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Heat or radiofrequency plasma glow discharge
treatment of a titanium alloy stimulates osteoblast
gene expression in the MC3T3 osteoprogenitor
cell line
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Purpose: The purpose of this study was to determine whether increasing the Ti6Al4V surface oxide negative charge through
heat (600°C) or radiofrequency plasma glow discharge (RFGD) pretreatment, with or without a subsequent coating with fibro-
nectin, stimulated osteoblast gene marker expression in the MC3T3 osteoprogenitor cell line.

Methods: Quantitative real-time polymerase chain reaction was used to measure changes over time in the mRNA levels for
osteoblast gene markers, including alkaline phosphatase, bone sialoprotein, collagen type I (1), osteocalcin, osteopontin and
parathyroid hormone-related peptide (PTH-rP), and the osteoblast precursor genes Runxz and osterix.

Results: Osteoprogenitors began to differentiate earlier on disks that were pretreated with heat or RFGD. The pretreatments
increased gene marker expression in the absence of a fibronectin coating. However, pretreatments increased osteoblast gene
expression for fibronectin-coated disks more than uncoated disks, suggesting a surface oxide-mediated specific enhancement
of fibronectin’s bioactivity. Heat pretreatment had greater effects on the mRNA expression of genes for PTH-rP, alkaline phos-
phatase and osteocalcin while RFGD pretreatment had greater effects on osteopontin and bone sialoprotein gene expression.
Conclusions: The results suggest that heat and RFGD pretreatments of the Ti6Al4V surface oxide stimulated osteoblast dif-
ferentiation through an enhancement of (a) coated fibronectin’s bioactivity and (b) the bioactivities of other serum or matrix
proteins. The quantitative differences in the effects of the two pretreatments on osteoblast gene marker expression may have
arisen from the unique physico-chemical characteristics of each resultant oxide surface. Therefore, engineering the Ti6Al4V
surface oxide to become more negatively charged can be used to accelerate osteoblast differentiation through fibronectin-de-
pendent and independent mechanisms.
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INTRODUCTION achieved. Despite the reported long-term predictability of
dental implants [1,2], failures do occur in 10% of cases within

Although the outcomes of dental and orthopedic implant  a 5-year period [3]. The survival rates decrease to 71 to 83.5%
procedures are usually successful, in many instances the long-  over a 5 to 6 year period for dental implants placed in previ-
term stability and functionality of the implant cannot be  ously failed implant sites [4,5]. The quality and quantity of
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bone that forms at the implant-skeletal interface is generally
believed to be one of the major determinants of implant suc-
cess. Therefore, improving fixation by enhancing the attach-
ment and function of osteoblastic cells at the implant surface
is likely to substantially decrease the likelihood of failure, es-
pecially for implants placed in previously failed implant sites.

Commercially pure titanium (cpTi) and titanium alloys are
widely employed in orthopedic and dental implants due to
their biocompatibility [6,7]. Titanium-aluminum-vanadium
alloy is used in the fabrication of prosthetic joint replacements.
The Ti6Al4V alloy has also been successfully utilized in the
dental field [8]. Both titanium and its alloys form an active
oxide layer that readily interacts with extracellular matrix
proteins produced by the cells and cell surface proteins. It is
this superficial oxide found on both metals, titanium dioxide
(TiO,) being the most abundant, that provides an interface
that is biocompatible with peri-implant tissues [g]. The sur-
face oxide of Ti6Al4V is similar to that of pure titanium ex-
cept that it is enriched with aluminum-oxide when present
in air [10]. Altering the surface of titanium implant materials
has been shown to affect protein adsorption, cell-substrate
interactions, and tissue development [11]. However, the mech-
anisms by which surface oxide properties modulate the bio-
activity of bound osteogenic proteins to influence osteoblast
behavior and osseointegration are poorly understood.

A variety of methods have been explored to prevent implant
failure including the use of bioactive adhesive peptides or
extracellular matrix proteins such as fibronectin (FN) to facil-
itate the attachment of osteogenic cells to the implant sur-
face [12-16]. Our laboratory and others have studied extracel-
lular matrix proteins such as FN or human bone sialoprotein
(hBSP) or hBSP peptides following their non-covalent ad-
sorption [12-16] to the implant surface oxide to increase the
adhesion of osteoblasts. FN is also thought to play an impor-
tant role in skeletal development by regulating osteoblast
differentiation and mineralization [17]. Most importantly,
since we have shown that FN binds rapidly and irreversibly
to TiO2 [15], the protein can be efficiently adsorbed to titani-
um materials without the use of intervening chemical cou-
pling agents. However, the precise influence of the metal
surface oxide on the capacity of FN to modulate osteoblast
attachment and differentiation has yet to be fully elucidated.

When added to implant materials, exogenous FN is likely
to manifest a capacity to enhance osteoblast attachment/
function or integration that is not obscured or overcome by
the effects of serum FN for a number of reasons. Histologi-
cal analyses of immediately loaded titanium dental implants
demonstrated a direct contact between titanium and bone
over the whole surface area of the implant immediately after
insertion. No substantial blood clotting or inflammatory re-
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pair process was observed in the implant-tissue interface
preceding bone cell adhesion [18]. Other studies have shown
that soluble FN in serum, which appears more inert than the
insoluble fibrillar form [19], does not bind to tooth surfaces
[20], and a number of serum and matrix proteins can com-
pete with FN for binding to bone [21,22]. Therefore, due to
immediate direct implant-bone contact after insertion, the
low intrinsic binding activity of serum FN, and competition
from other proteins for binding to the implant surface, it is
unlikely that endogenous EN is able to bind to implant ma-
terials in vivo (or in vitro). These findings suggest that the ef-
fects of exogenous FN on bone cells and integration, when it
is adsorbed to an implant surface, will supercede those of en-
dogenous FN, which are likely to be minimal or negligible.

Our earlier studies examined the effects of modifying the
surface oxide properties, such as oxide chemistry or topogra-
phy, of Ti6Al4V on adsorbed FN'’s bioactivity toward osteo-
blasts [10,23-25]. These studies demonstrated that pretreating
Ti6Al4V surface oxide with heat or radiofrequency plasma
glow discharge (RFGD) increased the oxide’s negative net
charge and dramatically increased the number of osteoblas-
tic cells that attached to surface adsorbed FN [23,24]. In a later
investigation of the mechanism for the effects of pretreat-
ments on FN bioactivity, we showed that modified Ti6Al4V
disks increased the exposure of FN'’s integrin binding domain
to enhance its binding to o, integrin receptors in osteoblasts
[25]. These results suggested that heat or REGD pretreatments
of Ti6Al4V amplified FN's intrinsic biological activity toward
osteoblast integrins by inducing conformational changes in
the matrix protein upon its adsorption. More recently, our
laboratory has shown that when FN is precoated on Ti6Al4V
disks prior to the addition of osteoprogenitors, the peak ex-
pression of all of the osteoblast gene markers analyzed was
increased modestly in comparison to the uncoated disks [26].
These latter results suggest that the coated FN has the capac-
ity to stimulate osteoblast differentiation.

In view of the findings that heat and RFGD pretreatments
increased FN's integrin binding activity [24,25] and cell
spreading [24], the purpose of this study was to determine if
these pretreatments also augment FN-promoted osteoblast
differentiation as well as baseline differentiation. In this study,
we have tested the hypothesis that surface pretreatments of
Ti6Al4V, which make the surface oxide more negatively
charged [23), increase FN-promoted osteoblast differentia-
tion. We have also tested the sub-hypothesis that engineer-
ing the surface oxide to become more negatively charged ex-
erts a general stimulatory effect on the bioactivities of other
serum and matrix proteins to increase osteoblastogenesis
without a FN coating. These hypotheses were tested by using
quantitative real-time polymerase chain reaction (QRT-PCR)
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to measure changes in the mRNA levels for several osteo-
blast genes over time.

MATERIALS AND METHODS

Disk preparation

Cylindrical implant disks were initially prepared from
Ti6Al4V sheets obtained from TIMET (Wentzville, MO, USA).
Metal sheets were cut into strips, polished by machining, and
later punched into disks (Industrial Tool & Die Co., Troy, NY,
USA) as previously described [23]. The disks were washed
successively in isopropanol, acetone, xylene, acetone, and 1
M ammonium hydroxide, and then rinsed with deionized
water to remove organic and inorganic contaminants. The
disks were then passivated in 40% nitric acid to form a stable
surface oxide layer and rinsed three times with deionized
water. Next, the disks were dried, transferred into acid-washed
scintillation vials in a HEPA-filtered isolation hood (USA Sci-
entific Inc., Ocala, FL, USA), and stored closed in an auto-des-
iccator cabinet (Sanplatec Co., Osaka, Japan). All of the disks
were sterilized using a rapid dry heat oven (Alpha Medical,
Hempstead, NY, USA) for 5 minutes. Some of the cleaned
and passivated disks were further treated with RFGD or heat
(600°C) as previously described [23]. For heat pretreatment,
the disks were heated to a temperature of 600°C in air for 1
hour [23]. RFGD pretreatment of disks was performed using
a modified Harrick RF unit (PDC-o02, Harrick Scientific Co.,
Ossining, NY, USA) with a quartz chamber to subject samples
to an oxygen plasma pretreatment [23]. The passivated Ti6Al4V
disks were placed on a clean quartz tray. The tray was insert-
ed into the RF unit, and the unit was placed under dry vacu-
um (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, USA) at a rate of 150 mL/min. All oxygen
gas was prefiltered prior to its entry into the chamber (Ad-
vantec MFS Inc., Pleasanton, CA, USA). Samples of titanium
alloy were treated with a 13.56 MHz RF power-generated ox-
ygen plasma for 5 minutes at 29.6 W [23]. Following heat or
REGD pretreatment, disks were sterilized and stored as pre-
viously described for untreated specimens [10]. The treated
disks were produced in parallel to those analyzed previously
[23]. Continuous quality control was maintained for disk
preparation/pretreatment. A regular analysis of disk topogra-
phy and charge was performed to insure that the treated
disks employed in the current investigation possessed the
same physico-chemical properties as those analyzed previ-
ously [23].
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Cell culture

MC3T3-Ex cells (subclone 4; American Type Culture Collec-
tion; Manassas, VA, USA), which exhibit high levels of osteo-
blast differentiation [27], were cultured in minimum essential
medium (MEM)-a with 10% fetal bovine serum (FBS; Invit-
rogen, Carlsbad, CA, USA).

Cell culture conditions for measuring the effects of surface
pretreatments on osteoblast gene marker expression

Ti6Al4V disks were placed into 24-well plates (Laboratory
Disposable Products Inc., North Haledon, NJ, USA) and incu-
bated with 1x phosphate buffered saline (PBS) or a1 nM FN
(Sigma-Aldrich Co., St. Louis, MO, USA)/1x PBS solution
overnight at room temperature under a cell culture hood. At
this concentration of FN solution, a surface concentration of
120 to 170 ng adsorbed FN/cm? was obtained for the untreat-
ed, heat-treated and RFGD-treated disks. No significant dif-
ferences in FN adsorption were found among the three
groups [24]. We have shown that this concentration of FN in-
creased the attachment of MC3T3 cells to the titanium alloy
6- to 8-fold compared to uncoated disks [24]. The PBS and
EN/PBS solutions were removed and each disk was plated
with 500,000 cells in MEM-o. with 10% FBS. A confluent cell
monolayer was obtained three days following cell plating.
Since this study focused on the effects of the alloy surface
and FN coating on osteoblast differentiation, not proliferation,
three days following the initial cell plating was designated as
day o of the experimental period. RNA was then extracted at
days 3,7, 10, 14, 21, and 28 of the experimental period.

qRT-PCR

Total RNA was isolated using RNeasy Mini Kits (Qiagen,
Valencia, CA, USA) following the direct lysis protocol. The
quality and yield of the recovered RNA were evaluated by ab-
sorption at 260 and 280 nm. The total RNA was reverse tran-
scribed into cDNA by using First Strand cDNA Synthesis Kits
(Fermentas Inc., Glen Burnie, MD, USA). Equal amounts of
RNA from each sample were reverse transcribed and the re-
sultant cDNA was amplified by polymerase chain reaction
using iQ SYBR Green Supermix (Bio-Rad Laboratories Inc.,
Hercules, CA, USA). The primer pairs are shown in Table 1.
gRT-PCR was performed using the My iQ Single Color Real
Time PCR Detection System (Bio-Rad Laboratories Inc.). The
specificity of each primer pair for the corresponding mouse
cDNA (shown by the gene accession number in Table 1) was
confirmed using the National Center for Biotechnology In-
formation Basic Local Alignment Search Tool program to
search its nucleotide database for homologous sequences.
The PCR program used the following parameters in sequen-
tial order: one cycle of 3 minutes at 95°C; 40 cycles of 10 sec-
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Table 1. Primers used for quantitative real time polymerase chain
reaction.

Gene Primer sequence (5-3') Gene accession no.

Actin F AGATGTGGATCAGCAAGCAG ~ NM_007393.2
R GCGCAAGTTAGGTTTTGTCA

Alkaline phosphatase F AACCCAGACACAAGCATTCC ~ NM_007431.1
R GCCTTTGAGGTTTTTGGTCA

Bone sialoprotein F GAAACGGTTTCCAGTCCAG NM_008318.1
R CTGCATCTCCAGCCTTCTT

Collagen type I (o)1 F AACCCGAGGTATGCTTATCT NM_007742.3
R CCAGTTCTTCATTGCATTGC

Osteocalcin F CTCACAGATGCCAAGCCCA NM_007541.2
R CCAAGGTAGCGCCGGAGTCT

Osteopontin F TGACCCATCTCAGAAGCAG NM_009263.1
R GCTGACTTGACTCATGGCT

Osterix F TGAGGAAGAAGCCCATTCAC ~ NM_130458.2
R ACTTCTTCTCCCGGGTGTG

PTH-related peptide  F  CCAGAGCCAGCGAGCGGCAC ~ NM_008970.1
R CCAGGCAGACCGAGTCCTTC

RUNX2 F AAATGCCTCCGCTGTTATGAA  NM_009820.2
R GCTCCGGCCCACAAATCT

F: forward, R: reverse.

onds at 95°C followed by 45 seconds at 60°C; one cycle of 1
minute at 95°C; one cycle of 1 minute at 55°C; followed by a
final extension cycle of 800 seconds at 55°C. Beta-actin was
used as an internal control for sample normalization. PCR
products were analyzed within the linear range of amplifica-
tion for the various genes examined. Changes in the relative
levels of expression of specific genes over the time of the cell
culture (days o, 3, 7, 10, 14, 21, and 28) were monitored. The
control samples received no FN pre-coating. The expression
of each specific mRNA was measured at the selected points
in time (relative to day o in the control group). For each ex-
perimental condition (untreated, heat-treated, or REGD-treat-
ed), experiments measuring the relative mRNA expression at
all of the points in time were repeated at least three times
(each experiment was performed with a separate indepen-
dent cell culture). The data presented for each point in time
was averaged from multiple independent cultures so that ar-
tifacts arising from atypical single cultures (associated with
passage number, differences between lots of serum, or subtle
alterations in subcultivation protocol) could be minimized.

Statistical analysis

Data are presented as mean+standard error of the mean
(N, total number of independent cell cultures) for each exper-
imental condition. Statistical comparisons were performed
using analysis of variance (with the alpha level set at 0.05)
comparing all of the experimental conditions (untreated,
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Figure 1. Effects of heat and radiofrequency plasma glow discharge
(RFGD) pretreatments on (A) Runx2 and (B) osterix mRNA expression
in MC3T3 osteoprogenitor cells cultured on Ti6Al4V disks. Both un-
treated and pretreated disks were either uncoated (control) or pre-
coated (fibronectin, FN) with 1 nM FN overnight and plated with
MC3T3 cells. The levels of Runx2 and osterix mRNA expression mea-
sured by quantitative real time polymerase chain reaction for treated
disks at the indicated points in time are presented as a percentage of
the corresponding levels of mRNA expression measured for un-
treated disks. The data represent meansz+standard error for 3 to 7 in-
dependent cultures at each point in time. ?Significantly greater (P<
0.05) than untreated disks. "Significantly greater (P<o.01) than un-
treated disks.. 9Significantly greater (P<o.05) than heat-pretreated
disks based on analysis of variance.

heat-pretreated, and RFGD-pretreated) at a given point in
time.

RESULTS

The effects of heat and RFGD pretreatments on Runx2 and
osterix mRNA expression

Fig. 1A shows the levels of mRNA expression for Runxz and
osterix genes in MC3T3 cells attached to pretreated Ti6Al4V
disks presented as a percentage of the corresponding levels
of mRNA expression measured for untreated disks. In gen-
eral, both heat and RFGD pretreatments produced an early



Journal of Periodontal
& Implant Science

JPI

stimulation in Runx2 mRNA expression on day o for both
control disks and disks precoated with 1 nM EN, although
mRNA levels were lower in the latter group. After day o, both
pretreatments promoted a decrease in Runx2 mRNA expres-
sion compared to the untreated disks (Fig. 1A).

In general, the pretreatments produced an early stimula-
tion in osterix mRNA expression on day o, although tran-
script levels were lower for coated compared to uncoated
disks (Fig. 1B). The RFGD pretreatment also increased the os-
terix gene expression on day 3. In general, the stimulatory ef-
fects of pretreatments on osterix mRNA expression in MC3T3
cells decreased with time in culture. Heat pretreatment pro-
moted a decrease in osterix mRNA expression compared to
that of the untreated disks on day 10 (Fig. 1B).

The effects of heat and RFGD pretreatments on type I col-
lagen (011), parathyroid hormon-related peptide (PTH-rP),
and alkaline phosphatase mRNA expression

Fig. 2A shows that heat and RFGD pretreatments generally
increased type I collagen (o) mRNA expression compared to
untreated disks at points in time from 3 to 28 days. Both pre-
treatments appeared to promote a pattern in which type I
collagen (o1) mRNA expression was increased for FN-coated
disks more than control disks at almost every point in time.
The percent stimulation of gene expression produced by
both pretreatments generally increased over time (Fig. 2A).

Both heat and RFGD pretreatments promoted a general
pattern of increased PTH-rP mRNA expression on days o
and 3 (Fig. 2B). At these points in time, the pretreatments ap-
peared to increase PTH-rP mRNA expression in the FN
group more than the control group. Heat pretreatment ap-
peared to increase PTH-rP mRNA expression from day 7 to
day 28, showing generally greater effects for FN-coated disks
compared to control disks. In general, heat pretreatment
produced a pattern of greater stimulation in PTH-rP gene
expression compared to the REGD pretreatment (Fig. 2B).

Pretreatments caused an early increase in alkaline phos-
phatase mRNA expression on day o for FN-coated disks, al-
though only RFGD produced a statistically significant effect
(Fig. 2C). At points in time later than day o, both RFGD and
heat pretreatments appeared to increase alkaline phospha-
tase mRNA expression. However, heat pretreatment exhibit-
ed greater effects than RFGD pretreatment at every point in
time after day o and statistically significant increases in gene
expression were observed only for the heat-treated disks. The
heat pretreatment generally promoted greater percentage
increases in alkaline phosphatase gene expression for FN-
coated disks compared to control (uncoated) disks (Fig. 2C).
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Figure 2. Effects of heat and radiofrequency plasma glow discharge
(RFGD) pretreatments on (A) type I collagen (ox), (B) parathyroid
hormon-related peptide (PTH-rP), and (C) alkaline phosphatase
mRNA expression in MC3T3 osteoprogenitor cells cultured on
Ti6Al4V disks. The levels of type I collagen (our), PTH-1P, and alkaline
phosphatase mRNA expression measured by quantitative real time
polymerase chain reaction for treated disks at the indicated points
in time are presented as a percentage of the levels of mRNA expres-
sion measured for untreated disks. Data represent means+standard
error for 3 to 8 independent cultures at each point in time. FN: fi-
bronectin. *9Significantly greater (P<0.05, 0.01, 0.001) than untreat-
ed disks. *OSignificantly greater (P<0.05, 0.01, 0.001) than RFGD-pre-
treated disks based on analysis of variance.
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The effects of heat and REGD pretreatments on osteopon-
tin, bone sialoprotein, and osteocalcin mRNA expression

On day o, heat and RFGD pretreatments also appeared to
promote early increases in osteopontin mRNA expression
that were greater in the FN group compared to the control
group, although these effects diminished at later points in
time (Fig. 3A). The RFGD pretreatment produced a 4o-fold
increase in osteopontin mRNA expression at day 14 for FN-
coated disks that was statistically significant. In general, RFGD
pretreatment produced a pattern of greater stimulation of
osteopontin gene expression compared to heat pretreatment
(Fig. 3A). Both pretreatments generally showed weaker effects
on osteopontin mRNA expression at points in time later than
day o compared to the other gene markers analyzed (Fig. 3A).

The RFGD pretreatment appeared to increase bone sialo-
protein mRNA expression for FN-coated disks more than
control disks on day o (Fig. 3B). The effects of both pretreat-
ments began to gradually decline after day o. After day 3, the
heat pretreatment produced a general pattern of weaker
stimulation of bone sialoprotein gene expression compared
to the RFGD pretreatment (Fig. 3B). The RFGD pretreatment
produced a statistically significant 6-fold increase in bone si-
aloprotein mRNA expression in the FN group on day 28.
REGD pretreatment had generally greater effects on bone si-
aloprotein gene expression for FN-coated disks compared to
control (uncoated) disks (Fig. 3B).

Stimulatory effects for both heat and RFGD pretreatments
on osteocalcin mRNA expression did not become apparent
until day 3 (Fig. 3C). The heat pretreatment produced statisti-
cally significant increases in osteocalcin mRNA expression
for FN-coated disks on days 10 and 14. The levels of osteocal-
cin mRNA expression appeared to diminish for both heat
and RFGD-pretreated disks after day 10. In general, the ef-
fects of the heat pretreatment on osteocalcin gene expression
were greater for FN-coated disks than control (uncoated)
disks (Fig. 3C). After day 3, heat pretreatment generally in-
creased osteocalcin mRNA expression more than the RFGD
pretreatment did (Fig. 3C).

DISCUSSION

A key finding in this study is that, beginning on day o, heat
and RFGD pretreatments increased osteoblast gene marker
expression for FN-coated disks more than uncoated disks,
suggesting a specific enhancement of FN'’s bioactivity. Simi-
larly, by day 3, pretreatments also increased the expression of
all of the osteoblast gene markers in the absence of adsorbed
EN (control). These results suggest that osteoblastic cells be-
gan to differentiate earlier on pretreated disks whether they
were FN-coated or uncoated. This conclusion is also sup-
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Figure 3. Effects of heat and radiofrequency plasma glow discharge
(RFGD) pretreatments on (A) osteopontin, (B) bone sialoprotein, and
(C) osteocalcin mRNA expression in MC3T3 osteoprogenitor cells
cultured on Ti6Al4V disks. The levels of osteopontin, bone sialopro-
tein, and osteocalcin mRNA expression measured by quantitative
real time polymerase chain reaction for treated disks at the indicated
points in time are presented as a percentage of the levels of mRNA
expression measured for untreated disks. Data represent means+
standard error for 3 to 9 independent cultures at each point in time.
EN: fibronectin. ?Significantly greater (P<0.05) than untreated disks.
YSignificantly greater (P<0.05) than heat-pretreated disks based on
analysis of variance.
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ported by our findings that the pretreatments down-regulat-
ed the mRNA expression of Runx2 and osterix, markers for
osteoprogenitors [28] and preosteoblasts [28], respectively, for
both coated and uncoated disks. Findings that Runx2 and os-
terix transcript levels were lower for coated than uncoated
disks on day o further suggest that both of these genes be-
came down-regulated earlier on disks that were pretreated
and coated with FN. All of these findings collectively suggest
that our surface oxide pretreatments by RFGD or heat accel-
erated the maturation of osteogenic precursor cells into os-
teoblasts.

The heat or REGD pretreatment of FN-coated or uncoated
disks also increased gene marker transcript levels during late
osteoblastogenesis (14 to 28 days), suggesting that more os-
teoprogenitors differentiated and attained peak levels of
gene marker expression earlier on modified disks. The over-
all greatest effects were observed for pretreated samples
coated with FN compared to pretreated and uncoated con-
trols, supporting the specific stimulation of adsorbed FN’s
bioactivity. Our laboratory has reported that FN coated on
untreated Ti6Al4V disks modestly increased the levels of os-
teoblast gene marker expression during the later stage (28
days) of development compared to uncoated disks [26]. In
the current study, surface pretreatments combined with a FN
coating increased osteoblast gene expression during the later
phase of development (days 14 to 28) to levels that were far
greater than those measured in the presence of FN alone
(with no pretreatment). Therefore, these results suggest that
our pretreated implant surfaces stimulate osteoblast differ-
entiation by activating precoated FN and perhaps other ad-
sorbed osteogenic serum and matrix proteins (even in the
absence of a FN coating).

Our laboratory has investigated the influence of Ti6Al4V
oxide physicochemical properties on the bioactivity of ad-
sorbed FN [10,23,24]. Using atomic force microscopy, we pre-
viously showed that the preheated (600°C) surface oxide ex-
hibited root mean square roughness values (12.8 +1.7 nm) that
were three-fold higher than those of untreated (4.1+1.1 nm)
or RFGD-treated (3.6 +0.9 nm) disks [23]. Heat pretreatment
altered oxide topography by creating a pattern of oxide eleva-
tions that were approximately 50 to 100 nm in diameter [23].
In contrast, the RFGD pretreatment of Ti6Al4V disks did not
alter the topography of the alloy surface (Fig. 1) since the RF-
GD-pretreated surface appeared to be at least as smooth as
the control polished surface [23].

Both heat and RFGD pretreatments altered the Ti6Al4V ox-
ide’s net surface charge [23]. In these latter experiments, the
electrostatic forces between the oxide surface and a negatively
charged silicon nitride probe were used to estimate the net
charge of the oxide [23]. Atomic force spectroscopy measure-
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ments demonstrated that both the RFGD and heat pretreat-
ments made the surface oxide of Ti6Al4V more negatively
charged at physiological pH [23]. The local metal oxide charge
can be influenced by the acid-base balance of metal-hydroxo
complexes [29]. The effects of the pretreatments on the net
negative charge of the oxide at physiological pH are likely to
have arisen from an elevation in the surface concentration of
uncompensated negative charges from [M-O] groups. In ad-
dition, we have demonstrated that heat and RFGD pretreat-
ment induced increases in adsorbed FN'’s cell attachment ac-
tivity [24], the conformational exposure of its integrin-bind-
ing domain [25], and binding to a,f, integrins [25]. Moreover,
all of these parameters were more highly correlated with
changes in oxide charge rather than roughness or topogra-
phy [24,25]- Taken together, these findings suggest that
charged functional groups in the Ti6Al4V surface oxide can
modulate the conformation of adsorbed EN, thereby increas-
ing its capacity to bind to o, integrins. In the current study,
we showed that heat and RFGD pretreatments produced
qualitatively similar effects on FN's capacity to induce a panel
of osteoblast gene markers that were more highly correlated
with increases in oxide charge than with oxide topography or
roughness. These findings indicate that increases in oxide
charge promoted by either pretreatment may enhance FN’s
capacity to promote osteoblast differentiation.

A number of studies have investigated the effects of non-
metallic surface charge on FN structure and bioactivity. One
study compared the effects of varying surface functionalities
in self-assembled monolayers (SAMs) of alkanethiol on ad-
sorbed FN'’s bioactivity toward MC3T3 cells [30]. The study
found that FN displayed the greatest exposure of its integrin
binding domain and binding to o}, integrins on a surface
functionalized with hydroxyl groups (OH) with a negative
charge compared to surfaces containing positively charged
or hydrophobic functionalities [30]. It has been observed that
a specific increase in FN binding to a,, integrins is associat-
ed with a switch in the cellular program from proliferation to
differentiation [31]. Keselowsky et al. [32] showed that a OH-
functionalized SAM surface also induced the highest levels
of FN-stimulated focal adhesion kinase (FAK) signaling, which
is mediated via integrin receptor activation. FAK can regulate
a number of cell functions including differentiation [33]. In
addition, OH-functionalized surfaces coated with FN have
been shown to up regulate osteoblast-specific gene expres-
sion to a greater degree than other substrates [34]. In the lat-
ter study, the HFN7.1 monoclonal antibody, which blocks the
binding of o, integrins to the central integrin binding do-
main of FN, completely inhibited MC3T3 osteoblast differ-
entiation and mineralization on FN-coated OH-functional-
ized surfaces [34]. We have also shown that the HFN7.1 anti-
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body completely inhibited MC3T3 cell attachment to FN-
coated heat or REGD-treated disks [25], thereby complicating
any measurements of osteoblast differentiation or mineral-
ization. These studies suggest that [M-O] groups in the
Ti6Al4V oxide modulate FN-mediated osteoblast differentia-
tion by increasing the protein’s binding to o}, integrins and
activation of integrin-dependent cell signaling pathways.
Whether or not negatively charged oxides also modulate the
conformational bioactivities of other serum or matrix pro-
teins awaits further investigation.

We have previously shown that MC3T3 osteoprogenitor cells
cultured on a rigorously cleaned Ti6Al4V alloy were found to
demonstrate a normal pattern of osteoblast differentiation
[26] similar to that observed on a polystyrene substrate. Nev-
ertheless, this and another study that employed surface
cleaning methods to increase hydrophilicity [35] provide only
a limited understanding of how surface oxide chemistry in-
fluences osteoblast gene expression. In comparison, the cur-
rent study showed that REGD pretreatment, which increased
oxide charge without altering topography [23], was able to
stimulate osteoblast differentiation even after surface con-
tamination was removed by our rigorous cleaning protocol.
By using RFGD treatment to selectively perturb oxide chem-
istry without affecting topography, our study has provided
insight into the mechanism by which negatively charged
Ti6Al4V oxide groups influence protein bioactivity and os-
teoblast differentiation. Our findings show that by engineer-
ing a surface oxide to become more negatively charged, an
implant surface can be created that promotes osteoblast dif-
ferentiation by enhancing the biological activities of adsorbed
osteogenic proteins.

The quantitative differences between our two pretreatments
(heat and RFGD) and their effects on the expression of osteo-
blast gene markers may have arisen from the unique physi-
co-chemical characteristics of each resultant oxide surface.
Heat pretreatment, for example, had greater effects on the
mRNA expression of genes for PTH-rP, alkaline phosphatase,
and osteocalcin, while REGD pretreatment had greater ef-
fects on osteopontin and bone sialoprotein gene expression.
These findings suggest that structural oxide properties such
as roughness or topography that are altered by heat pretreat-
ment may induce some osteoblast gene markers while de-
creasing the expression of others.

A number of studies have examined the influence of titani-
um surface topography on the capacity of osteoblastic cells
to differentiate in vitro. TiO, surfaces containing nanofibers
[36] or nanotubes [37] facilitated a higher cellular differentia-
tion capacity than surfaces devoid of nanostructures. Zhao et
al. [38] found that the microroughening of Ti6Al4V surfaces
by grit-blasting with hydroxyapatite/beta tricalcium phos-
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phate particles markedly increased the expression of osteo-
calcin but decreased alkaline phosphatase activity. In con-
trast, another study reported that microstructured titanium
surfaces created by sandblasting/acid etching increased both
alkaline phosphatase and osteocalcin expression in osteo-
genic cells compared to smoother machined surfaces [35].
The expression of alkaline phosphatase and osteocalcin was
even further enhanced when the microstructured surfaces
were made more hydrophilic by reducing surface contami-
nation [35]. These findings suggest that changes in surface
oxide chemistry, topography, and micro and/or nanorough-
ness interact in a complex manner to cooperatively alter the
expression of individual osteoblast gene markers. Notably,
variations in the expression of specific extracellular matrix
genes such as those for type I collagen (a.1), osteopontin, and
bone sialoprotein, alter the protein composition of the ma-
trix and the biochemical cues it provides for osteoblast gene
marker expression and osteoblast function. Interactive ef-
fects of oxide chemistry and structure on protein conforma-
tional bioactivity, matrix protein synthesis/bioactivity, and
osteoblast behavior may underlie the differences in gene
marker expression observed in the current study between
REGD and heat-pretreated Ti6Al4V.

In summary, our results suggest that heat and RFGD pre-
treatments of the FN-coated Ti6Al4V surface oxide stimulat-
ed osteoblast differentiation through an enhancement of (a)
FN'’s bioactivity and (b) the bioactivities of other serum and
matrix proteins. These findings also suggest that negatively
charged oxides can increase the capacity of coated FN, and
perhaps other adsorbed osteogenic proteins, to promote os-
teoblast differentiation. Heat and RFGD pretreatments had
different quantitative effects on osteoblast gene expression
that may be related to possible effects of heat pretreatment-
induced increases in oxide roughness. Our studies suggest
that by combining FN coatings of Ti6Al4V with pretreat-
ments that either alter surface oxide charge (RFGD) or charge
and roughness (heat), an implantable surface can be devel-
oped that will more effectively support osteoblast differentia-
tion. The investigation of how multiple surface oxide proper-
ties interact with selected matrix proteins or peptides to af-
fect bone cell behavior may reveal novel strategies to im-
prove implant fixation during the critical early healing phase.
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