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Abstract

It is believed that orthopedic and implant longevity can be improved by optimizing fixation, or
direct bone-implant contact, through the stimulation of new bone formation around the implant.
The purpose of this study was to determine whether heat (600°C) or radiofrequency plasma glow
discharge (RFGD) pretreatment of Ti6Al4V stimulated calcium-phosphate mineral formation in
cultures of attached MC3T3 osteoprogenitor cells with or without a fibronectin coating. Calcium-
phosphate mineral was analyzed by flame atomic absorption spectrophotometry, scanning electron
microscopy (SEM)/electron dispersive X-ray microanalysis (EDAX) and Fourier transformed
infrared spectroscopy (FTIR). RFGD and heat pretreatments produced a general pattern of
increased total soluble calcium levels, although the effect of heat pretreatment was greater than
that of RFGD. SEM/EDAX showed the presence of calcium-and phosphorus-containing particles
on untreated and treated disks that were more numerous on fibronectin-coated disks. These
particles were observed earliest (1 week) on RFGD-pretreated surfaces. FTIR analyses showed
that the heat pretreatment produced a general pattern of increased levels of apatite mineral at 2—-4
weeks; a greater effect was observed for fibronectin-coated disks compared to uncoated disks. The
observed findings suggest that heat pretreatment of Ti6Al4V increased the total mass of the
mineral formed in MC3T3 osteoprogenitor cell cultures more than RFGD while the latter
pretreatment hastened the early deposition of mineral. These findings help to support the
hypothesis that the pretreatments enhance the osteoinductive properties of the alloy.
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While the outcomes of dental and orthopedic implant procedures are usually successful, in
many instances the long-term stability and functionality of the implant is not achieved.
Implant loosening and failure is still a significant problem with a sizeable percentage of hip
arthroplasties. In fact, 25% of hip replacement surgeries reviewed in 2003 were revisions
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due to previous implant failure [Webster, 2003]. Despite the reported long-term
predictability of dental implants [Adell et al., 1981, 1990], failures do occur in 10% of cases
within a 5-year period [Hardt et al., 2002]. The survival rates decrease to 71-83.5% over a
3.5-6 year period for dental implants placed in previously failed implant sites [Grossmann
and Levin, 2007; Machtei et al., 2008]. The quality and quantity of bone that forms at the
implant-skeletal interface is generally believed to be one of the major determinants for
implant success [Johansson and Strid, 1994]. Therefore, improving fixation by enhancing
the attachment and function of osteoblastic cells at the implant surface promises to
substantially decrease the likelihood of failure, especially for implants placed in previously
failed implant sites.

Due to their biocompatibility, commercially pure titanium (cpTi) and titanium alloys are
widely employed in orthopedic and dental implants [Tengvall and Lundstrém, 1992;
Larsson et al., 1996]. Titanium—Aluminum-Vanadium alloy is used in the fabrication of
prosthetic joint replacements. This alloy, specifically in the form of Ti6Al4V, has even
replaced cpTi in regions subject to high stress and dynamic loading such as hip prostheses
and other articulating appendages because of the alloy’s significantly greater mechanical
strength [Ask et al., 1988; Lausmaa, 2001]. The Ti6Al4V alloy has also been successfully
utilized in the dental field [Morris et al., 2001]. Both titanium and its alloys form an active
oxide layer that readily interacts with extracellular matrix (ECM) proteins produced by the
cells and cell surface proteins. It is this superficial oxide found on both metals, TiO, being
the most abundant, that provides an interface that is biocompatible with peri-implant tissues
[Kasemo, 1983; Imam and Fraker, 1996]. The surface oxide of Ti6Al4V is similar to that of
pure titanium except that it is enriched with aluminum-oxide when present in air [Ask et al.,
1988; MacDonald et al., 2004]. Altering the surface of titanium implant materials has been
shown to affect protein adsorption, cell-substrate interactions, and tissue development
[Sousa et al., 2008]. However. the mechanisms by which surface oxide properties modulate
the bioactivities of bound osteogenic proteins and the function of bone-forming cells to
influence osseointegration are poorly understood.

To prevent implant failure, a variety of methods have been explored, including the use of
bioactive adhesive peptides or ECM proteins such as fibronectin to facilitate the attachment
of osteogenic cells to the implant surface [Rezania et al., 1997; MacDonald et al., 1998,
2002; Sauberlich et al., 1999; Hynes, 2002; Barber et al., 2003; Sieving et al., 2003;
Rapuano et al., 2004; Harbers and Healy, 2005]. Our laboratory and others have studied
ECM proteins such as fibronectin or human bone sialoprotein (hBSP) or hBSP peptides
following their non-covalent adsorption [MacDonald et al., 1998, 2002; Sauberlich et al.,
1999; Sieving et al., 2003; Rapuano et al., 2004] or covalent grafting [Rezania et al., 1997;
Hynes, 2002; Barber et al., 2003; Harbers and Healy, 2005] to the implant surface oxide to
increase the adhesion of osteoblasts. Cell adhesion to fibronectin and other matrix proteins is
primarily mediated by integrin receptors that recognize the tripeptide arginine— glycine—
aspartic acid (RGD) as an important protein binding site. Fibronectin is one of the most
extensively studied components of the ECM with respect to its structure and cellular effects.
The protein is an essential component for normal development, since fibronectin knockout
mice fail to develop beyond embryonic day 10 or day 11 [George et al., 1993]. In studies
where osteoprogenitor cell cultures were treated with anti-fibronectin antibodies (thereby
reducing fibronectin stimulation of osteoblast integrin receptors), the expression of
osteoblast gene markers and mineral nodule formation were significantly reduced in both
early and late stages of development [Moursi et al., 1996]. Notably, since we have shown
that fibronectin binds rapidly and irreversibly to TiO2 [MacDonald et al., 2002], the protein
can be efficiently adsorbed to titanium materials without the use of intervening chemical
coupling agents. However, the precise influence of the metal surface oxide on the capacity
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of fibronectin or other adsorbed osteogenic proteins to modulate osteoblast attachment and
differentiation has yet to be fully elucidated.

An alternative approach to the use of fibronectin has employed porous titanium, scaffolds
and microspheres as delivery systems for TGF-beta coatings to stimulate tissue regeneration
and implant integration through the proliferation/differentiation of mesenchymal stem cells
[Moioli and Mao, 2006; Moioli et al., 2006; Clark et al., 2008]. Although such strategies
may increase bone formation at the interface they will not necessarily enhance bonding
strength as effectively as approaches that promote osteoblast attachment and
biomineralization directly on the surface of the implant. For this reason, interactions
between the implant surface physico-chemical microenvironment and the bioactivities of
osteogenic proteins while adsorbed to the surface will remain an important focus of
investigation [Moioli and Mao, 2006; Moioli et al., 2006; Clark et al., 2008].

Many attempts have been made to improve bone formation around implants by influencing
implant-specific factors. For example, implant surface characteristics, such as material
surface topography, surface chemistry and implant geometries were altered in order to
improve osseointegration [Joos et al., 2006]. Our earlier studies examined the effects of
modifying surface oxide properties of Ti6Al4V, such as oxide chemistry or topography, on
adsorbed fibronectin’s bioactivity toward osteoblasts [MacDonald et al., 2004, 2011;
Rapuano and MacDonald, 2011; Rapuano et al., 2012a]. These studies demonstrated that
pretreating Ti6Al4V surface oxide with heat or radiofrequency plasma glow discharge
(RFGD) increased the oxide’s negative net charge [MacDonald et al., 2011], dramatically
increased the number of osteoblastic cells that attached to surface adsorbed fibronectin
[Rapuano and MacDonald, 2011], and increased the exposure of fibronectin’s integrin
binding domain to enhance its binding to asg B, integrins in osteoblasts [Rapuano et al.,
2012a]. These results suggested that heat or RFGD pretreatments of Ti6Al4V amplified
fibronectin’s intrinsic biological activity toward osteoblast integrins by inducing
conformational changes in the matrix protein upon its adsorption. Later studies in our
laboratory showed that fibronectin precoated on Ti6Al4V disks increased the peak
expression of a panel of osteoblast gene markers [Rapuano et al., 2012b]. Heat and RFGD
pretreatments were later found to increase the expression of all of the osteoblast gene
markers analyzed in absence of a fibronectin coating, suggesting an effect of the
pretreatments on the bioactivities of adsorbed osteogenic proteins [Rapuano et al., 2012c]. It
was also observed that the pretreatments increased osteoblast gene expression for
fibronectin-coated disks more than uncoated disks, suggesting a pretreatment-induced
specific enhancement of fibronectin’s bioactivity as well [Rapuano et al., 2012c].

In view of our previous findings [MacDonald et al., 2004, 2011; Rapuano and MacDonald,
2011; Rapuano et al., 2012a,b,c], the purpose of this study was to test the hypothesis that
heat and RFGD pretreatments also stimulated mineral formation in vitro in cultures of
attached MC3T3 osteoprogenitor cells and the sub-hypothesis that the effects of the
pretreatments are amplified by the presence of a fibronectin coating. The hypothesis and
sub-hypothesis were tested by using flame atomic absorption spectrophotometry to measure
changes over time in total soluble calcium, SEM/EDAX to measure the atomic composition
of the mineral formed by the osteoprogenitor cells and FTIR to measure changes in calcium-
phosphate mineral content, and the mineral: ECM ratio.

MATERIALS AND METHODS

MATERIALS

Fetal bovine serum (FBS) and cell culture media were from Invitrogen (Carlsbad, CA).
Bovine serum albumin (BSA; Fraction V; essentially fatty acid-free) and human plasma
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fibronectin were purchased from Sigma—Aldrich (St. Louis, MO). All solutions for calcium
analyses, including HCI and calcium standards were obtained from Fisher Scientific
(Pittsburgh, PA). All other chemicals were from Sigma— Aldrich and were of spectroscopic
grade. Tissue culture flasks (75 cm?2) and 24-well tissue culture plates were obtained from
Laboratory Disposable products (North Haledon, NJ).

DISK PREPARATION

Passivation and pretreatment of polished Ti6Al4V disks—Cylindrical implant
disks (15mm diameter) were initially prepared from Ti6Al4V sheets obtained from TIMET
(Wentzville, MO). Metal sheets were cut into strips, polished by machining and later
punched into disks (Industrial Tool & Die Co., Troy, NY) as previously described
[MacDonald et al., 2011]. Disks were washed successively in isopropanol, acetone, xylene,
acetone and 1M ammonium hydroxide, and rinsed with deionized water according to the
ASTM-F86 protocol [F-86 AS, 1996]. The disks were then passivated in 40% nitric acid and
rinsed three times with deionized water. Disks were then dried and transferred into acid-
washed scintillation vials in a HEPA filtered isolation hood (USA/Scientific, Ocala, FL) and
stored closed in an auto-desiccator cabinet (Sanplatec Corp., Osaka, Japan). All disks were
sterilized using a rapid dry heat oven (Alpha Medical, Hempstead, NY) for 5 min. Some of
the cleaned and passivated disks were further treated with RFGD or heat (600°C). For heat
pretreatment, disks were heated to a temperature of 600°C in air for 1 h [MacDonald et al.,
2011]. RFGD plasma pretreatment of disks was performed using a modified Harrick RF unit
(Ossining, NY; PDC-002) with a quartz chamber to subject samples to an oxygen plasma
pretreatment [MacDonald et al., 2011]. Passivated Ti6Al4V disks were placed on a clean
quartz tray. The tray was inserted into the RF unit and the unit was placed under dry vacuum
(EcoDry-M oil-less vacuum pump; Leybold Vakuum, Kéln, Germany). When the vacuum
was low enough (1,600 mTorr) to remove all water vapor, oxygen was gradually bled into
the system via a needle valve. The gas flow rate was monitored using an Omega shielded
flow meter (Omega Technologies Co., Stamford, CT) at a rate of 250 ml/min. All oxygen
gas was prefiltered prior to its entry into the chamber (Advantec MFS, Inc., Pleasanton,
CA). Samples of titanium alloy were treated with a 13.56 MHz RF power-generated oxygen
plasma for 5 min at 29.6W [MacDonald et al., 2011]. Following heat or RFGD pretreatment,
disks were sterilized and stored as previously described for untreated specimens
[MacDonald et al., 2004]. Treated discs were produced in the same manner as those
analyzed previously for altered physicochemical properties [MacDonald et al., 2011] and
continuous quality control was maintained for disk preparation/pretreatment. A regular
analysis of disk topography and charge was performed to insure that treated disks employed
in the current investigation possess the same physico-chemical properties as those analyzed
previously [MacDonald et al., 2011].

CELL CULTURE

MC3T3-E1 cells (subclone 4; American Type Culture Collection; Manassas, VA) that
exhibit high levels of osteoblast differentiation [Wang et al., 1999] were cultured in MEM-a
with 10% FBS (Invitrogen).

Cell culture conditions for measuring the effects of surface pretreatments on
mineral formation—Ti6Al4V disks were placed into 24-well plates (Laboratory
Disposable products) and incubated with 1x PBS or a 1nM fibronectin (Sigma—Aldrich)/1x
PBS solution overnight at room temperature under a cell culture hood. At this concentration
of fibronectin solution, a surface concentration of 120-170 ng adsorbed fibronectin/cm? was
obtained for untreated, heat-treated and RFGD-treated disks. No significant differences in
fibronectin adsorption were found between the three groups [Rapuano and MacDonald,
2011]. We have shown that this coating concentration of fibronectin increased the
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attachment of MC3T3 cells to the titanium alloy six- to eightfold compared to uncoated
disks [Rapuano and MacDonald, 2011] and increased the expression of osteoblast gene
markers [Rapuano et al., 2012b]. The PBS and fibronectin/PBS solutions were removed and
each disk was plated with 500,000 cells in MEM-a with 10% FBS. A confluent cell
monolayer was obtained 3 days following cell plating. Since this study focused on the
effects of the alloy surface oxide and fibronectin coating on the function of differentiating,
not proliferating osteoblasts, 3 days following the initial cell plating was designated as day 0
of the experimental period. On day 0, the cultures began to be supplemented with 50 pg/ml
ascorbic acid and 3mM [-glycerophosphate. The cultures continued to receive fresh ascorbic
acid and B-glycerophosphate with every media change during the remaining culture period
until calcium was extracted, samples were fixed for SEM/EDAX analysis or mineral
removed from disks for FTIR analyses at 1, 2, 3, or 4 weeks of the experimental period.

CALCIUM ANALYSIS

Cultures were rinsed twice in a calcium-free solution (saline; 0.9% w/v sodium chloride),
lysed/scraped in 1ml of 1N HCI, and incubated (for acid hydrolysis) at 110°C overnight.
Acid hydrolyzates were routinely stored at 4°C. Calcium concentrations were measured
using flame atomic absorption spectroscopy [Willis, 1960]. Changes in the concentrations of
total soluble calcium were measured at 1, 2, 3, or 4 weeks following the start of ascorbic
acid/p-glycerophosphate supplementation. Control samples received no fibronectin
precoating. For each experimental condition (untreated, heat-treated or RFGD-treated),
experiments measuring calcium were repeated at least three times at all of the time points
(each experiment was performed with a separate independent cell culture). Data for each
independent culture was averaged from the assay of cultures from four replicate disks at
each time point.

SEM/EDAX ANALYSES OF MINERAL COMPOSITION

After 1-4 weeks of culture in media supplemented with ascorbic acid and -
glycerophosphate, supernatants were aspirated, the titanium alloy disks were washed 1x
with (1 ml) 4% paraformaldehyde and incubated in a second aliquot of this fixative for 2-3
h. Disks were then washed 3x with (1 ml) distilled water and air-dried. The disks were
sputter-coated with a thin layer of palladium and analyzed by high vacuum scanning
electron microscopy (FEI, Quanta 600, Peabody, MA) in the secondary electron mode. All
specimens were imaged at a magnification of 2,000-5,000x and a voltage of 20 kV. Electron
dispersive X-ray microanalysis (EDAX) of calcium, phosphorus, titanium, aluminum, and
vanadium was performed (EDAX-DX4, EDAX International, Mahwah, NJ.). Spectra were
collected at a magnification of 2,000-5,000x, using 20 kV voltage, and a collection time of
1 min. The count rate was set for 1,000 counts per second for the scans which were routinely
corrected for baseline prior to EDAX analysis [MacDonald et al., 2000]. Calcium:
phosphorus mass ratios were determined by dividing the area under the curve (AUC) for the
calcium elemental scan by the AUC for the phosphorus elemental scan. For each
experimental condition (untreated, heat-treated or RFGD-treated), experiments measuring
calcium and phosphorus were repeated at least three times at all of the time points (each
experiment was performed with a separate independent cell culture). Within each
experimental group, data for each independent culture was averaged from the analyses of
particles selected from two regions of the same disk at each time point for uncoated and
fibronectin-coated disks.

FTIR ANALYSES OF MINERAL AND MATRIX PROPERTIES

For FTIR studies, culture media was aspirated and disks were allowed to air dry overnight.
Freshly dried (120°C, 24 h) KBr (200 mg) was mixed with the air-dried samples on the
disks and pellets were made for spectroscopic analysis. Each sample corresponded to 0.5~
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1% of the weight of the 200 mg KBr used to prepare the pellets. Spectra were obtained with
an IR spectrometer (Nicolet 6700 FTIR Spectrometer, Thermo Fisher Scientific, Waltham
MA\). After acquisition, spectra were truncated to allow analysis of the regions of interest
and then zero-corrected for baseline. All spectral data processing was performed using a
commercial software package (Grams 32 software, Galactic Industries, Salem, NH.). The
levels of calcium-phosphate mineral were measured as the area under the apatite phosphate
peak (900-1,180 cm™1) after subtracting control (no supplementation with ascorbic acid or
B-glycerophosphate) values. The mineral to matrix ratio was measured as the area under the
phosphate peak (900- 1,200 cm™1) divided by the area under the amide | peak (1,585- 1,720
cm~1) after subtracting control (no supplementation with ascorbic acid or p-
glycerophosphate) values for the mineral to matrix ratio. For each experimental condition
(untreated, heat-treated, or RFGD-treated), experiments were repeated at least three times at
each time point (each experiment was performed with a separate independent cell culture).
Samples from four replicate disks were pooled to obtain one spectrum for each independent
culture analyzed at each time point.

STATISTICAL ANALYSIS

RESULTS

Data are presented as meanzstandard error of the mean (N=total number of independent cell
cultures). Data were normally distributed. The variability of data was similar for all
experimental conditions at each time point and similar for all time points for each
experimental condition. Statistical comparisons were performed using an ANOVA with the
alpha level set at 0.05. For any significant differences shown, the p value for the ANOVA
was 0.05-0.001. Only the results of the post tests for multiple comparisons are shown in the
figure legends.

EFFECTS OF HEAT AND RFGD PRETREATMENTS OF Ti6Al4V ON TOTAL SOLUBLE
CALCIUM IN MC3T3 OSTEOPROGENITOR CELL CULTURES

Measurements of total soluble calcium by atomic absorption spectrophotometry showed
progressive and statistically significant increases in calcium levels over time in cultures of
osteoprogenitor cells attached to untreated, heat-pretreated or RFGD-pretreated disks (Fig.
1). Both heat and RFGD pretreatments increased total soluble calcium levels by 20-30%
and 30-50% in the first and second week of culture, respectively, for fibronectin-coated and
uncoated disks compared to untreated disks. However, only the heat pretreatment produced
statistically significant increases in total soluble calcium compared to untreated disks for
fibronectin-coated or uncoated disks after 1-2 weeks of culture (Fig. 1). By 3 weeks, only
the heat pretreatment appeared to have increased calcium levels for both coated and
uncoated disks compared to the 3 week untreated disk group. By week 4, the differences
between the three study groups in total soluble calcium levels had largely disappeared (Fig.
1).

ELECTRON MICROSCOPIC AND EDAX ANALYSES OF MINERAL FORMED IN MC3T3 CELL

CULTURES

Figure 2 shows representative scanning electron microscopic images of untreated and treated
disks after 4 weeks of cell culture in media supplemented with ascorbic acid and f-
glycerophosphate with or without fibronectin. All of the images show what appears to be a
network of fibers presumably due to the deposition of ECM proteins. The images also show
particles that mostly varied in diameter from 100 to 1,000 nm and appeared brighter than the
background (Fig. 2). These particles were found overlying or in between the fibers for
untreated, heat-pretreated and RFGD-pretreated disks. In general, the average diameter and
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number of these particles increased at each successive timepoint and more of these particles
were found on fibronectin-coated disks compared to uncoated disks (unpublished results).

To verify that these particles represented hydroxyapatite, their atomic composition was
analyzed by electron dispersive EDAX. EDAX analysis showed that the particles analyzed
contain both calcium and phosphorus in variable amounts. EDAX was also used to measure
the calcium to phosphorus mass ratio for individual particles. This ratio was determined by
dividing the AUC for the calcium peak by the AUC for the phosphorus peak after correcting
for baseline. Calcium:phosphorus mass ratios obtained for representative individual particles
found on uncoated and fibronectin-coated disks (after 3 weeks of cell culture) are shown in
Figure 2. Notably, no particles of any size containing calcium or phosphorus were detected
on untreated or heat-pretreated disks until the 2 week time point (Fig. 3). In contrast,
calcium and phosphorus-containing particles with a Ca:P mass ratio close to 0.5 were found
on RFGD-pretreated disks that were uncoated or coated with fibronectin as early as week 1
(Fig. 3). A sharp increase in the Ca:P mass ratio from approximately 0.5 to 1.0 was observed
in all three experimental groups between weeks 2 and 3. Statistically significant increases
were found for several experimental conditions in the Ca:P mass ratio measured at 3 and 4
weeks compared to weeks 1 and 2 (Fig. 3). Very little change in this ratio was observed for
most experimental conditions between weeks 3 and 4 with mean values for the Ca:P mass
ratio ranging from 1.0 to nearly 1.3 (Fig. 3). Synthetic HA prepared in our laboratory and
analyzed by EDAX demonstrated a Ca:P mass ratio of 1.25.

For some osteoprogenitor cultures, there was a thick calcium-containing layer of material
covering the metal characterized by large calcium and phosphorus peaks and a very small
titanium peak in the EDAX spectra (Fig. 4). The spectra also reveal the presence of organic
elements on or near the surface of the particles and the other underlying metallic elements of
the alloy, namely aluminum and vanadium. Increases in the thickness of the calcium-
containing or other organic material on the surface cause the metal peaks to become smaller
due to shielding from exposure to the X-ray beam. Figure 4 shows images from three
different areas of the same RFGD-pretreated disk that contained a thick layer of mineral
following 4 weeks of incubation with 50 pug/ml ascorbic acid and 3mM B-glycerophosphate.
EDAX analysis of a representative particle in each region yielded calcium:phosphorus mass
ratios between 1.3 and 1.4 (Fig. 4).

FTIR SPECTROSCOPIC ANALYSES OF MINERAL FORMED IN MC3T3 CELL CULTURES

FTIR spectroscopic analyses of 4 week cultures were performed to determine whether there
were differences between the study groups in mineral content and the mineral to matrix
ratio. Figure 5 shows representative FTIR spectra for cultures grown on uncoated or
fibronectin-coated disks pretreated with RFGD or heat compared to that obtained for
synthetic hydroxyapatite. The spectrum obtained for synthetic hydroxyapatite exhibited the
characteristic apatite phosphate peak at 900-1,200 cm~1 (Fig. 5). All of the spectra obtained
for both uncoated and fibronectin-coated RFGD (Fig. 5A) or heat pretreated (Fig. 5B)
Ti6AIl4V disks showed the characteristic matrix protein amide | (including collagen) and
amide 1 peaks as well as a peak resembling that of apatite phosphate.

FTIR spectroscopic analyses revealed that both the levels of calcium-phosphate mineral and
the mineral:matrix ratio appeared to progressively increase with time over the 4-week period
of incubation with ascorbic acid and B-glycerophosphate (Fig. 6). Statistically significant
two- to fourfold increases in the extent of mineralization were found at 4 weeks compared to
weeks 1 and 2 for heat and RFGD-pretreated disks (Fig. 6A). FTIR spectroscopy showed
that fibronectin coated-disks generally exhibited higher levels of calcium-phosphate mineral
after 2—4 weeks of culture compared to uncoated disks. Also, the heat pretreatment of disks
generally increased the levels of calcium-phosphate mineral after 2—4 weeks of culture
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(compared to untreated disks) to a greater degree for fibronectin-coated disks than for
uncoated disks. For RFGD-pretreated disks, statistically significant increases in the
mineral:matrix ratio were found at 3 and 4 weeks compared to earlier time points (Fig. 6B).
Also, the RFGD pretreatment produced a pattern of increases in the mineral:matrix ratio at
all of the time points analyzed compared to untreated disks (Fig. 6B).

DISCUSSION

STIMULATION OF MINERAL FORMATION IN MC3T3 OSTEOPROGENITOR CELL
CULTURES BY HEAT AND RFGD PRETREATMENTS OF Ti6Al4V

A major finding in the current study is that both pretreatments of uncoated or fibronectin-
coated Ti6AI4V promoted increases in total soluble calcium in MC3T3 cell cultures during
the first 2 weeks of incubation with osteogenic media. All cultures were washed twice with a
calcium-free solution before the addition of 1N HCI to extract mineral and the 1ml of media
in each culture only contained approximately 2umoles or 0.08 mg calcium. Therefore, the
calcium measured (0.2-0.5 mg) per disk is likely to be almost entirely what was released
from precipitated mineral by acid hydrolysis. These results suggest that RFGD and heat
pretreatments increased calcium-phosphate mineral formation in MC3T3 cell cultures
irrespectively of whether the alloy disks were coated with fibronectin or left uncoated,
although the effects of the latter pretreatment appeared to be greater. In parallel with these
results, we have reported that heat and RFGD pretreatments of Ti6Al4V materials increased
the expression of osteoblast gene markers (including osteopontin, bone sialoprotein and
osteocalcin) in the first 2 weeks of culture for both fibronectin-coated disks and uncoated
disks [Rapuano et al., 2012c]. These findings suggest that both pretreatments enhance the
osteoinductive properties of the titanium alloy. Furthermore, we have also shown that heat
pretreatment increased both calcium-phosphate mineral levels determined by FTIR
spectroscopy (reported in the current study) and osteoblast/matrix gene expression [Rapuano
and MacDonald, 2011] at 2—4 weeks (compared to untreated disks) to a greater degree for
fibronectin-coated disks than for uncoated disks. These latter findings collectively suggest
that heat pretreatment amplified fibronectin’s stimulatory effects on osteoblast
differentiation, ECM synthesis and calcium-phosphate mineral formation in MC3T3 cell
cultures by increasing the adsorbed protein’s intrinsic bioactivity.

The results of the current study have shown that both the levels of calcium and the Ca:P
ratio increased progressively over time in parallel with each other and with the progressive
time-dependent dramatic increases in osteoblast marker gene expression that that we have
previously reported [Rapuano et al., 2012b]. The results also show that our pretreatments
promoted significant increases in the calcium deposited over the same time scale for which
they have been shown to increase osteoblast marker gene expression as we have previously
reported [Rapuano et al., 2012c]. These findings suggest that measuring the total soluble
calcium deposited provides an index of the extent of mineralization on the surface of the
titanium alloy disks studied. Of course these measurements do not provide information
concerning the spatial distribution of any mineral on the surface. However, it is likely that
increases in the levels of total calcium deposited reflect increases in the % surface coverage
by mineral, which is highly relevant to implant integration in vivo.

CELL-MEDIATED VERSUS DYSTROPHIC MINERALIZATION IN MC3T3
OSTEOPROGENITOR CELL CULTURES

We have previously reported that the osteogenic cells used in the current study displayed a
number of characteristics when attached to Ti6Al4V, such as increases in the expression of
type I collagen and osteocalcin [Rapuano et al., 2012b], that are exhibited by the cell types
that demonstrated a capability for biomineralization in the study by Declercq et al. [2005].
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In the current study, we used subclone 4 of the MC3T3-EL1 cell line that displays high levels
of osteoblast differentiation [Wang et al., 1999], suggesting that it is enriched in
osteoprogenitors compared to the parental cell line. Following their attachment to untreated
Ti6AIl4V without a fibronectin coating, we have previously shown that these subclone 4
cells demonstrated 25- to 30-fold and five- to 15-fold increases in type | collagen and
osteocalcin mRNA levels, respectively, after 2—4 weeks of culture [Rapuano et al., 2012b].
The transcript levels for type | collagen, osteocalcin and several other osteoblast and ECM
gene markers were further amplified both by a fibronectin coating [Rapuano et al., 2012b]
and by our surface pretreatments [Rapuano et al., 2012c]. These data illustrate that subclone
4 cells manifest a capacity for osteoblast differentiation when cultured on the titanium alloy
that may also be augmented by biomimetic surface coatings or changes in the oxide.

In the current study, SEM showed what appeared to be a network of fibers presumably due
to the deposition of ECM proteins. Type | collagen is likely to be a component of this
network of fibers in view of the dramatic increases over time that we have observed in the
expression of the type I collagen gene in MC3T3 cell cultures on both untreated [Rapuano et
al., 2012b] and pretreated [Rapuano et al., 2012c] alloy disks. On pretreated and untreated
disks alike, these fibers appeared to be associated with numerous particles containing
calcium and phosphorus as determined by SEM/EDAX, many of which had
calcium:phosphorus mass ratios approaching that of synthetic hydroxyapatite measured by
EDAX. Finally, when disks were coated with fibronectin, a matrix protein that we have
shown increases osteoblast gene marker expression [Rapuano et al., 2012b], more calcium-
phosphorus particles associated with the fibers were observed in SEM images and generally
more mineral was measured by FTIR compared to uncoated disks. These and other findings
described above suggest that MC3T3-subclone 4 cells attached to Ti6Al4V possess a
capacity for forming and actively mineralizing an ECM. The overall findings in the current
study together with our previous studies [Rapuano et al., 2012b,c] also suggest that this
capacity for biomineralization is enhanced by the stimulatory effects of fibronectin
[Rapuano et al., 2012b] and surface pretreatments [Rapuano et al., 2012c] on osteoblast
differentiation.

The capability of MC3T3-subclone 4 cells cultured on Ti6Al4V for forming a mineralized
matrix can be further evaluated by comparing our results with those of other studies that
examined the osteogenic potential of MC3T3 cells. Bonewald et al. [2003] reported that
only rare or sparse dystrophic mineralization of unknown chemical origin and not associated
with collagen was evident in MC3T3-E1 cells grown on tissue culture plastic. In contrast,
the mineral formed in 16- day fetal rat calvarial cell cultures in the presence of 100 ug/ml
ascorbic acid and 2.5mM [-glycerophosphate consisted of a bonelike apatite that was
generally associated with collagen fibers, and exhibited a mineral:matrix ratio of 0.56
[Bonewald et al., 2003]. In our study, the mineral-to-matrix ratio in MC3T3-subclone 4 cells
determined by FTIR ranged as high as 0.55 (corrected for control nonmineralizing cultures)
after 28 days of culture in the presence of 50 pg/ml ascorbic acid/3mM [-glycerophosphate.
Notably, the ratio measured for (high differentiating capacity) subclone 4 cells at 28 days in
our study was three times higher for untreated disks and five times higher for pretreated
disks compared to that measured for the non-mineralizing parental MC3T3-E1 cell line in
the study by Bonewald et al. [2003] at comparable concentrations of B glycerophosphate
(3mM vs. 2.5 mM, respectively). It is not surprising that other investigators have found
evidence of cell-mediated calcification in cultures of the MC3T3-E1 parental line [Sudo et
al., 1983; Franceschi and lyer, 1992], since it is likely that its properties sometimes change
due to variations in culture conditions, serum, and clonal selection. Most importantly, these
findings lend further support to the hypothesis that subclone 4 cells can form and mineralize
an ECM when cultured on Ti6AI4V.

J Cell Biochem. Author manuscript; available in PMC 2013 October 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rapuano et al.

Page 10

Measurements of the calcium:phosphorus mass ratio were also used to evaluate the capacity
of the MC3T3 cells for biomineralization on Ti6Al4V materials. Of course absolute
measurements of the Ca:P mass ratio by EDAX are a function of the system’s efficiency of
detecting the emitted X-rays which can be affected by their energy/direction and the
thickness, density, and topography of the material they must pass through to reach the
detector. However, the tightness of the EDAX data obtained from different regions of the
same disk (Fig. 4) indicate that EDAX could be used for relative measurements if not for
absolute analyses of mineral composition. In the current study, particles analyzed at 4 weeks
of cell culture were found to have a mean Ca:P ratio as high as 1.25, which was equivalent
to that of synthetic HA as measured by EDAX in our laboratory. It has been reported by
Meng et al. [2009] that mineralizing MC3T3 cells cultured on silicon substrates contain
particles that exhibit Ca:P mass ratios measured by EDAX between 0.55 (2 weeks of
culture) and 1.2 (4 weeks). In the latter study, the presence of hydroxyapatite was confirmed
by synchrotron grazing incidence X-ray diffraction [Meng et al., 2009]. The range of sizes
of these particles and their Ca:P mass ratios [Meng et al., 2009] were very similar to those
found in the current study for the same respective culture times. These findings provide
additional evidence that MC3T3 cells attached to a Ti6Al4V substrate are capable of
biomineralization.

THE COMPARATIVE EFFECTS OF RFGD AND HEAT PRETREATMENTS ON
MINERALIZATION IN MC3T3 OSTEOPROGENITOR CELL CULTURES

Both heat and RFGD pretreatments of Ti6Al4V produced a pattern of early (1-2 weeks)
increases in total calcium in MC3T3 cell cultures that suggested a stimulation in
mineralization by both pretreatments. EDAX findings that calcium and phosphorus-
containing particles form earlier on RFGD-pretreated surfaces compared to untreated or
heat-pretreated surfaces also suggested that this particular pretreatment may hasten the
formation of initiation sites for HA crystals. RFGD pretreatment may have accelerated the
formation of HA initiation sites to a higher degree than heat pretreatment due to its greater
induction of bone sialoprotein [Rapuano et al., 2012c], which is known to promote HA
nucleation [Hunter and Goldberg, 1993]. This latter effect might also account for the slightly
higher mineral: matrix ratios observed for RFGD-pretreated disks compared to the untreated
alloy assuming that bone sialoprotein is more efficient in promoting HA nucleation than
other ECM proteins. Therefore, our findings suggest that RFGD pretreatment increases the
amount of mineral per unit of matrix protein possibly through effects on HA formation.

For the preheated alloy, the total calcium levels per (fibronectin-coated or uncoated) disk
observed from 1 to 3 weeks of culture and the total levels of mineral per (fibronectin-coated)
disks (measured by FTIR) at 2-4 weeks appeared to exceed those measured for either
untreated or RFGD-pretreated disks. These latter findings suggest that heat pretreatment
increased the amount of mineral per disk to a greater extent than RFGD pretreatment and are
consistent with the former pretreatment’s greater induction of osteocalcin [Rapuano et al.,
2012c], since it is a key marker of osteoblastic cells that are capable of biomineralization
[Declercq et al., 2005]. Measurements of osteocalcin gene expression suggest that more
osteoprogenitors differentiated on preheated disks compared to the RFGD-pretreated alloy
[Rapuano et al., 2012c]. Therefore, differences between RFGD and heat pretreatment in
their effects on mineral formation may have arisen from their respective effects on MC3T3
cell expression of a specific matrix protein that modulates HA nucleation and the proportion
of these cells that differentiate into osteoblasts [Rapuano et al., 2012c].

Findings in the current study that preheating increased mineral levels without significantly
increasing the mineral:matrix ratio compared to untreated disks indicate that preheating also
raised the levels of matrix synthesis. This latter putative effect would replicate our earlier
finding that a key direct osteogenic effect of heat pretreatment is on osteoblast
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differentiation/matrix protein expression, potentially leading to increases in the mass of both
mineral and matrix but not necessarily in the amount of mineral that forms per unit of matrix
protein [Rapuano et al., 2012c]. The effects of heat pretreatment on the total levels of
mineral formed per disk is highly relevant to the clinical outcome we are most interested in
predicting which is the amount of bone that will form in the defect created by the insertion
of our modified implant materials. Our results showing that preheating the alloy increases
total soluble calcium and HA levels are also consistent with our recent findings that
preheated Ti6AI4V implants placed into rat femurs have a higher implant-bone shear
strength than untreated implants (unpublished results). Notably, the peak mineral:matrix
ratio measured for MC3T3 cells cultured on preheated surfaces (nearly 0.5) in the current
study was comparable to that of mineralizing cell cultures as discussed above [Declercq et
al., 2005]. Also, numerous particles with Ca:P mass ratios similar to HA were observed
overlying an organic (cells and matrix) layer covering the preheated disks. Therefore, the
stimulation of mineral formation by heat pretreatment is more likely to represent an
organized cell-mediated process than a direct non-cellular effect on HA crystal formation
due to altered surface oxide properties that we have previously reported [MacDonald et al.,
2004, 2011].

EFFECTS OF Ti6Al4V OXIDE STRUCTURAL AND CHEMICAL PROPERTIES ON THE
FORMATION OF A MINERALIZED MATRIX IN MC3T3 CELL CULTURES

The differences between the two pretreatments of Ti6Al4V in their coordinate effects on
osteoblast marker gene expression and biomineralization in MC3T3 cell cultures may have
arisen from the unique physicochemical characteristics of each resultant oxide surface.
Although both heat and RFGD pretreatments alter the Ti6AI4V oxide’s net surface charge
[with the latter pretreatment exerting a greater effect; MacDonald et al., 2011], only heat
pretreatment also altered oxide elemental composition and topography by creating a pattern
of oxide elevations that were approximately 50-100 nm in diameter [MacDonald et al.,
2011]. In contrast, the RFGD pretreatment of Ti6Al4V disks did not alter the atomic
composition or topography of the alloy surface [MacDonald et al., 2011]. The differences
between the two pretreatments in their effects on the Ti6Al4V oxide were paralleled by
differences in their effects on osteoblast and matrix gene marker expression [Rapuano et al.,
2012c]. Other studies have shown that treatments of titanium implant materials that increase
surface roughness, hydrophilicity or roughness and hydrophilicity concomitantly can all
have different and unpredictable effects on osteoblast gene expression [Zhao et al., 2007;
Olivares-Navarrete et al., 2010; Klein et al., 2011], inducing some osteoblast gene markers
while repressing others [Zhao et al., 2007]. These findings suggest that changes in surface
oxide chemistry and topography interact in a complex manner to cooperatively modulate the
expression of specific osteoblast and matrix gene markers, potentially resulting in
quantitative and qualitative changes in biomineralization.

Variations in the expression of some osteoblast matrix genes that are induced by our
pretreatments, such as those for type | collagen (al), osteopontin, and bone sialoprotein
[Rapuano et al., 2012c], alter the protein composition of the matrix and the biochemical cues
it provides for osteoblast differentiation and cell-directed mineralization. Even without cells
or a matrix, calcium salts can precipitate on titanium oxides incubated in the cell culture
media used in the current study [ter Brugge et al., 2002]. However, these calcium deposits
are short-lived and almost completely disappear within 24 days, measuring <5ug for 15mm
diameter disks [ter Brugge et al., 2002] compared to levels >60 g measured in the current
study in 28-day MC3T3 cell cultures (also using 15mm diameter disks). Therefore, it is the
changes in the composition of the matrix, not the oxide per se, that are most likely to be
directly linked to the effects of our pretreatments on mineral formation as demonstrated in
the current study. It is also possible that heat and RFGD-modified oxides directly modulate
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the conformational bioactivities of matrix proteins deposited on the alloy by MC3T3 cells as
we have previously demonstrated for adsorbed fibronectin [Rapuano et al., 2012a]. Finally,
we have shown that the pretreatments of TiAl4V enhance matrix gene/osteoblast marker
gene expression [Rapuano et al., 2012c] and promote biomineralization (as reported in the
current study) even in the absence of an exogenous fibronectin coating. These latter results
suggest that the bioactivities of other osteogenic proteins present in MC3T3 cell cultures are
also increased upon adsorption to the modified Ti6Al4V surface oxide. Therefore, the
distinct effects of Ti6Al4V oxide chemistry, roughness and topography on the surface
bioactivities of fibronectin and other osteogenic proteins, matrix protein composition/
bioactivity and osteoblast differentiation may all contribute to the differences observed
between RFGD and heat pretreatments in their effects on mineral formation.

CONCLUSIONS

Heat and RFGD pretreatments of fibronectin-coated and uncoated Ti6Al4V promoted
increases in calcium:phosphate mineral formation by MC3T3 osteoprogenitor cells through
an enhancement of fibronectin’s bioactivity and possibly other mechanisms that may involve
the modulation of multiple osteogenic and matrix proteins. Heat pretreatment of the alloy
increased the levels of hydroxyapatite for fibronectin-coated disks and total soluble calcium
to a greater degree than RFGD pretreatment. This is perhaps related to the former
pretreatment’s previously demonstrated greater induction of osteocalcin, which suggested
that more MC3T3 osteoprogenitors differentiate into osteoblasts on the preheated Ti6Al4V
surface. In contrast, SEM/EDAX analysis of calcium and phosphorus containing particles
indicated that RFGD pretreatment may have accelerated the formation of initiation sites for
HA crystals compared to the other treatment groups. This effect of RFGD may have been
due to its previously reported greater induction of bone sialoprotein, which is known to
promote Ca-PO4 nucleation. These findings help to support the hypothesis that
pretreatments of Ti6AI4V that modify its surface oxide enhance the osteoinductive
properties of the alloy.
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Fig. 1.

Effects of heat and RFGD pretreatments of Ti6Al4V disks on total soluble calcium levels in
MC3T3 osteoprogenitor cell cultures. Both untreated and pretreated disks were either
uncoated (No FN) or precoated (FN) with 1 nM fibronectin overnight and plated with
MC3T3 cells. Cultures were incubated for 1-4 weeks in cell culture media containing 50 pg/
ml ascorbic acid and 3mM B glycerophosphate. Total soluble calcium was extracted from
the surface of disks at the indicated incubation time points and measured by flame atomic
absorption spectrophotometry. Total soluble calcium levels are presented as umoles/disk.
Data represent means £SE for a minimum of four independent cultures at each time point.

* **Significantly greater (£<0.05) than untreated No FN disks or untreated FN disks,
respectively, measured at the same time point based on analysis of variance. ¢
Significantly greater compared to the same experimental condition measured at 1 week (P
<0.05 or less); 1 and 2 weeks (£ <0.05 or less); or 1, 2, and 3 weeks (P <0.01 or less),
respectively, based on analysis of variance. FN, fibronectin; HEAT, heat pretreatment;
RFGD, radiofrequency plasma glow discharge pretreatment.
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Fig. 2.

Scanning electron micrographs and EDAX analysis of MC3T3 osteoprogenitor cell cultures
grown on untreated or RFGD-pretreated Ti6Al4V disks that were uncoated or fibronectin-
coated (FN). Cells were plated on disks, incubated with cell culture media containing 50 ug/
ml ascorbic acid and 3mM p-glycerophosphate for 3 weeks, fixed in 4% paraformaldehyde,
images were captured by SEM and selected particles (marked by crosshairs) that appeared
brighter than background were analyzed by EDAX. The calcium: phosphorus mass ratio
determined by EDAX analysis of the atomic composition of each selected particle is shown
next to the crosshairs overlying that particle. Calcium: phosphorus mass ratios were
determined by dividing the AUC (area under the curve) for the calcium elemental scan by
the AUC for the phosphorus elemental scan. Images of UNTREATED disks are shown at
2,000x magnification; those of RFGD-PRETREATED DISKS are shown at 5,000x
magnification. FN, fibronectin; RFGD, radiofrequency plasma glow discharge pretreatment.
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Fig. 3.

EDAX analysis of mineral formed in MC3T3 osteoprogenitor cell cultures incubated for 1-4
weeks on untreated or pretreated Ti6Al4V disks that were uncoated or fibronectin-coated
(FN). Cells were plated on disks, incubated with cell culture media containing 50 pg/ml
ascorbic acid and 3mM [ glycerophosphate for 1-4 weeks, fixed in 4% paraformaldehyde
and images were captured by SEM. EDAX spectra were obtained for selected particles for
each of the three experimental groups. Data represent means +SE for a minimum of three
independent cultures at each time point. No particles of any size containing calcium or
phosphorus were detected on untreated or heat pretreated disks for the 1 week time point. &P
Significantly greater compared to the same experimental condition measured at 1 week (P
<0.05 or less) or 1 and 2 weeks (P <0.05 or less), respectively, based on analysis of variance.
FN, fibronectin; HEAT, heat pretreatment; RFGD, radiofrequency plasma glow discharge
pretreatment.
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Fig. 4.

SEM and EDAX analysis of mineral formed in MC3T3 osteoprogenitor cell cultures grown
on an RFGD-pretreated uncoated Ti6Al4V disk. Cells were cultured on an RFGD-pretreated
disk (without fibronectin coating) with cell culture media containing 50 pg/ml ascorbic acid
and 3mM B-glycerophosphate for 4 weeks, fixed in 4% paraformaldehyde, images were
captured by SEM and selected particles were analyzed by EDAX. A: Particles analyzed by
EDAX in three regions of the same disk (RFGD1, RFGD2, and RFGD3) are marked by
crosshairs; the Ca:P mass ratio determined by EDAX analysis of the atomic composition of
each particle is shown next to the crosshairs overlying that particle. B: The EDAX spectra
obtained for the particle analyzed in RFGD3 is shown. Images are shown at 2,000x
magnification. RFGD, radiofrequency plasma glow discharge pretreatment.
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FTIR spectroscopic analysis of mineral formed in MC3T3 osteoprogenitor cell cultures on
RFGD-pretreated or HEAT-pretreated fibronectin-coated or uncoated Ti6Al4V disks. Cells
were plated on disks and incubated with cell culture media containing 50 pg/ml ascorbic

acid and 3mM [-glycerophosphate for 4 weeks. FTIR spectroscopic analyses were

performed on pellets prepared from KBr combined with air-dried samples of the material

that covered the disks. Combined spectra obtained from synthetic hydroxyapatite

(HYDROXYAPATITE) and (A) RFGD-pretreated fibronectin-coated (RFGD+FN) and
uncoated (RFGD NO FN) disks; or (B) HEAT-pretreated fibronectin-coated (HEAT+FN)
and uncoated (HEAT NO FN) disks, are shown. PO4—characteristic apatite phosphate peak
(900-1,200 cm™1). AMIDE | and AMIDE I1— characteristic extracellular matrix protein
amide peaks. FN, fibronectin; HEAT, heat pretreatment; RFGD, radiofrequency plasma

glow discharge pretreatment.
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Fig. 6.

FTIR spectroscopic measurements of the effects of heat and RFGD pretreatments of
Ti6Al4V disks on calcium-phosphate mineral levels and the mineral:matrix ratio in MC3T3
osteoprogenitor cell cultures. Cells were incubated with cell culture media containing
ascorbic acid and B glycerophosphate for 1-4 weeks. FTIR spectroscopic analyses were
performed on pellets prepared from KBr combined with air-dried samples of the material
that covered the disks. Relative levels of calcium-phosphate mineral (A) were measured as
the area under the apatite phosphate peak (900-1,180 cm™1). Data were normalized to the
area under the apatite phosphate peak (900- 1,200 cm™1) for untreated and uncoated disks at
1 week. The mineral to matrix ratio (B) was determined as the area under the phosphate
peak (900- 1,180 cm~1) divided by the area under the amide | peak (1,585-1,720 cm™1).
Both the levels of calcium-phosphate mineral and the mineral:matrix ratio were corrected
for control (ho supplementation with ascorbic acid or § glycerophosphate) values. Data
represent means +SE for 3-5 independent cultures at each time point. 24 Significantly
greater compared to the same experimental condition measured at 1 week (£<0.05); 1 and 2
weeks (P<0.05); 1, 2, and 3 weeks (£ <0.001); or 2 weeks (£ <0.05), respectively, based on
analysis of variance. FN, fibronectin; HEAT, heat pretreatment; RFGD, radiofrequency
plasma glow discharge pretreatment.

J Cell Biochem. Author manuscript; available in PMC 2013 October 28.



