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Abstract
Ultra smooth nanostructured diamond (USND) can be applied to greatly increase the wear resistance
of orthopaedic implants over conventional designs. Herein we describe surface modification
techniques and cytocompatibility studies performed on this new material. We report that hydrogen
(H) -terminated USND surfaces supported robust mesenchymal stem cell (MSC) adhesion and
survival, while oxygen (O) and fluorine (F) -terminated surfaces resisted cell adhesion, indicating
that USND can be modified to either promote or prevent cell/biomaterial interactions. Given the
favorable cell response to H-terminated USND, this material was further compared with two
commonly-used biocompatible metals, titanium alloy (Ti-6Al-4V) and cobalt chrome (CoCrMo).
MSC adhesion and proliferation were significantly improved on USND compared with CoCrMo,
although cell adhesion was greatest on Ti-6Al-4V. Comparable amounts of the proadhesive protein,
fibronectin, were deposited from serum on the three substrates. Finally, MSCs were induced to
undergo osteoblastic differentiation on the three materials, and deposition of a mineralized matrix
was quantified. Similar amounts of mineral were deposited onto USND and CoCrMo, whereas
mineral deposition was slightly higher on Ti-6Al-4V. When coupled with recently published wear
studies, these in vitro results suggest that USND has the potential to reduce debris particle release
from orthopaedic implants without compromising osseointegration.
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1. Introduction
Total joint replacement is an effective treatment for relieving pain and restoring range of
motion. As long as implants are positioned correctly and infection is avoided, they will
generally last for many years. However, current implants have a limited life-expectancy, and
younger patients who receive them generally expect to endure revision surgeries to replace
worn components. A primary problem with current designs is the generation of wear debris
particles at the articulating surface that causes local pain and inflammation. Large debris are
normally sequestered by fibrous tissue, while small debris is taken up by macrophages and
multinucleated giant cells which may release cytokines that result in inflammation. This
inflammation cascade damages surrounding bone, ultimately resulting in osteolysis, loosening,
and implant failure.

The proposed solution for the problem of osteolysis caused by wear debris is to develop
ultrahard materials for the articulating surfaces that are more wear resistant, which would
reduce the number of debris particles generated. Efforts to improve the wear surfaces have
primarily focused on a few materials with exceptional strength, toughness, and hardness:
aluminum and zirconium oxides, titanium nitride, carbon nitride, diamond-like carbon (DLC),
and diamond produced by chemical vapor deposition (CVD diamond).

In addition to the development of ultrahard materials, efforts are being made to reduce the
surface roughness of the articulating components, since smooth surfaces should produce less
wear compared to rougher surfaces. In commercial joint prostheses available today, the most
common approach is to use a polished metallic CoCrMo surface or a smooth ceramic surface
that articulates with a much softer polyethylene surface. The rationale is that with this set-up,
almost all of the debris generated will be the softer polyethylene debris, which is fairly well
tolerated when produced in small amounts. However, on examination of implants retrieved
from revision surgeries, it is common to find that bone fragments or cement trapped in the
bearing surface has caused large scratches in the metal surface. It is also common to see
macroscopic metallic transfer to ceramic components. These scratches and metallic transfer
are sharp regions that greatly accelerate the wear of the polyethylene and result in much more
debris. While the most promising bearings may completely eliminate the polyethylene from
the implant design, these designs also require the strongest film adhesion of the coating. For
these reasons, a diamond-on-polyethylene bearing is attractive compared to conventional
designs, although a diamond-on-diamond bearing remains the eventual goal.

In our laboratories, we have patented processes for producing ultra smooth diamond coatings
for Ti-6Al-4V using microwave plasma assisted chemical vapor deposition (CVD). Our first
process, developed in 1999, utilized H2/CH4/N2 plasma to produce diamond with RMS
roughness of 14 nm [1-3]. The nitrogen is responsible for minimizing the single crystal growth,
so that nanoscale diamond grains are produced. More recently, we found that addition of helium
into the plasma mixture further reduces the diamond grain size, with RMS roughness of 5 nm
being achieved [4]. This smoother coating, which we refer to as ultra-smooth nanostructured
diamond (USND), is expected to further reduce wear when employed at the articulating surface
of joint implants. We have published wear-testing studies separately [5,6], and further wear
tests are ongoing.
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Diamond coatings additionally have the advantage of chemical inertness, high electrical
resistivity, and impermeability that is expected to reduce the crevice corrosion that is commonly
seen on conventional metallic implants. These properties have led many groups to consider
carbon coatings for applications that require osseointegration. Extensive literature is available
that describes the biocompatibility of some carbon-based hard materials, such as pyrolytic
carbon and diamond-like carbon (DLC) (reviewed in [7-10]). However, the nature of the carbon
forms used in almost all of the previous studies is either amorphous (with primarily sp2

bonding) or turbostratic pyrolytic carbon (similar to graphite, but with disordered layer
structure). In comparison to other carbon coatings, very few biocompatibility studies have been
performed on diamond produced by chemical vapor deposition (CVD diamond).

One indicator of biomaterial performance in orthopaedic applications is the interaction of the
material with osteogenic cells. In the current study, we evaluated the behavior of human
mesenchymal stem cells (MSCs) on USND discs that were modified with H, O, or F surface
treatments. After elucidating surface treatment effects on cytocompatibility, cellular responses
to H-terminated USND were compared with responses to either CoCrMo or Ti-6Al-4V, two
biocompatible metals currently utilized in most commercially available implant designs.
Collectively, this investigation addresses the potential utility of USND versus conventional
materials for implant fixation.

2. Materials and Methods
2.1 Fabrication of biomaterial substrates

Extra low interstitial Ti-6Al-4V sheets with 1 mm thickness were purchased from Robin
Materials (Mountain View, CA). Seven millimeter diameter discs were punched from the sheet
and were then polished to a root-mean-square (RMS) roughness of 6 nm using a mechanical
polisher with SiC paper, followed by a chemical–mechanical polish with a 0.06 μm colloidal
silica solution containing 10% hydrogen peroxide. The polished discs were cleaned by
ultrasonic agitation in a series of detergent solution, methanol, acetone, and finally deionized
water.

Sample CoCrMo (ASTM F75) discs with 7 mm diameter were obtained from Smith & Nephew
(Memphis, TN) and polished to an RMS roughness of 4 nm using a mechanical polisher with
SiC paper, followed by a 3 μm and 1 μm diamond slurry solution. The polished disks were
cleaned by ultrasonic agitation in a series of detergent solution, methanol, acetone, and finally
deionized water.

The USND was deposited onto polished Ti-6Al-4V discs by a patent-pending process described
in [11]. Briefly, cleaned and polished Ti-6Al-4V substrates were placed in a Wavemat®
microwave-powered CVD reactor, equipped with a 6 kW, 2.4 GHz microwave generator. Base
pressure before deposition was 15 mtorr. USND was deposited using a gas mixture of 87 sccm
H2, 36 sccm CH4, 14.4 sccm N2, and 213 sccm He at 0.91 kW power and a chamber pressure
of 65 Torr. The surface temperature was maintained at 700°C for 4 hours before switching to
a 10 min gradual cool down under a 100% hydrogen plasma. This process produces an USND
coating with average grain size of 5 nm. Characterization by nanoindentation, Raman
spectroscopy, x-ray diffraction (XRD), and atomic force microscopy (AFM) confirmed that
the USND coatings produced for this study were consistent with previously published results
obtained by this process [5,12].

2.2 Surface modification of USND
The surface atoms of the USND coating were replaced with either H, O, or F. Immediately
following film deposition in the CVD reactor, the standard practice for our previous studies
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has been to slowly cool the sample in a 100% hydrogen plasma by gradually reducing the
microwave power over a 10-min period. This practice produces a H-terminated USND lattice
that is very hydrophobic. A 10-min treatment with plasma composed of 10 sccm O2 and 100
sccm He at 450°C produces an O-terminated USND lattice that is very hydrophilic.
Additionally, F-terminated USND (hydrophobic) was produced by introducing F2 gas into a
closed chamber containing the H-terminated USND films for 48 hours at 100°C. These surface
termination states were confirmed by x-ray photoelectron spectroscopy (XPS).

2.3 Surface analysis by XPS, AFM, and water contact angle
Elemental composition of the surface atoms was determined from XPS measurements on H-
terminated USND, O-terminated USND, and F-terminated USND. Spectra for the F-terminated
sample were obtained at a 90° take-off angle using a Kratos Axis 165 system (Kratos
Analytical, Chesnut Ridge, NY) and monochromatic Al Kα x-rays at 210 W (14 kV, 15 mA).
A charge neutralizer at a nominal bias of -1.15 V was used to compensate for peak shifting.
Pass energies of 80 eV and 20 eV were used for survey and high-resolution scans, respectively.
Spectra from the other two samples were obtained at 90° take-off angle using a Kratos XSAM
800 system with Mg Kα x-rays at 225 W (15 kV, 15 mA) and with the same pass energies.
Compositional information was taken from survey and high-resolution via standard
calculations that involve peak areas and component sensitivity factors.

The RMS roughness was measured on 2 × 2 μm scan areas by AFM (TopoMetrix Explorer).
Surface wettability of the substrates was determined by the half angle method using a CAM-
MICRO model contact angle meter (Tantec Inc., Schaumburg, IL), with deionized water as
the probe liquid. Two spots were measured from each of the three samples and averaged.

2.4 Isolation and culture of MSCs
Human mesenchymal stem cells (MSCs) were isolated from bone marrow donations, as
previously described [13]. Briefly, cells were pelleted by centrifugation, resuspended in
Dulbecco’s Modified Eagle Medium (DMEM), and then applied to a Histopaque-1077 column
(Sigma, St. Louis, MO). A density gradient was generated by centrifugation at 500 g for 30
min. Cells from the DMEM/Histopaque interface were extracted with a syringe and seeded
onto tissue culture dishes and cultured in DMEM containing 10% fetal bovine serum. Cells
had a homogenous and fibroblast-like appearance, and no osteoclasts or adipocytes were
present, as measured by Tartrate Resistant Acid Phosphatase (TRAP) and Oil-O-red staining,
respectively. Bone marrow samples were obtained with prior approval from the University of
Alabama Institutional Review Board.

2.5 Microscopic analysis of MSC morphology
As a first assessment of cytocompatibility of USND with hydrogen, oxygen, or fluorine surface
treatments, MSC morphology was evaluated following 1 hour culture by reflected light
microscopy. Mesenchymal stem cells were seeded at a density of 5×104 MSCs/disc onto H,
O, or F-terminated USND discs and cultured in serum-free DMEM at 37°C for 1 h. Unattached
cells were removed by washing with PBS. Digital images of the discs were taken following
fixation in 3.7% formaldehyde, using reflected light microscopy (Fisher Micromaster light
microscope equipped with top-mounted light source, objective lens, and digital camera). Cells
could be visualized without staining on the highly polished surfaces.

Scanning electron microscopy (SEM) images were taken in order to observe the spread
morphology observed on the H-terminated USND surface. For these images, MSCs were
cultured for 24h, rinsed with PBS to remove unattached cells, and fixed in 2.5% glutaraldehyde
in PBS. The attached cells were dehydrated in a gradient of ethanol in water, followed by a
gradient of hexamethyldisilazane (HMDS) in ethanol, and then sputter coated with Au/Pd for
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imaging. Images were obtained using a Philips 515 SEM with an accelerating voltage of 10
kV.

Fluorescent images were taken to observe the morphology of MSCs cultured for extended times
on H-terminated USND. Mesenchymal stem cells were seeded at a density of 5×104 cells/disc
onto H-terminated USND and cultured in DMEM + 10% FBS at 37°C for 1 h, 24 h, 7 days,
and 14 days. Unattached cells were removed by washing with PBS, and attached cells were
fixed in 4% formaldehyde in PBS. Cells were treated with 0.2% Triton-X 100 (Sigma T9284)
in PBS, blocked in 2% denatured bovine serum albumin (dBSA), and probed for actin with
Alexa 488-phalloidin (Invitrogen A12379, 1:200) in 25 mM Tris buffer containing 2% dBSA
for 45 min at 37°C. Nuclei were labeled with 20 μg/mL DAPI (Invitrogen D21490) in PBS for
4 min at room temp, followed by rinsing in Tris-buffer. Fluorescent images were taken with
an 80i Nikon Eclipse microscope.

2.6 MSC adhesion assays
Adhesion of MSCs to H-terminated USND was compared to Ti-6Al-4V and CoCrMo. Three
samples of each material were coated with fetal bovine serum overnight at 4°C, and three
samples of each were left uncoated. Following serum coating, samples were washed with PBS
to remove loosely-bound proteins. Mesenchymal stem cells were added at a concentration of
5×104 cells/disc in serum-free DMEM and allowed to adhere for 90 min at 37°C. Unattached
cells were then removed by three washes with phosphate-buffered saline (PBS) on a mechanical
shaker. Attached cells were lysed by ultrasonic agitation in 10 mM Tris, 1 mM EDTA buffer
at pH 8 (TE buffer) containing 1% Triton X-100. The DNA content of the attached cells was
assayed by addition of Picogreen reagent (Molecular Probes) according to manufacturer’s
protocol. Absorbance was read on a spectrometer at 612nm, compared to a DNA standard
curve, and normalized to CoCrMo. Two independent experiments were performed, with each
surface tested in triplicate.

2.7 Fibronectin adsorption assay
The Ti-6Al-4V, CoCrMo, and H-terminated USND discs were coated with fetal bovine serum
(FBS) overnight at 4°C. They were washed twice with PBS to remove unattached proteins.
The remaining proteins adsorbed to the surfaces were removed by shaking for 5 min in 100
μL of boiling 25 mM Tris buffer containing 5% 2-mercaptoethanol and 20% SDS. Gel loading
on each lane was on an equal volume basis, with 50 μL/lane of each desorbed protein solution
resolved on a 6% polyacrylamide gel. For western blot analyses, proteins were transferred to
PVDF membrane, blocked in 5% dry milk, and probed with polyclonal anti-fibronectin primary
antibody (Chemicon AB1954, 1:2000), followed by an HRP-conjugated secondary antibody
(ECL NA9340V, 1:2000). Proteins were detected by enhanced chemiluminescence
(Immobilon, Milipore, Billerica, MA).

2.8 MSC proliferation assays
Proliferation of MSCs on H-terminated USND was compared to Ti-6Al-4V and CoCrMo.
Mesenchymal stem cells were seeded at low density (7,500 cells/disc) and cultured in DMEM
containing 10% FBS. After 3 days or 7 days of culture, the media was replaced with 200 μL
of DMEM (free of phenol red) containing 100 μg MTT. The viable cells were allowed to
convert the MTT to formazan for 4 hours before lysing cells with SDS in 0.01 M HCl.
Absorbance of formazan was read on a spectrometer at 570 nm and normalized to CoCrMo.
Two independent experiments were performed, with each surface tested in triplicate.
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2.9 Quantifying the deposition of mineralized matrix
MSCs were added at a high density (5×104 cells) to USND, Ti-6Al-4V and CoCrMo discs,
and were cultured for two days in DMEM containing 10% FBS to form a confluent cell layer
on the surface. The media was then replaced every 2–3 days with an osteogenic media (except
for the negative control) composed of DMEM + 10% FBS, supplemented with 0.05 mM
aspartic acid, 10 mM 2-glycerolphosphate, and 100 nM dexamethasone. A mineralized matrix
could begin to be visualized on the highly polished surfaces at approximately 3 weeks (data
not shown). After 4 weeks, cells were lysed and the mineralized matrix was solubilized by
shaking for 24 h in 0.5 M HCl. Supernatants were analyzed for calcium by addition of
phenolsulphonephthalein dye (Quantichrom, Bioassay Systems, Hayward, CA), which forms
a stable blue colored complex specifically with free calcium. The intensity of the color,
measured at 612 nm, was compared to a CaCl2 standard curve and normalized to CoCrMo.
Three independent experiments were performed, with each surface tested in triplicate.

2.10 Statistical Analysis
Data sets were assessed using one-way ANOVA. If significant differences were found, Fisher’s
Protected Least Significant Differences post hoc test was used to determine the level of
significance. A 95% confidence level was considered significant.

3. Results
3.1 Surface Analysis

The surface layer of an implant determines essentially the biocompatibility whereas the bulk
material imparts its mechanical properties. In the current study USND, Ti-6Al-4V, and
CoCrMo substrates were polished to a mirror finish in an attempt to minimize differences in
topography between samples. The RMS roughness of all samples was very similar; the RMS
values were 6 nm for Ti-6Al-4V, 4 nm for CoCrMo, and 5 nm for USND.

Samples were also analyzed by XPS, which reveals the atomic concentrations of elements in
the topmost 10 nm of the surface. The XPS survey scans from H-terminated, F-terminated and
O-terminated USND are shown in Figure 1. Compositional ratios for O/C and F/C calculated
from these spectra are given in Table 1. The increases in O/C and F/C, when compared to the
values from the H-treated sample, represent a direct increase in the surface number density of
oxygen or fluorine atoms respectively. The H-terminated and O-terminated samples showed
Si peaks, while the F-terminated samples showed S peaks. Component fits were also done on
high resolution scans of the C 1s and O 1s peaks for each sample (not shown). The ratio of
hydroxyl to carbonate oxygen and carbonyl to aliphatic carbon were determined from these
fits and are included in Table 1. With O-treatment, the hydroxyl to carbonate and carbonyl to
aliphatic ratios increase. With F-treatment, the hydroxyl to carbonate ratio increases but the
carbonyl to aliphatic ratio decreases. Finally, water contact angles were measured for
representative samples, and it was found that values for H and F terminated substrates were
very similar, and both of these materials were significantly more hydrophobic than O-
terminated substrates (see Table 1).

3.2 Analysis of surface treatments on MSCs
When cells attach to endogenous extracellular matrices, they reorganize their actin
cytoskeleton, adopting a spread morphology. This event is necessary for the survival of most
adherent cell types, and is also important for the osteoblastic differentiation of MSCs. As a
preliminary evaluation of the cytocompatibility of USND and each of the surface treatments,
we examined the effect of the material on the morphology of mesenchymal stem cells.
Considerable differences between the surface treatments were apparent, even after very short
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time in culture. After 1-hour culture, numerous cells had adhered to the H-terminated samples
(Figure 2, panel a), and the cells had adopted a well-spread morphology, with pseudopodia
extending along the biomaterial surface (Figure 3). In contrast, no cells attached to the F-
terminated samples (Figure 2, panel c). On O-terminated samples, a limited number of very
rounded cells was apparent (Figure 2, panel b), however all the cells could be dislodged by
gentle agitation (not shown), indicating that attachment was very weak.

At longer culture times, no cells adhered or survived on O-terminated or F-terminated USND
surfaces, and therefore cell behavior on these surfaces was not studied further. However, the
H-terminated USND surfaces consistently supported adhesion and spreading of MSCs at
multiple time points ranging from 3 hours to 14 days (Figure 4). During this time interval, cell
number increased until a confluent layer had covered the surface, indicating that the MSCs
were proliferating. In light of the favorable cell response to H-terminated USND, our
subsequent experiments focused on comparing MSC behavior on H-terminated USND with
cell behavior on Ti-6Al-4V and CoCrMo, given that these latter materials are known to be
biocompatible.

3.3 MSC adhesion
Attachment of MSCs to the surface of the biomaterial is a critical early step in the
osseointegration of an implant. Since MSCs appeared to strongly bind to H-terminated USND
in our initial evaluation, a quantitative analysis of MSC adhesion was performed and compared
to Ti-6Al-4V and CoCrMo. To this end, we examined MSC adhesion on material surfaces
without serum, and on substrates pre-coated with serum (FBS). As shown in Figure 5, cell
adhesion to USND is increased in comparison to cobalt chrome, although adhesion to titanium
alloy was found to be highest, whether in the presence of serum or in serum-free conditions.
Interestingly, cell adhesion to the substrates not coated with serum was only slightly lower
than that noted on surfaces coated with serum, suggesting that cells bind well to these
biomaterials in the absence of adsorbed extracellular matrix molecules.

3.4 Fibronectin adsorption
The biocompatibility of implant materials depends, in part, upon the capacity of the material
surface to adsorb endogenous proteins that regulate cell behavior. Pro-adhesive proteins, such
as fibronectin, are abundant in blood and may play an important role in mediating cell/
biomaterial interactions by providing integrin binding sites for cell adhesion [14]. Accordingly,
we coated Ti-6Al-4V, CoCrMo, and H-terminated USND with serum, and then used Western
blots analysis to determine the amount of fibronectin deposited on the material surface (Figure
6). We found that the amount of fibronectin associated with USND compares very closely with
that of Ti-6Al-4V and CoCrMo.

3.5 MSC proliferation
Fluorescent images of adherent cells (Figure 4) suggested that cells were proliferating on the
USND surfaces, however in order to quantify cell proliferation, MTT assays were performed
(Figure 7). These experiments revealed that at 7 days following cell seeding, there was a similar
number of viable cells on H-terminated USND and Ti-6Al-4V surfaces, with a significantly
lower cell number on CoCrMo. Further studies are needed to determine whether the lower cell
number observed on CoCrMo is due to a slower rate of proliferation, or to reduced cell survival,
or both.

3.6 Deposition of mineralized matrix
Orthopaedic biomaterials should encourage the attachment and proliferation of MSCs;
however, these are only the first steps in the process of osseointegration. Stem cells must also
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be capable of differentiating into osteoblasts that ultimately produce a mineralized matrix on
the surface of the biomaterial. In order to induce osteoblastic differentiation, MSCs were seeded
onto the material substrates, and then grown in osteogenic media (OS+) for 4 weeks. The
resulting mineral layer deposited by cells was solubilized, and the calcium content was
quantified (Figure 8). As a control, cells were also grown on tissue culture plastic in the
presence or absence of osteogenic media. As shown, cells grown on tissue culture plastic in
osteogenic media deposited a calcium-rich matrix, whereas only negligible amounts of calcium
were apparent in the cultures of cells grown in the absence of osteogenic media (normal growth
media), confirming that cells had undergone differentiation. Quantification of calcium content
for the cultures on metal substrates showed that similar amounts of mineralized matrix were
deposited by the cells onto USND and cobalt chrome, while a slight increase in mineral
deposition was observed for titanium alloy.

4. Discussion
In the past, CVD diamond has undergone little biocompatibility testing, and it has been unclear
whether the biological response to CVD diamond (which can be highly crystalline and sp3

bonded) will relate to that of DLC (which is non-crystalline) or pyrolytic carbon (which is
primarily sp2 bonded). The purpose of this study was to evaluate in vitro responses of
osteogenic cells, specifically, MSCs, with USND, our formulation of CVD diamond. Unlike
DLC, which contains a high amount of hydrogen, the bulk of USND is nearly hydrogen-free,
with mostly sp3 carbon.

The literature describing cell adhesion and survival on CVD diamond has been highly mixed.
Tang, et. al. were among the first to examine cellular response to CVD diamond, and their
study revealed that neutrophil adhesion to CVD diamond was equivalent to stainless steel
[15]. More recently, Popov, et. al., found that SaOS-2 cells (an osteoblast cell line) and LEP
cells (human lung fibroblasts) survive for extended time periods on CVD diamond [16,17]. In
contrast to the previous studies that concluded that CVD diamond can promote adhesion, there
are several studies that concluded that CVD diamond does not support adhesion. Ariano, et.
al. described very low survival rates (fewer than 10%) of neurons cultured on homoepitaxial
CVD diamond, without pre-coating with a layer of laminin [18]. Two separate groups have
both concluded recently that platelet aggregation is minimal on CVD diamond [19,20]. Finally,
Jakubowski and Mitura concluded that CVD diamond resists bacterial colonization better than
titanium or steel [21,22]. These highly variable results regarding cell interactions with CVD
diamond may be due to phenotypic differences in the cell types studied, differences in surface
treatments of CVD diamond, or both.

In our studies of MSCs, we found that cellular responses to USND depend greatly on the surface
treatment, which may explain, in part, the variable results observed previously with diamond
formulations. More specifically, cells adhered to, and proliferated, on H-terminated USND,
but not on F or O-terminated USND. Physicochemical characterization of the various surface
treatments suggested that, while MSCs clearly respond to their immediate surface chemistry,
the hydrophobic / hydrophilic nature of the surface may be less critical for influencing cell
behavior, at least for USND materials. The H-terminated and F-terminated surfaces had similar
water contact angles, indicating a degree of hydrophobicity, but each surface was distinctly
different in its topmost surface chemistry. Other than the enrichment of the surface with H, O,
or F by plasma treatment, changes to functional groups on the surface may affect the cell
response. With O-treatment, the hydroxyl to carbonate and carbonyl to aliphatic ratios increase.
This observation is likely indicating that carbonate-type oxygen species are being depleted
while hydroxyl and carbonyl species are being created. The strong hydrophilic nature of this
surface, evidenced by a water contact angle of < 2°, is in agreement with this assertion. With
F-treatment, the hydroxyl to carbonate ratio increases but the carbonyl to aliphatic ratio
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decreases. This behavior is likely indicating that fluorine is substituting for both the carbonate
and carbonyl oxygen atoms on the surface, leaving hydroxyl species unaffected. Further
systematic studies of the observations might be useful to elucidate the extent to which both
surface chemistry and wettability play a role in cell adhesion and growth.

The mechanism underlying the high degree of MSC adhesion to H-terminated, but not F or O-
terminated, USND is presently unknown. One possibility may relate to the intrinsic surface
conductive properties of H-terminated surfaces [23–25]. MSCs are an anchorage-dependent
cell type that are known to initiate apoptosis when they fail to attach to a substrate [26], so
inability to attach can limit cell survival. One of the goals of the current study was to identify
a surface treatment that would encourage osseointegration, therefore a major focus of this
investigation was to compare cell behavior on H-terminated USND with two commonly used
biocompatible alloys, Ti-6Al-4V and CoCrMo. However, the ability to tightly control cell
adhesion is very important, as there are biomedical applications for both inert and pro-adhesive
surfaces. Our studies suggest that USND is a highly versatile material that can be modified to
either promote or completely block cell adhesion. Future studies aimed at identifying the
mechanism for lack of cell attachment to O and F- terminated surfaces may facilitate the
development of novel medical devices or treatments.

Cellular response to biomaterials depends initially on the interaction of adhesion receptors with
proteins adsorbed to the surface. Adsorbed proteins can be detected on biomaterials within a
second of exposure to the blood, and a monolayer of adsorbed proteins forms in seconds to
minutes [27]. Fibronectin, vitronectin, and fibrinogen are pro-adhesive proteins, with relatively
high concentration in blood, that are recognized by various cellular integrins and platelet
receptors. These plasma proteins play an important role in the initial recruitment of cells to the
biomaterial surface [28]. Although protein adsorption has been reported to be influenced by
surface energy and wettability [29], we observed similar amounts of fibronectin adsorbed to
the very hydrophobic surface of H-terminated USND as was adsorbed to Ti-6Al-4V and
CoCrMo. Previous reports in the literature concerning protein adsorption to CVD diamond
have been variable. Tang, et. al, found that similar amounts of fibrinogen adsorb to CVD
diamond and titanium [15], but Garguilo and Mitura reported less fibrinogen binding to CVD
diamond compared to titanium [30] or steel [22]. While the total amount of adsorbed fibronectin
in this study is similar, the effect of this hydrophobic surface on the conformation of adsorbed
proteins remains to be tested. Ideally, the proteins should adsorb in a conformation that allows
for the pro-adhesive motifs, such as RGD, to be accessible by MSC integrins.

A comparison of MSC attachment to H-terminated USND, CoCrMo, or Ti-6Al-4V revealed
that USND supported greater cell adhesion than CoCrMo, although less than Ti-6Al-4V. The
adhesion assays in this study were performed both with and without pre-coating the
biomaterials with serum, prior to introducing cells. As expected, the adsorbed serum proteins
increased adhesion on all surfaces. Interestingly, a significant amount of cell adhesion was
noted on all surfaces, even in the absence of adsorbed proteins, and this adhesion was strong
enough to endure agitation on a mechanical shaker. Adhesion of MSCs is generally very low
in serum-free conditions on many biomaterials, including hydroxyapatite [31]. Thus, the
finding that MSCs bind well to implant metals in the absence of adsorbed serum proteins
suggests that there may be alternative adhesive mechanisms beyond integrin-dependent
binding to traditional integrin ligands. Further studies of cell adhesion mechanisms are
warranted, given that attachment of MSCs is a critical first step toward osseointegration.

Longer-term measurements of cell number (3–7 days) indicated that MSCs exhibited a similar
degree of proliferation on USND and Ti-6Al-4V. In contrast, fewer viable cells were apparent
on CoCrMo. Reduced cell number on CoCrMo may reflect a slower rate of proliferation,
reduced cell survival on CoCrMo, or both. The biocompatibility of Ti-6Al-4V is considered
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by most groups to be superior to CoCrMo [32], and adverse effects of cobalt [33], chromium
[34], and molybdenum [35] on other cell types have been identified. CoCrMo alloy particles
have been shown to be toxic to some degree, with cell death increasing as the particle dosage
increases [36,37]. Our studies of MSC adhesion and proliferation suggest that USND is more
cytocompatible than CoCrMo, and comparable to Ti-6Al-4V.

While MSC attachment and proliferation are critical early steps in the process of
osseointegration of a biomaterial, the material should also support differentiation of stem cells
along an osteoblastic lineage. Ultimately, firm fixation of an orthopaedic implant depends on
deposition of a mineralized matrix directly on the surface of the implant by osteoblasts. We
observed that there was only a slight increase in the amount of matrix mineralization by MSCs
adherent to Ti-6Al-4V, whereas mineralization of H-terminated USND and CoCrMo surfaces
was similar, indicating that the processes of osteoblastic differentiation and matrix
mineralization readily occur on USND coatings. Despite some biocompatibility advantages of
Ti-6Al-4V over CoCrMo, the relatively low hardness of Ti-6Al-4V precludes its use in many
orthopaedic applications where wear-resistance is needed. Collectively, our results suggest that
USND could be substituted in place of Ti-6Al-4V or CoCrMo when a wear-resistant surface
is needed. USND’s primary improvement is increased wear-resistance, with hardness
improved 14-fold over Ti-6Al-4V and 7-fold over CoCrMo, and this advantage seems to occur
without compromising cytocompatibility.

5. Conclusion
Results from the current study suggest that USND is a highly versatile material, which can
either support or resist MSC adhesion, depending on the surface treatment. The ability to
control cell adhesion is important, as there are biomedical applications for both inert and pro-
adhesive surfaces. We further demonstrate that an H-terminated USND surface promotes cell
adhesion and survival, fibronectin adsorption, proliferation, and osteoblastic differentiation,
as evidenced by matrix mineralization. Although Ti-6Al-4V offers a slight improvement in
adhesion and mineralization, the low hardness precludes the use of titanium alloys for many
orthopaedic applications, and CoCrMo is often selected instead. USND offers some
improvements in cytocompatibility over CoCrMo (adhesion and proliferation of MSCs), while
hardness is improved 14-fold over Ti-6Al-4V and 7-fold over CoCrMo. When coupled with
recently published wear studies [5,6], these in vitro results suggest that USND has the potential
to reduce debris particle release of biomedical implants without compromising
osseointegration, thus minimizing the possibility of implant loosening over time.
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Figure 1.
XPS analysis of functionalized USND deposited on Ti-6Al-4V alloys. Survey spectrum of (a)
F-terminated USND, (b) O-terminated USND, and (c) H-terminated USND.
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Figure 2.
Reflected light microscopy images demonstrating the morphology of MSCs cultured in serum-
free DMEM for 1 hour on (A) H-terminated USND, (B) O-terminated USND, and (C) F-
terminated USND. The cells readily attach to the H-terminated surface, while adhesion is very
weak to the O-terminated or F-terminated surfaces. Scale bar = 100 μm.
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Figure 3.
SEM images of MSCs cultured for 24 hours on H-terminated USND. The image on the left
shows a higher magnification of the area indicated in the right image. The cells adopt a spread
morphology and extend many pseudopodia along the surface.
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Figure 4.
Florescent images showing morphology of MSCs cultured for up to 2 weeks on H-terminated
USND coatings. The cells were cultured on a USND surface for (a) 3 hours, (b) 24 hours, (c)
7 days, and (d) 14 days. MSCs readily attach, spread, and eventually form a confluent layer on
this surface. Scale bar = 50 μm.
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Figure 5.
Quantitative analysis of MSC adhesion to H-terminated USND, Ti-6Al-4V and CoCrMo. Prior
to cell seeding, the surfaces were either pre-coated with serum (FBS) or left uncoated. Cells
were cultured for 90 min, followed by mechanical agitation to remove loosely-bound MSCs.
Remaining attached cells were quantified by assay for DNA content. Adhesion of MSCs to
USND was found to be intermediate between that of Ti-6Al-4V and CoCr, in both serum-free
conditions and in the presence of serum. * denotes p< 0.05
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Figure 6.
Western blot for total fibronectin adsorbed to material surfaces. Similar amounts of fibronectin
were deposited from serum (FBS) onto H-terminated USND, Ti-6Al-4V and CoCrMo
substrates.
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Figure 7.
Proliferation assay to assess potential long-term effects of exposure to USND on cell behavior.
A small number of MSCs was seeded onto H-terminated USND, Ti-6Al-4V, or CoCrMo and
cultured for up to one week. The number of viable cells was quantified at day 3 and 7 by an
MTT assay. Cell proliferation on USND was not significantly different from Ti-6Al-4V, but
was greater than that observed for cells grown on CoCrMo. * denotes p< 0.05
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Figure 8.
Analysis of mineralized matrix deposited on H-terminated USND, Ti-6Al-4V and CoCrMo.
Osteoblastic differentiation of MSCs adherent to the metal substrates was induced by culture
for 4 weeks in an osteogenic media (OS+). The cells were allowed to deposit mineral on the
biomaterial surfaces, and then the calcium content was quantified at week 4. Cells were also
cultured on tissue culture plastic in osteogenic media (OS+, positive control) or in normal
growth media (OS-, negative control). Slightly more mineral was deposited on Ti-6Al-4V than
USND, but the difference in mineral deposition between USND and CoCrMo surfaces was not
significant. * denotes p< 0.05
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