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Silicon nanowires have great potential for applications in electronics,
photovoltaics and biomedical applications, but as of yet, silicon nanowires are not used in
any commercial application. More characterization is needed to better understand and
control their surfaces and electronic properties. Here, electron energy loss spectroscopy
(EELS) is used to characterize silicon nanowires made by the supercritical-fluid-liquidsolid process. EELS is able to analyze the elemental composition of core and shell
structures with high spatial resolution. Additionally, the biocompatibility and
antibacterial properties of silicon nanowires are assessed for potential bioapplications.
Preliminary investigations suggest that nanowires have an anti-proliferative effect on E.
coli and discourage adhesion of mammalian cells. Future investigations may prove that
silicon nanowires are a promising material for biomedical implant coatings to prevent
biofouling.
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CHAPTER 1: ELECTRON ENERGY LOSS SPECTROSCOPY
CHARACTERIZATION OF SILICON NANOWIRES
1.1 Introduction and Motivation
Electron Energy Loss Spectroscopy (EELS) was used to study the structure and
composition of single crystal silicon (Si) nanowires. EELS provides information about
the composition and the electronic structure of a material. This technique was chosen
because it is able to detect lighter elements, like silicon, carbon and oxygen, better than
other spectroscopic techniques like energy dispersive X-ray spectroscopy (EDX). A
TEM operating in STEM mode was used to collect the EELS spectra because the small
probe size allowed line scans across the diameter of nanowires to be performed.
Silicon nanowires have potential uses in electronics and photovoltaics. Their
complete characterization will help guide surface modification attempts that aim to
optimize the electrical responses of the material. The surfaces and interfaces of silicon
can effect the mobility, noise and trapping of the device so it is important to be able to
characterize the nanowire surfaces and their interfaces with oxides or other coatings.
EELS is able to detect subtle changes in band structure, bonding length and coordination
number. It can also reveal confinement effects. EELS also has the spatial resolution for
characterization at the level of a single nanostructure.
Here, in order to correlate the electronic properties of nanowires with surface
chemistry, EELS is used to study the plasmon and core energy losses from Si nanowires
with various surface chemistries. The nanowires have either silicon and carbon
containing shells, thin native silicon oxide layers, or thick silicon oxide shells.
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1.1.1 Electron Energy Loss Spectroscopy
Electron Energy Loss Spectrometry (EELS) measures the loss in the energy of
electrons as they pass through a sample. A beam of high-energy electrons inelastically
scatters with the electrons in the sample. Commonly, EELS is performed in a
transmission electron microscope (TEM). The transmitted electrons are separated
according to their kinetic energy to form an electron energy loss spectrum of intensity
versus kinetic energy loss. The excitation spectrum of the material can be deduced from
the EELS spectrum since, by conservation of energy, the energy lost from the highenergy electrons is gained by the electrons in the material.1 EELS can provide
information on the composition, local atomic bonding and coordination of the sample.
EELS differs from and has several advantages over energy dispersive X-ray
(EDX) spectroscopy. Both methods are based on the electronic excitation of the material,
but EELS measures the initial excitation, while EDX measures the X-rays emitted during
the decay from an excited state. The energy loss range of EELS is 0-3 keV whereas the
energy spectral range of EDX is 1-40 keV. Thus, EELS is better for analysis of light
elements, particular for atomic numbers 11 (Na) to 25 (Mn). EELS also has about 100
times better energy resolution than EDX.1 The analysis of EELS data is much more
complicated than that of EDX data, however.
The wide spectrum of energy losses can be divided into the zero loss peak, lowenergy plasmon losses and higher energy core losses. The zero loss peak, composed of
the unscattered electrons or the Bragg scattered electrons, is always the most intense
peak. The intensity is a function of sample thickness and orientation.1 The full width
2

half maximum (FWHM) of the zero loss peak gives the resolution of the spectrometer.
Low energy losses of less than 30 eV correspond to interband transitions, or the
excitation of valence electrons to the conduction band, and plasmon excitations, or the
collective excitation of a plasmon of conduction electrons. Plasmon peaks broaden with
shorter plasmon lifetimes. Samples thicker than approximately 100 nm will show
multiple plasmons.1 The plasmon losses can be compared to the optical absorbance
spectra.2
Core losses are due to the ionization of core electrons to the conduction band.
Unlike the collective electron excitations in the low loss region, excitations in the core
loss region represent the transition of single electrons and, consequently, are directly
related to the electronic structure of the sample.3 The core loss edge is related to the
conduction band density of states.4 The core loss edge is at a unique energy loss value
for each element corresponding to the binding energy of the core electrons for that
element. The energy loss of the edge depends on the quantum numbers n, l, and j. The
appearance of an edge is used for compositional analysis. The edge is well defined for an
isolated atom, but bonding and coordination alter the energy loss. There is a complicated
relationship between the energy loss of the core electrons and bonding since the outer
electrons are involved in bonding, not the core electrons. Some shifts can be anticipated,
however. For example, the edge of an oxide occurs at a higher energy loss than that of
the element.1
The fine structure at energy losses within 25 eV above the core loss edge contains
information about the electronic and chemical structure of the sample. The extended fine
3

structure, which extends for 100s of eV, is due to backscattering of outgoing electrons by
nearby atoms. Information about interatomic distances and coordination numbers can be
determined from the extended fine structure using Fourier analysis techniques.5 The fine
and extended fine structures are very difficult to analyze.
The core loss spectra can be used to determine the atomic ratios of elements in the
sample. After background subtraction, the relative areas under the core loss edges of two
different elements, scaled by their scattering cross sections, can be used to find an atomic
ratio of the two elements in the sample.1 Care must be taken not to create systematic
errors during the analysis.
The background of the spectra comes from several phenomena. There is always a
contribution from detector noise and electron scattering in the spectrometer. The tails
from single and plural scattering from lower energy loss edges also contribute to the
background at higher energy losses. The background closely fits an inverse power law.
To prevent systematic error in the analysis, the largest pre-edge energy loss region that
still obeys an inverse power law should be chosen for background fitting.1
An electron that has excited a core electron can go on to cause low-energy
plasmon excitations. A second core excitation will not occur. These plural scattering
events appear in the fine structure of the core loss spectrum. Plural scattering is most
likely to appear in thick samples.1 The optimal sample thickness for silicon is ~50 nm.1
When operating EELS in STEM mode, one does not have to worry about the
effects of strong Bragg diffraction spots from crystalline samples mistakenly affecting the
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intensity of the detected peaks. Orientation of crystalline samples is not a significant
factor in STEM mode or for edges below 1000 eV.1
EELS was first developed in the 1940s by Hillier and Baker6, but the technology
was not widely used until the 1980s when necessary instrumentation became more
readily available. In 1982, the EELS atlas was compiled. The spectra are still used today
as reference spectra for many materials. Since then, the technique has gained popularity.
One of the earliest works by Batson used EELS/STEM to acquire a high energy and
spatial resolution spectrum of the silicon core loss L2,3 edge.7
Increasing numbers of articles have been published since the 1990s, which use
EELS characterization for nanomaterials.2-3, 8-23 At the nanoscale, it can be difficult to
separate size-dependent effects, surface and interface effects, and strain effects. It is
necessary to have very clean, well defined nanomaterials for such analyses.

1.1.2 Silicon Nanowires
Silicon nanowires are a material that can be well characterized by EELS. Silicon
nanowires grown by the supercritical fluid-liquid-solid (SFLS) process have been used in
this work. Silicon nanowires have attracted much interest as potential components in
electronics, opto-electronics and solar cells. A greater understanding of their electronic
and chemical structure from EELS analysis would benefit their use in these applications.
During the SFLS synthesis, a solution of the silicon precursor and dodecanethiol
capped gold nanocrystals are slowly injected into a continuous flow reactor held above
the critical temperature and pressure of the solvent, toluene (Figure 1.a).8, 9,
5
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The

supercritical solvent allows very fast diffusion rates of the reactants and ideal mixing
inside the reactor. The silicon precursor, monophenylsilane (MPS), decomposes through
a disproportionation reaction to produce polyphenylsilane and silicon (Figure 1b.).11 The
temperature of the SFLS synthesis is above the eutectic point of silicon and gold (363 C),
so, as the silicon precursor decomposes, the silicon diffuses into the gold seeds. Above
the silicon saturation concentration in the gold, the silicon crystallizes out of the gold
seed, forming a gold-tipped single crystalline silicon nanowire (Figure 1c.).8
a.

b.

c.

Figure 1. SFLS silicon nanowire synthesis. (a.) The reactor setup. (b.) The
disproportionation reaction of MPS. (c.) Gold seeded growth of silicon nanowires. The
silicon dissolves into the gold seed above the eutectic point. Once saturation is reached,
the silicon nanowire crystallizes out of the seed.
The silicon nanowires grown by this process have very few crystalline defects.9-11
The lengths are well over 20 microns allowing them to be easily suspended over vacuum
on a lacey carbon coated TEM grid for EELS analysis (Figure 2). When removed from
the reactor, the silicon nanowires grown by the SFLS process with MPS as the precursor
have a carbon and silicon containing shell that is about 5-10 nm thick by TEM. The shell
6

cannot be removed by washing with solvents. Fourier transform infrared spectroscopy
(FTIR) has shown that the shell contains phenyl groups. X-ray photoelectron
spectroscopy (XPS) has shown that the shell oxidizes slowly in air.
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a.

b.

50 nm

c.

2 µm

d.

e.

f.

Figure 2. Silicon nanowires grown by the SFLS process with MPS as the silicon
precursor have amorphous silicon and carbon containing shells. (a.-b.) SEM images, (c.d.)low resolution TEM images, (e.-f.) high resolution TEM images.
8

The influence of the shell on the electronic properties of the wires is presently not
very clear. A method of etching away the shell has been developed. The etched wires
show clean surfaces by TEM (Figure 3), but the field effect transistor (FET) performance
is poorer than for the wires with the shell. More characterization of the wires before and
after the etch must be done. EELS should provide information about the chemical and
electronic structure of the shell and the etched nanowires.

Figure 3. TEM images of silicon nanowires (a.) as synthesized and (b.) after etching with
HF.
Silicon spontaneously oxidizes in air. The microelectronics industry has
harnessed the oxide as a highly stable insulator. The silicon dioxide is also used to
passivate the surface of crystalline silicon to minimize carrier traps and surface effects.
Attempts have been made to oxidize the surface of the SFLS silicon nanowires. Both a
dry thermal and a wet solution based approach have been developed. The oxide
9

composition and the Si-SiO2 interface must be characterized to optimize the electronic
performance of the oxidized nanowires.
Finally, quantum confinement occurs in silicon on length scales smaller than the
Bohr diameter of 9 nm. EELS will be able to find confinement effects if they exist in the
materials tested in this work.

1.2 Materials and Methods
Silicon nanowires were synthesized using the supercritical-fluid-liquid-solid
(SFLS) process in a continuous flow reactor. A 30 mL reactant mixture of 135 mM
dodecanethiol passivated gold nanocrystals and 297 mM monophenylsilane (MPS) in
toluene was continuously injected for 40 minutes at a flow rate of 0.5 mL/min into a 10
mL titanium reactor, which had been preheated to 490 °C and pre-pressurized with
toluene to 1100 psi. The gold nanocrystals were synthesized by the Brust method.13 The
reaction temperature was 490 °C and the reaction pressure was maintained at 1500 psi
using a manually controlled micrometer release valve. After the 40 minute reaction, the
reactor was sealed and allowed to cool slowly to room temperature. After cooling, the
product was removed from the reactor, washed in a mixture of toluene and chloroform,
and resuspended in choloroform.
Silicon nanowires were thermally oxidized in a thermal gravimetry analyzer
(TGA). Approximately 5 mg of silicon nanowires were dried and placed in an alumina
crucible. The sample was heated to 100 °C in nitrogen to remove residual solvent, and
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then, in air, the temperature was ramped at 10 degrees °C per minute to 800 °C. The
temperature was held at 800 °C for three hours.
In order to remove the carbon and silicon containing shell, the wires were first
oxidized with aqua regia and then etched with a solution of hydrofluoric acid (HF). For
the aqua regia oxidation, 5-10 mg of silicon nanowires were dispersed in 10 mL of
chloroform in a plastic beaker with a stir bar. To the beaker, 15 mL of aqua regia was
added. The aqua regia solution is 3:1 parts by volume of hydrochloric acid (HCl) to
nitric acid (HNO3). The beaker was topped off with chloroform to ensure controlled
stirring and covered with a watch glass. The solution was stirred rapidly for 3 hours
making sure that there was complete mixing of the two phases. Chloroform was added
periodically to prevent a loss in volume. After 3 hours, the aqueous phase was removed
with a pipette. The wires were centrifuged at 8000 rpm for 5 minutes, the supernatant
was removed. The wires were washed three times with water to remove all of the nitric
acid.
The silicon nanowires that were oxidized with aqua regia were then etched with
HF to remove the oxidized shell. The oxidized wires were dispersed in 10 mL of
chloroform and combined in a plastic beaker with 15 mL of a 1:1:1 by volume solution of
HF : ethanol : water. The mixture was stirred for 15 minutes, ensuring complete mixing
of the two phases. Since the etched wires gather at the liquid-liquid interface, both the
organic and aqueous layers could be removed with a pipette. The wires were washed
three times with water and ethanol and redispersed in chloroform.
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Samples were prepared for TEM, STEM and EELS by drop casting a dilute
solution of the nanowires in chloroform onto a lacey carbon film over 200 mesh copper
TEM grids (Electron Microscopy Sciences). Low-resolution TEM images were acquired
on a FEI Tecnai Transmission Electron Microscope operating at 80 kV. High-resolution
TEM images were acquired on a JEOL 2010F operating at 200 kV. High-resolution
STEM/TEM and EELS spectra were acquired on an aberration corrected JEMARM200F. The EELS spectra were acquired with a probe size of 1.3 Å, a beam current
of ~140 pA and a collection angle of ~15 mrad. The resolution at the full width half
maximum of the zero loss peak was around 1.0 eV. Gatan DigiPEELS was used to
collect the EELS spectra. Line scans were taken across the diameter of the wire,
perpendicular to the wire axis with a step size of 2 Å. The images were corrected for
spatial drift during the line scan acquisition. The core loss spectra were obtained with a
0.2 eV dispersion and a 0.4 second acquisition time. The plasmon loss spectra were
obtained with a 0.05 eV dispersion and a 0.0015 second acquisition time. Three spectra
were averaged per pixel to obtain the final spectra.
Data analysis of the EEL spectra was performed primarily in MATLAB.
The core loss and plasmon spectra were shifted relative to the carbon peak (286 eV) and
the zero loss peak, respectively. The backgrounds of the core loss spectra were fit with
an inverse power law and subtracted. The zero loss peak was not subtracted, since no
known verified method exists for the subtraction that does not induce artifacts.2, 14 The
intensity and energy loss of the peak maxima were determined in MATLAB.
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1.3. Results and Discussion
1.3.1 High Resolution STEM Imaging of Silicon Nanowires
Prior to EELS analysis, high resolution STEM and TEM images were acquired
for silicon nanowires as synthesized, thermally oxidized at 800 °C, oxidized with aqua
regia and etched with HF. Figure 4 shows that the surfaces of the nanowires were altered
by the oxidations and etch. In order to better understand the composition and chemical
structure of the surfaces and interfaces with the crystalline silicon cores, EELS line scans
were performed across the diameters of the nanowires.
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a.

b.

c.

d.

50 nm

Figure 4. STEM images of the silicon nanowires (a.) as synthesized, (b.) thermally
oxidized to 800 °C, (c.) oxidized with aqua regia and (d.) HF etched.
1.3.2 Plasmon Loss EELS of Silicon Nanowires
The plasmon energy loss region shows the excitations of valence electrons to the
conduction band and the excitations of plasmons of conduction electrons. The low loss
14

region contains information about the band gap, the band structure and dielectric function
of the material. Figure 5 shows the plasmon region of the EELS spectra for line scans
across the diameters of the silicon nanowires as synthesized, thermally oxidized in air at
800 °C, oxidized with aqua regia, and etched with HF. The individual spectra, taken
every 2 Å along the line scan, are superimposed on one set of axes. Figure 6 shows
selected spectra along the line scan. The position and intensity of the most intense peak
are plotted as a function of distance along the line scan in Figures 7 and 8, respectively.
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b.

a.

d.

c.

20 nm

Figure 5. The plasmon loss region of the EELS spectra for line scans along the diameters
of silicon nanowires (a.) as synthesized, (b.) thermally oxidized in air at 800 °C, (c.)
oxidized with aqua regia and (d.) etched with HF. A spectrum was acquired every 2 Å
along the line scan. The individual spectra are superimposed. Insets: STEM images of
the analyzed wire.
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Figure 6. Selected spectra along the radial line scans for silicon nanowires (a.) as
synthesized, (b.) thermally oxidized in air at 800 °C, (c.) oxidized with aqua regia and
(d.) etched with HF. Insets: STEM images indicating the position of the spectra along the
line scan.
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a.

b.

c.

d.

Figure 7. The peak position plotted as a function of line scan distance for silicon
nanowires (a.) as synthesized, (b.) thermally oxidized in air at 800 °C, (c.) oxidized with
aqua regia and (d.) etched with HF.
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b.

a.

c.

d.

Figure 8. The peak position plotted as a function of line scan distance for silicon
nanowires (a.) as synthesized, (b.) thermally oxidized in air at 800 °C, (c.) oxidized with
aqua regia and (d.) etched with HF.
The resolution of the spectrometer is not good enough to detect the band gap of
silicon at 1.1 eV. The zero loss peak was not subtracted from the spectra to prevent the
formation of artifacts. As a result, the features below 5 eV cannot be resolved.
The prominent volume plasmon peak at 16-17 eV appears in all of the samples in
regions of crystalline silicon (Figure 5, top curves), consistent with the literature.2, 15 The
19

peak intensity varied with radial position, being the most intense on the wire axis (Figure
8) . The weak second order volume plasmon peak can be seen around 32-34 eV near the
center of the wires.
The volume plasmon peak varies with radial position in the as synthesized and
oxidized wires (Figure 5a.-c., Figure 7a.-c.) from 16-17 eV at the center of the wire to
~20-23 eV in the shell. The SiO2 and SiC volume plasmon peaks occur at 22-23 and
19.8-22.4 eV, respectively.15b-d, 16 Specifically, the plasmon peak in the shells are at ~2122 eV in the aqua regia treated sample, ~21.5-23 eV in the thermally oxidized sample,
and ~20-21.5 eV in the as synthesized sample. The volume plasmon peak of the silicon
and carbon containing shell is about 1 eV lower than the SiO2 peak. Since the resolution
of the instrument is 1 eV, the plasmon peaks cannot distinguish the two compositions.
The shift is also accompanied by peak broadening and the SiO2 volume plasmon is less
intense than the crystalline silicon peak, as shown in Figure 8. The core and shell
thickness can be very accurately determined from the volume plasmon shift (Figure 7,
Figure 8).
The transition from the silicon to SiO2 volume plasmon is gradual, as seen in
Figure 7. There is no way to determine if there is a suboxide layer between the SiO2 shell
and the silicon core because of the cylindrical geometry of the nanowire. It is unclear if
the shift is due to the convolution of the silicon and SiO2 peaks, consistent with a mixture
model, or if there is an intervening suboxide, indicative of a random-bonding model.15b It
is not possible to identify an intermediate suboxide layer as has been identified in the
literature in oxidized planar silicon and porous silicon.15b, c
20

The volume plasmon peak position shifts very slightly in the etched wire as a
function of probe position (Figure 5d., blue line; Figure 7d.). Away from the center of
the wire, the volume plasmon shifts to higher energy due to bound surface charges and
surface oscillations.3
The surface plasmon appears at 9 eV in the etched sample (Figure 5d.). The
surface plasmon has been seen at 8.2-11 eV in other work.2, 14, 15d The maximum peak
intensity occurs when the probe is position on the edge of the wire. The maximum may
occur at the Si/SiO 2 interface between the core and a thin native oxide layer as
previously seen in the literature and predicted by the multipolar model.15d A small surface
plasmon peak shifted to slightly lower energy can still be observed ~5 nm away from the
nanowire surface. “Aloof” excitations at high impact parameters, defined as the radial
probe position divided by the nanowire radius, have also been observed in germanium
nanowires3 and silicon filaments2. The small shift of the high impact parameter surface
plasmon peak is due to relativistic effects.2, 14
The surface plasmon for amorphous hydrogenated silicon (Si-H) has been cited
as occurring at 12 eV in the literature.15a A peak can not be seen in the etched wires at 12
eV, indicating that hydride surface passivation from the HF etch has been lost and
replaced by an oxide, as would be expected after many hours exposed to air. A weak,
broad surface plasmon can be distinguished around 15 eV in the oxidized samples and
around 20 in the as synthesized wires when the probe is positioned on the edge of the
wire.
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The plasmon loss regions of the EELS spectra for the silicon nanowires analyzed
have the expected volume and surface plasmon peaks. It cannot be determined if there is
a suboxide layer between the silicon core and SiO2 shell of the oxidized wires. The
plasmon region can also not be used to distinguish the silicon and carbon containing shell
of as synthesized wires and the SiO2 shell of oxidized wires. The plasmon region is very
useful, however, for determining the exact thickness of the core and shell layers, as seen
in Figures 7 and 8, due to the clear shift in the volume plasmon peak. Since the plasmon
region is able to distinguish the crystalline core from the amorphous shells, it can reveal
how well the HF etch removed the shell. The etch is not complete on the left side of the
wire analyzed here, as indicated by the shoulder in Figure 8d., whereas the right side has
been cleanly etched.

1.3.3 Core Loss EELS of Silicon Nanowires
The core loss silicon L2,3 edge, carbon K edge and oxygen K edge from the EELS
spectra for silicon nanowires as synthesized, thermally oxidized at 800 °C, oxidized with
aqua regia and HF etched are shown in Figures 9, 12 and 14. The silicon L2,3 edge
corresponds to the 2p electrons. The carbon and oxygen K edges correspond to the 1s
electrons. The intensities of the fronts of the Si, C and O edges as a function of distance
along the line scan are shown in Figures 10, 13 and 15. Selected spectra of the silicon
edge are offset in Figure 11.
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a.

b.

c.

d.

20 nm

Figure 9. Silicon core loss L2,3 edge of silicon nanowires (a.) as synthesized, (b.)
thermally oxidized at 800 °C, (c.) aqua regia oxidized, and (d.) HF etched. Insets: STEM
images of the line scan.
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b.

a.

c.

d.

Figure 10. Intensity of the silicon core loss L2,3 edge as a function of line scan distance of
silicon nanowires (a.) as synthesized, (b.) thermally oxidized at 800 °C, (c.) aqua regia
oxidized, and (d.) HF etched.
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Figure 11. Silicon core loss L2,3 edge for selected spectra along the line scan of silicon
nanowires (a.) as synthesized, (b.) thermally oxidized at 800 °C, (c.) aqua regia oxidized,
and (d.) HF etched. Insets: STEM images of the line scan.
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20 nm

Figure 12. Carbon core loss K edge of silicon nanowires (a.) as synthesized, (b.)
thermally oxidized at 800 °C, (c.) aqua regia oxidized, and (d.) HF etched. Insets: STEM
images of the line scan.
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b.

c.

d.

Figure 13. Intensity of the carbon core loss K edge as a function of line scan distance of
silicon nanowires (a.) as synthesized, (b.) thermally oxidized at 800 °C, (c.) aqua regia
oxidized, and (d.) HF etched.

27

a.

b.

Figure 14. Oxygen core loss K edge of silicon nanowires (a.) thermally oxidized at 800
°C and (b.) aqua regia oxidized. Insets: STEM images of the line scan.

a.

b.

Figure 15. Intensity of the oxygen core loss K edge as a function of line scan distance of
silicon nanowires (a.) thermally oxidized at 800 °C and (b.) aqua regia oxidized.
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The silicon L2,3 edge is at 100 eV, corresponding to Si0, for all radial positions in
all of the samples except in the shell of the thermally oxidized and aqua regia oxidized
nanowires where the silicon edge shifted to 105-106 eV, corresponding to Si4+. The shift
is due to the electronegativity of the oxygen atoms on the electrons of silicon. The inner
well resonances of the fine structure of the SiO2 spectra at 108 and 115 eV can be seen.17
There is no evidence of an intermediate SiOx suboxide, which has been assigned in the
literature to a very small ramping between 100 eV and 106 eV indicating the excess of Si
and a shoulder at 103 eV corresponding to Si2+.1, 4, 17a, 18 Crystalline and amorphous SiO2
can not be distinguished by the silicon edge.17a
The shell of the as made silicon nanowires shows the silicon edge at 100 eV, the
same energy as for crystalline silicon. In the literature, the silicon edge has been found at
97-101 eV for both Si-Si and Si-C bonded materials.16, 19 The silicon L2,3 edge can
distinguish Si-O bonded materials from Si-Si and Si-C bonded materials, but cannot
distinguish Si-Si and Si-C bonded materials from each other.
The intensities of the edges vary with the radial position due to changes in sample
thickness. The HF etched wire, which is composed entirely of crystalline silicon with a
very thin (~2 nm) native oxide surface layer, is a good example of the effect of sample
thickness on edge intensity (Figure 10d.). The intensity maximum occurs at the center of
the wire. The near edge fine structure is suppressed in the very thin sample near the edge
of the wire whereas the fine structure is more pronounced at the center of the wire. The
same effect of thickness on the near edge fine structure has been noted in the literature.1,
18b

The intensity of the silicon edge of the oxidized wires shows that the intensity of the
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SiO2 edge is lower than the intensity of the core (Figure 10 b.-c.). This is due to the
decreased number of silicon atoms per unit volume in silicon as well as the thinner
sample thickness at the edges of the wire.
In all samples, the carbon K edge occurs at 286 eV. No sharp peak corresponding
to π bonding was seen at 286 eV. All carbon in the samples is sp3 hybridized. The near
edge structures are very similar for all samples and radial positions. The carbon signal is
strong across the entire wire for the as synthesized nanowire, indicating carbon
throughout the shell. The intensity of the carbon edge is lower in the oxidized samples.
The carbon edge intensity of the thermally oxidized sample varies radially indicating that
carbon is only adsorbed on the very surface of the wire. The HF wire has very little
carbon signal, with a very small amount on the left side of the wire due to incomplete
etching, consistent with the plasmon loss findings presented earlier. Note that the number
of counts cannot be compared between samples due to changes in sample thickness and
differences in beam condition. Comparisons can only be made within a spectrum and
relative to the silicon edge intensity for the same sample.
The oxygen edge appears only in the oxidized samples at 536 eV. The oxygen
edge does not shift or change when it is bound to silicon in SiO2, nor has it been found to
in the literature.1, 20
The nanowire diameters are too large to display quantum confinement effects,
which would manifest themselves as a size-dependent shift of the silicon edge to higher
energies.21
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The core loss region of the EELS spectra is able to determine relative amounts of
silicon, carbon and oxygen in the nanowires. The as synthesized wires had large amounts
of carbon relative to silicon and no discernible oxygen signal. There is very little carbon
but a lot of oxygen in the shells of the oxidized wires compared to in the shell of the as
synthesized wires. Finally, there is no carbon or oxygen detected on the HF etched
nanowires. There is silicon in the core and the shells of all but the etched wires. The
silicon cores can be distinguished from SiO2 shells but not the Si-C bonded shell.

1.4 Conclusions and Future Work
The plasmon loss region can distinguish the core silicon from the amorphous
shells, either carbonaceous or SiO2. Meanwhile the core loss region can distinguish the
amorphous silicon and carbon shell of the as synthesized nanowires from the SiO2 shells
of the oxidized wires. Together the two regions allow us to fully characterize the
composition of the nanowires and their shells.

1.4.1 Plasmon Loss EELS of Silicon Nanowires
The plasmon loss region is very useful for distinguishing the core silicon from the
amorphous shells, although it cannot distinguish the carbonaceous from the oxide shells.
Further analysis of the diameter dependence of the peak positions and widths
should be done. Quantum confinement effects would manifest themselves in shifts of the
volume plasmon peak to higher energies and broadening of the peaks. For silicon,
confinement is not expected about the Bohr radius of 9 nm, however, and the wires
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probed here had diameters around 30 nm. Very thin wires may exist elsewhere on the
grids, however.
Deconvolution of the plasmon peaks may be fruitful. Attempts in the literature
have been made using different fitting curves, but there is no accepted method for this
analysis.2, 14-15 Nevertheless it would be useful if the surface plasmon peaks could be
resolved because they would provide more information about the core-shell interfaces
and the surface charges of the nanowires. Finally, the dielectric function can be
calculated from the single-scattering distribution spectrum using Kramers-Kronig
analysis. The single-scattering spectrum is obtained from a Fourier-log deconvolution of
the data.15c

1.4.2 Core Loss EELS of Silicon Nanowires
The core loss region provides compositional analysis of the distribution of silicon,
carbon and oxygen in the nanowires and their shells. Silicon and SiO2 can be
distinguished, but no suboxides were found. The oxidation processes greatly decrease the
amount of carbon in the shells.
Attempts have been made to deconvolute the silicon, Si0, and silicon dioxide, Si4+
edges in the literature.1 A similar analysis could be attempted here to further analyze the
oxides formed on the nanowires.
The molar ratios of the silicon, carbon and oxygen should be determined in each
sample using the ionization cross sections of the atoms.1 This analysis would be of value
here, particularly in determining the ratio of silicon to carbon in the shell of the as
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synthesized wires, which is unknown. The shells of the oxidized wires would be
expected to have a 1:2 stoichiometric ratio of silicon to oxygen. The uncertainty in the
analysis comes from estimates for the values of the ionization cross sections of the
elements. They are found by quantum mechanical calculations or measurements from
standard samples.
Finally, information about the bond lengths can be deduced, particularly for the
Si-O bond in the oxide shell and at the interface with the core. This analysis may reveal
subtle details about the oxides and the interface, which can effect the electronic properties
of the nanowires. Work has been done to determine bond lengths from EELS data at the
Si-SiO2 interface in the literature.5 The analysis is computationally difficult, but
established.
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CHAPTER 2: BIOAPPLICATIONS OF SILICON NANOWIRES
2.1. Introduction and Motivation
2.1.1 Antibacterial Properties of Silicon Nanowires
Antibacterial materials are needed in fields from healthcare to textiles and food
packaging. In particular, there is a demand for an antibacterial coating for medical
implants. Implanted devices are often plagued by biofilm coatings that result in bacterial
infections. Biofilms form on surfaces and are composed of microorganisms inside a
biopolymeric coat.22 Biofilms on medical implants can contain pathogens like
staphylococci that result in increased morbidity. The bacteria in biofilms are very often
resistant to antibiotics that are otherwise effective at killing free floating bacteria. The
environment of the biofilm increases the probability that the anti-bacterial resistance will
be passed to neighboring bacteria through genetic transfer mechanisms. The only way to
treat the biofilm implant infection is to remove the implant and to follow long-term
antibiotic treatments.
Novel implant coatings have been developed for the prevention of biofilm
formations.22 Some coatings have covalently bound antimicrobial agents while others
elute antibiotics. Polymers and polymer composites have also been imparted with
antibacterial properties.23 Nanomaterials have begun to be used. Silver nanoparticles
have been shown to be toxic to over 16 species of bacteria, including E. coli.24 The
nanoparticles release Ag+ ions which complex with nitrogen, oxygen and sulfur
containing compounds, like proteins and nucleic acids.25 The silver ions prevent the
proper folding of proteins and, as a result, block the respiratory process. Furthermore,
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silver ions and particles cause metabolites, like potassium, to leak out of cellular
membranes. Titania nanoparticles also have antimicrobial properties. In particular,
vanadium-doped anatase TiO2 nanoparticles have been shown to kill both E. coli and
Bacillus megaterium.26 It is believed that photoexcitation results in strongly oxidizing
holes that have a toxic effect on nearby bacteria.
Carbon nanotubes, another nanomaterial, have been shown to be cytotoxic to E.
coli when the nanotubes make contact with the cell membranes.27 Nanotube diameter is
an important factor, as single-walled nanotubes (SWNT) with diameters of ~ 1 nm were
significantly more cytotoxic than multi-walled nanotubes (MWNT) with diameters of
~30 nm. The full mechanism is not understood, but there is evidence that stress response
genes are upregulated after contact with carbon nanotubes. The cytotoxicity of MWNTs
toward E. coli has also been reduced by coating them with iron oxide.28
Silicon nanowires have similar sizes and aspect ratios to carbon nanotubes. If the
antibacterial effect of carbon nanotubes is size or shape dependent, silicon nanowires
would be expected to be cytotoxic. Furthermore, photoexcitation of silicon nanowires
creates oxidizing holes, though not as oxidizing as those of TiO2, which have the
potential to cause oxidative damage to nearby bacteria. The antibacterial properties of
silicon nanowires are tested here.

2.1.2 Interfacing Silicon Nanowires with Mammalian Cells
Implants, neural probes and stents are all limited by biofouling, which is the
formation of a thick avascular layer of cells and proteins caused by the host defense.
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Proteins first adsorb to the device surface, to which cells then adhere and anchor
themselves. The cells are macrophages and multinucleated Foreign Body Giant Cells.29
These cells cause a chronic inflammatory response and encapsulate the implant or device.
The encapsulation is detrimental for neural probes and other biosensors. The cells also
release reactive oxygen species that can damage the implant. In the case of stents, to
prevent clot formation and thrombosis, it is desirable to have a layer of endothelial cells
cover the stent without causing scarring or the accumulation of smooth muscle cells.30
Many attempts have been made to prevent the unwanted encapsulation of
implants. Neural progenitor cells have been seeded directly onto silicon neural probes
before insertion to prevent encapsulation of the probe with glial cells.31 Biomolecules
have been covalently bound to implant surfaces to encourage the growth of certain cell
types.32 Coatings have been investigated to prevent the adsorption of cell adhesion
proteins.33 Nanomaterials, particularly nanowires, have the potential to change the
surface topography and chemistry to prevent biofouling. Silicon nanowires are promising
because silicon is a biocompatible material and it is also possible to functionalize the
surface of silicon to terminate it with particular functional groups or biomolecules.
The understanding of cellular adhesion to surfaces is essential for tissue
engineering and improving implant coatings. It has been found that the topography of the
surface greatly influences the adhesion, spreading, morphology, orientation, migration,
cytoskeletal organization, apoptosis and gene regulation of cells.34 In the body, cells
grow on extracellular matrix basement membranes, which can be composed of
fibronectin, collagen, laminin, elastin, vitronectin, tenascin, thrombospondins, entactin,
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nidogen, and proteoglycans.35 The basement membranes are porous structures composed
of fibrous proteins with nanometer length scales. Cells detect and respond to the
composition, stiffness and topography of the extracellular matrix with integrin surface
receptors.35
Many studies have examined the interactions of cells with artificial surfaces made
to mimic the nanoscale topography of the extracellular matrix basement membranes.
Most were limited by the spatial resolution of photolithography patterning techniques
and, as a result, used micron scale features. The experiments fall into two categories:
those studying the effect of regularly spaced, uniform topographies and those with
randomly oriented and distributed features. The later use substrates that are more
analogous to the extracellular matrix.
Regularly spaced micron scale features have been patterned on quartz, silica,
titanium, polydimethxysiloxane (PDMS), epoxies, polystyrene, poly(methyl
methacrylate) (PMMA), polyethylene terephthalate (PET), polycarbonate, poly(NIPAM),
nitrocellulose and polyvinylidene fluoride (PVDF).34a Cells have been found to align
with and elongate along grooves.36 This phenomenon has been explored for tendon and
nervous system repair. Fibroblasts and endothelial cells have been found to adhere well
to cliffs but not to regularly spaced pits or vertical pillars of polycaprolactone.37
Fibroblasts grown on 100 nm diameter, 160 nm high vertical columns of PMMA with
230 nm spacings tried to endocytose the columns. They had unusual morphologies and
disrupted cytoskeletons.34b
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Randomly oriented features have also been tested. Osteoblasts have been found
to preferentially adhere to MWNTs rather than planar substrates.35 The randomly
oriented MWNT substrate has a very similar structure to the extracellular matrix
basement membrane. They have comparable roughness and porosity and similar
nanoscale topography. Breast epithelial cells form multicellular spheres on electrospun
polyamide, much like on collagen substrates whereas they form monolayers on planar
substrates.35 Endothelial cells adhered and proliferated well on surface modified
electrospun polycaprolactone while smooth muschle cell proliferation was decreased.30
The material is promising for cardiovascular implant and stent applications. Smooth
muscle cells adhered better to poly(lactide-co-glucolic acid) membranes treated with
NaOH with nanometer surface roughness than to planar substrates.35 On rough
sandblasted surfaces, cell adhesion, migration and extracellular matrix production were
improved.34a Fibroblasts have been found to migrate into sheets between 8-40 µm
diameter silica fibers, favoring acute angles between the fibers.35 Neurons grew on
surface roughened etched silicon with 2.5-70 nm features with better adhesion than on
planar silicon wafers.38
There is no generally accepted relationship between cell adhesion and substrate
topography. It seems to be dependent on cell type, surface material, and surface
chemistry in addition to the substrate topography. Monitoring gene expression and
signaling pathways on different topologies may clarify why cells adhere preferentially to
certain surfaces.
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Silicon nanowires have the potential to be a suitable substrate for cell adhesion.
As shown in Figure 16,, the morphology of drop cast silicon nanowires is very similar to
that of the extracellular matrix and of randomly oriented carbon nanotubes, to which cells
adhered better than to planar substrates.35 Silicon is biocompatible and has long been
used as a biocompatible material for neural probes.39 The surface chemistry of silicon is
well understood allowing for chemical modification of the nanowire surfaces.

2 µm

Figure 16. An SEM image of silicon nanowires grown by the SFLS process.
Nanowires have been interfaced with cells to probe and manipulate processes
occurring inside cells and across membranes.40 Nanowires have diameters that are about
2-3 orders of magnitude smaller than the diameter of cells making them an ideal size for
interfacing with distinct cellular compartments. Nanowires have suitable mechanical
properties, like strength and plasticity, and can be individually manipulated.41
Nanowires have great potential as biosensors.42 Theoretically, cylindrical
nanowires are capable of sensing DNA concentrations down to 100 fM, which is 3-4
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order of magnitude lower than the sensitivity of a planar sensor.43 Gold nanowire devices
have been used for real time monitoring of ligand-receptor interactions using dielectric
spectroscopy.44 Dielectric spectroscopy can measure cell membrane conductivity, cell
monolayer permeability, cell migration, ligand-receptor interactions and ion channel
activity. Changes in the dielectric of the medium around the nanowire change the
electrical properties of the nanowire. A micromechanical sensor, comprised of vertical
posts of PDMS with diameters of 2-10 µm and heights of 3-50 µm, has also been
designed to measure the mechanical forces of individual cells..45
Silicon nanowires, and other semiconductor nanowires, have tunable electronic
properties and are compatible with existing semiconductor technology, making them
excellent candidates for biosensors. Silicon nanowire devices have been used to monitor
streptavidin binding to biotin-functionalized nanowires and antibody binding to antigenfunctionalized nanowires.46 A silicon nanowire field effect transistor (FET) based sensor
with the antibody for prostate specific antigen bound to the nanowire surface can detect
the presence of prostate specific antigen because the binding to the antibody changes the
electric field at the nanowire surface, changing the conductivity of the nanowire.47
Silicon nanowire devices have been able to experimentally measure antibody
concentrations as low as 100 fM.48 Silicon nanowires have also been used for calcium,
Ca2+, sensing.46 In addition, silicon nanowires have been coated with phospholipids
bilayers containing protein pores. The membrane coated nanowires are much better at
detecting the insertion of a protein pore into the membrane than a planar silicon
electrode.49 Ionic and electron signal transduction has also been achieved using voltage40

gated or chemically gated ion transport through the membrane pores.50 By applying a
voltage, ion transport through voltage gated channels can be detected.51
Silicon nanowire devices have been used for measuring electrical signals or
stimulating action potentials in neurons.42 Silicon chips have long been used for neural
recordings.39b Gradually top-down fabrication has been defining smaller and smaller
devices, but recently bottom-up fabrication has begun to dominate.52 Higher signal to
noise recordings from neurons and muscle cells can be made with nanowire FETs than
with planar devices.52 Graphene FETs have recorded conductance signals from beating
cardiomyocytes, but silicon nanowire FETs have better spatial resolution.53 Nanowire
FETs have been fabricated on flexible plastic substrates and used to record from neurons,
cardiomyocytes and heart tissue.54 The electrocardiogram signals from the heart and the
action potentials of individual cardiomyocytes and aortic smooth muscle cells have been
transduced into changes in silicon nanowire conductance.55 The neuronal activity in
brain slices in vitro has been measured with good temporal and spatial resolution with
silicon nanowire FETs.56 Neuronal signal propagation along axons has been detected,
stimulated and inhibited in cultured neurons with their axons and dendrites crossing
multiple silicon nanowire FETs.57 Additionally, a single FET has been fabricated at the
tip of a kinked silicon nanowire. The kinked wire was then coated with a phospholipid
bilayer and introduced into single cells to record individual cardiomyocytes with good
sensitivity.58 Nanowire devices are able to make high signal to noise recordings because
they couple strongly to or penetrate cell membranes.53
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Many complicated single nanowire devices have been fabricated, but also, on a
more fundamental level, the cytotoxicity of nanowires has been tested. As nanomaterials
have begun to appear more frequently in consumer products like sunscreen and
electronics, concern has been growing about the cytotoxicity of these materials. As
materials shrink from the microscopic scale to the nanoscale, their effects on cells
change. Concern has been expressed that carbon nanotubes may act like asbestos in the
body since both have similar fibrous morphologies.59 There have been conflicting reports
on the cytotoxicity of carbon nanotubes. Carbon nanotubes have been shown to be more
toxic than amorphous carbon.59 SWNTs have also been shown to be more toxic than
MWNTs.59 SWNTs can induce apoptosis and decrease cell viability.59 However,
MWNTs have also been shown to be harmful. MWNT exposure to normal and malignant
mesothelial cells resulted in cell death, DNA damage, apoptosis and the activation of two
transcription factors associated with the development of mesothelioma.60 There are
reports of inflammatory responses, granulomas and blocking of ion channels by carbon
nanotubes.59 Certain surface functionalizations have been shown to decrease the
cytotoxic effects.59 SWNTs surface functionalized with GFP expressing plasmids were
internalized by colon cancer cells and showed less cytotoxicity than control SWNTs,
however the functionalized SWNTs were still increasingly toxic with increasing SWNT
concentration.61 Sonicated nanotubes were shown to be toxic to skin cells while the same
nanotubes coated in surfactant were not.62 Despite many reports of cytoxicity, carbon
nanotubes have also been successfully interfaced with osteoblasts and neurons.59 Due to
conflicting reports, the cytotoxicity testing of carbon nanotubes has been inconclusive.
42

Few studies of the cytotoxicity of silicon nanowires have been done. Since
carbon nanotubes have begun to be incorporated in consumer products, many more
studies have been conducted concerning the cytotoxicity of carbon nanotubes than of
silicon nanowires. There are many similarities between carbon nanotubes and silicon
nanowires, which might suggest that silicon nanowires have similar cytotoxic effects.
Silicon nanowires have similar diameters and aspect ratios to MWNTs. Silicon is also a
non-toxic material in the bulk, as is carbon. Cytotoxicity studies of unfunctionalized,
amine-terminated and carboxylate terminated silicon nanoparticles have shown that
amine-terminated nanoparticles are the most cytotoxic of the three.63 The presence of
bovine calf serum in the media increased the cytotoxic effect. This shows the complexity
of factors involved in the cytotoxicity of materials. Silica nanoparticles with diameters of
110 nm were shown to be non-toxic to epithelial cells while silica nanowires with
diameters of 55 nm and lengths of 2 µm were shown to be non-toxic to epithelial cells
below concentrations of 190 µg/mL, but cytotoxic at higher nanowire concentrations.64
One study concluded that silicon nanowires are non-toxic to fibroblasts when cells were
cultured in a dilute solution of nanowires with no detrimental effect on cell counts.65 In
another study, silicon nanowires were shown to have dose-dependent cytotoxicity on
normal and cancer human cell lines. The silicon nanowires effected cell morphology and
decreased cell adhesion by ~50%. Cell adhesion genes were down regulated in the
presence of silicon nanowires.66 While there is some evidence of cytotoxic responses to
silicon nanowires, there is no conclusive pattern. Cytotoxicity can be dependent on many
parameters including nanowire size, nanowire surface chemistry, cell line, and the
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presence of other factors in the cell culture medium. Thorough studies have not been
conducted to explore all of the variables.
Despite reports of cytotoxicity of carbon nanotubes and other nanowires, cells
have been successfully seeded on substrates covered with these materials. Neurons have
been shown to migrate to islands of carbon nanotubes that were patterned on a quartz
surface.67 Neurons grown on MWNTs surface functionalized with pyrrolidine groups
have been shown to have improved neural signal transfer and increased spontaneous
electrical activity.68 The improved neural signal was attributed to the properties of the
carbon nanotubes and their high electrical conductivity which might provide a pathway
for direct electronic current transfer resulting in a redistribution of charge along the
surface of the cell membranes. Fibronectin has been shown to adsorb strongly to carbon
nanotubes. Cells preferentially grew on fibronectin coated carbon nanotubes rather than
fibronectin coated planar surfaces.69 Neurites were attracted to carbon nanotubes that
were surface functionalized with nerve growth factor neurotrophin.70 This is a promising
result for nerve regeneration scaffolds. Finally, vertically aligned carbon nanofibers were
found to penetrate cells. This platform has been used for gene delivery.71
Cells have also been grown on metal and semiconductor nanowires.
Macrophages seeded on Fe-Co-Ni alloy nanowires with diameters of 75 nm and lengths
of 10s of µm were smaller and rounder than cells grown on flat Fe-Co-Ni substrates.29
There was decreased adsorption of adhesion proteins to the nanowires. Cytokine assays
also showed up regulation of inflammatory cytokines. Neurons have been cultured on
vertical gallium phosphide nanowires with diameters of 50 nm and lengths of 2.5 µm.72
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The nanowires penetrated the cells. Cell survival was better on the nanowires than on
planar substrates, but cells growing on the flat substrate did not enter the vertical
nanowire forest. Later work used the vertical nanowires as “fences” to guide axons that
were growing on the flat substrate.73 Hippocampal neurons have also been cultured on
vertical forests of Ge and SiGe nanowires and on dropcast GaN and ZnO nanowires.74
The ZnO nanowires were cytotoxic, but cells adhered tightly to all other nanowires
without any evidence of an extracellular gap.
Silicon nanostructures have been interfaced with cell cultures as well. Mammary
gland epithelial cells internalized silica nanowires, whose surfaces were covalently
modified with fibronectin.75 The fibronectin enhanced the rate of internalization by 50%.
When Shiga toxin was adsorbed onto the nanowires, internalization of the wires caused
cell death. Silicon nanowires were also seen to interdigitate with the intestinal cell
microvilli. Micron scale beads coated with 60 nm diameter silicon nanowires showed
improved adhesion in mucosal tissues allowing more time for drug delivery from the
beads before systemic clearance.76 Cells have been grown on porous silicon with higher
viability than on silicon wafers.77 Astrocytes were also found to grow on textured silicon
surfaces made by reactive ion etching, however they preferred to be on smooth planar
silicon or on top of silicon columns with 0.5 µm diameters, 1 µm heights and 1 µm
spacings.78 Neurons have been pinned non-invasively on arrays of silicon nanopillars
that were 150 nm in diameter and 1 µm high to prevent their migration on the substrate.79
The nanopillars were imbedded in the cytoskeleton and the cells preferred to grow on the
pillars than on the flat substrate. Hippocampal neurons have been cultured on sparsely
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drop cast silicon nanowires.74 Imaging showed tight junctions between the neurons and
the wires. Osteoblasts have also been grown on silicon nanowires that had been coated
with calcium phosphide and functionalized with bisphosphonates for bone tissue
growth.80 Compared to planar control surfaces, silicon nanowires increased cytotoxicity
by ~50%, but osteoblasts did grow and calcify on the nanowires. Vertical silicon
nanowires have been shown to penetrate cell membranes.40 This route has been used
several times to deliver genes, proteins, siRNA and other biomolecules into cells. A
forest of 90 nm diameter, 6 µm long silicon nanowires delivered a GFP expressing
plasmid into kidney cells in culture.40 Surface bound siRNA, proteins and small
molecules bound to the surfaces of 1 micron long vertically oriented silicon nanowires
were released directly into the cytosol of HeLa cells and neurons.81 Silicon nanowires
have been shown to be internalized entirely, to interdigitate with cellular projections, to
grow on porous and roughened silicon surfaces, to prefer either roughened or smooth
planar surfaces, to be non-invasively pinned by silicon pillars and to be penetrated by
vertical silicon pillars and nanowires. The results often contradict each other and many
variables have not been varied systematically in these experiments.
Cells have never been grown on substrates of dense mats of randomly oriented
silicon nanowires, likely because most silicon nanowires are grown by chemical vapor
deposition where the typical yield of nanowires is on the order of micrograms. The SFLS
synthesis produces tens of milligrams of nanowires per batch. We are able to drop cast
these large quantities of nanowires onto substrates to create thick mats and to form freestanding pure silicon nanowire paper. This thesis presents the results of the growth of
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human neuroblastoma cells on substrates of randomly oriented silicon nanowires made
by the SFLS process.

2.2. Materials and Methods
2.2.1 Antibacterial Properties of Silicon Nanowires
The antibacterial properties of silicon nanowires were tested by exposing E. coli
(DH10β) to mats or dispersions of silicon nanowires. Two experimental set ups were
used: one with the silicon nanowires adhered to the bottom of an Erlenmeyer flask
containing a suspension of E. coli in media, and one with varying amounts of silicon
nanowires, E. coli and media suspended in the wells of a 100 well plate. E. coli
concentration and growth rates were determined by light absorbance measurements.
In the flask experiment, 10.6 mg of silicon nanowires were suspended in
chloroform and put into each of three 250 mL Erlenmeyer flasks. The solvent was
allowed to completely evaporate so that the wires dried and adhered to the bottom of the
flask. The E. coli were grown in 5 mL of Luria Broth (LB) media overnight. The flasks
were sanitized inside and outside with isopropanol and allowed to completely dry in the
cell culture hood. Suspensions of E. coli in media were added to each flask so that the
initial absorbance was 0.005. The flasks were placed in a shaking incubator at 37 °C.
The flask for the dark experimental condition was wrapped in tin foil. The flask for the
light experimental condition was exposed to ambient light and an incandescent flashlight.
Approximately every hour, 1 mL of liquid was removed and the absorbance of the
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solution at 600 nm was measured. Figure 17 shows photographs of the flasks with and
without the E.coli suspension.

Figure 17. Photograph of the flasks containing a. dry silicon nanowires and b. silicon
nanowires with the E.coli in LB media.
In the 100 well plate experiment, the antibacterial effect of different
concentrations of silicon nanowires was explored. Different amounts of silicon
nanowires dispersed in dimethyl sulfoxide (DMSO) were deposited in the 100 well plate.
DMSO was used because it did not damage the plastic plate. There were three wells for
each experimental condition. Once the DMSO had completely dried, 200 mL of media
was added to each well. Then, 10 µL of E. coli were added to the appropriate wells. The
plate was set up as shown in Table 1. The plate was placed in a plate reader, which
maintained the samples at 37 °C and shook the cell between absorbance measurements.
The wide band absorbance at 420-580 nm was measured every 10 minutes for 22 hours
and 20 minutes.
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Table 1. Experimental setup of the 100 well plate for silicon nanowire and E. coli
absorbance measurements.
0.785
mg/mL
SiNW +
E. coli

0.392
mg/mL
SiNW +
E. coli

0.353
mg/mL
SiNW +
E. coli

0.314
mg/mL
SiNW +
E. coli

0.275
mg/mL
SiNW +
E. coli

0.235
mg/mL
SiNW +
E. coli

0.196
mg/mL
SiNW +
E. coli

0.157
mg/mL
SiNW +
E. coli

0.118
mg/mL
SiNW +
E. coli

0.079
mg/mL
SiNW +
E. coli

0.785
mg/mL
SiNW +
E. coli
0.785
mg/mL
SiNW +
E. coli
0.785
mg/mL
SiNW
0.785
mg/mL
SiNW
0.785
mg/mL
SiNW

0.392
mg/mL
SiNW +
E. coli
0.392
mg/mL
SiNW +
E. coli
0.392
mg/mL
SiNW
0.392
mg/mL
SiNW
0.392
mg/mL
SiNW

0.353
mg/mL
SiNW +
E. coli
0.353
mg/mL
SiNW +
E. coli
0.353
mg/mL
SiNW
0.353
mg/mL
SiNW
0.353
mg/mL
SiNW

0.314
mg/mL
SiNW +
E. coli
0.314
mg/mL
SiNW +
E. coli
0.314
mg/mL
SiNW
0.314
mg/mL
SiNW
0.314
mg/mL
SiNW

0.275
mg/mL
SiNW +
E. coli
0.275
mg/mL
SiNW +
E. coli
0.275
mg/mL
SiNW
0.275
mg/mL
SiNW
0.275
mg/mL
SiNW

0.235
mg/mL
SiNW +
E. coli
0.235
mg/mL
SiNW +
E. coli
0.235
mg/mL
SiNW
0.235
mg/mL
SiNW
0.235
mg/mL
SiNW

0.196
mg/mL
SiNW +
E. coli
0.196
mg/mL
SiNW +
E. coli
0.196
mg/mL
SiNW
0.196
mg/mL
SiNW
0.196
mg/mL
SiNW

0.157
mg/mL
SiNW +
E. coli
0.157
mg/mL
SiNW +
E. coli
0.157
mg/mL
SiNW
0.157
mg/mL
SiNW
0.157
mg/mL
SiNW
E. coli

0.118
mg/mL
SiNW +
E. coli
0.118
mg/mL
SiNW +
E. coli
0.118
mg/mL
SiNW
0.118
mg/mL
SiNW
0.118
mg/mL
SiNW
E. coli

0.079
mg/mL
SiNW +
E. coli
0.079
mg/mL
SiNW +
E. coli
0.079
mg/mL
SiNW
0.079
mg/mL
SiNW
0.079
mg/mL
SiNW
E. coli

The solution of E. coli in LB media is turbid because the bacteria scatter light.
The turbidity increases as the number of E. coli increases. By measuring the amount of
transmitted light, the number of bacteria and their growth rate can be determined. The
growth rate is defined as the time it takes the culture to double. The growth rate, u, is
equal to the number of generations, n, in the elapsed time, t, as given by eqn 1.
u = n/t

(1)

The number of generations is related to the absorbance at two time points, x1 and x2, by
eqn 2.
n = [log(x2) – log (x1)]/log(2)

(2)

In all experiments, growth rates were calculated from the steepest part of the absorbance
curve as a function of time. Combining eqns (1) and (2), the growth rate is dependent on
the change in absorbance in a time, t.
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u = [log(x2) – log (x1)]/[t*log(2)]
This is the standard method for determining the growth rate of E. coli.24

2.2.2 Interfacing Silicon Nanowires with Mammalian Cells
For the mammalian cell experiments, SK-N-SH human neuroblastoma cells were
cultured in Minimum Essential Eagle’s Medium (ATCC) supplemented with 10% fetal
bovine serum (ATCC) and 1% penicillin-streptomycin (Sigma). All cells were cultured
at 37 °C and 5% CO2. This cell line was chosen because it is an accepted neuronal model
system, which exhibits many of the characteristics of mammalian nerve cells.
Silicon nanowires were synthesized by the SFLS process using MPS as the silicon
precursor, as described in Chapter 1 of this thesis. The nanowires were washed in
chloroform and toluene and then drop cast onto 1-2 cm2 silicon wafer substrates silicon
wafers to form a uniform, thick mat. The nanowires had the carbon and silicon
containing shell that is present on silicon nanowires made by the SFLS process using
MPS. The silicon nanowire covered wafers and control silicon wafer samples without
nanowires were treated with UV-ozone for 20 minutes to clean and render the surfaces
hydrophilic. Following methods cited in the literature, the substrates were then sterilized
by either autoclaving at 121 °C for 30 minutes77 or submerging the samples in 70%
ethanol40, 71-74, 78a, 80 and transferring them into the cell culture laminar flow hood to dry in
a sterile environment. In the laminar flow hood, the substrates were placed in separate
wells of a six-well plate.
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To promote cell adhesion, some substrates were coated with either fibronectin or
poly-D-lysine, as seen in the literature.29, 34a, 69, 74-75, 78a, 82 The human fibronectin was
purchased from BD Biosciences. The protein was thawed at room temperature and
resuspended in the laminar flow hood with 1 mL of tissue culture grade DI water for 30
minutes without swirling or agitation. The solubilized fibronectin was diluted in Hank’s
Balanced Salt Solution (HBSS, Sigma) to a concentration of 24 µg/mL. All aliquots
were stored at -4 °C until needed. To coat, 2 mL of the 24 µg/mL fibronectin solution
were added to each of the 9.6 cm2 wells, resulting in 5 µg/cm2. The solution was left in
the wells for 1 hour. The fibronectin solution was removed and the wells were rinsed
thoroughly with HBSS. The poly-D-lysine was purchased from Sigma-Aldrich. A 0.1
mg/mL solution of poly-D-lysine in sterile tissue culture grade water was made. For
coating, 2 mL of the poly-D-lysine solution was added to each well. After 5 minutes, the
solution was removed and the wells were rinsed with cell culture grade water. The
substrates were allowed to air dry in the laminar flow hood.
Cells were seeded at a concentration of 8.5x105 cells per well, or 0.6 mL of a 90%
confluent 75 cm2 flask treated with 3.5 mL of trypsin (ATCC). Cells were allowed to
grow up for 5 days in the incubator at 37 °C. The cells were then fixed, dehydrated and
sputtered with gold to prepare them for imaging by SEM. The fixative solution was 0.75
mL of 2x phosphate buffer solution (PBS, Sigma), 0.75 mL of a 0.08g/mL sucrose
solution in DI water, 0.06 g of paraformaldehyde and 10 µL of 1 M NaOH. The solution
was warmed to 60 °C to fully dissolve the paraformaldehyde and used within 12 hours.
The cells were rinsed with warm PBS before 1.5 mL of the fixative solution was added to
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each well. The fixative solution was left on the cells for 20 minutes at room temperature.
The cells were then rinsed with PBS. Next, the fixed cells were dehydrated with
successively more concentrated solutions of ethanol. The substrates were first immersed
in a 30% ethanol solution for 45 minutes, then a 50% ethanol solution for 30 minutes, and
finally solutions of 70%, 85%, 90%, 95% and 100% ethanol for 10 minutes each. In the
chemical hood, the samples were exposed to 10 µL of hexamethyldisilazane (HMDS,
Sigma) for each 1 cm2 of substrate area. Care must be taken to prevent any contact with
or inhalation of HMDS as it is a severe irritant. After the HMDS has fully evaporated,
the samples were sputter coated with ~5 nm of gold. SEM images were acquired on a
Zeiss Supra 40VP Scanning Electron Microscope with the InLens at 2 kV and a working
distance ~5 mm.

2.3. Results and Discussion
2.3.1 Antibacterial Properties of Silicon Nanowires
As a proof of concept, suspensions of E. coli were added to flasks with a coating
of nanowires on the bottom of the flask. There were four experimental conditions as
shown in Table 2. The light and dark experimental conditions were used to test if any
observed antibacterial effect was due to photoexcitation of the silicon nanowires.
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Table 2. The experimental conditions for the four flasks used to test the antibacterial
property of silicon nanowires.
Experimental
Silicon
E. coli Light Dark
Condition
Nanowires
1
X
2
X
X
X
3
X
X
X
4
X

The light absorbance of the solution was taken approximately every hour. Figure
18 shows the absorbance of the aliquots as a function of time. The growth rate was
determined from the steepest part of the absorbance curve for each flask. The growth
rates are shown in Table 3.
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a.

b.

c.

d.

Figure 18. (a.) The absorbance of the E. coli in LB media as a function of time with and
without silicon nanowires, and in the dark and in the light. (b.) The change in absorbance
as a function of time. (c.) Plot of log(Absorbance) vs. time. The steepest part of the
curves is used to calculate the growth rates. (d.) Plot of dA/dt vs. time.
Table 3. The growth rates of E. coli in flasks 1-4.
Experimental Estimated Growth Rate
condition
(1/hr)
1

2.43

2

0.19

3

0.20

4

0
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The silicon nanowire only control, 4, showed a small decrease in absorbance over
time. This may be due to the adsorption of protein from the LB media onto the
nanowires. The 10 .6 mg of nanowires in the flask, assuming an average diameter of 25
nm, have a surface area of 7279 cm2. The high surface area to volume ratio of the
nanowires provides a large area for adsorption. The change in the composition of the
media will change its interaction with light, possibly leading to this decrease in
absorbance. The decrease in absorbance due to the nanowires is not large enough to
explain the decreased absorbance for the experimental conditions 2 and 3 with both
silicon nanowires and E. coli relative to the E. coli only control, 1. The silicon nanowires
alone also do not absorb or scatter the 600 nm light strongly. The relationship between
the absorbance of the solution and the number of E. coli is still valid. Thus, the growth
rates can be calculated from the absorbance data.
The experimental conditions, 2-4, with silicon nanowires had much lower
absorbance measurements than the control flask with only E. coli, condition 1. Table 3
shows that the growth rates of E. coli in the presence of silicon nanowires are an order of
magnitude lower than the E. coli only control. The silicon nanowires decrease the
proliferation and viability of the E. coli. There was no significant difference in the
absorbance measurements or growth rates between the silicon nanowire and E. coli
suspensions in the light and dark, suggesting that any decrease in E. coli proliferation is
not due to the photoexcitation of the silicon.
The concentration dependence of the antibacterial effect of silicon nanowires was
also tested. Varying amounts of silicon nanowires were deposited into the wells of a 100
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well plate. LB media was added to every well. E. coli were added to the experimental
wells and the E. coli only control wells. The light absorbance was taken every ten
minutes to determine the growth rates of the E. coli. The absorbance measurements as a
function of time are shown in Figure 19. The growth rates of the E. coli were calculated
from the steepest segment of the absorbance curve. The growth rate as a function of
silicon nanowire concentration is shown in Figure 20.
a.

b.

c.

Figure 19. (a.) The absorbance of silicon nanowire and E. coli suspensions as a function
of time. The silicon nanowire concentration was varied from 0 to 0.785 mg/mL. (b.) The
change in absorbance as a function of time. (c.) The change in absorbance at the 500
minute timepoint as a function of silicon nanowire concentration.
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Figure 20. E. coli growth rate as a function of silicon nanowire concentration. Error bars
correspond to the standard deviation of three wells.

All of the wells with E. coli showed an increase in absorbance with time that
reached a peak around 600 min and then decreased slowly for the remainder of the time.
All of the wells without E. coli, having only nanowires dispersed in LB media, showed
no significant changes in absorbance. There are two outlier curves, corresponding to the
highest concentration of silicon nanowires with and without E. coli. Both wells started
with absorbance values above 1, meaning that over 90% of the light is initially absorbed
or scattered, and then had sporadic behavior. The concentration of nanowires was too
high to disperse well in the aqueous media so the nanowires aggregated. Since the
measurement is made by transmission through the well from top to bottom, the
aggregated nanowires interfered with the measurement. The highest silicon nanowire
concentration data points should be excluded from analysis of the data. Since it was a
transmission measurement through the nanowires, the absorbance and scattering by the
57

silicon nanowires increased with increasing silicon nanowire concentration, as seen by
the absorbance measurements at time zero. This trend would be expected since higher
silicon nanowire concentration samples are more turbid.
The change in absorbance at 500 minutes is plotted as a function of silicon
nanowire concentration in Figure 24c. This time point is prior to the point of maximum
absorbance around 600 minutes. The wells with only silicon nanowires showed no
systematic change in absorbance with increasing silicon nanowire concentration. The
wells with E. coli show a downward trend in absorbance with increasing nanowire
concentration. The growth rates, shown in Figure 25, also show a downward trend with
increasing silicon nanowire concentration. These preliminary experiments suggest that
silicon nanowires have a concentration dependent effect on the viability and proliferation
of E. coli.

2.3.2 Interfacing Silicon Nanowires with Mammalian Cells
In order to grow cells on silicon nanowires, the surfaces of the wires had to be
rendered hydrophilic so that the cell medium would wet the surface. After drop casting
silicon nanowires out of chloroform onto silicon wafer substrates, the substrates were
treated with UV-ozone. UV-ozone terminates the silicon surface with hydroxyl groups.
Figure 21 shows the contact angle of drops of DI water on, from left to right, an untreated
silicon wafer, a UV-ozone treated silicon wafer, untreated silicon nanowires and UVozone silicon nanowires. The water droplet spreads more on the UV-ozone treated
silicon wafer than on the untreated silicon wafer. The water droplet on the untreated
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silicon nanowires shows that they are very hydrophobic, whereas the water droplet spread
on the UV-ozone treated silicon nanowires. The darker region covering about two-thirds
of the treated silicon nanowires is the region that has been wet by the water. The UVozone treatment is successful in making the nanowire surface hydrophilic.

Figure 21. The spreading of a droplet of water on, from left to right, an untreated silicon
wafer, a UV-ozone treated silicon wafer, untreated silicon nanowires and UV-ozone
treated silicon nanowires.
Cells were grown on UV-ozone treated silicon nanowires and silicon wafer
controls. The substrates were uncoated, coated with fibronectin, or coated with poly-Dlysine. Fibronectin is an extracellular matrix adhesion protein. Poly-D-lysine is a
positively charged polypeptide that attracts the negatively charged surfaces of cells.83
The substrates were sterilized by either autoclaving or submersing in 70% ethanol. Table
4 lists the experimental conditions for each of the samples that were seeded with cells.
Figures 22-24 show representative SEM images of cells growing on silicon nanowires
and silicon wafer control substrates with different sterilization techniques and protein
coatings.
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Table 4. The substrates used for seeding with neuroblastoma cells.
Si wafer, ethanol
Si wafer, ethanol, fibronectin
Si wafer, ethanol, poly-D-lysine
Si wafer, UV-ozone, ethanol
Si wafer, UV-ozone, ethanol, fibronectin
Si wafer, UV-ozone, ethanol, poly-D-lysine
SiNWs, ethanol, fibronectin

SiNWs, ethanol, poly-D-lysine
SiNWs, UV-ozone, ethanol
SiNWs, UV-ozone, ethanol, fibronectin
SiNWs, UV-ozone, ethanol, poly-D-lysine
SiNWs, UV-ozone, autoclave
SiNWs, UV-ozone, autoclave, fibronectin
SiNWs, UV-ozone, autoclave, poly-D-lysine
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a.

20 µm

c.

20 µm

e.

20 µm

b.

20 µm

d.

20 µm

f.

20 µm

Figure 22. Neuroblastoma cells cultured for 3 days on silicon wafers (a.) sterilized with
70% ethanol, (b.) sterilized with 70% ethanol and coated with adsorbed fibronectin, (c.)
sterilized with 70% ethanol and coated with adsorbed poly-D-lysine, (d.) treated with
UV-ozone and sterilized with 70% ethanol, (e.) treated with UV-ozone, sterilized with
70% ethanol and coated with adsorbed fibronectin, and (f.) treated with UV-ozone,
sterilized with 70% ethanol and coated with adsorbed poly-D-lysine.
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a.

b.

2 µm

2 µm

c.

d.

2 µm

2 µm

e.

2 µm

Figure 23. Neuroblastoma cells cultured for 3 days on silicon nanowires sterilized with
70% ethanol and (a.)coated with adsorbed fibronectin, (b.) coated with adsorbed poly-Dlysine, (c.)treated with UV-ozone, (d.) treated with UV-ozone and coated with adsorbed
fibronectin, and (e.) treated with UV-oxone and coated with adsorbed poly-D-lysine.
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a.

a.

20 µm

20 µm

b.

b.

20 µm

20 µm

c.

c.

20 µm

20 µm

Figure 24. Neuroblastoma cells cultured for 5 days on silicon nanowires sterilized by
autoclave and (a.) no protein coating, (b.) coated with adsorbed fibronectin, and (c.)
coated with adsorbed poly-D-lysine.
63

Neuroblastoma cells cultured for three days grew with similar adhesion, spreading
and morphology on all silicon wafer substrates, regardless of UV-ozone treatment or
protein adsorption (Figure 22). Only live cells will adhere to a substrate. No bacteria are
seen by SEM indicating that sterilization with 70% ethanol was sufficient for the silicon
wafer substrates. One would expect the fibronectin and poly-D-lysine coatings to
improve cell adhesion, but there is no apparent difference between uncoated and coated
nanowires. The results indicate that the concentrations of the protein solutions used for
adsorption need to be optimized for silicon wafers and the SK-N-SH human
neuroblastoma cell line used here.
Cell adhesion and spreading was drastically reduced on silicon nanowire
substrates. Figure 23 shows cellular structures adhered to ethanol sterilized silicon
nanowires after 3 days of incubation. The cells are smaller, rounder and less spread than
cells on silicon wafers, as shown in Figure 25. This has been found for cells growing on
other nanowire surfaces in the literature.29 The ethanol sterilization seemed to be
adequate, as no bacteria were seen by SEM. The protein coatings had no effect. The
literature shows that protein adsorption on nanowires differs from adsorption on planar
surfaces.29, 69 The protein adsorption protocols need to be optimized for the nanowire
surface. Cells have been shown in the literature to make attempts to attach to
nanostructured surfaces but lose their attachment after some minutes.37 The cells may
have trouble landing directly on the silicon nanowires and adhering. Those that do
manage to adhere to the middle of the nanowire mat do not proliferate.

64

2 µm

2 µm

Figure 25. Cells are larger and more spread on (a.) a silicon wafer than on (b.) silicon
nanowires.
Controls were performed with each of the protein coatings and either ethanol or
autoclave sterilization to confirm that the structures seen by SEM were, in fact, from the
cells. The substrates, both silicon wafers and silicon nanowires, were treated with UVozone and sterilized by ethanol or autoclaving. They were then either left uncoated,
coated with fibronection or coated with poly-D-lysine. Table 5 lists the different
substrate treatments used as controls. The substrates were placed in the wells of a 6-well
cell culture plate and incubated at 37 ºC for 5 days with cell culture medium. The same
fixation, dehydration and sputter protocols were followed as on the samples with cells.
SEM showed no agglomerates on these control substrates that resembled the cellular
structures seen on the samples that had been seeded with cells. The structures in Figure
23 are cells.
Table 5. Substrates for control experiments without cells.
SiNWs, UV-ozone, autoclave
SiNWs, UV-ozone, ethanol

SiNWs, UV-ozone, ethanol, fibronectin
SiNWs, UV-ozone, ethanol, poly-D-lysine
65

Cells cultured for 5 days were found to grow with dense coverage over autoclaved
silicon nanowires (Figure 24). The cells were seen growing from the nearby silicon
wafer and spreading onto the edges of the deposited silicon nanowires. Very few cells
were seen far from the edge of the silicon nanowire mat. Coverage near the center of the
mat was comparable to the coverage on substrates cultured for 3 days (Figure 23). The
difference in cell coverage on the ethanol and autoclaved nanowires may be due to either
the increased incubation time, 5 days rather than 3, or the sterilization technique. Since
bacteria were not seen on any of the substrates, the difference in cell coverage is likely
due to the increased incubation time. While 3 days of incubation is sufficient for cell
adhesion and proliferation on flat wafers, it is not sufficient for silicon nanowire
substrates. The dependence on the incubation time needs to be further investigated in
future experiments.
Cells that grew from the neighboring silicon wafer substrate are in a very thick
layer, presumably of secreted extracellular matrix. The cracking of the cell layer is an
artifact of the dehydration procedure for SEM imaging in vacuum. Figure 26a shows
magnified views of the thick cell layer and extracellular matrix. There have been
conflicting reports in the literature about whether silicon nanowires penetrate cells.79, 81
Vertical silicon nanowires have been shown to penetrate cell membranes in order to
deliver biomolecules into the cytosol, but it is unclear if randomly oriented nanowires
would also penetrate cells. Figure 26 shows that cells both at the edge and the center of
the nanowire mat grow in contact with the nanowires, but it cannot be determined by
SEM if the nanowires penetrate the cell membranes.
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400 nm

400 nm

Figure 26. Magnified SEM images of cells on nanowires (a.) near the edge and (b.) in the
middle of the silicon nanowire mat. Scale bars = 400 nm.

2.4 Conclusions and Future Work
These preliminary experiments show that silicon nanowires had a concentration
dependent antibacterial effect on E. coli. If future experiments confirm the effect, SFLS
grown silicon nanowires are a promising material for coatings for the prevention of
bacterial biofilm formation on surfaces due to their observed anti-proliferative effect on
E. coli and the scalability of the synthesis. Only the SFLS process is able to produce the
quantities of nanowires needed for coating applications.
In order to better understand the effect of the silicon nanowires on E. coli,
monitoring of E. coli gene expression should be done to look for stress responses and
possible mechanisms. More quantitative data could also be acquired by spreading the E.
coli and nanowire suspensions on agar plates. Colony counts would be indicative of the
number of viable bacteria in contact with the nanowires. Live/dead staining and flow
cytometry may also be able to quantify the effect on viability. In addition, SEM imaging
of E. coli in contact with silicon nanowires may show morphology changes of the
67

bacteria. E. coli is a gram negative bacteria. Experiments should be conducted with a
gram positive bacteria. The experiments could be repeated on other bacterial strains and
even yeast and fungi.
In these initial experiments, mammalian cell adhesion to silicon nanowires was
greatly reduced compared to on planar silicon wafer substrates. This result is consistent
with reports of the cytotoxicity of silica nanowires above concentrations of 190 µg/mL.64
Silicon nanowires have also been shown to effect cell morphology, to decrease cell
adhesion by ~50% and to down regulate the genes for adhesion proteins.66 Silicon
nanowires, due to their antiproliferative effects, could be used as coatings to prevent
biofouling on implants.
The effect of the silicon nanowires on cell viability should be quantified with
cytotoxicity assays and cell counting methods. Assays including the MTT and MTS
assays are colorimetric techniques that measure the metabolism of a molecule.61, 63, 72, 77
The absorbance of the molecule in solution shifts when it has been metabolized by the
cells. Other assays and stains selectively stain the live or dead cells. The BrdU assay
separates viable and dead cells by the incorporation of DNA of BrdU into live cells. The
assay then stains for BrdU with an antibody. The neutral red assay is based on the fact
that live cells incorporate and bind neutral red dye in the lysosomes. Propidium iodide
will stain the DNA of dead cells but not live cells. Trypan blue only stains dead or dying
cells, while viable cells are not stained.72 These assays would allow visualization and
counting of the live and dead cells. If the opaque nanowire substrate does not allow
visualization of the dyed cells with a light microscope, the cells adhered to the nanowires
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could be detached with trypsin and then stained. The stained cells could be counted
under a light microscope with a hemocytometer.
Fluorescent labeling of the actin filaments of the cytoskeleton and the nuclei
would allow visualization by fluorescence microscopy. Staining would prove that the
cellular structures seen by SEM are cells. The nuclei can be easily stained with DAPI
and the actin can be stained with fluorescently labeled phalloidin.79 Further, confocal
microscopy of the stained cells would allow visualization of penetration of the cells by
nanowires. By staining the actin, areas without fluorescence may be assigned to
nanowires. Confocal microscopy allows imaging in different planes of the sample, with
about 100 nm resolution. The depth of penetration by the nanowires into the cells could
be determined. If the nanowires are found to penetrate the cells, attempts at drug,
biomolecule or DNA delivery could be attempted.81, 84 The delivery of anti-proliferative
drugs would improve the potential of the nanowires for coatings to prevent biofouling.
Different surface chemistries, covalently attached proteins and surface coatings
may all change the biocompatibility of the silicon nanowires. SFLS grown silicon
nanowires with MPS as the silicon precursor have a carbon and silicon containing shell.
If the shell is oxidized or removed by etching, the interactions with cells may be
different. It would also be interesting to see if silicon nanowires grown with trisilane as
the precursor behave any differently. Covalently bound proteins or biomolecules could
enhance the proliferation of cells on the nanowire surfaces. The chemistry of binding
proteins and DNA to oxidized silicon surfaces is established in the literature.31b, c, 57, 70-71,
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75, 81, 85

Biomolecules could be chosen to either enhance or discourage cell adhesion,

making the cell coverage tunable.
The experiments could also be repeated with other cell lines, which may show
different adhesion behavior with the nanowires. Osteoblasts, cardiomyocytes, smooth
muscle cells, neurons and fibroblasts are all relevant options.
Finally, while a slight departure from this work, cells could be interfaced with
single SFLS grown silicon nanowires for FET based devices for the measurement and
stimulation of electrical signals from cardiomyocytes, muscle fibers and neurons.
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