ABSTRACT
BERG, NORA GAIL. Applications of In-Situ Functionalization for Semiconductor Materials.
(Under the direction of Dr. Albena Ivanisevic).
Semiconductor materials have a wide range of applications from LEDs to sensor devices.
III-nitrides – specifically gallium and aluminum nitrides – are of particular interest for their
electronic properties as well as their potential for biological applications. One way of increasing
the utility of these materials is through modification of the surface. This work focuses on a
chemical surface functionalization method which provides a covalent bonding site for a wide
range of biomolecules. The approach used in this dissertation expands on other modification
approaches in the literature and provides a stable, environmentally friendly and simple method
for covalently linking biomolecules to the surface of III-nitride materials. Here, peptides were
used because their properties and applications are well documented and there is a large selection
that are commercially available.
In the first part of this dissertation, a basic peptide was used. This peptide was covalently
attached to planar gallium nitride to study the stability of the biomolecule layer and the substrate
in biological conditions. After the functionalization method was tested and confirmed, the same
peptide sequence with a fluorophore termination was used. This allowed the modulation of
specific properties of the III-nitride to increase its utility for biological applications. The
modification of the surface was also tested on a selection of III-nitride materials and geometries.
The functionalization used in this work would not be possible without the presence of
surface oxides.

These surface oxides can be studied on their own by synthesis of the

nanomaterial counterpart. This second part of this dissertation focuses on an III-oxide, GaOOH,
as an additive to a biological gel. This inorganic-organic interface provides a multifunctional

platform for biological studies. Currently in the literature, cell behavior and cellular responses
have been studied through many different material platforms. Specifically, researchers are
interested in the effects of various stimuli, including mechanical properties, on cell fate. There is
a need for a platform under which multiple stimuli and their effects can be studied. This work
aims to create a composite material with variable stiffness and scintillating properties to
modulate cell behavior.
In the final portion of this work, another III-nitride material, aluminum nitride, was
examined for its utility as a bio-interface. Very few studies have assessed AlN containing
materials in vitro. The research that has been done observed less favorable cell response
compared to the other III-nitrides. One possible contribution to this cell response is leaching of
aluminum from the solid surface. Values reported in the literature indicate a much higher level of
toxicity from elemental aluminum than other group III metals. Modification of the sample
surface can lead to an increase in biocompatibility as well as stability. Here, high quality AlN
samples were functionalized using various techniques and the stability of the samples and the
cellular response were monitored.
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CHAPTER 1: Introduction
1.1 Overview
Wide band gap semiconductors, especially gallium nitride (GaN), have been of particular
importance in for their role in developing devices for high-power, high-temperature
applications.1 The major properties of interest for these materials are the structure, electrical, and
optical properties. These materials are most widely studied for their optical properties – emitting
in the higher energy region of the visible spectrum (green/blue) and the low energy UV range.2
Another focus for these materials is in electronic devices – particularly silicon carbide (SiC) and
GaN – for their superior thermal conductivities, large breakdown fields, and stability in harsh
environments.3 These two focus areas have led to the creation of light emitting diodes (LEDs)
and high electron mobility transistors (HEMTs) among other applications. Recently, these
materials have gained interest for other potential applications in biology including biosensors for
detection of proteins and pathogens using fluorescence and other mechanisms, drug delivery,
thermal treatment of tumors, DNA probing, etc. Nano-scaled semiconductor materials have also
been widely studied for biological applications in recent years because of their unique band
structures, tunability, stability, and size.
This chapter will begin with a discussion of the band structure and tunability of IIInitrides and III-oxides, specifically gallium oxyhydroxide. We will then move onto the synthesis
of these materials as both bulk substrates as well as in nanostructured powder form. The
synthesis of bulk wide band gap semiconductors – and specifically GaN – continues to advance
towards higher quality materials. Many applications require high quality materials with tunable
thicknesses, low defect concentrations, and tunable impurity concentrations. Some of the most
common synthesis techniques for these materials will be discussed. These materials can also be
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modified at the surface to create more tunable and specific materials for more precise
applications. The surface functionalization of these materials has been widely studied and some
of the most common techniques are outlined below. We will look into the functionalization of
these materials and how to enhance their stability and tunability properties in biological
environments.

We will then finish the discussion with the spectroscopic and microscopic

techniques that are currently being employed to characterize and analyze these materials.
1.2 Band Structures and Electrical Properties
Materials can be divided into 3 categories based on their electrical properties: conductors,
insulators, and semiconductors. These categories are determined by the magnitude of the electric
current that flows through a material. An electric current arises when charge carriers (typically
electrons) flow through a material. The ability of the electrons to flow through the material is
determined by the band gap of the material. This band gap is the difference in energies between
the top of the valence band, which is the highest energy band that is completely filled with
electrons and the bottom of the conduction band, which is the lowest energy band that is void of
electrons. This energy gap determines whether an electron is able to jump to the conduction
band when excited. When an electron is able to jump to the conduction band, it then becomes
free to flow through the material and create an electric current.
1.2.1 Conductors and Insulators
The first category of materials is conductors. These materials either have an unfilled valence
band resulting in empty electron states directly above the filled states or an empty conduction
band overlaps the filled valence band, shown in Figure 1. Both of these scenarios lead to a nonexistent band gap, allowing electrons to constantly flow freely through the material. Another
category of material is insulators. For these materials, the band gap between the valence band
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and the conduction band is very wide. This value varies greatly for different materials, but it is a
high enough energy difference to prevent electrons from being excited into the conduction band.
This prevents most of the flow of electrons through the material, so little to no electric current
can be created.

Figure 1. Band gap gtructures of conductors, semiconductors, and insulators
1.2.2 Semiconductors
The last category of materials is semiconductors. Semiconductor materials are defined as
materials with an electrical conductivity, and therefore a band gap, between that of an insulator
and a conductor. Semiconductors can be divided into two categories: semiconductors, which
have a band gap greater than 0 eV but less than approximately 3 eV, and wide band gap
semiconductors, which have a band gap above 3 eV but below that of an insulator. The electrical
conductivity of semiconductors can arise from two sources: extrinsic or intrinsic. Extrinsic
semiconductors are materials that are doped with another element to create excess charge carriers
in the material. If a material is doped with an element with fewer valence electrons than the
material, it is considered a p-type semiconductor. This dopant creates holes in the material as the
charge carriers, which means there is a space for an electron that is not there. A material doped
with an element with more valence electrons than the material, it is considered an n-type
semiconductor. These materials have extra electrons that act as the charge carriers. Lastly,
3

materials that are undoped are considered intrinsic semiconductors. Intrinsic semiconductors
rely on electrons being excited into the conduction band to act as charge carriers. The band gaps
of these three types of semiconductors are shown in Figure 1. Lastly, semiconductors can be
described as either indirect or direct. Direct semiconductors are able to emit photons whereas
indirect semiconductors are unable to do so.

Gallium nitride is one example of a direct

semiconductor.
1.3 III-Nitrides and Gallium Oxide Hydroxide
III-nitrides are a group of materials that encompass the nitride counterpart of any IIIgroup element. This group contains all binary, tertiary, or quaternary complexes including, but
not limited to, GaN, AlN, and AlGaN. This discussion will be limited to GaN and AlGaN
because of their relevance for biological applications. The III-nitride materials are more suitable
for biological applications than other III-V semiconductors because of the low toxicity of
nitrogen as compared to arsenic and antimony.
1.3.1 Gallium Nitride
GaN is a wide band gap semiconductor with a bandgap of 3.4 eV.4 GaN is both an
intrinsic and direct semiconductor, which means it can emit photons when excited, so it can be
used for its optical properties as well as its electrical properties for a wide range of applications.
It has been shown that the optical properties of this material can be modulated to achieve desired
emission spectra. The modulation can be achieved by doping the material with another element,5
by applying a stress to the material,6 or by attaching biomolecules to the material.7-8 The
modulation of the optical properties makes these materials desirable for many biological sensing
and tracking applications. Gallium-rich compounds are non-toxic in biological environments
and are relatively stable but have a high dissolubility of the surface gallium oxide bonding layer,9
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which makes it relatively safe for biological applications compared to other III-V and wide band
gap semiconductors. GaN-based materials are also highly desirable because of their resistance to
degradation in acidic or basic solutions and at high temperatures compared to other
semiconductor materials.10 The high stability of GaN in many different environments has posed a
challenge in etching the material.11-12
1.3.2 Aluminum Gallium Nitride
AlGaN is also another wide band gap semiconductor with a tunable bandgap ranging from
3.5 to 6.2 eV, depending on the concentration of aluminum present in the material.13 Aluminum
nitride samples have exhibited a much more stable oxide layer formed due to the aluminum than
GaN samples. Therefore, it is beneficial to add aluminum to the material to achieve a more
robust sample surface but there are drawbacks to the addition of aluminum. The biological
compatibility and toxicity has been studied for these types of materials, and one study found no
negative effect of increasing aluminum content on the cells,14 but most other research has shown
that increasing aluminum content in the AlGaN decreased cell proliferation. Therefore, a balance
between stability of the sample in solution and biological compatibility must be achieved.
1.3.3 III-Nitride Properties
All III-nitride materials can crystallize in wurtzite and zincblende crystal structures at
ambient conditions and rocksalt, which will not be discussed because it can only form at very
high pressures.15-16 The wurtzite crystal structure is made up of hexagonal unit cells with two
lattice parameters, shown in Figure 2A while the zincblende structure is cubic with only one
lattice parameter, Figure 2C. Both of these structures exhibit a III-group atom coordinated by
four nitrogen atoms, and vice versa.15 The wurtzite structure has 4 different growth planes
diagramed in Figure 2B. Depending on the growth direction, these materials can either be metal-
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polar or nitrogen-polar. The differences between these polarities arise because of the tetragonal
coordination of each of the atoms – nitrogen-polar samples have only one bond pointing out of
the sample from the metal atom while metal-polar samples have three. The different polarities at
the surface of these materials leads to significant differences in chemical reactivities,
polarization, and dopant incorporation.17-18
A

B

C

Figure 2. Common crystal structures for GaN. (A) Wurtzite crystal structure19 (B) Different
planes of growth for the wurtzite structure of GaN19 (C) Zincblende structure of GaN20
1.3.4 Gallium Oxide Hydroxide
GaOOH has many of the same properties of GaN – it is a direct semiconductor with a
bandgap of 4.7521 and it is intrinsic. Thus far, GaOOH is of most interest because of its use as a
precursor for gallium oxide and gallium nitride.22-24 Another focused interest for the material
involves its functionalization for use in dye-sensitized solar cells, bio-sensing, and imaging.25
The draw for using GaOOH in these applications is the ease in which it can potentially be
functionalized, due to the abundance of oxides present on the surface. Similar to the III-nitrides
described above, the optical properties of GaOOH can be exploited for imaging. GaOOH can
also be investigated as an alternative for TiO226 due to its higher electron mobility or as an
alternative to ZnO for a better stability.27 GaOOH has an orthorhombic crystal structure which
can be seen in Figure 3.28
6

Figure 3. XRD patterns of GaOOH and Ga2O3 – a material that is readily synthesized from
GaOOH – and the corresponding crystal structures28
1.4 Growth and Synthesis
The materials synthesis and growth of appropriate semiconductor materials has seen a
number of advances in the last two decades.

A brief review of the most important

accomplishments will be presented. The work in this thesis utilized the materials but did not
focus on any improvements associated with their growth. There are extensive reviews that
discuss the wide range of techniques for the growth and this discussion will follow these reviews.
Growth can be divided into two main categories: methods that are used to grow on substrates and
those that can be used for bulk crystal growth.
1.4.1 III-Nitride Planar Growth
Some of the common synthesis techniques used to create III-nitride materials on top of a
substrate are molecular beam epitaxy (MBE), metal-organic chemical vapor deposition
(MOCVD), and hydride vapor phase epitaxy (HVPE). MBE is a physical deposition method of
growing semiconductor single crystal thin films and nanostructures29 in ultra-high vacuum
conditions30. MBE utilizes a beam of atoms or molecules as the source of material. This beam is
aimed at a substrate and the molecules attach to the surface of the substrate and condense into
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atomically thin layers.31 This method provides a highly ordered, smooth surface as well as the
ability to tune the surface chemical composition in order to achieve precise layers down to
approximately 10 angstroms.31-32 Some of the growth conditions can be found in the table below.
One major drawback to this method is the extremely low deposition rate.
Another common method of growth on a substrate is MOCVD. This method is a chemical
reaction method29 of growing semiconductor nanostructured materials using gases that are
pumped into a reaction chamber. The gases and a hydride source are mixed to form a uniform
mixture. This mixture of gases then undergoes pyrolysis on the surface of the substrate.33 Some
advantages of using MBE or MOCVD are the low amount of defects present in the film and the
ability to incorporate dopants into the film. These characteristics are important for growing high
quality semiconductor materials with desirable properties. A disadvantage of both MBE and
MOCVD is the need for a substrate for the GaN to grow atop. Some of the more commonly
researched substrates for GaN growth include silicon carbide, lithium aluminate, sapphire, and
silicon.34 This is a drawback for these methods because most substrates will cause strain in the
materials due to lattice mismatch, which can lower the quality. Also, if these materials are being
used in biological environments, the substrate must be biocompatible and have low toxicity.
These two synthesis techniques, MBE and MOCVD, are capable of creating nanostructured
materials including nanorods, nanocolumns, nanowires, and whiskers.35-40
HVPE is a growth method that uses gas precursors including ammonia and an III-halide gas
which react to form the III-nitride semiconductor. This method benefits from a very high growth
rates and can be used to grow very thick III-nitride samples. This technique produces an IIInitride film that can be removed from the substrate it was grown on, which deems it a quasi-bulk
growth method.
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Table 1. A summary of the most common GaN growth techniques and some of their
processing parameters
Growth Type
MOCVD
MBE
HVPE
HPSG
Na-Flux SG

Material Type
SubstrateSiC,
Al2O3, Si, etc.
SubstrateSiC,
Al2O3, Si, etc.
Substrate, QuasiBulk
Bulk
GaN seed
Bulk
GaN substrate

Growth
Temperature

Material
Dependent

Growth
Pressure
0.001-0.1
MPa
Material
Dependent

1350 K

0.1 MPa

10-50 μm/h

1600 K

1500-2000
MPa

1-3 μm/h

1075 K

5 MPa

10 μm/h

1275-1775 K

Growth Rate
5 μm/h
< 3 μm/h

Ammonothermal

Bulk
GaN seed

675-875 K

180-500 MPa

~90 μm/day (32
day cycle)

Melt Growth

Bulk

2575 K

6800 MPa

~30 μm/h

1.4.2 III-Nitride Bulk Growth
Bulk crystal growth of GaN is much more challenging. Generally, bulk crystals are formed
from a liquid or gas phase, but the combination of gallium and nitrogen poses some problems for
these methods. The first method of producing bulk GaN crystals is melt growth. In order to form
a crystal from the liquid phase, the GaN must be heated to temperatures exceeding 2000°C at
pressures around 6.8 GPa. At this temperature and pressure, GaN is able to melt congruently to
form a crystal.41 The benefits of this method are the simplicity and high yield, but it is not
feasible as a scaled-up process because of the high temperature and pressure. Solution growth is
another widely known growth technique for bulk GaN. Solution growth can be used for either
growing GaN on a substrate or for bulk crystal growth. Initially, solution growth required very
high temperature and pressure growth conditions, due to the high melting temperature of GaN.42
This technique is termed high pressure solution growth (HPSG) and has demonstrated the
9

highest quality crystal growth of all methods thus far.43 Some drawbacks to this method are the
very low growth rate44 and the high rates of impurity incorporation into the material. It has been
shown that the growth rate can be increased to around 1-3 μm/h by using a precursor GaN crystal
seed,45 but this is still significantly lower than the other methods discussed in this section and it
turns it from a bulk growth method to a substrate growth method. An alternative method to
HPSG is a lower temperature and pressure solution growth by using Na flux to replace the
nitrogen, which has very similar growth results to HPSG. Growth on GaN substrates can achieve
a rate of approximately 10 μm/h.46-47 Another method of bulk growth is ammonothermal growth.
This process involves solubilizing a III-nitride material in ammonia at high pressures using a
compound that causes the III-nitride to become more soluble. Potential solubilizers include
potassium azide or potassium amide. As can be seen from the table, certain growth methods have
much higher yields but generally the crystal quality is sacrificed. Therefore, depending on the
applications of the material, different growth methods can be preferred.
1.4.3 Nanostructured III-Nitride Synthesis
There are other methods of forming nanostructured GaN including milling of bulk substrates
to form powders and using III-group material or derivative precursors and react it in ammonia
atmosphere.48-50 One of the initial methods of creating nanostructured GaN was to flow ammonia
gas over molten gallium, which requires extremely high processing temperatures between 9001000º C.51 Other techniques include mixing ammonia with gallium oxide, gallium phosphide or
gallium arsenide.52-54 All of these techniques suffer from low yields or high impurity
concentrations.55 There has only been one study that reported the efficient synthesis of GaN from
gallium and ammonia.53 The milling of bulk substrates to form powder can result in a large
deviation in size of the particles, but does not require processing beyond ambient conditions.
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1.4.4 Gallium Oxide Hydroxide Synthesis
GaOOH can be formed from gallium nitrate using microwave synthesis, hydrothermal
synthesis,56 ultrasonic synthesis (also known as horn sonication),57 laser ablation,58 forced
hydrolysis, sol-gel synthesis, Microwave synthesis is a technique that can be used to achieve
extremely rapid reactions because the microwaves are able to directly heat the sample instead of
traditional heating where the surroundings are heated which then transfers to the sample59. Some
reactions times have been shown to decrease by a magnitude of 3 when microwave synthesis is
used60. Sun et al demonstrates one example of microwave synthesis of GaOOH using mixture of
gallium nitrate and sodium hydroxide in water. Altering the concentration of sodium hydroxide
added to the solution and thus the pH of the mixture causes different levels of purity and
crystallization of the product.21 Another group, Zhao et al, showed that a similar mixture of
gallium nitrate and sodium hydroxide could form GaOOH through hydrothermal synthesis over
1-3 days. This research showed that varying the pH of the solution did not result in differences
in the XRD pattern meaning all the samples formed GaOOH.56
Another method of GaOOH synthesis is sonication of liquid gallium. Kumar et al sonicated a
mixture of molten gallium and water for up to 2 hours to form GaOOH crystals.

It is

hypothesized that the gallium reacted with oxygen dissolved in the water to form these crystals.57
Avivi et al also used horn sonication to form GaOOH crystals but instead of using a liquid
gallium precursor they used gallium chloride.61
1.5 Functionalization
Many semiconductors and other materials require modification to enhance the stability and
functionality in biological environments. Some surface modifications include etching and
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functionalization. Different forms of functionalization including electrostatic interactions,
covalent attachment, supramolecular interactions and the attachment of biomolecules can be used
depending on the material. Certain functionalization techniques require a linker molecule to be
used in order to attach biomolecules to the surface. This linker molecule is generally covalently
attached to the sample surface and provides a binding site for a biomolecule.
1.5.1 Silane Chemistry
Multiple research groups have focused on functionalization of GaN structures with silane
groups. Silane groups can covalently attach to oxidized surfaces of GaN and AlGaN through a
simple solution based modification62-63 and provides a binding site for biomolecules. Kang et al
modified the surface of AlGaN/GaN HEMTs with 3-aminopropyltriethoxysilane (APTES)
followed by N-hydroxysulfosuccinimidobiotin to allow for immobilization sites for
streptavidin.64 Williams et al followed a similar procedure to incorporate a 2-step solution based
modification of GaN nanostructures in order to immobilize streptavidin at the surface.65 In this
paper, oxidized GaN nanowires were submerged in a solution of APTES, which covalently
bonds to the nanowires. The structures were then exposed to sulfo-N-hydroxysuccinimide-biotin
to provide the immobilization sites for the streptavidin. A general silanization functionalization
can be seen in Figure 4A. The silanization process is widely used in functionalization of gallium
nitride but there are a few drawbacks to this method. Silane modification suffers from a lack of
stability in solution, and therefore has few long term biological applications.
The silanization method for functionalizing GaN substrates is commonly used, but it has
been shown that the surface modification layer is relatively instable in solution. This instability
can be attributed not to the covalent bond from the silane but the underlying surface layer present
on the GaN that is required for the covalent functionalization.62 For a silanization of the GaN
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substrate to be successful, an oxide layer is necessary, shown in Figure 4A. Arisio et al have
provided evidence that within 24 hours, a complete loss of a monolayer of APTES in solution
was due to the dissolution of the gallium oxide surface layer.9 In contrast, an aluminum oxide
surface layer is much more stable than a gallium oxide layer. Therefore, ternary III-nitride
materials which include both gallium and aluminum are a possible solution to the instability of
the surface modification.9

1.5.2 Alkene Chemistry
Other work has focused on functionalizing GaN materials with alkenes. Kim et al
successfully attached a 10-aminodec-1-ene molecule with a trifluroracetamide termination to a
GaN surface photochemically. This research began with a GaN sample that was hydrogenplasma treated. The alkene used in this work could then bond to the surface through the
hydrogen terminations using a laser.66 The benefit of using a trifluoroacetamide termination on
this molecule is that it is a protected amine group, which can be unprotected after
functionalization.

Amine groups are desirable terminal groups for biological applications

because they can readily bond with many different biomolecules, including DNA, which was
used in this research. This technique is limited because there is a lack of precursor compounds
that can be used. A drawback to this method is that longer chains in the compound, such as the
one shown in Figure 4B are not soluble in water and therefore require organic solvents for
successful functionalization. While this can be done, a more environmentally friendly technique
is much more desirable.
1.5.3 Olefin Cross-Metathesis Reaction
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An additional functionalization method, presented by Makowski et al, involves the use of a
Grubbs catalyst for an olefin cross-metathesis reaction.67 A schematic of this reaction can be
seen in Figure 4C – the Grubbs catalyst provides a binding location on the GaN surface for the
6-heptenoic acid to attach. One drawback to this method is the surface must be pretreated to
provide a binding site for the Grubbs catalyst. Once the surface is prepared for the olefin crossmetathesis reaction, the sample is then treated with the Grubbs catalyst then 6-heptanoic acid at a
slightly elevated temperature. Another drawback to this method is the need for specialized
equipment such as the fluidic reaction chamber used by Makowski et al.68
1.5.4 Grignard Reaction
One other common modification process is the Grignard reaction which can be followed with
other reactions to modify the surface with many different molecules. This functionalization
technique requires the chlorination of the surface prior to the Grignard reaction. The surface
chlorination can be performed using PCl5 in chlorobenzene with a small amount of benzoyl
peroxide.69 The Grignard reaction is then performed at elevated temperatures around 150º C.
This technique requires a great deal of environmental control, using a pressurized glove box for
the surface chlorination and a pressurized glass vessel for the Grignard reaction. Along with
these concerns, this technique also uses organic solvents. Since there are drawbacks to each of
these functionalization techniques, a new method is necessary that is stable in biological
solutions and uses a more environmentally friendly synthesis.
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Figure 4. Schematics of functionalization techniques reported in literature
1.6 Characterization and Analysis
Many different spectroscopic and microscopic methods are used to determine the size, shape,
and composition of nanostructured and thin film semiconductors.

By combining multiple

characterization techniques, many different aspects of the material can be determined to fully
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understand the material. In this work, the characterization of samples was performed to confirm
the successful functionalization of the material as well as to determine the changes in the surface
properties after molecules were bound to the surface.
1.6.1 X-ray Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy (XPS) is a spectroscopic technique that provides
information on the surface composition of a material. This technique uses an x-ray source to
irradiate a sample under ultra-high vacuum causing the emission of an electron from the surface
of the sample70. Each element emits an electron with a different binding energy, so the elemental
composition of the samples can be determined based on the binding energies of all the different
electrons that were emitted.

One additional aspect of binding energy is the effect the

surrounding atoms and the environment have. The surroundings can cause a chemical shift of
the binding energy, causing the peaks of the spectra to shift a few eV71. Two different x-ray
sources can be used for XPS: monochromatic, which provides higher sensitivity while
minimizing damage to the sample and non-monochromatic which decreases the charging on the
sample72. In this work, high-resolution regional scans were used to evaluate any shifting of the
peaks which can indicate changes in the surface as well as to measure the elemental percentages
and specific element species percentages which can quantify the functionalization of the surface.
When combined with a few other characterization techniques, some essential knowledge about a
material can be gained.

1.6.2 Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) can give insight about the surface topography of
nanomaterials as well as the composition of the surface of the sample. SEM uses a focused
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electrom beam which provides a very small probe size, one of the major benefits of the SEM.73
Another main benefit of SEM is the depth of field, which allows the study of the surface
topography and shape of nanomaterials.73 In this work, SEM was used to investigate GaN
powder structures and GaOOH nanostructures to determine their sizes and morphologies.
1.6.3 Mass Spectrometry
Mass spectrometry is a method of determining the various masses of particles found in a
sample. The sample is ionized, causing molecules to break off of the sample, and measuring the
mass of each of these molecules allows analysis of the composition of the sample. Mass
spectrometers have three main constituents: the ionizer, or ion source, the mass analyzer, and the
detector. The sample first passes through the ion source, causing molecules to break off and
become charged. The sample then passes through the mass analyzer which can be a number of
different methods to separate the ions based on mass-to-charge ratio. A few different mass
analyzers include time of flight, quadraupole, and magnetic sector. The location that the ions hit
the detector is determined by the mass to charge ratio which causes the different masses to
deflect differently. The detector can then measure the relative amount of ions at each mass, and
produces a mass spectrum. One specific type of mass spectrometry is inductively coupled
plasma-mass spectrometry (ICP-MS), which is used to detect metal ions as well as some nonmetal ions. This type of mass spectrometry uses inductively coupled plasma as the ionizer. ICPMS benefits from an extremely low detection limit, allowing the detection of ions down to 0.1
μg/L for most elements, including gallium and aluminum. This method has been used in research
to quantify the leaching of metal ions from samples such as gallium nitride to determine the
toxicity of samples, which is what was done in this work.
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1.6.4 Atomic Force Microscopy
Atomic Force Microscopy (AFM) is used to determine the roughness of a sample surface.
This technique involves a tip at the end of a cantilever which is deflected, depending on the
atomic forces acting between the tip and the sample. Depending on the mode being used,
repulsive or attractive forces can drive the AFM, and the deflection can then be measured using a
laser. AFM can provide useful quantification of the roughness of the surface, which can indicate
the modification of the surface of the sample. It can also provide information on the surface
morphology, quality of the surface of the material, and any defects present at the surface.
1.6.5 Rheology
Rheometry is another characterization technique commonly used for highly viscous
materials to determine the flow properties of the material. In this work, we will focus on dynamic
shear rheometry. A dynamic shear rheometer generally uses two smooth, parallel plates to
contain a sample, and then one of those plates rotates to apply a shear force on the sample. Some
alternatives to this method are the use of a conical plate or the use of rougher surfaces on the
plates. The cone plate geometry is typically used for to find a well-defined macroscopic shear
rate. The rougher plate surfaces are typically used on biological samples. Rheometry can provide
information on the shear storage modulus and the shear loss modulus of a material.
1.7 III-Nitrides and GaOOH for Biological Applications
The majority of this work focused on increasing the utility of wide band gap
semiconductors – the interactions between biological environments and III-nitride or GaOOH
materials were assessed. This section provides background on a few of the major developments
for semiconductor biomaterials. Some of the requirements of the materials for bio-imaging or bio
sensing applications include biocompatibility, stability and functionality in biological
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environments, and tunable and narrow emission characteristics. Therefore, many wide bandgap
semiconductors (SiC, BN, diamond, ZnSe) exist but cannot be used for biological applications.
Materials that have been studied for biological applications can be divided into two
categories: bulk/planar samples, and nanostructures. Planar samples have been commonly
studied as in vitro biosensors - for example, AlGaN/GaN high electron mobility transistors have
been used for x-ray radiation detectors,74 pH sensors,75 etc. These materials can be functionalized
using various biomolecules or modified in other ways to detect specific stimuli in the
environment. Nanostructured materials are more commonly used for drug delivery and some biosensing applications. Some examples of materials that have been used for biological applications
can be found in Table 2. The high surface area ratio of nanomaterials makes them an ideal
candidate for functionalization, and they can also be preloaded with drugs that can be
controllably released.76 This table contains a sample of current research regarding the use of IIInitride materials for biological applications – it shows how extensive the current research into
this topic is.
The functionalization and use of InN as a biosensor has been investigated recently. It has
been shown that the nonpolar surface of InN can be functionalized with some common
molecules including methanol and acetic acid77 as well as organosilane molecules.78 One group
showed the effective use of InN as an SPR sensor – a highly sensitive and real time detection
technique.79 Researchers first used InN for SPR sensing as an alternative to TiO2 and Al2O3
because it offers a thinner and more environmentally friendly sensor.80 The research then
transitioned to AlInN to expand the refractive index range of the sensor.81
Another III-nitride material that has been investigated for biological applications is boron
nitride. BN nanotubes (BNNTs) are the most commonly used form of BN for biological research.
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These materials have been widely studied as an alternative to carbon nanotubes (CNTs) because
of their similarities, but BNNTs excel with chemical and thermal stability.82 Similar to CNTs,
BNNTs are insoluble in water, but a surface modification with glycodendrimers or glycolchitosan increases the solubility, increasing the functionality of these materials.83-84 Multiple
studies have found that there is no adverse effect of BN both in vitro, with a wide range of cell
types including neuroblastoma cells, and in vivo.82-84
GaOOH has recently gained attention as a precursor for synthesis of gallium oxide – a
semiconductor with unique conduction and luminescent properties.85-86 GaOOH and Ga2O3 have
many similar properties, and GaOOH readily forms Ga2O3. Therefore, these materials can be
talked about congruently. Wang et al used a multifunctional gallium oxide: chromium
nanomaterial for in vivo studies. These nanoparticles have long-lasting luminescence that allows
for tracking of the particles in the body along with a pH-dependent drug delivery mechanism.
Cell viability was also measured as a method of determining the cytotoxicity and it was found
that even at 800 μg/mL, there was an 85% cell survival rate.
GaN is a great candidate for biological applications because of the low toxicity, ease of
functionalization with an environmentally friendly technique, and its scintillating properties.
AlGaN/GaN HEMTs are of particular interest because of its stability in solution, low toxicity,
and the high sensitivity of the gate charge.87-89 The GaN capping layer on these HEMTs are
beneficial not only for the stability of the material but can also provide a more non-toxic surface
for cell growth.90 Using HEK293 cells, this group found a decrease in cell growth with
increasing aluminum concentration of AlxGa1-xN. The results indicate that even without
functionalization of the surface, cell growth on these surfaces is still possible, with some
decrease in cell viability on higher aluminum concentration substrates.90
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All of these materials and functionalization technique have benefits and drawbacks, and a
comparison can be found in Table 2. This work focuses on the use of gallium-containing
compounds because of the low toxicity associated with both GaN and GaOOH, the optical and
electrical properties of these materials, and their stability in biological environments.
Table 2. Comparison of III-Nitride and Ga2O3 materials for biological applications
Material

Size/Device

Modification

InN80

Wafer

-

Use

Type of Study
Ex vivo

SPR sensing
AlInN

81

Wafer

Glycodendrimers

BN83-84

Nanotubes
Glycolchitosan

GaN

91

Chips –
1cm2

Nanorod

Ex vivo
DNA
oligomer
delivery
Examine
effects of BN
in vivo

In vitro –
HEK293 and
CHO
In vivo –
rabbits

-

Examine
effects on
neurons

In vitrocerebellar
granule
neurons

-

Drug delivery,
imaging

In vivo - mice

Drug delivery
and imaging

In vitro – Hela
cells

βGa2O3:Cr3+
76, 92

Nanoparticle

L-cys
modified
sodium
hyaluronate

Major conclusions
Highly sensitive, can
be functionalized with
recognition molecules,
thinner material
required
Nontoxic, no decrease
in cell viability or cell
count from control
Confirm suitability for
pharmaceutical
applications
Material promotes
attachment,
differentiation, and
growth
Detection in deep
organs hours after
injection, mesoporous
structure provided a
reservoir for anticancer
drugs
Could effectively
absorb antitumor drug,
modification provided
better stability, drug
release behavior and
targeting ability

1.8 Luminescent Properties
The optical properties of III-nitride and GaOOH materials are one of the main properties
that make them desirable as biological sensors –they are tunable which allows them to have a
wide range of applications. GaN is a scintillating material and can be excited with ionizing
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radiation. GaOOH has radiosensitizing properties, which can also be applied in a clinical
radiation setting.
Materials with luminescent properties emit light when excited by a source – either
another wavelength of light, heat, radiation, voltage, etc. The luminescence of a material is
caused by the formation of an exciton pair. In order for the material to undergo this formation,
the source must have a high enough energy to force an electron from the ground state or valence
band into an excited state or the conduction band. The movement of this electron to a higher
energy state forms a hole or the absence of an electron. Since the electron has to move to a
different, distinct energy band, the only materials that are capable of luminescence are
semiconductors and insulators (if the source has a high enough energy).87 The recombination
event gives off energy in the form of light, and the wavelength and type of luminescence depend
on the path this electron takes. If the electron falls directly back to the valence band, the emission
is very quick and is called fluorescence. When the electron falls into an intermediate energy band
prior to the valence band, the emission of light is a longer process, called phosphorescence. In
order to follow this path, impurities must be present in the material. Schemes of these types of
luminescence can be seen in Figure 5.
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Figure 5. Schemes of various types of luminescent materials including fluorescence and
phosphorescence
GaN is a scintillating material – it converts ionizing radiation to visible light by exciting
thousands of electrons in the material.93 GaN has a high yield on the order of 105 photons/MeV
and low rising and decay times – less than 1 ns.94
Many radiosensitizing materials have been developed for clinical applications. High
energy radiation, including ionizing radiation commonly used for cancer therapy and MRIs, can
excite inner shell electrons from high atomic number atoms, causing an unstable atomic
system.95 The system then stabilizes by emitting low energy photons, which causes a
fluorescence emission, and electrons, which produce an Auger cascade (many Auger emissions
occurring at once), to fill the hole in the inner shell. This Auger cascade produces a very
localized energy deposit which can enhance the effects of the ionizing radiation.95
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1.9 Conclusions and Unmet Needs
In summary, a brief review of III-nitride materials along with GaOOH has been
presented. The electrical, structural, and optical properties have been addressed for these
materials. The III-nitride materials have gained attention for biological applications because of
their superior stability in harsh environments, their biosensor electrical capabilities, and their
luminescent properties. There is still a significant need for further research on these materials. A
new “green” approach to a surface functionalization technique with stability in solution is
necessary for a more scalable application. Another important next step for research is to apply
these functionalization techniques to nanomaterials. Lastly, a full understanding of the utility of
these materials in biological environments and their applications is needed. Addressing these
identified needs is the basis of the work discussed in this thesis.

1.10 Overview of Thesis Research
In this work, the utility of some of the III-nitride materials as well as GaOOH in
biological environments is addressed. All of the data reported in this dissertation focused on
using a 2-step covalent surface modification to alter the biological compatibility and stability of
the materials. Initially, GaN samples were functionalized with a short chain biomolecule and the
stability of the samples were examined before and after exposure to ionizing radiation. The first
two sample types used were bulk, planar GaN and planar GaN grown on silicon. The GaN
surfaces as well as the biomolecule layers were monitored for stability. The same modification
process was used on nanostructured powder GaN. The biomolecule used for this
functionalization was very similar, but terminated in a fluorophore. The luminescent properties
of these materials was tested. To study the effects of surface polarization on the covalent
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attachment, the same process with the fluorophore terminated peptide were used on lateral
polarity structure (LPS) AlGaN samples. These samples were composed of striations of altering
III-polar and N-polar regions at various spacing. Changes in the luminescence properties of these
samples were monitored to understand the differences in functionalization between the various
regions. It can be concluded from all the research previously described that the oxide layer plays
a vital role in the functionalization process used. Previous work showed that a stable oxide layer
that can form on GaN surfaces is GaOOH. The second part of this dissertation uses
nanostructured GaOOH as a component in a biological gel composite. This composite is a
multifunctional platform to study the effects of mechanical properties as well as radiosensitizing
properties of a material on cell behavior. Through modulation of these properties, one can reduce
the amount of radiation needed to modulate the behavior of cells on surfaces. In the last section
of this dissertation, another III-nitride material, AlN, was examined for bio-interface studies. The
AlN substrates that were used had different surface roughness values, and covalent and affinity
attachment schemes were used to modify each of the AlN surfaces. All of the AlN samples were
tested in vitro to monitor the cell behavior and sample stability.
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CHAPTER 2: Surface Characterization of Gallium Nitride Modified with Peptides Before
and After Exposure to Ionizing Radiation in Solution
2.1 Abstract
An aqueous surface modification of gallium nitride was employed to attach biomolecules
to the surface. The modification was a simple two-step process using a single linker molecules
and mild temperatures. The presence of the peptide on the surface was confirmed with X-ray
Photoelectron Spectroscopy. Subsequently, the samples were placed in water baths and exposed
to ionizing radiation to examine the effects of the radiation on the material in an environment
similar to the body. Surface analysis confirmed degradation of the surface of GaN after radiation
exposure in water; however, the peptide molecules successfully remained on the surface
following exposure to ionizing radiation. We hypothesize that during radiation exposure of the
samples, the radiolysis of water produces peroxide and other reactive species on the sample
surface.

Peroxide exposure promotes the formation of a more stable layer of gallium

oxyhydroxide which passivates the surface better than other oxide species.
2.2 Introduction
Currently there is a need for scintillating materials which can detect and track radiation
exposure within the body or be part of combination clinical therapies. X-rays are widely used in
the medical field, and some applications – including the use of radiation during oncological
procedures – involve high doses of X-rays over long exposure times. In order to deliver the
correct dosage of radiation, it is necessary to have a way to monitor how much exposure is
applied to a specific location.96 There are many different scintillating materials that are currently
being used in different modalities, all of which have unique properties important for those
applications.97-98 New materials, such as potassium cerium bromide, are in high demand for use
as scintillators to achieve the high light output, density, decay time, and the least afterglow.99 In
26

addition to these properties, monitoring radiation exposure in the body during treatment requires
a biocompatible material, which is defined as a material that does not disturb the surrounding
environment in addition to not being negatively affected by the environment.100
III-V semiconductors have been widely studied for a variety of applications including
LEDs101, nanoelectronics102, telecommunications103, and biomedical applications104. Moreover,
the III-V semiconductor materials can be functionalized with biomolecules, allowing for higher
biocompatibility.

Chemical modification of III-V semiconductor materials such as indium

arsenide (InAs)105, indium phosphide (InP)106, and gallium arsenide (GaAs)107-109has been
reported in the literature. For in vitro and in vivo applications, the modification provides a
method of achieving a minimal amount of leaching of the material into the surrounding
environment in order to gain biocompatibility105.
Gallium nitride (GaN) is a potential material for tracking radiation because of its
scintillating properties.110 It has been previously shown that GaN can be terminated with various
functional groups including alkenes, alkyls, and amines.9,

66, 69, 111-129

GaN causes minimal

toxicity,130 which has been proven through cell growth studies on GaN samples with different
surface terminations (fibronectin-coated, oxygen terminated, and amino-terminated).100

The

influence of radiation on GaN materials and devices has been studied,131-132 but so far there are
only detailed studies on the effects of aqueous environments on the GaN surface after radiation
exposure.

The most important clinically relevant condition that can severely change the

properties of a material is contact with water over periods of time.

In order to test the

applicability of GaN for biomedical procedures involving radiation therapy, one needs to
understand how both the surface properties and the stability of the surface coating are altered by
solution conditions during ionizing radiation exposure.
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In this study, we investigated the effect of radiation on clean and peptide terminated GaN
samples. The semiconductor surfaces were studied after exposure to radiation in water. It has
been shown that radiolysis occurs when water is subjected to ionizing radiation, which involves
the formation of species such as H2O+, H3O+, HO•, OH-.133 The effect of these reactive species
on the surface of the clean and modified GaN is examined in this study. Two different types of
GaN samples were evaluated: bulk GaN and GaN thin film grown on silicon. Introduction of
peptides to the surface of GaN involves a two-step process: an initial termination of the surface
with chlorine groups and subsequent attachment of peptide molecules through a thioether
reaction. This process has been shown to be successful on Y2O3 nanoscintillators.134 The twostep process begins with in-situ surface functionalization135 with a chlorine-containing
phosphonic acid derivative in the presence of an etchant (H3PO4). It has been shown that
phosphonic acid terminated molecules can bind in monodentate, bidentate, or tridentate modes
on oxide surfaces.136

Upon termination of the surface with peptides, one can explore an

additional passivation of the material through the use of hydrogen peroxide in order to form
species on the surface that are less susceptible to degradation. The effect of radiation on the
surface quality is assessed using Atomic Force Microscopy (AFM) and X-Ray Photoelectron
Spectroscopy (XPS).
2.3 Methods
2.3.1 Materials
The peptide sequence, CGRKKRRQRRR, was purchased from AnaSpec (Fremont, CA).
All the other chemicals were obtained from Sigma Aldrich and used as received. Two types of
GaN were studied: bulk free-standing GaN and GaN thin film grown on Si. The GaN samples
were grown by hydride-vapor phase epitaxy (HVPE). The thin films with thickness of about 2
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µm were grown on Si substrate along the [0001] polar direction in a conventional horizontal
reactor at 1080 °C employing reactively sputtered AlN buffer layers. The bulk GaN samples
were prepared by single-wafer growth approach developed at Kyma Technologies (Raleigh, NC)
for free-standing substrate applications46. Thick layers with 2 in. diameter and thickness up to 1.2
mm were grown in the [0001] direction on a sapphire substrate. The thick GaN layers were selfseparated from the substrate during the cooling down, helped by a weakened interface enabled
by the intentional void formation at the interface. The free standing samples were mechanically
polished on both sides and square-shaped samples with sizes of 10x10 mm2 were prepared,
followed by one-side chemical mechanical polishing (CMP).
2.3.2 Sample Modification
The samples were initially terminated with chorine groups through the use of an in-situ
functionalization procedure recently reported by our lab.135 Prior to functionalization, a cleaning
procedure was performed on all samples. The samples were first placed in baths of acetone then
methanol. The samples rinsed with deionized water and dried with nitrogen next. Finally, all the
samples were placed in a bath of hydrochloric acid for 10 minutes for oxide removal and
subsequently rinsed and dried. For each type of GaN, the samples were split into different
groups. The first group was cleaned only, the second was cleaned and placed in peroxide, the
third was cleaned, etched, and modified with peptide, and the fourth group was cleaned, etched,
modified with peptide then placed in peroxide. For the samples that were placed in peroxide, a
10% by volume solution of hydrogen peroxide was used and the treatment was done for either 1
hour or 5 hours after which the samples were rinsed and dried.
Samples were terminated with peptides using the following procedure. A bath of 1:1
vol:vol phosphoric acid and 3 mM 2-chloroethylphosphonic acid (Ethephon) was made and

29

heated on a hot plate to 40⁰C. The samples were placed in this solution for 150 minutes then
immediately rinsed and dried. A 0.1 µM solution of a cysteine terminated peptide was then
pipetted onto the surface of the samples and left for 12 hours in a desiccator. The samples were
then rinsed and dried. Subsequently, selected samples were placed in a 10% by volume solution
of hydrogen peroxide for 1 hour, then rinsed and dried.
2.3.3 Radiation Exposure Experiments
Samples were irradiated using a 6 MV photon beam from a Novalis TX (Varian Medical
Systems, Palo Alto, CA, USA). Each sample was placed in a standard cuvette commonly used
for UV-vis measurements and filled with deionized water. Cuvettes were surrounded by at least
1 cm of solid, homogeneous, tissue-equivalent gel (density of 1.03 g/c) to allow for buildup of
lateral electronic equilibrium. Samples were at least 2 cm from the edge of the radiation field,
and cuvettes were covered with 8.9 cm solid water phantom material, to ensure the maximal field
flatness. The output rate was set to 1000 MU min-1 (SAD = 100 cm, d = 10 cm, A = 15 x 15
cm2), such that the GaN samples received a total dose of 200 Gy in 23.64 minutes.
2.3.4 Surface Characterization
XPS (Kratos Analytical Axis Ultra) using a monochromated Al Kα source (hν=1486.7
eV) was used to examine the surface chemistry of the samples. The samples were placed on
copper tape attached to the aluminum sample holder. Survey scans were set to perform one
sweep at 160 eV pass energies. High resolution regional scans (C 1s, Cl 2p, Ga 2p, Ga 3d, N 1s,
O 1s, P 2p, and S 2p) with pass energies of 20 eV were set with 5 sweeps per region at a take-off
angle of 0˚. All data was collected in hybrid mode. It took approximately 1 hour to acquire the
scans for each sample and scans were repeated three times per sample. The exposure from the xray can cause charging on the surface of the samples which has been reported137, but this does
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not affect the composition of the samples. CasaXPS software was used to calibrate (C 1s to
284.8 eV) and peak fit the regional scans. To calculate the elemental composition of the
samples, the Ga 2p peak was chosen instead of the Ga 3d peak because of the surface sensitive
depth profiling.138
AFM (Cypher AFM by Asylum Research) was performed to quantify the surface
topography of the samples. AC160TS Asylum Research Si tips were utilized, and scans of three
randomly selected 3 µm x 3 µm areas were collected on each surface at 0.75 Hz frequency.
Scans were done using contact mode under ambient conditions. Data analysis was done by Igor
Pro software to calculate the root mean square (RMS) roughness values of each sample as well
as to flatten the images.
Scanning electron microscopy (SEM) images were collected to further characterize the
surface morphologies of the samples using a Jeol JSM-6010LA SEM. The samples were coated
using a Cressington 108 sputter coater, using a gold palladium (60:40 mass %) target to create a
10 nm layer. Energy dispersive x-ray spectroscopy (EDS) with a silicon drift detector (SDD)
was also implemented to confirm the elemental compositional changes due to the
functionalization of the samples. SEM images and EDS data was collected at 1000x, using an
accelerating voltage of 20 KV, a thermionic emission and a tungsten filament.
2.4 Results and Discussion
The best solution environments for biomolecules to retain their conformation and
function are water based.

It is essential to develop surface modification schemes for

semiconductor surfaces that are based on aqueous solutions in order for them to be applicable
and practical for the fabrication of biointerfaces. In the present study we perform both surface
functionalization steps in water, Figure 6. The first step of the surface functionalization is done
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through an in situ etching and attachment route recently reported by our lab.135 The etchant in
this case is phosphoric acid, which is mixed with a short linker molecule, 2chloroethylphosphonic acid (common name: ethephon). Phosphonic acid derivatives have been
extensively explored as surface capping agents and it has been proposed that they can participate
in monodentate, bidentate, or tridentate bonding to the surface. In all three binding types, the
chlorine terminated carbon chain remains free for bonding in subsequent chemical reactions.
The peptide sequence we used is cysteine terminated. The terminal thiol group on the cysteine
can bind to the chlorine from the ethephon through a thioether reaction. The detailed surface
analysis we describe in this section is aimed at verifying the functionalization steps.
Additionally, we explore the stability of the surface after exposure to hydrogen peroxide and
ionizing radiation. Treatment of inorganic materials with peroxides has been proposed as a way
of simulating the environment an inorganic material will encounter in vitro or vivo as a result of
cells producing reactive oxygen species.139 We study differences in surface stability after clean
and peptide terminated GaN surfaces are exposed to radiation and/or treated with peroxide.

Figure 6. Schematic representation of the surface chemistry reactions
2.4.1 Surface Composition
In order to verify that the surface chemical reactions were successful and a peptide was
attached to the surface, XPS survey scans along with high resolution regional scans were
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collected on the samples after each stage in the modification. Table 3 summarizes the data on
the elemental composition of both types of samples after each of the surface treatments. These
percentages are based on the high resolution regional scans. The presence of chlorine and
phosphorous was expected due to the solvents and compounds used for cleaning and
functionalization, respectively. The oxygen content was quantified to understand the difference
in amount of oxide and hydroxide that is formed on the surface of the gallium nitride. Analysis
of the nitrogen amount and nitrogen species is used to verify the notion that the peptide is present
on the surface of specific samples since the peptide has an abundance of nitrogen containing
functional groups not present on the clean semiconductor surface. The GaN samples that were
not treated with phosphoric acid or ethephon showed only a residual amount of phosphorous on
the surface. The amount of carbon was found to be significantly higher on surfaces terminated
with the peptide. The surface atomic percentages were used to track changes in the Ga/N and
Ga/O ratios after each treatment. In prior studies by other research groups the Ga/N ratio was
used for assessing the emergence of gallium–rich surfaces (increased Ga/N ratios) or nitrogen
rich surfaces (decreased Ga/N ratios)140-142. Our results indicate that throughout all surface
modification steps the Ga/N ratio did not change significantly with one exception. The Ga/N
ratio increased on GaN grown on Si after it was terminated with peptide. We did observe,
however, changes in the Ga/O ratios on both types of samples. The Ga/O ratios decreased as the
surface functionalization steps depicted on Figure 6 were carried out.

The result is not

surprising since the in situ functionalization relies on the formation of oxide on the surface prior
to the attachment of the ethephon. It is important to note that while the two types of samples
showed a different amount of oxide present on the surface prior to the surface chemistry, the
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Ga/O ratios were similar after the etching with H3PO4 alone and after subsequent modification
with peptide.
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Table 3. Surface Atomic Percentages
GaN grown on bulk

GaN grown on Si

Surface
Treatment

C%

Cl %

Ga %

N%

O%

P%

Ga/O

Ga/N

C%

Cl %

Ga %

N%

O%

P%

Ga/O Ga/N

Clean

28.2 ± 6

0.8 ± 0

29.5 ± 5

28.7 ± 6

12.3 ± 11

0.5 ± 1

2.4

1.0

23.2 ± 3

1.1 ± 0

34.0 ± 1

33.3 ± 1

7.9 ± 2

0.5 ± 1

4.3

1.0

22.7 ± 3

0.9 ± 0

31.8± 2

32.4 ± 3

11.3 ± 1

1.0 ± 0

2.8

1.0

32.1 ± 2

0.6 ± 0

27.8 ± 1

23.4 ± 2

14.4 ± 1

1.6 ± 0

1.9

1.2

19.7 ± 5

1.0 ± 0

33.2 ± 1

34.1 ± 3

12.1 ± 0

Not
detected

2.8

1.0

25.9 ± 3

0.8 ± 0

30.9 ± 1

30.1 ± 2

11.4 ± 0

0.8 ± 0

2.7

1.0

22.5± 1

1.1 ± 0

32.6± 0

32.8 ± 0

11.0 ± 1

Not
detected

3.0

1.0

22.3 ± 1

0.7 ± 0

32.9 ± 0

31.9 ± 1

11.3 ± 0

0.8 ± 0

2.9

1.0

Etch

29.5± 5

0.5 ± 0

25.3 ± 6

24.2 ± 6

17.6 ± 11

2.9 ± 2

1.4

1.0

30.7 ± 5

0.4 ± 0

21.5 ± 11

20.8 ± 11

22.3 ± 13

4.3 ± 4

1.0

1.0

Etch with
Ethephon

23.7 ± 4

0.5 ± 0

26.5± 9

25.4± 9

20.5 ± 12

3.3 ± 3

1.3

1.0

21.7 ± 4

0.5 ± 0

32.6 ± 5

29.5 ± 5

13.4 ± 7

2.2 ± 2

2.4

1.1

Peptide

35.2 ± 7

0.3 ± 0

24.5± 2

23.4 ± 2

15.4 ± 5

1.2 ± 0

1.6

1.0

44.9 ± 11

0.2 ± 0

20.4 ± 7

15.9 ± 7

16.4 ± 3

2.2 ± 1

1.2

1.3

39.5 ± 2

0.4 ± 0

23.0 ± 1

21.6± 1

14.2 ± 0

1.4 ± 0

1.6

1.1

32.2 ± 2

0.4 ± 0

25.3 ± 1

24.8 ± 1

15.8 ± 0

1.5 ± 0

1.6

1.0

23.1± 2

0.7 ± 0

28.9± 0

28.5 ± 1

17.2 ± 1

1.6 ± 0

1.7

1.0

16.2 ± 2

0.7 ± 0

33.4 ± 1

30.9 ± 2

17.3 ± 1

1.5 ± 0

1.9

1.1

40.8± 1

0.7 ± 0

20.2 ± 0

19.3± 0

17.3 ± 1

1.7 ± 0

1.2

1.0

47.1 ± 1

0.7 ± 0

16.4 ± 1

14.9 ± 1

19.0 ± 0

1.9 ± 0

0.9

1.1

20.0 ± 2

0.7± 0

31.2 ± 1

31.1 ± 1

15.7 ± 1

1.3 ±0

2.0

1.0

30.4 ± 3

0.5 ± 0

27.4 ± 2

24.2 ± 2

16.2 ± 1

1.2 ± 0

1.7

1.1

Clean with
Peroxide
Clean with
Peroxide post
Radiation
Clean post
Radiation

Peptide with
Peroxide
Peptide with
Peroxide (1 hr)
post Radiation
Peptide with
Peroxide (5 hr)
post Radiation
Peptide post
Radiation
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Selected regional scans were peak fit to identify different species present on the
semiconductor surface. The nitrogen peak fit data is provided below, and XPS spectra as well as
percentages of the species present are provided for carbon, gallium, and oxygen in the supporting
information. We focus the discussion on several of the regions that provide essential information
with respect to surface species forming as a result of chemical treatments and/or radiation
exposure (see below). The presence of various gallium species was deduced from the Ga 2p
region. All of the gallium species showed very little variation between the different surface
treatments for the bulk GaN samples. The GaN grown on Si samples exhibited gallium oxides (a
peak centered at approximately 1119.5 eV). The amount of these species was higher after
treatment with the peroxide and termination of the surface on peptide (see supplemental
information). Verification of the presence of peptides on the surface was done by comparing the
data from C 1s region after each treatment. The carbon content due to amide carbon bonding
(peak centered at approximately 288.5 eV) is significantly higher for samples with peptide
attached to the surface for both sample types (see supplemental information).
Figure 7 shows high-resolution N 1s spectra of the GaN grown on Si (a,b) and the bulk
GaN (c,d) samples for each of the surface treatments. The XPS instrument used has an Al Kα
radiation source, which is responsible for the observation of an overlap of the Ga Auger and N 1s
peaks. The peak fitting permitted us to assess the contributions of the N 1s and Ga LMM peaks.
There are 3 peaks in that region that are present prior to the functionalization with organic
molecules: Ga-N, LMM 1, and LMM 2. A fourth species of nitrogen appears on both sample
types once the peptide is added to the surface treatment. This “new peak” can be attributed to
the C-NH2 and N-C=O species present in the peptide sequence. The N-Ga peak in the data
occurs at approximately 397.3 eV143 and the peak that corresponds to amines and amides is
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centered at approximately 399.8 eV.144 Comparative analysis of the data collected in the N 1s
confirmed the presence of the peptide on the surface after the surface functionalization. In
addition to the amine terminus of the peptide, the sequence we used for functionalization is rich
in R and K residues that provide free amine groups. Therefore, it is reasonable to conclude that
the majority of the peak centered at 399.8 eV is due to the surface enriched with amine species.
A

B

C

D

Figure 7. High resolution N1s XPS spectra for (a) clean GaN grown on Si samples before and
after exposure to peroxide and radiation; (b) peptide terminated GaN grown on Si samples
before and after exposure to peroxide and radiation; (c) clean GaN grown on bulk samples before
and after exposure to peroxide and radiation; and (d) peptide terminated GaN grown on bulk
samples before and after exposure to peroxide and radiation.
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2.4.2 Radiation Exposure
Water produces a number of reactive species after exposure to ionizing radiation: 133
𝐻! 0
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We treated our samples with a very high dose of radiation over a very short period of
time using an advanced clinical instrument that outputs localized radiation and is equipped with a
moving head to facilitate dosage delivery in a desired location and/or area. A similar set-up has
been used to assess the performance of GaN based transistors for clinical applications. There are
a number of studies that have demonstrated the usefulness of GaN for dosimetry in biomedical
research,96, 100 but to the best of our knowledge there are no reports in the literature that examine
changes in surface composition of clean or modified GaN in solution after radiation exposure.
Table 3 shows that clean GaN samples, either grown on Si or bulk material, are affected by the
radiation treatment and show changes in their Ga/O ratios and carbon content. In our previous
studies we have observed that exposing GaN samples to peroxide solutions resulted in less
leaching of Ga into solutions based on quantitative analysis performed by ICP-MS.135, 145 We
hypothesize that the peroxide treatment is responsible for the formation of oxyhydroxide (-OOH)
species on the surface, which are less soluble in water in comparison to Ga2O3. Exposure to
ambient moisture allows Ga2O3 to form on the surface of GaN. We postulate that the available
Ga sites on the surface can react with H2O2 and form GaOOH on the surface, which is more
stable in solution than Ga2O3. It has been shown that irradiating water can result in peroxide
formation.133 In this study we compared the surface species present on GaN after exposure to
peroxide and treatment with radiation. The data in Table 3 demonstrates that both types of clean
GaN samples show significantly different Ga/O ratios after radiation exposure or peroxide
treatment. After termination with peptides, treatment with peroxide for 1 hour passivates the
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surface and does not lead to significant changes in the Ga/O ratios on bulk GaN surface. This
was not observed for GaN samples grown on Si where the Ga/O ratios changed significantly
after exposure to radiation despite treatment with peroxide. When water is irradiated, reactive
species (including (H2O+), H3O+, HO•,and OH-) other than hydrogen peroxide can also be
formed. These species can contribute to displacement or desorption of hydrocarbon species from
the surface. The total amount of C significantly changed on samples that were terminated on
peptides and not passivated with peroxide prior to radiation exposure. Peak fitting of the C 1s
data (supplemental information) revealed that the percent of amide carbon species on the surface
does not decrease after radiation or treatment with peroxide supporting the conclusion that the
peptide remains on the surface after these treatments. Additional information regarding the
effect of the peroxide treatment can be obtained by quantifying the peptide surface coverage of
the samples (see supporting information for more details).

Surface coverage values were

calculated after each treatment. A greater surface coverage was observed for samples immersed
in peroxide.
We analyzed the N 1s high-resolution XPS data to assess if the displaced hydrocarbon
species off the surface are the peptides we grafted using the scheme on Figure 6. The spectra
were peak fit and the results are summarized in Table 4. The data demonstrates that the
percentage of amide species remains approximately the same or slightly increases while the
percentage of all other species decreases when one compares clean samples to samples
terminated with peptides. The same trend is observed when one compares clean samples post
radiation to samples terminated with peptides post radiation for both sample types. This finding
demonstrates the robustness of the functionalized samples after radiation exposure.
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Table 4. Distribution of species from the nitrogen region
GaN grown on bulk

GaN grown on Si

Surface Treatment

% N-Ga

% Ga
LMM 1

% Ga
LMM 2

% C-NH2 ,
N-C=O

% N-Ga

% Ga
LMM 1

% Ga
LMM 2

% C-NH2 , NC=O

Clean

32.0 ± 1

50.9 ± 1

17.2 ± 0

Not detected 31.5 ± 1

51.3 ± 1

17.2 ± 0

Not detected

Clean with Peroxide

31.5 ± 1

51.0 ± 1

17.5 ± 0

Not detected 31.1 ± 1

51.6 ± 1

17.3 ± 0

Not detected

Clean with Peroxide
post Radiation

32.1 ± 1

50.5 ± 0

17.5 ± 0

Not detected 31.5 ± 1

51.2 ± 0

17.3 ± 0

Not detected

Clean post Radiation

32.2 ± 0

50.4 ± 0

17.4 ± 0

Not detected 28.7 ± 1

55.2 ± 1

16.1 ± 0

Not detected

Etch

30.9 ± 1

51.7 ± 1

17.4 ± 0

Not detected 30.8 ± 1

52.1 ± 0

17.1 ± 0

Not detected

Etch with Ethephon

31.4 ± 1

51.2 ± 1

17.4 ± 0

Not detected 28.5 ± 4

54.2 ± 4

17.3 ± 1

Not detected

Peptide

30.3 ± 1

48.5 ± 1

16.2 ± 0

4.9 ± 0

28.0 ± 2

49.8 ± 3

16.7 ± 1

5.5 ± 5

Peptide with Peroxide

30.5 ± 0

49.4 ± 0

15.7 ± 0

4.4 ± 1

25.8 ± 1

50.0 ± 0

17.3 ± 0

6.8 ± 1

47.5 ± 1

16.1 ± 0

6.8 ± 1

29.4 ± 0

49.4 ± 1

16.0 ± 0

5.2 ± 0

47.4 ± 0

16.1 ± 0

6.1 ± 0

26.4 ± 2

51.3 ± 0

16.2 ± 0

6.1 ± 2

48.4 ± 1

16.2 ± 0

5.7 ± 0

28.0 ± 0

48.6 ± 0

16.2 ± 0

7.2 ± 0

Peptide with Peroxide (1
29.6 ± 1
hr) post Radiation
Peptide with Peroxide (5
30.4 ± 0
hr) post Radiation
Peptide post Radiation

29.7 ± 1
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Analysis of the O 1s XPS spectra also supports the hypothesis that GaOOH forms on the
surface after exposure to peroxide.

Despite the fact that there are considerable efforts to

synthesize nanostructured GaOOH,146 there are no detailed reports in the literature that examine
adsorption of molecules onto GaOOH. There are, however, studies on the adsorption of organic
molecules to AlOOH surfaces that provide a reference147 for assigning the types of oxygen
containing species present in our samples before and after treatments. A detailed examination of
the O 1s data reveals the presence of three predominant peaks: one centered at 531.5 eV, which
is attributed to the existence of oxides (Ga2O3); a second at approximately 534.1 eV, assigned to
the presence of hydroxide species (-OH); and in some instances a prominent third peak that was
recorded at higher binding energy (537.6 eV)145, 148-149. There is a discrepancy in the literature
regarding assignment of the third peak. One can postulate that the presence of this species is due
to hydroxyl groups present on the surface of the samples. The O 1s spectra were peak fit and the
results are shown in the supporting information. The Ga2O3/-OH ratios were examined to see if
the surface is enriched on –OH species following certain treatments. The Ga2O3/-OH ratios on
clean GaN samples, grown on Si and bulk, were 18.7 and 8.31, respectively. Upon exposure to
peroxide these ratios changed to 2.76 and 6.58, respectively. The decrease in these ratio values
indicates the formation of more hydroxide species on the surface and supports our hypothesis
that peroxide treatment can cap the surface through the formation of GaOOH on both types of
samples. Samples terminated with peptides also exhibited changes in the Ga2O3/-OH ratios;
however, it is not possible to assess if the change of the amount of –OH species on the samples is
due to changes on peptide layer or the non-covered GaN. Additional confirmation of the surface
composition was obtained using EDS spectra from each of the samples (see supporting
information). EDS analysis reveals a slight increase in oxygen content following radiation
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treatment. This observation is in agreement with the conclusions drawn from the XPS analysis.
The EDS analysis indicates little to no change in the composition of the other elements present
on the surface of the samples.
In summary, all of the data that compared the samples before and after radiation exposure
demonstrated that the GaN materials undergo surface compositional changes after exposure to
ionizing radiation in solution. However, the biomolecules remain on the GaN surface even after
radiation exposure. Certain amino acid side chains can be protonated during radiation treatment
in solution and the composition of the peptide sequence needs to be taken into account when
designing biointerfaces with desired charged or uncharged groups. Peroxide passivation prior to
radiation exposure can limit the formation of additional oxygen containing species on the peptide
terminated surfaces when high quality GaN material is used.
2.4.3 Morphological Studies
The topography of the samples was examined using two microscopy techniques: SEM
and AFM. Extensive SEM analysis is provided in the supporting information. High resolution
scans using both microscopy techniques reveal similar information about the surface of the
samples. SEM allows surveys of larger areas and reveals information about the pits on the
surfaces of the samples150-151. The AFM topography images were acquired to examine the
surface morphology of the samples with higher resolution. The averages of the RMS roughness
values and standard deviations for the samples were taken for GaN samples grown on Si and for
the bulk GaN samples, Table 5. The RMS values for the GaN samples grown on Si are nearly
an order of magnitude larger than the bulk GaN samples because of the higher concentration of
defects present on the surface and larger peak-to-valley distance due to surface pits, as shown in
Figure 8 and 9. Accounting for the surface pits, the RMS values for the GaN grown on Si
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samples are on average an order of magnitude larger compared to values found in literature,100,
119, 152-153

, while the bulk GaN samples have RMS values similar to literature values. The

variation in the roughness data from sample to sample is due to the fabrication techniques used to
produce these samples.
Table 5. Summary of RMS roughness data

Surface Treatment
Clean
Clean with Peroxide
Clean Post Radiation
Clean with Peroxide Post Radiation
Peptide
Peptide with Peroxide
Peptide Post Radiation
Peptide with Peroxide Post Radiation

RMS (nm) for
samples grown on
bulk
3.3 ± 0.9
1.2 ± 0.4
1.0 ± 0.8
1.1 ± 0.3
0.5 ± 0.0
1.6 ± 0.2
2.6 ± 1.3
2.3 ± 0.7

RMS (nm) for
samples grown on Si
33 ± 17
23 ± 14
82 ± 35
75 ± 18
46 ± 25
47 ± 26
37 ± 12
30 ± 12

The height retrace images for selected samples are shown in Figures 8 and 9. The AFM
images of thin GaN film grown on Si reveals many hexagonal pits on the surface. This is caused
by the high growth rate, typically utilized in the HVPE growth and the hexagonal crystal
structure of the GaN.154-156 These surface pits are relatively large with typical lateral size of 0.30.5 µm for (1-2)-µm-thick film,155 and noticeable depth, which is screening the visualization of
small surface depressions due to dislocation, despite their high density, usually in the range of
109 – 1010 cm-2 for such thin heteroepitaxial GaN films. In some cases, cracks can be seen,
Figure 8C, due to significant strain present in the heteroepitaxial thin GaN films.156-157 The bulk
GaN exhibits a wavy morphology with very few surface pits but with numerous surface
depressions, related to dislocations intersecting the surface, typically in the range of 106 – 107
cm-2.46 Both types of surfaces reveal common surface morphology features consistent with those
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previously shown in the literature.119, 153, 156 One can see that there is no apparent change in the
surface morphology of both types of GaN materials with the different surface treatments,
indicating stability of the GaN surface being independent of the defect densities.
A

B

C

D

Figure 8. GaN grown on Si samples. (A) Clean, (B) Clean Post Radiation, (C) Peptide, (D)
Peptide Post Radiation
B

A

C

D

Figure 9. Bulk GaN samples. (A) Clean, (B) Clean Post Radiation, (C) Peptide, (D) Peptide
Post Radiation

2.5 Conclusions
In this study, peptide molecules were successfully attached to the surface of GaN grown
on silicon and on bulk GaN using a solution based two-step modification process. The surface
functionalization procedure was performed in the absence of organic solvents. The success of
surface reactions was verified using XPS. The samples were subjected to ionizing radiation to
test their stability in solution.

Comparison of the surfaces before and after the radiation

treatment showed surface compositional changes.

Exposure to radiation did not cause

dissociation of the peptide layer grafted onto the surface, but resulted in protonation of available
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amine groups on the surface. The stability of the peptide termination under high doses of
radiation demonstrates the suitability of GaN for in vitro and in vivo studies. Further in vitro cell
culture studies with nanostructured GaN materials are under way in our laboratory.
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CHAPTER 3: Nanostructured Gallium Nitride Powder Functionalized with a
Fluorophore Terminated Peptide
3.1 Abstract
Nanostructured gallium nitride (GaN) powder was functionalized with a biomolecule
terminated with a fluorophore. The fluorophore was used to enhance and modulate the
luminescent properties of the semiconductor powder. A simple two-step wet-chemistry in-situ
modification approach resulted in covalent attachment of the peptide to the powder. X-ray
Photoelectron Spectroscopy survey data confirmed qualitatively that the peptide molecules were
successfully attached to the surface of the powder with the presence of a phosphorus peak as well
as an increase in nitrogen atomic percentage on the surface of the material. The bonding and
stability of the modification to the nanostructured surface was assessed by quantitatively
analyzing high-resolution regional scans. Photoluminescence Spectroscopy mapped changes to
the optical properties of the powder upon dye terminated peptide attachment. A clear shift in the
luminescence peak was recorded after the powder was functionalized. The results demonstrate a
straight-forward way to alter the emission characteristics of a nanostructured semiconductor
material. The role of material defects on the powder surface is used to explain the initial and
altered luminescence properties.
3.2 Introduction
Research on nanostructured materials for bio-imaging applications faces many challenges
including the necessity for biocompatibility, stability, functionality in water or biological
environments, and tunable and narrow emission characteristics. In the past several years many
research groups have proposed the need to have dual functionality such that these materials can
simultaneously participate in targeting,158 drug release, and/or sensing.159 Dual functional
materials can provide many benefits over traditional approaches for disease therapy. These
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include the potential to create more specialized disease management plans160, increasing the
effectiveness of treatments through close monitoring, and decreasing the side effects of certain
drug formulations through better cell targeting.159 Inorganic materials are promising options for
biological applications because of the ease of functionalization, stability in biological
environments, and their inherent emission and scintillating properties.
A large portion of published work on nanostructured bio-imaging materials has focused
on quantum dots (QDs) because of their unique and tunable luminescent properties. The
drawbacks of using QDs is their susceptibility to oxidation, degradation, and leaching of metal
ions.161 These surface changes can negatively impact the luminescent properties of the material
and most importantly lead to adverse toxicity. A shell that coats the surface of the QDs can be
used to increase stability in biological environments162 as well as increase resistance to photobleaching. Widely utilized QDs for biological applications are based on CdSe core with a ZnS
shell which have been shown to protect the core from oxidation and leaching.163-164 A
functionalization of the QDs with a biomolecule to create an inorganic-organic hybrid is then
performed to give the material its desirable dual functionality.162, 164 QDs show promise for bioimaging applications but some concerns still remain about the toxicity of these materials and the
synthesis techniques are complicated and require multiple steps to achieve the needed properties.
Therefore, other nanostructured semiconductor materials could be potential candidates to replace
QDs for bio-imaging. In particular, gallium nitride (GaN) nanostructured materials have shown
promise to be used in these applications.165
GaN is a III-V semiconductor material that shows great potential for biological
applications because of its biocompatibility, scintillating properties166 and it can be synthesized
into a powder for nanoscale use. Many different procedures can be used to manufacture GaN
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powder, all of which begin with pure gallium or a gallium derivative and a reaction with
ammonia.48-49, 167 The products of these reactions can be milled to create a more homogeneous
nanostructured material suitable for multiple processing steps.168 GaN powder is easy to study for
new applications because it is commercially available, can be processed in large quantities, and it
is inexpensive in relation to its single crystal counterpart.
In this study, we investigated the functionalization of gallium nitride powder with a
fluorophore-terminated peptide. The fluorophore chosen for this experiment is 7-amino-4methylcoumarin (abbreviated as AMC). The AMC dye was chosen because its absorption and
emission peaks are centered at approximately 350 nm and 430 nm in hexane, respectively.169 The
absorption peak of the dye will significantly overlap with the emission peak of GaN so it can be
excited from the GaN powder and provide luminescent properties useful for subsequent in-situ
biological applications. This dye was also chosen because it contains an amine group available
for bonding to biomolecules such as peptides. The peptide chain utilized in this study contained a
cysteine N-terminus and a fluorophore on the C-terminus. A wide array of peptide compositions
with varying lengths and sequences can be used in this procedure in order to tailor the material
for a number of specific biological applications. A two-step modification procedure135, 170,134 was
performed to attach the dye-terminated peptide to the GaN powder. The method relies on an insitu surface functionalization to terminate the surface with chlorine groups, providing bonding
sites for the peptides to attach to the surface through a thioether reaction with the terminal
cysteine group. Samples were characterized before and after functionalization using X-ray
Photoelectron Spectroscopy (XPS) and Photoluminescence Spectroscopy (PL) was used to
investigate the modulation of luminescent properties of the GaN powder due to the attachment of
the fluorophore to the nanostructured semiconductor surface.
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3.3 Experimental Details
3.3.1 Materials
All chemicals and the GaN powder were purchased from Sigma Aldrich (St. Louis, MO).
The peptide sequences CGRKKRRQRRR and CGRKKRRQRRR-AMC were purchased from
AnaSpec (Fremont, CA).
3.3.2 Sample Modification
All powder samples were cleaned using a series of wash baths each of which was
repeated 3 times. The order of the wash baths was acetone, methanol, hydrochloric acid, and
deionized water. A portion of the powder was characterized after this step for comparison to the
functionalized samples. The remaining powder was then placed in a bath of 10% (vol) hydrogen
peroxide for 1 hour and washed 3 times with deionized water. This powder was left to dry
overnight in a dessicator prior to peptide functionalization. Additional powder was cleaned using
the procedure above then directly used for the functionalization. In order to modify the power it
was placed in a Teflon beaker with a solution of 1:1 (vol:vol) phosphoric acid and 3 mM 2chloroethylphosphonic acid (ethephon) and was heated to 40˚C as previously described.170 A stir
bar was added to the beaker and the solution was stirred at 40˚C for 150 minutes. The solution
was then taken off of the hotplate and the powder precipitated out of the solution which was
pipetted out. The powder was washed 3 times with deionized water then placed in a centrifuge
tube with a 0.1 mM solution of either CGRKKRRQRRR or CGRKKRRQRRR-AMC. These
solutions were mixed on a rocking platform for 48 hours. Some of the powder was dried straight
from this solution and the rest of the powder was rinsed 3 times with deionized water and dried
in a dessicator overnight.
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3.3.3 Surface Characterization
Scanning Electron Microscopy (JEOL6010 LE) was used to image the as-received
powder. The low magnification image was taken at 500X with a working distance of 27 mm, a
spot size of 60, and an accelerating voltage of 20 kV. The high magnification image was taken at
2000X with a working distance of 10 mm, a spot size of 45, and an accelerating voltage of 5 kV.
X-ray Photoelectron Spectroscopy (Kratos Analytical Axis Ultra) instrument was used to
characterize the surface composition of the samples. The source was monochromated Al Kα
(hv=1486.7 eV). Both survey scans (set for 1 sweep) and high resolution regional scans for C 1s,
Cl 2p, Ga 2p, Ga 3d, N 1s, O 1s, P 2p, and S 2p (set for 5 sweeps per region) were acquired. The
peaks were calibrated, fitted, and compositions were calculated using CasaXPS software.
Photoluminescence Spectroscopy was used to characterize the emission properties of the
samples dispersed in water solutions using a quartz cuvette. A 325 nm HeCd laser excited the
samples on a homemade optical table set-up. The quartz cuvettes containing the solutions were
mounted on the optical table and appropriately aligned lenses were utilized to collimate the light
and focus it on the sample. All data was collected using a UV enhanced CCD detector connected
to a fiber optic. The data was acquired using Princeton Instrument’s LightField software.
Subsequently, the data was re-plotted and normalized using Origin.
3.4 Results and Discussion
Several steps need to be taken in order to ensure efficient modification of powder using
wet-chemistry. The functionalization takes longer compared to thin film samples, primarily due
to the extra steps needed to preserve the starting amount of material during the washing steps.
Since powder is nanostructured aggregates, it can clump together or pack in a way that many of
the surface facets will be inaccessible to the functionalization solutions. In order to ensure all the
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surfaces of the semiconductor are modified evenly, the powder must be mixed throughout the
process. In this study, a two-step functionalization170 was used to attach a fluorophore-terminated
peptide to the surface of GaN powder, during which the samples were constantly stirred with a
stir bar. The functionalization process used is shown in Figure 10. The first step is an in-situ
etch135 utilizing phosphoric acid as the etchant with ethephon (short phosphonic acid molecule)
mixed in. This mixture was stirred using a stir bar in order to get all the particles to be evenly
etched and functionalized. The second step is a two-day peptide soak on a rocking platform
during which the peptide attaches to the surface through a covalent bond. The ethephon provides
free chlorine groups on the surface of the material and the peptide is terminated with a thiol
group found in the final amino acid in the sequence, cysteine. A thioether reaction occurs
between the thiol group present on the peptide and the chlorine present in the ethephon, resulting
in a covalent bond between the peptide and the surface of the powder. Both steps of our
functionalization process are accomplished in water to closely mimic biological environments.

Figure 10. Schematic representation of the surface modification on the powder. Powder samples
were placed on planer surfaces for subsequent characterization. The dye molecule is abbreviated
as “AMC” in the last step.
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SEM images were taken of the powder as received at low and high magnification to show
the heterogeneity of the material. The heterogeneity had no effect on the current study since this
study was focused on the chemical changes of the surface of the powder. Additional milling of
the GaN powder can be done if a finer and more homogeneous constituent is necessary.171
Figure 11A shows the wide range of sizes and shapes of the particles while Figure 11B shows
the rough texture of the exterior. These surface features of the powder provide more surface
area172 for the ethephon and peptide to bind to, which is very beneficial for this application. The
functionalization did not appear to have any effect on the physical appearance of the
semiconductor material. It did not cause any significant clumping once the powder was dried and
the color and approximate size remained constant throughout all treatments.
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B

Figure 11. SEM images of as-received powder: (A) low magnification (500X), (B) high
magnification (2000X).

Prior to modification of the powder, high resolution and survey XPS scans were done to
assess the chemical purity of the material. Prior work has demonstrated that the use of XPS
provides sufficient information to quantify changes in bonding on the surface,62, 111, 125, 173 even for
nanostructured materials.65 XPS characterization was then done on functionalized samples to
determine the compositional changes of the materials. The high-resolution regional scans were
used to find the elemental composition on the surface of the samples, as summarized in Table 6.
The first trend in the data is the carbon percentage generally increases post modification. This
trend is due to the presence of carbon species in the peptide. A large decrease in gallium
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percentage occurs for samples post functionalization. This supports the notion that there is a
large amount of other species being bonded to the surface. An increase in percentage of nitrogen
on the surface of the samples post modification confirms the attachment of the peptide to the
surface of the powder based on the high nitrogen content in the peptide functional groups. The
percentage of oxygen present on the surfaces increases post modification as well due to the oxide
formation on the surface during the etch. The presence of phosphorus following the
functionalization process is expected due to the phosphoric and phosphonic acids used in the insitu etch. Ratios of gallium to oxygen and gallium to nitrogen were calculated to measure
changes in the surface compositions of the samples. This data shows a significant decrease in the
gallium to nitrogen ratio for the powder modified with the dye-terminated peptide indicative of
the emergence of a nitrogen rich surface for these materials. The ratio of gallium to oxygen
decreases slightly after the functionalization which is expected because of the oxide formation
during the etch process.
Table 6. Surface Atomic Percentages Before and After Modification of the GaN Powder
C 1s % Ga 2p % N 1s %

O 1s % P 2p %

S 2p %

Ga/O

Ga/N

Clean
Clean with
Peroxide

41.7

31.3

6.1

13.2

0.0

7.6

2.4

5.1

32.9

35.0

5.6

16.8

0.0

9.5

2.1

6.2

Peptide

49.1

11.7

12.5

17.9

1.2

7.6

0.7

0.9

38.5

30.0

6.5

17.5

0.9

6.7

1.7

4.6

38.5

9.3

22.4

16.9

1.9

11.0

0.5

0.4

56.1

5.2

15.1

16.0

1.0

6.6

0.3

0.3

Peptide
with
Peroxide
AMC
Peptide,
Prewash
AMC
Peptide,
Postwash
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Figure 12. XPS high resolution scans of (A) C 1s, (B) Ga 2p, and (C) N 1s after various
treatments indicated on the figure.
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The high-resolution regional scans of carbon, gallium, and nitrogen were fitted to identify
the different species and percentages of those species that are present on the surfaces of the
samples. By testing the samples after just etching and after the in-situ etch as well as after the
peptide soak, we were able to determine which step causes each of the changes of the surface
composition. The C 1s region shows very little to no shift of the peaks between the different
surface treatments which can be seen in Figure 12A. The peak due to the adventitious carbon is
centered at 284.8 eV, the peak due to OH-C=O is centered at 288.8 eV,174 and the peak due to CN species is centered at 286.2 eV68 for all of the samples. Examining the Ga 2p region, there is
slight shifting of the peaks between the samples. The gallium oxide peak is typically centered
around 1119.5 eV170 but shifts by 1-2 tenths of an eV after functionalization which can be
attributed to the oxide formation during the etching step. The nitrogen region provides evidence
of the peptide bonding to the surface. All samples have peaks corresponding to Ga-N species
(centered at 397.4 eV68) and two Ga auger peaks (centered at approximately 396 eV and 392.5
eV). The samples post functionalization have one additional peak, centered at approximately
399.5 eV which corresponds to C-NH2 and N-C=O species.67
After fitting of the data shown in Figure 12, quantitative comparisons of the various
surface treatments of the nanostructured powder can be made. All comparisons are displayed in
Table 7. The data for the high resolution scans of carbon indicates an overall decrease in
adventitious carbon on the surfaces of the samples with the peptide attached to the surface.
Treating with just the etchant or with just the etchant and ethephon does not cause this decrease.
The percentage of carbon bonded to oxygen increases slightly for just etched samples and
ethephon treated samples but increases much more once the peptide is present on the samples.
Lastly, the amount of carbon bonded to nitrogen decreases for all samples compared to the
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cleaned samples with the exception of samples treated with the dye-terminated peptide. The
percentage of gallium that comes from gallium-nitrogen bonding decreases for all samples
treated beyond cleaning (with or without peroxide) while the percentage of gallium from gallium
oxides increases. Both of these trends can be attributed to the formation of oxides on the surface
during the etching step. The percentage of gallium that comes from gallium-gallium bonding
does not change significantly. The nitrogen percentage due to gallium-nitrogen bonding
significantly decreases for all samples beyond the cleaning or cleaning with peroxide. With the
exception of the sample treated with peptide and peroxide, all samples treated beyond the
cleaning step had an increase in percentage of the first and second gallium Auger peaks. A new
peak forms with the addition of the peptide to the surface of the samples, which is caused by
amide bonding. This peak indicates the attachment of the peptide to the surface since it still
appears after the samples have been washed after the peptide treatment. The peroxide treatment
was done to decrease the amount of oxide that builds up on the surface of the material. The
peroxide is supposed to cap the surface with a more stable layer of gallium oxyhydroxide.
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Table 7. Surface species composition percentages, calculated from high resolution regional scans before and after GaN powder
treatments.

Adventitious
C%

C-O
%

C-N %

Ga-N
%

Ga-O
%

GaGa%

N-Ga
%

Ga
LMM
1%

Ga
LMM
2%

C-NH2,
N-C=O
%

Clean

76.7

14.4

8.9

85.3

12.7

1.9

38.7

50.8

10.5

0.0

Clean with
Peroxide

76.5

13.0

10.4

84.2

14.5

1.3

29.8

58.1

12.2

0.0

Etch

76.2

15.7

8.1

77.3

20.6

2.1

23.9

61.0

15.1

0.0

Ethephon

76.9

14.6

8.5

80.5

17.3

2.2

24.7

60.0

15.3

0.0

Peptide

73.8

17.5

8.7

82.9

15.0

2.1

23.0

55.7

13.8

7.5

77.4

13.5

9.0

82.7

15.3

2.0

21.7

52.6

17.3

8.4

66.4

22.2

11.4

83.0

15.0

2.0

22.1

56.0

13.6

8.4

70.5

19.4

10.1

81.3

16.9

1.8

22.5

54.3

12.4

10.8

Peptide with
Peroxide
AMC Peptide,
Prewash
AMC Peptide,
Postwash
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PL was performed on the samples dispersed in aqueous solutions to observe the
modulation effects of the fluorophore on the GaN powder luminescent spectra. The fluorophore
used in this study (7-amino-4-methylcoumarin) is a commonly used fluorescent probe and dye175
for many different assays176 and other applications because of its strong fluorescent properties.
Emission spectra were collected for clean GaN powder, a stock solution of dye-terminated
peptide, and GaN powder functionalized with the dye-terminated peptide. Figure 13 shows the
emission of the three samples that were tested. The emission spectrum of the GaN powder,
centered around 364 nm, is consistent with the literature177 on nanostructured GaN powder. This
peak is the near band edge emission spectra of wurtzite GaN.178-179 Asymmetrical spectra is
characteristic of defects present in the material.180 The defects present in the material cause
recombination events to occur from energy levels forbidden in a pure material resulting in the
asymmetric peak observed in the PL spectrum. The absorption and emission spectra of the dye
used in this experiment, 7-amino-4-methylcoumarin, are centered at approximately 350 nm and
430nm, respectively.169 Since the emission of the GaN powder matches well with the absorption
of the dye, the dye can be excited from the emission of the GaN powder in future biological
applications. By using the dye, the emission of the material becomes tunable and the properties
can be modulated for specific ranges needed. The dye is necessary to drive the emission into the
visible region, which is more useful for biological applications. Figure 13 shows that when the
dye-terminated peptide is attached to the GaN powder, the recorded emission is shifted due to the
presence of the dye. The attachment of the dye-terminated peptide successfully modulated the
observed emission characteristics. By tuning the emission properties to overlap with the
excitation properties of certain biologically relevant molecules, GaN powder could be used for
dual-functionality in biological environments. For example, channelrhodopsins (which are light-
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gated ion channels) can have excitation spectra at many different wavelengths, some of which
overlap the emission of our material.181

Figure 13. PL spectra of GaN powder, as received peptide, and functionalized GaN powder. All
spectra were collected in DI-water.

3.5 Conclusion
In this study, nanostructured GaN was successfully functionalized with a dye-terminated
peptide. XPS indicated the attachment of the peptide from a characteristic nitrogen peak
corresponding to amide groups as well as a shift of elemental compositions on the surface of the
powder. PL spectra were collected to study the modulation of the luminescent properties of the
nanostructured semiconductor material and indicated the tunability of the emission properties.
Nanostructured GaN powder could potentially be used for dual-function bio-sensors because of
its biocompatibility and luminescent properties. Modifying the material with the dye provides
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tunability for the luminescent properties of the nanostructured powder. By tuning the emission
spectra to overlap with biologically relevant molecules, GaN nanostructures can be used for bioimaging applications.
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CHAPTER 4: Photoluminescence Changes of III-Nitride Lateral Polarity
Structures after Chemical Functionalization
4.1 Abstract
In this work, the photoluminescent changes of a III-Nitride semiconductor with various
surface topographies were studied. AlxGa1-xN with a composition of 70% aluminum was used
and the surfaces were functionalized with a fluorophore dye-terminated peptide using a linker
molecule. The stability of the wafers pre-functionalization in solution was studied using ICP-MS.
We found the AlGaN material to be highly stable in biological conditions over 7 days. The
attachment of the dye to the wafer was studied using x-ray photoelectron spectroscopy and
photoluminescent spectroscopy (PL). The PL spectrum showed a clear signature of the dye with
a pronounced emission peak at approximately 260 nm, indicating the success of the modification
of the surface.
4.2 Introduction
III-Nitride semiconductors such as AlN and GaN, have a wide range of applications for
optical, electronic, and biological devices. The AlGaN semiconductor alloy has attracted great
attention due to is direct, tunable bandgap between 3.5 eV and 6.2 eV182-183, its doping
capabilities and high temperature environmental stability. Furthermore, the polar orientation, and
thus the polarization of the AlGaN-structures can be inverted. The III-nitrides exhibit a wurtzite
crystal structure that provides a basal c-plane that is either N-polar (000-1) or metal (Ga/Al)polar (0001), when grown along the c-direction. These two polarities have differences in
chemical reactivity, polarization, and dopant incorporation17-18 that can be exploited depending
on the application. By combining both polarities into one single structure to form lateral polarity
structures (LPS), where the polar orientation is inverted at a given interval, the properties of the
material can be further tuned to target specific applications. Subtractive patterning of AlN
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nucleation layers is typically used to create LPSs on sapphire.17-18,

184-185

Other methods that

exploit the inversion caused by excess Mg-doping, flashing with either TEG or TMA, or the use
of oxide films have been used with various degrees of success.186-187 At the present, the most
stable and reproducible process for creating these LPS is based on the subtractive patterning,
which is the process used in this work.188
Similar to tuning the band gap of these materials, the surface properties (either
morphological or chemical) can be altered through different methods such as etching and
functionalization to target more specific applications such as biosensors.189 One method of
surface modification is the selective wet etching of the different polarities of nitride
semiconductors. The commonly used KOH solution relies on the production of an oxide layer on
the surface of the material, which then dissociates from the surface. It is observed that the Npolar material is much more susceptible to etching due to differences in surface bonding between
the different polarity regions.190-192 Roughening or patterning these surfaces using such solutions
allow for an increase in light extraction in light emitting diodes.193-194 Another method of tuning
surface properties is through functionalization. This involves the bonding of an additional
molecule to the surface of the material, changing the chemical composition of the surface. The
functionalization of GaN nanowires and planar surfaces with silanes through a covalent
attachment to a thin oxide surface layer has been widely studied.9, 65 This modification provides
a platform to immobilize biomolecules to the surface of the material. This functionalization
technique has been shown to have a fairly low stability in solution, caused by the dissolution of
the GaN oxide layer.9 In general, enhancement of semiconductor material surfaces through
surface modification has been used for biosensor development due to the biocompatibility, nontoxicity, stability and optical properties of these materials.65

63

In this paper, we utilize an alternative surface functionalization- a covalent attachment of
a dye-terminated peptide to the AlGaN based LPS to alter its optical properties. The chosen dye,
7-amino-4-methylcoumarin (AMC), exhibits a broad absorption band peaked in the UV that
extends to the visible spectral range. By tuning the Al composition of the AlxGa1-xN LPS
between 0% (GaN) < x < 80% (Al0.8Ga0.2N) the bandgap could be matched to the dye absorption
maximum. The adjustment of the AlGaN bandgap demonstrates its advantageous feasibility for
biological applications targeted to a specific spectral range or single wavelength of interest.
However, an extension of the application of AlGaN alloys to a wider range of biological systems
requires a specific balance of their Al composition. Higher Al compositions are expected to
promote the binding of the dye molecules to the surface due to an increased amount of surface
oxides that will be present in these regions. Formed aluminum oxide layers are proven to be
more resistant to dissociation from the bulk substrate and are therefore desirable for applications
in aqueous solutions. However, a disadvantage for biological applications is an increased toxicity
with increased Al fraction of the samples. In contrast, Ga rich compounds are non-toxic in a
biological environment but have a high dissolubility of the surface gallium oxide bonding layer.
The functionalization of the semiconductor surface is achieved by attaching biomolecules - in
this case, a peptide chain – to the surface through a thioether reaction. The AMC dye is attached
to the biomolecule through the amine group.

In this paper, we focus on an AlxGa1-xN alloy

having an Al composition of x = 70%.
4.3 Experimental Details
The LPS structure was fabricated by first patterning AlN nucleation films that were
deposited on sapphire substrates and subsequently depositing the AlGaN films with an Al
composition of 70%. All the films were deposited by low-pressure metal organic vapor
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deposition using ammonia, trimethylaluminum and triethylgallium as nitrogen and metals
precursors. A height difference of less than 100 nm was observed between the N- and III-metal
polar domains in the LPS. The LPS pattern used in this work consisted of stripes with identical
domain widths ranging from 5 µm to 50 µm within 1x1 cm2 regions. In addition, as part of the
pattern, there are regions with only Ga- or N-polar domains.189 Initially, the stability of the
Al0.7Ga0.3N films in a biologically relevant environment was investigated. It has been previously
shown that Inductively Coupled Plasma Mass Spectrometry (ICP-MS) can be used to quantify
the stability of inorganic samples in solution by measuring the amount of specific elements that
have leached into solution.9 The ICP-MS data shown in Table 8 gives the amount of aluminum
and gallium that leached from the surface of the samples over the course of 7 days. These
samples were soaked in biologically relevant solutions (cell media195) at a pH between 7.2-7.4.
Subsequently, aliquots were taken at different time intervals. Leaching of the metals (aluminum
and gallium) from the surfaces of these materials is one way of determining the toxicity. It has
been shown that gallium can be present in biological systems up to 700mg/M2 before significant
toxicity occurs.196 Based on the data in Table 8, the amount of gallium that leached off the
surface of the AlGaN samples is far less than this limit at which toxicity occurs. The other
element of concern is aluminum. Different research studies have found that a total allowable
concentration of aluminum salts in drinking water is between 9 mg/L197 and 50-200 µg/L198 in
the human body before negative, toxic effects occur. Another study found that 90% of marine
species can live in environments with 69 µg/L gallium before significant toxicity occurs.199
Therefore, the concentration of aluminum dissociated from the surface of the samples is below
the limit on average for these values.
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Table 8. ICP-MS data of the aluminum and gallium concentrations leached into solution over 7
days.

Day 1
Day 3
Day 7

Concentration
of Al (µg/L)
505
156
210

Concentration
of Ga (µg/L)
27.0
56.3
78.6

A surface modification of the Al0.7Ga0.3N LPS was done using a linker molecule to
covalently attach a fluorophore dye terminated peptide to the surface of the material. The dye
used was chosen for its photobleaching stability, its ability to be conjugated to biomolecules, and
for its specific absorption and emission properties in the UV and visible spectral range. The
AMC dye was conjugated to a cysteine terminated peptide, but a variety of peptide sequences
with the same terminal amino acids can be used in this surface modification to tailor the material
for different biological applications.

The functionalization was performed as previously

reported, and as shown in Figure 14.170, 200 Initially, the samples were cleaned using a series of
solvent baths (acetone, methanol, and HCl) to eliminate any organic surface contaminants on the
surface as well as to remove any uncontrolled oxide layer that had formed on the material under
ambient conditions (Figure 14A). A controlled oxide layer was then formed on the samples and
a linker molecule (2-chloroethylphosphonic acid, common name ethephon) was covalently
bonded to the surface (Figure 14B). The covalent attachment was done through the oxide layer
that formed by soaking the sample in a solution with an etchant (phosphoric acid) and the linker
molecule. Subsequently, the sample was rinsed and soaked in a 0.1 mM solution of the AMC
conjugated peptide for 24 hours (Figure 14C). This peptide covalently bonded through a
thioether reaction between the cysteine group of the peptide and the chlorine atom from the
ethephon. These samples will be referred to as AMC for the remainder of the paper.
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Figure 14. Functionalization scheme of the LPS AlGaN. (a), (b), (c) denotes the processing steps
used for functionalization.
X-ray photoelectron spectroscopy (XPS) was used to determine if the surface
functionalization process was successful. This was achieved by comparing high resolution
regional scans before and after functionalization. Table 9 shows the comparison between the
scans of Ga 2p and C 1s that were used to compare the various LPS regions with different stripe
widths and the differences before and after the functionalization. The XPS was calibrated using
adventitious carbon, present at 284.8 eV. The specific peaks used to compare the LPS regions
include a gallium oxide peak centered at about 1119.5 eV,170 a carboxylic acid peak (OH-C=O)
centered at approximately 288.8 eV,201 and a C-N bond peak present at 286.2 eV.202 It is
observed that the amount of gallium oxide species, C-O bonding, and C-N bonding significantly
increases when the sample is functionalized. The increase in gallium oxide species and C-O
bonds shows that an oxide layer forms on the surface of the wafers during the functionalization
process. Furthermore, the N polar region develops significantly less C-N bonds and less than
10% more gallium oxide species, suggesting less surface coverage of the peptide on N polar
samples despite a higher availability of bonding sites.145 This confirms the differences in
chemical reactivity between different polarity regions.17-18 While this can be observed for the

67

Ga- and N- polar regions, the data from the striated regions (5,10, 20, and 50 um) are much more
varied because the spot size and location for the XPS is randomly distributed.

Table 9. Elemental percentages of gallium oxide, C-N, and C-O bonding calculated from high
resolution regional XPS scans. Ga2O3 is a percentage with respect to the entire Ga peak while CO and C-N are with respect to the entire C peak.
Ga2O3

C-N

OH-C=O

Clean AMC

Clean

AMC

Clean

AMC

Al0.7GaN 5 µm

8.7

19.9

17.7

69.5

6.5

8.2

Al0.7GaN 10 µm

9.9

20.8

37.6

75.7

7.8

10.4

Al0.7GaN 20 µm

8.5

15.6

19.0

52.3

8.0

12.0

Al0.7GaN 50 µm

8.4

15.8

10.3

73.3

6.9

11.3

Al0.7GaN Ga Polar

6.6

15.7

27.0

69.5

4.0

12.6

Al0.7GaN N polar

8.1

24.2

13.2

13.0

4.9

10.9

Changes in the optical properties of the LPS structures after functionalization were
studied using photoluminescence (PL). The luminescence of the AMC-terminated peptide in
solution (with deionized water) was investigated. Both an ArF2 excimer laser emitting at 193 nm
and a HeCd laser emitting at 325 nm were used to excite the dye at room temperature. This
provides for a complete PL spectra of the dye including the deep UV part of the spectrum, of
interest for its use with the AlGaN structures described here.203-204 It can be seen in Figure 15
that two separate peaks are present for the AMC-terminated peptide solution. The first peak
appears at 293.6 nm and the second is centered at 408.6 nm. The two peaks are only observed
under the excimer excitation suggesting a higher energy absorption band present in the dye.
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Figure 15 shows the absorption spectrum of the dye in an extended wavelength range that
includes the deep-UV part of the spectrum. A broad absorption band with maximum at 251.9 nm
was observed, consistent with the observation of the existence of an absorption band extending
to higher energies. The shift between the dye high energy emission peak and the absorption is
related to the corresponding Stokes shift between those apparently complementary transitions.

Figure 15. PL (top) and absorption spectra (bottom) of the AMC dye-terminated peptide
in deionized water solution after an ArF2 excimer (193 nm) and HeCd laser (325 nm) excitation.
The PL spectra of the different patterned LPS regions were then taken at room
temperature before and after functionalization to observe the changes in the optical properties as
shown in Figure 16, using the excimer laser excitation source. The highest intensity peak that
appears on all samples could be attributed to the near band edge (NBE) emission of the
Al0.7Ga0.3N LPS centered at 238 nm, as expected for such Al composition in a nearly relaxed
state.205 A second emission peak characteristic to the AlGaN material is found at 300 nm and
corresponds to point defect related emission within the AlGaN. The main difference that can be
observed between clean and AMC samples is the peak that appears at around 260 nm. This peak
is blue shifted from the peak of the AMC-terminated peptide solution (shown in Figure 15). This
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blue shift can be attributed to the different environment in which the dye is investigated:
dissolved in water solution and attached covalently to the semiconductor surface. While the
spectra in Figure 15 displays the properties of the dissolved dye, the emission characteristic in
Figure 16 displays its properties after attaching to the semiconductor surface.

Figure 16. PL spectra of the Al0.7Ga0.3N LPS for four different pattern sizes between 550 µm, pre-functionalization (clean, black curve) and post-functionalization (AMC, red).
4.4 Conclusions
In summary, an AlGaN LPS wafer at an Al composition of 70% was functionalized to
alter its optical properties. ICP-MS determined the AlGaN material to be highly stable in
biological conditions over 7 days. The attachment of the biomolecule, AMC dye-terminated
peptide, was confirmed using XPS. The modulation of the optical emissions was studied using
room temperature PL. A clear signature of the dye functionalization was observed by a
pronounced emission peak at approximately 260 nm. The PL signature of the semiconductor
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substrates remained unaltered after the chemical functionalization.

The results support the

notion that biomolecules with fluorescent moieties can be used to introduce additional tenability
of the optical emissions of LPS. We plan to extend this methodology to additional types of dyes
and test their applicability in biomolecular sensing experiments.
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CHAPTER 5: Interfaces with Tunable Mechanical and Radiosensitising Properties
5.1 Abstract
We report the fabrication of a composite containing nanostructured GaOOH and
MatrigelTM with tunable radiosensitising and stiffness properties. Composite characterization was
done with microscopy and rheology. The utility of the interface was tested in vitro using
fibroblasts. Cell viability and reactive oxygen species assays quantified the effects of radiation
dosages and GaOOH concentrations.

Fibroblasts’ viability decreased with increasing

concentration of GaOOH and composite stiffness. During ionizing radiation experiments the
presence of the scintillating GaOOH triggered a different cellular response. Reactive oxygen
species data demonstrated that one can reduce the amount of radiation needed to modulate the
behavior of cells on interfaces with different stiffness containing a radiosensitising material.
5.2 Introduction
The effects of substrate’s elastic modulus on cell behavior have been widely studied for a
variety of materials as well as cell types. For example, it has been shown that increased substrate
stiffness causes an increase in cell adhesion as well as an increase in cell growth for 3T3
fibroblast cells.206 This is potentially due to an increase in cell spreading on stiffer substrates.207
Cells grown on stiffer substrates have been shown to migrate away from other cells.208
Additional work with materials with a wide range of stiffness has provided evidence that rigidity
is the most important physical cue that determines cell behavior.209 However, the data collected
to date strongly supports the notion that different cell types respond variably to mechanical
stimuli. The stiffness of the interface can be modulated in a variety of ways. A relatively simple
way is by disrupting the degree of crosslinking within the interface with the addition of
nanostructured inorganic entities. This methodology not only changes the mechanical properties
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but can also be used to add auxiliary functionality. The nature of such functionality depends on
the nanostructures of choice. Examples of desired additional functionalities are: drug delivery
capabilities,

contrast

radiopharmaceuticals.211

imaging

agents,210

and

even

combined

modalities

such

as

In this letter, we explore the combination of radiosensitising

nanostructures and interfaces with tunable mechanical properties.
Recent research done in radiosensitive nanomaterials has put a strong focus on high
atomic number (Z) materials. More massive elements provide a stronger contrast to biological
tissues when irradiated and thus radiolabeled nanoparticle methods have shown promise in
cancer therapies.212 Gd based nanoparticles are one example that offer strong enhancement of
radiation therapies like MRI and neutron capture.213 However, Gd is a known nephrotoxin and
can cause damage to non-tumorous tissues if released from particle surfaces. Radiosensitive
nanoparticles are difficult to isolate with tumor tissue and nearby tissue accumulation is seen
even under tight experimental control.214

Thus, biologically compatible radiosensitive

compounds have become more attractive to limit possible negative effects from heavy element
leeching into surrounding tissue. Oxide compounds may offer a solution to this through the use
of

SiO2,

Fe2O3,

and

ZnO

which

provide

more

inert

materials

for

nanoparticle

radiotherapy.215,216,217
Nanoparticles containing gallium are of particular interest due to their biocompatibility
and functionality as potential viral growth inhibitors and targeted drug delivery vehicles.218
Mourino et al. reported the use of gallium crosslinked alginate with glass nanoparticles for
possible tissue engineering applications.219 This work indicated an improvement in mechanical
properties of the gallium crosslinked alginate films with the incorporation of glass nanoparticles.
Hwang et al. showed the advantage of gallium’s photoexcitation properties for possible radiation
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targeting and drug delivery applications using a self-assembled protein and sulfonated gallium
corrole complex.220 The group went on to investigate the mechanisms of the photoexcitation
toxicity of these particles and the results indicated long term tumor retention.221
5.3 Experimental Details
In this work, we utilized nanostructured GaOOH and Matrigel™ to combine the
mechanobiological response of an interface with the radiosensitising properties of an inorganic
material with high Z, Figure 17. The stiffness of this interface can be tuned by mixing in
different amounts of GaOOH with the Matrigel™. Mechanical stimuli in the form of stress and
strain can influence cell responses and communication.222 Recently, researchers have explored
the need to combine mechanobiological modulation with a focused radiation force.223 The data
collected suggests that one can use acoustic radiation as an additional way to induce mechanical
stress and accelerate biological effects. We designed our composite to be activated by X-ray
radiation in order to take advantage of local heating one can produce, in addition to
photoexcitation of reactive chemical species. The composite we describe in this letter can
provide an interface to study additive and/or cooperative effects of mechanical properties,
photoexcitation toxicity and thermal changes during in vitro studies.

The use of gallium

containing oxide nanostructured materials for photoexcitation has seen increased attention due to
its applicability in bio-sensing and bio-imaging. Multiple research groups have demonstrated the
use of these materials for a variety of applications including Wang et al.’s work with mesoporous
β-Ga2O3:Cr3+ nanorods as an in-vivo imaging agent as well as for possible controlled drug
release.224 This group reported the conversion of GaOOH to β-Ga2O3 using a calcination reaction
and subsequently provided evidence of the low toxicity of these nanoparticles on particular cell
lines.225

Sang et al. investigated the combination of biomimetic and aggregation-driven
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crystallization for the growth of β-Ga2O3 nanoparticles at room temperature using peptide
assemblies and hydrolysis.226 This work indicated the conversion of GaOOH to the β-Ga2O3
nanoparticles in the peptide assembly. Yan et al. reported further evidence of the cellular
compatibility of gallium oxide nanorods for future use in bio-optoelectronic platforms.227

Figure 17. Schematic representation of the interface fabrication.

The interface utilized in all experiments consisted of Matrigel™, purchased from
Corning, with varying concentrations of GaOOH. Prepared GaOOH was added to aliquots of
Matrigel™ in 0.02 mg/μL, 0.04 mg/μL, and 0.08 mg/μL concentrations. The GaOOH particles
were distributed randomly in the composite. Optical microscopy images are provided in the
supporting information.

The nanostructured GaOOH was synthesized using a previously

reported hydrothermal microwave process.228 The nanostructured GaOOH, Figure 18A, is rodlike in nature with a homogenous distribution of shape throughout. Close examination of the rods
reveals that they contain a multitude of nano-spindles. The length and width of the rods is
heterogeneous and varies in the sample with the width being submicron in size and lengths on
the micron scale. We characterized the interface consisting of GaOOH and Matrigel™ prior to
the cell experiments described below. Atomic Force Microscopy (AFM) samples were prepared
by pipetting 100 μL of each solution in between two glass coverslips separated by a washer.
These samples were put in the incubator at 37°C and 5% CO2. Representative AFM height and
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phase plots of the dried Matrigel™ with varying concentrations of GaOOH before and after
radiation doses are shown in Figures 18B-G. Results indicate a microstructural disparity
between samples with large differences in concentrations of GaOOH and varying radiation
doses. The spherical structures are due to clumps of monodispersed globular proteins (with
diameters ~100 − 300 𝑛𝑚) and are found in the gel containing no GaOOH (Figures 18B,C).
They were not present in samples with GaOOH (Figures 18F-G) which consisted of what is
thought to be a higher density of fibrous proteins on the surface.

With 𝛼 = 0.05, these

qualitative observations are supported by the RMS roughness values and surface area (SA). At
higher concentrations (0.04 and 0.08 mg/µl GaOOH), roughness scales directly with increasing
irradiation (see statistical analysis in Supporting Information). Conversely, at low concentrations
of GaOOH (0 and 0.02 mg/µl GaOOH) and low radiation doses (0 and 2 Gy), no statistically
significant RMS changes were measured. In most conditions, varying GaOOH concentration
and radiation doses does not result in a statistically significant difference in SA. However, at
concentrations of 0.08 mg/µl GaOOH, increasing the irradiation results in a statistically
significant increase in SA from 9.73 μm2 (non-irradiated) to 14.11 μm2 (10 Gy). Previous studies
involving ultraviolet (UV) irradiation have shown to affect all hierarchical levels of collagen, the
main structural component of Matrigel™.229 The modifications caused during radiation and the
denaturation of Matrigel™ proteins as a result of dehydration are thought to be the cause of a
higher SA and RMS values for high radiation doses at high concentrations.
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Figure 18. Microscopy evaluation of the interface. (A) representative SEM image of GaOOH
nanorods. Representative AFM data for: i) a sample of MatrigelTM with no GaOOH added and
no radiation treatment (B) is height and (C) is phase; ii) a sample with 0.02 mg/μL GaOOH
added and no radiation treatment, (D) is height and (E) is phase; iii) a sample with 0.02 mg/μL
GaOOH added and 4 Gy radiation treatment, (F) is height and (G) is phase.

Fundamental cellular behaviors have been shown to be highly influenced by the
mechanical properties of the surrounding three-dimensional extracellular matrix.230

The

mechanical property of primary interest is the elastic modulus (E). Two popular methods exist
for determining E of hydrogels: 1) AFM and 2) rheological testing. AFM has proven to be a
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reliable method for determining the elastic modulus of temperature sensitive hydrogels.231
Difficulty can arise, however, when one does not precisely control the temperature of the sample
in an environmental test chamber, as E can be temperature dependent due to softening/stiffening
of the hydrogel matrix.232 Due to this limitation, a standardized protocol for hydrogel rheological
characterization has been written and evaluated using a variety of biomaterial systems such as
agarose, collagen, and Matrigel™.233 Rheological measurements were performed on all samples
to determine the effect of particle concentration on the elastic modulus of the gels. In this regard,
samples were subjected to dynamic oscillatory deformations either as a function of frequency
(0.1-100 rad/s) at a fixed strain in the linear viscolelastic regime or as a function of strain (1100%) at a constant frequency. Experiments were conducted at 37˚C on a TA Instruments
Discovery Hybrid Rheometer (DHR-2), using 25 mm parallel plate geometry and a gap size of
500 microns. All samples exhibited gel-like features with the elastic modulus (G’) being larger
than the viscous (G’’) modulus and both moduli relatively independent of frequency.234-235 The
elastic modulus varied from 102 Pa for Matrigel™ without any GaOOH to 105 Pa for samples
containing 0.08 mg/μL of GaOOH indicating formation of a stronger network in the presence of
particles, Figure 19. However, the addition of particles into the Matrigel™ causes a breakdown
in the gel structure matrix at relatively low shear strains reminiscent of colloidal gels.234 A plot of
the moduli as a function of strain shows the sample containing Matrigel™ to essentially remain
unaffected whereas the presence of GaOOH particles causes a decrease in moduli beyond a
certain strain level.
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Figure 19. Dynamic rheology data showing elastic (G’, solid symbols) and viscous (G”, open
symbols) moduli of MatrigelTM and MatrigelTM with increasing GaOOH particle concentrations
as a function of frequency.

In order to analyze the effects of the radiation and GaOOH concentrations on cell
behavior NIH-3T3 cells were grown and tested under different conditions. NIH-3T3 cells are
adherent, immortalized mouse fibroblast cells. Many research groups have used NIH 3T3 cells
in mechanobiology experiments.

Two quantitative assays were analyzed to compare cell

behavior: one to measure cell viability and the other to quantify the generation of reactive
oxygen species (ROS). The Alamar Blue assay is used to measure cell viability based on the
reduction of the compound resazurin. Alamar Blue was purchased from ThermoFisher Scientific.
2’,7’-Dichlorofluorescin diacetate (DCFH-DA) was purchased from Sigma-Aldrich for the ROS
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assay. DCFH-DA is oxidized by ROS present in the sample, resulting in DCF, a fluorescent
dye.216 The fluorescence can then be measured to compare ROS changes.

For each of these assays, 100 μL of each solution of GaOOH with Matrigel™ was
pipetted in triplicates in 5 separate 24-well plates for the radiation experiments. These cell well
plates were incubated (37°C, 5% CO2) for 30 minutes. NIH-3T3 cells were then seeded at
7.5x104 cells/mL with 0.5 mL per well and the well plates were placed back in the incubator. The
5 well plates correlate to 5 different radiation treatments. One was left in the incubator for the
duration of the radiation, one was removed from the incubator but did not undergo any radiation
treatment, and the other three received 2, 4, or 10 Gy radiation. Radiation treatments were
administered 24 hours after plating. Each sample was in a 24 well cell culture plate measuring
8.5 x 13 x 2 cm. The plates were irradiated individually, and placed atop 4 cm of standard solid
water, surrounded by 2 cm of water-equivalent bolus material (CIVCO Medical Solutions,
Coralville, IA, USA) and covered with an additional 2 cm of solid water. Samples were
irradiated using parallel-opposed 6 MV X-photon beams incident upon the top and bottom of the
cell culture plate, using a Novalis TX (Varian Medical Systems, Palo Alto, CA, USA). The linear
accelerator's output rate was set to 200 MU min-1 (SAD = 100 cm, d = 4.0 cm, A = 20 x 20 cm).
Radiation dose was prescribed to the bottom and center of the cell culture plate; plates were
irradiated with 2, 4 or 10 Gy.

Cell viability, based on the Alamar Blue assay, was measured 3 days after plating. 50
μL of Alamar Blue (AB) was added to each well and the well plates were placed back in the
incubator for 4 hours. After 4 hours, 100 μL was pipetted from each well into a 96-well plate 3
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times. A Tecan GENios microplate reader, using 570 nm and 600 nm filters, was used to
measure the absorbance of each sample. The results of this assay can be seen in Figure 20.
Statistical analysis of datasets was done using one and two way ANOVA testing and Levene
homogeneity of variance testing in Origin 8.5 (see Supporting Information). Analysis showed a
significant effect of increasing concentration of GaOOH in the Matrigel™ (p-value of 2.04 x1010

) as well as an interaction between radiation conditions and the concentration effect (p-value of

0.036). One observes a general trend of decreasing percent reduction of AB when the amount of
GaOOH is increased. This directly correlates to a decrease in cell viability for increasing
GaOOH concentration. These results and the rheological evaluation support the notion that there
is a decrease in cell viability when the stiffness of the substrate increases. Prior work with
fibroblasts has found that when the rigidity of the substrate increases the cell proliferation is
increased but the apoptosis is decreased.236 There is a difference between our composite and
prior materials used to study how substrate stiffness influences cell viability. Our composite has
a variable stiffness but under the radiation conditions its properties can change due to the
presence of the scintillating material. In this study we tested the hypothesis that one can have an
interface that radiosensitizes cells. This same interface can have a variable and pre-programmed
stiffness due to a controlled amount of GaOOH present. This type of material permits one to
study the effect of stiffness variability and exposure to radiation conditions at the same time.
There is a significant difference between the samples with no GaOOH added and the samples
containing 0.08 mg/μL of GaOOH which were taken out of the incubator but did not receive
radiation treatments, and samples that received 2 Gy and 4 Gy radiation. From the statistics,
there is no significant difference between any of the radiation treatments (p-value of 0.413).
Therefore, any significant difference in cell viability is dependent on the particle concentration.
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In addition to changes in mechanical properties it is important to consider that the observed
results may be due to the cell reaction to substrate roughness and cell response to changing
surface area and local clustering of the adhesion ligands in the gel.

Furthermore optical

microscopy images show that through time the inorganic material in the composite can cluster in
the cell media and it is plausible that this clustering can play a role in the cell response.

Figure 20. Alamar Blue assay results, displayed as a percent reduction of the Alamar Blue dye
fluorescence.
In an effort to further understand the variation in cell viability we quantified the amount
of ROS under different conditions, Figure 21. The presence of ROS causes breaks in the DNA
structure and leads to cell apoptosis. The fluorescence was measured the same day of plating the
cells, day 1, day 2, and day 3. The DCFH-DA was dissolved in DMEM at a concentration of 60
μM. For each measurement, the 3T3 cell media was aspirated off and 0.5 mL of the DCFH-DA
solution was added. The wells were incubated for 30 minutes and then fluorescence
measurements were taken using the Tecan GENios microplate reader with a 485 nm excitation
filter and a 535 nm emission filter. The results from this assay are plotted in Figure 21 along
with statistical analysis. Comparison between Figure 21A and the rest of the data clearly
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demonstrates that the presence of GaOOH results in the production of more ROS. The samples
that showed the highest percent increase in ROS species contained 0.02 mg/μL GaOOH. The
only samples that did not exhibit statistically significantly difference in ROS over time are the
ones containing 0 mg/ μL from day 2 to day 3 and 0.02 mg/ μL from day 1 to day 2 as well as
from day 2 to day 3. Thus, the presence of ROS increases over time for all samples.

An

additional trend observed was that 2 Gy radiation produced the most ROS for samples containing
0.02 mg/μL and 0.04 mg/μL GaOOH.

A

B

C

D

Figure 21. Reactive oxygen species (ROS) assay plotted as percent change in fluorescence. The
initial fluorescence in all samples was measured the same day as seeding and prior to any
treatments. (A) MatrigelTM with no GaOOH added, (B) MatrigelTM with 0.02 mg/μL GaOOH
added, (C) MatrigelTM with 0.04 mg/μL GaOOH added, and (D) MatrigelTM with 0.08 mg/μL
GaOOH added.

The gel can possibly denature due to the presence of the scintillating GaOOH during
radiation. We exposed the MatrigelTM alone and the MatrigelTM with different concentrations of
GaOOH to the 3 different doses of radiation. Subsequently we seeded the cells immediately
after radiation treatment. We allowed the cells to grow for 2 days and measured the cell viability
using the Alamar Blue Assay. The data is presented in the supporting information file. Cells left
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in the incubator showed a difference in viability when 0.02 mg/ μL and 0.08 mg/ μL
concentrations were used. There is a clear difference in cell viability with change in mechanical
properties. When samples were exposed to radiation and subsequently seeded with cells we
observed a dependence on radiation exposure and GaOOH concentration with respect to cell
viability. The biggest difference in cell viability was observed when one compares samples with
no GaOOH and samples with 0.08 mg/ μL of GaOOH that received 10 Gy radiation. When we
subjected samples containing MatrigelTM but no cells to various conditions (storage in the
incubator, short removal from incubator, exposure to 2, 4 and 10 Gy radiation) we observed the
same amount of ROS production. Therefore, the radiation treatment did not produce a response
to altered matrix properties.
We performed experiments where different amounts of GaOOH were added to cell free
samples containing MatrigelTM. We observed an increased production of ROS species from day
1 to day 3 (see supporting information). This data indicates that the ROS production is chemical,
stemming from the presence of the GaOOH. Furthermore, when one analyses the effect of
radiation there is a difference in the amount of ROS production in day 1 when a comparison is
done between samples irradiated and samples that did not receive radiation. However, there is
no difference in the ROS production among any of the samples (with or without GaOOH)
regardless of the amount of radiation used. This data supports the conclusion that the initial
presence of the GaOOH and radiation contribute to the production of ROS species.
The amount of soluble inorganic species was quantified as well. The supporting
information shows the ICP-MS results from 60 samples we submitted for analysis. The amount
of Ga was measured after 2 days under the identified conditions. The data clearly shows that in
all cases extremely small of amount of Ga leaches from the GaOOH- MatrigelTM composites.
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We did not observe any more than 0.5 % of the total amount of Ga added to leach out from any
of the composites we made. Finally, we assessed the Ga toxicity to the cell line we utilized with
a commonly available salt: Ga(NO3)3. We tested the toxicity at the concentrations used to make
the different composites. There is no concentration dependence on toxicity. We recorded the
same amount of AB reduction in all samples (see S19 in supporting information).
5.4 Conclusion
The interface we created for the presented in vitro studies has variable stiffness due to the
different amounts of nanostructured GaOOH we mixed during the fabrication. We followed the
protocol where the cells were seeded on top of the GaOOH/ Matrigel™ interfaces we tested.
Cells were plated on top of the composite in order to avoid endocytosis of GaOOH
nanostructured material. No visible rods were identified on the top of the interface based on
AFM topography images. Upon exposure to ionizing radiation GaOOH luminesces because it is
a scintillating material. We observed that the cell viability decreased when the concentration of
GaOOH increased, and the stiffness of the substrate increased. The use of X-ray radiation
produced a drastically different amount of ROS when samples with and without GaOOH were
compared. Since the GaOOH was within the scaffold and cells were seeded on top, changes in
cell behavior are likely due to the alterations of the properties of the scaffold after radiation. The
presence of the scintillator material inside the scaffold triggered a different cellular response
when radiation was used. Our results demonstrate that one can reduce the amount of radiation
needed to modulate the behavior of cells on surfaces with variable stiffness containing a
radiosensitising material.

The reported interface can be adapted to study the behavior of

different types of cells in vitro and understand how to enhance the biological response on a
matrix with variable stiffness under therapeutically relevant conditions (i.e. X-ray radiation).
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Further studies with additional cell types and variable sizes and shapes of GaOOH can enhance
the utility of the scaffold. This work is currently underway in our laboratory.
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CHAPTER 6: Gallium-Containing Composites as a Platform to Understand
Neuronal Behavior under Multiple Stimuli
6.1 Abstract
We report a composite biomaterial containing GaOOH, a radiosensitizer, and Matrigel™
that can be modulated using multiple stimuli. A variety of concentrations of GaOOH were added
to the composite to alter the mechanical properties of the material as well as to tune the
radiosensitizing properties to the composite. PC-12 cells were used to study the combined effects
of different stimuli on cell behavior. NGF was given to the cells to record the morphology and
behavior of the cells along with a cell viability assay. An increase in the substrate stiffness
caused an increase in neurite outgrowth but a decrease in cell viability. In addition, increasing
the radiation dose decreased neurite outgrowth but increased cell viability when radiosensitizing
particles were present. A subtractive effect between radiosensitizing and mechanical stimuli was
observed when PC-12 cells were grown on the GaOOH containing composite.
6.2 Introduction
In recent years, various material platforms have been used to understand the fundamental
questions associated with cell behavior. In particular, the use of appropriate materials - more
specifically engineered materials - has enabled researchers to understand how different stimuli
affect cell fate. A number of studies have established that mechanical stimuli including stiffness
and roughness can lead to variable cell behavior.237-239 It has been shown that changes in the
mechanical stimuli of a material can alter the migration patterns of cells240 and affect cell growth
and differentiation as well as morphology.241 Other external stimuli such as electromagnetic
radiation, as well as photothermal therapy and ionizing radiation, have been widely studied.242-243
A number of researchers have recognized the need to develop platforms to understand
behavior under multiple stimuli. Some stimuli are associated with universal behavior while
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others are more important in the scope of clinical therapies. An example of a stimulus used in
clinical research is ionizing radiation. The toxic side effects of radiation244 can be minimized by
treating more efficiently with lower radiation doses. One potential solution to this is the use of
radiosensitizing particles. There has been significant research on materials with radiosensitizing
properties for both cancer treatments as well as MRI contrasting agents including gold245 and
silver132 nanoparticles, as well as other materials.246-247 By combining the radiosensitizing
properties with additional tunable properties, a multifunctional platform can be created. A great
deal of current research in multifunctional materials is focused on nanoparticles with drug
delivery or drug therapy applications with a secondary function of bio-imaging or
luminescence.248-249
The regular use of ionizing radiation in medical practices has prompted the need for a
platform to understand the role of mechanical properties in the presence of radiation
conditions.250-251 Because of the wide range of elastic moduli found in different organs and tissues
in the body it is imperative to understand the role of mechanical properties on cells. Neuronal
cells are of particular interest because of the theory that scarring occurs after injury to the brain
or spinal cord and causes a change in the modulus of the tissue which therefore inhibits neuronal
growth.252 PC-12 cells are a widely used alternative to neuronal cells because they accurately
mimic the neurite formation and differentiation.253 Previous research has focused on the effects
of radiation on these cells that determined that PC-12 cells continue to grow neurites with
increasing radiation up to 20 Gy.254 The effects of other stimuli combined with radiation on
neuronal cells to develop a multifunctional platform can be used to better understand cell
behavior in these environments.
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In this paper, we created a multifunctional platform using a gallium oxyhydroxide
(GaOOH) composite. The incorporation of varying concentrations of GaOOH, a radiosensitizer,
into Matrigel™ creates a composite platform with mechanical properties that can be modulated.
Both the radiosensitizing and mechanical properties were studied using varying concentrations of
GaOOH and a range of radiation doses. PC-12 cells were used to study the cell viability, as well
as the growth of neurites from the cells to determine the effects of both stimuli present in the
material. In this short communication, we emphasize the utility of the interface for investigating
neurotypic behavior.

The proof-of-concept experiments are designed to highlight specific

materials properties one can easily vary in order to understand specific changes during in vitro
studies.
6.3 Experimental Details
The composite material consisted of Matrigel™ (purchased from Corning) and randomly
dispersed GaOOH, synthesized and characterized as previously reported.25, 255-256 By altering the
concentration of GaOOH in the composite, a range in stiffness can be achieved.255 It has been
shown that an increase in matrix stiffness leads to an increase in cell count as well as the number
of cells differentiated into neuronal cells and primary dendrites,257 but only under 200 kPa.258 In
this study, GaOOH was added in concentrations of 0, 0.02, 0.04 and 0.08 mg/μL. The
approximate stiffness of these composites ranged from 102 Pa for 0 mg/μL to 105 Pa 0.08 mg/μL
respectively.255 A scheme of the change in stiffness of the various composites that were
fabricated is shown in Figure 22A. Immediately following synthesis of the composite, cells were
plated onto each of the 4 composite types. The cells were grown for 18 hours prior to addition of
neuronal growth factor (NGF), to induce differentiation and dendrite growth. Figure 22B(i)
shows cells grown on Matrigel™ with no GaOOH present and it can be observed that cells
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appear as groups, or islands, and very little spreading is observed. In contrast, when the GaOOH
is added to the Matrigel™ in lower concentrations, one observes a different behavior of the cells,
shown in Figure 22B(ii). Cells are more dispersed from each other and significant dendrite
growth can be seen. Increasing the concentration of GaOOH further, to 0.08 mg/μL, leads to
additional spreading of the cells but a decrease in cell viability, which can be seen in Figure
22B(iii). The dark irregular shapes in the figure are clusters of GaOOH.

Figure 22. Scheme of the varying concentrations of GaOOH present in the composites with
changes in elastic modulus and stiffness and representative images of PC12 cells grown on these
various samples. From left to right, GaOOH concentrations are 0.0 mg/μL, 0.04 mg/μL, and
0.08 mg/μL. Scale bar shown in upper right corner of (b) is for all images.

Initially, we grew PC-12 cells on Matrigel™ and subsequently on composites containing
variable concentrations of GaOOH. Cells grown on top of the Matrigel™ exhibited very distinct
behavior, Figure 23. The top left corner of the figure shows a dense population of cells that are
present in clusters throughout the surface. The images were collected 3 days after initial seeding
and the samples were treated with NGF 18 hours after seeding. Despite the availability of NGF,
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most cells appear circular with few extensions observed from each cluster on the surface. One
records drastically different behavior when the cells are seeded on composites with variable
concentration of GaOOH. The GaOOH is present in clumps in the figures and can be identified
as dark irregular shapes in Figure 23. The small white arrows point to such examples. In the
presence of GaOOH, very little cell clumping is observed. A direct comparison after 3 days
shows the PC12 cells to be more spread out with larger and longer neurite extensions on samples
containing any concentration of GaOOH.
Cells underwent radiation treatment 6 hours after NGF was added and were then
allowed 2 additional days to grow. Representative images of the cells after this treatment are
shown in Figure 23, rows 2 and 3. Qualitative examination of the images reveals that with
increasing radiation doses, more dendrites form. The second row shows cells grown on
Matrigel™ with 0.04 mg/μL, and the last row shows cells grown on Matrigel™ with 0.08
mg/μL. While the cells with no GaOOH exhibited a trend of increasing dendrite growth with
increasing radiation dose, this is not the case for the cells grown on composites with GaOOH.
Additional qualitative observations from the images include the difference in the amount of cells
between low and high radiation doses, as well as diminished number of dendrites. Based on
these qualitative observations we performed additional analysis in order to confirm the trends.
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Figure 23. Representative images of PC12 cells grown in different conditions with varying
concentrations of GaOOH present in the composites as well as cells that underwent varying
radiation doses. White arrows point to clumps of GaOOH present in the composite. Scale bar
shown in lower right corner is the same for all images.

Quantitative analysis was done to determine the percentage of cells with neurite
extensions. A number of groups have used the amount of neurite extensions as an initial way of
assessing neurotypic behavior.258 The values for this analysis can be seen in Figure 24. The cells
seeded on Matrigel™ itself show a trend of an increasing number of extensions with increasing
radiation, which is a similar trend to that shown in the literature thus far.254 This trend is
confirmed by a statistical difference between the samples with no radiation versus 10 Gy
radiation. All samples with GaOOH present in the matrix show an opposite trend of decreasing
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cell extensions with an increase in radiation dose. The statistical analysis compared among
different radiation doses for samples with 0.04 mg/μL GaOOH. A statistical difference was
recorded between the samples with no radiation that remained in the incubator versus all other
radiation conditions. The samples with GaOOH concentration of 0.08 mg/μL show a statistical
difference between the incubator sample and the 10 Gy radiation samples. Another general trend
that can be observed in the data is that increasing concentration of GaOOH leads to an increase
in neurites within each radiation dose group. Statistical analysis reveals that both sample groups
that did not undergo radiation (incubator and no incubator) and samples that received 4 Gy
radiation had a significant difference between 0 mg/μL and all other data points. Samples that
received 2 Gy radiation had a statistical difference between 0 mg/μL and 0.08 mg/μL. The only
group that does not follow this trend is the samples that underwent 10 Gy radiation, which did
not show any statistically different data.

Figure 24. Graphs show data for the concentration of GaOOH present in the composite versus
the percent of cells with neurite outgrowth (A) and the concentration of GaOOH versus the
percent reduction of Alamar blue dye to show the cell viability in the various samples (B).
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Symbols on the figures are used to denote statistically significant differences. See supporting
information for detailed statistics.

Last, the cell viability of the varying samples was studied using an Alamar blue assay 3
days after the cells were initially seeded onto the varying Matrigel™ composites. The results are
presented in Figure 24B. The cells grown on composites with no GaOOH show a general trend
of increasing reduction of the Alamar blue dye, which indicates an increase in cell viability, as
the radiation dose increases. Statistical analysis confirms this trend with the incubated and nonincubated samples being significantly different than the samples that underwent radiation. Cells
grown in the presence of 0.02 mg/μL GaOOH reveal that there is a slight decrease in cell
viability with an increase in radiation. Statistics indicate that the no incubator samples, 4 Gy, and
10 Gy radiation samples are all significantly different than the incubator samples. The higher
GaOOH concentration composites show a trend similar to that of the samples with no GaOOH –
an increase in cell viability with an increase in radiation dose. The cells grown on composites
with 0.04 mg/μL show a statistical difference between the incubator sample and all other
samples, as well as a difference between 10 Gy and all other samples. The 0.08 mg/μL
composite resulted in statistical differences of cell viability between the incubator sample and all
other samples except for the 10 Gy radiation sample.
Prior studies have focused on changing the stiffness of materials in order to understand
neuronal behavior. There has been extensive research into this topic. Stiffness values from 10 Pa
up to approximately 750 kPa have been investigated.237, 259 It has been shown that above 200 kPa,
neuronal cells grown on stiffer substrates tend to have fewer neurite extensions,258,

260

but

between approximately 0.5 and 51 kPa there does not seem to be a significant difference in
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percentage of cells with neurites.261 Below 0.5 kPa, a decrease in cells with neurite extensions is
observed.261 The highest elastic modulus used in this work was approximately 60 kPa and the
lowest modulus was around 0.07 kPa.255 We observed that there is no significant difference in
neurite outgrowth for the two stiffer substrates (with concentrations of 0.08 and 0.04 mg/μL),
which agrees with the literature. Matrigel™ alone and 0.02 mg/μL GaOOH, both of which have
an elastic modulus below approximately 0.2 kPa,255 exhibit lower neurite outgrowth than the
stiffer substrates, in agreement with the literature thus far. Other researchers have looked into the
viability of neuronal cells on substrates with varying stiffness, and found that there was an
increase in neuronal cell viability on softer substrates.262 It is important to note that there have
been additional work that has found an opposite correlation between substrate stiffness and
neurite outgrowth as well as substrate stiffness and cell viability.257 There are many possible
explanations for this, such as the use of DNA as a crosslinker in the substrate as well as the
utilization of variable ligands in prior studies.258, 263 In this work, decreasing cell viability with
increasing substrate stiffness was observed and confirmed with statistical analysis. The two
stiffer substrates do not show a significant difference, but they are statistically different than the
two softer substrates. In the presence of additional stimuli - ionizing radiation and
radiosensitizing nanostructures - we observed some similarities and differences to these trends. It
has been previously shown that an increase in neurite outgrowth can be observed with an
increase in ionizing radiation up to approximately 20 Gy.254,

264

In our experiments, a similar

trend is only observed for cells grown on Matrigel™ with no GaOOH. When the radiosensitizing
material GaOOH is added the trend reverses. This suggests that an increase in radiation
combined with an increase in particle concentration has a negative effect on the neurite
outgrowth. As for cell viability, increasing substrate stiffness causes a decrease in cell viability.
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However, on the stiffer substrates, an increase in radiation causes an increase in viability, which
suggests a subtractive effect between the two stimuli. Therefore, it can be inferred that the
addition of GaOOH causes an increased response of the material to radiation that has a negative
effect on the cells.
6.4 Conclusion
In this work, a multifunctional platform was created to modulate two stimuli
independently by incorporating GaOOH, a semiconductor with radiosensitizing properties, into a
biological gel. We performed various cell experiments using PC12 cells to study the effects of
varying composite stiffness and radiosensitizing effects. It was found that an increase in the
substrate stiffness caused an increase in neurite outgrowth but a decrease in cell viability. In
addition, increasing the radiation dose decreased neurite outgrowth and increased cell viability
when radiosensitizing particles are present. Therefore, the different stimuli studied in this work
have opposite effects on neuronal cells and can be modulated to achieve the desired cell
response. Some research has shown possible modulation of neuronal cells’ radiation resistance
using different methods.265-266 Developing strategies to understand how radiation resistance can
be modulated is important. Additional research can include experiments to widen the range of
stiffness values used, as well as to work with different composite materials to further understand
the differing effects of these stimuli.
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CHAPTER 7: Tuning the Biocompatibility of Aluminum Nitride
7.1 Abstract
High-quality, electronic-grade, aluminum nitride thin films grown by reactive sputtering
were studied in vitro. The semiconductor material showed high degree of stability in cell culture
with very little Al leaching over time. Unlike other III-nitride materials, clean AlN does not
promote the adhesion of cells to its surface. The work demonstrates that functionalization with
peptides can be used to reverse this behavior. The presence of AlN in cell culture does not have
any adverse effects on neurotypic cell behavior as confirmed by cell viability and reactive
oxygen species assays. The ability to tune the cell adhesion behavior to AlN with simple surface
functionalization coupled with its favorable characteristics for device design make it a promising
material for bioelectronics sensors.
7.2 Introduction
Nitride materials have shown great promise for biological applications because of their
unique electronic properties coupled with their biocompatibility. Gallium nitride (GaN) and
boron nitride (BN) are two semiconductors that have been investigated, aiming to explore their
potential as biomaterials by a number of research groups.267 GaN is a commercially available
semiconductor, present in consumer products such as light emitting diode bulbs, with the
necessary electrical and surface properties for sensing devices.268 Additionally, GaN is known
for its chemical stability, notably in water based solutions.269 BN based nanostructured materials
have also been investigated because of their chemical and thermal stability.82,

270-271

These

materials are insoluble in water, but a surface modification with glycodendrimers or glycolchitosan was found to increase their solubility leading to characteristics favorable for in vitro
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studies.83-84 Various studies, with a wide range of cell types including neuroblastoma cells, have
found that there is no adverse effect of BN both in vitro and in vivo.272-275 Another nitride
material with relevance to electronic/microelectromechanical devices276-277 and possessing the
needed piezoelectric properties for biosensors278 is aluminum nitride (AlN). Relatively, fewer
reports have examined AlN containing materials in vitro and have noticed less favorable cell
response compared to the other III-nitrides.279-280
The generally accepted definition of biocompatibility is defined by the material’s ability
to generate a desired host response under the conditions needed to a specific application.281-282
With that in mind we aimed to better understand the factors that improve AlN’s biocompatibility
under in vitro conditions for future applications related to biosensing during cell culture
conditions.

There have been studies that have assessed cell viability and behavior on AlGaN

wafers and noted that increasing aluminum concentration resulted in a decreased cell viability
especially for Al concentrations higher than 35%.279

It is particularly important to properly

quantify the amount of dissolved metal in solution, and to determine if leaching of it from solid
surfaces contributes to changes in viability.

Reported values in the literature suggest that

aluminum in its elemental form is much more toxic to biological systems than other group III
metals such as gallium.

Published reports state that the total allowable concentration of

aluminum salts in drinking water is between 9 mg/L197 and 50-200 µg/L198 in the human body
before negative, toxic effects occur. Other factors that affect cell viability and behavior include
the morphology of the cell-surface interface as well as the surface chemical composition which
can be altered via covalent and non-covalent functionalization. Both the morphology and
functionalization affect the roughness of the surface, which has been shown to lead to variable
cell behavior.237-239
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In this work, high-quality, AlN thin films grown by reactive sputtering with specific
surface features were used for an in vitro study with neurotypic PC12 cells. PC12 cells are a well
characterized cell line that can mimic neural behavior and differentiation.283 The AlN films were
functionalized with peptides using two different approaches. We systematically and
quantitatively examined the behavior of the cells on the AlN surface before and after
functionalization. In addition to cell behavioral changes tracked through viability and reactive
oxygen species assays, we assessed changes in surface morphology and leaching behavior via
atomic force microscopy (AFM) and inductively coupled mass spectrometry (ICP-MS).

The

combined results are used to consider strategies for proper biomaterials implementation of AlN
in future biosensing applications.
7.3 Experimental Details
The AlN layers were deposited on sapphire by low energy ion-assisted reactive DC
magnetron sputtering in an ultra-high vacuum system, using pure N2 (99.999999%) as the
working gas and elemental Al target of high purity. The deposition temperature was kept
constant at 1000°C, ensuring a growth rate of 0.05 nm/s. Three AlN samples with thickness of
20, 50 and 100 nm, as determined by low-angle x-ray reflectivity measurements, were used in
this study. The crystal structure of the AlN buffer layers was investigated by high resolution Xray diffraction using a Philips triple axis material research diffractometer. All the layers were
determined as single crystalline with (0001) surface orientation with different degree of strain. A
detailed description of the structural properties of the films has been reported previously.284 The
pristine AlN films possess uniform facetted surface, as shown in Figure 25, for a representative
sample with thickness of 50 nm. AFM image analysis reveals average gran size varying in the
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range of (10-100) nm, peak to valley distance in the range of (5 - 10) nm and root men square
(rms) roughness in the range of (0.5 – 2) nm.

Figure 25. Atomic force microscopy image of the surface morphology of a representative
AlN film with thickness of 50 nm grown by reactive sputtering.

A common strategy to transform inorganic materials into biomaterials is to perform
chemical functionalization. A myriad of surface modifications approaches have been used to
promote cell growth and adhesion to inorganic surfaces.285-286 Peptides provide an affordable and
flexible route to tune surface characteristics for cell adhesion. We utilized the IKVAV peptide
sequence for the variations of our surface functionalization approach. This peptide is derived
from an extracellular matrix protein laminin and its prior use with other nitride surfaces has
resulted in a successful increase of PC12 cell adhesion.286 We modified each AlN surface with
CIKVAV where the terminal cysteine formed a thioether with chlorines on the semiconductor
surface. The AlN was chlorinated using a previously described water based procedure and
commercially available precursor, 2-Chloroethylphosphonic acid.170 This approach results in a
covalent peptide attachment to the surface. The IKVAV motif was also used in conjunction with
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a peptide recognition sequence, SVSVGMKPSPRP-NH2 (P1).287-288 Recognition sequences are
derived from phage display studies and have been tested with variety of different semiconductor
surfaces.287,

289

The last modification involved using the reverse recognition sequence,

PRPSPKMGVSVS- NH2, RP1. Recognition peptides provide a straight forward way of
functionalizing inorganic materials using physisorption, buffer solutions and do not require
tightly controlled reaction conditions, just an incubation time period.290
AFM topography measurements compared the surface roughness of the three sample
types before and after the modification with CIKVAV, CIKVAV –P1and RP1. We found that the
surface roughness ranged from 0.58-2.43 nm, which can be seen in Figure 26. In general,
functionalization with all peptides led to a slight increase in surface roughness. That samples that
were 50 nm thick were statistically different than 20 and 100 nm ones. In addition, AlN
functionalized with CIKVAV were statistically different from the other peptides. Samples
modified with CIKVAV generally had the highest surface roughness values compared to the
other adsorbates and the clean samples, which has been previously reported.144 Aggregates of
peptide can be seen on topographical images after covalent attachment of CIKVAV. On these
materials we observed a fairly uniform surface coverage of the peptide. Samples terminated with
RP1 and IKVAV-P1 showed similar aggregates on the surfaces, regardless the sample thickness.
In these cases, we noticed a less uniform peptide aggregates across the surfaces. A previous
study using recognition peptides on GaN noted that the surface roughness changes were
dependent on the peptide concentration utilized for functionalization.

In general, lower

concentrations were observed to form a homogenous layer with a decrease in RMS values.290 In
this work, peptide concentrations of 1 mM or higher was always used to ensure successful
modification and peptide aggregation and an increase in roughness was expected. While all
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peptide adsorbates did increase the RMS slightly, it is important to note that all of these
roughness values are less than 2.5 nm.

Figure 26. Surface roughness (RMS) of samples before and after functionalization.
Seven-day cell culture studies were performed to record the effects of AlN samples in
vitro. For all cell studies, the AlN samples were adhered to the bottom of cell culture dishes.
Each sample type/treatment combination was tested in triplicates where one 3mm x 3mm sample
was adhered to the bottom of each well in a 24-well plate, previously coated with collagen to
promote cell adhesion. The PC-12 cells were then plated into the wells, and the cell suspension
completely covered the AlN samples. After 18 hours, nerve growth factor (NGF) was added to
the dishes to promote neuronal differentiation. The media used prior to the addition of NGF is
the same as previously reported for PC12 cell culture.130 Once the NGF was introduced to the
cell culture, the media formulation was DMEM with 1% horse serum and 50 ng/mL NGF.280
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The cell behavior, cell viability, reactive oxygen species, and leached Al were monitored after 1
day, 3 days, and 7 days.
The cell behavior on and off the AlN surfaces was monitored with optical microscopy for
7 days. Images were taken on day 0 (when the NGF was added to the culture wells) and day 7 to
compare the neurite extension growth. Representative images can be seen in Figure 27. The
control shows cells were heavily populated and grew long and interconnected neurites over 7
days. The 100 nm IKVAV-P1 sample represents healthy cell growth on the sample. Cells did
initially adhere to the sample (Day 0), but few cells were present on the sample after 7 days. The
cells that were present on the sample formed clumps and extensions. The 20 nm sample
represents the least healthy cell growth on the sample. There was some initial cell adhesion to the
surface but the cells are clumped. After 7 days, there were very few cells present on the surface
and they were very clumped and only formed a few short extensions. Previous reports have
indicated that increased surface roughness promotes increased cellular adhesion291-292 and
nanotopography such as ridges and grooves can guide cell growth293 and chemical
functionalization can further increase cellular adhesion.294 In our experiments we observed
healthier cells on the 100 nm IKVAV-P1 sample – a chemically modified, rougher sample – than
the 20 nm sample. We note that the difference in surface roughness is not orders of magnitude.
Additionally, all of the samples that were tested had very healthy cells with long and
interconnected neurites in the culture wells around the samples. Table 10 gives a complete
account of the cell behavior in the presence of for all sample types. All untreated samples had
cells present on the samples after 7 days but the cells were clumped and exhibited little to no
neurite outgrowth. Of the samples that were treated with IKVAV-P1, only the 50 nm thick
sample did not contain any cells on the surface after 7 days. Only the 100 nm thick sample
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treated with RP1 and the 20 nm thick sample treated with CIKVAV had cells present on the
surface. Since all samples had healthy cells in the surrounding well we conclude that the
presence of these types of AlN films does not cause any adverse effects to PC12 during in vitro
conditions.

Figure 27. Representative optical microscopy images of cells on and around AlN samples
before and after peptide functionalization.
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Table 10. Summary of Cell Behavior Observations.
On sample

Control

Cells
Present?
-

20 nm

ü

Treatment

Peptide Sequence

-

50 nm

ü
ü

100 nm
20 nm
IKVAV-P1
50 nm
IKVAV-P1
100 nm
IKVAV-P1

ü
IKVAVSVSVGMKPSPRPNH2

20 nm RP1
50 nm RP1

PRPSPKMGVSVS-NH2

20 nm
C-IKVAV
50 nm
C-IKVAV
100 nm
C-IKVAV

Few short extensions,
clumped
No extensions, very
clumped
No extensions, very
clumped
No
extensions,
clumped

Cells
Present?
ü

Cell
Behavior
Extensions

ü

Extensions

ü

Extensions

ü

Extensions

ü

Extensions

ü

Extensions

ü

Extensions

-

ü

Extensions,
clumping

-

-

ü

Extensions

-

No extensions, no
clumping
Few short extensions,
some clumping

ü

Extensions

ü

Extensions

ü

Extensions

-

-

ü

Extensions

-

-

ü

Extensions

ü
CIKVAV-NH2

Cell Behavior

-

ü

100 nm RP1

Next to sample

less

The cell viability in each cell culture well was assessed with an alamar blue assay. 50 µL
of the alamar blue dye was added to the culture wells and after 3.5 hours in the incubator,
samples of the dye/media were tested using a Tecan GENios microplate reader with 570 nm and
600 nm filters. Results from this assay on days 0, 1, 3, and 7 can be seen in Figure 28. The
values from day 0 are significantly different from all other days, and the values from day 1 are
significantly different than days 3 and 7. This shows an increase in cell viability/ cells present in
each well after day 0. A decrease in cell viability after day 1 can be a result from cells becoming
overcrowded.295 The only statistically different treatment is the 50 nm RP1, which shows that
the treatments had little effect on the cell viability. This is in agreement with the cell behavior
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study which showed healthy cells within all cell culture wells, apart from on the surfaces of the
samples.

Figure 28. Comparison of cell viability over time in the presence of different types of AlN
samples.
A reactive oxygen species (ROS) assay was used for a relative comparison of their
production over time in each cell culture well containing different AlN substrates. Production of
ROS is linked to cellular metabolic processes. An increase in their levels is indicative of cellular
damage and can be used to correlate cell viability observations. We formed a solution of 2’,7’Dichlorofluorescin diacetate (DCFH-DA) and DMEM, and added this to the culture wells (after
aspirating off the regular cell media) and measured the fluorescence after 30 minutes. The results
from this assay are plotted as percent increase in fluorescence from day 0 to day 1, 3 and 7 in
Figure 29. There was a statistical difference between day 1 and day 3 and between day 3 and
day 7. With respect to effect of surface modification, the only statistical difference was recorded
between the clean 20 nm and CIKVAV functionalized the 20 nm samples. Taken in sum the
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ROS data confirms that peptide modification of the AlN surfaces does not adversely affect the
PC12 cells.

Figure 29. Comparison of ROS over time in the presence of different types of AlN samples.
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was used to measure the
amount of aluminum leached into the cell media over time. Quantifying the amount of an
element that has leached into solution through ICP-MS has become an accepted method for
monitoring the stability of inorganic samples.9 Aliquots of cell media were removed from the
culture wells on days 0, 1, 3, and 7 for these measurements. The results are displayed in Figure
30. It is important to note that aluminum did appear in the control indicating that there is already
aluminum in the media prior to the addition of the AlN samples. There is a statistically different
concentration of aluminum in solution from day 0 to day 1 and 3. There is also a statistical
difference from day 1 and 3 to day 7. The leaching concentrations appear to decrease after day 0
which supports the notion that there is an initial leaching timeframe followed by a period of
relatively higher stability. The increase from day 3 to day 7 can be attributed to a longer soaking
period (4 days versus 1 or 2 days for all other measurements). The EPA standard for Al in
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drinking water is based on World Health Organization recommendations296 is currently set at
0.05 to 0.2 mg/L which is ppm. All of our samples were in the ppb range.

Figure 30. Comparison of amount of Al leached over time in the presence of different types of
AlN samples.
Both the cell viability and ROS assays show that there is very little or no differences
between the various sample thicknesses and peptide modifications.

We can make a few

conclusions by comparing the assay results with the ICP-MS quantification which indicates less
than 30 ppb aluminum leached from any of the samples. First, for PC12 cells in the surrounding
environment and not present on the AlN surface, the various sample thicknesses and peptide
functionalizations have no effect on the cell behavior or viability. This can also be confirmed by
optical microscopy. The high quality AlN with below 2 nm roughness is exceptionally stable in
water solution which makes it very biocompatible. Adhesion of PC 12 cells to its surface can be
promoted with appropriate surface treatment. Surface functionalization can result in healthier
cell behavior on the substrate manifested by the presence of more neurite extensions and less
clumping.
7.4 Conclusion
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In summary, we utilized AlN films with variable thickness and surface roughness and
modified them with peptides in order to influence the adhesion of PC12 cells to the surface of the
semiconductor. The specific surface features of the AlN films were the critical parameter that
contributed to the stability of the samples in cell culture media. The AlN samples themselves did
not have a negative effect on the surrounding cellular environment as observed by microscopy
and confirmed by viability and ROS assays. The observed favorable behavior of clean and
modified AlN films during in vitro experiments and its documented piezoelectric properties can
be used in future functional microelectromechanical interfaces297 for in situ biosensing.
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Chapter 8: Conclusions and Outlook
8.1 Conclusions
The first three studies performed in this work focused on an in situ functionalization that
provides a more environmentally friendly, simple, benchtop approach to surface chemistry
modification. This approach was tested for its biomolecule compatibility on a range of III-V
materials and configurations. It allows a functional group to be covalently attached to the surface
of a III-V substrate which can be further modified with biomolecules – validating a new solution
based strategy for the attachment of peptides to III-V materials. The first study tested the stability
of an III-V material, GaN, as well as the biomolecule layer under biological conditions and
throughout ionizing radiation treatments to monitor any degradation of the surface over time.
Overall, the biomolecule layer present on the samples was stable under these conditions.
In the next study, the functionalization process was tested on a commercially available,
heterogeneous, and nanostructured GaN powder. The same peptide sequence was used but with
an added fluorophore molecule on the C-terminus. The fluorophore molecule provided a means
to modulate the emission characteristics of the GaN powder. In this work, the modification was
confirmed for an additional geometry of III-V material. Attaching a fluorescent molecule
provides tunability for the luminescent properties of the nanostructured powder. Tuning the
emission characteristics of the material to a biologically relevant range can broaden the use of
GaN nanostructures to be used in bio-imaging applications.
Lithographically defined surfaces are of particular importance for basic and applied
research. Lateral polarity structures (LPS) are substrates with patterns of altering III-polar and Npolar regions at specific spacing. The same method used in the previous two studies, with the
fluorophore terminated peptide, was tested on these LPS to understand the effect of varying
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surface polarity on the modification scheme. The results indicate that attachment of a fluorescent
molecule can be used to further modulate the optical emission properties of LPS. Also, the LPS
were found to be highly stable under biological conditions over 7 days.
Throughout the initial studies in this work, the surface oxides appeared to have a
significant effect on the functionalization process and therefore I continued onto studying a
gallium oxide material, GaOOH. The GaOOH was studied as an additive to a biological gel,
Matrigel™, to create a multifunctional platform. GaOOH was used because of its scintillating
properties, providing tunability during radiation exposure experiments. The composite created
had variable mechanical properties and luminescent properties dependent on the concentration of
GaOOH present. In vitro experiments were carried out to observe the effects of the dual
functionality under cell culture conditions. Cell viability decreased with increasing stiffness of
the substrate – due to higher concentrations of GaOOH. The presence of the scintillator material
inside the scaffold triggered a different cellular response when radiation was used. The results
demonstrate that modulation of the stiffness and luminescent properties of a substrate result in
similar cellular responses with lower radiation exposure required. This composite can be adapted
to study the behavior of different types of cells in vitro and understand how to enhance the
biological response on a matrix with dual functionality.
The utility of the GaOOH composite was tested with neurotypic cells as well because of
their radiation resistance. We performed various cell experiments using PC12 cells to study the
effects of varying composite stiffness and radiosensitizing effects. It was found that an increase
in the substrate stiffness caused an increase in neurite outgrowth but a decrease in cell viability.
In addition, increasing the radiation dose decreased neurite outgrowth and increased cell viability
when radiosensitizing particles are present. Therefore, the different stimuli studied in this work
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have opposite effects on neuronal cells and can be modulated to achieve the desired cell
response. Some research has shown possible modulation of neuronal cells’ radiation resistance
using different methods.265-266 Developing strategies to understand how radiation resistance can
be modulated is important.
In the concluding part of the dissertation, the utility for bio-interface studies of another
III-V material, AlN, was examined. This study looked into various functionalization methods of
AlN substrates with a range of surface roughness. Both covalent and affinity attachment schemes
were used to modify the AlN surfaces with peptides and the resulting substrates were tested in
vitro. The adhesion of PC12 cells on the substrates, cell viability, and sample stability was
monitored. Microscopy and a cell viability assay confirmed that the AlN samples did not have
an adverse effect on the cellular environment, but there was limited cell adhesion to the
substrates. The AlN substrates also exhibited high stability over time. The specific surface
features of the AlN films were the critical parameter that contributed to the stability of the
samples in cell culture media and the lack of cellular adhesion to the surfaces.
8.2 Outlook
There is still much to be explored for III-V materials for biological applications. The
different surface polarities of nitride materials are an important aspect for surface
functionalization because of the variance in stability and reactivity for the different polarities.17-18
Therefore, the fundamental surface modification can be explored on various surface polarities.
Another future direction for this work is to implement it into usable devices. The covalent
attachment of a biomolecule has been proven successful for a variety of III-nitride substrates
with a range of geometries. Furthermore, this method can be applied for many other
biomolecules as long as there is a terminal cysteine to covalently bond to the surface. Potentially,
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recognition biomolecules can be used in this method. Many recognition molecules have been
explored for bio-sensing applications.298 Therefore, by applying this functionalization to devices
such as FETs, it can be used to target specific cells or molecules for sensing applications.
III-oxides can also be explored much further. Nanostructured III-oxides can have
different aspect ratios and geometries. Depending on the synthesis process and parameters, the
particle size and shape can be modulated. In GaOOH, the modulation of the particle size can lead
to tunability of the luminescent properties of the material. Functionalization of GaOOH and other
III-oxides can be explored for attachment of biomolecules with recognition elements for
targeting applications. Debrassi et al showed aluminum oxide can be functionalized with
biomolecules and work was done to investigate the stability and utility of these materials for
microorganism growth.299 Research has showed that other oxide materials, including iron oxide,
can be used for targeting and imaging applications.300 Similarly, GaOOH can be useful for these
applications as well. In this work, GaOOH was shown to be biocompatible and exhibit
scintillating properties. Therefore, by applying it for targeting applications it can be used for
radiation therapy.
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