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ABSTRACT

ANTIBACTERIAL EFFECTS OF SPUTTER DEPOSITED SILVER-DOPED

HYDROXYAPATITE THIN FILMS

Over recent years, researchers have studied innovative ways éasicthe
lifespan of orthopedic implants in order to meet the soaring demiahg @nd knee
replacements. Since many of these implants fail as a reSuitosening, wear, and
inflammation caused by repeated loading on the joints, coatings sugld@axyapatite
(HAp) on titanium with a unique topography have been shown to imphavanterface
between the implant and the natural tissue. Other serious probligm$ong-term or
ideally permanent implants are bacterial colonization. It is itapbrto prevent initial
bacterial colonization as existing colonies have potential to becamased in an
extracellular matrix polymer (biofilm) which is resistamt &ntibacterial agents. The
following work considers the potential of etching using plasma basedriplantation
and ion beam sputter deposition to produce hydroxyapatite thin filnetcbad titanium
doped with silver as an antibacterial component.

Plasma-based ion implantation was used to examine the effgats-etching on
plain titanium. Topographical changes to the titanium samplege wramined and
compared via scanning electron microscopy. It was determinegldsha-based ion
implantation at -700eV could etch titanium to produce similar topbgrag ion beam

etching in a shorter processing time. Hydroxyapatite and silver-doped hydrbteytipa



films were then sputter deposited on titanium substrates etch&@CG#V. For silver-
doped films, two concentrations of silver (~0.5wt% and ~1.5wt%) weesl. Silver
concentrations in the film were determined using energy dispexsiag spectroscopy.
Film thicknesses were determined by measuring the surfacdeprefing contact
profilometry.

Saphylococcus epidermidis (SE) and Pseudomonas aeruginosa (PA) adhesion
studies were performed on plain titanium, titanium coated withoxydpatite, titanium
coated with ~0.5 wt% silver-doped hydroxyapatite, and titanium coaitdd~&.5wt%
silver-doped hydroxyapatite. It was discovered during the studythieafilms were
delaminating from the samples thus killing bacteria in suspen$letease studies
performed in addition to adhesion confirmed that the silver-doped films prevented SE and
PA bacterial growth in suspension. To prevent delamination, theikns annealed by
heat treatment in air at a temperature of 600°C. X-ray diffractonfirmed the presence
of a crystalline hydroxyapatite phase on each sample types gre immersed in PBS
at 37°C and remained in incubation for four weeks to determine thase ne

delamination or silver leaching.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

In recent years, the number of implanted internal fixation dewnestotal joint
arthroplasties has seen an increasing trend in the Uniteds.Statgay more than 4.4
million people have an internal fixation device and over 1.3 million geppksess an
artificial joint [1]. Since orthopedic procedures have becomeosurmn, it is believed
that nearly 600,000 total hip replacements and 1.4 million knee replacesuggeries
will be completed in the year 2015 [2]. Not only is there high ateinof orthopedic
surgeries for new patients every year, there is an even hignesind for patients who
must receive revision surgeries. Although most implants vétl U@ to 20 years in more
than 80% of the patient population, there is a subset of patientei/ineed to endure a
revision surgery within 5 years after the procedure for both hip and kneeecraplats [3-
5]. Common problems associated with patients who require revision issrgee
instability, aseptic loosening, infection, wear, osteolysis, indrovailure, and
periprosthetic fracture [4, 5].

Titanium and its alloys are widely used in orthopedic devices dutheio
biocompatibility with bone tissue, resistance to corrosion, high gitierand high
modulus of elasticity [6]. The long term success of orthopedic bioralstes greatly
dependent on effective osseointegration of the tissue with the im@anela as the
existence of a sterile environment to reduce the risk of halctenfections [7].
Osseointegration requires the cooperation of multiples cell and tigpes and is

intended to mimic tissue fracture repair [8]. Although titanium #sdlloys are near



ideal biomaterials, their use does not always guarantee adegsatts.r Orthopedic
implants are currently unpredictable due to incomplete osseoitegrehich increases
the risk of implant loosening. Efforts to improve host cell-implat¢raction have been
investigated to enhance osseointegration [6]. Unmodified titaniupnoise to bacterial
infections which may eventually lead to inflammation and destrudtitere of the
implant. It is well recognized that prevention of initial baeteadhesion is critical to
inhibit biofilm formation [9].

Calcium phosphate, and its counterparts such as hydroxyapatite (#idpn
chemical formula of GAPO,);0H, is a biocompatible and bioactive material which is
known to make up nearly 60-70% of the inorganic portion of the bone matrix. In
addition, it also constitutes to the mechanical strength of theuetig10-13].
Hydroxyapatite was first used by Furlong and Osborn in 1985 durimgat trials which
showed increased osseointegration after the new implants begactintgwith the bone
after only 10 day post insertions [14,15]. Since that time, hydpatite has been widely
studied and used in many in-vivo studies using animal models to extmiedficiency
of hydroxyapatite coated devices for enhanced stability mtedaiction with the natural
bone tissue [15]. The level of integration between the coated img@adtshe natural
bone tissue is a result of the biomimetic properties of the hydpatiye coating in terms
of chemical composition, surface properties, mechanical propeastesgrain structure
[13, 16]. In addition to animal models, documented medical reviews havéec et in
both total hip and total knee arthroplasties in humans, the use aixigggatite coating
has been shown to increase the interaction and osseointegration-ioerbionetal

implants [17-21].



In addition to loosening of the hardware, failure of orthopedic implastsrakult
from bacterial infections from both Gram-positive and Gram-negapathogens.
Saphylococcus Epidermis (SE) and Pseudomonas Aeruginosa (PA) are Gram-positive
and Gram-negative microbes, respectivély.is known to be involved in approximately
30% of all bacterial colonies that form in orthopedic implants [22, P8e to low
sterility, skin is the most common source of the staphylococcusiesp&hich is
responsible for 60% of all prosthetic infections, not just orthopedic PA]s the most
common Gram-negative nataphylococcus bacterial strain found in orthopedic
infections [23]. Although Gram-negative aerobe infections are notoasmon as
infections from Gram-positive strains, they are still veryg#gmaus if growth is allowed
to continue and biofilms are allowed to forf@A prosthetic and bone infections are
difficult and often require two-stage revision surgeries as thmeapy treatment [25].
Often times prophylactic antibiotic administration to the ardeere the implant was
placed has been shown reduce the incidence and amount of infectienwherto occur
[24, 26]. However the cost of doing so is significant even if theaiskfection is very
low [27]. If infection does occur, today the most common therapypfosthetic joint
infection is two-stage implant exchange partnered with 6 wekkgravenous antibiotic
administration resulting in long periods of hospitalization [25].

Silver has been known to be used in many medical devices shoh@sements,
catheters, orthopedic fixation pins, dental implants, and cardiac @est[#8]. One of
the best known uses for the use of silver in medicine has bessrve as the primary
antimicrobial agent in the healing severe burns through treatrseah as topical creams

[29, 30]. The antimicrobial properties of silver have a high depeedamc¢he release of



the silver ion Ag+ from metallic silver and other silver compoundshsas silver
sulfadiazine which help keep the silver in a stable form [28, 31]. $ackerial infection
is major problem with prosthetic failures, over the years isthas been considered as a
medical coating since it exhibits a broad range of antimicrawmavity and bacterial
inactivation in-vitro. Such activities include binding to microbial AMhich prevents
bacterial replication and binding to the sulfhydryl groups of tketen transport chain
metabolic enzymes which in turn inactivates those enzymes [1,i82¢ Bis desired to
obtain a coating that has antimicrobial properties and helpsosgeointegration of the
tissue with the implant, silver-doped hydroxyapatite coatings haste &empted using
methods such as sol-gel, physical vapor deposition, and plasma spraying [33-35].
The alternative process method which is considered in this Sedgambination
of plasma-based ion implantation (etching) and ion beam sputter depositevious
work has shown that ion beam sputtering is an effective method for prgdaigh
quality hydroxyapatite thin films [15, 36-39]. Coupling ion beam spuatjerith plasma-
based etching, it is possible to produce a surface on the subbtrateas a unique
topography with a thin film coating with the necessary elementelp osseointegration
and inhibit bacterial growth. Plasma-based etching or plasneal bas implantation is a
method which begins by placing a substrate in a vacuum environmenttihitamber
is back-filled an inert gas such as argon. A plasma dischaogeated by heating the gas
atoms which causes them to be ionized. The resulting plasma cattanged particles
of both positive gas ions and negative electrons. While the substratenersed in the
plasma, the substrate is biased to a negative voltage whichsatlraatxcited ions and

causes them to accelerate towards the substrate at highigeld®ibce the ions impact



the substrate, they disrupt the surface structure at an atowalk ded their energy
subsequently causes particles of the substrate to expel off thees(fFigure 1). These
expelled (sputtered) particles travel away from the sulbstrail they make contact with
a different surface in the vacuum chamber. This process of ion bdméair leaves

behind a surface topography at micro and nano-scale levels that is veryidestinct

Anode - Anode
O
Gas Ion \ Gas lon

Cathode Substrate Cathode Substrate

Figure 1: Plasma-based ion implantation and surface bombardment

lon beam sputter deposition is a similar method to plasma-baseuptantation
except that the target is bombarded by a beam of energetiwlets are produced from
inside an ion source. The discharge chamber of the ion source isviled process gas
where the gas atoms are ionized and a plasma discharge sdfamside containing
charged particles. The ionized atoms are accelerated througfhgsiets which are biased
at specific voltages in order to expel the ions from the sotradgh velocity as shown
in Figure 2. A neutralizer is placed downstream from the ion sonroeder to balance
the ion beam with negative electrons. As with plasma-based iomantagbn, the ions
bombard the surface of the target which causes particles tetoebed and eject from
the surface causing them to be sputtered on other surfaces withiacilngm chamber.

The direction at which the particles travel depends on the anghhiah they were
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impacted. As sputtered particles are collected on the neswifgces, ultimately a thin
film is formed. The following work studies the possibility of gsimlasma-based etching
and ion beam sputter deposition to create surface with a unique topoguagblopat
those surfaces with silver-doped hydroxyapatite thin films to ptelbacterial growth

and colonization.
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Figure 2: lon beam sputter deposition



CHAPTER 2: PLASMA AND ION BEAM PROCESSING METHODS
The following chapter discusses the methods used for preparingtaheir
substrates for plasma processing and the hydroxyapatite sputtering raggitition, this
chapter will give an overview of the design and fabrication ofptaema reactor system
along with the procedures used to etch the titanium substrates atedt spat thin films

using ion beam processing.

2.1: SUBSTRATE AND TARGET PREPARATION
Substrates for deposition were prepared from ASTM Grade 1 conatheqmire

(CP4) titanium sheets cut into 1cm by 1cm squares with a thickh@s860 in. Grade 1
titanium is very commonly used in medical applications in additiomhéo titanium-
aluminum-vanadium alloy, Al4V ELI (extra low interstitial). The 1cm by 1cm titanium
substrates were deburred, cleaned, and stored for future usee@hedckubstrates were
separated into the four different test groups (Table 1) and markegausuoribe. The two
control groups in this study were unmodified as-received titaniujmafd etched
titanium sputter coated with hydroxyapatite only (H). The twomary test groups were
etched titanium sputter coated with hydroxyapatite doped with actowentration of
silver (A1) and etched titanium sputter coated with hydroxy&gaiped with a high
concentration of silver (A2). The titanium substrates were handied nitrile gloves at

all times and carefully stored to prevent unwanted surface cordaaam.



Table 1. Substrate group labels and descriptions

Substrate
L abel T H Al A2
- . Etched Ti + Etched Ti +
Description Unmodified Etched Ti + Sputtered HAp| Sputtered HAp

As-received Ti

Sputtered HAp

+ Low wt% Ag

+ High wt% Ag

Calcium phosphate tribasic (hydroxyapatite) powder (Alfa Aesar, CAS #124-G7was

placed into an aluminum die and pressed to create 1.5 x 1.5 x O.fetstd he targets

were subjected to 1000°C in air for 4 hours using a Lindberg oventer #ie pressed

hydroxyapatite powder. The sintered targets were cooled to roompetature and

attached to the face of a stainless steel 14 in. diameter-eaatied target using a high

vacuum epoxy adhesive. The epoxy and was allowed to cure for 24 horosnat

temperature and the hydroxyapatite covered target was placetthénvacuum chamber

perpendicular to the ion beam for storage and use. Figure 3 displaigtuiee of the

stainless steel target covered with hydroxyapatite tiles.




Figure 3: Sputtering target of sintered hydroxyapatite tiles

2.2: PLASMA REACTOR DESIGN AND DEVELOPMENT

The outside enclosure of the reactor was created using a0@gnl2 in. diameter
stainless tube with a thickness of 0.025 in. Appropriate adjustmenés mamte to the
enclosure in order to accommodate the stand for the sample holdempdbepies and
electrical leads from the power supplies by cutting a 2 in. winhe long slot at the front
of the enclosure. The 11in. diameter cylindrical anode wasecrdedm 0.010 gauge
stainless steel shim stock and positioned in the enclosure withinal stand-offs to

isolate the anode from the enclosure and the rest of the vacuum chamber.



In order increase the density of the plasma produced inside dbtorethe
outside of the enclosure was spot welded with 1 in. wide 0.010 gaugeslstaestock
strips positioned along the midline and rims of the enclosure. Magvet oriented
around the enclosure along the steel shim stock. The magnetseaongim of the
enclosure were oriented with their north poles directed clockwisiée the magnets
along the midline were oriented with their north poles directed caliot&wise. Clear
Teflon tubing was wrapped around the outside of the enclosure adanstagnets to
provide water cooling and prevent demagnetization of the magn#is atasma source
reached high temperatures.

The sample holder was created using a 2 %2 in. wide 4 in. longestasteel plate
and fashioned with a center bolt to attach to the stand as wbk &bectrical lead to the
power supply. The sample holder was oriented vertically and positdmeches behind
the two tungsten filaments which were used to create tilsenplaischarge between the
samples and the anode. The sample holder was isolated from tbethesenclosure and
vacuum chamber using an alumina ceramic standoff. Figure 4 displayss pifothe
completed plasma source setup. Initially heaters were instalfeoiht of and behind the

sample holder but these were later removed to incorporate a new design.
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Figure 4: Plasma source assembly

2.3: PLASMA PRE-ETCH OF TITANIUM SUBSTRATES

For pre-etch processing of the substrates, the cleaned titssamples were
placed on the sample holder able to fit a maximum of 35 samplearp€ rows with 7
samples per row). The four corner substrates and the middle sailmdtesdsich run were
pre-weighed 3 times before the procedure and recorded. Theimachamber was
pumped down to approximately 1x16brr and backfilled with 50 sccm of Argon gas.
The filament current was set to 12 to 13A with the discharge set to a voltage of 48V and
current between 4 to 5A. The sample holder was biased at a pulsiagevoft-700eV at
a frequency of 1KHz and a duty cycle of 50%. The output current ofmplasas
maintained at approximately 120mA to 135mA. The samples were pulsedbéat
-700eV in the plasma for a prescribed period of time in ordetdio to a depth of one
micron and allowed to cool to room temperature in vacuum before venting the chamber.

After processing in vacuum, the same four corner substrategshanchiddle
substrate were removed from the sample holder, post-weighedemded. Using the
difference in the mass before and after plasma procegsingglong with the density of

pure titanium at near room temperatyre4.506 g/cr), the area of an individual sample

11



(A=1cnr), and the change in time\t), the etch rate for each titanium sample was
determined in nm/hr using Equation 1:

Equation 1

Etch hry= —2 407
tchrate (nm/hr) = m*

In addition, using the formula used in Equation 1 and excluding the phoges
time (At), the amount of material etched from each titanium sample wesrdeed using
Equation 2:

Equation 2

m * 107

Etchdepth =
chdepth (nm) Py

The -700eV pulse bias to the sample holder was controlled by a SpeBin600
high voltage power supply. The output pulse was to the sample holdenavasined
using a fast switch which opened and closed at a frequency of Wkihla duty cycle of
50% meaning the switch was on and off for equal amounts of timefildiments were
controlled by a Trygon Electronics 50-15 power supply and the plasnchadie
connected to the anode which enclosed the sample holder was contraiie®iobgnson
DCR 150-6B power supply. Figure5 displays an electrical schemfathe entire plasma

source.
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Figure 5: Wiring schematic of the plasma source

2.4: 10N BEAM SPUTTER DEPOSITION OF THIN FILMS

To sputter deposit the hydroxyapatite target and silver onto thaiutib
substrates, a 16 cm RF ion source was used. The substrates reoraithesd sample
holder in the plasma source enclosure while the tungsten filameedsduring plasma
etching were removed and discarded. When sputtering hydroxyapmatije the
sputtering target was only covered with sintered hydroxyapdgteleaving no spaces
between tiles for stainless steel to be accidently sputietedhe film. When sputtering
hydroxyapatite and silver, 0.010 in. thick silver strips were wedgddeen the tiles in
the middle of the target. The chamber was pumped down to a pressipe Iif° torr
while the ion source was provided with 20 sccm of oxygen gas. Thé veageotated 45
degrees from the ion source and in direct line of sight to the samopder for uniform

deposition across all of the titanium substrates.

13



As with the plasma etching procedures, the sample holder wastalblold a
maximum of 35 samples per run for hydroxyapatite/silver sputégrosition. Three
voltages were tested to determine the optimal sputter rétewvicreating damage to the
hydroxyapatite tiles or the silver strips. The tested voftagere 300eV, 700eV, and
1100eV. During the preliminary tests, the higher voltages 700eV and\1166elted in
faster film deposition. However, 1100eV created excessive damape target such as
loosening, cracking, and chipping of the tiles. It was determined7b2eV was the
appropriate voltage to continue with all successive deposition runs. The beamwagent

set at a current of 300mA.
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CHAPTER 3: PHYSICAL AND MECHANICAL CHARACTERIZATION OF THE
THIN FILMS

This chapter will discuss the methods, materials, results, angsdisn of the all
the tests used for physical and mechanical characterization of therttsrsfilitter coated
on to the titanium substrates. The procedures used to charackeriziéms included
contact profilometry, scanning electron microscopy, energy dispespeetroscopy,
adhesion testing using ASTM D3359-09 and stability testing usingbated PBS

immersion.

3.1: METHODS AND MATERIALS

Since deposition time is dependent on the desired thickness of thediact
profilometry was used to verify the surface profile. Previous etudn hydroxyapatite
thin films in the Colorado State University Electric Propulsiad 8lasma Engineering
Lab has shown that ion beam sputtered hydroxyapatite thin filnegcbed titanium with
a thickness of approximately 650nm are effective for meserahystem cell
proliferation and differentiation into osteoblasts [40]. Similarhgse films were also
sputter deposited at a voltage of 700eV and it was determined thatiapgiedyx 650nm
could be achieved at 10 hours of ion beam deposition. The same procesldioomzed
in this study. Film thicknesses were verified through profilopndily sputtering
hydroxyapatite thin films on a silicon wafer with a small fafl stainless steel foil

covering a small section of the silicon substrate. When processisgomplete after 10

15



hours, the foil was removed as well as the deposited film ovefoith¢o reveal a
completely coated silicon substrate except for the smdibsethat was covered by the
stainless steel foil. This allowed for a visible step betvwtberbare substrate and the top
of the film for the tip of the profilometer to detect. Filmdkness was determined by
dragging the tip across the silicon substrate and onto the coai@ualstelhis process was
completed for 3 different silicon samples to verify an average film thisknes

The topographies of the titanium substrates etched at 700eV xeenened under
high magnification using a field-emission scanning electrorrasgope (SEM, JEOL
JSM 6500F). Substrates were examined using both low and high magmfica
determine that the appropriate micro-scale and nano-scaleefeavere present. These
topographies were compared to etched titanium substrates fevioys studies in our
lab that have shown to produce micro-scale and nano-scale feativ@stageous for
mesenchymal stem cell proliferation as well as osteoblafferetitiation and
proliferation. Those samples were etched using an ion source daagevof 700eV [40].
In addition, the topographies of etched titanium substrates with sglitten films of
hydroxyapatite doped with silver were also examined using scanning elegtimscopy
and compared with plain un-etched titanium to determine the diffesem surface
structures and features. The surfaces of the substrates vegyedirat a working distance
of 10cm and a voltage of 15kV. Since hydroxyapatite is non-conduethod, substrate
was sputter coated with 5nm of gold before viewing under the microsoopehieve
adequate resolution. After gold coating, the substrates wechedtto a conducting stub
or microscope holder using small amount of double-sided carbon tape @ntepl

using graphite or copper tape. Two samples for each group walkeed under SEM

16



(n=2). The amount of silver in the films were determined using graispersive x-ray
spectroscopy (EDS) attached to the SEM (JEOL JSM 6500F). @ddtaming an image
of the substrate at 100x magnification, 3-5 different areas cfaimple were subjected to
EDS using the Spectrum feature on the EDS NSS analyzing software. guentésults
were obtained for each area of the sample to determine weigténfege of each
element present on the substrate. Silver concentrations for eacivare recorded from
the weight percentage (wt%) value and averaged to determinatdhevéight percent of
silver in the sputtered thin film. In order to determine the edisélibution of silver over
the entire area, the Spectral Imaging feature on the EDSaxN8i$zing software was
used. After obtaining an image of the substrate at 100x magrofcatie Spectral
Imaging feature was used to determine the location of each partitiergla the film.
Two methods were used to determine the stability of the fimshe titanium
substrates: Adhesion testing by tape using ASTM Standard D3359-Ofbragiterm
incubated phosphate-buffered saline (PBS) immersion. The former inudvesASTM
Standard D3359-09 as a qualitative test which evaluates the adheaifitmobn a scale
from OB to 5B. A film classified as OB on the scale corresptmasore than 65% of the
film removed while a film classified as 5B corresponds to 0%heffilm removed. This
test provided a simple means to assess the quality of the mechanicalertetfaeen the
film and the substrate. First, a razor blade was used to samid ato the film with
approximately 1mm spacing between each score (6 horizontadssemd 6 vertical
scores). An appropriate length Nitto Denko/Permacel 99 polyesterffdmkaging tape
was cut and adhered to the surface of the substrate for 90 secaedf0A$econds, the

tape quickly removed by quickly pulling the tape across at a 180edeggde without
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jolting the tape or the substrate. The substrate and the tapeanadyzed and compared
to the ASTM Standard D3359-09 scale and classified from OB to 5Bedadr group
containing a film coating, two substrates (n=2) were tested and comparedtanttedc
The second of the two stability tests involved immersing the msibst in
sterilized phosphate-buffered saline (PBS) in 37°C 5% i@€ubation for a prolonged
period of time. The purpose of this study is to determine if thres fare able to maintain
a strong interface with the substrate in a static aqueous envinbrsmalar toin-vivo
conditions. Five samples from each group (n=5), excluding plain titaniare each
weighed five times and carefully placed into a 24 well platetaining 1mL of PBS
solution in each well. The substrates were incubated in the solatioa period of 4
weeks. At two weeks, the samples were evaluated visually tangtehanges in color to
the substrate or solution without removing the substrates from theA¥@Sthe 4 week
period, the substrates were removed from the PBS solution, careifutlgd with
deionized water to remove any salt remnants, and weighed tondeteany changes in
mass. The PBS solutions from each well were carefully saweldstored for further

evaluation.
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3.2:RESULTS AND DISCUSSIOI

Contact profilometry revealed an average film thegs of 600nm acroall three
silicon samples. Therofilometer was calibrateto zero microns across the silic
sample in order tobtain a measured value of the profile as the ee@dide contact wit
the top of the film. Figure 6 displays the measured surface profile sscame of th

tested silicon samples.
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Figure 6: Surface profile of film thickness using contactfgometry

After etching the substrates at a pulsing voltafy-700eV in the plasma sour
for two hours and an etch depth of 1 micron, théMiSEhages displayed very uniqt

micro-scale and nanscale topographies. On the micro level, the coltiscascad
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created by ion bombardment in the plasma produced a random pattpeakst and
divots up to a few microns in size. On the nano level, it creadépdsste features that are
on the order of a few hundred nanometers. Figures 7 show the SEdsimithe etched
titanium samples at low and high magnifications to observe both itre snd nano-
scale features. This textured surface closely mimics thectste of bone at the

microscopic level which is advantageous for bone cell attachment and growth.

Figure7: -700eV Etched Titanium Substrates at 1000x, 5000x and 25000x

When comparing the titanium etched for 2 hours at a pulsing voltagé@éV in
the plasma source to titanium etched for 15 hours at under at 700eV icr, Sbwas
determined that the same topography was produced in the plasma souece
significantly shorter amount of time. Figure 8 displays sideidy-SEM images of

samples etched using the two different processing methods. F8yuwkows the
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topographical differences between as received unmodified titaanghtitanium etched
at -700eV with a sputter coated thin film of hydroxyapatite dopiéd silver. Unlike the
unmodified titanium, the sputter-coated etched titanium provides anyetextilred

surface with a similar biochemistry to the bone matrix.

150KV X5000  1pm WD 10.1mm EM Center

Unmodified Ti
As received

Etched Ti
Sputter Coated

Figure 9: Comparison between unmodified Ti and etched Ti coated with HAp + Ag

21



Evaluation of plain titanium substrates under EDS revealed a speminiaining
over 99% titanium with trace amounts of carbon and vanadium. The Thererdifgc
periodic table for the EDS NSS analyzing software shows thra&dium peaks in the
spectrum are often associated with titanium. Evaluation of theettitanium substrates
coated with hydroxyapatite only thin films revealed peaksesponding to calcium,
phosphorus, oxygen, titanium and minimal amounts of carbon and vanadium. For the
titanium substrates coated with hydroxyapatite doped with silM@§ &as primarily
used to determine the wt% of silver in the film using the quangtaesults of the
spectrum. As previously stated, the first test group of substcatetined a lower
concentration of silver in the film (Al) and the second test growguiodtrates contained
a higher concentration of silver in the film (A2). The targetetght percentages initially
were 0.5wt% and 1.0wt%. Final average values of the tested axesdetk that the
concentration on the low silver substrates was 0.63 w29 and the concentration on
the high silver substrates was 1.53 wt%0.83 which are slightly higher than the goal
percentages but still within reasonable range (Figure 10). E36lts from spectral
imaging at 100x magnification determined equal distribution of wacphosphorus and

silver across the films for both the Al group and the A2 group (Figure 11).
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Figure 10: Weight percentages of silver in the hydroxyapdiiibes

23




A1l: Hydroxyapatite + Low wt% Ag A2: Hydroxyapatite + High wt% Ag

Figure 11: Spectral imaging of substrate groups Al and A2
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Film adhesion testing via ASTM Standard D3359-09 tape test was tased
evaluate 3 different substrates from each of the coated groupsi(Handl A2). The
results revealed that on all substrates, there was no delamipattsturbance of the
films. This indicated that all tested substrates were @ledsiccording to the standard as
5B (0% of the film removed). The results also signify that niechanical interface
between the film and the etched titanium substrate is strongletowvithstand mild to

moderate forces of destabilization.
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Figure 12: ASTM D3359 Adhesion by Tape Test
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The results of the long-term stability using incubated PB&aersion revealed
very different results. Before the substrates are subjectéx tetudy, it is noticeable to
report that the color of the coated samples in comparison withtgknium. The coated
samples have a very unique teal or maroon appearance depending mouhé & light
in the room and the viewing angle. During PBS immersion, it wasdered at 2 weeks

through visual observations that the color of the substrates wamimggto change and
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fade from teal/maroon to grey indicating that the film wakeei dissolving in the
solution or was delaminating from the surface. After the 4 wwekcribed period in
37°C 5% CQ incubation, the substrates removed from the PBS solution and gently
rinsed with deionized water had shown no significant decrease in Bassthough the
scale was able to read to the nearest hundred thousandth valuesrdgeaunass change

for all the samples was less 0.00002 grams. The 1mL PBS solutitres24 well plates
were allowed to completely evaporate in the well plates tealevisible delaminated
films left behind from the substrates along with traces offsaih the PBS solution. In
some cases, the large sections of the films remained istaerathin and fragile sheets.
Figure 13, shows pieces of translucent thin films delaminatededfindehind after PBS

evaporation in the well.

Figure 13: Delaminated films after PBS immersion for 4 weeks

To further assess the delamination of the films from the #talsludy, one
sample from each of the coated groups (H, Al, and A2) was exanmiged SEM and

analyzed using EDS. SEM images of each substrate visibgalexy large noticeable
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areas of the where the film had been attached leaving behindremalis of the film

that managed to stay mechanically bonded to the etched titanium.

3 s o 20 8 -
10gm WD 10.0mm " : 15.0kV  X10,000 1pm WD 10.0mm

Figure 14: Film Delamination at 1000x and 10000x

Quantitative results for the EDS scans displayed a signifaraqt in the weight
percentage of silver left on the titanium substrates. Beforesthlility study, the
concentrations of silver in the films were 0.63 wt% and 1.53 wt% regelycfor groups
Al and A2. After the stability study, the concentrations of siimethe films were 0.15
wt% and 0.27 wt% respectively for groups Al and A2 due to excessivaidatan.

The average results from EDS values before and after are shown in Figure 15.
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Figure 15: Evaluation of silver wt% before and after stabibtydie:

Since the films did not begin to displesignificant signs of degradation
delamination within the first week of the stabilgyudy, it was decided that the proj
would move forward with the bacteria studies sitiheegoal was to look at the sk-term
initial response from the bacteria rrding their interaction with the doped sih
particles in the fins. Judging from the positivresults received from tape testing, it v
presumedhat the films would be able to uphold their stitangnd mechanical bond

the titanium substrates during the s-term bacteria adhesion studies.
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CHAPTER 4: BACTERIAL RESPONSE OF SILVER-DOPED HYDROXYAPAH
THIN FILMS

The following chapter will provide an overview of the methods, materiedsilts,
and discussion regarding the bacterial studies that were conductdte @rocessed
substrates. In all, two studies were performed using aerobieri@astrains commonly
found in orthopedic infections in order to investigate bacterial adnesid bacterial

response to silver particles released into suspension from delaminated films.

4.1: METHODS AND MATERIALS

The aerobic gram positive bacteria strain used in the studySwapglsyl ococcus
epidermidis (SE, RP62A) and the aerobic gram negative strain used in this stasly w
Pseudomonas aeruginosa (PA, PAOL1). For adhesion studies, the substrates were placed
in triplicate into sterilized 12 well plates (one 12 well plptg bacteria strain for each
group: T, H, Al, and A2). The samples were carefully cleaned antizetd with ethanol
and subjected to ultraviolet (UV) light in a biosafety cabinet. Bottures ofSE andPA
were adjusted overnight to a concentration of 5x&6élls/mL in fresh Trypic Soy Broth
(TSB) medium and 3mL of 10g/L were added to each well. Aftedisgebacteria on
onto the substrates, the plates were incubated at 37°C on a shakingtd25 RPM.
Each plate was placed in the incubator shaker for 5 minutes tosdishe bacteria in the

medium before T (time) = 0.
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The bacteria were allowed to adhere to the substrates foptmts of 8 hours,
24 hours, 32 hours, and 48 hours. Media changes occurred at 24 and 32 hours. At each
time point the bacteria were stained with Live/Dead BacLigkiriVitrogen) stains and
counted microscopically. The Live/Dead stain contains STYO 9 whaalsec living
bacteria cells to fluoresce green and propidium iodide which causggdetaria cells to
fluoresce red. The propidium iodide is unable to penetrate cell rmasdwhich are still
intact so living cells will reject this dye. However whenyind bacteria cell is no longer
able to maintain its membrane, the propidium iodide is able to #mgearell and interact
with the DNA of the cells. The grid area or picture area ®=$0° m? the filter
membrane area was 0.0002, @nd the sample volume for each count was 1mL. For each
substrate, live cell counts and dead cell counts were each takaessand averaged.
Dilution factors for each sample were based on the final volumdediviby the aliquot
volume. In order to determine the concentration of live bacteria ardl lwhederia per
samples, Equation 3 was used. Once the bacteria concentration vataesalgulated for
all of the samples, the concentrations were averaged for edwh tohe periods: 8 hours,
24hours, 32 hours, and 48 hours. At time 8 hours and 32 hours, the adheread Wwacter
fixed to the substrates for SEM imaging with 3% glutaraldelamtk dehydrated with a
series of ethanol baths.

Equation 3

CxM=xDF

aV *1.5/1

BacteriaConentration (cells/cm2) =

C: Average of # of live or dead cells (cells)
M: Filter membrane area @n

DF: Dilution Factor (unitless)

G: Grid Area ()

V: Sample Volume (mL)
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In addition to the bacteria adhesion study, a film release sudifar to a drug
release study, had to be conducted. Contrary to initial assumptionéjnbewere
beginning to delaminate in TSB media after the samples vee@ed with bacteria. It
was discovered after that the samples were beginning to clalggeafter the 12 well
plates containing the samples, media, and bacteria were subgaieaking incubation
at 125 RPM. A similar protocol to the adhesion study was utiliaethe release study.
Substrates were placed in triplicate in sterilized 12 wallesl with one plate per bacteria
strain for each group: T, H, Al, and A2. The samples were carefldaned and
sterilized with ethanol and subjected to ultraviolet (UV) ligh&iibiosafety cabinet. Both
cultures ofSE and PA were adjusted overnight to a concentration of 5x&élls/mL in
fresh Trypic Soy Broth (TSB) medium and 3mL of 10g/L were addededh well. Once
again, after seeding bacteria on onto the substrates, the platemeubated at 37°C on
a shaking plate at 125 RPM for 5 minutes to disperse the baéteriaach hour, from 0-
8 hours, aliquots of the medium were removed at filtered through a 10@mibrane.
The trapped bacteria were stained with Live/Dead Baclight™ t{bgen) stains and
counted using ImageJ software. Unlike the bacterial adhesion stodlgsthe viable
bacteria cells (colony forming units) were counted. The oelhts were averaged at each

time point and multiplied by the dilution to obtain the number of cells per milliliter.
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4.2:RESULTS AND DISCUSSIO|

The concentration of de Gram positive Saphylococcus epidermidis (SE)
bacteria cells (Figure )®bserved on the four sample types at 8 hours shdveatdhere
was slightly more dead cells on the samples withsficontaining silver. At 24 hours, t
number of dead bacteria ceconsiderably inreased on the substrates with a high wt¢
silver and ontinued to increase up to 48 hours. However, theae little difference
between the 4 groups at 48 hours. It is presumed tiie films had complete
delaminated from the titanium substrates after dags in TSB medieWhen observing
the number of liveSE cells on the materials, thearea slightly lower number of cells
8 hours and 24 hours on the substrates with awighof silver. However this trend do
not continue approaching 48 hours and there iggmficant difference between the fo

groups (Figure 17).

SE Dead cells
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Figure 16: Bacteria adhesion &E: Dead cells
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Figure 17: Bacteria adhesion &E: Live cells

Observing the percentage of dead cwon the substrates may be more usefun
looking at the bacterial concentration of cellsdese the percentage is irrespective of
number of cells present on the substrates. Ins&amnining the percentage is helg
because it takes whatever number of cells and labk#gether there amore dead cells
than live cells. At 8 hours and particularly at Bdurs, there is a significant higk
percentage of dead bacteria on the on the sulstraiid high wt% of silver ir
comparison with the other groups. At 32 hours aBddurs, the percerge of deadsE
cells on the substrate with low wt% silver begiadricrease while the control samp

remain low (Figure 18).
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Figure 18: Bacterial adhesion &E: % of Dead cells

The bacteria adhesion results for Gram negéPseudomonas aeruginosa (PA)
differed significantly from th¢SE observations. When evaluating the number of (PA
cells on the substratéBigure 19, there were less dead cells on the substratessiir
present in the films at both 8 hours and 24 how82 hours and < hours, there was r
considerable difference between each group eveugththe number of dead cells
increased for the substrates with silver. A simitand seemed to occur when obsen
the number of livdPA cells on the substral (Figure 20). Atboth 8 hours and 24 hou
there was significant difference between the cargroups and the groups with filn
containing silver. The samples with silver hadwdonumber of live cells but once ag
there was no significant difference after 24 hoOne very likely reason for th

occurrence could be that the substrates sputterédsilver-doped hydroxyapatite he
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immediately delaminated in the media after the dréactwas seeded. This could expl

why the results showed both a lower number of and live cells on the substrat
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Figure 19: Bacterial adhesion d?A: Dead cells

PA Live cells
1.00E+09

1.00E+08

Bacterial concentration (cells/cm?)

8 24 32 48
Time (hours)
¥ Plain Ti Ti+HAP
mTi+HAP +0.5% Silver = Ti+ HAP + 1.5% Silver

Figure 20: Bacterial adhesion d?A: Live cells
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Once again, the percentage of dead cells on th&tratds is important to look
because it doesn't matter how m cells present (Figure 21)The key aspect
determining if there are more dead bacteria thaa bacteria. The results are v
interesting because although there is a large spikiee percentage of dead cells aci
all sample groups, none of the ups are significantly different from one anotherenw
looking at each individual time point. These rés@lirther support the presumption t
the films had delaminated early in the study. Qilsg, it would be expected that the
would be a higher peentage of dead cells on the substrates containimgr sn

comparison with the control groug
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Figure 21: Bacterial adhesion d?A: % of Dead cells
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Since the results from the bacteria adhesion studies aréneenclusive for both
strains of bacteria, the SEM images of the fixed cellvarg important. The images not
only help determine the general behavior of the bacterianititso be used to determine
the behavior of the films. Figures 22 and 23 display SEM imagbaatéria cells on the
control groups: T and H.

On plain titanium, it is expected that the many bacteria wodlier@ to the
surface, form colonies, and eventually begin to deposit a bio#cells had formed
massive colonies on the plain titanium that were spread acrosslibiate. Some of the
colonies were so three dimensional that it was difficult to ol#aiadequate image due
to differences in contrast. As shown in the second image at 5000xfitatpn, the top
bacteria cells were in the early stages of forming alivicdround the colonyPA cells
displayed far more drastic behavior on the plain titanium. As showheinntage at
1000x magnification, cells had completely covered the substrate. AlthbedPA cells
did not form large three dimensional colonies like the gram positigeedia biofilms
were very noticeable across the substrate.

On etched titanium coated with hydroxyapatite, it is expedtatl the bacteria
would behave in a similar manner to the bacteria on titanium andettatnly was the
case. SE cells had formed large three dimensional colonies andofrtueyn were in the
early stages of biofilm formation as shown in the images at 56G@ification. Like
plain titanium, the hydroxyapatite was completely covere®@Ancells and very large
biofilms were present across the substrate. However, someaweadl near the edges of

the substrate had little amounts of bacteria which are possible due to filmedamag

37



1000x

5000x

5000x

EM Center SEI

(

Staphylococcus epidermidis Pseudomonas aeruginosa

7

. N :
150KV X1,000  10pm WD 9.9mm EM Center

e D2 :
EM Center S 15.0kV  X5,000 Tum WD 10.0mm

X .
150KV X5,000 fum WD 9.9mm

150KV X5,000 fum WD 9.9mm EM Center

EM Center SEI

Figure 22: SE andPA cells on plain titanium
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Figure 23: SE andPA on etched titanium coated with HAp
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Figure 24 shows the SEM images of both bacteria strains bedetdanium
coated with hydroxyapatite and a low wt% of silver. The expectain this substrate
group is that there would be fewer bacteria present due to the ddyedpsirticles
killing the bacteria and causing them not to adhere. As seen im#ge at 1000x for
both theSE andPA cells, there are far fewer bacteria on the substratenparison with
the control groups. Th&E cells had not formed large three dimensional colonies and any
small colonies that were present on the substrate did not shasvagigiofilm formation.
The PA cells did not cover the substrate as they did on the control groups, however
various areas did have some large colonies form with very broéilms. It is likely that
these colonies formed on sections of the substrate where deiamimaay have
occurred.

Figure 25 shows the SEM images of both bacteria strains bdedetdanium
coated with hydroxyapatite and a high wt% of silver. Since tve Wt% of silver
substrates had fewer bacteria than the controls it is exp#wethe high wt% of silver
substrates would be similar or better. It is noticeable on thegesnaat 1000x
magnification that there are very few bacteria present onulbstrates. Similarly to the
low wt% silver substrates, tI#E cells had only small colonies and these colonies did not
begin forming any biofilms. The number BA cells was low across the surface, however
in particular areas there were small coloniesPéf cells present which had started
forming biofilms. As with the other coated substrates, it ishflikbat these are areas
where the film was damaged or beginning to delaminate therefgrosing the titanium

surface.
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Figure 24: SE andPA on etched titanium coated with 0.5% silver-doped HAp

41



1000x

5000x

Pseudomonas aeruginosa

Staphylococcus epidermidis

EM Center

EM Center 150KV X5,000 fum . WD 9.9mm EM Center 150KV X5,000 1um WD 8.1mm

150kV  X5,000 Tum W

15.0kV  X5,000 Tum WD 9.8mm EM Center

Figure 25: SE andPA on etched titanium coated with 1.5% silver-doped HAp
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The release study delivered very promising restdtgarding the behavior
bacteria in suspension. Since the substrates haginsbbvious signs of delamination
was important to determine if the silver was ind&githg the bacteria and reducing ¢
growth. Figure 2&hows the growth cSE cells over 8 hours in suspension with the 1
substrate groups. Noticeably, the control groumpldyed significant bacteria grow
with slight cell death occurring between 6 and drsawith titanium. The substes with
silver displayed naSE cell growth until 5 hours when the growth beganstowly
increase. As expected, the higher silver conceatrgierformed the best in preventi

bacteria growth.
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Figure 26: Growth of SE bacteria cells over 8 hours solutior

Figure 27 shows the growth (PA cells over 8 hours in suspension with the {

substrate groups. As seen from the figure, PA cells displayed a more favoral
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reaction to the silver in the solution. The congmdups showed a steady climbPA cell
growth until about 5 hours when the rate of cetivggh began to increase further. TPA
cells reaction to the delaminated substrates auntpisilver displayed early no
increases in bacteria growth over the 8 hour stihar 7 hours, thPA cells with the
low wt% silver substrates had minimal growth white PA cells with the high wt%
silver substrates remained at a-line for the entire 8 hours. It appedémsm these result
that silver may have a higher effect on gram negaderobic bacteria than gram posit

aerobic bacteria.
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Figure 27: Growth of PA bacteria cells over 8 hours in solut
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CHAPTER 5: PRELIMNARY ANNEALINGAND HIGH TEMPERATURE
TREATMENTS OF THE THIN FILMS

This chapter outlines the methods, materials, results and discussaonezling
and high temperature treatments of substrates sputter costesilwer-doped thin films.
These preliminary studies were conducted in order to determithe i§tability of the
films could be improved while maintaining the silver concentratiortiimvithe films.
Once again the samples were subjected to physical and meclwaicaiterization tests
as previously used which included scanning electron microscopy, edeggrsive
spectroscopy, adhesion testing using ASTM D3359-09, and stabilitygtessing

incubated PBS immersion.

5.1: METHODS AND MATERIALS

Increasing stability and resistance of the films to overcamoag destabilizing
forces while in aqueous environments was essential after tlsputiered films
performed poorly in those conditions. This study examined the use iouyaneat
treatments on the sputter deposited thin films in order to incthasaystallinity of the
hydroxyapatite. The first attempted method involved subjectingtd@um substrates to
heat treatment during sputter deposition of the hydroxyapatre/dérget in order to
being crystallizing the hydroxyapatite after making contath wie etched titanium. The
sample holder shown in Figure 28 was fabricated out of a 2 in.4videlong stainless

steel block with a thickness of 0.5 in. Three 0.5 in wide channeks mvdled across the
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back of the sample holder in order to install three heataidges. The heater cartridges
were made out of three 6 in. long alumina ceramic tubes, coiled| rebkemium
resistance wire and thermal conductive hi-resistance potting compdiwednickel
chromium wire was stretched to a length of 6 in. with a resistaof 3 ohms per
cartridge. The resistance wire was fed into the aluminacetabing and stabilized with
potting compound. Once the potting compound was allowed to cure for 24 hours, the
heater cartridges were carefully positioned within the chanofethe sample holder,
stabilized with the potting compound, and allowed to cure for 24 houlsiu@a
magnesium-silicate Superwool™ insulation was wrapped around the top, patidm
back of the sample holder in order to direct the heat towardsahe Trhe ends of all
three heater cartridges were fastened with nickel platedntrming lugs and wired in
parallel to the with the Sorenson SRL 60-35 power supply.

The desired goal temperature of the sample holder was cha@@@drat A type K
thermocouple was temporarily spot-welded to the sample holderaordie¢ the amount
of power needed to drive the samples up to a temperature of 600°CthHentecessary
power was determined to keep the sample holder at steady istatecuum, the
thermocouple was removed to sputter deposit silver-doped hydroxyahatitdms on

to etched titanium samples at 600°C.
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Figure 28: High temperature sample holder with installed heater cartridges

Titanium substrates to be sputter deposited with hydroxyapatiedoped a low
weight percentage of silver at 600°C were marked with a sanitbéaheled A3. Titanium
substrates to be sputter deposited with hydroxyapatite films doghdawiigh weight
percentage of silver at 600°C were marked with a scribe anddahéld=or both groups,
the maximum number of samples (n=35) were placed onto the sampde thoftthg each
10 hour deposition. For each run, the chamber was pumped down to a pressa@of 1x
torr and the sample holder was slowly brought up to 600°C before turnitigedon
source. The sample holder was held at 600°C for the entire duratidme cfputter
deposition and continued to remain at that temperature for 1 hourdafiesition was
completed. The sample holder and the coated titanium substratesligered to cool
down to room temperature before venting the vacuum chamber.

The second method for increasing the crystallinity of the hy@dweetyte involved
annealing in air. Similar with the previous method, substrates mvarked with a scribe
and labeled either A5 or A6 based on the concentration of silves tkeposited within

the hydroxyapatite films. Group A5 was sputtered hydroxyapatitelew wt% of silver
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and A6 was sputtered hydroxyapatite with high wt% of silver. B&oh eun, the titanium
substrates were sputter deposited at normal vacuum temperdiareodted substrates
were annealed in air using a Lindberg oven (max 1200°C) at a temperature of 608°C for
period of two hours and allowing the oven and the samples to slowlyaobklto room
temperature.

As with the amorphous hydroxyapatite thin films, substrates whysically
characterized using SEM, EDS, ASTM Standard D3359-09 Tape Temstidgncubated
PBS immersion stability testing. In addition, the films wereatt@rized using glancing
angle X-ray diffraction in order to determine that a cr{is&@lform of hydroxyapatite

was present within the films.

Table 2: Annealed substrate group labels and descriptions

Substrate
L abel A3 A4 A5 A6
Etched Ti + Etched Ti + Etched Ti + Etched Ti +
Description Sputtered HAp| Sputtered HAp| Sputtered HAp| Sputtered HAp
+ Low wt% Ag | + High wt% Ag| + Low wt% Ag | + High wt% Ag
Heat 600°C during | 600°C during | g0 i air for| 600°C in air for
sputter sputter
Treatment q o o 2 hours 2 hours
eposition deposition

5.2: RESULTS AND DISCUSSION

The results from EDS on the coated samples subjected to higlersome
processing during deposition determined that there was bttte tsilver present within
the films. The average quantitative values from the EDS spectrisplaged

concentrations of silver lower than 0.10 wt% on substrates from bothnd3A4. In
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addition to the silver, lower amounts of calcium and phosphorus werersgafosited
onto the titanium substrates which resulted in a thinner film than 608khough the
vapor pressure of silver at 600°C is neaf ttr and the pressure of the chamber during
sputter deposition was near i@rr, it is assumed that the silver was diffusing out of the
film almost as fast as it was being deposited which is @dmgentration of silver was so
low for both groups. SEM images of the substrates revealed thatenmgerature
treatment during deposition created completely different micedesand nano-scale
topographies from the amorphous films (Figure 29). Due to the résuitsEDS and
SEM, it was concluded that this heat treatment procedure needeel discarded or
modified in order to be effective for increasing hydroxyapatiystatlinity with silver-

doped thin films. Further tests were not carried out with groups A3 and A4.

Figure 29: Substrates subjected to high temperature during sputter deposition

Quantitative results from EDS of the substrates subjected talargen air after
sputter deposition showed that the silver concentrations in the géimaimed unchanged
after heat treatment (Figure 30). The sputtered silver pegtieimained intact in the film
during crystallization of the hydroxyapatite at 600°C. Figure 31 shin@sspectral

imaging and distribution of silver for both groups before and afteeaing. As shown
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in the figure, there im0 significant difference between the amorphousidiland the
crystalline films regarding silv concentrations and distributioBEM images of the 5
and A6 (Figure3pshowed that small cracks had formed in the fiffisr annealing. It i
possible thatthese cracks formed due to residual stresses infilthe during hea

treatments or differences in thermal expansion é&efw the titanium and tf

hydroxyapatite.
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Figure 30: Comparison of amorphous and crystalline s-dopedHAp thin films
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A3:Hydroxyapatite + Low wt% Ag A4: Hydroxyapatite + High wt% Ag

Figure 31: Spectral imaging of substrate groups A3 and A4
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A3: Hydroxyapatite + Low wt% Ag A4: Hydroxyapatite + High wt% Ag
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Figure 32: SEM images of annealed silver-doped hydroxyapatite films on etched Ti
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Figures 33 and 34 are the glancing angle X-ray diffracti@ansdor the two
substrate groups annealed in air. Figure 30 is the etched titapuitared with the low
wt% silver-doped hydroxyapatite film and Figure 31 is the et¢it@nium sputtered with
the high wt% silver-doped hydroxyapatite film. In both scans, the displays peaks
corresponding to the titanium substrate (purple), hydroxyapatdg @ed silver (green).
Although the hydroxyapatite peaks are significant, it is uncleatell whether the
hydroxyapatite is 100% crystalline. However the presence of gesdes assures that the

films have undergone a significant amount of recrystallization.
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Figure 33: XRD scan of annealed 0.5 wt% silver-doped hydroxyapatite film substrate
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Figure 34: XRD scan of annealed 1.5 wt% silver-doped hydroxyapatite film substrate
As was determined with the as-sputtered amorphous hydroxyaipatitéims,
the ASTM Standard D3559-09 tape testing revealed no disruption of thellbng
hydroxyapatite films. Once again, three samples from both grougsewvaluated and it
was determined that all tested substrates were classtioedding to the standard as 5B
(0% of the film removed). The study of the annealed sample®ised in PBS revealed
no delamination or damage to the films. Substrates in the stuéywetghed before and
after the 4 week period and annealing the sputtered films had daeskygdroxyapatite
to remain stable and create a stronger mechanical bond aithutit substrate. Annealed
samples that were imaged using SEM revealed no significantesiffies between the
films before and after the 4 week stability study. In addition,sthiestrates were once
again analyzed using EDS to determine if there was any $&eehing from the films in
to the PBS solution. The average silver concentrations for A5 arizefsBe the 4 week

stability study were 0.53 wt% .10 and 1.46 wt % .32 respectively. It was verified
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afterthe 4 week stability study that silver concentnagidor A5 and A6 were 0.65 wt'+
0.23 and 1.47 wt% -©.49 respectively. This indicated that no silveaching of the

annealed films was occurring while in aqueous domas for lon¢-term periods

Figure 35: No delamination or damage of the annealed film ffRBS immersio
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Figure 36: Comparison of silvewt% before and aftet week stability studies in PI
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK

Overall, this study has provided excellent insight into the impoetaf plasma
engineering techniques to positively modify the surface of biaratgtdor prevention of
biofilm formation as well as create potential for enhanced ossgoation. Pulse biased
plasma etching procedures on titanium substrates provided the tbdityate a textured
surface with features on the micro-scale and nano-scaleatbasimilar to ion beam
etching which has been shown to create topographies advantageous foolifetation
and differentiation into bone cells. In addition, pulse biased plasntangtalso
significantly decreased the amount of processing due to higher ptesmsdies which
allowed for more ion bombardment.

Through this study, plasma engineering of biomaterials has siiswn the
advantages of using ion beam sputtering techniques to succesefitllthe surfaces of
titanium with thin films of hydroxyapatite doped with antimicrobglver particles.
Physical characterization of these thin films showed thé& possible to control the
concentration of silver that is doped within the hydroxyapatite dgmvell as manage the
uniformity and even distribution of silver across the entire surface of theTilough the
films were not shown to be 100% stable in their amorphous form, tHeprstrided
significant effects in suspension against the growth of Gram-p®sitaphylococcus
epidermidis and Gram-negativePseudomonas aeruginosa which are well known
pathogens that often create infections with orthopedic devices and isapldeat

treatments such as annealing in air were revealed to irctieastability of the films in
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both dry and aqueous environments without disturbing or losing the conaentoéti
silver within the sputtered hydroxyapatite films.

Future work to be done in this area includes many short termaosgdtérm
projects that would help further this research to eventually develaginig film coating
on medical devices and implants used in the operating room. Firkgrfumvestigations
on the understanding the physical characterization of the fiimdmdgpne by looking at
the film response to other mechanical and chemical forces #rat not tested in this
study. These tests may include scratch testing, nanoindentatstability of the films
cell culture media. In addition, a future short term project wouldobavestigate the
behavior of bacteria on the heat treated films to see if tkaaesimilar response to the
silver using not onl\&& andPA cells, but also other Gram-positive and Gram negative
pathogens which affect oral, craniofacial, and dental implantsedls Although it is
suggested that the silver should have no negative effect on dhéeration and
differentiation of mesenchymal stem cells on the surfacthefsubstrates, 4-week cell
studies would be included as another future project related to the ibablog
characterization of the films. Finally, long term goals woulddese plasma immersion,
pulse bias, and ion beam sputtering to pre-etch and uniformly spmdtdr three
dimensional objects with thin films of hydroxyapatite doped withesiparticles and

optimize the procedure to be fast yet producing the same qualityilros. f
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