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Abstract

Osteoarthritisa disease that currently affects 27 million Americans, is the most
common cause gfhysicaldisability in the United States. The disease inve e
degradation of joints in the body, including the cartilage surrounding the jointg|llassw
the bone uderlying the #ected cartilage. Pain, limited movement, and stiffness in the
effected joint is common. To treat this disease, surgical procedures, such as replacement
surgeries, are performed.tanium and titanium alloys are commonly used in load
bearing implants (e.g. knee and hip) due to their excellent stremgtbightratio and
corrosion resstance.

This study investigates the processing, microstructure characterization and
biological response of hierarchical surface modificationstanium substrates.
Hierarchical surfacenodificationsconsisting of gridike structures on the microscale
andTiO, nanotubesvere fabricated using laser powder depositioconjunctionwith
anodic oxidationFurthermorethis study evaluated the eftaeness of wirebrush
cleaning to improve the function of the miesoale featuresAs processed,usface
modifications were characterized usingtical microscopy, scanning electron
microscopysurface wettability characterized by contact angle, and in vitro biological
response of mouse posteoblasts characterized fiiyorescencéntensity

Titanium substrates with nafstale surdce features showed lower contact angles
and fostered greater cell attachment. Titanium substrates with-stial® surface
features that wereoid of any contamination aredeaned of possiblgisadvantageous

particlesalsoshowed lower contact angles amatl greater cell adhesion.



These results suggest that the hierarchical coatingetasvcleaning of thas
processednicro-scle surface featusgcan beneficially increase the biological properties
of the titanium substrate©ptimization of micrescale feature size will further elucidate

the benefits of the making the hierarchical surface coating better suited for clinical use.



Broader Impact

Osteoarthritis, a disease characterized by the degradatohoofdar cartilage s
well as bonaunderlyingthe cartilageis themost common form of arthriti®, 12].

Currently, osteoarthritis affec million American, which is over 12% of the adult
population It is estiméed to cost Americar$89.1 billionannually[3, 4].

Many treatments are available for osteoarthritis; however, symptom relief is the
aim of all treatments as theiscurrently nocure for osteoarthritisMost commonly,
treatments such as weight reduction, exercise, and assistive devices (braces, walking
canes, etc.) are used firsddditionally, pharmacologic therapies, suchhaststeroidal
antrinflammatory drugs (NSAIDs) angiainkillerscan beemployed9]. Due to their
invasive nature, surgical treatments are usually considered only when previous treatments
have failed9]. Neverthelss a significant number of surgical procedures tattre
osteoarthritis are performed. In the U.S. alonererthan 285,000 total hip replacements
and600,000 knee replacements acanpletedeachyear|1, 2].

Quite often, tanium is usedstheimplant bianaterial to replace hard tissues in
the body that are damaged due to normal wear and tear, trauatang. Titanium is a
choice biomaterial due to itppod mechanical properties, corrosion resistance, high

strengthtoowe i ght r ati o, and p excdlentbiscompatibilily | mpor t an

9]

Introduction
Although titanium is widely used today to replace tissues,-teng clinical

success is hindered by the limited osseointegration of titanWhen titanium is



implanted in the body, the bone aintplantare only partially integrateaften causing
the implant to become loosened from the bone. Because of this, it has been the focus of
scientists to modify the surface of titanium metal to creaenger mechanad fixation
between the bone and implariRecent studies have shown misaale roughness on the
biomaterial surface increases interlocking between implant and[6oh§.
Additionally, nanescale surfacstructuresncrease osteoblast (beferming cell)
function[7, 14, 15]. It is hypothesized thatombining both micreand nanescale
surface features into a sindlerarchical coating cafurther improve osseointegration,
and as a result, implant success.
The motivation behind this study lies behind data collected by Ellen Sauter, a
previousma st er 6 s sMaterclsEmdineering art®hienceProgramat
SDSM&T. Sautercreateda hierarchical coatingn titaniumby using laser powder
deposition to create a surface grid on the mgmale, and anodic oxidation to create
surface nanacale tubesdirectly superficial tahe microgrid.Saut er 6 s st udy e mpl

four experimental groups:

=

Flat (no microgrid) without nanotubes

no

Flat (no microgrid) with nanotubes

3. Microgrid without nanotubes

4. Microgrid with nanotubes

She then assessed the biological performance of her samples by culturing cells,
seedinghem on tle samples, and four days lateeasuringcell viability (measured as
the amount of living cells in a given aredjigure 1 shows the cell density for various

surface treatments employedSra ut er 6 s MdA3.t er 6s t hesi s
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Figure 1 Previous cell density datar om Saut er s Masterds TIF
From inspection of Figure, 3amples wittsurfacenanotubeshowed higher cell
density a signof increased osteoblast functiorlowever, samples witsurface
microgridsyieldedlower cell densitydatawhen compared to samples that had no micro
scalefeatures on their surfaces, a very unexpected result.
Thegoal ofthis projectwas to identify whattausedhe discrepancy between
Sauter 6s exper i expattedadsulisvieck ardodsesd oritemature tThee
two preliminaryhypothese$or thiswere
1) Unmelted laser depositiggowder particlesemainedon the surface of

the microgridedsamples, therefore blocking cells from attaching



2) A thick layer oftitaniumdioxide, formed due to poor atmosphere
control during depositiomgbstructedhe cells from attaching to the
titanium
As is evident, both preliminary explanations for the discrepancy centée
laser depositiofLD) process; because tfis, the goal of this projeavasto improve the
processingf the surface microgridlo address the unmelted LD powder, a wire brush
wasused on the sampladterLD to try and eliminate the grid of the particles. I&ssen
thealuminumoxide layerthe microgrid itself will be shrunk to fit within the titanium
substrate boundarieMany of S a u t sabstéates hashicrogrids that hatbeen
deposited on the entire substrate, as well as over the sides. This means that the laser
being used to deposit possibly welded the samples to the aluminum mount they were on,
perhapdeading to aluminum sputtering.
By removing unmelted LD particles @mhealuminumoxide on titanium surfaces
the substrate properties drgpothesized tanprove and with that, biological
performance.
Procedure
1. Titanium Substrates
This study employed 99.7% pure titanium sheets, 2.0mm thick (SAddneh).
To beginthe study, samples measuring & x 1.2cm x 2.0mm were cut frona sheet,
using a precision saw.
2. Polishing

After cutting samples to the correct dimensions, the samples were polished on a

grinderpolisher using silicon carbide paper (Leco). Polighwth 400, 600, 800, and



1200 grit paper, ithatrespective ordemvasfollowed by a finaken-minutepolishing on
felt papalumina.iFdlldwindteis, three surface roughness measurements for
each sample were taken and averageaimples weregqlished to an average roughness
of 0 . 1 2 6410.026¢nm
3. Laser Powder Deposition

Microgrids were laser powder deposited on the surface of the polished titanium
substrates using a Micro Laser Additive Manufacturing VDK 3000 LASER Deposition
System, conducted under an argon atmosphere, purged of oxygen. The powder used was
gas atomizegpowder, commercially pure, grade 1, titanium powder with a mesh size of
120 +200 Samples were deposited with a laser powdr26fW and a travel speed &0
mm/s. After deposition, each sample was sonicated in deionizedfaatiee minutes
forclekass i ng and holes (1/160 diameter) were dr.i
3.1Microgrid Characterization

After laser depositionthe as deposited grids were characterized to measure grid
dimensions using a field emission scanning electron microscop8E~g. Grid pore

size was measured as showirigure?2:

o

Figure 2 Topdown view of microgrid. Red arrows indicate directions in which pore size
was measured.



4. Wire Brush

Samples chosen to receive wirebrush treatment undeomenninuteof rigorous
brushing, followed by two minutes of sonication in deionized water. This process was
repeated twice, for #tal of two minutes of brushing and four minutes of sonication per
sample. Images with a scanning electron microscope were taken before and after
wirebrush treatment to determine the ability of the wirebrush to remove the particles.
5. Anodic Oxidation

Using a double electrode, electrolytic caetynotubesvere createdmthe surface
of the microgrided samples. The creation of the nanotubes is a result of two competing
processes: the growth of titanium oxide (equation 1), followed by the localized
dissolution of titanium oxide (equation 2).

4E/ O 4FE 1)
4E @& T( ©°4& ¢/ (2)

In this electric circuit, the titanium sample acts as the anode (positive terminal),
and a platinunrtovered mesh acts as the cathode (positive terminal). Prior to oxidation,
the anode and cathode were cleaned by sonication fomfivetes. The anode and
cathode wer¢hentaped in placed on opposite sides of a 250 mL plastic beaker.

The electrolyte solution consisted of 0.1 M NaF, 0.ZMO;, and 1 M HSQ,
in deionized water. After making the electrolyte solution, the pH was set to 4.0 by the
addition of NaOH. The completed electrolyte solution was then poured 2&0 mL
plastic beaker containing the electrodes. The cathode was directly connebied to t

negative lead of the power supply and the anode was connected to the positive lead, by
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use of a titanium wire. The anodization process was conducted at a constant 20 V of DC
power for 6 hours.
5.1 Nanotube Characterization

After anodic oxidation, theanotubes created were characterized to measure
nanotube dimensions using a field emission scanning electron ocop@$FESEM).
Nanotube lengthand diametersa/ere measured ahown inFigure3 and 4 respectively
Ten measurements t@ngth of ten different nanotubegretaken, and then averagét
the nanotube length reportedlenmeasurements of diameteafrfive different nanotubes
were Biken five measurementis one direction and fiveneasurementis a direction
perpendicular tohe original direction.These ten measurements were then averaged

obtainthe nanotube diameter reported.

S — ——  —,  —  —

Y
Figure 3. Sideview of ranotubes.Red arrow Figure 4. Top-down view of anotubes Red
indicates way in which nanotube length was arrows indicate way in whichanotube diameter

measured. was measured.

6. Contact Angle

Contact angle is a measure of the wettability sfidace. The sessile drop
method was used in this study to measure contact dnglds method, a syringe was
used to place a drdp 5L) @f deionized water onto each samg@adthe contact angle

was measured usingROPiImage Advanced softwaas shownn theschematic depicted
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in Figure5. Three different locations on each sample were used to calculate contact
angle. For each individual measurement, a left and a right contacaerglmeasured
which mustbe within six degrees of each other to bestdered valid. The six different

measurements were then averaged to get a representative contact angle for each sample.

Figure 5[13]. Schematic of contact angle measuremeitsee different locations on
each sampleveremeasured, each measurement consisting of a left and right contact
angle. The six measurements were then averaged.
7. Biological Assessment
7.1Cell Culture
Mousepre-osteoblast§MC3T3-E1 subclone 4, ATCECRL-2 5 9 3 E, Manassas,

VA) were cultured in HyClone MEM Alpha Modification 1X (Thermo Scientific) media,
supplemented with 10% bovine serum albumin and1% penistiteptomycin. Culture
media was exchangexvery two daysluring culture After 10 days of cliure, the cells
were removed from the culture flask by trypsinization by the addition of 1% trypsin
EDTA to the flask, which was promptly incubated for two minutes after the trypsin
addition. The loose cells were then suspended in culture media, agedrikeparated
from the supernatant, and then resuspended in 10 mL of culture media. Cells were then

counted using a hemocytometé&amples were sonicated in acetone, rinsed with

deionized water, and then autoclaved at @56r 30 minutes prior to biobical testing.

12



7.2 Cell Morphology

To study the morphologyx1Q’ cells were plated oanesample. Previous work
by Sauter had showlittle morphologic differences amongst substrate groups, so for this
morphology study, only one sample was used, strictly for determining cells in this study
werer oughly equivalent to the cells wused i
sample was uskfor morphology.After placing the set amount ofliseonto the sample,
the samplevasincubated for five minutes before adding an additional 5 mL of culture
media tathe sample, and replacing in the incubat@fter four hours, the sampleas
removed fom the incubator, washed with PBS, and fixed with 2.5% glutaraldehyde in
100mM cocodylate buffer pH 718 incubation upon ice for one hour. The s&mwpas
then washed with additional 100mM cocodylate buffer pH 7.2, followed by a wash with
deionized wate The samplevasthen dehydrated in ascending ethanol percentage
solutions (50, 60, 70, 80, 90, 100, respectively) for 15 minutes each. After aebiydr
the sample wasir driedand imaged on the scanning electron microscope
7.3 Cell Viability

To assess the biological response to the substiatE®, cells were plated on
each sample. After placing the set amount of cells onto the sample, the samples were
incubated for five minutes before adding an additional 5 mL of culture media to each
sampeé, and replacing in the incubator. After two days of incubation, culture media was
exchanged. After four days of incubation, the samples were removed from the incubator,
washed with PBS, fixed in a 1.58rmaldehydesolution in PBS, and then permeabitize
with cold methanol for 20 minutes. Samples were then rinsed of the methanol and dyed

with Hoechst 33258 dye at a concentration of 8yk/10mL PBS, whiclkelectively
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stained the nuclei of live cells. After 15 minutes of staining with dye, the sampies w
rinsed with PBS. The samples were then imaged with a fluorescent microscope (VSC
6000). All images were taken with the exact same conditidige to the extreme
amount of cell attachment to the substrates, traditional cell counting as a way of
guantfying the data was rendered unmanageable. Instead, two pictures of each substrate,
for a total of 16 imagesvere changed into-Bit gray scalepictures using an image
analysis program (ImageJ).he meargray scalevalue was then calculated, which is a
representation dfuorescence intensityUsing the traditional RGB color model, a value
of 0 represents black and a value of 255 represents white. Therefore, vgthytlseale
fluorescent images, the live nuclei stain brightest, and as a resulprtake RBG value
of 255. Black spaces on the substrate, which have no cells attached to them, take on the
RBG value of 0.
Study Design

This study employed four different groups, each group with a sample number of
n=2, for a total of 8 samples. All grosipad a microgrid deposited onto their surfaces.
Half of the groups (2) then received wirebrush treatment, and the other half did not.
Within the groups of 2, one of the groups then underwent anodic oxidation to form
nanotubes on its surface. This layallowed the researcher to determine how the factors
interacted with one another, as well as how they behaved individually. The study design

in given inTablel.
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Table 1 Study design for discussed research project.

GROUP MICROGRID | WIREBRUSH | NANOTUBES
NUMBER CLEANING

1 X X X
(Grid+WB+NT)

2 X X

(Grid+WB)

3 X X

(Grid+ NT)

4 X

(Grid)

x Indicates presence of treatment

Results
Microgrid Characterization
Figure6 shows a representative top do®BEM view of a portion of a laser
deposited microgrid. Figuréshows a top dowwaiew of an entire titanium sample, after
laser depositionmagedon an optical microscope. Pore size was measured to ke 600

+20e m.

Figure 6. Topdown SEM image of laseleposition microgrid.
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Wirebrush Treatment

after wirebrush treatmentgspectively

e

Figure 7. Top-down image ofaserdeposited microgriditanium substrate

Figures8 and9 showSEM images of theame titanium substrate, before and

Figure 8. Topdown SEM image of supate before wirebrush treatment
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Figure 9. Topdown SEM image of substrate after wirebrush treatment.
From inspection of Figures 8 andwWirebrush treatmerdramatically decreased the
amount of unmelted laser deposition particles remaining on the surface after LD.
Nanotubes Characterization
Figure10shows a side view of the nanotubes. Usilgview pictures of the
nanotubesnd ImageJ image analysis softwam@atube length was measured to be 714

nm = 34nm.

Figure 10. SEM side view of nanotubes

17



Figure11 shows a toglown view of the nanotubes, imaged to show the structure of the
tubes. Usindgop downimagesand ImageJmage anafsis, nanotubes diameter was

measured to be 88m + 6nm.

Figure 11. SEM topdown view ofTiO, nanotubes.

Contact Angles

The sessile drop method was used to determine contact &epeesentative
images of sample contact angles are presenteéjime 12 and the average contact
angles for eachroup are presented Trable2. As is evident, surfaces with nanotubes
showed significantly lower contact angles when compared to suMaiteso nanotubes.
Additionally, the sample that underwesnly wirebrush treatment had a contact angle
approximately17 degrees less than the sample that received no treatment, proving

wirebrush treatmerdlsoreduced contact angle.
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Grid+WB+NT Grid+ NT
Grid+ WB Grid

Figure 12 Representative sessile drop images used to measure contact angle.

Table 2 Calculations of average contact angles for study.

Group Average Contact Angle (degreg
Grid+WB+NT N/A
Grid+NT N/A
Grid+wWB 57.2+14
Grid 745+ 4.9

Cell Morphology
Previous work performed by Sauter showetl morphologiesamongsthe
groupsdid not yield many differenceBecause of thigynly oneseparate samplgas

used to check the mphology of the cells. Figures 13 anddlibwhigh and low

19



magnificationimages othe cells after incubation for four hours, respectively. After four
hours, the cells showed signs of cell adhesion and cell spreading. It was also evident that
the cells were attaching in greater quantities in the pores, rather than on the microgrid

itself.

Figure 13 SEM image of fixed mouse posteoblats onsample Substrate (pore) is on
left, laser deposited grid is on right.

Figure 14 SEM image of fixed mouse gysteoblasts on sample.
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Cell Viability

Figure15 shows the fluorescent microscope images
of mouse osteoblasts on the different experimental groups. Qualitatively, groups that had
nanotubes on the surface staitehterfor live cells than groups with no nanotubes.
Additionally, wirebrush treated gups stained more positively for cells than groups

without wirebrush treatment.

Grid + WB + NT Grid + NT

Grid + WB Grid

Figure 15 Representative images of fluorescently stained cell nuclei afiter-aay
incubation period.
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