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Abstract The aim of this study was to evaluate the bio-
activity of hydroxyapatite films composed of hexagonal
single crystals that display {1010} and {0001} crystallo-
graphic faces. The effect of engineered [0001] crystallo-
graphic orientation was investigated in parallel. Films were
deposited by triethyl phosphate/ethylenediamine-tetraacetic
acid doubly regulated hydrothermal crystallization on
Ti6Al4V substrates (10, 14, 24 h). Bioactivity was investi-
gated by analysis of MC3T3-El pre-osteoblast spreading
using scanning electron microscopy and quantitative analy-
sis of cell metabolic activity (Alamar Blue™) (0-28 days).
Scanning electron microscopy and X-ray diffraction were
used to evaluate the ability of films to support the differen-
tiation of MC3T3-El pre-osteoblasts into matrix-secreting,
mineralizing osteoblasts. Results demonstrated that all films
enabled MC3T3-E1 cells to spread, grow, and differentiate
into matrix-secreting osteoblasts, which deposited biomin-
eral that could not be removed after extraction of organic
material. Differences in [0001] HA crystallographic orien-
tation were not, however, found to significantly affect bio-
activity. Based on these results, it is concluded that these
hydrothermal hydroxyapatite films are non-toxic, bioactive,
osteoconductive, and biomineral bonding. The lack of a
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relationship between reported hydroxyapatite crystallo-
graphic face specific protein adsorption and bulk HA bio-
activity are discussed in terms of crystallographic texture,
surface roughness, assay robustness, and competitive protein
adsorption.

Abbreviations

HA Hydroxyapatite

PS-HA Plasma sprayed hydroxyapatite

EDTA Ethylenediamine-tetraacetic acid, C;oH;6N,Og

TEP Triethyl phosphate, CcH;504P

Ca-P Calcium-phosphate

XRD X-ray diffraction

FESEM  Field emission scanning electron microscopy

TCP Tissue culture plastic

PDF Powder diffraction file

Ti6Al4V  Alloyed titanium with 6 wt% aluminum and
4 wt% vanadium

(hkil) Hexagonal crystallographic plane Miller
indices

{hkil} Equivalent hexagonal crystallographic plane
Miller indices

[uviw] Hexagonal crystallographic direction

1 Introduction

Commercial hydroxyapatite (HA) films are most often
applied to metallic substrates for orthopedic applications
using the plasma spray method (PS-HA), which is a high
temperature process that sprays molten hydroxyapatite
particles onto the implant surface at high pressures [1-3].
Since the introduction of PS-HA coatings in the 1980s [3],
however, concerns have been raised about the conse-
quences of PS-HA’s low crystallinity, lack of phase purity,
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passivation properties, and difficulty in coating substrates
with complex geometry (line-of-sight-process) [1, 3-9].
Critically, PS-HA films applied to the clinically relevant
Ti6Al4V alloy (alloyed titanium with 6 wt% aluminum
and 4 wt% vanadium) lack a Ti-HA chemical intermediate
bonding layer such as CaTiOs;, and rely on mechanical
interlock rather than chemical bonding to adhere the film to
the substrate [6—8]. As a result, in vivo coating delamina-
tion has been reported due to the greater interfacial strength
between HA and bone, than HA and titanium [10-14]. HA
films deposited by other techniques including sol—gel,
pulsed laser deposition, magnetron sputtering, ion-beam
deposition, and biomimetic crystallization share all or
some of PS-HA’s limitations [15-20]. Consequently, there
is a need to develop inexpensive reproducible next gener-
ation HA film deposition techniques, which deposit
chemically bonded, high crystallinity, phase-pure, passiv-
ating, conformal HA films on clinically used substrates
such as Ti6Al4V.

We have previously reported on the use of triethyl
phosphate (TEP)/ethylenediamine-tetraacetic acid (EDTA)
doubly regulated hydrothermal crystallization to deposit
HA films on metallic substrates [21, 22]. Results demon-
strated that highly crystalline, phase-pure, passivating HA
films were formed on all examined substrates. The utiliza-
tion of the delayed-release phosphate source, TEP, enabled
the deposition of CaTiO3 and then HA in a single, phase-
sequenced process on Ti substrates, the first process of its
kind reported in the hydrothermal HA literature. The pro-
cess chemically bonded HA to Ti, which enabled a high film
adhesion value to be obtained (5, ASTM D3359). It was
also demonstrated that films were composed of hexagonal
single crystals of HA, which display the {1010} ({hkil}—
equivalent hexagonal crystallographic plane Miller indices)
crystallographic face on the six equivalent hexagonal faces
and the {0001} face on the cap of the hexagonal rod.
Importantly, molecular modeling and in vitro studies have
shown that acidic bone proteins and other proteins found to
bind HA with high affinity, bind to the {1010} face [23, 24].
Thus, it is hypothesized that the films reported here will
demonstrate robust bioactivity due to the functionalization
of the film surface with highly bioactive HA crystallo-
graphic faces, which together with previously reported
material properties, including film-substrate chemical
bonding, will make these films potential candidates for use
on clinical Ti6Al4V orthopedic implants.

Previous work also demonstrated that the [0001]
([uvtw]—hexagonal crystallographic direction), c-axis,
crystallographic orientation (texture) of hexagonal single
crystals of HA could be engineered through control of
synthesis time [22]. By taking advantage of the ability to
control crystal surfaces (faces) and crystallographic texture
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this film deposition process may enable a novel route to
further functionalize the film surface with highly bioactive
crystallographic faces. More specifically, engineering the
orientation of hexagonal HA crystals may, together with
aspect ratio and crystal spacing, enable the ratio of
{1010} /{0001} faces presented to the extracellular fluid to
be altered, allowing modulation of protein adhesion, bio-
activity, and potentially properties such as implant inte-
gration and healing time. For example, crystals that
compose the 10 h film have an aspect ratio of approxi-
mately 1, no spacing between the crystals, and a nominally
random [0001] orientation indicating that there is likely a
nominally equal representation of {1010} and {0001}
planes on the film surface. Crystals that compose the 24 h
film have a larger aspect ratio, spacing between crystals,
and a large volume fraction of crystals with their [0001]
direction near 20 = 0° potentially creating a large
{1010} /{0001} ratio. In addition to the crystal face spe-
cific protein adsorption data cited above, others have
demonstrated that self-directed HA protein adsorption and
matrix formation from serum increases cell attachment and
spreading as compared to HA surfaces functionalized with
integrin binding (RGD) and proteoglycan binding peptides
[25], indicating that HA contains all the surface function-
alization cues necessary for efficient protein adsorption,
initial matrix formation, and cell attachment within its own
crystal structure. Thus, it is hypothesized that these surface
functionalization cues may be accentuated by engineering
both crystal morphology and crystallographic orientation.

Although not the focus of this paper, it is recognized that
surface roughness is also an important cell biology variable
for tailoring bioactivity. For example, surface roughness
has been reported to affect the spreading, proliferation, and
differentiation (alkaline phosphatase (ALP) activity, type I
collagen production, and Runx 2 gene expression) of pre-
osteoblast cells on titanium substrates [26, 27]. Previous
studies from our laboratory demonstrate obvious differ-
ences in the surface roughness profiles of HA films with
differing degrees of [0001] crystallographic orientation
[22]. Thus, it is critical that any substrate-dependent
changes in MC3T3-E1 behavior be evaluated in terms of
both [0001] crystallographic orientation and substrate sur-
face roughness.

This study examines the effect of crystal faces and
crystal orientation on HA film bioactivity. Bioactivity is
evaluated by observation of cell spreading and quantitative
analysis of total cell metabolic activity on hydrothermally
crystallized HA films deposited for 10, 14, and 24 h with
differing degrees of [0001] crystallographic orientation.
The ability of these adherent films to support the differ-
entiation of pre-osteoblasts into matrix secreting, mineral-
izing osteoblasts is then evaluated.
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2 Materials and methods

2.1 HA film synthesis and Ti6Al4V substrate
preparation

Ti6Al4V was chosen as the metallic substrate for this study
due to both its clinical use in load-bearing orthopedic
applications, and results for HA films previously deposited
by the method reported here, on this substrate [21, 22].
Previous results from our laboratory demonstrate the
crystallization of adhesive (5, ASTM D3359) chemically
bonded films composed of hexagonal single crystals of HA
that display {1010} and {0001} HA crystallographic faces.
Results have also demonstrated that the [0001] crystallo-
graphic orientation of HA films may be engineered through
control of synthesis time. At 10 h, the [0001] orientation of
crystals is nominally random, at 24 h the volume fraction
of crystals with their [0001] direction parallel to the sample
surface is several multiples greater than expected for a
randomly oriented sample, and at 14 h an intermediate
[0001] texture is obtained. Thus, here, Ti6Al4V substrates
(McMaster Carr, Dayton, NJ) were treated hydrothermally
for 10, 14, and 24 h using the previously reported hydro-
thermal crystallization process and used to investigate the
bioactivity of chemically bonded HA films composed of
hexagonal single crystals with engineered [0001] crystal-
lographic texture.

Ti6Al4V was utilized as an internal standard for bio-
activity testing due to its clinical use in load-bearing
orthopedic applications. Both polished and roughened
Ti6Al4V substrates were used so that differences in bio-
activity could be interpreted in terms of surface roughness,
irrespective  of crystallographic orientation. Polished
Ti6Al4V samples were the same as those used for HA film
deposition. Roughened Ti6Al4V alloy substrates were
formed by grit blasting polished Ti6Al4V samples using
35-100 Al,O3 media (McMaster Carr). Grit was removed
by cleaning in an ultrasonic bath (FS30, Fisher Scientific,
Hampton, NH). All Ti6Al4V samples were then cleaned
with detergent (Alconox, White Plains, NY), ethyl alcohol
(Pharmco-AAPER, Brookfield, CT), and distilled water.

2.2 Film/substrate characterization

The surface roughness, R,, of 10, 14, and 24 h HA films was
measured by profilometry (scan length 500 pm, Dektak
3030, Veeco, Woodbury, NY). The average surface rough-
ness of six measurements for each film type, and the standard
deviation of the means were calculated. Polished Ti6Al4V
and roughened Ti6Al4V substrates were characterized by
profilometry in a previous study [21]. To determine if dif-
ferences in surface roughness were statistically significant
(P < 0.05) aOne Way ANOVA was calculated (Excel 2000,

Microsoft, Redmond, WA) followed by a Tukey’s Honest
Significant Difference (HSD) post-test [28].

2.3 In vitro cell culture work

MC3T3-El subclone 4, mouse calvaria-derived, pre-
osteoblast cells [29] were used to study the biocompatibility
of crystallographically tuned HA films synthesized for 10,
14, and 24 h on Ti6Al4V substrates; in addition to polished
and roughened Ti6Al4V substrates, which were used as
internal standards. Cells were cultured at 37°C and 5% CO,
(Forma Scientific, Marietta, OH) in complete cell growth
medium—o-Minimum Essential Medium (¢-MEM) (Invit-
rogen Corp, Carlsbad, CA), 10% Fetal Bovine Serum (FBS)
(Hyclone, Logan UT), 50 units/ml penicillin (Invitrogen
Corp), 50 pg/ml streptomycin (Invitrogen Corp), and 1 mM
glutamine (Invitrogen Corp)—prior to seeding onto sam-
ples. Specimens were sterilized by autoclaving for 20 min
with a 10 min dry cycle (Consolidated Stills and Sterilizers,
Boston, MA), and placed in individual wells of a six-well
tissue culture plate (Falcon, Becton—Dickinson and Com-
pany, Franklin Lakes, NJ) under sterile conditions for all
studies. Cells were then seeded onto specimens at the
densities noted below in complete cell growth medium and
incubated. Tissue culture plastic (TCP) was used as a con-
trol for all studies. For some experiments, cells were swit-
ched to complete induction medium—a-MEM (Invitrogen
Corp), 10% FBS (Hyclone), 50 units/ml penicillin (Invit-
rogen Corp), 50 pg/ml streptomycin (Invitrogen Corp),
1 mM glutamine (Invitrogen Corp), 50 pg/ml ascorbic acid
(Sigma-Aldrich, St. Louis, MO), and 10 mM f-glycerol-
phosphate (Sigma—Aldrich)—at the indicated times.

2.3.1 Cell spreading

The general bioactivity of substrates was evaluated, in
terms of cell spreading, by seeding MC3T3-E1 subclone 4
passage 17 cells onto TCP, polished Ti6Al4V, roughened
Ti6Al4V, and HA films synthesized on polished Ti6Al4V
for 10, 14, and 24 h at a density of 1 - 10* cells/cm? in
complete cell growth medium, and allowing them to attach
and spread for 3 days. Cells were then fixed by incubating
in cold 2% glutaraldehyde (Fisher Scientific) in phosphate-
buffered saline (PBS) for 2 h, washed twice in PBS
(15 min each), rinsed twice with distilled water (10 min
each), and dehydrated by incubating in 50, 70, 80, 95, 100,
and 100 vol.% ethanol (Pharmco-AAPER) for 15 min
each. Samples were then critical point dried (CPD 020, OC
Oerlikon Balzers AG, Balzers, Liechtenstein), sputter
coated with a conducting ~25 nm Au/Pd film (SCD 004,
OC Oerlikon Balzers AG), and observed by field emission
scanning electron microscopy (FESEM, Model DSM 962
Gemini, Carl Zeiss, Oberkochen, Germany).
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2.3.2 Cell metabolic activity: Alamar Blue™ assay

The ability of substrates to support osteoblast cell growth, in
terms of total cell metabolic activity, was evaluated by
seeding MC3T3-E1 subclone 4 passage 15 cells onto TCP,
polished Ti6Al4V, roughened Ti6Al4V, and HA films syn-
thesized on polished Ti6Al4V for 10, 14, and 24 h at a density
of 1 - 10* cells/cm? in complete cell growth medium, and
incubating. All samples were studied in triplicate. Cells were
allowed to attach for 1 day after which polished Ti6Al4V,
roughened Ti6Al4V, and 10, 14, and 24 h HA film samples
were moved to wells in new six-well plates containing fresh
complete cell growth medium under sterile conditions. This
was done to eliminate cells from assay measurements that
were attached to the tissue culture plastic rather than the
samples. For consistency, complete cell growth medium was
changed on TCP wells at this time. Triplicate blank wells
containing only complete growth medium were also added at
this time. This point was considered 0 days.

Alamar Blue™ (BioSource International, Camarillo,
CA) is a dye that is taken up by cells and reduced from a
non-fluorescent state to a fluorescent state by metabolic
intermediates. At the following intervals, O, 1, 3, 5, 8, 13,
15, 17, 20, 24, and 28 days, it was added to each culture
well to a final concentration of 10%. After 2 h, 3-250 pl
replicate aliquots were taken from each well and placed in
a 96-well plate. Fluorescence was measured by exiting at
530 nm and measuring emission at 590 nm using a fluo-
rometer (FluoroCount, Packard Instrument Co., Meriden
CT). After each measurement, or every 2-3 days, the cell
growth medium was removed, samples/wells were rinsed
in PBS and fresh complete induction medium was added.

Data were expressed as a fraction of cell activity on the
TCP control using the following equation:

S; — B;
o=
C— B

(1)

where S; is sample fluorescence intensity, C; is TCP/control
fluorescence intensity, B; is blank/background fluorescence
intensity, and « is cell activity as a fraction of control. The
average cell activity for each sample type and the standard
deviation of the means were calculated. To determine if
differences in cell activity between sample groups at each
time point were statistically significant (P < 0.05) a one
way ANOVA was calculated (Excel 2000, Microsoft) fol-
lowed by a Tukey’s Honest Significant Difference (HSD)
post-test [28].

2.3.3 Cell differentiation: extracellular matrix formation
The ability of substrates to support osteoblast cell differ-

entiation in terms of extracellular matrix formation was
evaluated by seeding MC3T3-El subclone 4 passage 15
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cells onto TCP, polished Ti6Al4V, roughened Ti6Al4V, and
HA films synthesized on polished Ti6Al4V for 10, 14, and
24 hatadensity of 1 - 10* cells/cm? in complete cell growth
medium, and incubating. After 1 day, the cell growth med-
ium was changed to complete induction medium. Therefore,
the medium was then changed every 2-3 days. After
105 days (15 weeks) samples were fixed, dehydrated, criti-
cal point dried, and sputter coated, as above, and then
observed by FESEM (DSM 982 Gemini, Carl Zeiss).

2.3.4 Cell differentiation: mineralization

The ability of substrates to support osteoblast cell differ-
entiation, in terms of biomineralization, was evaluated by
seeding MC3T3-E1 subclone 4 passage 15 cells onto TCP,
polished Ti6Al4V, roughened Ti6Al4V, and HA films
synthesized on polished Ti6Al4V for 10, 14, and 24 h at a
density of 1 - 10* cells/cm? in complete cell growth med-
ium and incubating. After 1 day, the medium was changed
to complete induction medium. Thereafter, the medium
was changed every 2-3 days. After 98 days (14 weeks)
samples were removed from the incubator and washed
twice in PBS. Organic cell layers were then extracted by
adding 6.15 vol.% sodium hypochlorite (Ultra Clorox
Bleach, The Clorox Company, Oakland, C.A.) to each
sample well, and placing the culture plate in an 85°C water
bath for 2 h as previously described [30]. The liquid/min-
eral suspension was removed from each well, and placed in
a 15 ml conical tube. Each well/sample was then rinsed
twice in distilled water, and this was also added to the
corresponding 15 ml conical tube. Mineral suspensions
were then centrifuged for 3 min at 210 x g in a clinical
centrifuge (International Equipment Company, Nashville,
TN). The supernatant was removed, 10 ml of fresh distilled
water was added, and samples were entrifuged again. This
process was repeated three times. All supernatant except
~250 pl was then removed. The remaining solution was
then pipetted to re-create a biomineral suspension. The
suspension was removed and added drop-wise onto a glass
slide, creating as small of a footprint as possible. The glass
slides were then dried at 70°C for 1-2 h. The resulting
powder biomineral samples were then examined by X-ray
diffraction (XRD) (step size = 0.02°, 4 step/s, 45 kV,
40 mA, Ni-filtered CuK, radiation, parallel beam optics,
Philips Hi-Resolution X’PERT X-Ray Diffractometer,
PANalytical B.V., Almelo, Netherlands) and FESEM
(DSM 982 Gemini, Carl Zeiss). Experimental XRD pat-
terns were matched to patterns in the Powder Diffraction
File (PDF, ICDD, Newtown Square, PA) database using
Jade 8.0 software (MDI, Livermore, CA). The substrates
(polished Ti6Al4V, roughened Ti6Al4V, and 10, 14, and
24 h HA films) were also dried at 70°C for 1-2 h and then
examined by FESEM (DSM 982 Gemini, Carl Zeiss).
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3 Results
3.1 Substrate characterization

Polished Ti6Al4V (P-Ti6Al4V), roughened Ti6Al4V
(R-Ti6Al4V), and HA films hydrothermally synthesized on
polished Ti6Al4V for 10, 14, and 24 h have been exten-
sively characterized previously [21, 22]. Surface roughness,
R,, results for 10, 14, and 24 h HA samples obtained in this
study are reported in Table 1 along with previously reported
values for P-Ti6Al4V and R-Ti6Al4V. Results demonstrate
an increase in surface roughness with synthesis time, and
average values that fall between that of P-Ti6Al4V
(R, = 414 nm) and R-Ti6Al4V (R, = 3,569 nm). Statisti-
cal analysis by ANOVA and Tukey HSD demonstrate that
differences in surface roughness values between samples
were statistically significant (P < 0.05). Surface roughness
is an important cell biology variable and has been reported
to affect the spreading, proliferation, and differentiation
(alkaline phosphatase (ALP) activity, type I collagen pro-
duction, and Runx 2 gene expression) of pre-osteoblast cells
on titanium substrates [26, 27]. Based on this information, it

Table 1 Substrate surface roughness (Ra)

Substrate Roughness, Ra (nm)
R-Ti6AI4V 3569 +/- 1014*
24 h 2975 +/- 600
14 h 2025 +/- 445
10 h 1096 +/- 87 :|
P-Ti6AI4V 414 +/- 81*

* Data presented previously in Haders et al. [21]. Bars indicate
samples with statistically significant differences in surface roughness

Fig. 1 Scanning electron
micrographs of MC3T3-El
subclone 4 p.17 pre-osteoblast
cell spreading on substrates
after 3 days in cell culture:

a P-Ti6Al4V, b R-Ti6Al4V,
cHA 10 h, d HA 14 h,

eHA 24 h

is concluded that differences in MC3T3-E1 behavior are
possible in this study due to differences in substrate surface
roughness.

3.2 Cell spreading

General substrate bioactivity was evaluated by observation
of cell spreading on P-Ti6Al4V, R-Ti6Al4V, and 10, 14,
and 24 h HA films (Fig. 1). The cell spreading assay is a
qualitative assay that evaluates the general bioactivity of a
surface. Cells in contact with toxic surfaces minimize their
surface area that is in contact with those surfaces, while
cells in contact with bioactive surfaces maximize their
surface area. Figure 1 displays MC3T3-E1 subclone 4 pre-
osteoblast cells on substrates after 3 days in culture. In
general, it is observed that cells are attached and spread on
all substrates, such that they are extended more than 40 pm
in their longest direction. This result is comparable to
MC3T3-El cell spreading on HA films reported elsewhere
[31]. From these results it is concluded both that all sub-
strates are non-toxic and biocompatible and that the HA
films reported here display results similar to those reported
in the HA literature.

For Ti6Al4V substrates, a difference in average surface
roughness of ~3 pm is observed to significantly affect
MC3T3-El cell spreading. Cell spreading on P-Ti6Al4V
(R, = 414 nm) is two-dimensional. Spreading is directed
along and within the polishing grooves on the substrate.
This observation agrees with reports of contact guidance
reported previously for MC3T3-El cells on grooved
Ti6Al4V substrates [32]. On the other hand, cell spreading
on R-Ti6Al4V (R, = 3,569 nm) is observed to be three-
dimensional. Spreading occurs over and around surface
features of different heights with cell filopodia and cell
bodies that bridge gaps from one surface feature to the
next. It is also observed that the aspect ratio of cells is
affected by surface roughness. Cells on polished Ti6Al4V
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fill the entire width of the grooves and have aspect ratios of
~1-2 as compared to cells on R-Ti6Al4V, which have
aspect ratios of ~5. Differences in neither average surface
roughness (~1.9 pm) nor [0001] crystallographic orien-
tation were found to have a significant affect on cell
spreading on HA films, however. Cells on all HA samples
demonstrated spreading patterns similar to that seen on
R-Ti6Al4V. Interestingly, 10, 14, and 24 h samples like the
R-Ti6Al4V sample have micron scale surface roughness,
as compared to the nanometer scale surface roughness of
P-Ti6Al4V sample. From this result, it may be concluded
that changes in substrate surface roughness from the
nanometer scale (P-Ti6Al4V) to the micron scale
(R-Ti6Al4V, 10, 14, 24 h) affects MC3T3-El1 cell spreading
patterns in the same general manner on these substrates,
regardless of substrate chemistry or [0001] crystallographic
orientation. Differences in micron scale roughness between
HA samples or between HA and the R-Ti6Al4V sample do
not lead to a measurable effect on cell spreading.

3.3 Metabolic activity

The ability of P-Ti6Al4V, R-Ti6Al4V, and 10, 14, and
24 h HA films to support the growth of cell cultures was
measured in terms of total metabolic activity using the
Alamar Blue™ assay. Figure 2 displays the metabolic
activity profiles of MC3T3-E1 subclone 4 cell cultures
from O to 28 days as a fraction of TCP controls. All sub-
strates demonstrate a significant, multi-fold increase in
metabolic activity from day O to their peak at day 15 or day
17. After this time, total metabolic activity levels stagnate
and decline due to the formation of confluent cell layers. In
reference to the HA literature, cell activity as a fraction of
control at day O, 1, and 3 on all HA substrates is compa-
rable to the best performing HA films reported by Ball
et al. [33] at day 2, using the same assay. The increase in
non-normalized cell activity is 3—4 fold from day 3 to day
13 (data not shown), as compared to a single fold increase
in the same parameter for the best performing HA films
reported by Thian et al. [34] between day 3 and day 14,
using the same assay. Thus, it is concluded both that all
substrates support the growth of MC3T3-E1l culture total
metabolic activity, and consequently cell number, and that
the HA films reported here display results comparable to
those reported in the HA literature.

For Ti6Al4V substrates, a difference in average surface
roughness of ~3 pm is observed to significantly
(P < 0.05) affect total metabolic activity at day 1. Differ-
ences in metabolic activity are statistically insignificant at
all other time points. These results are not unexpected.
Reduced rates of cell proliferation and reduced cell number
have been reported previously and attributed to increasing
surface roughness on Ti6Al4V substrates for MC3T3-El
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Fig. 2 Total cell metabolic activity of MC3T3-El subclone 4 p.15
osteoblast-like cells on various substrates as a fraction of TCP control
from 0 to 28 days measured using the Alamar Blue™ biochemical
assay. * Indicates statistically significant (P < 0.05) difference in
measured cell activity between substrate types at a specific time point

and MG63 osteoblast-like cells, respectively, at early cul-
ture time points [26, 27]. Differences in neither average
surface roughness (~1.9 um) nor [0001] crystallographic
orientation were found to have a significant (P > 0.05)
effect on MC3T3-El1 metabolic activity on HA films,
however. This is unexpected at least in terms of surface
roughness based upon the work of Kim et al., which
demonstrated significant differences in cell proliferation
between Ti surfaces with surface roughness values similar
to the HA films reported here, ~ 1-3 pum [27]. In general,
however, metabolic activity patterns on all HA samples
were similar to that seen on R-Ti6Al4V. All HA films
demonstrated significantly (P < 0.05) lower total meta-
bolic activity levels on day 1 as compared to cells on
P-Ti6Al4V. The 24-h film had significantly lower metabolic
activity levels on day 3 as well. Thus, it is concluded that
changes in substrate surface roughness from the nanometer
scale (P-Ti6Al4V) to the micron scale (R-Ti6Al4V, 10, 14,
24 h) affect MC3T3-El culture total metabolic activity
patterns in the same general manner on these substrates,
regardless of substrate chemistry or [0001] crystallographic
orientation. Differences in micron scale roughness between
HA samples or between HA and the R-Ti6Al4V sample do
not lead to a measurable effect on total metabolic activity.

3.4 Cell differentiation: extracellular matrix

The ability of substrates to support the differentiation of
MC3T3-El subclone 4 pre-osteoblasts into mature, matrix-
secreting osteoblasts was evaluated by culturing cells for
105 days on each substrate. Scanning electron micrographs
of the surface of TCP, P-Ti6A14V, R-Ti6Al4V, and 10, 14,
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Fig. 3 Scanning electron
micrographs of MC3T3-E1
subclone 4 p.15 osteoblast-like
cells and their deposited
extracellular matrix on various
substrates after 105 days in
culture: a TCP, b P-Ti6Al4V,
¢ R-Ti6Al4V, d HA 10 h, e HA
14 h,fHA 24 h

and 24 h HA films after 105 days in culture are displayed
in Fig. 3. All micrographs demonstrate the formation of an
extensive extracellular matrix that completely covers and
obscures the topology of the underlying substrate. The only
observable substrate features are “shadows” of hexagonal
HA crystals under the surface of the extracellular matrix
formed on the 24 h sample. Thus, it may be concluded that
all substrates support the differentiation of MC3T3-El
subclone 4 pre-osteoblasts into mature, matrix-secreting
osteoblasts. No difference in gross extracellular matrix
formation was observed in terms of [0001] crystallographic
orientation on HA substrates, or in terms of surface
roughness on HA and Ti6Al4V substrates.

3.5 Cell differentiation: mineralization

The ability of substrates to support the differentiation of
MC3T3-El subclone 4 pre-osteoblasts into fully differen-
tiated, mineralizing osteoblasts was evaluated by culturing
cells for 98 days on each substrate, chemically removing
the cell/ECM layer (6.15 vol.% sodium hypochlorite), and
pelleting the non-solubilized mineralized portion of the
matrix. Figures 4 and 5 display XRD patterns and SEM
micrographs of the mineralized portion of the extracellular
matrix isolated from TCP, P-Ti6Al4V, and R-Ti6Al4V
substrates. No measurable amount of biomineral was iso-
lated from the cell layers extracted from HA films. All
observed peaks in the XRD patterns correspond to HA
diffraction peaks reported in the powder diffraction file
(PDF). Patterns are similar to those reported in the litera-
ture for in vitro biomineral deposited in MC3T3-E1 and
fresh rat marrow cell cultures, and rat cortical bone
[30, 35]. The large background hump below 20 = 30° has
been attributed to residual extracellular matrix [35].
Scanning electron micrographs of the biomineral on all
substrates display a fibrous structure, which reflects the
structure of the extracellular matrix that was deposited and
subsequently mineralized. All the various microstructures

Normalized Intensity (a.u.)

0.0 n 1 " 1 1 1 1 1
20 30 40 50 60

20 (%)

Fig. 4 X-ray diffraction patterns of biomineral harvested from
various substrates seeded with MC3T3-E1 subclone 4 p.15 osteo-
blast-like cells after 98 days in culture: a TCP, b P-Ti6Al4V, ¢ R-
Ti6Al4V

observed in Fig. 5 were observed for all substrates. Thus,
it may be concluded that TCP, P-Ti6Al4V, and R-Ti6A14V
substrates all support the differentiation of pre-osteoblasts
cultures into fully differentiated, mineralizing osteoblasts
as reported extensively elsewhere.

No mineral was isolated from cell layers extracted from
HA films. Consequently, the ability of the HA films
reported here to support the differentiation of MC3T3-E1
subclone 4 pre-osteoblasts into fully differentiated, min-
eralizing osteoblasts is unclear from the data reported
above. To further evaluate differentiation the surface of
each substrate was examined after chemical removal of the
cell/ECM layer. SEM analysis of HA substrates revealed
the presence of inorganic nodules on the surface of each
HA film (Fig. 6). SEM analysis of polished and roughened
Ti6Al4V substrates did not, however, reveal inorganic
nodules confirming that this was a HA-film-specific
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Fig. 5 Scanning electron
micrographs of biomineral
harvested from various
substrates seeded with MC3T3-
El subclone 4 p.15 osteoblast-
like cells after 98 days in
culture: a TCP, b P-Ti6Al4V,
¢ R-Ti6Al4V

phenomenon (data not shown). This nodular inorganic
phase is similar to biomineralized HA deposited in vitro
and in vivo on HA films observed by others [36-39]. The
nodules do not appear to have a preferential epitaxial
relationship with the two populations of crystallographic
faces provided by the film. Nodules appear to be adhered to
both {1010} (6 equivalent hexagonal faces) and {0001}
(2 equivalent faces that cap the hexagonal rod) crystallo-
graphic faces. It is concluded then that 10, 14, and 24 h HA

Fig. 6 Scanning electron
micrographs of biomineral on
the surface of various substrates
seeded with MC3T3-E1
subclone 4 p.15 osteoblast-like
cells after 98 days in culture: a
HA 10 h, bHA 14 h,c HA 24 h

@ Springer

films support the differentiation of MC3T3-El pre-osteo-
blast into fully differentiated, mineralizing osteoblasts.
Because the deposited mineral is associated with the HA
film and cannot be removed by chemical means, it may
also be concluded that there is a direct chemical bond
between the HA film and the biomineral. Interestingly,
other HA films that are reported to be biomineral bonding
have not necessarily had the biomineral-HA film bond
challenged by chemical attack [37-39]. Thus, these
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hydrothermally synthesized HA films are concluded to be
biomineral bonding and osteoconductive in addition to
bioactive.

4 Discussion

In a previous study, SEM analysis of the internal angles
between adjacent equivalent faces of hexagonal grains and
the application of Steno’s Law demonstrated that the films
reported here were composed of hexagonal single crystals
of HA [22]. Importantly, molecular modeling and in vitro
studies have shown that a number of acidic bone proteins
and other proteins found to bind HA with high affinity,
bind to the {1010} crystallographic face of HA, which is
prominently displayed on the six equivalent faces of
hexagonal single crystals [23, 24]. Previous results also
demonstrated that these films are high crystallinity, Ca-P
phase-pure, passivating, and chemically bonded to titanium
substrates [21, 22]. Thus, it was hypothesized that the films
reported here would demonstrate robust bioactivity due to
the functionalization of the film surface with highly bio-
active HA crystallographic faces, which together with
material properties, including film-substrate chemical
bonding, would make these films potential candidates for
use on clinical orthopedic implants such as Ti6Al4V.
Analysis of MC3T3-El1 subclone 4 pre-osteoblast
spreading, metabolic activity (Alamar Blue™ assay), and
differentiation confirmed this hypothesis. Hydrothermally
synthesized HA films reported here were found to be non-
toxic (confirmed by cell spreading), bioactive (confirmed
by metabolic activity and differentiation/extracellular
matrix results), osteoconductive (confirmed by cell differ-
entiation/mineralization study), and biomineral bonding
(confirmed by cell differentiation/mineralization study) at
levels comparable to the highest performing HA films
reported elsewhere [31, 33, 34, 36-39]. The biomineral
bonding characteristic of these films is particularly inter-
esting. In review of the literature, Ducheyne et al. reported
that biomineral bonding is the combined result of physio-
chemical processes including dissolution, precipitation, and
ion-exchange and protein adsorption and cellular pro-
cesses, which occur as a result of physiochemical processes
[40]. Davies et al. have reasoned, however, that indepen-
dent cell-mediated formation of cement lines—a mineral-
ized collagen free matrix that serves as an interface
between new and old bone—together with physiochemical
processes enabled biomineral bonding in a material
dependent fashion [38]. Data from de Bruijin et al. [37]
support this claim demonstrating mineralized glycosami-
noglycan (GAG)-positive layers of increasing size and
decreasing GAG density at the film—ECM interface of HA
films with decreasing crystallinity. Epitaxial growth of

biomineral on the HA film surface has also been cited as a
potential biomineral bonding mechanism [36, 37]. The
films reported in this study are highly crystalline (99%+)
[21] and do not demonstrate surface pitting due to disso-
lution after 98 days in cell culture in SEM micrographs.
Findings from preliminary, dissolution studies in protein
free physiological solution confirm this result, reporting the
release of only 0.17 ppm of Ca*" (Atomic Absorption
Spectroscopy, model 4000, Perkin Elmer, Waltham, MA)
from the films and into solution and no surface pitting after
1 month. Therefore, dissolution and precipitation do not
likely play a large role in biomineral bonding here. Bio-
mineral bonding on these films then is likely due to one or
a combination of cellular processes and epitaxy. Irrespec-
tive of bonding mechanism, the biological properties of
these HA films in combination with previously described
crystallinity, phase, adhesion, and passivation characteris-
tics, suggest that these films are excellent candidates for
use as coatings on Ti6Al4V orthopedic implants.
Previous work also demonstrated that the [0001], c-axis,
crystallographic orientation (texture) of hexagonal single
crystals of HA could be engineered through control of
synthesis time [22]. By taking advantage of the ability to
control the crystal surfaces (faces) presented to the extra-
cellular medium through control of crystallographic tex-
ture, and based on {1010} HA—protein adsorption studies
cited above it was thought that this film deposition process
might enable a novel route to further functionalize the film
surface with bioactive crystallographic faces. More spe-
cifically, it was hypothesized that engineering the orienta-
tion of hexagonal HA crystals should, together with aspect
ratio and crystal spacing, enable the ratio of
{1010} /{0001} faces presented to the extracellular fluid to
be altered, allowing modulation of protein adsorption,
bioactivity, and potentially properties such as implant
integration and healing time (see Sect. 1 for more details).
Analysis of MC3T3-El1 subclone 4 pre-osteoblast
spreading, metabolic activity (Alamar Blue™ assay), and
differentiation was not able to affirm the hypothesis above.
These studies found no significant difference in bioactivity
on films synthesized for 10 h that have a nominally random
[0001] crystallographic orientation, for 24 h that have a
[0001] orientation several multiples greater than expected
for a randomly oriented sample at 20 = 0°, or for 14 h that
have an intermediate [0001] texture [22]. This finding may
be due to a number of reasons. One potential explanation is
that bioactivity, as measured in this study, may not be
sensitive to the limited [0001] orientation differences of the
10, 14, and 24 h samples. If samples representing more
limiting cases of [0001] orientation could be crystallized,
such that all crystals were either oriented at 20 = 0° or
20 = 90° and only the {1010} or the {0001} faces were
displayed to the extracellular fluid, a significant increase in
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Fig. 7 Limiting cases of [0001]
preferred orientation of HA
films composed of hexagonal
single crystals of HA. a A HA
film composed of hexagonal
single crystals with all crystals
having a preferred [0001]
orientation at 20 = 0° will only
present {0001} crystallographic
faces to the body. b A HA film
composed of hexagonal single
crystals with all crystals having
a preferred [0001] orientation at

{0001}

{0001}

20 = 90° will only present
{1010} crystallographic faces to
the body. ¢ Indexed micrograph
of HA film from Fig. le

bioactivity on the former sample might still be expected.
Figure 7 graphically displays these limiting cases. It is also
feasible that although care was taken to account for both
surface roughness and [0001] crystallographic orientation,
the effect of these variables masked each other. As evi-
dence, Kim et al. has reported significant differences in cell
proliferation between Ti surfaces that vary in surface
roughness on the same scale as in the HA films reported
here, ~1-3 pm. Thus, based on surface roughness alone, a
significant decrease in total metabolic activity with
increasing surface roughness and synthesis time should be
expected across the HA films.

It is also feasible that reported differences in {1010} and
{0001} protein adsorption are incompletely understood.
For example, Fujisawa et al. reports that a number of acidic
bone proteins including phosphophoryn, osteocalcin (bone
Gla protein), osteonectin, and bone small proteoglycan II
are all preferentially adsorbed on the {1010} equivalent
plane in vitro [24]. However, Flade et al. [41] reports
preferential adsorption of osteocalcin onto the {0001}
equivalent plane in vitro. Thus, there are inconsistencies in
the literature regarding which plane specific proteins
preferentially adsorb to. One or a combination of three
factors may explain differences in the results of Fujisawa
et al. and Flade et al. The first factor is protein concen-
tration. Fujisawa et al. utilized protein concentrations of
1-100 pg/ml for binding studies, while Flade et al. utilized
a protein concentration of 250 pg/ml. Consequently,

@ Springer

protein concentration differences of this magnitude have
been demonstrated to affect protein—mineral interactions
[42]. The second factor relates to the use of buffers. Fu-
jisawa et al. utilized a trishydroxymethylaminomethane
(Tris)-HCI/NaCl buffer, while Flade et al. utilized a
Nas;PO4/NaCl buffer at different salt concentrations. Con-
sequently, changing concentrations of salts, especially
phosphate salts, are known to modulate protein—-HA
adsorption [43]. The third factor is the hydroxyapatite used
for the binding experiments. Both manuscripts made a
qualitative assessment of the HA crystal faces presented to
the protein solutions in their experiments based on HA
grain morphology. Neither manuscript explicitly charac-
terizes the crystallography of the HA that is used for
adsorption experiments. This is in contrast to the films
reported in this study, which previously underwent a
careful and detailed analysis including pole figure orien-
tation analysis to determine the crystal faces presented to
the extracellular fluid [22]. Consequently, the omission of a
robust analysis of the crystallography of the HA utilized in
each study confounds the resulting conclusions reached by
Fujisawa et al. and Flade et al. Thus, it seems that more
comprehensive and robust studies of the interaction of
individual bone proteins in physiological solution with
well-characterized HA crystals need to be undertaken.
Even if more comprehensive and robust studies of the
interaction of individual bone proteins in physiological
solution with specific HA crystal faces are undertaken,



J Mater Sci: Mater Med (2010) 21:1531-1542

1541

their applicability to the cellular or tissue scale bioactivity
of implanted HA is unclear given the results of this man-
uscript. First, competitive protein adsorption from serum,
which contains numerous proteins is a different and much
more complex process than single protein adsorption
experiments. HA is well known to bind numerous proteins
regardless of specific crystallographic faces, which is why
HA is used as a substrate in protein chromatography. Under
physiological conditions, a single protein will adsorb onto
the surface of HA in the presence of numerous other serum
proteins and bio-molecules after implantation. This com-
petitive adsorption means that the proteins that adsorb to
HA non-specifically may inhibit or severely limit the
crystallographic face specific protein adsorption observed
in single protein experiments. At the tissue level, the cell-
mediated formation of cement lines at HA implant inter-
faces noted above may further make HA crystallographic
face specific protein adsorption a moot point. Thus, while
crystallographic face specific protein adsorption experi-
ments may help model and explain phenomenon such as
the nucleation and growth of individual mineral crystals, it
may not be applicable to phenomenon such as bulk implant
bioactivity given the results of this manuscript.

5 Conclusions

The high crystallinity, Ca-P phase-pure, adhesive, passiv-
ating, HA films deposited by TEP/EDTA doubly regulated
hydrothermal crystallization on Ti6Al4V substrates exam-
ined in this study were found to be non-toxic, biocompat-
ible, bioactive, osteoconductive, and biomineral bonding.
Differences in the [0001] crystallographic orientation of
the hexagonal HA single crystals, which compose the film,
were not found to cause a significant difference in these
parameters. The lack of significant bioactivity differences
indicates that there may be no relationship between HA
crystallographic face specific protein adsorption and bulk
HA bioactivity. Nonetheless, based on material and bio-
logical properties it is concluded that these films should be
considered as candidates for use on clinical Ti6Al4V
orthopedic implants.
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