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SUMMARY

Biomaterials are engineered to interact with biological systems for a variety of therapeutic and
diagnostic clinical purposes. The biomaterial surface plays a significant role in its interaction
process with surrounding living environments. Therefore, successful use of a biomaterial relies on
appropriate functionalization of the surface. The surface of biomaterials can be modified utilizing
different surface treatments in order to obtain desired tunable surface properties for improved
functionality. Among the different available surface engineering techniques, Atomic Layer
Deposition (ALD) is a unique and powerful approach of nanotechnology to functionalize surfaces

through deposition of very thin (few A or nm thick) films of metal/metal oxide.

ALD was developed in the 1960s and it was primarily focused on depositing thin films for
applications in semiconductor industries. ALD technique often uses higher temperature than that
required for biomaterial substrate and applications. However, ALD is increasingly becoming an
important technique to enhance surface properties of biomaterials since low temperature ALD has
become increasingly used. Low temperature ALD facilitates deposition of metal and/or metal
oxides thin film on biomaterial surface to functionalize the surfaces at the nanometer length scale

without causing thermal damage/alteration of the original materials.

This Thesis focuses on the development and optimization of low temperature ALD processes
to improve functionalities of different biomaterials by depositing thin film of metal/metal oxides
at lower substrate temperature (i.e., room or near room temperature), various surface
characterizations to investigate the physico-chemical properties of the resulting ALD
functionalized biomaterials, and some preliminary applications to study the enhanced performance

of those surface-functionalized biomaterials.
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SUMMARY (Continued)

A near room temperature ALD was established to deposit thin film of titanium dioxide (TiO5)
on a biopolymer, polydimethylsiloxane (PDMS), widely used in extra-oral maxillofacial implants.
ALD-TiO thin film was deposited on pigmented PDMS surface to protect the color degradation
of this polymer from weathering especially ultra violet exposure. PDMS specimens were subjected
to artificial aging, and color measurements were performed before and after ALD-TiO> deposition,
and before and after aging. A color-stable PDMS was achieved using ALD-TiO2 nano-coating and

this coated PDMS showed 44% less discoloration compared to control PDMS.

A room temperature ALD process was developed to deposit TiO2 thin film on commercially
available collagen barrier membranes, used in dentistry for bone grafting procedure. A liner growth
at a growth rate of 0.06 nm/cycles was achieved at this room temperature ALD-TiO2 process.
Chemical analysis revealed that the pure TiO> thin film was amorphous in nature. The fibers of
the collagen membranes were uniformly and conformally coated by TiO. using this room
temperature TiO2-ALD process; thus, the fiber became thicker which made the membrane denser.
Bioactivity of this ALD-TiO> coated membranes was also studied. TiO> coated collagen membrane
showed enhanced biocompatibility and biomineralization capability when compare to non-coated

control collagen membranes.

Low temperature ALD of platinum (Pt) thin film was studied on collagen membranes with a
goal of achieving conductive biomaterials for potential applications in biosensors. A thin,
continuous and conductive Pt film was achieved at 150°C. A buffer layer of ALD-TiO> thin film
was found to improve the nucleation and surface coverage of Pt film on collagen, thereby turning

collagen into a conductive biomaterial. Electrical measurements confirmed the ALD-Pt coated
Xiv



SUMMARY (Continued)

collagen to be conductive and its average volume resistivity was stable after bending the sample
over different radii of curvature ranging from 10.5 cm to 1.7 cm and straining the samples with
2000 to 16000 microstrain. Therefore, this flexible, conductive biomaterial could be used in the

fabrication of implantable biosensors.
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1. INTRODUCTION

Biomaterials are being broadly utilized in medical devices and modern medicines. These
biomaterials can be synthesized in laboratory or can directly be derived from natural resources.
The biomaterials constitute whole or part of a biomedical device or a living structure which
can be utilized to execute, improve or restore a natural function. The surface of a biomaterial
largely control the series of interactions occur between the surface of biomaterial and the

surrounding living environment after the implantation of biomaterial. (3)

1.1. Surface Functionalization — Thin Film

Primarily, most of the available biomaterials do not have the appropriate surface functions and
properties suitable for desired functionality. Therefore, appropriate surface modifications and
functionalization are required to enhance the performance of biomaterials. (4) In modern
surface science, nanotechnology is a potent tool to nano-functionalize the surface incorporating
nano-structural features into materials. As a result, it is significant to investigate the potential
of nanotechnology in nano-functionalizing surface, and to characterize the improved properties

of surface-functionalized biomaterials.

Thin films and coatings can be deposited as a surface modification technique to nano-
functionalize the surface of biomaterials. (5) Based on the nature of deposition process, the
available surface coating or thin film deposition techniques can be broadly categorized into
two main groups (Figure 1): physical (e.g. sputtering, spraying, evaporation etc.) and chemical
(e.g. sol-gel in liquid phase, chemical vapor depositions in gas phase). (5) Among these

techniques, ALD offers unique aspects in depositing very thin film of metal and/or metal

1



oxides, nitrides chemically, with precision control at atomic or molecular level to functionalize
complex nanostructure of materials. (6) In this thesis ALD was used to deposit thin film of

metal oxide and metal on surfaces of different biomaterials to render desirable properties.

Thin film/coating

Substrate Thin Film
Deposition

Chemical Physical
deposition deposition

Atomic Layer Deposition Chemical Vapor Deposition
(ALD) (CVD)

Figure 1: ALD thin film for surface functionalization of substrate over the other available
deposition techniques.

1.2. History of ALD

Two different research groups independently developed the ALD technique back in 1960s and
1970s. (7) The first concept of ALD was introduced in 1960s by Prof. Aleskovski et al in
Russia and at that time ALD was named as “Molecular Layering”. (8) In 1974, Dr. Tuomo
Suntola and his colleagues independently developed this same thin film deposition method

under the name “Atomic Layer Epitaxy” in Finland, with the focus of improving zinc sulfide

2



(ZnS) films quality to be used in thin-film based electroluminescent flat-panel displays, was
first lit in 1982 in the display board at Helsinki Airport. (9-11) More than 2 million
electroluminescent displays have been produced since the development of ALD. (9) In 1980s,
great efforts were made to prepare epitaxial compound semiconductors and I11-1V compounds
through application of ALD, however no real progress/benefits were obtained using ALD since
group 11 alkyl compounds and group V hydrides being chemically unstable. (12) For more
than two decades the industrial applications of ALD remained marginal. (13) After this lag
period, the large take-off of ALD began in the middle 1990s and the semiconductor industry
was the major driver behind this renaissance of ALD. (12; 13) A new thin film deposition
method was required to facilitate the miniaturization of device dimension and increasing aspect
ratios in integrated circuits (IC). With high precise control over film thickness and tunability
in chemical composition of film at atomic level, ALD gained the most focus to cater to the

needs of silicon-based microelectronics processing. (12)

1.3. Atomic Layer Deposition Process

ALD is an innovative approach of nanotechnology which offers unique aspects in depositing
thin film, over the other available surface modification techniques. ALD enables us to deposit
conformal, uniform thin film layer by layer and provides a precise control over film thickness
and composition due to the self-limiting chemical reactions. (6) A layer can be grown as thin
as one atom thick to few nanometers using ALD. Moreover, to uniformly deposit a thin film
around complex, high aspect ratio, three-dimensional (3D) nanostructure ALD possibly the

only legitimate approach. (14)



ALD is a vapor phase chemical deposition process of thin film and in this cyclic process
substrate surface is exposed to the reactant molecules sequentially. One complete ALD cycle
consists of four sub-steps, in case of ALD with 2 reactants (Figure 2): precursor exposure
(pulse), precursor purge, oxidizer exposure (pulse) and oxidizer purge. Deposition
temperature, precursor temperature, reactor chamber pressure, pulse and purge time of
precursor and oxidizer — all these parameters of ALD can be tuned accordingly to obtain
optimal film growth rate. Due to the cyclic manner of ALD process, deposited film growth rate
is directly related to the number of ALD cycle and typically the film thickness increases
linearly with the increase in number of ALD cycle. Appropriate selection of precursor —
oxidizer system is also required considering optimal nucleation and saturation of coating

material on the surface of the selected substrate.

Precursor purge

44
4 4 steps of
1 complete ALD

Precursor pulse cyclic process

Oxidizer pulse

2666

Substrate surface

Oxidizer purge Step 4

Figure 2: A schematic representation of the basic principle of a ALD cyclic process consists
of four steps.



ALD is a modified version of the CVD process. The gas phase chemical reactions of ALD
relies on the chemisorption process. Unlike physisorption process where the weak van deer
Waals forces keep the precursor molecules and substrate surface groups together (15), in this
process a strong ionic or covalent bond is formed between reactive groups present on the
substrate’s surfaces and the precursor molecule, and thus this process is “independent of line-
of-sight” which enables to deposit thin film uniformly and conformally on complex
nanostructures. (16-18) The microstructure of deposited thin film and the growth rate is tunable

using reaction temperature, pressure and saturation of the reactants. (16-18)

1.4. Low Temperature ALD for heat-sensitive organic substrates

ALD is being widely used in semiconductor industries. In those applications, ALD is
performed typically at higher temperature to obtain high purity and optimal film growth. On
the other hand, biomaterials or biological substrates are heat fragile and they denature at high
temperature. For these kind of heat-sensitive materials, low (room or near room) temperature
ALD is needed to deposit thin film for their surface modification. Appropriate metal precursor
and oxidizer system is required which allows the low temperature thin film deposition through
ALD. (19) For each cyclic chemical reaction of ALD certain amount of activation energy is
required and typically that energy is supplied from heat energy in case of thermal ALD.
Metallo-organic precursors typically have low binding energy and as a results it requires less
substrate temperature to initiate the chemical reactions. (20-22) Precursors with adequate
volatility, high reactivity, completely self-limiting surface reactions are necessary to achieve
pure ALD film at low temperature. (12; 23-25) Among the metallo-organic precursors, metal

amides (e.g. alkyl amides) are highly reactive towards hydroxylated surface (-OH) compared



to metal halides as metal-nitrogen bond is significantly weaker compared to metal-halide bond.
(23; 26)

First low temperature ALD was reported to deposit Al.O3 on polymer bottle at 33°C. (27) But
so far to deposit TiO, the lowest ALD deposition temperature was reported 70°C. (28; 29)
Previously, ALD on different biological fibrous substrate such as cellulose fibers from
cotton(30) and paper, (31) spider silk, (32) egg shell membrane (28; 29) were reported and the
lowest deposition temperature was 60°C. The room temperature ALD is generally facilitated
with plasma enhanced or radical enhanced. As per my best knowledge, a room temperature
ALD of TiO2 was developed for the first time from a novel alkylamide titanium precursor and

ozone oxidizer using a custom ALD reactor. (1)

1.5. Thesis Overview

This thesis is divided into two sections. The first section (Introduction) describes the evolution,
basic principles of ALD and low temperature ALD process, and the second section (Results
and Discussion) describes the application of low temperature ALD to functionalize the surfaces
of different biomaterials. Chapter 2.1 summarizes the low temperature ALD of TiO; thin film
on PDMS polymer surface to protect the surface from color degradation while exposed to
aging. Chapter 2.2 presents the development of a room temperature TiO2-ALD process and its
application to modify the surfaces of collagen membranes. The investigation on the
biocompatibility and biomineralization capability of this room temperature ALD-TiO coated
collagen membrane has been included in Chapter 2.3. Finally, Chapter 2.4 discusses the low
temperature ALD process to deposit Pt thin film on collagen membrane followed by surface

characterizations.



2. RESULTS AND DISCUSSION

2.1. ALD of TiO2 on Polydimethylsiloxane (PDMS) polymer

2.1.1. Introduction

Silicone, also known as polydimethylsiloxane (PDMS), is one of the widely used polymers
in the biomedical industry.(33) It is popular for its inertness, high thermal stability and
usability (at least from —100°C up to +100°C),(34) unique flexibility (the shear modulus
between 100 kPa and 3 MPa),(35) high gas permeability, high compressibility and
normally non-toxic nature.(36) In biomedical science, it is used in different applications
such as from facial prostheses to parts of a biomedical implant and devices like catheter,
artery regeneration due to its inertness and good cellular responses. Over 50 years, these
silicone elastomers are materials used in fabricating extra-oral maxillofacial prostheses;
one option currently available to rehabilitate patients with craniofacial defects occurred
due to surgical treatment of cancer, trauma or birth defects on those facial regions.(37-41)
However, the principal concerns of clinicians and patients who undergo this prosthetic
approach of rehabilitation are the longevity and maintenance of these facial prostheses.(37-
40) The mean life span of silicon-based facial prosthesis ranges from 1.5 to 3 years, while
only 4.8% of prostheses last longer than 2 years.(38; 42-45) The most common reason
behind replacement of facial prostheses is the discoloration of the silicone elastomers.(38;
46-48) This color deterioration of the silicone elastomers is primarily caused by exposure
to weather conditions as the external environmental factors like solar radiation, temperature

and water.(37; 38; 49-53) Despite being a smaller portion of solar radiation, the ultraviolet



(UV) radiation has a large impact on the color degradation of extra-oral maxillofacial
materials.(41)

For facial skin, color, a phychophysical sensation in the eyes provoked by visible light and
interpreted by brain, is the most pronounced appearance attribute.(54) The three
dimensions of color are defined as hue (color name), value (lightness, from black to white)
and chroma (color strength, from pale to strong).(54) Color notations are frequently defined
using CIELAB system developed by CIE (Commission Internationale de L’Eclairage,
International Commission of Illumination) where the overall color difference attributed
from all the color coordinate differences, is denoted as AE*.(55) The clinical significance
of the color-difference can be determined by two types of judgments: one is “can the color
difference be seen?”’-denoted as “Perceptibility”, and the other one is “is the difference in
color acceptable?”’-denoted as “Acceptability”.(54) Therefore, in dental research it is
essential to evaluate perceptibility and acceptability thresholds to determine the color-
difference of maxillofacial prosthesis with respect to the established thresholds. For
maxillofacial prosthetic silicone with light skin-colored, the perceptibility and acceptability
thresholds was found to be AE of 1.1 and 3.0 respectively,(54) which were used in this
study for determining the color differences of silicone elastomers.

In industry, nano-oxides such as titanium dioxide or titania (TiO2), zinc oxide (ZnO),
cerium oxide (CeO.) are widely used as inorganic UV absorbers because the particle size
of these nano-oxides are smaller compared to the wavelength of UV light (290-400 nm).
Thus, these nano-oxides are capable of reducing harmful damage from UV rays by

absorbing and scattering the incident UV light.(53) Besides these nano-oxides, organic UV



absorbers, the ultraviolet light absorbers (UVA) and hindered amine light stabilizers
(HALS) are also used in color stability. This is due to UVA can absorb harmful UV
radiation by dissipating it as heat and HALS can act as free-radical scavenger, preventing
polymer degradation thereby.(53) Several studies were conducted to evaluate the effects of
nano-oxides, UVAs, HALS and opacifiers in protecting the color of silicone facial
prosthesis materials subjected to accelerated artificial aging involving different
environmental factors especially UV.(41; 56; 57) Han et al reported that the nano-oxides
particularly 1% nano-CeO> and around 2-2.5% nano-TiO> was effective in preventing color
change of the silicone A-2186 materials.(41) The effect of UVA and HALS on color
stability of silicone A-2186 was evaluated by Tran et al, and they reported that the color
stability was improved by using the UVA and HALS.(56) The effect of opacifiers on color
stability of a maxillofacial elastomer (MDX4-4210) was also investigated in a similar
study. The authors found that the opacifiers protected silicone from color degradation and
titanium white opacifier was the most color stable.(57) However, the safety of using these
UVA and HALS in maxillofacial silicone prostheses for prolonged contact with skin and
mucous membrane has not yet been established through clinical research.(53) On the other
hand, on those previous studies the nano-oxide particles were directly incorporated into
bulk materials during fabrication, whereas the surface of a material first faces all the
challenges of weathering induced degradations.

Currently, no published literature was found on the effect of Atomic Layer Deposition
(ALD) mediated nano-coating preventing color degradation on pigmented silicone

elastomer subjected to artificial aging. Therefore, this investigation mainly focused on a



study of surface nano-oxide coating deposited using ALD, in the color stability of a
pigmented silicone elastomer A-2000. TiO2 has been reported to be an effective color
stabilizer due to its UV shielding capability based on both the scattering and absorption of
the UV light for its higher refractive index and semiconductive properties.(58) Considering
these capabilities of TiO2, the surface of the silicone elastomer or PDMS was coated with
a nano layer of TiO using the ALD technique, a novel and powerful chemical vapor
deposition tool of nanotechnology. ALD offers unique approach to deposit conformal,
uniform and very thin (few nanometers thick) film of metal oxides on three-dimensional,
complex, porous, nano-structual materials at relatively lower process temperature, and it
provides with precise control over the chemical composition and thickness of the nano-
coatings.(58-61) For this study, the null hypotheses tested were: (Hol) Color difference
between coated and non-coated silicone specimen would be below perceptibility threshold,
and (Ho2) there would be no difference between the color change after aging of non-coated

and coated silicone, from their baseline color prior to aging.

2.1.2. Materials and Methods

Platinum-catalyzed, vinyl-terminated poly (dimethyl siloxane) elastomer (A-2000; Factor
I1, Inc.) combined with functional intrinsic pigments (FI-SK: Functional Intrinsic Skin
Colors - Silicone Coloring System; Factor 11, Inc.) was used for this study. The elastomer
was combined with a polymethyl hydrogen siloxane cross-linking agent at a 1:1 ratio by
weight. Once elastomer components were thoroughly mixed, pigments were added to
resemble human skin color. The elastomer - pigment combination was placed under 5 x

10" Torr vacuum for 10 minutes to remove air from the system, then poured into three
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disk-shaped molds with diameter of 34 mm. The molds were placed into a convection oven
and held at 98°C for 1 hour to achieve full polymerization. The molds were removed and
allowed to cool to room temperature; a biopsy punch was used to core the specimens
resulting in 2.5mm diameter sample (N=20). After color testo, 10 specimens were randomly
selected for coating process and the remaining 10 specimens served as control (non-

coated). Diagram of the experiment was described in detail in Figure 3.

Col Silicone
olor test, N=20

LN

ALDTiO, Coating No Coating
— [ = (AT [ e
AE, DEI Aging 450kJ/m? ]

)
| Color test, AgEd. ALDTiO,
Coating
XPS
Color test, }:D [ Aged No Coating ’

Figure 3: Schematic of color measurements experiment plan involving TiO2-ALD coating
and artificial aging; Color testo implies the color measurements of baseline or control
specimens, color test; implies the color measurements of specimens after TiO> coating, and
color test> and color tests is the color measurements after artificial aging performed for
TiO,-coated and non-coated specimens, respectively.
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Thin film of TiO2 was deposited on the specimen surface using the ALD technique in a
custom ALD reactor.(62) Specimens were pre-treated with oxygen plasma (Plasma Etch)
for 1min at 400W power, to make the surface hydrophilic prior to ALD process. The
sequence of the ALD experiment was described in Figure 4. The deposition was carried
out at 65-70°C reactor temperature and the deposition pressure was 500 mTorr.
Tetrakis(dimethylamino)titanium (TDMAT) was used as titanium (Ti) source and ozone
was used as oxidizer source for this TiO2-ALD process. A reference silicon (Si) wafer was
used during the deposition on the silicone elastomer specimens and the thickness of the
deposited oxide was measured on the reference si-wafer using a spectral ellipsometer

(model M44; J.A. Woollam Co., Inc).

Oxygen Plasma
Pre-treatment

ALD of TiO,

ﬁ ﬁ
PDMS Substrate PDMS Substrate PDMS Substrate
with Hydrophilic with ALD thin film
surface surface

Figure 4: Schematic of the TiO2-ALD coating process on silicone elastomer surface
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Color measurements of the specimens were performed before (color testo) and after ALD
coating (color testy), and after the aging of coated (color test,) and non-coated (color tests)
specimens. A spectroradiometer (PR 650; PhotoResearch Inc) was fixed on a composite
breadboard laboratory table (Edmund Optics) with a height adjustable metric lab jack
(Edmund Optics) positioned beneath it. One illuminator (FO-150; Chi Technical Corp) was
positioned at a 45-degree angle from the horizontal plane of the specimen. This assembly
provided an optical configuration of 0-degree observance and 45-degree illumination to the
specimen without any aperture between specimen and light/sensor.(63) After warming up
the illuminator for 15 minutes, the spectroradiometer was calibrated with a white standard
(Reflectance Standard SRS-3; PhotoResearch).(63) Color measurements (2.4 mm diameter
measurement area) performed in this study were obtained from a 380 to 780 nm spectral
reflectance with a 5-nm interval (SpectraWin2; Photo Research Inc) before conversion to
Commission Internationale d’Eclairage L*a*b* (CIELAB) values. The converted CIELAB
values were based on the standard of using D65 illumination and 10-degree observer. These

L*, a* and b* values were used to calculate the color change (AE*) using the formula: AE*

= J(AL)2 + (Aa*)2 + (Ab*)Z, where AL" = lightness difference (light or dark), Aa” =
difference in a* values (green to red coordinate), and Ab” = difference in b* values (blue
to yellow coordinate).

Specimens were aged according to American Society for Testing and Materials (ASTM)
G154 specification(64) for 450 kJ/m? total exposure.(41) An artificial aging chamber
(EQUV; Equilam) containing an UV-A lamp (340 nm of wavelength) with a typical

irradiance of 1.55 W/m?2/nm was used. Each exposure cycle was 8 hours of UV at 70+3°C
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black panel temperature and 4 hours of condensation at 50+3°C black panel temperature.
Ten cycles were performed to provide a total exposure of 450 kJ/m?, adequate energy to
verify the color stability of silicone materials.

X-ray photoelectron spectroscopy (XPS) was used to study the chemical composition of
the specimen surface. A high-resolution x-ray photoelectron spectrometer (VSW HA100;
Vacuum Scientific Workshop) equipped with an Al Ka (1486.6 eV) x-ray source operating
at 12 kV and 15 mA was used for this study.

Means and standard deviation of all L, a, b values of all specimens were calculated. The
color differences (AE) as color difference after coating (AE1), color difference after aging
without coating (AE>), color difference after aging with coating (AE3 and AE4), and their
standard deviations were calculated. Data were analyzed using independent t-tests to
compare the potential color difference between groups. One-sample t test was used to
compare the potential difference between the recorded color difference to perceptibility
threshold (AE = 1.1) and acceptability threshold (AE = 3.0).(54) The estimate effect size
was tested using Partial Eta Squared (np2). With a minimum of 8 samples per group, a large
size effect (1,°>0.26) was obtained for AE (1,°=0.292, P=.027), AL (1,°=0.790, P<.001),
Aa (p?=0.508, P=.001), and Ab (ny>=0.741, P<.001). All statistical analyses were
performed using a statistical software (IBM SPSS statistics v22.0; IBM Corp). The level

of significance was set at 0=0.05.

2.1.3. Results
A nano-coating of TiO2 was deposited successfully on silicone specimens using ALD

technique. Total 300 ALD cycles were performed to deposit the TiO2 nano-coating and
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this resulted in approximately 16nm-thick TiO2, as measured on the reference Si-wafer
surface experienced exact same process condition while ALD was performed on silicone

specimens.
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Perceptibility
Specimens | L a b AE threshold = 1.1 (54) | Hypothesis
(P-value)
73.3 | 105 | 223
Non-coated
+05 |+0.4 | +0.8 | AE1=3.4
P=.001 Hol
TiO»- 70.7 | 117 | 238 |14
coated +0.7 | 0.5 | £0.7
734 | 105 | 224
Non-coated
+05 |+0.4 | +0.6 | AE>=2.5
P=.001
Aged Non- | 71.4 | 105 [23.8 | +0.7
coated +0.4 | 0.3 | £0.7 Ho2
TiO»- 709 | 115 | 236
coated +05 | +0.3 | +0.6 | AEs=1.4
P=.167
Aged TiO2- | 70.5 | 11.3 | 24.8 | 0.6
coated +0.8 | 0.4 | £0.7
73.3 | 105 | 224
Non-coated
+0.5 | +0.4 | £0.8 | AE4s=3.8
P<.001 N/A
Aged TiO2- | 70.5 | 11.3 | 248 | £1.3
coated +0.8 | +0.3 | £0.7

TABLE I. Means tstandard deviations (SD) values of L, a and b of non-coated and TiO»-
coated specimens before and after aging, and statistical analysis of color difference (AE)
values with respect to perceptibility threshold (54)
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The means and standard deviations of L, a, b values, the color differences (AE) among
evaluated specimen groups are presented in TABLE I. It is observed from the demonstrated
results that all the evaluated specimen groups experienced a chromatic alteration (AE>0)
to some extent due to oxide coating as well as exposure to artificial aging. A significant
color difference (AE1=3.4 +£1.4) was observed between the non-coated and TiO-coated
silicone specimens when compared to the perceptibility threshold of AE of 1.1 (t(9)=5.208,
P=.001). Nevertheless, this color difference after TiO> coating is not significantly higher
(t(9)=0.945, P=.369) than the established acceptability threshold of AE=3.0. The non-
coated specimens were found to undergo a significant color change (AE>=2.5 £0.7) after
aging. This color change is significantly higher (t(7)=5.581, P=.001) than the perceptibility
threshold (AE=1.1). However, TiO2-coated silicone specimen group showed the smallest
color change (AE3=1.4 +0.6) after aging compared to other specimen groups. This color
change is not significant (t(7)=1.542, P=.167) compared to the perceptibility threshold, and
is significantly lower (t(7)=-7.508, P<.001) than the acceptability threshold (AE=3.0).
ALD coated specimens had statistically significantly (t (7) =3.294, P=.005) less color
difference after aging (AEs=1.4 +0.6) compared to non-coated samples after aging
(AE2=2.5 +0.7). In addition, when compared non-coated to coated and aged specimen
groups, the color difference (AE4=3.8 £1.3) was significantly higher than the perceptibility
threshold (t(7)=6.168, P<.001).

Figure 5 shows the XPS spectra of the non-coated and TiO>-coated silicone specimens after
experiencing artificial aging at 450kJ/m?. It is observed that both the specimens have four

distinct peaks. Those peaks are attributed to oxygen (O 1s: 532 eV), carbon (C 1s: 285 eV),
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and silicon (Si 2s: 149.7 eV and Si 2p: 99.4 eV), which are the basic chemical components
of silicone elastomers. In addition to O, C, and Si peaks, a distinct titanium peak (Ti 2p:
455 eV) was observed on the silicone specimens surface coated with a TiO2 nano layer.
This finding revealed that the protective TiO2 nano coating can withstand artificial aging.

Furthermore, it remains on the surface of the coated specimen even after the aging used.

Aged Non-coated Silicone Aged TiO,-coated Silicone
O1s O1s
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Figure 5: X-ray Photoelectron Spectroscopy (XPS) spectra showing surface chemical
composition of non-coated and TiO.-coated specimen after subjected to artificial aging.
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2.1.4. Discussion

In this study, the color difference between ALD TiO; coated and non-coated silicone
specimens was found to be significantly higher than perceptibility threshold of AE 1.1. In
addition, there was significantly less color change after aging in coated silicone compared
to non-coated aged specimens. Therefore, both null hypotheses were rejected.

According to the obtained results, a color change was also observed between the non-
coated and TiO.-coated groups. Although most of these color changes from TiO> coating
(AE1=3.4) were significantly higher than the perceptibility thresholds of 1.1, (54) this color
change values were not significantly higher than the acceptability thresholds (3.0). (54)
This implies that the color change of the coated silicone specimens in the present study is
not considered clinically significant. A future study evaluating the effect of different
coating thickness on color perceptibility threshold is warranted.

From this study, it is found that all specimen groups, irrespective of nano-oxide coating,
showed color instability (AE>0) when exposed to artificial aging. Both the intrinsic (self-
discoloration of the material) and extrinsic factors (adsorption or absorption of different
substances) may cause this kind of color degradation.(65) Among the attributing
environmental factors such as solar radiation, temperature and moisture, the UV radiation
has a greater impact on color degradation of the facial prosthesis.(41) The obtained results
indicate that a TiO2 nano-coating is able to protect silicone elastomer from color
degradation induced by artificial aging. Nano oxides are widely used as inorganic UV
absorbers because of their better thermal and photo stability over decades unlike organic

UV absorbers which are unstable for their migration in a polymeric matrix.(56) When an

19



electromagnetic wave like UV light interacts with the surface nano particles, part of this
UV light is scattered and at the same time, some part of this light is absorbed by these nano
particles and thus they create an UV shield protecting the surface.(41) Due to high
refractive index and semiconductive properties, TiO> can offer similar kind of UV
protection based on both scattering and absorption of UV rays.(58) These physical
principles may contribute in interpreting the color stability of TiO.-coated specimens
presented in this study.

Additionally, TiO> coated specimens showed approximately 44% less color change as
compared to the non-coated specimens upon exposure to artificial aging. Therefore, this
TiO2 nano coating appeared to be an efficient color protector for this kind of silicone
elastomer. Previously, Han et al. studied the effect of TiO2 nano oxide as opacifiers in the
color stability of pigmented maxillofacial prosthetic silicone.(41) They reported that the
color changes due to artificial aging was the least for the silicone prosthesis with 2-2.5%
nano oxide of TiO2 by weight as opacifier, though the color stability of their specimen
containing TiO2 nano oxide is approximately 29% better than their control. Also, these
nano oxides are inorganic white powder added directly to bulk during specimen
preparation. Additionally, it was also reported that 67 nm of ALD-TiO; coating (deposited
at 80°C temperature, 1 mbar pressure) was able to almost completely protect biaxially
oriented polypropylene polymer during 6 weeks of UV exposure, by preventing formation
of UV induced photodegradation products in the film.(58)

Further, XPS was used to investigate the inorganic-organic bonding between TiO2 nano

coating and silicone elastomer. XPS results (Figure 5) confirmed the presence of Ti peak

20



for the TiO, coated silicone specimens after exposed to artificial aging test. This result
indicated that the ALD process provided strong chemical bonding between silicone and
TiO2. The vapor phase surface chemical reactions of the ALD process attributed to such
strong chemical bonding between coating material and the surface groups of the ALD
substrate. (66)

There are limitations to this in vitro study. The color stability of the specimens in this study
used artificial weathering or aging involving three factors: UV irradiation, temperature and
moisture inside an artificial aging chamber. However, outdoor aging would be more
appropriate for studying the color stability of this maxillofacial prosthetic silicone material
accurately. The oxide nano-coating contributed positively in the color stability of silicone
elastomers upon exposed to aging, although this coating itself changed the color of the
specimens significantly when compared to perceptibility threshold. Additionally, the effect
of only one oxide nano coating on color stability was examined on one type of silicone
elastomer. Other limitation was that the color of the silicone was measured with a neutral
backing. Ideally, it should be measured with black and white backing, and the true color
should be determined by using the Kubelka Munk Theory (KM Theory). (67)

Therefore, further in-depth studies are important to investigate the influence of other oxide
or inorganic nano coatings on the color stability of different types of pigmented silicone
elastomers commonly used fabricating the maxillofacial prosthetic silicone in clinical
practice. In addition, to test this intervention coating with actual patient’s maxillofacial
prosthetic silicone in a clinical setting to evaluate the range of clinical change occurs and

the length required before clinically unacceptable color change occurs.

21



2.1.5. Conclusion

Within the limitation of the study, the following conclusions were drawn based on the
results obtained:

1. All specimens underwent color changes when subjected to artificial aging at 450kJ/m?.
2. Color changes (AE1=3.4) of the TiO2 nano coated silicone specimens were not
significantly higher (P=.369) compared to the established clinical acceptability threshold
(AE=3.0).

3. This nano-coating was stable after aging exposure as the chemical analysis confirmed
the presence of the titanium oxide on surface after the aging was performed.

4. Upon expose to artificial aging, this nano coating of TiO> was able to reduce color
degradation of the evaluated silicone elastomers, compared to the non-coated silicone
specimens (44% more discoloration than TiO2-coated specimens). This indicated that the
silicon elastomer with a surface nano-coating of TiO: is a better color-stable novel material

to be potentially used in the extraoral fabrication maxillofacial silicone prostheses.

22



2.2. Room temperature ALD of TiO2 on collagen

This section was previously published as "Room temperature TiO> ALD on collagen
membrane from a Titanium alkylamide precursor” in Journal of Vacuum Science &

Technology A.

2.2.1. Introduction

Atomic Layer Deposition (ALD) is well known for its unique capabilities within chemical
vapor deposition processes. It offers excellent composition tunability, and precise thickness
control and uniformity in deposited very thin of metal oxides films (6; 68; 69). It can also
facilitate conformal deposition across three dimensional substrates (70; 71). ALD of an
oxide is a gas phase cyclic process and one cycle of ALD process typically consists of four
main steps: precursor pulse, precursor purge, oxidizer pulse and oxidizer purge. Pulsing
time, purging time and reaction temperature are important parameters for optimal growth
during ALD processes(72). Different oxidizers and precursors play important roles in the
thin film growth of a given metal oxide. For a typical ALD process the oxide film thickness
generally increases linearly with increasing number of ALD cycles. The substrate also

plays a significant role in the growth rate and oxide film quality(72).

ALD is typically carried out at relatively high temperature to obtain optimal film growth
and quality. High temperature ALD is used in the semiconductor industry(6). However,
low temperature or room temperature ALD is needed when the substrate is heat-sensitive.
Precursors with high vapor pressure can facilitate this type of ALD process. This low
temperature ALD enables deposition on heat-sensitive substrates like polymers, organics
and biological materials. Knez et al reported different low temperature ALD processes in

their review(73). In most of those ALD processes, water (H20) was used as the oxidizing
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agent. In 1994, Gasser et al first published successful room temperature ALD of silicon
dioxide (SiO2) from tetraisocyanate silane (Si(NCQ)s) and H.O(74). Room temperature
ALD of cadmium sulfide (CdS) from dimethylcadmium (Cd(Me)2) and hydrogen sulfide
(H2S) was also reported by Lou et al(75). ALD below 50°C was reported previously for
boron trioxide (B203) (at 20°C from boron tribromide (BBr3) and H20(76)), SiO> (at 27
and 30°C from silicon tetrachloride (SiCls) and H2O(77; 78)), aluminium oxide (Al>Os) (at
33, 35 and 45°C using trimethylaluminum (TMA) and H20(27; 79; 80)), and TiO (at 35°C
from titanium isopropoxide (Ti(OiPr)s) and H20(79)). These processes were used to

deposit thin films on heat-fragile polymer substrates.

After low temperature ALD was reported, it became an increasingly used tool of
nanotechnology to functionalize surfaces of different biomaterials. Such a type of attempt
was first documented on tobacco mosaic virus (TMV) on which Al,O3 and TiO, were
deposited at 35°C using TMA and TIP precursor, respectively, and water as oxidizer(79).
Next, ALD was performed on some proteins such as ferritin(81) (deposition of Al,O3 and
TiO2) and S-layers(82) (deposition of HfO.). ALD was also performed on peptides (83-85)
and on DNA molecule (81; 86) to synthesize functionalized nanofibers or nanowires.
Recently, applications of ALD were reported on other types of biomaterials such as
collagen (28; 29), spider silk (32), cellulose fiber (from paper (87; 88) and cotton (59; 89)),
bristles of sea mouse (90), butterfly wings (91; 92), fly eyes (93), legumes (94), legs of
water strider (95), etc. Some of these materials had high aspect ratio structures where ALD

might be the only possible way to obtain uniform conformal coating of an oxide layer.
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Figure 6. Schematic of collagen substrate before and after ALD is shown. A thin film of
TiO2 (illustrated by the shell or thicker lines) is deposited on collagen fibers (illustrated by

the core or small cylindrical shapes).
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Many of the above mentioned ALD were used for TiO2 and Al>Os thin oxide layers. Due
to its attractive physicochemical properties, like large band gap(96), chemical stability(97),
high dielectric constant(98; 99), highly photo-active surface(97), high refractive
index(100; 101) and non-toxic environment-friendly nature(97), TiO2 has a wide range of
applications in modern technologies such as photocatalyst in solar cell(102), waste water
purification(103), oxygen gas sensor(104; 105), memory devices and capacitors(106), food
additives(107), pharmaceuticals(108), and in paint and cosmetics(106). Therefore, this

oxide appears to have become a preferred coating material to functionalize biomaterials.

In this study we carried out ALD of TiO, at room temperature in a custom made ALD
reactor, on a commercially available resorbable collagen membrane (Figure 6). Collagen
is a naturally occurring fiber and one of the most abundant proteins found in the animal
kingdom. ALD on fibrous materials has sparked a lot of interest as ALD can improve and
functionalize these materials through successful infiltration into their complex structure.
These ALD coated fibers have many applications such as in photovoltaic cells, chemical
separations, barrier layers for medical, food packaging, organic electronics, surface
engineering in textile, and biomedical and other industries (30; 61; 109). Previously, ALD
was reported on different organic fibrous materials (TABLE I1) like cellulosic fibers of
cotton and paper (30; 31; 59; 88; 89; 109; 110), spider silk(32), inner egg shell
membrane(28) and egg shell derived-collagen(29). Cellulose consists of polysaccharide
(D-glucose units) and it has better resistance to heat treatment unlike protein-based
biomaterials. Kemell et al first attempted TiO2 ALD on natural cellulose fiber from paper
at 150 and 250°C(88). In their study, TiO> replica of cellulose structure was obtained at

150°C and a photocatalytic crystalline TiO2/cellulose composite was prepared at 250°C.
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Cellulose fibers from cotton were also used as ALD substrates where the cellulose was
highly crystallized. Hyde et al performed Al.Os ALD on this type of cotton fiber at
100°C(59). They reported a uniform growth on convoluted fiber surface and this growth
behavior was reported to be significantly different from that on planar surface processed at
the same conditions. In their follow-up work, they also showed the tunability of wetting
behavior of ALD-treated cotton fibers by varying the oxide film thickness, although the

role of surface roughness changes with processing may need to be studied further (89).

ALD of a biocompatible TiN film was also reported on cotton fiber by Hyde et al(110). In
their study, increased cellular adhesion was observed for the thin (<10 nm-thick) and most
hydrophobic ALD coating, whereas the cell adhesion density decreased on the thicker
(>100 nm-thick) ALD coating. Jur et al reported Al,O3z ALD at 60-90°C(109) and ZnO
ALD at 115°C on cotton fiber(31). Uniform Al.Oz growth was reported after 100 ALD
cycles. Also an effectively conductive cotton fiber was obtained with a ZnO ALD coating.
Follow-up work by Lee et al showed transition of wetting behavior after performing ALD
of Al,O3 and ZnO on cotton fibers(30). After an initial ALD, the cotton surface became
hydrophobic, from hydrophilic, but with further ALD cycles the surface became
hydrophilic again. Apart from cellulose, ALD was also reported on some other types of
fibrous biomaterials such as spider silk and inner egg shell membrane. Lee et al reported
increased toughness in dragline spider silk after deposition of ZnO, TiO2 and Al>O3 at
70°C(32). A photocatalytic polycrystalline film was also obtained on eggshell membrane
with ALD of TiO2 and ZnO. ALD of all these natural fibrous biomaterials were performed

mostly above 60°C. Recently, TiO> ALD on collagen extracted from eggshell matrix was
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reported at 70°C using titanium(lV) isopropoxide [TIP] (Ti(OiPr).) precursor and water as

oxidizer (29).

Substrgte Precursors ALD Significant findings | References
and oxide parameters
TiO2 on Ti(OMe)s and 150 and Accurate replication of | Kemell et
cellulose fiber | H.O 250°C, cellulose structure al 2005(88)
of filter paper 10mbar
Al203 0n Trimethylalumi | 100°C, Different film Hyde et al
cellulose fiber | num 5x107" Torr | thickness in planar and | 2007(59)
of cotton (TMA) and col;nrijletx sbtructure,
deionized water substrate became
hydrophobic
TiN on TDMAT and 100°C, 2 Surface showed Hyde et al
cellulose fiber | NHs Torr increased 2009(110)
of cotton biocompatibility
TiOz and ZnO | Titanium(IV) 70-300°C, Photocatalytic Leeetal
on inner egg isopropoxide 1x102 Torr | polycrystalline film 2009(28)
shell (Ti(OiPr)4,TIP), achieved at lower
membrane diethylzinc temperature
(ZnEtz, DEZ)
and water
Zn0, TiO; DEZ, TIP and 70°C, 1x10" | large enhancement of | Lee et al
and Al,Oson | TMA, 2 Torr the mechanical 2009(32)
spider respectively, properties of spider
dragline silks | and water silks
Al>03 0n TMA and H,O | 120°C, 1-2 | Wetting properties can | Hyde et al
cellulose fiber Torr be tuned by changing | 2009(89)
of cotton deposition
temperature, number
of ALD cycles
Al203 0n TMA and H.O | 60-90°C, Oxide film showed Jur et al
cellulose fiber 1x102 Torr | abrupt interface with 2010(109)
of cotton cellulose substrate
Zn0O, TiOy DEZ, TIP and 70°C, 1x10° | Mechanical properties | Lee et al
and Al,0z on | TMA, 2 Torr (toughness) improved | 2010(29)
collagen respectively,
extracted and water
from egg shell
membrane
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ZnO on DEZ and H,O 115°C, 0.2 | Conductive fiber was | Jur et al
cellulose of Torr developed 2011(31)
cotton and

paper

Al20z and TMA and DEZ, | 60-90°C, 2 | Transition of wetting | Lee et al
ZnO on and deionized Torr behavior back and 2012(30)
cellulose fiber | water forth

of cotton

TABLE II. ALD of inorganic films on organic fibrous materials

In our study, it is the first-time room temperature TiO. ALD was performed on
commercially available collagen membrane using a novel precursor for this process,
TDMAT, and ozone as oxidizing agent. This can open up the tuning of the properties of

commercial and other collagen.

2.2.2. Material and Methods

The deposition of TiO> was performed in a custom-made tubular, hot wall ALD
reactor(62). The reactor can be heated up to 600°C and its base pressure is a few mTorr.
This reactor has 4 precursor delivery lines and is capable of delivering four different types
of oxidizers: ozone, oxygen, water vapor, and small molecular weight alcohols. During the
deposition, the substrate and reactor were at room temperature while the precursor bubbler
was kept at 50°C and the delivery line in between bubbler and reactor was kept 20-30°C
higher than the bubbler temperature. The ALD chamber pressure was kept at 500 mTorr
during deposition. TDMAT (Sigma Aldrich, 99.999%) and ozone (generated just upstream
the ALD chamber with custom made UV lamp system) were used as precursor and

oxidizer, respectively. The precursor and the oxidizer were introduced sequentially into the
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reactor using computer controlled pneumatic valves. Argon (99.999%) was used as
precursor carrier gas and purging gas. Geistlich Bio-Gide® (Geistlich Biomaterials, USA),
commercially available collagen membrane was used as substrate and p-type Si(100)
silicon wafer (University wafer Inc, USA) was used as reference substrate to measure
deposited film thickness. The thickness of the deposited TiO> film on the reference silicon
substrate was measured using spectral ellipsometry (Model M44, J.A. Woollam Co., Inc.).
A custom made sample holder was used to hold the collagen sample and the reference
silicon wafer inside the chamber during deposition (Figure 7). The surface chemical
composition of the control collagen surface and ALD TiO2-coated collagen substrates was
studied using a high resolution x-ray photoelectron spectrometer (Kratos AXIS-165,
Kratos Analytical Ltd., United Kingdom) equipped with a monochromatic Al Ka (1486.6
eV) x-ray source operating at 15 kV and 10 mA. Surface morphology of native collagen
and TiO»-coated collagen was analyzed using a high resolution Field Emission SEM (JEOL
JSM-6320F, JEOL USA, Inc.). Prior to SEM, samples were gold-coated using a sputter
coater to make them conductive. ImageJ software was used to measure the fiber diameters
from the SEM images of samples. Glancing incidence X-ray diffraction (GIXRD) spectra
of deposited TiO> film was obtained using a high resolution X-ray diffractometer (X’ Pert,
PANalytical, BV Co., Netherlands) configured with 0.1542 nm x-ray emission line of Cu.
Diffraction spectra was collected at an incidence angle of 1° to enhance sensitivity for thin

films and to reduce substrate interference.
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Control 150 Cycle ~-300:.Cycle 600 Cycle

Pkl

Figure 7: (a) The custom ALD reactor showing the loading port, (b) different collagen
sample groups, (c) custom made ALD sample holder to hold collagen substrate and silicon
wafer as reference sample.
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2.2.3. Results and Discussion
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Figure 8: Thickness of deposited TiO> film on silicon reference substrate as a function of
the number of ALD cycles. The deposition was carried out at room temperature and 500
mTorr using TDMAT as titanium precursor and ozone as oxidizer.

Room temperature growth behavior of TiO2 deposited on our reference silicon substrate
was investigated for 50-600 ALD cycles. Figure 8 shows the deposited TiO> film thickness
on silicon substrate as a function of the corresponding number of TiO2 ALD cycles. The
standard deviation of the measurements at different positions across the substrate is
indicated by the error bars in the graph. The film thickness was found to increase linearly
with increasing number of ALD cycles without any apparent growth lag or rush. The

growth rate is found to be 0.06 nm/cycle from the linear fit of the data. The apparent linear
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growth behavior indicates that this ALD process offers a surface saturated growth and
excellent tunability of film thickness. Additionally, the small error bars in Figure 8 are
indicative of the uniformity of the room temperature ALD of TiO; films across the
substrate surface. Deposition of TiO2 from TDMAT and ozone was reported before for
different substrates at higher temperatures, 60-300°C (58; 97; 106; 111-115). In 2008,
Katamreddy et al first reported TiO2 ALD using TDMAT and ozone with a growth rate of
0.065 nm/cycle at 225°C; they also reported an increase in the deposition rate at
temperature higher than 225°C due to the decomposition of the TDMAT precursor (113).
The deposition rate varies with the process temperature, and with gradually increasing
temperature it first decreases, then reaches saturation and finally increases again.
Specifically, with increasing substrate temperature from 75 to 150°C, the TiO2 film growth
rate first decreases from 0.052 nm/cycle to 0.045 nm/cycle; at temperature 150-250°C, a
saturation phase of the growth rate at ~ 0.046 nm/cycle is found; further increase in the
temperature results in strongly increasing growth rate again(106; 114). Rose et al also
reported a growth rate of 0.04nm/cycle at 180°C(115). At lower temperatures, 60-65°C,
the growth rate remained ~0.06 nm/cycle(111; 112) which is similar to the one obtained at

room temperature (20-25°C), in our study.
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Figure 9: (a) XPS spectra of the collagen substrate after 0 (control), 150, 300 and 600 cycles
of TiO2 ALD, (b) detailed XPS spectra of C 1s (control, 150, 300, 600 cycles). Deposition
conditions are the same as those in Figure 8.

Figure 9a shows the XPS spectra of native collagen substrate (i.e., control sample),

collagen-150cycles, collagen-300cycles and collagen-600cycles. Three distinct peaks were



observed with the control collagen samples. Those peaks are attributed to oxygen (O 1s:
532eV), carbon (C 1s: 285eV) and nitrogen (N 1s: 398eV) which are the basic chemical
components of collagen protein. In addition to O, C and N peaks, two other titanium peaks

(Ti 2s: 560eV and Ti 2p: 455eV) were observed on the collagen samples with as-deposited

o C contents | N contents | Ticontents
Sample analyzed O:Ti ratio
(at %) (at %) (at %)
Control collagen - 63.5 15.7 -
Collagen-150cycles 3.46 53.9 3.82 9.47
Collagen-300cycles 2.71 37.6 5.98 14.5
Collagen-600cycles 2.77 39.2 591 15.2

TABLE I11. Compositional quantitative analysis of the sample from XPS data

TiO, after 150, 300 and 600 ALD cycles. The highest levels of carbon (63.5 %) and
nitrogen (15.7 %) were detected in the control collagen and these levels were found to
decrease after the ALD of TiOz thin films on collagen (TABLE IlI). With increasing
number of the TiO2 ALD cycles, the Ti 2p peaks became more intense. These results on
collagen are in qualitative agreement with our finding of increasing TiO film thickness
with increasing number of ALD cycles on the silicon reference substrate. The Ti peaks in
the 454-468eV region are the Ti 2ps2 and Ti 2p12 peaks and are mostly attributed to Ti*

(106; 113). TABLE IlI shows the O:Ti ratio/stoichiometry estimated from quantitative
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analysis of the XPS data. This data revealed the ratio of O:Ti of the first 6-10 nm of the
TiO2 film deposited on collagen substrate to be 2.7-3.4, indicating excess oxygen within
the film, while the film mainly consists of TiO.. Similar ratio of O:Ti was reported before
for TiO2 film grown from alkylamide-ozone system on inorganic substrates (113; 114).
Yet, those depositions were carried out at significantly higher substrate temperatures (150-
250°C); thus, the O:Ti ratio apparently seems to be minimally affected by the deposition

temperature used(114).

Additionally, the C 1s peak at 285 eV is attributed to C-C bonding and this indicates the
existence of mostly organic-bonded carbon on the film(114). The collagen protein structure
itself contains several types of carbon bonds like C-C (285 eV), C-O (286 eV) and C=0
bonds (288 eV)(29; 59). As a result, XPS detected larger amount of carbon on the control
sample and also on the collagen-150cycles one. With further increase in the number of
ALD cycles, the signal from collagen C-O and C=0 could barely be detected. The
collagen-300cycles and collagen-600cycles samples exhibited peaks attributed only to C-
C bonds, indicating mostly the presence of adventitious carbon (Figure 9b). Considering
the sensitivity of the biological substrate, the collagen samples were not sputtered with an
Argon (Ar+) beam before XPS scans, and this might lead to the presence of adventitious
carbon on the ALD-coated collagen in spite of having a thicker TiO2 coating. To investigate
this issue further, XPS scans were performed on the corresponding Si reference samples
(after 150, 300 and 600 cycles) before and after sputter cleaning. The carbon content
(atomic %) of Si-150cycles, -300cycles and -600cycles before sputtering was found to be
28.3, 34.0, 31.5 %, respectively, while after sputter cleaning the carbon content was 7.4,

5.7 and 5.6 %, respectively. This suggests that most of the carbon on the ALD-coated

36



collagen is indeed adventitious carbon present on top of the ALD TiO2 thin film.
Additionally, ~18% Ti and ~48% O was detected before sputtering for these three reference
Si samples with ALD TiO2, while after removing the adventitious carbon through
sputtering the Ti and O content were determined to be ~30% and ~62%, respectively. This

result also indicated the deposition of mostly pure (uniform) TiO; film.

.
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Figure 10. (Color online) SEM micrographs of control collagen (upper left), collagen-
150cycles (upper right), collagen-300cycles (lower left) and collagen-600cycles (lower
right). Deposition conditions are the same as those in Figure 8.
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Surface morphology of the collagen samples was studied using scanning electron
microscopy (SEM). Figure 10 shows the SEM images of all four sample groups. There is
an apparent difference of fiber morphology among the samples. In the control sample the
collagen fibers are seen to be thin. The fibers became increasingly thicker in the collagen

samples with increasing number of TiO2 ALD cycles.
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Figure 11. (a) Average single fiber outer diameter of control and as deposited collagen. (b)
Histograms of fiber diameters measured from the SEM images of all the sample groups.
Deposition conditions are the same as mentioned in Figure 8.
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The average outer diameter of single fibers was measured from SEM images of each
sample using the ImageJ software. For each sample group three fibers were primarily used
for measurement and those fibers have been labelled with arrows in Figure 10. Both
conjugated fibers and single fibers are present in the collagen membrane; only single fibers
were chosen. The results of these measurements are presented in Figure 11. The single
fiber diameter average of the control sample was 44.3+2.9 nm; after 150, 300 and 600 TiO>
ALD cycles it was 60.3+2.2, 106.7+6.3 and 220.3£17.3 nm, respectively. A stronger than
linear increase in fiber diameter is therefore observed for as-deposited TiO, coated collagen
samples with increasing number of ALD cycles. This finding suggests the ability of TiO>

ALD to uniformly coat 3-dimensional (3D) substrates at room temperature.

The significant difference of the growth rate per ALD cycle observed on the planar Si
reference substrates from that on non-planar collagen substrates, even though they were
processed at the same conditions, is discussed next. A linear growth at a constant rate of
0.06 nm/cycle was observed on the planar Si reference substrate while much higher growth
rate per cycle was observed on non-planar collagen substrates, which was found to increase
with further increasing number of TiO2 ALD cycles. After 150 ALD cycles, the growth
rate on collagen was about 0.05 nm/cycle, while after 300 and 600 cycles it reached 0.10
and 0.14 nm/cycle, respectively. These deposition rates on non-planar collagen samples
were calculated based on the average outer diameter of single fibers measured from the
corresponding surface SEM images. Cross-sectional interface study might be more
effective to accurately measure the TiO> thickness and the growth rate for each of the
coated collagen samples. Similar increased growth on non-planar three dimensional

substrates was reported previously for Al.Oz and TiO> films. Hyde et al reported on planar
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Si substrate that the Al>Os growth rate was 0.2 nm/cycle which increased to 0.3-0.5
nm/cycle on a non-planar cotton fiber substrate(59). Although in their report, the growth
rate on non-planar substrate was very high initially (0.5 nm/cycle for 50-100 ALD cycles)
most likely due to the absorption of water oxidizer, the growth rate decreased (to 0.3
nm/cycle) as ALD proceed further. However, their growth rate was still higher on the non-
planar substrate than that on planar substrate with further ALD cycles. Deposited TiO>
amount on planar Si substrate was also reported to increase significantly on irregular non-

planar multi-walled carbon nanotubes (MWCNTS) substrate(97).

There could be several reasons behind this increased growth on non-planar complex 3D
substrates. One reason could be the higher surface area of 3D substrates compared to two-
dimensional ones. This exposure of higher effective surface area could lead to larger
amount of deposited oxide, although the deposition rate could be the same. Deng et al
reported 183 times higher amount of TiO> deposited on irregular MWCNTSs due to its 183
times higher surface area compared to the surface area of planar Si substrate(97). A
possible reason for higher growth rate on non-planar substrates could be the complex 3D
structure of such porous fiber networks. Due to this 3D pathway, it may take a longer
diffusion time for reactant precursor molecules and vapor byproducts to diffuse out of these
tortuous fiber networks. As a result, excess precursor may remain inside the fiber structure,
even after the end of the precursor purging steps and this could cause higher film growth
on 3D substrates(59). For optimal growth behavior, longer pulsing and purging of
precursor might be an effective approach to avoid this kind of non-linear growth rate in the
case of porous 3D fiber substrates allowing longer diffusion time for the reactant molecules

and reaction byproducts to get in and out.
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Figure 12. (Color online) GIXRD pattern of collagen-600cycles TiO2 coating. Deposition
conditions are the same as those in Figure 8.

GIXRD was performed to investigate the crystalline property of room temperature
deposited TiO- film on collagen substrates. Samples with the thickest ALD TiO: film (i.e.,
after 600 cycles) were used. Figure 12 shows a GIXRD sample pattern. No distinct
crystalline peak was observed, indicating the amorphous nature of the deposited oxide.
This was not surprising, since the ALD of TiO2 was carried out at room temperature, which
is well below its crystalline temperature (>250°C)(106). The broad peak shown in Figure
12 is mostly from collagen. Lee et al also reported similar diffraction pattern from collagen

substrate and their TiO> film deposited at 70°C was also reported to be amorphous(29).
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2.2.4. Conclusion

TiOz thin film was deposited on commercially available collagen using TDMAT precursor
and ozone oxidizer in a custom ALD system. The deposition was carried out at room
temperature and this ALD process had linear growth behavior with a rate of 0.06 nm/cycle
on the planar Si reference sample. XPS data showed the basic elemental composition of
collagen protein and it confirmed the presence of TiO on all collagen samples subjected
to TiO2 ALD. GIXRD data indicated that the deposited film was amorphous. SEM images
showed a distinct morphological difference among the sample groups. The average fiber
diameter of the control sample was found to increase ~ 36 % after 150 cycles of TiO2 ALD,
and this corresponded to 0.05 nm/cycle. The fiber diameter was found to increase more
strongly than linearly with further increase of the number of TiO2 ALD cycles to 300 and
then to 600, with growth rates of 0.10 and 0.14 nm/cycle, respectively. The deposition rate
on collagen coated with ALD TiO2 was therefore higher by a factor of 2-3 than that on the
corresponding silicon reference substrate, most likely due to its 3D fiber network and
diffusion processes in it. This TiO2 ALD-coated dense collagen could become a novel
biomaterial, the mechanical and chemical properties of which could be tuned through ALD
so that it could be used in a variety of biomedical applications like bone-grafting, wound-
healing, etc. Further studies are under way to investigate the extent of ALD-driven versatile

applicability of collagen in material science and biomedical engineering.
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2.3. Bioactivity of ALD-TiO2 functionalized collagen

2.3.1. Introduction

Bone tissue engineering strategy requires a special biomaterial scaffold with major
attributes such as biocompatibility, osteoconductivity, biomineralization capability,
biodegradability and proper biomechanical properties.(116) A biomaterial scaffold
possessing all those properties can directly be implanted in-vivo for guided tissue
regeneration.(117) Scaffolds, especially synthesized from natural polymeric resources, are
frequently used due to their excellent biological performances and similarities with the
extracellular matrix (ECM).(118) The usage of collagen-based biomaterials has been
growing intensively in different biomedical applications particularly in the field of tissue
engineering applications, due to its biocompatibility, biodegradability, role in tissue
formation and other desired biological properties.(119-121) Collagen is the single most
abundant protein found in the animal kingdom and one of the main elements for different
parts of human body especially bone, cartilage, skin and tendon.(122) Collagen has a triple
helical structure made of three polypeptide strands/chains which have a repetitive sequence
of amino acids, particularly glycine, proline and hydroxyproline.(119) So far, 29 distinct
types of collagen have been identified, but collagen type I, II, 11l and V are the most

commonly found.(120) Type | collagen is the main organic component of bone.

Collagen can be prepared in various forms like sponges, films and matrices, although
fibrillar collagen scaffold are the most popular in tissue regeneration as they can biomimic
the ECM structure.(123) In bone implants, simple collagen scaffolds or constructs could
be used; however, they have disadvantages such as poor mechanical properties, low

fibrillar density, and insufficient and delayed osseointegration.(121; 124) To promote bone
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regeneration in the scaffold, in bone tissue engineering it is important to establish favorable
interaction between the cells and the scaffold surface.(125) Additionally, the ability to
stimulate the nucleation of calcium phosphate from physiological solution is essential to
enhance the strength of the bone-matrix interface.(126) The scaffold surface properties also
play a significant role in its successful interaction with surrounding tissue and
mineralization process. Therefore, several attempts were made to synthesize collagen
composites or to modify the surface properties of collagen by incorporating bioactive
components such as direct inclusion of Hydroxyapatite (HA),(127) incorporation of
bioactive glass,(121) coating with inorganic materials (e.g., ceramic) and other
nanomaterials (e.g., B-tricalcium phosphate (B-TCP) nanoparticle,(128) graphene oxide
(GO)(129) and reduced graphene oxide (RGO)(130)). Ceramics, especially alumina and
titania, were found to be biocompatible with favorable bone bonding properties.(131; 132)
Titania was also reported to attract calcium and phosphorous in agueous environment to
nucleate calcium phosphate or HA.(132-134) Consequently, it is novel to functionalize
collagen scaffold surface with ultrathin film of titania while retaining the original structural
properties of the substrate, and thus this strategy combines the advantages of titania and

minimization/elimination of the drawbacks of the intrinsic native substrate.

Recently we have successfully deposited ultrathin film of titania on commercially available
collagen membranes for the first time at room temperature by using atomic layer deposition
(ALD).(1) ALD is a powerful and unique approach of nanotechnology to deposit
conformal, uniform, ultrathin film (e.g., a few A or nanometers thick) of inorganic material
on porous, high aspect ratio, complex nanostructured substrates. ALD is a cyclic process

with sequential, self-limiting surface chemical reactions, and the thickness of the deposited
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film typically increases linearly with the number of ALD cycles. Thus, ALD offers precise
control over deposited film’s thickness and stoichiometry. Low deposition temperature,
pinhole free coating, low impurity content and independence of line of sight are other major
advantages of the ALD process.(124) ALD of titania thin film was deposited previously on
different organic substrates like cellulose fibers of paper,(88) porous poly(styrene-
divinylbenzene) polymer,(124) inner egg shell membrane(28) and spider dragline silks(32)
from titanium precursor-oxidizer combinations such as Ti(OMe)s-H20, TiCls-H.0; and
TIP-H20, respectively. ALD of TiO2 on natural collagen extracted from hen’s egg shell
membrane was reported.(29) However, for all these TiO2-ALD processes the lowest
deposition temperature was reported to be 70°C which could alter the intrinsic properties
of heat sensitive biological substrates like collagen.(135) Therefore, we chose a room
temperature TiO2-ALD functionalization process from a novel precursor-oxidizer system
(TDMAT-03) on commercial collagen membranes to enhance their biomedical

functionality while maintaining the original structure and properties of the substrate.

The objective of our study is to demonstrate the feasibility of enhancing or improving the
bioactivity of the collagen membrane by functionalizing the membrane surface with
ultrathin titania film deposited using ALD (Figure 13a) at room temperature in a custom-
designed and made ALD reactor.(62) As a proof of concept, a commercially available
collagen membrane was used as ALD substrate. Different surface characterizations were
performed to investigate the properties of the native and surface-coated collagen. The
bioactivity of the samples was tested in-vitro by using different cell proliferation and
differentiation assay, and calcium phosphate attachment assay. We hypothesized that our

titania coated collagen would promote accelerated bone regeneration by supporting human
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osteoblastic and mesenchymal stem cells growth and favor the nucleation process of

calcium phosphate from body fluid solutions.

2.3.2. Material and Methods

Sample Preparation: A commercially available collagen membrane (Biomend®, Zimmer,
USA) was used as substrate in this study. The as-received membranes were cut into small
pieces (25mmx15mm) before oxide deposition. The detailed ALD process for room
temperature deposition of TiO2 on collagen membrane was described elsewhere.(1) Three
different thicknesses of TiO> films i.e., after 150, 300 and 600 ALD cycles were used on
collagen samples in a custom-built ALD reactor with a custom-made sample holder. This
TiO2 ALD was carried out at 500mTorr operating pressure, using
Tetrakis(dimethylamino)titanium (TDAMT) and Ozone (O3) as titanium precursor source
and oxidizer source, respectively. The non-coated collagen served as “control” group, and
“150”, “300” and “600” groups are the collagen samples with 3 different TiO2 thickness

obtained after 150, 300 and 600 ALD cycles, respectively.

Sample Surface Characterization: Numerous surface characterization techniques were
used to investigate the properties of the ALD-TiO coated collagen surface compared to
these of non-coated control collagen samples. Scanning Electron Microscopy (SEM)
(JEOL JSM-6320F, JEOL, Inc.) was used to study the surface morphology of the samples.
Prior to SEM, samples were gold-coated using a sputter coater to make them conductive.
To better study the structure and interface of the thin film and the collagen fibers, a high-
resolution Scanning Transmission Electron Microscope (STEM, Aberration Corrected
Analytical Electron Microscope, JEM-ARM200CF, JEOL, Inc.) was used for imaging the

cross-section of the samples. For this STEM experiment, the sample was first mounted on
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Si using embedding epoxy (EPO-TEK® cold cure epoxy) and allowed to cure for 24 hours.
It was then sliced with a low speed diamond saw, mounted on a tripod polisher with
cyanoacrylate, and wedge-polished on diamond lapping film (South Bay Technologies)
using isopropanol rather than water. The specimen was then mounted on a copper aperture
grid and released from the tripod by soaking in acetone. Finally, it was ion-milled for ~2
hours at 6 kV, followed by 30 min at 1 kV. X-ray Photoelectron Spectroscopy (XPS)
(Kratos AXIS-165, Kratos Analytical, Ltd., UK equipped with a monochromatic Al Ka
(1486.6 eV) x-ray source operating at 15 kV and 10mA) was utilized to study the surface
chemical composition of the sample groups. For Raman Spectroscopy, a 633nm/17.5mwW
red HeNe laser source was used in a Raman Spectrometer (inVia Reflex, Renishaw). The
wetting behavior of the surface was examined using static water droplet contact angle
(WCA) measurement method using a contact angle goniometer (Model 100-00, Ramé-Hart
Instrument Co.). WCA measurements were performed immediately after taking the ALD-
deposited sample out of the reactor, to minimize the effect of surface contamination from
surrounding environment during storage in normal lab air conditions. To investigate the
mechanical properties of the single collagen fibers before and after deposition of TiO thin
film, Atomic Force Microscopy (AFM) was used. For this AFM experiments, modified
mica substrate was first prepared to immobilize the collagen fibers. Freshly cleaved mica
was treated by 1% 3-aminopropyl-triethoxysilane (APTES, Sigma-Aldrich, Inc., St Louis,
MO, U.S.A)) for 5 min, followed by washing with DI water and drying with airflow. The
modified mica was further treated at 120°C for 2 h and cooled to room temperature for use.
After that, 1 mm? piece of each collagen sample were cut and immersed in DI water for 2

hours, in order to loosen the tangles of collagen fibrils. Then the samples were placed on
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APTES modified mica for 10 minutes to immobilize the fibrils on mica substrates. All
AFM experiments were carried out with a Dimension ICON AFM system (Bruker, USA).
Peak force Tapping mode was applied for all the nano-mechanical measurements and
topography imaging. RTESPA silicon cantilevers (Bruker, USA) were used. The spring
constant was calibrated using Sader’s methods(136) before each experiment, and the

calibrated values were in the range from 42 to 49 N/m.

Ca and P Attachment Assay: Bio-activity of the collagen samples were subsequently
evaluated using a biomineralization study to assess their ability in nucleating calcium
phosphate or hydroxyapatite (HAp) from aqueous solution. For this experiment, the control
and coated collagen samples (“150” and “600”) were immersed in simulated body fluid
solution (SBF) for two different periods of time i.e. 1 day and 7 days. The SBF solution
was prepared by dissolving reagent grade (all chemicals from Sigma Aldrich) NaCl
(>99%), NaHCO3(>99.7%), KCI (99.7%), K:HPO4 * 3H,0 (>99.0%), MgCl, * 6H,0
(99.0-102.0%), CaCl. (>97%), and Na2SO4 (>99.0%) in deionized water and buffering at
a pH value of 7.4 with tris(hydroxymethyl)aminomethane ((CH.OH)3:CNH>) (>99.8%) and
hydrochloric acid (HCI) to attain ion concentrations nearly equal to those of human blood
plasma.(137) Every 2-3 days the SBF solution was changed to avoid precipitation. The
entire experiment was performed inside an incubator at 37°C and 5% CO2 condition to
biomimic human body environment. After incubation for defined periods of time, the
collagen samples were removed from the SBF, rinsed gently with deionized water twice,
and vacuum-dried overnight. Chemical characterization of mineralized collagens were
performed by Attenuated Total Reflectance Fourier-transform Infrared Spectroscopy

(ATR-FTIR) using Nicolet iS5 FT-IR Spectrometer (ThermoFisher Scientific). Surface
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chemical composition of mineralized collagen samples was studied using XPS. Alizarin
red staining was used to further detect the presence of calcium (Ca) in the mineralized
collagen samples. The mineralized dry collagen samples were first cut and placed on top
of a glass slide. After that they were stained using alizarin red solution and kept for 30 s.
Right after that, the stained samples were washed gradually using acetone solution and left
under hood for air drying. Finally, the images of the stained samples were captured using
an optical microscope equipped with a digital camera (EVOS® XL Core Imaging System,
ThermoFisher Scientific, USA). The histogram of red pixel count and the total number of
red pixels are derived using a MATLAB program from the digital images of the sample

groups.

Biological Assay: Osteogenic cell response of our sample groups was studied by culturing
human osteoblast cell (MG63 cell lines). MG63 human osteoblasts cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) with 10% fetal bovine serum (FBS)
(Gibco) and 1% antibiotic (Gibco) until roughly 80% confluence in a cell culture incubator
at 37°C and 5% CO:> conditions. After reaching confluence (~80%), cells were then
detached using trypsin-EDTA (Gibco, Life Technologies), centrifuged and re-suspended
in culture medium for sub-culturing and seeding over the collagen samples. Cells were
seeded on the three selected sample groups of collagen (Control, “150” and “600") for

different cell experiments.

Fluorescence assay was used to observe cells attachment, spreading and morphology on
different sample groups. This assay was performed after 1 and 7 days of seeding the cells
on the sample surface. Fluorescent dye based reagent labelling (Molecular Probes™,

ThermoFisher Scientific) and fluorescence microscopy were used for this experiment.
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Cells were imaged with a fully automated inverted microscope (Leica DMI6000 B, Leica
Microsystem, Germany) and post-processing of the images were performed using LAS AF
software (Leica, Germany). Prior to imaging, cells were first fixed in 3.7% Formaldehyde,
permeabilized with 0.1 % Triton X-100 and stained in phosphate-buffered saline (PBS).
Actin and nuclei of the cells were stained with ActinGreen™ 488 ReadyProbes® Reagent
(Molecular Probes™, ThermoFisher Scientific) and NucBlue® Fixed Cell ReadyProbes®
Reagent (Molecular Probes™, ThermoFisher Scientific) respectively. Nucleus counts were

performed from the obtained fluorescence images using ImageJ software.

MTT assay was used to evaluate osteoblast cell proliferation and cellular viability or
metabolic activities. Cell proliferation was evaluated at two separate time points like
fluorescence assay i.e. after 1 day of incubation, and after 7 days of incubation, to
understand the effects of short-term and long-term attachment and proliferation on the
treated surfaces. CellTiter 96® (Promega) assay was used for this analysis. After the
aforementioned incubation periods, the pre-optimized dye solution (MTT, a yellow
tetrazole dye) was added for the conversion of tetrazolium into formazan product (purple
crystals), produced by the reduction of MTT salt by mitochondrial reductase enzyme in the
functional mitochondria of viable cells. After an additional 4 hours of incubation at 37°C,
the dimethyl sulfoxide (DMSO) (Sigma-Aldrich, USA) solution was added to the 24-well
plates to solubilize the formazan product. Three aliquots of 100 puL of each sample from
the 24-well plates were then transferred to a 96-well plate and analyzed for absorbance
changes. Absorbance values were measured at 570nm using an Elisa microplate reader
(VersaMax, Molecular Devices, Sunnyvale, CA, USA). The mean of the three reads of

each 96-well plate was considered as a single value of the 24-well plate.

51



Furthermore, gRT-PCR was used to determine the mMRNA expression levels of osteogenic
genes of human stem cells. For this experiment, human Mesenchymal Stem Cells (hMSCs),
derived from adult bone marrow (Tulane University), were cultured on the control and
coated collagen surface. The hMSCs were cultured for two time points (7 and 14 days) in
a previous mentioned culture medium, enriched with 0.05 mM L-ascorbic acid, 100 nM
dexamethasone and 10mM (3-glycerophosphate disodium salt hydrate to allow osteoblastic
cells differentiation. The RNeasy Plus Mini Kit (Qiagen, Qiagen Sciences) was used to
extract the total RNA. The RNA concentration was detected by a spectrophotometer
(Nanodrop 1000, Thermo Scientific), and cDNA was prepared using RT? First Strand Kit
for RT-PCR (Qiagen, Qiagen Sciences). Quantitative real-time PCR was performed with
Fast Start Universal SYBR Green Master (Roche, Roche Diagnostics GmbH) and human
osteogenic primers by using Applied Biosystem® StepOnePlus™ instrument
(ThermoFisher Scientific). The expression levels of alkaline phosphatase (ALP),
osteocalcin (OC), runt-related transcription factor 2 (RUNX-2), Collagen-1 (Col-1), bone
morphogenetic protein 2 (BMP-2), transforming growth factor beta 1 (TGF-B1) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were analyzed. GAPDH was used
as an internal reference. The relative gene expression level was estimated by transforming
the logarithmic values into absolute values using 2~24¢Tmethod, where the average

threshold cycle (Ct) values were used to quantify the gene expression in each sample:

—AACy = _(ACT,Target - ACT,GAPDH)-

52



2.3.3. Results and Discussion

ALD process on collagen ALD coated dense collagen

Figure 13. a) Schematic representation of the ALD process on the collagen fibrous
substrate. Grey core represents the collagen fiber and red shell represents the thin ALD
coating of TiO.. b) Scanning Electron Microscopy (SEM) micrographs (each 1um scale,
X20000 magnification) of all sample groups. The non-coated collagen is the control; the
collagen samples labelled as “150”, “300” and “600” are the ones with 150, 300 and 600
cycles of ALD-TiO; at room temperature, respectively.
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The non-coated collagen served as control group, and “150”, “300” and “600” groups are
the collagen samples with 150, 300 and 600 cycles of ALD-TiO, at room temperature,
respectively. To have an in-depth understanding of the surface morphology, SEM was
performed on all sample surfaces and the corresponding micrographs are presented in
Figure 13b. These SEM images revealed changes in surface morphology of the collagen
samples after exposure to increasing number of ALD cycles. The fibers of the control
collagen are seen to become thicker with increasing number of ALD cycles and as a result
the membrane became denser with the increasing nano-fibrillar density. This was expected
as ALD is a cyclic process, where the deposited oxide thickness increases with increasing
number of cycles. Increasing the fibrillary density of collagen is important for bone tissue
engineering applications.(121; 138; 139) Brown et al first reported a rapid and reproducible
method to increase the fibrillar density of collagen matrix by plastic compression and this
technique increased the fibrillar density more than 10% by weight.(140) However, our
ALD process offered a uniform, conformal and high precision approach to augment the
fibrillar density of collagen membrane by infiltrating a bioactive ultrathin film coating of

TiO2 which presumably induces an upsurge of the interfibrillar cross-linking density.
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Figure 14. a) Scanning Transmission Electron Microscopy (STEM) results of cross-
sectioned “600” group showing Z-contrast high angle annular dark field (HAADF) STEM
images, b) Energy Dispersive X-ray Spectroscopy (EDS) mapping of Ti, O, and C
elements, c) an EDS line scan showing the Ti and O signals at the edge of the cross section
and the EDS sum spectrum.

From preliminary STEM analysis (Figure 14a) of the cross-sectioned TiO2 coated collagen
sample (“600” group), clear contrast was observed between the TiO2 coating (bright
phase), and the much lower atomic number collagen substrate (darker) in the HAADF
images. The extra brightness at the edge of the specimen corresponds to a region where the
film is seen edge-on, and therefore has greater apparent thickness and contrast. The coating
thickness appears to vary between 5-20 nm, is conformal to the fiber surface, and shows
considerable nanoscale roughness, on the order of ~5nm. EDS mapping in Figure 14b and

an EDS linescan in Figure 14c confirmed the identity of the TiO2 shell form by the strong
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Tiand O signals at the surface compared to the C signal from the bulk collagen core. This
is most clear in areas where the cross section is thin, as in the area mapped in Figure 15b.
Due to the surface roughness of the collagen fiber mat, edge-on views of the film were rare,
and images of the specimen surface show it to be well-coated with TiOg, as is shown in the
line scan in Figure 14b. This STEM and EDS analysis also has revealed that the ALD TiO>
coating was conformed to the shape of the collagen fibers, which was consistent with ALD
conformal growth on three-dimensional substrates, with good infiltration into the rough
surface of the fiber mat. Additionally, the nano-scale roughness similar to that seen in these

films has previously been shown to aid osteoblast growth.(141)

STEM-EDS analysis of a cross-sectioned (prepared by focused ion beam) Ti infiltrated
collagen has previously been reported for a natural dried collagen (extracted from hen’s
egg shell membrane) after infiltrated with ALD-TiO> at 70°C, using titanium isopropoxide
(TIP, TIfOCH(CHz3)2]4) as the precursor and water as oxidizer.(29) They also observed that
the interface between the TiO shell and the collagen was not sharp, but showed a gradient
in the mass concentration of Ti well into the bulk. This is likely a result of infiltration of
the precursor solution as noted by the authors, though aspects of sample preparation may
play a role as the interface is not uniform in the z-direction in the relatively thick sample,
and there is the possibility of redeposition of Ti after sputtering during FIB. In contrast,
the interface between coating and substrate in our samples appears much sharper, as seen
in Figure 14b, where the Ti seen away from the interface can be attributed to the specimen

geometry.

56



"— 600
— 150
l Control

=
=2

600

|
|
| ]
f . B Aromatic ring
| Ti2p 1 Amide | Amide Il 5CH2  Amide Ji breathing  “CCpro
" ] i ' : ! Y
Vnnn 1 : :
/ -

el
o \

et

: 1
[
Intensity (a.u.)

300

‘
' i ' Il
i ' . Il

¢ d
TN
-

1 i 1 " " P
: v \ \ r y r ; ; )
1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800
; Raman shift (cm”) Organic region

150 1 TiN TiN

—— 600
— 150
Control

Intensity (CPS)

Intensity (a.u.)

600 500 400 300 200
Binding energy (eV) Raman shift (cm™) Inorganic region

Figure 15. a) X-ray Photoelectron Spectroscopy (XPS) analysis of our sample groups
showing surface chemical composition, b) Raman spectra showing organic (top right) and
inorganic (bottom right) regions of the control and TiO> coated sample groups.
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Figure 3a shows XPS results of our 4 sample groups. This analysis was performed to study
the chemical composition of the sample surface before and after the room temperature ALD
process. The control collagen sample had only three distinct peaks attributed to carbon (C
1s: 285eV), nitrogen (N 1s: 398eV) and oxygen (O 1s: 532eV) elements. This is expected
as collagen is a protein and C, N and O are the basic elements of a protein. For all ALD-
TiO2 deposited sample groups (i.e., “150”, “300” and “600”) distinct peaks of titanium (Ti
2s: 560eV and Ti 2p: 455eV) are observed. These results confirmed the successful
deposition of TiO> thin film on the collagen surface. Raman spectra of the control and TiO-
coated collagen samples are presented in Figure 15b. In the organic region of the scan (e.g.,
1800-800 cm™), signals from the Amide I, Amide II, Amide I1l, CH; bending (SCH>), C-
C stretching (vC-C) of Proline were observed in all sample groups, suggesting the presence
of helical conformation of this collagen membrane. There might be a conformational
change in the collagen structure due to the infiltration of TiO, through the ALD process
used. In the inorganic region (e.g., 700-200 cm™) of the Raman scan, weak Ti-N spectral
features were also observed and attributed to likely Ti mediated new bond formation
between nitrogen and carbonyl groups, presumably substituting hydrogen (H) in the N-
He+«O=C bond with Ti.(29) However, the nucleation of TiO2 on collagen and/or the exact
binding site of Ti to collagen needs further investigation. Though Raman is not very surface
sensitive technique, from this data it also indicates there was no real change or damage of
collagen sample from ALD treatment or exposure to ozone (1000 PPM), as no significant
peak shifts was observed in the organic region of Raman scan. Similar observation was

also presented from the ATR-FTIR scan later, in Figure 19b.
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Figure 16. Wettability behavior of the samples studied from water drop contact angle
measurements at day 0 and day 3 in lab ambient.

Wettability property of the samples surface were investigated using static water drop
contact angle measurement (Figure 16). The samples became superhydrophilic (water
contact angle (WCA) is almost 0°) right after ALD-TiO2. The control sample is
hydrophobic (WCA ~60°) compared to the TiO2-coated samples. After 3 days of storing
the samples in normal lab air environment, all samples became hydrophobic, while the
Ti0,-coated samples remained less hydrophobic compared to the control sample. Storing
conditions/environments can therefore have a large impact on wettability. This
hydrophobicity was most likely just ambience effect (no real chemical alteration of
samples), attributed to surface contamination from the lab air environment during storage.
Measuring this hydrophilic/hydrophobic character of a biomaterial surface in terms of
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relative wettability is essential, since the wetting behavior of a surface plays a significant

role in the early stages of cell responses.(142)

Sample group Elastic Modulus
[GPa]?
Control 1.97+0.44
"150” 2.1+0.42
“600” 2.58+0.41

3((Giga Pascal));

TABLE 1V. Atomic Force Microscopy (AFM) results showing the corresponding elastic
modulus of collagen fibers for our sample groups.

Mechanical properties of the single collagen fiber were tested using AFM technique and
the results of elastic modulus is presented in TABLE IV. ALD TiO; coating was found to
slightly increase the elastic modulus of the control collagen fiber. This indicated that the
ALD-TiO; coating did not really alter the mechanical properties of the native collagen to
a great extent, that is, the flexibility of the native collagen was retained. AFM was
previously used to probe the elastic modulus of individual collagen fibrils, and the effective
stiffness of a collagen thin film (prepared from denatured Type | collagen), using
experimental and modelling approach.(143) The elastic modulus was reported to
significantly change after dehydration; more specifically, the elastic modulus for small
fibers, large fibrils and the natural collagen film was reported to be 22+4 kPa, 12-230 MPa

and 409 kPa, respectively.(143) Recently, Lee et al reported the mechanical property of
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natural collagen (inner shell membrane collected from hen’s eggs) in a dried state, and the
mechanical property of that native collagen after TiO>-ALD metal oxide infiltration using
titanium (1V) isopropoxide[TIP] (Ti(OiPr)4) precursor and water oxidizer at 70°C substrate
temperature.(29) Under uniaxial tension, they reported that the toughness and fracture
strain of their native collagen were about 23MJ/m3 and 6.1% respectively, while those
values increased (almost 3 times) to 77MJ/m? and 10.2%, respectively, after the TiO,-ALD
process. They also reported that the native collagen had the fracture stress, yield stress and
stiffness values of 6.2 MPa, 4.8 GPa and 1.5 MPa respectively; on the other hand, after
performing TiO2-ALD of the native collagen those values rose to 11.8 MPa, 7.6 GPa and
1.8 MPa respectively.(29) However, the elastic modulus of the collagen membrane used in
this study was higher compared to natural collagen membranes, as the mechanical stability
(tensile strength) of this barrier membrane was enhanced by cross-linking it with a

chemical cross-linker, glutaraldehyde (GTA).(144)
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Figure 17. MG63 cell spreading and proliferation assay results. a) Fluorescence images of
MG63 cells seeded on control, “150” and “600” for day 1 and day 7, b) nucleus counts
results from fluorescence images, ¢) higher magnification (20X) of the fluorescence images
focusing on single MG63 cells seeded on control, “150” and “600” for day 1 and day 7, d)
area of the single cells measured from those 20X fluorescence images, e) MTT viability
assay results showing absorbance expressed as a measure of cell viability of MG63 cells
cultured on the sample groups for day 1 and day 7 (p < 0.05: * and p < 0.001: **%*).
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MG63 osteoblasts was used as a model cell line to assess the potential of the uncoated and
TiO, coated collagen in promoting cell growth, spreading and attachment. Figure 17a
showed the MG63 cell morphology cultured on control and TiO2 coated collagen samples
for both day 1 and day 7. After 1 day of cell seeding, the degree of cell growth and cell
spreading was less for all the sample groups. However, it clearly indicated that all the TiO-
coated collagen surface also supported the growth of MG63 cells like a biocompatible
native collagen membrane. The cell morphology was more clearly observed after 7 days.
At day 7, the cell density was much higher on both the TiO2 coated collagen groups (“150”
and “600”") compared to that on the uncoated control. This finding indicated that the ALD
TiO, coated surface was more bioactive in promoting osteoblast cellular growth.
Additionally, nuclei counts were obtained from the captured fluorescence images for both
day 1 and 7, to analyze the number of healthy cells present on each sample group (Figure
17b). Nuclei counts clearly showed that TiO2 coated collagen surfaces (“150” and “600”)
had higher number of cells compared to the control surface. Cell spreading was
quantitatively studied by measuring the area of single cells from the corresponding higher
magnification fluorescence images presented in Figure 17c and the associated cell area
measurements data were provided in Figure 17d. Cells appeared to be more widely spread
on TiO2 coated collagen surface compared to control in both day 1 and day 7 time points.
Particularly, a significant increase in cell spreading was observed for “600” groups at day
7 as compared to the uncoated control. These results revealed that TiO> coated collagen

surface can successfully promote osteoblast cell growth and spreading.
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MTT assay was performed to further quantify the proliferation of the MG63 osteoblast
cells cultured on the uncoated control and TiO>-coated collagen samples. The viability
percentage results were presented as absorbance value. These absorbance values for control
and two TiO> coated collagen samples (“150” and “600”) for day 1 and day 7 are presented
in Figure 17e. Significant differences in the cell proliferation was observed among the
sample groups. Both at day 1 and day 7, cells responses were significantly higher for the
two TiO.-coated collagen sample groups as compared to the control sample. For day 7,
significantly high cell proliferation was observed for the “600” samples compared to the
“150” ones. These MTT assay results also corroborate our finding from the fluorescence
assay and clearly demonstrate that osteoblast cells had better growth characteristics,
spreading and higher cell proliferation rate on the ALD TiO.-coated collagen compared to
control, and this higher cellular response appeared to increase with thicker TiO film on

the sample (i.e., “600”).
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Figure 18. Quantitative polymerase chain reactions (QRT-PCR) results showing the
osteogenic gene expression of ALP, RUNX2 and TGFB1 genes for hMSCs cultured on
control and ALD-TiO> coated collagen sample surface over 5 and 12 days.
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Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) was performed to
investigate the osteogenic differentiation of hMSCs cultured on control and TiO2-coated
collagen samples over 5 and 12 days. Expressions of ALP, RunX2 and TGFp1 are
presented in Figure 18. ALP activity is an important factor in evaluating the early stage of
osteogenic differentiation, and it is also considered one of the earliest criteria of osteoblasts
mineralization.(145; 146) On the other hand, RunX2 is another important transcription
factor in osteogenic differentiation, the activity of which indicates the differentiation of
MSCs to osteogenic linage.(147; 148) Overall it was observed, that ALP was upregulated
for the MSCs cultured on TiO,-coated collagen compared to control at day 12, despite
showing downregulation at the initial phase of day 5. RunX2 was upregulated for the MSCs
cultured on TiO, coated collagen compared to control at day 5, while at day 12 the
expression level was almost same as control. These results were attributed to the
effectiveness of TiO> coated collagen surface in inducing higher level of gene expression,
and thus enhanced bone forming ability as compared to that of uncoated control collagen
surface. Additionally, TGFB1 gene plays important role in controlling the immune system
signaling and thus serves as a marker of any kind of inflammations (149). No difference
was observed in the expression of TGFB1 for both control and TiO2 coated collagen
surface. This result may indicate that there was no inflammatory response detected for
MSCs cultured even on the TiO; thin film mediated surface modified collagen, suggesting

the biocompatibility of this modified membrane surface.

Osteogenic differentiation was previously reported to be induced on TiO. surface with

different nanostructures (e.g., nano-pits, nanodot pattern, nanopillars).(150-152)
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Upregulation of ALP gene was reported on nanostructured TiO2 surface (nanopores
embedded with TiO2 nanoparticles).(153) Enhanced expression level of RunX2 gene was
also reported on different titanium nanosurface with hydrophilic behavior, high surface
energy and nanotopography (e.g., grooved, roughened surface, nanostructures with
distinctive topographical features).(148; 154-156) Additionally, it was also reported that
the expression level of ALP and RunX2 gene enhanced in similar cross-linked and
noncross-linked commercial collagen membranes indicating their sufficient diffusibility to
support osteoblast like cell differentiation.(145; 157; 158) Considering this osteogenic
differentiation attributed to titanium nanosurface and collagen biomaterials, the obtained
gene expression on this room temperature TiO2-coated collagen membranes seemed to be

consistent with reported data.

This improved biocompatibility in terms of higher bone cell proliferation, growth and
spreading on TiO2 deposited collagen samples, can be attributed to an individual or
cumulative positive contributions of all possible enhanced surface properties such as
surface morphology, increased fibrillar density, surface chemistry and especially the
surface hydrophilicity. Surface wetting behavior, particularly a hydrophilic surface was
reported to promote cell proliferation and spreading in numerous previous works.(148;
159-164) Desired cell adhesion and growth was achieved by using different hydrophilic
coatings.(159; 160; 164) Higher cell spreading on a hydrophilic (WCA=18°) sputter-
deposited Ti thin film was also reported.(148) Significantly higher cell attachment and
spreading was also reported on superhydrophilic (WCA < 5°) titanium surfaces through

activation of necessary cell signaling cascade.(161-163) Consequently, the hydrophilic
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nature of this TiO2-ALD coating can explain the observed cellular responses for MG63
cells. Furthermore, dense collagen with higher fibrillar density prepared using plastic
compression demonstrated improved cellular responses.(138; 165-167) Nano-
topographical features presents on the surface of a biomaterial also have a significant role
in mediating cell responses, as those can increase overall surface areas, thereby increasing
surface activities.(168) For example, nanograined or nanorough Ti surface, nanotubular Ti
are well-known for enhancing osteoblast cell responses.(169-171) Furthermore, Denis et
al also reported better osteoblast cell adhesion and spreading on 20nm crystalline ALD-
TiO> thin film deposited on a chemically etched nanotitanium surface using TIP precursor
at 250°C.(172) STEM analysis also revealed that this ALD-TiO. coated collagen had
nanostructural features with nano-roughness on the surface which was previously reported
to promote osteoblast growth.(141) Therefore, all these surface properties presumably
played their role in enhancing the osteoblast cell response on this TiO> thin film coated

collagen surfaces.
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Figure 19. Calcium Phosphate attachment assay results. a) XPS analysis of collagen
samples after incubation in SBF solution for 7 days at 37°C. The “no SBF” refers to an
uncoated collagen sample without SBF incubation, b) Attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR) of the collagen samples incubated for 7 days
in SBF solution at 37°C. The obtained spectra were baseline corrected and normalized to
absorbance 1.0 of the Amide | peak for comparison purposes, c) A quantitative analysis
(the ratio of phosphate peak to the Amide | peak) from the ATR-FTIR results, for the
collagen samples incubated for 7 days in SBF at 37°C, d) Images of the mineralized
collagen samples (i.e., Control, “150” and “600”) in SBF for 7 days and stained in Alizarin
red S stain, €) A quantitative analysis by red pixel counts and histogram of red intensity
from the images of the stained samples.
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The calcium-phosphorous attachment assay was performed using SBF to investigate the
mineralization capability of the control and TiO-coated collagen samples. Several post
chemical analysis were performed on the mineralized collagen samples to determine the
existence and the level of calcium and phosphorus elements or the calcium phosphate
compound, qualitatively and quantitatively. Firstly, XPS scan was performed to determine
the surface chemical composition of the mineralized collagen samples (Figure 19a). The
results clearly indicated that calcium and phosphorous elements were present on the surface
of both TiO-coated collagen. For both coated collagen samples, clear distinct peaks of
calcium (Ca 2p: 347 and 351 eV) and phosphorous (P 2s: 187 eV and P 2p: 133 eV) were
observed indicating the attachment of those elements onto the surface of the TiO»-coated
collagen samples. On the other hand, those elements were absent on the surface of the non-
coated control sample. This result suggests that TiO> coated collagen can facilitate Ca and

P attachment compared to that of control collagen.

From the ATR-FTIR analysis, all the three amide characteristic peaks of a collagen protein,
i.e., Amide I, Il and 111, were distinctly identified on all the collagen samples (Figure 19b).
Phosphate (PO4*) and carbonate (CO3>") peaks were also observed on the collagen samples
incubated in SBF solution for 7 days. From the presence and shape of these two absorbance
peaks, a mineral phase of carbonated-apatite was likely present in those mineralized
samples. The absorbance level of the POs* peak for control differed from that on “150”
and “600” samples and the peak height was minimum, intermediate and maximum for
control, “150” and “600”, respectively. This increase in the absorbance of the POs*> peak

with thicker TiO2 film coated collagen samples was corroborated by the quantitative
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analysis of the FTIR results where the ratio of PO4* to Amide I peak are presented in Figure
19c. These findings revealed the ability of the TiO»-coated collagen samples to attract
higher amount of P from SBF solution compared to the control; further the level of POs*

increased with increasing TiO2 nanofilm thickness.

To further detect the Ca level in the mineralized collagen samples, a rapid screening
method using a calcium stain, Alizarin Red S, was employed. This staining clearly showed
the difference in Ca levels among the studied sample groups. The staining was negative for
the control collagen samples, whereas the staining was found to be positive for both the
TiO,-coated collagen samples (Figure 19d). For “150”, the staining result was weakly
positive, while “600” revealed strongly positive staining. From the histogram of the red
intensity and the total number of red pixel counts of the images, a quantitative indirect
correlation can be drawn for the level of Ca present in the mineralized collagen samples
(Figure 19e). These results showed that the Ca level and the calcium phosphate quantity
increased on TiO,-coated collagen samples when compared to the control non-coated
collagen. Additionally, the Ca level increased with increasing thickness of the TiO> coating
and, consequently, the “600” samples had the highest red pixel count or intensity. This
result also corroborates our finding through our ATR-FTIR and XPS analyses of the
mineralized samples. Overall, the chemical analysis of the mineralized samples revealed
that the TiO> coated collagen sample can attract higher amounts of Ca and P from SBF
solution compared to control non-coated collagen sample and thus TiO2 coated collagen
samples can better facilitate the nucleation of calcium phosphate or apatite formation in

physiological environment. Moreover, this mineralization capability was found to increase
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with TiO- coating thickness of the ALD-coated sample groups, within the film thicknesses

studied.

Nucleation of calcium phosphate or HA is a well-studied topic. Among the different
contributing surface properties, the topography, surface energy, surface hydrophilicity and
especially surface charge distribution were reported to promote the nucleation and growth
of calcium phosphate.(124; 133; 134; 173) Moreover, it was also reported that TiO, coating
provided favorable features to mineralize calcium phosphate in physiological solution, due
to its special “negatively charged surface”.(124) TiO2 surface is capable of forming Ti-OH
groups by absorbing water on its surface which helps as a nucleation site for calcium
phosphate. A model was also proposed on the nucleation kinetics of calcium phosphate,
where H2O/H30" was described to provide the source of counterion protons for growing
phosphate groups, and a Ca?* cation bridge was suggested to form at the interface between
the phosphate and the TiO2 surface.(133) Jarn et al reported that the Ti-OH groups
mediated hydrophilicity of TiO, surface that favors the initiation of forming calcium
phosphate.(134) Additionally, the increased fibrillar density of collagen also
predominantly regulates better mineralization as dense collagen was reported to mineralize
higher amount of calcium phosphate.(121; 138; 139) Therefore, our hydrophilic TiO2-
coated collagen surface with dense fibers mineralized high level of calcium phosphate from
SBF solution as compared to control collagen. The control non-coated collagen also
showed a low level of calcium phosphate nucleation that is probably due to the presence
of negatively charge carboxyl groups present in the amino acid residue of this

molecule.(173)
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2.3.4. Conclusion

The surface of a commercially available collagen membrane was modified with an ultrathin
film of TiO. deposited using ALD at room temperature in a custom-designed and built
ALD reactor. Surface characterizations revealed the successful deposition of a uniform
TiOz thin film on collagen fibrous surface. SEM results showed that the collagen fibers got
thicker with increasing number of ALD cycles and, as a result, the collagen membrane
became denser. From the biocompatibility assay, human osteoblast cells were found to
grow and proliferate at a significantly higher rate on the TiO.-coated collagen surface when
compared to those on the control one. The TiO> coated collagen samples were also found
to be bioactive with the ability to nucleate higher amount of calcium phosphate or apatite
by better attaching higher levels of Ca and P elements from SBF solution compared to non-
coated control collagen samples. Our findings suggest that the collagen material, the
surface of which was prepared and modified through this room temperature ALD of TiO>
thin film, shows enhanced biocompatibility and bioactivity. This novel biomaterial was
found to be osteophilic and can be used for accelerated bone healing and/or regeneration
in bone tissue engineering applications. Further, this novel process of surface modification
can also be employed to improve or enhance the functionality of other similar biomaterials

with a complex fibrous nanostructure.
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2.4. Low temperature ALD of Pt on Collagen

2.4.1. Introduction

Conductive and flexible materials that are biocompatible, have the potential for a wide
range of biomedical applications including tissue engineering, (174-176) implantable
neurological electrodes, (177-181) controlled drug delivery (182-186) and electrochemical
actuators. (187-189) This class of materials belongs to ecofriendly or “green electronics”
(190) materials which are benign to our surrounding environment. “Green” and “Transient”
technology refers to, electronic devices and system which, after stable operation, are
capable of being disappeared completely within a defined period of time with minimal or
non-traceable remains or byproducts. (191; 192) While durability is a factor for electronic
devices for its stable performance for a given period, in the concept of modern electronics
transient or biodegradable materials as well as biocompatible system are gaining much
attention. (191) Indeed, in this 21st century electronic hazards or waste is one of the biggest
problems for environment. (192) This environmental challenge can be resolved using these
biodegradable transient electronics as they can disintegrate into the surroundings without
leaving any harmful impact. On the other hand, these transient electronics can also be used
as biomedical diagnostic device implanted into human body, and thus eliminating the need
of expensive secondary surgery to extract those devices from body. (191; 192).

Following the concept of developing this kind of system, the choice of green and transient
material is becoming attractive in modern biomaterial based electronics. (190; 193)
Selection of the suitable material is the key behind success of green and transient

technology. This kind of materials require to have some unique properties such as
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biodegradability, bioresorbability, biocompatibility and environmentally safe. (190; 193;
194) The advantages behind using these materials are: low cost, energy efficient production
due to their natural origin, no long term adverse effects, no need of retrieval as they can
resorb by themselves and above all they can minimize hazardous waste for our
environment. (193) Previously, efforts have been made to develop this kind of electronics
from transient materials mostly based on some polymer or metal or semiconductor
materials. (192) Partially transient or soluble electronics were developed based on organic
substrates such as cotton and silk, where the device remained insoluble in spite of the
substrates are soluble. (191) Recently, attempts have been made to develop completely
soluble electronics. In those system, silicon (Si) substrate based fabrication was used due
to the high solubility of silicon in body-fluids and even in water. (193) In silicon based
transient electronics, silicon dioxide (SiO2), magnesium (Mg) and magnesium oxide
(MgO) were used as gate dielectric, conductors and inter-layer dielectric respectively.
(193) Although these electronics are soluble, they are mostly inorganic substrate based
device, as a result biocompatibility could be an issue for those devices used for implantable
diagnostic devices where biocompatibility is a significant factor behind the success of any
such device. Additionally, silicon based electronics materials or their byproducts may still
leave some impact on our environment. Considering these aspects, potential usage of
collagen as a substrate material was proposed in our study. Collagen is an important
biomaterial which is used in several biomedical applications. It has a triple helix structure
made of polypeptide chains. (119; 194) Glycine, proline are the most abundant amino acids

found in its structure. Collagen is a flexible biomaterial which is also
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biodegradable/bioresorbable, (144) biocompatible (144) and piezoelectric. (194) For these
unique properties of collagen biomaterial, it might be an ideal choice for this kind
application in implantable electronics. On top of that, collagen is a natural origin material
and thus collagen based electronics would be able to minimize environmental hazards.
Flexible, biocompatible material is always desired in bioelectronics. Collagen is being used
popularly in different biomedical applications due to its excellent biocompatibility and
bioresorbability. However, it is not electrically conductive due to its high resistivity and as
a result deposition of a conductive metal film is required to turn collagen into an electrically
conductive biomaterial facilitating the fabrication of collagen based flexible biocompatible
electronics. On the other hand, transient electronics also required very thin layer of material

film for its early dissolution into surrounding environment.

Compared to different available thin film deposition techniques, Atomic Layer Deposition
(ALD) offers a unique approach to conformally deposit a very thin film (few A or
nanometers) of metal or metal oxide on high aspect ratio structural substrates, and the
stoichiometry as well as the thickness of this deposited thin film can precisely be tuned.
(73; 195) Low temperature (room or near room temperature) ALD process is also necessary
to functionalize heat-sensitive biomaterials organic substrates avoiding denaturation from
higher temperature. Several attempts have been reported to coat biomaterials using ALD
thin films after recognizing the possibility of some low temperature ALD reactions. (19)
Previously, low temperature ALD of Pt was reported on different organic substrates
including Nylon-6, polyethylene naphthalate (PEN) and polyethylene terephthalate (PET)

polymer, cotton, paper, and human hair. (196-198) In this work, we report for the first time
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a low temperature Pt-ALD process on collagen substrate and thus this enables ultrathin
conductive Pt film conformally coated on collagen fibers, producing a flexible and
conductive biomaterial which can potentially be used in wide range of applications such as

implantable biosensor fabrication and electrogenic tissue regeneration.

Platinum is bioinert and has a wide operating range -260 °C to 1400 °C with minimum
corrosion. (194) Given the wide operating temperature range, platinum is an attractive
metal for the fabrication of resistive temperature detectors (RTD). RTD is a thermometer
that monitors temperature based on the resistive change of platinum metal. Many RTD
elements consist of thin films of platinum metal with two or four leadwires which are
connected to a multimeter to monitor resistance at various temperatures. Temperature and
resistance have a linear relationship, and is explained through this equation R = Ro(1+0AT),
where a is known as temperature coefficient of resistance, and describes how much
resistance changes per one Celsius increment. (194) A bulk platinum metal has a
TCR=0.00385 °C between 0 °C and 100 °C, and exhibits excellent accuracy and

precision. (199)

The resistive temperature detector is becoming more versatile for thermal characterization
in the healthcare applications. While current research is focusing on the fabrication of
flexibles electronics to monitor skin temperature in thin polymeric film surfaces, such as
polyethylene terephthalate (PET), and polydimethylsiloxane (PDMS), we developed an
intuitive technique to deposit platinum metals onto nanofibrous collagen (natural polymer)
substrate. The structure of collagen substrate is a triple helix with two large « chain, one

o1 chain and one o« chain. Collagen thus have enough compliance to withstand skin
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deformation, and exhibits an elastic modulus Ecollagen = 2.04+0.26 GPa compared to that of
PET Eper = 2.43 GPa. (200) Platinum metals deposited in collagen substrate holds
significance biocompatibility and mechanical properties in developing biointegrated RTD

Sensor.

2.4.2. Material and Methods

Sample Preparation: All ALD process was carried out in a custom built, horizontal hot
wall tubular ALD reactor modified for low temperature ALD with a new mass flow
controlled inert gas flow line and fast filling line (Figure 20A). The reactor chamber
consists of a 48 cm long quartz tube with an internal diameter of 38 mm. This reactor is
heated using a tube furnace (1000 Series Marshall™ Tubular Furnace) connected with a
proportional-integral-derivative temperature controller (OMEGA® CN9000A Series
Miniature Autotune Microprocessor Controllers). The delivery lines consists of %-in
stainless steel tubing and several pneumatic and manual valves. Reactor chamber is
continuously evacuated using a vacuum pump (Fisherbrand™ Maxima™ C Plus Vacuum

Pump, Model M8C) and the chamber pressure is monitored downstream of the reactor.

During the deposition, the substrate and reactor were at 150°C while the precursor bubbler
was kept at 50°C and the delivery line in between bubbler and reactor was kept 20-30°C
higher than the bubbler temperature. The ALD chamber pressure was kept at 500 mTorr
during deposition. (Trimethyl)methylcyclopentadienylplatinum(lVV) [MeCpPtMes]
(99.999%-Pt PURATREM, Strem Chemicals Inc.) and ozone (1000 ppm generated from
99.99% Oxygen just upstream the ALD chamber with custom made UV lamp system) were

used as precursor and oxidizer, respectively for the Pt-ALD process. For TiO2 deposition
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TDMAT (Sigma Aldrich, 99.999%) was used as precursor and 0zone was used as precursor
and oxidizer. The precursor and the oxidizer were introduced sequentially into the reactor
using computer controlled pneumatic valves. Argon (99.999%) was used as both precursor
carrier gas and purging gas. Immediately following TiO> seed layer deposition, Pt-ALD
film were deposited on collagen without vacuum break. A commercially available collagen
barrier membrane (Biomend®, Zimmer, USA) was used as substrate in this study and p-
type Si(100) silicon wafer (University wafer Inc, USA) was used as reference substrate to
measure deposited film thickness. The thickness of the deposited film on the reference
silicon substrate was measured using spectral ellipsometry (Model M44, J.A. Woollam
Co., Inc.). The ALD process on collagen samples are schematically represented in Figure
21A. Non-coated collagen served as control group, while collagen coated with 400 ALD
cycles of Pt refers to Coll-Pt400, Coll-TiO2-Pt200 and Coll-TiO.-Pt400 stands for 200 and
400 ALD cycles of Pt respectively on collagen samples with a ~9nm seed layer of TiO>

deposited at room temperature.

Surface Characterization: Surface morphology of native collagen and Pt-coated collagen
was analyzed using a high-resolution Field Emission SEM (JEOL JSM-6320F, JEOL USA,
Inc.). Prior to SEM, samples were gold-coated using a sputter coater to make them
conductive. The surface chemical composition of the control collagen surface and ALD
TiO,-coated collagen substrates was studied using a high-resolution x-ray photoelectron
spectrometer (Kratos AXIS-165, Kratos Analytical Ltd., United Kingdom) equipped with
a monochromatic Al Ka (1486.6 eV) x-ray source operating at 15 kV and 10 mA. In

addition to SEM, the surface of the native collagen and Pt-coated collagen was imaged
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using a Keyence VHX6000 optical microscope at 500x magnification using Keyence’s

depth scanning mode.
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Figure 20: (A) Schematic of the custom built ALD reactor used in this study, (B) Diagram
of electrical measurements. 1, 2, 3, and 4 indicate the contact numbers for the screen printed
silver ink contacts. Low V and High V indicate the low and high potential connections to
the LCR meter and Low I and High I indicate the low and high current connections to the

LCR meter.
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Electrical Characterization: Ag-530 conductive silver ink from Applied Ink Solutions was
manually screen printed onto the thin films to provide consistent probe locations, reduce
contact resistance and protect the films from damage during electrical measurements.
Screen printing was done using a Gold Print SPR-25 screen printer, a 70 durometer (Shore
A) squeegee blade, and a printing offset of 3 mm. The screen used had wire diameters of
228.6 um, with 325 wires per inch set at a mesh angle of 45°. The line pattern used had
four lines with line widths of 0.5 mm, line spacings of 1 mm and line lengths of 5 mm.
After printing, the silver ink was dried in a laboratory oven at 100°C for two hours with

15.6 L/min filtered air flow.

Two-probe resistance measurements were performed with a Keysight E4980AL precision
LCR meter and a Micromanipulator probe station with tungsten probes in
Micromanipulator 210 probe holders (Figure 20B). Measurements were done using a 10
mV, 20 Hz signal with a 1.5V DC bias. Probe resistance and contact resistances were
measured and subtracted to determine resistance of the platinum films. Probe resistance
was measured as 0.4Q by directly connecting the tips of the probes. Contact resistance was
calculated using Equation 1 below, where Ru4, is the resistance between contacts one and
four, R12 Is the resistance between contacts one and two, Rz is the resistance between

contacts two and three and R34 is the resistance between contacts three and four.

R4y — (R + Ry +R
Contact Resistance = — (122 & ) (1)
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Volume resistivity was calculated using Equation 2 below, where R is the average of R1o,
Ro23, and Ras minus the probe resistance and contact resistance, w is the width of the sample,

t is the film thickness, and | is the spacing between the contacts.

wt
Volume Resistivity = RT 2)

Strain was applied by bending samples over various curved surfaces ranging from 10.5 cm
to 1.7 cm and the resistance was measured before and after strain. Strain from the curvature
was calculated using Equation 3 where 7 is the distance of the film from the neutral axis, p

is the radius of curvature, t is the film thickness, and r is the radius of the curved surface.

3)

Strain from Curvature (€) =

o I=<
N =

-
+
N =+

The collagen samples were also connected to a light-emitting diode (LED) circuit involving
3 Volt battery to test the presence of a stable conductive coating on the collagen surface

and to study the flexibility of the existing conductive coating.

Resistance-Temperature Study: Temperature resistance changes of the platinum coated
collagen sample was determined using a multimeter. The platinum metal coated on
nanofibrous layer was cut into 0.5 x 0.2 x 0.023 cm in length, width, and thickness. The
thermal resistive response was monitoring by placing two wires from the multimeter onto
the sample. Moreover, this was evaluated on the hot plate’s surface by comparing their

resistance readings from a standard thermometer. The resistance was recorded in
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increments of 5 °C from 25 °C to 100 °C with two wire setup where each wire was placed

along the length of the sample.

2.4.3. Results and Discussion
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Figure 21: ALD on collagen membrane. (A) Schematic representation of ALD process for
preparing different collagen sample groups. (B) Optical microscopic images of collagen
sample groups showing the different surface features of non-coated and ALD-Pt coated

collagen samples.
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Surface features of the collagen samples were investigated using optical microscope before
and after the Pt ALD process was carried out. ALD Pt coated collagen surfaces exhibited
a very different surface characteristic under microscope compared to non-coated collagen
surface (Figure 21B). Non-coated control surface did not show much distinguishable
surface features while significant surface morphology with three-dimensional
characteristics was observed for Coll-Pt400 group. In this Coll-Pt400 group, a woven fiber
type structural features were observed including some ups and downs of different depths.
In contrast, a near flat surface was found for both Coll-TiO2-Pt200 and Coll-TiO.-Pt400
groups. These two groups have a seed layer of TiO thin film on their surfaces and Pt ALD
was performed on top of this TiOz layer. This could fill the gaps of the surfaces and as a

result flat surface was obtained after this process.
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Control

Figure 22: Scanning electron micrograph of collagen sample groups at 50,000X
magnification showing surface morphology at nanoscale for pristine collagen sample and
ALD-Pt coated collagen samples.

SEM was performed to have in-depth understanding of surface morphology at nanoscale
and the corresponding SEM micrographs for all the collagen sample groups were displayed
in Figure 22. For non-coated control the surface structures were fibrous and the
characteristic “banding” pattern of individual collagen fibrils, the make up the larger
anatomic fibers, was clearly visible. This collagen based membrane is manufactured from

type | collagen fibers purified from bovine tendon source. (201) Similar characteristic
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striping of collagen fibrils was reported before from the electron micrograph of untreated
bovine tendon collagen tissue. (202) ALD Pt coated collagen samples exhibited
significantly different surface morphology as compared to non-coated control. A
conformal and uniform ALD coating with different Pt nucleation and different surface
coverage were observed among the coated samples. In Coll-Pt400 the characteristic bands
were still noticeable and conformal Pt film was observed though the surface coverage is
not 100%. For Coll-TiO2-Pt200 group, the island growth behavior of Pt was observed on
collagen fibers coated with seed layer of TiO> thin film and the Pt nuclei are not connected
atall. On the other hand, a continuous, conformal Pt film was obtained for Coll-TiO2-Pt400
group with 100% surface coverage. This result supported our observation from optical
microscope where the Coll-TiO2-Pt400 was very flat and smooth due to continuous

uniform Pt coating filled the gaps and thus turning the collagen membrane denser.

The SEM results indicated that the TiO> seed layer acted as a buffer layer to promote the
nucleation of Pt on collagen surface. Additionally, it is also revealed that 400 ALD cycles
of Pt is required to obtain a continuous fully covered Pt film on collagen surface coated
with Titania nano-film. Collagen molecule consists of amide functional groups. Reactivity
of MeCpPtMe3 precursor towards organic amide groups is not well-studied. However, it
was previously reported that a thin layer of alumina (Al.Oz) promote the nucleation of Pt
on organic substrate like Nylon-6 consists of amide backbone. (196) Though the Al>O3
layer deposited only at higher temperature, i.e. at 200°C through ALD was reported to
promote Pt nucleation on Nylon-6. (196) A 3 nm of Al>Os film deposited using plasma

assisted ALD also showed to facilitate Pt growth on organic substrates like PEN, PET,
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paper and cotton. (197) On the other hand, ALD TiO: thin film was also reported to
promote Pt nucleation due to the hydrophilicity of TiO> film. (203) Xu et al also showed
that hydrophilic -OH terminated silicon surface had much higher surface coverage
compared to -H terminated hydrophobic surface. (204) Therefore surface hydrophilicity is
one of the significant factor in nucleation of Pt as hydrophilic surfaces offer higher number
of nucleation sites to facilitate the ALD process. (204; 205) Recently we developed a room
temperature ALD process to deposit amorphous TiO> thin film on collagen surface. (1)
Amorphous TiO: film was reported to be very hydrophilic due the abundant hydroxyl or -
OH group present on this film surface. (206) Consequently, our amorphous TiO> seed layer
helped in better nucleation of Pt on the collagen surface. Furthermore, previous reports also
showed that at least 400 cycles of Pt ALD was needed to obtain 100% surface coverage.
(198; 204; 207) Therefore our finding is in agreement with the other previously published

reports.
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Figure 23: Chemical analysis of collagen sample. (A) ATR-FTIR spectrum of collagen
sample groups. (B) X-ray photoelectron spectroscopy of Coll-TiO2-Pt400 group showing
Pt core level energy region.

ATR-FTIR was employed in absorbance mode to study the chemical composition of the
collagen samples (Figure 23A). The principle behind FTIR technique is the different
absorption intensities of incident IR by the covalent bonds of different biomolecules
present in specimen, and depending on the molecular bonds and structure, the chemical
information can be obtained from the resultant IR absorption intensity and wavenumber
positions. (208) As shown in Figure 23A, all the collagen sample groups exhibited
absorption of IR for scan region performed from 3900-600 cm™ interval. Predominant
amide peaks were identified for all the groups and these amide groups are functional groups
for collagen type I. Amide peaks observed at wavenumbers 1700-1650 cm™, 1600-1500
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cm™, 1300-1200 cm are corresponding to Amide 1, Amide 11 and Amide 111 respectively
while 3330-3300 cmt, 3080-2900 cm™ are related to Amide A and Amide B. (208; 209)
Peaks observed at 1035 cm™ and 1079 cm? attributed from v(C-O) and v(C-O-C). (208)
No major peak shift or significantly different peak was observed for our ALD-Pt coated
groups compared to non-coated control. This finding suggests that our ALD process is
capable of functionalizing the collagen substrate without significantly altering the intrinsic

properties or biomolecular structures of collagen.

X-ray photo electron spectroscopy was used in surface characterization, specifically with
the aim of evaluating the quality of the Pt thin film deposited on collagen surface using
ALD process at 150°C. The XPS spectra of Coll-TiO.-Pt sample group was displayed in
Figure 23B. Figure 23B showed the two major peaks in the Pt core-level energy region of
XPS spectra. The peaks at 74.2 eV and 71 eV attributed from the metallic Pts» and Pty,
respectively. Deconvolution of peaks were reported to observe typically at 72.3 eV and
73.8 eV owning to the formation of PtOx. (198; 207) Therefore our XPS result indicates
that our ALD Pt film is high purity metallic film despite being deposited at lower

temperature at 150°C on an organic substrate i.e. collagen.
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Figure 24: (A) Photograph of all the collagen sample groups showing color difference due
to Pt nucleation on collagen surfaces. (B) Photograph of electrical conductivity test using
LED light showing only Coll-TiO.-Pt400 lightened on LED, but LED is not on by usimg

other sample groups.
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Pt growth initiation and nucleation behavior could also be visually observed as depicted in
Figure 24A. The control collagen membrane is white while darkening of sample was
observed after performing different ALD treatment on the collagen surfaces. After 400
cycles of ALD Pt (i.e. Coll-Pt400), white collagen became darker suggesting some
nucleation of Pt on the collagen surface. For Coll-TiO2-Pt200, the sample is slightly darker
compared to control but not as dark as Coll-Pt400. This was expected because ALD is a
cyclic process and consequently 200 ALD cycles had much less film thickness as compared
to 400 ALD cycles. Finally, for Coll-TiO2-Pt400 group a uniformly coated dark sample
surface was observed indicating 100% surface coverage with higher level of Pt nucleation.
These observations from our visual inspection supported our finding through optical and
electron microscopy. Darkening of the sample due to Pt film growth was also reported

previously for Nylon-6 substrate after performing Pt ALD on the surface. (196)

A simple test was performed involving LED to qualitatively prove the presence of a
conductive metal thin film on the collagen surface (Figure 24B). Collagen itself is a non-
conductive organic biomaterial and as a result it could not complete the circuit to flow
current through it and lit up the LED thereby. For Coll-Pt400 and Coll-TiO2-Pt200, growth
of Pt was observed but Pt film was not continuous on the collagen surface for those two
sample groups and consequently these groups also are not conductive enough to light up
the LED light. On the other hand, LED lit up for the Coll-TiO>-Pt400 sample group. This
indicated that a continuous conductive Pt film was present on the surface of Coll-TiO,-

Pt400 turning it into a conductive material.
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Pt film Standard Deviation
Sample thickness on Fﬁe \é?:t?sﬁvﬁll%nrﬁ] of Volume
monitor Si (nm) y Resistivity [Qecm]
Control - >1012 -
Coll-TiO2-Pt200 11.2+0.9 >101? -
Coll-Pt400 26.7+0.4 6.65x10°7 2.85x10°
Coll-TiO2-Pt400 27.811.4 2.95x10°3 3.06x10°

TABLE V: Electrical resistivity of Pt coated collagen sample groups

After determining that some of the platinum coatings on the collagen surfaces were
conductive, two-probe resistance measurements were performed on the native collagen and
Pt coated collagen samples to measure the resistivity quantitatively. The resistance of the
native collagen, and Coll-TiO,-Pt200 were beyond 108 Q, the upper range of our LCR
meter; however, the resistances of the Coll-Pt400 and Coll-TiO.-Pt400 were well within
the range of our LCR meter. The average volume resistivity and standard deviation of the
volume resistivity of three measurements from three different points on these samples is
shown in TABLE V. The volume resistivity was calculated using the thickness of Pt
measured from silicon substrates. The larger standard deviation of the volume resistivity
for the Coll-Pt400 as compared to Coll-TiO.-Pt400 is due to larger variation in resistance
between three points on the sample and is indicative of a less uniform Pt coating. In
addition to the Pt on collagen, the resistivity of 400 cycles of Pt were also measured on
silicon. This sample had an average volume resistivity of 31.8 pQecm, approximately 10
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times lower than the Coll-TiO2-Pt400 sample, with a standard deviation of 15.1 pQecm.
The lower volume resistivity on silicon is likely due to the smooth, non-porous surface
which allows for more interconnection between the Pt coating; therefore, it is important to
compare the resistivity with platinum deposited on similar substrates. The volume
resistivity of 12 nm of Pt on Nylon-6 is reported as 175 pQecm. (196) This resistivity is
significantly lower than Pt on collagen likely due to the more ordered, less porous structure

of Nylon-6 compared to collagen.
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Figure 25: Flexibility of conductive collagen. (A) Photograph showing the bending of
ALD-Pt coated collagen samples. (B) Average volume resisitvity versus microstrain for
the Coll-Pt400 and Coll-TiO2-Pt400 samples. Error bars indicate the standard deviation of
the volume resistivity from three measurements on each sample. (C) Photograph of flexible
Coll-TiO2-Pt400 sample that lightened on the LED lamp while the sample is in bended
state.
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To characterize the flexibility of the platinum coatings, their resistances were measured
before and after bending at different radii of curvature (Figure 25A). The radii of curvature
ranged from 10.5 to 1.7 cm and induced strains as high as 1.5%. The results of these
resistivity measurements after bending, are shown in Figure 25B. Less than one percent
change in volume resistivity was measured after straining up to approximately 8200
microstrain for the Coll-Pt400 sample; however, a 1.3% increase and 11.1% increase were
measured after straining at 9700 and 15100 microstrain, respectively. For the Coll-TiO»-
Pt400 sample, 5%, 10%, and 20% increases were measured after straining at approximately
4200, 8200, and 15100 microstrain. The larger increases in resistivity with microstrain for
the Coll-TiO2-Pt400 sample is due to the 9-nm thick TiO> coating. This TiO2 coating
increases the film thickness by approximately 37%, and may affect the adhesion of the
coating. Both thicker films and lower adhesion strengths have been shown to cause
cracking or failure of thin films at lower strains. (210) In comparison to the work by Mundy
et al, which showed only a 7% decrease in conductivity for a radius of curvature of 6.0 mm
or ~7.7% strain, our results show similar decreases below 1% strain. (196) The larger
change for our samples could be due to a number of different factors including the different
seed layer used for the platinum deposition, the larger thickness of our seed layer, the less
ordered structure of the collagen compared to Nylon-6, and the different deposition
conditions used. Additionally, the work by Lee et al showed only a 2% change in resistance
after 1000 cycles of bending at a radius of 3 mm or ~8.4% strain for Pt deposited on cotton
fibers. (198) Our Coll-TiO2-Pt400 sample also showed a pretty stable conductivity and

flexibility, as it lightened on the LED while remained at bending state (Figure 25C).
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Figure 26: Temperature resistive change of platinum coated collagen sample monitored
between (A) 25 °C to 100 °C and (B) 35 °C to 55 °C.
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The sample rely on thin platinum layer coated on nanofibrous collagen structure. The
platinum coated collagen showed an electrical resistance of 108.97 Q at 25 °C and 123.43
Q at 100 °C, and its dynamic range is 14.46 Q. Figure 26A, shows the change in resistance
of the Pt/collagen sample (AR) is directly proportional to the change of temperature,
illustrating a positive trend between resistance and temperature. The Pt/collagen exhibits a
positive temperature coefficient resistance (TCR), and its TCR value was 0.001770 °C™,
based on the calibration against a commercial RTD sensor from 25 °C to 100 °C (R?=
0.90). The linearity was challenged by the collagen nanofibrous structure due to the
overwhelming temperatures causing heat denaturation and thus leading to change in
morphology. The structure of collagen became stiffer at higher temperatures compared to
at room temperature. Indeed, at temperatures above 38°C, collagen fibers became thinner,
while fibers aggregate at temperatures below 32 °C. (211) The thermal resistive response
was highly linear (R? = 0.98) within biologically relevant temperature range, 35 °C to 55
°C as shown in Figure 26B. TCR in this temperature range was 0.0017714 °C*, with an
excellent accuracy +0.094 °C. Despite this, bulk platinum metal is about twice as much
compared to the Pt/collagen sample. Several factors could have affected the TCR of
platinum coated collagen such as surface area, thickness, and nanofibrous structure of

collagen.

2.4.4. Conclusion
Successful ALD of Pt thin film was achieved at 150°C on collagen biomaterial for the first
time. It was found that at least 400 ALD cycles of Pt is required to obtain surface coverage

of 100% on collagen. A 9 nm seed layer of amorphous TiO> layer, deposited using room
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temperature ALD prior to Pt ALD, showed to promote higher nucleation and surface
coverage to achieve continuous Pt thin film. Surface chemical analysis confirmed the
presence of a pure metallic Pt film on collagen surface. A simple LED test qualitatively
confirmed the existence of a conductive thin film on collagen surface. Furthermore,
electrical measurements showed that the resistivity of 295 uQecm was achieved for Pt
coated collagen sample with TiO> seed layer while control non-coated collagen is highly
resistive (resistance > 10'2 Qecm). Therefore, our low temperature ALD-Pt process is
suitable to functionalize heat sensitive biomaterial by successful deposition of a conductive
metal thin film. This novel flexible and conductive biomaterial can potentially be used in
wide range of applications. Consequently, future work will focus on its application as

electrodes in tissue engineering, bioimplants, and as basis for biosensor devices.
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3. CONCLUSION AND FUTURE WORK

3.1. Conclusion

Low temperature ALD processes were developed and optimized to improve functionalities of
different biomaterials by depositing thin film of metal/metal oxides at low (room or near room)
temperature. Functionalized biomaterials with ALD thin film were studied using different
surface characterization techniques to investigate the physico-chemical surface properties of
those materials. The functionality of those ALD-coated biomaterials was tested as proof of

concept to study the enhancement and/or improvements of surface properties.

Pigmented silicone elastomer was surface coated with TiO2 nano-film using low
temperature ALD and the color stability was studied before and after exposure to artificial
aging. This nano-coating was stable after aging, since chemical analyses confirmed the
presence of titanium oxide on the surface after the aging used. Also, upon exposure to artificial
aging, this nano-coating of TiO2 was able to reduce color degradation of the evaluated silicone
elastomers, compared to that of the non-coated silicone specimens (i.e., ~ 44% more
discoloration than TiO2-coated specimens). This indicated that the silicon elastomer with a
surface nano-coating of TiO2 was a better color-stable novel material to be potentially used in

extraoral fabrication maxillofacial silicone prostheses.

A room temperature ALD process was developed to surface functionalize heat sensitive
collagen biomaterial with a conformal nanometer length scale thin film of TiO,. Chemical
analysis confirmed the presence of amorphous, pure TiO> thin film on collagen surfaces. The
average fiber diameter of the collagen sample was found to increase more strongly than linearly

with increasing number of TiO, ALD cycles, thereby resulting in a dense collagen biomaterial.
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In-vitro bioactivity of this ALD TiO, coated collagen was also investigated. From the
biocompatibility assay, human osteoblast cells were found to grow and proliferate at a
significantly higher rate on the TiO2-coated collagen surface when compared to those on the
control one. The TiO2-coated collagen samples were also found to be bioactive with the ability
to nucleate higher amount of calcium phosphate or apatite by more effectively attaching higher
levels of Ca and P elements from SBF solution than those of non-coated control collagen
samples. These findings suggest that the collagen material, the surface prepared and modified
through this room temperature ALD of TiO2 thin film, showed significantly enhanced

biocompatibility and bioactivity.

A low temperature ALD process was developed to deposit a thin film of Pt metal on
collagen surfaces. Chemical analysis confirmed the presence of pure metallic Pt film on
collagen surface and LED tests indicated facilitated presence of a continuous and conductive
Pt thin film on collagen surface when an ultrathin buffer layer of TiO. was used prior to the
ALD of Pt. Electrical measurements involving bending tests showed that the ALD Pt-coated
collagen remained highly conductive and very flexible since its conductivity did not degrade
significantly when subjected to mechanical stresses applied through bending over different

radii of curvature.

3.2. Future Work

3.2.1. Animal Studies of ALD-TiO2 coated collagen

Ultimate success of biomaterials is achieved when they are implanted inside the human
body to perform desirable functions, without any toxic effects or any unprecedented side
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effects. Surface modification is one way to improve and/or enhance the surface properties
as well as to incorporate new functionalities to cater to the specific clinical or other needs
and requirements. After thorough surface characterizations to investigate new physico-
chemical surface properties of ALD modified surfaces, extensive studies on the bio-activity
of newly modified biomaterial surfaces is crucial. In this Thesis, the biocompatibility and
biomineralization capability of ALD-TiO- collagen was investigated in-vitro by exposing
this ALD coated surface to cell lines and simulated body fluid solution, respectively. The
results of these in-vitro bioactivity assays indicated that our TiO. coated collagen is
biocompatible and able to nucleate higher amount of calcium phosphate compared to non-
coated collagen membranes. This suggests that the ALD-TiO2 coated collagen has the
potential to be used a osteophilic or osteogenic biomaterial. However, in-vivo bioactivity
involving animal models need to be studied in-depth to assess accelerated bone healing and

bone regeneration capability of the resulting nano-functionalized biomaterials.

3.2.2. ALD of transient metals on collagen

In the concept of modern electronics, transient or biodegradable materials as well as
biocompatible systems are gaining increasing interest in. Being biodegradable, this class
of material is green or eco-friendly thus minimizing environmental-hazards related issues.
In biomedical implants, the biocompatibility of such a material plays an important role; at
the same time, the transient nature of this material eliminates the need of expensive
secondary surgery to retrieve it, after its desired functionalities have been accomplished.
In this Thesis, low temperature ALD of Pt metal was achieved in order to deposit

conductive, ultra-thin film of Pt on bio-resorbable collagen biomaterial. This ALD Pt
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resulted in a highly conductive and flexible bio-resorbable material to be used in transient
electronics or bio-sensors. However, other metals, for example magnesium and
molybdenum are highly biodegradable and perhaps better studied for this kind of
applications. Therefore, ALD of these degradable metals need to be studied on collagen
and other biomaterials, with the goal of developing completely transient electronic
biomaterials. Furthermore, selective ALD of metals on organic biomaterials can also be
studied to deposit nano-patterns of metals for fabricating different kind of biosensors or for

applications in electrogenic tissue regenerations.
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Appendix B

OTHER COMPLETED PROJECTS

B. 1. Biocompatibility of Ti-6Al-4V under cathodic potentials

This section was previously published as "Human Osteoblast Cell-Ti6Al4V Metal Alloy
Interactions under Varying Cathodic Potentials: A Pilot Study" in Journal of Bio- and Tribo-

Corrosion.

B. 1. 1. Introduction

Metallic biomaterials are used extensively in the body to improve and restore the functions
of different body parts(212; 213). In particular, metals are widely used in dental and
orthopedic implants for their superior mechanical properties, e.g., toughness and hardness,
over any other class of materials(214). However, many factors contribute to the success of
a metallic implant like its ability to bear the cyclic load, minimize corrosion and resist wear
conditions(215). Metallic implants also face different challenges including lack of
osseointegration(216), infection(217) and corrosion(218; 219). Among these,
osseointegration, the ability of the surrounding tissue to integrate with the surface of the
metal implant, is one of the biggest concerns for metallic biomaterial(220). Corrosion also
plays a significant role in the biocompatibility of the metal alloy since surrounding cells
are very sensitive to electrochemical reactions and the products generated during corrosion.
Generally, metallic implants start corroding when they get exposed to cyclic load along
with the corrosive environment inside the body. This may cause an adverse effect on the
osseointegration and also on the mechanical stability of the implant (219-221). Ultimately,
the implant may fail from aseptic loosening due to the metal ion and wear debris released
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during corrosion. In order to improve the performance of metallic implants overcoming
these modes of failure, a better understanding of the electrochemistry of corrosion and its

effect on biocompatibility is very important.

Corrosion is a natural phenomenon by which the refined metals try to go back to their more
stable form. In this process, a metal chemically reacts with the environment and thus
gradually loses materials (metal oxide, metal ions). Therefore, higher resistance to
corrosion is one of the most desired properties for a biocompatible metallic implant.
Titanium and its alloys are widely used in dental and orthopedic implants due to their
remarkable biocompatibility with bone tissue. Higher corrosion resistance is one of the
main contributing factors behind this excellent biocompatibility of titanium and its alloys.
Upon exposure to solution/air environment, a thin passive oxide layer is formed
spontaneously on the top of these metal surfaces. This thin oxide film on its surface acts as
a Kkinetic barrier to prevent corrosion(222). However, this protective oxide layer may
abrade away mechanically by adjacent bone or metal during fretting. Consequently, the
metal surface tries to repassivate by protective oxide layer formation and this repassivation
process induces many electrochemical events including a shifting of open circuit potential
(OCP) of titanium (lies between -250 to -100 mV vs Ag/AgCl) to more cathodic
potentials(222). Previous reports showed that the OCP of titanium and its alloy could drop
to as low as -850 to -1000 mV vs. SCE or lower under conditions of severe mechanical
abrasion (223-225). Such electrical polarization may have negative effects on the
surrounding tissue. Therefore, it is important to know the influence of cathodic potentials

on the biocompatibility of titanium alloy.
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Polarizing
Metal/Alloy Cell type p(or;[]e\?)t '33'5 S;?:glﬁggt References
Ag/AgCl
-600 to -1000mV
cpTi, MC3T3-E1 -1000 to o d%ggig?:géng Ehrensberger et al
grade 4 pre-osteoblast +1000 L 2009(222)
and viability of
cells
CoCrMo MC3T3-E1 -1000 to iﬂg;‘gﬁg%ﬁ}/ Haeri et al
pre-osteoblast +500 q 2012(226)
eath reported
On anodized
coTi, sample c_ells
grade4 | MC3T3-E1l | -400and - \Zgg‘l’;’ﬁd gt'gzgg Haeri et al
(bare and | pre-osteoblast 500 and -gOOmV 2013(227)
anodized)
compared to bare
sample
-400mV is
voltage threshold
for cell viability,
Ti-6Al-4V MC3T3-E1 -600 to - cell died below Sivan et al.
pre-osteoblast 300mVv this potential, and 2013(215)
this killing effect
is also time
dependent
For -1000mV cell
death can occur
CoCrMo MC3T3-E1 1f8002%% ) very quickly Haeri et al
pre-osteoblast +500 (~15min) whereas 2013(228)
for +500 and -400
it can take hours
Cell viability was
reduced
cpTi, MC3T3-E1 -750 and - significantly at - Ciolko et al
grade 2 pre-osteoblast 1000 1000mV, while 2015(229)
cells were viable
at -750mV

TABLE VI: Previous studies on effect of cathodic potentials on biocompatibility of metal
implant materials
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Previously, people have studied MC3T3 pre-osteoblast cell response on electrically
polarized CoCrMo alloy(226; 228), commercially pure titanium (cpTi)(222; 229),
anodized cpTi(227) and Ti-6Al-4V(215) surface as presented in TABLE VI. They reported
a significant reduction in biocompatibility when those metal/alloys are held at cathodic
potentials. Ehrensberger et al. showed that application of a static cathodic potential of -600
and -1000mV vs. Ag/AgCl over 24 hr caused ~85% reduction in spreading and viability of
preosteoblast cells cultured on the cpTi surface(222). Haeri et al. reported a reduction
below 5% in the viability of preosteoblast cells cultured on cpTi held at static cathodic
potentials of -400 or -500mV vs. Ag/AgClI(227). Another work by Sivan et al. reported the
voltage threshold and time dependence of Ti-6Al-4V biocompatibility. In their work, they
showed that cell death of preosteoblast cells resulted within 4hr at the cathodic polarization
of -600 and -1000mV vs. Ag/AgCl while cell death occurred in 10-24hr at -400mV vs.
Ag/AgCI(215). Recently, Ciolko et al. examined the effect of applying periodic cathodic
potential on the biocompatibility of cpTi, and they found significant reduction in viability
and morphology of preosteoblast at -1000mV vs. Ag/AgCl enforced periodically over 24hr
while no deleterious effect on cellular response at periodic polarization of -750mV vs.
Ag/AgCI(229). In our study, we investigated for the first time the behavior of human
osteoblast MG63 cell line, on mirror finished smoother Ti-6Al-4V surface electrically
polarized at three different potentials. We studied changes in cell morphology with the
shifting of OCP towards more cathodic potentials. Also, we measured different
electrochemical parameters to understand the correlation between cell behavior and

cathodic polarization.
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B. 1. 2. Material and Methods

B. 1. 2. 1. Sample preparation

Ti-6Al-4V alloy discs of 15 mm diameter and 3 mm thickness (Mac-Master Carr, EImhurst,
IL) were mechanically wet-ground using a series of abrasive pads (#320, #400, #600 and
#800) (Carbimet 2, Buehler, Lake Bluff, IL). Samples were then polished using diamond
paste (MetaDi 9-micron, Buehler, Lake Bluff, IL) with lubricant (MetaDi Fluid, Buehler,
Lake BIuff, IL) on polishing cloth (TexMet polishing cloth, Buehler, Lake Bluff, IL), and
brought to mirror finish using colloidal silica polishing suspension (MasterMet, Buehler,
Lake Bluff, IL) on polishing cloth (Chemomet I, Buehler, Lake Bluff, IL). Samples were
then washed with deionized water and sonicated in 70% ethanol. After that samples were

autoclaved followed by a wash with 70% ethanol prior to cell culture.
B. 1. 2. 2. Osteoblast cell culture

MG63 human osteoblasts cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco) with 10% fetal bovine serum (FBS) (Gibco) and 1% antibiotic (Gibco)
until roughly 80% confluence in a cell culture incubator at 37° C and 5% CO.. Cells were
then trypsinized using 0.25% trypsin (Sigma) and subcultured for experimentation. Cells
were seeded on the titanium alloy discs at a density of 1.15x10° cells per disc (with 1.13
cm? of available exposed area inside corrosion chamber) for 1 day prior to electrochemical

testing.
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B. 1. 2. 3. Electrochemical tests
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Figure 28: (a) Schematic of custom-made glass electrochemical chamber, (b) schematic of

the experimental setup



Each titanium alloy disc seeded with cells was transferred to a custom glass corrosion
apparatus (Figure 28a). The disc was mounted at the bottom of this chamber. A stainless-
steel screw was connected to the underside of the titanium alloy disc and passed through
the Teflon threaded bushing to serve as an external electrical contact to the sample. A sterile
O-ring was used in the threading between glass and Teflon bushing to achieve a water tight
seal around the titanium alloy surface. 1.13 cm? of exposed area of the sample to the interior
of the chamber is achieved in this setup. Another Teflon cap was used to seal the chamber
from the top. This cap had openings for graphite counter electrode: CE, reference electrode:
RE (in this case, Saturated Calomel Electrode or SCE) and for proper gas exchange from
incubator environment. The sample served as the working electrode. Right after mounting
the disc with the cell, the glass chamber was filled with 12 ml of cell culture DMEM media
to avoid any stress or shock to cells. Here the cell culture media served as the electrolyte
for corrosion study, and the pH was 7.5 at room temperature. The entire experiment was
performed inside an incubator at 37° C to simulate physiologic temperature of the human

body (Figure 28b).

Electrochemical impedance spectroscopy (EIS) were performed at a range of 100k-0.005
Hz, prior to 24 hours of potentiostatic polarization. A potentiostat (SP-240, BioLogic,
Claix, France) was used for application of static potentials. Two different cathodic
potentials were examined during this study, i.e., -300mV vs. SCE, -600mV vs. SCE, and
open circuit potential (no applied potential) was used as a control (Figure 29a). Since
previous reports (TABLE VI) indicated that -400mV might be a viability threshold and
below that (i.e., <-400mV) a dramatic reduction of cell spreading and viability for MC3T3-
E1 mouse pre-osteoblast cells seeded on Ti and its alloy surface would take place, the two
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potentials -300 and -600 mV were chosen for MG63 human osteoblast cell responses. For
our case, OCP was between -250mV and -135mV vs. SCE. Finally, after 24 hours of
potentiostatic polarization, EIS were performed again at the above-mentioned frequency

range and at OCP. The sequence of corrosion protocol is displayed in Figure 29b.
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Figure 29: (a) Schematic of experimental design, (b) diagram of corrosion protocol used,
(c) schematic of modified Randle’s circuit used for modelling electrochemical impedance,
where R(sol) represents the resistance of the solution and CPE(film) and R(film) represent
the capacitance and resistance of the native oxide film respectively
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Additionally, EIS data were used to estimate total polarization resistance and capacitance
using constant phase element (CPE) equivalents. A modified Randle’s circuit (Figure 29c)
was used to model the impedance. EC-Lab v. 10.23 software was used to perform the z-fit
analysis of this equivalent circuit model over a range of 1000-0.01 Hz. Bode and Nyquist
plots were used to calculate the solution resistance (Rs), polarization resistance (Rp or R
film), constant phase element (CPE) and alpha (n). All these values were measured before
and after 24hours of potentiostatic polarization. Following the electrochemical test, the
electrodes were disconnected from the potentiostat and then the samples were prepared for

fluorescence assay.

B. 1. 2. 4. Fluorescence assay

Cell morphology on each sample group was assessed after 24 hours of electrochemical
tests using fluorescent dye based reagent labeling (Molecular Probes™, ThermoFisher
Scientific) and fluorescence microscopy. Cells were imaged with a fully automated
inverted microscope (Leica DMIG000 B, Leica Microsystem, Germany) and post-
processing of the images was performed using LAS AF software (Leica, Germany). Prior
to imaging, cells were first fixed in 3.7% Formaldehyde, permeabilized with 0.1 % Triton
X-100 and stained in phosphate-buffered saline (PBS). Actin and nuclei were stained with
ActinRed™ 555 ReadyProbes® Reagent (Molecular Probes™, ThermoFisher Scientific)
and NucBlue® Fixed Cell ReadyProbes® Reagent (Molecular Probes™, ThermoFisher

Scientific) respectively.

143



B. 1. 3. Results

B. 1. 3. 1. Cell morphology

Figure 30: Fluorescence image of cell morphology after 24 hours of different potential
application
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Fluorescence images of MG63 cells cultured on Ti-6Al-4V alloy samples, electrically
polarized at the three different potentials (OCP, -300, -600 Vs. SCE) for 24 hours, are
displayed in Figure 30. Cellular morphology was found to be affected by cathodic voltages
depending on their magnitude. The morphology of cells cultured on control sample
maintained freely at OCP were well spread and higher in density compared to the other
two potentials shown in Figure 30. The size of the cells cultured at -300mV did not differ
from the cells maintained at OCP. In spite of being less dense compared to OCP, the cells
cultured at -300mV remained elongated and well spread with clear evidence of flattened
actin and presence of nuclei. However, a stark difference in the morphology of cells
cultured at -600mV was observed from the cell morphology at -300mV and OCP. Cells
cultured on the samples polarized at -600mV were rendered small, balled-up and fewer in
number. Thus Figure 30 reveals clear differences in cell morphology of MG63 cells due to

the application of different potentials.
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B. 1. 3. 2. Electrochemical current density
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Figure 31: Current evolution due to application of potentials for 24 hours

The average current densities the MG63 cells experienced over a period of 24hr when they
were cultured on Ti-6Al-4V polarized at different potentials, is presented in Figure 31.
These cathodic current densities were found to be increased with the cathodic shift of the

applied potential. Current values measured at -300mV were ~3x10* mA cm™. Larger
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current values of ~6.8x10* mA cm were measured at -600mV and cells became small

size and balled up at this low reduction current density.
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B. 1. 3. 3. Electrochemical impedance analysis

(2)

(b)

Figure 32: Bode plot before (a) and after (b) 24 hours of polarization.
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To analyze the electrochemical events at the surface oxide layer and to find a correlation
of the observed cellular responses with those events, electrochemical impedance
spectroscopy (EIS) was employed. Impedance spectra were recorded before and after 24
hours of polarization and the EIS results at OCP, -300mV and -600mV vs. SCE have been
presented as Bode plots (phase angle vs. frequency and impedance |z| vs. frequency) in
Figure 32a, Figure 32b and as Nyquist plot (real Z vs. img Z) in Figure 33. For each
experimental condition, all the representative Bode plots showed single time constant
behavior. No significant change in the impedance spectra and in the phase angles was
observed before 24hr or at the start of polarization among the three potentials used.
However, changes were observed after 24hr of polarization with static potentials. As shown
in Figure 32b, the impedance drops with shifting toward more cathodic potentials from
OCP. The phase angle was also found to get lowered with a cathodic shift of potentials at
frequency ranges from 1-100 Hz. Bode plots did not show the drop of impedance very

clearly though.
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Figure 33: Nyquist plot of three potentials with fitted curve after 24hr of polarization

A significant drop in impedance is observed more clearly in Nyquist plot (Figure 33) with
the cathodic shift in potentials. The Nyquist plots for all the three potentials were

subsequently fit to a modified Randles circuit. The values of total polarization resistance
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(Rp or R film), constant phase element (CPE or capacitance) and alpha for samples at OCP,

-300mV and -600mV vs. SCE were displayed in Figure 34.
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Figure 34: EIS fitting results: polarization resistance (top left), total capacitance (top right),
and summary of resistance, capacitance and alpha values at different potential conditions
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There was a noticeable reduction in Rp after 24hr for the samples statically polarized at -
300mV and -600mV vs. SCE compared to the samples maintained at OCP. On the other
hand, the capacitance values determined for the samples at -300mV and -600mV vs. SCE
was larger compared to the OCP. The alpha value (CPE exponent) for the samples
polarized at -300 and -600mV vs. SCE was smaller than the alpha value of the sample
maintained at OCP. The resistance of the solution (Rs) did not change significantly across

all the potentials, and it remained ~15.7Qcm?.

B. 1. 4. Discussion

The results of this study have demonstrated that static cathodic potentials have a negative
impact on the MG63 cell morphology cultured on the smooth Ti-6Al-4V surface within 24
hr. The cell morphology observed at OCP can be related to the cell condition in the normal
cell cycle where the cells are well spread and healthy. Shifting of OCP towards more
cathodic voltages resulted in a reduction of the cell morphology and viability. -300mV vs.
SCE voltage range seemed to be the border-line between healthy, fully spread cells and
unhealthy, balled up cells. Significant reduction in cell spreading was observed at -600mV
vs. SCE where the cells became small and rounded. This reduced biocompatibility of
MG63 cells observed due to the application of static cathodic potential is consistent with
previous reports for different cell types. Shivan S et al. and Ehrensberger et al. (215; 222)
reported a similar trend in the reduction of biocompatibility for MC3T3 pre-osteoblast cell
lines cultured on the Ti-6Al-4V surface and cpTi surface, held at static cathodic potentials
for 24 hr. The periodic cathodic polarization of cpTi was also reported to reduce viability
and morphology of MC3T3 pre-osteoblast significantly over 24 hr(229). This negative
effect of cathodic potential on preosteoblast cellular behavior is not only limited to titanium
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and its alloys. In the case of CoCrMo alloy (OCP lies between -200 to -400mV vs.
Ag/AgCl), it has also been reported that MC3T3 pre-osteoblast cells became rounding-up,

reduced-size, and finally non-viable below -400mV (Ag/AgCl)(226).

This observed cellular viability throughout the voltage range can be correlated with the
cathodic current densities. Low current density (3x10* mA cm?) was recorded for
voltages within a viable range where cells are well spread. At -600mV vs. SCE, a relatively
larger cathodic current density (6.8x10* mA cm) was measured which likely attributed
to the significant reduction in cell spreading. Ciolko et al. reported that the large cathodic
current density increases oxygen consumption in the adjacent microenvironment of the
polarized metal surface, as oxygen reduction is the dominant cathodic half-cell reaction for
these experimental conditions(229). Gilbert et al. also reported a reduction in cell spreading
and viability as consequence of a local depletion of oxygen adjacent to the cathodically
polarized cpTi surface at -1000mV vs. Ag/AgCl(224). Therefore, the observed reduction
in cell spreading in our study could be due to depletion of oxygen. Additionally, Kalbacova
et al. have shown that production of intracellular reactive oxygen species (ROS) increases
by application of cathodic current densities ranging from -0.5 to -5 pA/cm? to Ti-6Al-4V
for 24 hr and this ROS reduces metabolic activity of osteoblast-like cells(230). This could
be another contributing factor to the reduction in cell spreading on the cathodically

polarized Ti-6Al-4V surface.

The electrochemical conditions and properties of the surface were also found to be closely
followed by the cellular response of MG63 on the polarized Ti-6AL-4V surface. For all
the sample groups, the film resistance (Rp) and capacitance (CPE) values changed

significantly after 24 hr of application of cathodic potentials. The impedance outcome of
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this study demonstrated that the sample held at static -600mV vs. SCE potential had
relatively small R, value (6.8+1.93x10°Q.cm?) as compared to the film resistance values
of the samples kept at OCP and -300mV vs. SCE. On the other hand, capacitance value
(4.8+0.31x10° F.cm?) was highest at -600mV vs. SCE compared to all the other
experimental conditions. This decreased resistance and increased capacitance conditions
of the sample held at -600mV clearly indicate the high conductivity of the surface oxide
and thereby thinning of surface oxide film over time. The resistance and capacitance of an
oxide can also be determined from the following general equations(229):

keoA
L

L
Resistance of oxide (Rox) = Xp and Capacitance of oxide (Cox) =

where L is oxide thickness, p is oxide resistivity, A is a cross-sectional area, k is dielectric
constant, and eo is the permittivity of free space. Considering the titanium dioxide
resistivity value as ~108Q-cm and from the measured resistance values of the oxide, the
calculated thickness values of the surface oxide film for OCP, -300mV and -600mV are
0.16mm, 0.12mm and 0.07mm respectively. Therefore, these equations show the thinning
of oxide layer due to a decrease in resistance and increase in capacitance, as we found for
the sample at -600mV. This finding is consistent with previous reports on different cell
lines, where they showed the generation of an electrochemical interface with lower
resistance and higher capacitance as a result of applying cathodic potentials(222; 229; 231).
This unstable thin oxide layer could be another contributing factor to the deleterious cell
response of MG63 at -600mV vs. SCE. However, OCP and -300mV had relatively higher
Rp and lower capacitance which offered a stable, biocompatible surface oxide layer
favorable for healthy and well-spread cell morphology (Figure 35).
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Cathodic potentials may also induce reduction reactions and thereby generation of toxic
compounds like hydrogen peroxide(215; 226). Generation of hydrogen peroxide was
reported on titanium oxide surface under cathodic voltage in an oxygen containing aqueous
solutions(232). This hydrogen peroxide generation can lead to oxidative stress which can
affect cell functionality like cellular adhesion(233). Therefore, either one of this mentioned
reaction or the cumulative contribution of all can be responsible for such deleterious effect

on our MG63 cell morphology cultured on the cathodically polarized Ti-6Al-4V surface.

Unhealthy cells
reduced spreading Generation of
Removal of oxide N cathodic voltages
layer due to ™ v during passivation
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Figure 35: Schematic diagram of corrosion induced cathodic potentials’ impact on cell
spreading. At early stage, metal surface has a protective and biocompatible native oxide
layer on the surface keeping the cells viable and well-spread; with the removal of oxide
layer due to corrosion OCP of the metal starts decreasing towards more cathodic region
causing reduction in cell spreading, i.e., unhealthy cells
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Now, apart from the electrochemical reasons behind cell death, the biological pathway or
the mechanism responsible for cell death may also be an important factor for consideration.
Haeri et al. described the cell death by two distinguishable mechanisms, either through
apoptosis where modification in internal cell signaling pathway causes death or through
necrosis where disruption mediated cell death happens from sudden injury(226). They
mentioned the high concentration release of capacase 3 and 9 protein as an indicator of cell
death when MC3T3 pre-osteoblast were a culture on cathodically polarized (-400 and -
500mV) CoCrMo alloy surface. In our case, we observed the shrunken, oval shaped, small

cells at -600mV and which may also be an indication of an apoptosis process.

B. 1. 5. Conclusion

We investigated the impact of the cathodic shift in potential of mirror finished Ti-6Al-4V
surfaces on human osteoblast MG63 cells. We observed healthy well-spread cells on Ti-
6AIl-4V surfaces held at OCP and -300mV vs. SCE, while at -600mV vs. SCE the cells
started shrinking and becoming smaller in number and finally becoming balled-up due to
a remarkable reduction in cell spreading. The cellular behavior closely followed
electrochemical events at the surface. At -600 mV, the observed highest capacitance, and
lowest resistance suggested an unstable surface oxide layer attributed to a reduction in cell
morphology. At -600mV, we also observed relatively large cathodic current density which
might be another factor contributing to the reduction of cell spreading. This apparent
deleterious effect of the cathodically polarized surface on cell morphology could be
apoptotic in nature. However, there could be a lot of other factors responsible for cell death.
This type of cellular response on the electrically polarized surface may also not be limited
to particular cell type or metal type. Further investigation is required for an in-depth
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understanding of the dominating mechanism behind the reduction in cell spreading and
survivability. As Ti-6Al-4V is a widely used alloy in orthopedic and dental clinical
practices, our finding has a promising clinical significance in addressing the challenges

related to in-vivo osseointegration.
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B. 2. Biocompatibility of surface treated Ti-6Al-4V alloy

B. 2. 1. Introduction

The most commonly used materials for surgical implants are probably metal and
alloys(234). In the beginning, stainless steel (type 316L austenitic) and Co-Cr alloys were
widely used for implants followed by titanium and titanium alloys(235). In the early 1940s,
titanium was first introduced into the medical field and later became an important alloying
element with other metals(236). Among titanium alloys, Ti-6Al-4V (alloy composition is
in weight per cent) have received the most clinical interest as it possesses most of the
desirable properties of a surgical implant material(237). It is alpha+beta phase alloy(238).
Addition of aluminium and vanadium to titanium acts as alpha and beta-stabilizer,
respectively, which depressed the alpha-beta transition temperature and thus facilitates the
co-existence of alpha and beta forms at room temperature(236). Due to its excellent
corrosion resistance and biocompatibility, higher fatigue and tensile strength, good
ductility, low density and low elastic modulus, the Ti-6Al-4V alloy became well
established metallic biomaterial for making dental implants and load-bearing orthopedic

implants(237; 238).

Like other implant biomaterials, Ti-6Al-4V surface characteristics play an important role
on their biocompatibility and osseointegration(238). Factors that directly and/or indirectly
affect biocompatibility of Ti-6Al-4V, are surface roughness(239; 240), surface wettability,
surface morphology, surface free energy(241; 242), surface oxide film properties(238),
active surface area(243), surface porosity(244), and protein adsorption rate on the

surface(241). Therefore, by tuning these surface properties, we can alter the
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biocompatibility of this Ti-alloy. A variety of studies have been performed to functionalize

Ti-6Al-4V surface for better cellular response. Some of the examples are listed here in

TABLE VII.
Surface treatments Biological consequences
Glow discharge nitrogen implantation, Nitrogen implantation no effect,
plasma nitriding and titanium nitride osteoblast and fibroblast cell viability
deposition(245) reduced after two nitriding treatments

Production of different surface roughness | Increased human bone marrow stromal
by polishing with metallographic cell attachment and protein adsorption
paper(240) on rough surface than smooth

Higher human osteoblast (MG-63) and
mature osteoblast (SaOS-2) cell
proliferation on aged sample

Nitric acid passivation and aging
treatment(246)

Treated sample showed better
biocompatibility for human umbilical
vein endothelial cell (HUVEC) than

control

Air furnace and plasma treatment(247)

Better osteoblast like cell (MG-63)
Surface roughness by sandblasting(239) | proliferation, gene expression on rough
surface

Improved osseointegration of human
osteoblast (MG-63) on Sr containing
surface

Incorporation of strontium(Sr) by
hydrothermal treatment(248)
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Anodization in sulfuric acid followed by
anodization in hydrofluoric acid(249)

Increased human osteoblast cellular
adhesion, proliferation

Anodization and annealing treatment for
creating anodic nanotube(243)

Improved bone marrow stromal cell
viability and adhesion

Electrical discharge machining
(EDM)(238)

EDM at 15A peak current showed better
MGG63 cellular adhesion, proliferation

Anodization and thermal oxidation(242)

Better mouse osteoblast (MC3T3-E1)
cell density on anodized-annealed

Acid-alkali, acid-alkali-heat treatment,
and anodizing-heat treatment(244)

Anodizing-heat treatment improved
human periosteum-derived(hPDC) cell
response

Laser surface microtexturing
treatment(241)

Sample-microgroove created by lowest
wavelength and highest duty cycle
improved MG63 cell viability and

spreading

TABLE VII: Different surface treatments to improve biocompatibility of Ti-6Al-4V

Therefore, it is a good indication from the previous studies that by modifying the Ti-6Al-

4V surface, its biocompatibility along with other surface properties can be improved. Here

we performed a comparative study of human stem cell response among different surface

treated groups of Ti-6Al-4V. We performed annealing and anodization treatment on our

sample surface and after that we performed different biological assay to understand the

stem cell behavior on these different surfaces. We hypothesized that the high temperature
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annealing could have a higher impact on the biocompatibility of different Ti-6Al-4V

surface.

B. 2. 2. Materials and Methods

B. 2. 2. 1. Sample preparation

Sample preparation protocol was same as reported before. (250) Briefly it was described

as follow:

B.2.2.1. 1. Polishing protocol

Ti-6Al-4V alloy discs of 15 mm diameter and 3 mm thickness (Mac-Master Carr, EImhurst,
IL) were mechanically wet-ground using a series of abrasive pads (#320, #400, #600 and
#800) (Carbimet 2, Buehler, Lake Bluff, IL). Samples were then polished using diamond
paste (MetaDi 9-micron, Buehler, Lake Bluff, IL) with lubricant (MetaDi Fluid, Buehler,
Lake Bluff, IL) on polishing cloth (TexMet polishing cloth, Buehler, Lake Bluff, IL), and
brought to mirror finish using colloidal silica polishing suspension (MasterMet, Buehler,
Lake Bluff, IL) on polishing cloth (Chemomet I, Buehler, Lake Bluff, IL). Samples were
then divided into 4 groups for experimental manipulation: smooth (as control), TO
(formation of rutile/anatase by thermal oxidation at 600° C for 3h), Ad (formation of
amorphous TNTSs by electrochemical anodization at 60V for 2h) and Ad+TO (formation

of rutile/anatase TNTs by 60V, 2h anodization followed by 600° C, 3h thermal oxidation).

B. 2. 2. 1. 2. Thermal oxidation protocol

The thermal oxidation process of the annealed sample group were performed in a Single-
zone Quartz Furnace (Lindberg, S# 54032) in air at ambient pressure. The samples were

then ultrasonically cleaned in ethanol and dried with nitrogen gas prior to annealing. Once
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the target temperature of 600° C is obtained, samples were loaded 5 cm per 5 minutes into
the region closest to the thermocouple to ensure gradual temperature change within the
samples, avoiding micro-cracks from thermal shock, and to ensure the accuracy of final
sample temperature. The samples were kept at the final position in the furnace for 3 hours,

and then were removed 5 cm per 5 minutes to ensure gradual cooling.

B. 2. 2. 1. 3. Electrochemical anodization protocol

For the electrochemical anodization process, samples were ultrasonically cleaned in
acetone for 30 minutes prior to anodization. Ti-6Al-4V were connected to a dc voltage
source (Hoefer Scientific Instrument PS500X DC Power Supply) as the working electrode
while a carbon rod was used as the counter electrode. The two-electrode system were
submerged in electrolyte containing 4.0 vol. % DI-water (3.85 ml), 0.2 wt. % NH4F (0.21
g), and ethylene glycol (EG, 96.15 ml). Samples were anodized at 60 V at room
temperature for 2 hours. After anodization, samples were washed with DI-water, ethanol
then air-dried and wrapped in sterile tissue (Kimwipe, Kimtech Science) and stored in a

glass petri dish (KIMAX® Petri Dish).

B. 2. 2. 1. 4. Electrochemical anodization followed by thermal oxidation protocol

For the Ad+TO sample group, both of the aforementioned processes were used. Samples
were first subjected to the electrochemical anodization protocol of 60V for 2 hours in same

electrolyte, followed by the thermal oxidation protocol of 600° C for 3 hours in air.

B. 2. 2. 2. Sample characterization

After surface treatments, sample surfaces were analyzed with high resolution Field

Emission scanning electron microscope (FESEM JEOL JSM-6320F, JEOL USA, Inc.) to
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know about surface features. X-ray diffraction spectroscopy (XRD) was performed on all
the sample groups to investigate the crystallinity of the surface using Bruker AXS D2

Phaser 2" Gen x-ray diffractometer (Bruker Corporation, USA).
B. 2. 2. 3. Cell culture

Human mesenchymal stem cells (MSCs) were used to evaluate the proliferation resulting
from the surface modifications of Ti-6Al-4V. MSCs were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco) with 10% fetal bovine serum (FBS) (Gibco) and 1%
antibiotic (Gibco) until roughly 80% confluence in a cell culture incubator at 37° C and
5% COo,. Cells were then trypsinized using 0.25% trypsin (Sigma) and subcultured for

experimentation.

For proliferation study, once seeded on the titanium alloy discs, cells were cultured in
osteogenic medium comprised of the same culture conditions supplemented with ascorbic

acid, dexamethasone, and B-glycerophosphate (Sigma).
B. 2. 2. 4. Fluorescence assay

Cell structure on each sample group was assessed using fluorescent dye based reagent
labelling (Molecular Probes™, ThermoFisher Scientific) and fluorescence microscopy.
Cells were imaged with a fully automated inverted microscope (Leica DMI6000 B, Leica
Microsystem, Germany) and post-processing of the images were performed using LAS AF
software (Leica, Germany). For this assay, 1.15x10* cells were seeded on each type of
disc and fluorescence images were taken at two time point i.e. after day 1 and day 7. Prior
to imaging, cells were first fixed in 3.7% Formaldehyde, permeabilized with 0.1 % Triton

X-100 and stained in phosphate-buffered saline (PBS). Actin and nuclei were stained with
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ActinRed™ 555 ReadyProbes® Reagent (Molecular Probes™, ThermoFisher Scientific)
and NucBlue® Fixed Cell ReadyProbes® Reagent (Molecular Probes™, ThermoFisher

Scientific), respectively.
B. 2. 2. 5. Scanning Electron Microscopy

In order to understand cell morphology on the different groups of samples, the cells were
imaged using SEM. Images were taken using a high resolution Field Emission SEM (JEOL
JSM-6320F, JEOL USA, Inc.). Prior to SEM investigation, at harvest, the culture media
was removed, samples were washed two times in PBS, and then fixed with 2 %
glutaraldehyde. After fixation, samples were rinsed with PBS for two times, then
dehydrated through successive ethanol baths (with 30%, 50%, 70%, 90% and 100%). Then
the samples were kept in Hexamethyldisilazane (HMDS) for 15 minutes and dried under

the hood. Finally, they were gold-coated using a sputter coater right before SEM.
B. 2. 2. 6. Proliferation assay or MTT assay

MSCs were cultured on top of the titanium alloy discs in 24-well culture plates at a density
of 13.175x10* cells/well, with one disc per well, in the osteogenic growth media. Cell
proliferation/attachment were evaluated at two time points, after 1 day of incubation, and
after 7 days of incubation, to investigate the effects of short-term and long-term attachment
and proliferation on the treated surfaces. CellTiter 96® (Promega) assay were used for
analysis. After the aforementioned incubation periods, the pre-optimized dye solution were
added for the conversion of tetrazolium into formazan product. After an additional 4 hours
of incubation at 37° C, the solubilization solution/stop mix were added to the 24-well plates

to solubilize the formazan product. The cell culture media from the 24-well plates were
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then transferred to a 96-well plate and analyzed for absorbance changes. Absorbance was

taken at 570 nm. Measurements were performed in triplicate.

B. 2. 2. 7. Statistical analysis

Water contact angle (WCA) and MTT assay data were evaluated statistically by one-way
analysis of variance (ANOVA) and pair-wise comparison between treatment groups was
performed by Tukey test. A critical significance level of p < 0.05 was used for all test. All

the statistical test were performed using SPSS version 22 software (IBM, NY, USA).

B. 2. 3. Results

Smooth TO Ad Ad+TO

Figure 36: Samples showing different colors after surface treatments

After surface treatments samples developed different colors as shown (Figure 36).

Interestingly, four different surface treatments had four distinct colors. Smooth discs had
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color like a shiny steel color, thermally oxidized group became bluish, after anodization
the sample surface turned into brownish muddy color, while the anodized then annealed
sample had dark brown color. This difference in color after different surface treatments can
also be used for color coding purposes. This type of color creation is directly related to
surface oxide. When light interferes with the transition oxide layer of titanium, color
change takes place(251; 252). With the change in oxide layer thickness, the color also
changes(253). Recently Karambakhsh et al reported color changes of Ti-6Al-4V surface

by changing anodic oxide thickness using different anodization voltages(254).

Surfaces of our samples were characterized after surface treatments. Firstly, the surface
morphology was proved using scanning electron microscopy. Surface morphology
changed after different surface treatments (Figure 37). The initially smooth surface (Figure
37; smooth) became uneven, granular due to thermal oxidation treatment (Figure 37; TO).
Nanotubular, porous surface was observed from the anodization treatment (Figure 37; Ad).
Finally, nanotubes seemed to collapse to a less porous surface when the anodized surface

was thermally oxidized (Figure 37; Ad+TO).
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Figure 37: SEM micrograph of four different surface groups: Smooth (top left), TO (top
right), Ad (bottom left), Ad+TO (bottom right).
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Wettability of the sample was also studied. Contact angle measurements were performed
at two time points, day 1 and day 7 after the surface treatments. In between day 1 and day
7, samples were wrapped in kimwipes and stored in plastic vail (lab air ambience). Water

contact angle data are presented in Figure 38.
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Figure 38: Water contact angle on day 1 and day 7 after surface treatments, * p < 0.05
(reproduced from Grotberg et al. (250))

It can be observed that there was a wettability difference among the sample groups and
also between day 1 and day 7. The smooth sample group had the highest water contact
angle values which indicated the hydrophobic nature of this surface. On day 1, both TO
and Ad groups showed similar wettability which is significantly hydrophilic compared to
smooth group. While all gained hydrophobicity with time, TO and Ad still they offered
better wettability than smooth surfaces. The Ad+TO group was found to have significantly
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more hydrophilic surface both on day 1 and day 7 among all groups. Similar kind of trend
in wetting behavior of surface treated Ti-6Al-4V was reported by Sweetu et al(242),
although their treatment parameters and aging duration were different from ours. Their
thermal oxidation was done at 450°C while ours was at 600°C. For anodization, they used
60V for 4 hours while we used for 2 hours only. Still, after ~3 weeks of aging, their
wettability trend (Ad+TO wca < Ad wca < TO wca < smooth wca) was similar to ours for

7 days-aged samples.

Smooth TO Ad Ad+TO

Roughness (pnm) | 0.015 + 0.0005 | 0.031 +0.0026 | 6.84 £0.1888 | 3.39 +0.1186

TABLE VIII: Average surface roughness values of the four different sample group
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Figure 39: Surface roughness profile (oblique plot) of smooth, To, Ad and Ad+TO group

Surface roughness were also measured (TABLE VIII, Figure 39). From the surface
roughness data, the smooth had the lowest surface roughness. After thermally oxidized the
smooth surface gained roughness, but it was still quite smooth. Large differences were
observed on Ad and Ad+TO sample groups. They both were much rougher (by more than
2 orders of magnitude) than the smooth and TO ones. Ad had the highest surface roughness
due to the presence of porous nanotube on their surface. The Ad+TO group had slightly
less surface roughness than that of Ad. For the Ad+TO group, it seems thermal oxidation

might smoothen the surface a bit.
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Figure 40: XRD of smooth, TO, Ad and Ad+TO. XRD baselines for rutile TiO2 (R), anatase
TiO2 (A) and titanium (Ti) are also included.
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XRD spectrum of smooth, TO, Ad and Ad+TO samples are presented in Figure 40.
Titanium peaks are observed at 2-theta of 35° (100) and 40° (101). For TO the 2-theta
feature of 64° is attributed to rutile (310). For Ad+TO, a rutile (211) peak appeared at 2-
theta of 54.3, while the feature at 2-theta of 25.28 (101) was attributed to anatase. These
XRD data indicated the crystallization of amorphous TiO> into anatase and/or rutile due to

thermal oxidation.

172



Smooth Day 1 Smooth Day 7

Ad+TO Day 1 Ad+TO Day 7

Figure 41: Fluorescence assay images for smooth, thermally oxidized (TO), anodized (Ad)
and anodized then thermally oxidized (Ad+TQO) samples at two different time points day 1
and day 7.
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From fluorescence assay (Figure 41) we saw the cells became confluent and elongated
from day 1 to day 7 for smooth, TO and Ad sample groups. For the smooth surface, the
cells are elongated at day 7 but not very confluent compared to day 1. On the other hand,
for both TO and Ad group cells are well spread on the sample and much more confluent at
day 7 compared to day 1. The result indicated, among the 4 groups TO surface had the
better cell response. But for the Ad+TO group the cells became round shaped from day 1
itself and on day 7, there was no cell on the Ad+TO sample group. It indicated this surface

is not favorable for the cells.

To investigate the cellular behavior furthermore on this 4 different sample groups, MTT
assay was performed (Figure 42). MTT assay is a measure of cell viability. Our results
indicated, TO sample had the highest cell response whereas Ad+TO group showed
significantly poor cellular response among all these 4 groups. This result also supports the

result we got in our fluorescence assay.
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Figure 42: Cell proliferation assay for smooth, TO, Ad, and Ad+TO sample groups at two
different time point day 1 and day 7 (* p < 0.05, ** p < 0.001).
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Figure 43: SEM micrograph of hMSC on smooth, TO, Ad and Ad+TO surface after Day 7

To better understand the cell morphology on different surfaces, SEM images were taken
(Figure 43). SEM micrographs supported our observations made through fluorescence

microscopy. After day 7 of culturing, smooth surface was mostly covered with cells and
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there was not much change of cell morphology. Cells were denser and much proliferated
for the TO group after day 7. Well spread, elongated, stretched cells were observed on the
nanotubular surface of the Ad group. But no cell was found on Ad+TO group. Therefore,
the hMSC morphology apparently depends on the surface properties of the Ti-6Al-4V

alloy.

B. 2. 4. Discussion

Ti-6Al-4V alloy surface itself is fairly biocompatible(245; 248). Surface treatment can
improve this biocompatibility. First the Ti-6Al-4V samples were polished to bring mirror
finish and these polished “smooth” group was considered as control. Good cell response
was expected on this biocompatible, smooth surface of Ti-6Al-4V alloy. Though this group
was not the best, all our results corroborated the good biocompatibility of this smooth
surface. Cunha et al and Ravichandran et al also found this type of good cellular response

on polished smooth Ti-6Al-4V surface for h(MSCs (255; 256).

Wettability of surface plays a major role towards cell behavior on titanium and titanium
alloy. Previous reports showed that better wetting behavior of the hydrophilic surface of
titanium and its alloy resulted in better cellular adhesion (257-259). In our study, smooth
surface was less hydrophilic TO and Ad. There was not much difference in wetting
behavior of TO and Ad on both day 1 and day 7, and we observed similar kind of good cell
response for both these sample groups. On the other hand, Ad+TO in spite of being the
most hydrophilic surface, it did not exhibit good cellular response. Therefore, wetting
behavior may not be the leading reason behind the differences in cell behavior on the four

different surfaces investigated.
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Another important reason behind different cell response could be the surface roughness of
these samples. Surface roughness also greatly influences the cell response on titanium and
its alloy (239; 240; 258; 259). Rough Ti-6Al-4V surface proved to be better for higher
protein adsorption(240), cell differentiation and attachment(239) compared to smooth
surface. TO is rougher than smooth and this could be one reason behind better cell
differentiation observed on TO compared to smooth. Ad was the roughest due to presence
of nanotube grown through anodization and here also well stretched elongated cells were
found over the surface of nanotube. Saharudin et al also reported improved cellular
behavior of bone marrow stromal cell lines on nanotubes grown on Ti-6Al-4V
surface(243). While Ad+TO is also rough compared to smooth and TO group, that could
be the reason behind retaining its hydrophilicity. Although surface roughness of Ad+TO

still did not result in enhanced biocompatibility.

In spite of being the most hydrophilic and a rough surface, Ad+TO did not show better cell
response among the four groups studied. To investigate the reason behind the apparent
cytotoxicity of the Ad+TO group and its surface oxide properties, one of the most important
parameter in this case, should be considered. Moreover, the surface oxide present on
Titanium and its alloy surface contributes the most towards their excellent biocompatibility
(245; 260; 261). Now, the properties of this surface oxide get altered through different
surface treatments. Thermal treatment can directly alter different properties of surface
oxide causing structural, morphological and chemical changes of the surface oxide layer
(243). Crystalline structure of titanium oxide is temperature dependent and with different
temperature they have 3 different phase anatase, rutile and mixed (both anatase and rutile)
(262). Lower temperature (around 450-500°C) offers mostly anatase or mixed but

178



temperature around 600°C only offers purely rutile structure (263). Rutile TiO> achieved
through thermal oxidation at around 600°C was reported to improve bioactivity (264; 265).
In our case also we found our TO group showed the best cell response indicating the

success of heat treatment in improving biocompatibility to a greater extent.

On the other hand, this high temperature (600°C) thermal oxidation on TiO. nanotube
surface had an adverse effect on its biocompatibility. Ad group containing titania nanotube
on its surface had better biocompatibility (improved osseointegration, well stretched cell)
due to their morphology. But in case of Ad+TO group, high temperature treatment turned
this surface cytotoxic. With increase in temperature (400-600°C) the nanotube wall gets
thicker and consequently the nanotube diameter decreases (243; 266). Mazare et al reported
35.65% increase in wall thickness and around 34.43% decrease in nanotube diameter for
thermal treatment of titania nanotube at 500°C for 2 hours (266). At 600°C the titania
nanotubes turned into nanorod losing all the porous surface morphology (243). Saraf et al
also reported that nanotube got collapsed due to annealing at higher temperature (600-
700°C) and turned into rutile nanorod like structure (267). These drastic changes of surface
morphology might turned the Ad+TO group highly non-favorable for cells and
consequently most cells died on this surface. Additionally, one of the major component of
this alloy is Aluminum whose melting point is around 650-660°C very close to our
annealing temperature. Therefore, the release of aluminum may also influence the cell
viability negatively though we did not use higher annealing temperature than the melting

point of aluminum.
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B. 2. 5. Conclusion

We engineered four different types of surface for Ti-6Al-4V alloy and then we studied their
response towards cellular behavior for hMSC cell line. Our result showed thermally
oxidized sample surface had the better biocompatibility among the all four surface groups.
On anodized surface cells were well stretched. But anodization followed by thermally
oxidation at 600°C turned the surface toxic to cells likely due to the change of surface oxide
properties and surface morphology. Therefor we can conclude high temperature annealing
may improve and/or deteriorate the biocompatibility of Ti-6Al-4V depending on the
surface morphology. Further investigation is required to get deeper understanding
underlying this different cell response. We hope this result will contribute to the surface

enhancement and functionalization of metallic implants.
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B. 3. SALD of ZrO»

Area selective deposition on material surfaces is required to cater to the demands of different
thin film based applications. Typically, photolithography is used commonly in semiconductor
industries for fabricating necessary patterns on the surface. However, it involves numerous
processing steps and thereby increasing both processing time and cost in case of using
photolithography techniques to form such patterns on the surface. In this era of device
miniaturization as photolithography is reaching its limit, an alternative more efficient
technique needs to be developed for deposition of nano-pattern of metal/metal oxides on
surface. For nano-patterning selective ALD is becoming popular. As ALD reaction occurs
based on the availability of surface reactive groups/nucleation sites, successful selective ALD
can be achieved by modifying the surface groups of substrates prior to performing the ALD
process. Preliminary studies were conducted with the objective of performing SALD of
zirconium oxide (ZrO.) on SiO./Si substrates. Firstly, Tetrakis(dimethylamino)zirconium(IV)
(TDMAZ) precursor and ethanol oxidizer was used at reaction temperature of 200°C. Poor
nucleation (no ZrO film) was detected on SiO2/Si substrates. TDMAZ containing bubbler
temperature was increased starting from 65°C till 90°C, and effect of different oxidizers such
as ozone and oxygen was also investigated. However, in any of the case no film was detected.
The uniform heating of TDMAZ containing bubbler and/or prolonged pre-heating (at least 3
hours prior to any ALD run) of TDMAZ bubbler with slow ramp of temperature might be
useful to try for successful ALD of ZrO> from TDMAZ precursor. Afterwards, ALD of ZrO>
on SiO2/Si was also attempted using Tris(dimethylamino)cyclopentadienyl Zirconium
(ZyALD) precursor and ethanol as oxidizer at reaction temperature of 200°C. ZrO> thin film

with thickness of 12.8+1.7 nm was achieved on SiO»/Si samples. Although the deposited film
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is very uniform (0.5 nm) for each sample surface like a typical ALD process, the growth rate
is not consistent for all the samples and it keep increasing from 1% ALD run to consecutive
runs. Additionally, some unreacted excess precursor was also found inside reactor chamber.
Higher flow-rate (37 mL/min) of inlet precursor carrier gas most likely the reason behind such
observation. Efforts are being made to tune the flow rate for avoiding such problem. Bubbler
without any deep tube in the inlet section (flow over delivery system) might also help to resolve

this problem.
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