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Background: Plasma-spray deposition of hydroxyapatite on titanium (Ti) has proven to be
a suboptimal solution to improve orthopedic-implant success rates, as demonstrated by the
increasing number of orthopedic revision surgeries due to infection, implant loosening, and a
myriad of other reasons. This could be in part due to the high heat involved during plasma-spray
deposition, which significantly increases hydroxyapatite crystal growth into the nonbiologi-
cally inspired micron regime. There has been a push to create nanotopographies on implant
surfaces to mimic the physiological nanostructure of native bone and, thus, improve osteoblast
(bone-forming cell) functions and inhibit bacteria functions. Among the several techniques that
have been adopted to develop nanocoatings, electrophoretic deposition (EPD) is an attractive,
versatile, and effective material-processing technique.

Obijective: The in vitro study reported here aimed to determine for the first time bacteria
responses to hydroxyapatite coated on Ti via EPD.

Results: There were six and three times more osteoblasts on the electrophoretic-deposited
hydroxyapatite on Ti compared with Ti (control) and plasma-spray-deposited hydroxyapatite
on Ti after 5 days of culture, respectively. Impressively, there were 2.9 and 31.7 times less
Staphylococcus aureus on electrophoretic-deposited hydroxyapatite on Ti compared with Ti (con-
trol) and plasma-spray-deposited hydroxyapatite on Ti after 18 hours of culture, respectively.
Conclusion: Compared with uncoated Ti and plasma-sprayed hydroxyapatite coated on Ti,
the results provided significant promise for the use of EPD to improve bone-cell density and
be used as an antibacterial coating without resorting to the use of antibiotics.
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Introduction

Titanium (Ti) is one of the most widely used implant materials due to its superior
specific strength, light weight, and corrosion resistance as a result of the formation of a
protective titanium dioxide (TiO,) layer.' However, to improve juxtaposed bone growth
on Ti implants, sometimes hydroxyapatite (HA; a chemical analog to the inorganic
phase of bone) is coated on Ti surfaces via a plasma-spray-deposition technique.!
Unfortunately, this has proven to be a suboptimal solution to improve orthopedic-
implant success rates, since the number of total hip revision surgeries is on the rise,
with over 40,000 revision surgeries per year in the USA.?? Such numbers will only
rise, since, in 2009, the number of total hip replacement procedures was 327,000,
three times the total number of hip replacement surgeries in 1991.2 The reason why
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plasma spraying of HA has proven to be suboptimal could
be in part due to the high heat involved during plasma-spray
deposition, which significantly increases HA crystal growth
into the nonbiologically inspired micron regime.

Parallel to the increase in implant insertions per year, the
number of revision surgeries has also increased for a variety
of reasons including infection and implant loosening due to
bone necrosis, which occurs in the presence of wear debris.?
In particular, there is a corresponding increase in the number
of orthopedic-device failures related to infection.* Among the
various causes, failure due to infection, also known as “septic
failure,” is the most common cause for revision surgeries in
total knee arthroplasties (25%), the third most common cause
in all total hip arthroplasties (15%), and the most common
reason for the removal of all total knee arthroplasties and
total hip arthroplasties (79% and 74%, respectively), while
costing about US$70,000 per episode.*® These statistics
highlight the difficulty in treating orthopedic-implant and
other medical-device infections using today’s pharmaceutical
approaches.

Currently, antibiotics are the only common therapy for
treating medical-device-related infections. However, this
treatment predominantly targets free-floating planktonic
bacteria and does not effectively interrupt sessile bacteria
formation in a biofilm. The efficacy of antibiotics toward
treating bacterial infections is decreasing based on the rise
of multiple antibiotic-resistant strains of bacteria including
Staphylococcus aureus.” Antibiotic-resistant strains of
bacteria cannot be treated with the use of antibiotics once
they adhere to the implant surface and often the device needs
to be removed to successfully eradicate the infection.”®
Orthopedic-device removal is both a painful and demand-
ing multistep procedure that requires joint washout, bone
debridement, and prolonged oral antibiotic therapy.” With
this in mind, there is a growing interest in finding alternative
ways to treat orthopedic-device-related infections without
the use of antibiotics. Some of the current options focus on
altering the surface properties of Ti or HA in such a way that
minimizes initial bacterial attachment.'°

Along these lines, in recent years, there has been a push
to create nanotopographies on implant surfaces to mimic the
physiological nanostructure of native bone and, thus, improve
osteoblast (bone-forming-cell) functions.!" For example,
because of the ease of fabrication and its improved biocom-
patibility properties, anodizing Ti to possess nanotubular
features has been shown to control stem cell-implant inter-
actions,'>!® increase bone growth,'*'7 decrease bacterial
functions,'®2° improve bladder-stent urothelialization,!-*?
improve skin growth,'*? and reduce inflammation.'***

However, little effort has been focused on creating nanoscale
surface features on HA coatings on Ti to specifically reduce
implant infections.

Among the several techniques that have been adopted
to develop nanocoatings, electrophoretic deposition (EPD)
is an attractive, versatile, and effective material-processing
technique that can be used for biomedical applications.
EPD produces highly homogenous coatings at a high
deposition rate with an adequate control over deposition
thickness. It can deposit thicker, denser, and more adherent
coatings on wide range of shapes and three-dimensional
complex porous structures.?” For example, Boccaccini
et al portrayed in their work that EPD can be adopted
for coating polystyrene beads with nano TiO,, resulting
in a desirable nanotopography; such surfaces are highly
relevant for biomedical applications, as the authors con-
firmed enhanced bone-cell adhesion and osseointegration
on such implant surfaces.? In addition, for post-processing
of EPD coatings, sintering helps to densify the deposit
and eliminate porosity. As compared with plasma spray-
ing of HA and conventional dip-coating techniques, EPD
provides superior uniformity for coating metals.> EPD is
carried out at lower temperatures and hence it eliminates
the challenges faced due to high temperature processes
during traditional glass-melting techniques, thus, exhib-
iting low thermal capability.?” Several authors®®*=! have
concluded that EPD employed for HA coatings exhibits
strong interfacial bonding on Ti alloys and in vitro studies
have also proved EPD to be a superior coating technique,
as it provides higher bond strength than plasma-sprayed
HA and chemically precipitated HA coatings. Further, EPD
provides corrosion resistance to coatings, which has been
reported to be 50—100 times higher than that provided by
plasma spraying.'®?® Bioactive HA coatings formed via
EPD exhibit a lower dissolution rate than conventional
spraying techniques because of the retention of crystal-
line phases instead of amorphous phases as in the case
of plasma spraying.'®? Last, but not least, EPD is a cost-
effective technique that can implement nanostructures to
improve implant performance.*

Despite the promise of EPD for coating HA on Ti for
medical-device applications, to date, as far as we are aware,
there have been few (if any) studies examining bacteria
responses on such substrates.

Bearing all this in mind, the objective of the in vitro
study reported here was to determine for the first time
bacteria responses to HA coated on Ti via EPD. Compared
with uncoated Ti and plasma-sprayed HA on Ti, the results
provide significant promise for the use of EPD to improve
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Table | Conditions for plasma-spray deposition of hydroxyapatite
on titanium

Condition Parameter
Primary spray gas, Ar 40 SLPM
Secondary spray gas, H, 10 SLPM
Carrier gas, Ar 2 SLPM
Powder-flow rate 25 g/min
Plasma-jet type F4-MB
Injector size, diameter 1.8 mm
Powder-feeding distance 8 mm
Spray current 650 A
Spray voltage 58V
Spray distance 100 mm

Abbreviation: SLPM, standard liters per minute.

osteoblast density and as an antibacterial coating without
resorting to the use of antibiotics.

Materials and methods

Materials
All of the tests in this study were performed on a Ti alloy,
Ti-6Al-4V (Alfa Aesar, Ward Hill, MA, USA), which was

Le _ 1 ¥ P
plsmspray 2.0 KV 8.1 mm x40.0 k SE(M) 5/14/2013 09:40

Ve »

HA_12.0 kV 4.8 mm x25.0 k SE(M) 3/28/2013

A

cutinto 1 X 1 cm small pieces. Nanophase HA was prepared
by wet chemical synthesis using Ca(NO,),4H,0, KH,PO,,
distilled water, ammonia, and acetone with a stirring time
of 1 hour and an aging time of 24 hours, followed by fil-
tering then sintering at 900°C.>® The HA was then coated
onto the alloy using EPD.?* For this, the electrolyte was
prepared by dissolving HA in isopropyl alcohol, stirring for
10 minutes then allowing the mixture to settle overnight.
Previous studies have demonstrated no change in crystal-
linity or chemistry using this procedure.??*° The mixture
was again stirred for 2 hours before starting the coating
and Ti-6Al1-4V was used as the working electrode (—ve)
and 316 stainless steel was used as a counter electrode
(+ve). Voltage varying from 40 to 80 V was used for
2-5 minutes. Optimal coating was achieved at 60 V for
4 minutes. For comparison with a popular conventional
HA coating technique, Ti-6Al-4V was plasma sprayed with
micron-sized HA obtained from Himed (Old Bethpage, NY,
USA), at the conditions and parameters listed in Table 1.%'
The micron-sized HA and processing parameters were

e
HA_12.0 kV 4.8 mm x10.0 k SE(M) 3/28/2013

HA_12.0 kV 4.8 mm x40.0 k SE(M) 3/28/2013

Figure | Scanning electron microscopy images of the samples of interest to the present study. It is clear that the electrophoretic-deposited (EPD) hydroxyapatite
on titanium samples had the greatest degree of nanoscale surface roughness. (A-D) Plasma-sprayed hydroxyapatite on titanium. (E-H) EPD hydroxyapatite on titanium.

(I) Plain titanium.
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chosen to best emulate current processes and materials
used clinically today.

Materials characterization

Samples were characterized using scanning electron micros-
copy and contact angle analysis to confirm surface roughness
and wettability of the coatings, all according to standard
procedures.’!

Osteoblast and bacteria experiments
Osteoblasts purchased from ATCC (catalog number C12720,
population number 1-3) were cultured in Dulbecco’s Modi-
fied Eagle Medium supplemented with 10% fetal bovine
serum and 1% penicillin (HyClone; Thermo Fisher Scientific,
Waltham, MA, USA). The samples were sterilized with 70%
ethanol for 20 minutes then transferred into a 12-well plate and
rinsed once with phosphate-buffered saline (PBS). A 4-hour
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) osteoblast adhesion assay (Sigma-Aldrich, St Louis,
MO, USA,; seeding density: 3,500 cells/cm?) was performed
to determine cell viability following the manufacturer’s
instructions. An MTT proliferation assay (seeding density:
3,500 cells/cm?) was performed after 1, 3, and 5 days of culture
following the manufacturer’s instructions. All experiments
were conducted in triplicate and repeated three times each
according to standard procedures.’!

A bacterial assay was performed using S. aureus (American
Type Culture Collection, Manassas, VA, USA). 0.03% tryptic
soy broth (TSB) and agar plates (Sigma-Aldrich) were used
as the media. A small amount of S. aureus was taken from
stock culture, streaked onto an agar plate, and then used as the
stock plate for further experiments. Colonies were scraped off
from the stock plate, added to 3 mL of 3% TSB and incubated
at 37°C in humidified conditions under a 5% carbon dioxide
atmosphere for 18 hours. A small amount (0.1 mL) of each
sample was transferred to a few wells of a 96-well plate and
absorption was measured at 562 nm using a plate reader.
A value 0f 0.52 to 0.54 was obtained, indicating a density of 10°
bacteria/mL. A dilution of 10® bacteria/mL was then prepared
using 0.03% TSB. The samples were sterilized with 70% etha-
nol for 20 minutes, transferred into a 12-well plate, and rinsed
once with PBS. They were then treated with 2 mL of the 108
bacteria/mL solution and incubated for 24 hours. The bacteria
solution was removed and the samples were rinsed twice with
PBS. They were transferred into 3 mL of PBS and sonicated
for 10 minutes to create a first dilution (107") then three subse-
quent dilutions (1072, 1073, and 10~*) were created. Following

this, 0.1 mL of each of the 10~ and 10~ dilutions were plated
and incubated for 18 hours. The number of bacterial colonies
formed on each sample was counted and using these values,
the number of bacteria/mL was found.

All experiments were conducted in triplicate and dif-
ferences between means were determined using analysis of
variance followed by Student’s #-tests.

Results and discussion

As expected, the results of the present study indicate that the
electrophoretic-deposited HA on Ti possessed much greater
nanoscale surface roughness than plasma-spray-deposited
HA on Ti; both had greater nanoscale surface roughness
compared with plain Ti (Figure 1). The increased surface
wettability (or “hydrophilicity,” as demonstrated via contact
angle experiments) for the electrophoretic-deposited HA
then followed due to the greater surface area and exposure of
HA on Ti (Figure 2). Although requiring more investigation
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Figure 2 Contact angles on the samples of interest to the present study: (A) contact
angle on plasma-sprayed hydroxyapatite on titanium =90° (B) contact angle on
electrophoretic-deposited (EPD) hydroxyapatite on titanium = complete wetting;
(C) contact angle on plain titanium =6°.
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Figure 3 Increased osteoblast density on nanostructured electrophoretic-deposited hydroxyapatite on titanium (Ti) after 5 days of culture.

Notes: Data are expressed as mean + standard error of the mean; N=3; *P<<0.0] compared with Ti (control) at the same time period; **P<<0.0] compared with plasma-
sprayed-deposited hydroxyapatite on Ti at the same period; ***P<0.0| compared with the previous time period on the same substrate. There was six and three times more
osteoblast density on electrophoretic-deposited hydroxyapatite on Ti compared with Ti (control) and plasma-spray-deposited hydroxyapatite on Ti, respectively.

for the present materials, previous studies have correlated
the greater surface energy of nanostructured materials
to the increased adsorption of hydrophilic proteins (such as
fibronectin) to promote osteoblast density.>!

For the present study, there were six and three times
more osteoblasts on the electrophoretic-deposited HA on
Ti compared with Ti (control) and plasma-spray-deposited
HA on Ti after 5 days of culture, respectively (Figure 3).
Micron-structured HA and plasma-spray deposition were used
in the present study to emulate real clinical conditions. Since
there is a strong correlation between increased osteoblast
density and greater deposition of calcium by osteoblasts,*!
these results imply greater formation of a mineralized matrix
by osteoblasts when cultured on electrophoretic-deposited
HA on Ti. Future studies will need to determine if extra-
cellular matrix formation is enhanced by osteoblasts when
cultured on electrophoretic-deposited HA on Ti.

Recent studies have also correlated greater surface hydro-
philicity to the adsorption of hydrophilic proteins (such as
mucin and lubricin) that can decrease bacteria attachment
and growth.?! Indeed, in the present study, there were 2.9 and
31.7 times less bacteria on electrophoretic-deposited HA on
Ti compared with Ti (control) and plasma-spray-deposited
HA on Ti, respectively (Figure 4). Although the mechanism
for the decreased bacteria functions on electrophoretic-
deposited HA still needs to be determined, it is impres-
sive that increasing nanoscale surface roughness without

using antibiotics may be one of the reasons leading to such
decreases in bacteria density. It is much easier using EPD
to maintain HA nanoparticle size compared with high-heat
coating processes like plasma-spray deposition. Although
requiring further investigation, the increased bacteria on
plasma-sprayed HA in this study may have been due to the
greater hydrophobicity of the plasma-sprayed HA. In addi-
tion, since previous studies have measured decreased bacteria
adhesion and growth on Ti surfaces with 20-80 nm surface
features,'® future studies should determine the exact surface
feature size that can optimize bacteria inhibition.

700,000 - *
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£ 600,000 -
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‘e 500,000 -
H
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E 300,000 -
L
2 200,000 - *
o
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o | i
Ti (control) Plasma spray Electrophoretic
deposited deposited
hydroxyapatite on hydroxyapatite on
titanium titanium
Figure 4 Significantly decreased bacteria density on nanostructured

electrophoretic-deposited hydroxyapatite on titanium (Ti) after 18 hours of culture.
Notes: Data are expressed as mean * standard error of the mean; N=3; *P<0.01
compared with Ti (control); *P<<0.01 compared with plasma-sprayed-deposited
hydroxyapatite on Ti. There was 2.9 and 31.7 times less bacteria on electrophoretic-
deposited hydroxyapatite on Ti compared with Ti (control) and plasma-spray-
deposited hydroxyapatite on Ti, respectively.
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