat hippocampal progenitor cells (HCN), a type of stem cell was chosen
for its hardy, easy growth requirements and for its versatility to differentiate into
various neuronal cell lines. These cells are generally around 10-15 microns in diameter
in their undifferentiated state, which is characterized by a round cell shape with few
tiny processes radiating from the body.

The adult neuronal progenitor cells were isolated and passaged originally from
hippocampi of adult (>3 months) female Fischer 344 rats in accordance with
procedures approved by the University of California San Diego and by the National
Institute of Health (2). Cells were suspended in serum-free medium: Dulbecco’s
modified Eagle Medium (DMEM)/F12 (1:1) high glucose medium (Irvine Scientific)

with N2 supplement (GIBCO) and 20 ng of recombinant human FGF-2 per ml (R&D).
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Cultures were incubated for up to 6 days and with medium change every 2-3 days with
fresh medium containing FGF-2. Plating density was approximately 10,000 cells/cm?.,
All buffers and media were made immediately before use. The cells were maintained
following standard sterile procedures.

NW chips were sterilized in UV light for 30 minutes before plating cells on top.
Cells were washed with PBS (Invitrogen), dissociated from the culture plates using
TrypLE™ Express (Invitrogen), then was washed with PBS again, and then suspended
back in cell culture media as described earlier. The diluted volume of cells is then
plated on top of the sterilized NW chip. Cells were left to settle on top of the NW
chips by gravity.

If the cell-chip mixture were to be imaged immediately after plating, as soon as
the diluted volume of cells were plated on top of the sterilized NW chip, it was taken
over to the imaging center, and was imaged approximately 20-30 minutes after plating.
Otherwise, the cell-chip mixture were then incubated for an additional length of time
and when it was ready to be imaged, the cell-chip mix was taken out of the culture
media and was suspended in Dulbecco’s Phosphate-Buffered Saline (DPBS) without
Magnesium and Calcium (Invitrogen) before taken over to the imaging center.
Imaging

Live/Dead cell assay using Calcein-AM and Ethidium-Bromide:

Calcein AM and Ethidium homodimer (EthD-1) was added to all cell-wire
mixtures that are imaged. The Live/Dead® Viability/Cytotoxicity Kit (molecular

probes) reagent solution was used following manufacturer guidelines and protocols.
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Calcein AM is a cell-permeable dye that is used as a live cell indicator. It
requires an intracellular esterase ubiquitous to a healthy living cell to undergo an
enzymatic conversion from the nonfluorescent state to the fluorescent state.
Fluorescent Calcein AM emits strong green fluorescence at excitation/emission
wavelength of ~495 nm and ~515 nm, respectively (molecular probes).

Ethidium homodimer-1 (EthD-1) is a dead-cell indicator dye that selects for
cells with lost integrity of plasma membrane, such as cytotoxic or apoptotic cells with
damaged membranes. In a damaged cell, the nuclear envelope dissembles and releases
broken pieces of DNA into the cytoplasm. Therefore, once inside the cell, EthD-1 is
able to bind to nucleic acids and undergo 40 fold enhancement of its fluorescence to
produce intense red fluorescence at excitation/emission wavelength of ~528 nm and
~617 nm, respectively (molecular probes).

Laser Scanning Confocal Microscope:

Olympus FVV1000 laser scanning confocal microscope was used to image
horizontal SINW and fluorescently labeled cells using Live/Dead® assay kit. The
isopropyl suspension of horizontal SINW was sprayed on top of slides and air dried
before a drop of labeled cell culture suspension was placed on top. The slide was then
incubated at 37 deg. C for 10 minutes for cells to settle by gravity. Slides were imaged
using both confocal microscopy and DIC setting to identify and confirm locations of
individual or bundles of SINW as they are not auto-fluorescent for easy visualization.
For cells emitting either green or red fluorescence, its shape is outlined by the

fluorescence, so few single or bundles of wires that are directly associated with the
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cell are seen by blockage of the cellular fluorescence. Control images of live/dead cell
assay and DIC correspondent image is shown in Figures 6 and 7.

Scanning Electron Microscopy

Before imaging, the cell-chip mix was fixed in 5% Formaldehyde and rinsed
with PBS. To completely dehydrate the sample before imaging it using Scanning
Electron Microscope (SEM), the SINW chip sample was dehydrated in 99% ethanol
and critical point dried (Tousimis 815A CPD). When the chamber pressure stabilizes
around 1350 psi (+/- 5% of 20 deg C) and the temperature achieves 31 deg. C, the
critical point is considered achieved and undergoes tousimis equilibrium cycle.
Tousimis equilibrium is the point during the critical point in which both the pressure
and temperature are maintained above the critical point within the chamber for a
period before the chamber is decompressed. Once the sample is dried, it was sputtered
(~10nm thick layer) with Chromium using Emitech K575X. the sample was then
studied in a scanning electron microscope (HRSEM: FEI XL 30 with FEI Sirion

column).



Results and Discussion

Calcein AM and Ethidium homodimer-1 (EthD-1) was used as live/dead cell
assay (Figure 6) but also to visualize cells under fluorescent imaging systems,
including laser scanning confocal microscope (Olympus FV1000). The nanowires
itself are not coated with fluorescence and are not visible under florescence
microscopy. However, by visualizing the entire intracellular space of both dead and
live cells using red and green fluorescence of EthD-1and Calcein AM, respectively,
we hoped to locate nanowire presence by locating the blockage of cellular
fluorescence by nanowires. DIC settings were also used to confirm the location of
nanowires seen in the fluorescent imaging as well as to complement the data by
revealing the presence of other NWs present nearby.

Fluorescent microscope

Initially, cells were cultured on top of two types of NWs, Vertical etched
SiNW and sprayed horizontal SINW for two days then fluorescent images of cells with
Calcein dye was taken using a bottom-light source microscope. Images were taken at
10x, 20x, and some at 40x amplification, and found that in general there were very
little live cells on the chips. Mainly small pecks of green fluorescence (assumed to be
cellular components) along with a few clusters of live cells were found on vertical
NWchips. On the other hand, larger clusters of live cells on a visibly marked bed of
horizontal SINW were seen on the horizontal chips (Figure 8). During this imaging
session, we first noted, there was areas in vertical SINW chips with a patterned surface

not unlike a cell groove, but was too uniform to be believed as a cell groove. No such

13
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pattern was noted on horizontal array SINW chips. These same chips were taken to be
imaged using scanning electron microscope (SEM) a week after the cells were fixed

onto the chips using formaldehyde.

Scanning Electron Microscope (SEM)

A thin coat of metal was put on top of the fixed cell + chip sample to enhance
the visual image of cellular/biological components, if any, prior to imaging with the
SEM. Imaging revealed all of the vertical wires that were damaged and broke with few
spikes of wires that were covered with a sticky looking unknown material. No cells
seemed to be present at the time of EM.

It was not surprising there were no cells at the time of imaging as it had been a
week since the cells were fixed onto the chip and then kept in PBS. However, it was
still a good opportunity to take a closer look at the patterned surface seen during the
fluorescent microscopy.

On the Vertical NW sample, round, regularly shaped imprints were found on
SEM, corresponding with the uniformly patterned surface seen with fluorescent
microscope (Figure 10). Comparing with the initial imaging of the vertical SINW chip
during production, these ‘patterned’ grooves were definitely a new occurrence. On
closer zoom, edges of these grooves seemed to be more geometric; making it less
likely it was due to direct cellular presence on top of the wires. (Figure 11)

On the other hand, on horizontal NW sample, there was surface finding that

seemed to correlate with the cell cluster finding in earlier fluorescent imaging (Figure
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10). There were areas of the chip that looked like it was crushed by something on top,
and pushed aside to form something like a nest (Figure 11). The direct surface of such
areas on zoom seemed to have eroded with sticky coverings on top of the wires
(Figure 11). The sticky overlay on top of the wires may be extracellular matrix protein
deposited by cells having lived there. Anchorage-dependent cell, such as neural cells,
secretes matrix proteins including, but not limited to, collagin, elastin, laminin, etc., to
help them hold onto the surface via integrins that are attached to intracellular
cytoskeleton.

Olympus FV1000 Confocal Microscopy

For the confocal microscopy, we had control image taken with cells alone on
coverslip to show clear live/dead cells through fluorescence (Figure 9) and confirm
with DIC (Figure 10). For the experiment, we had the horizontal SINW sprayed, dried,
and then the cell mixture were put on top of glass slides. No vertical NWs were used
at this time due to the limitations in inverting the chip for imaging (bottom light source)
without disrupting cellular/wire interaction and environment.

Although we hoped the cellular fluorescence would be enough to indicate
when there is a NW penetration into the cellular membrane, only bundles of wires
were able to successfully block enough fluorescence of a cell to clearly indicate its
location in the confocal images, confirmed by DIC image comparison. The confocal
images showed clear embedding of the horizontal nanowire pieces on the outer

surfaces of the cell.
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In all of the samples, there were no indications of NW penetration induced
apoptosis, as no correlation was noted between the extents of nanowire interface with
the cellular membrane with the rate of apoptosis.

What was probably more interesting to note was the seemingly high affinity
adherence of cells to bundles of nanowires, characterized by a flat border of the cell on
the side attached to the nanowire bundles and rounded boarders of rest of the cell on
the glass slide (Figure 9). Considering the fact that the wires were first sprayed on the
substrate, dried, and then a drop of cell culture mix (cells, media, dyes) were put on
top, it was surprising to find preferential clustering of cells around where there were
higher concentration of nanowires. In some cases, the cells seemed to even have
‘squeezed’ itself into a branch formed by two separate nanowire bundles to obtain two
flat surfaces and a rounded top to resemble the shape of an ice cream cone (Figure 10).
This phenomenon was found all throughout the slide and the cells seemed to prefer
adhesion to wire bundles, resulting in formation of a cluster of cells around set of
bundles of wires, and relatively empty space around the cell/wire complexes. These
results may be due to some form of structural connections being formed between
cellular matrix and the NWs that makes it preferable for cells to adhere to than the
glass slide. Or, there may also be some kind of electrical field that might be changing
ion concentrations around the NWs that works to attract the cells towards the NWs,
but it may be just a theory at this time. We considered making the NW fluorescent and
visible by adding fluorescent particle coating such as using Quantum Dots or

conjugated fluorescent proteins, but as it may alter the surface chemistry that may as
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well be the cause of the unique findings in the experiments, we decided to continue
with comparison imaging with DIC to confirm locations of NW complexes instead.
GaAs NWs have red fluorescent emission naturally, but is considered more toxic to
cells to be used in this experiment.

Next, SEM imaging of vertical SINW cultured for 30 mins vs. 2 days with and
without cells was done. The samples without any cells were to be used as control to
see if the cellular culture media was the culprit of NW dissolution. The result showed
the wires without cells at 30 minutes without any degeneration, but at 2 days it showed
much degeneration and was covered by the same sticky, unknown material (Figure 14).
Meanwhile the sample with cells showed many cell-like structures at both 30 minute
and 2 days of culture. In the cellular sample, a higher concentration of sticky surface
covering was found around the cells (Figure 15A). As if the surface covering were
solely due to ion or protein deposition from the media, there should be an even spread
of the materials throughout the chip regardless of where the cells were found, however
the imaging showed concentration of the material on and around the cells only. A
close up of the edge of the image shows that there’s a clear border between regions of
wires that are being ‘invaded’ by the sticky materials and the regions that are free from
it (Figure 15B).

A longer culture of the cells lasting 18 hours and 6 days were done. With 18
hour culture time, wires were still healthy and cells were seen (Figure 16). However,
at 6 days duration, there was severe NW degeneration with no cell presence (Figure

17). This time, a technique called the Critical Point Drying (CPD) was used to
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preserve the cellular environment prior to SEM and it showed a much more vibrant,
but fragile, cellular structures. There was a differentiated neuron-like cell with
processes that seemed to be reaching out to another bed of NWs at 18 hour culture
time (Figure 16).

Overall, it was confirmed that as culture period lengthened the SINW
structures further degenerated and the cell viability seemed to go down accordingly
(Figure 17, 18).

Next step in the research would be to observe how the cell interacts with NWs
by observing changes in cellular component, specifically cytoskeletal movement in
terms of its contents or arrangements when in contact with NWs. It would be also very
interesting if a serial time-lapse imaging can be done to see whether cells seek out
nanostructures and whether they actively rearrange its cytoskeletal components to
engulf and/or form focal adhesions with the nanostructures. Ultimately, NW can be
used to stimulate and detect electrical activities within the cell. If detection of
electrical potential using nanowires are comparable to current methods to measure
intracellular/extracellular charges and electricity (such as using small electrodes and
glass pipettes used in patch clamping), then NW electrode may be beneficial to be

developed for use.



Conclusion

In conclusion, though Silicon may not be intrinsically cytotoxic to cells, it
seems with exposure to devices such as SINW chips over an extended period of time
may result in internalization and accumulation of Silicon particles in excess, resulting
in loss in cell viability and ultimately result in cell death. A separate study done in
Germany showed that SiO2 nano-scaled particles (as are several other nano-sized
particles) are internalized by human endothelial cells and that an impairment of the
proliferative activity and a pro-inflammatory stimulation were induced by SiO2
particles (29), providing possible support for the conclusion.

Biodegradability of Silicon may be a valuable asset for making devices such as
a silicon drug release system. By taking advantage of the natural degradable property
of Silicon, a multiple-layer Silicon capsule may be developed to encase drugs for slow
release over time; by limiting extracellular space exposure to the outer most surface
and allowing degradation, drug encapsulated in the space between the layers of silicon
may be released and expose the next layer of silicon for further degradation. However,
the low cell viability correlated with long term exposure to SiNWs as shown in this
study poses new questions for current studies done with other nanostructures made
purely with Silicon nanoparticles. If they saw reduction in tumor size using drug
delivery system using Silicon nanostructure, the true source of death of tumor cells
should be confirmed to show whether the effect is due solely based on drug
effectiveness or if it may be due to toxicity of degraded silicon uptake and

accumulation by the cancerous cell. Nonetheless, further study is needed to determine
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the rate of degradation of Silicon from a nanostructure, whether it be a nanochip or a
capsule, and also the rate of intracellular absorption and accumulation of the degraded
Si particles and its level of cytotoxicity before further uses (especially long-term) of

nanowires can be determined.



Figures

Figure 1: Metal assisted Si etching mechanism

AAg™* (aq) + Si°(s) +6F (aq) — 4Ag(s) + SiF/ (aq)
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Figure 1: P-type boron doped Silicon (100) wafers (1-5 Q cm™, waferworld) were
cleaned with solvent, rinsed with DI water and dried with N.. The metal-assisted
chemical etching process was applied to the cleaned Silicon wafers in agqueous
solutions of 0.02 M AgNO3 and 5M HF with gentle stirring. The solution was kept at
a constant temperature of 50°C. After etching, wafers were spray rinsed with DI water
and then silver coating formed on the nanowires were etched in nitric acid.

21



22

Figure 2: Si etching setup
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Figure 2: Homemade Si etching set up contains a thermometer, a hot plate, a magnetic
stirrer to keep the reaction at a constant temperature of 50°C in the water bath and a
sample holder to hold the Si wafer.
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Figure 3: Si etched for different amount of time: a) 5
min, b) 10 min, ¢) 20 min

Figure 3: the effect of increased etching time (5, 10, and 20 minutes) on the length of
the nanowires on p-silicon wafer. Fig 3a, 5 minutes of etching time resulted in average
NW length of 580nm; Fig 3b, 10 minutes of etching time resulted in average NW
length of 1.5um; and Fig 3c, 15 minutes of etching time resulted in average NW
length of 2.8um. The average diameter was found to be in the range of 36 to 260nm
for all three etching times.



24

Figure 4: Si substrate after ultrasonication in different
magnification levels

Figure 4: Silicon Wafer substrate after ultrasonication. A) 200 micron, B) 20 micron,
C) 2 micron magnification
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Figure 5: Horizontal SINW preparation and SEM 1mages

Figure 5 a) concentrated Silicon nanowire (SINW) suspended in isopropanol solution,
(b-d: SEM images of the horizontal SINW sprayed onto a glass slide) b) large view of
sprayed glass substrate showing a fairly uniform coating, ¢) non-uniform silicon
nanowires on substrate, and d) coating at the edge of substrate.
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Figure 6: Live/Dead cell assay using Calcein-AM and
Ethidium-Bromide

Figure 6 a) Dead cell staining using Ethidium Bromide dye (fluoresce Red-Orange):
one of the simplest methods of determining cell death due to the property of EtBr to
bind to DNA strands. In dead cells, the nuclear envelope dissembles and releases
broken pieces of DNA into the cytoplasm. EtBr enters the cell through a leaky plasma
membrane and binds to these DNA bits. b) Live cell staining using Calcein AM
(fluoresce Green): requires intracellular esterase that is only present in live cells to
cleave off an acetomethoxy group and to expose its active site to chelate calcium ions.
Once it binds to calcium, it strongly fluoresces in green and it is trapped inside the cell.
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Figure 7: Live/Dead cell assay confirmed with DIC
imaging

Singlesslce

Figure 7: DIC (differential interference contrast) imaging is contrast imaging done by
converting phase changes detected as light traveling through areas with different light
refractive indexes into amplitude changes. It is mainly useful for achieving an overall
image of a live cell/living tissue without having to fix it. This image shows the
previous two cells shown in Figure 6 (live cell on the right, dead cell on the left)
present right next to each other. Both cells were in the control slide, with no presence
of NW’s. Using DIC we cannot tell which ones are dead or alive with certainty. Cell
shown is approximately 15 um.
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Figure 8: Fluorescent images of cells with Calcein dye
after 2 days of culture on horizontal vs. vertical SINW chip

Horizontal array SINW Vertical array SINW

Figure 8: Pecks of green fluorescence (cellular parts) on vertical NWchips and few
clusters of live cells vs. larger clusters of live cells on a bed of horizontal NW chips.
Cells were fixed with formaldehyde onto the chips after 2 days of culture and were
kept on PBS solution until imaging.
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Figure 9: Vertical array SINW imprint

Figure 9: First noted during initial fluorescent imaging, it looked like a patterned
surface not unlike a cell groove, but was too uniform to be believed as a cell groove.
No such pattern was noted on horizontal array SINW chips.
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Figure 10: comparison of chip surface fluorescent
imaging vs. SEM

Figure 10: corresponding surface imaging. A) patterned surface of vertical SINW on
fluorescence imaging, B) corresponding patterned surface of vertical SINW on SEM.
C) Cellular cluster with visible horizontal (sprayed) NW shadow, with D) evident cell
groove on surface of horizontal NW chip on SEM.



31

Figure 11: comparison of chip surfaces for vertical vs.
horizontal SINW

HORIZONTAL (SPRAYED) SiNW

Figure 11: First noted during initial fluorescent imaging, it looked like a patterned
surface not unlike a cell groove, but was too uniform to be believed as a cell groove.
No such pattern was noted on horizontal array SiINW chips.
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Figure 12: DIC vs. Confocal slice image comparison

Figure 12: Figure A and B is the DIC and confocal fluorescent images of slice layer
#23, respectively. Just looking at the fluorescent imaging, one may simply observe the
bottom cell is unusually shaped. However, comparing with the DIC imaging it is clear
the reason for its unusual shape is due to the fact it has attached itself to a bundle of
NWs on one side. Upper cell shows several points of NW penetration through the
cellular membrane.
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Figure 13: DIC and Confocal combined image of
preferential cellular adhesion to NWs

Figure 13: This figure shows combined fluorescent and DIC image of slice 17 taken
with Olympus FVV1000. Image shows evidence of preferential cellular adhesion to
sprayed horizontal NWs. In this particular image, there are two separate cells that
seem to be squeezing itself into a tree-branch like arrangement of sprayed NWs.
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Figure 14: SEM image of SINW after 30 min vs. 2 days in
media without cell

Figure 14: A) Wires after 30 mins and, B) after 2 days in culture media. The wires are
shown to have vastly degenerated over the period of 2 days. The sticky materials are
still found covering the top of the SINW.
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Figure 15: SEM - 2 day cell cultured with SINW

Figure 15: A) 2 Cellular structures on a bed of vertical SINW showing higher
concentration of dark sticky unknown material over the cellular body and the area
around it. B) A close-up of one of the edges of where the covering material seems to
be expanding. Shows clear boarder between regions of wires that are being invaded by
the dark materials and the regions that are free from the coverings is seen.
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Figure 16: 18 hour cell culture with SINW

Figure 16: Healthy length of wires with moderate (some empty spots) degeneration of
NWs. The cell seems to have longer processes that are reaching out to another bed of
NWs.



Figure 17: NW degeneration by duration of exposure to
cell culture at 5 micron scale bar
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Figure 17: SEM imaging shows severe deterioration of NWs by 6 days.
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Figure 18: NW degeneration by duration of exposure to
cell culture at 1-2 micron scale bar
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Figure 17: SEM imaging shows close-up of severe deterioration of NWs by 6 days.
30mins/18 hours scale is 2 microns; 2days/6days scale is 1 micron.
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