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Additive manufacturing (AM) is being widely
explored for engineering biomedical implants. The microstructure
and surface finish of additively manufactured parts are typically
different from wrought parts and exhibit limited bioactivity despite
the other advantages of using AM for fabrication. The aim of this
study was to enhance the bioactivity of selective laser melted Ti-
6Al-4V alloy by electrophoretic deposition of nanohydroxyapatite
(nanoHAp) coatings. The deposition parameters were systemati-
cally investigated after the coatings were deposited on the as-
manufactured surface or after polishing the surface of the
additively-manufactured sample. The surfaces were coated with
nanoHAp suspended in either ethanol or butanol using different voltages (10, 30, or SO V) for varied deposition times. The
formation of the nanoHAp coating was confirmed by Fourier-transform infrared spectroscopy and X-ray diffraction. Microstructural
analysis revealed that several conditions of the coating led to crack formation. The coated samples were subsequently heat-treated to
improve the integrity of the coating. Heat treatment led to crack formation in several conditions due to thermal shrinkages. Coatings
prepared using butanol were more uniform and had minimal cracks compared with the use of ethanol. Nanoindentation confirmed
good stability and integrity of the nanoHAP coatings on the as-manufactured and polished surfaces. The coating on the as-
manufactured sample exhibited higher hardness and lower elastic modulus as compared with the coating on the polished sample. In
vitro study revealed that the nanoHAp coating markedly enhanced the attachment, proliferation, and differentiation of preosteoblasts
on the alloy. These results provide a viable route to enhancing the bioactivity through deposition of nanoHAp with important
implications for engineering additively manufactured orthopedic and dental implants suitable for better clinical performance.
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variety of materials, the ability to tune properties during the

Additive manufacturing (AM) or three-dimensional (3D) processing of the parts, increased functionality, relatively lower
printing is rapidly emerging as a popular manufacturing cost, and the production of near-net-shaped components ready
technique for a wide variety of applications, including to use (if the surface roughness levels are acceptable).” In

biomedical implants and specialty parts for the automotive
and aerospace sectors, among others.'™ AM offers several
advantages, such as the ability to manufacture complex shapes

EBM, the optimization of the process parameters is more
difficult than the SLM process, and hence, only limited

. 8
and part customization, along with a low buy-to-fly ratio. materials are processed by EBM." The electron beam may be
Selective laser melting (SLM) has emerged as the most mature used multiple times to heat the powder bed and then to melt
metal-based AM technique that affords the fabrication of the the parts selectively. In addition, the entire chamber becomes

desired parts from a 3D computer model by fusing metal
powder particles together in a layer-by-layer method using a
laser.” Selective laser melting (SLM) and electron beam
melting (EBM) utilize powder feed for metal additive
manufacturing, but there are significant differences in the
interaction mechanisms between the powder and the energy
source as well as the associated parameters and features,
environment, and resultant properties.” The main advantages
of SLM as an AM process include the ability to use a wider

so hot after the building process that it may require
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Table 1. Conditions Used for the EPD Process

quality of coating (EPD)

substrate (Ti-6AI-4V)  solvent HAp (g) time (min)

1.0

voltage (V)
10 2
30
50
10 S
30
NY
10 S
30
NV
10 2
30
50
10 2
30
50
10
30
NY
10
30
S0
10 2
30
50

ethanol

polished
2.0

butanol 1.0

2.0

as-manufactured ethanol 1.0

2.0

butanol 1.0

2.0

considerable cooling time before the parts can be removed
from the substrate plate.

Titanium and its alloys such as Ti-6Al-4V are widely used for
manufacturing various orthopedic and dental implants
approved for clinical use, owing to their good combination
of mechanical properties (such as low elastic modulus, high
specific strength, and fatigue strength), excellent high corrosion
resistance, and good biocompatibility.””'* In contrast to other
biomedical alloys such as Co—Cr and 316L stainless steel, the
lower modulus of elasticity of Ti-6Al-4V is attractive to
minimize stress shielding and enhance osseointegration.'"'”
However, the bioactivity of the alloy surface is limited, which
has motivated the development of several surface modification
strategies for Ti-6Al-4V to stimulate the biological response for
osseointegration. Hydroxyapatite (HAp), a principal constitu-
ent of the human bone, has been widely used as a coating
material and in other biomedical applications.">”"> More
recent research has demonstrated that nanocrystalline HAp
(nanoHAp) is more effective than its bulk form.'®"”

Surface modification of Ti-6Al-4V with nanoHAp particles
offers several benefits. It minimizes the mismatch in the
modulus of elasticity, thereby eliminating the stress shielding
effect between implant and bones significantly. Peri-implant
bone healing is enhanced by minimizing the foreign body
response. Different methods have been investigated for coating
bioceramics on metallic substrates such as plasma spraying
process," " thermal sprayin§,20 sputter coating,” pulsed laser
ablation,”” dynamic mixjng,z* dip coating,24 sol—gel,25 electro-
phoretic deposition,”® magnetron sputter deposition,”” micro-
arc oxidation,”® biomimetic coating,”” ion-beam-assisted
deposition,” and hot isostatic pressing.*'

Electrophoretic deposition (EPD) is recognized as a
promising method to produce homogeneous bioceramic
coatings of varying thicknesses on metallic implants. In EPD,

deposited layer contained crack

deposited layer contained without crack
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without crack without crack
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without crack without crack

ceramic nanoparticles dispersed in alcohol are deposited as a
thin layer on the metallic surface that is used as an electrode
under an applied electric field. The quality of the coating
depends upon several factors, such as the applied voltage,
deposition time, suspension concentration, and the condition
of the substrate. EPD has been used to deposit nanoHAp on
different Ti alloys, and the role of different parameters has
been studied. Bartmanski et al.”> coated Ti-13Zr-INb alloy
with nanoHAp to yield coatings that were homogeneous and
thick (2 to 29 pm), with high hardness (0.0201 GPa) and
Young’s modulus (4.58 GPa) along with good adhesion
strength. In other studies, nanoHAp particles were coated on
commercially pure Ti by EPD**.** Yamashita et al.** revealed
that particle size plays an important role in EPD by influencing
the mobility of the charged particles. The colloidal stability of
the suspension in EPD is believed to be a critical parameter for
obtaining a uniform coating with good adhesion strength.*®
The roughness of the underlying substrate is important in
EPD, with several studies describing that smoother surfaces
(Ra = 15 to 20 nm) yielded better coatings than rougher
surfaces (Ra ~ 130 to 150 nm).”’

Several studies have been reported in the literature on
wrought Ti-6Al-4V and other Ti-alloys coated with nanoHAp
for biomedical applications, as described above. However,
there is little reported literature on the preparation of
nanoHAp coatings on additively manufactured parts of Ti-
alloys such as Ti-6Al-4V and other alloys. AM results in
nonequilibrium microstructures distinct from alloys prepared
by conventional manufacturing. The surface roughness of AM
parts tends to be high, and in parts with complex geometry, it
may not even be possible to smoothen the surface
postmanufacturing,

The primary objective of the present work was to assess the
potential of using EPD to deposit nanoHAp coatings on
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Figure 1. (a) XRD pattern of nanohydroxyapatite (HAp) powder. SEM micrographs of nanoHAp powder (b) as-received and (c) after
ultrasonication for 1 h; (d) plot showing the distribution of the size of the powder determined from dynamic light scattering after ultrasonication

for 1 h in ethanol suspension.

additively manufactured Ti-6Al-4V substrates toward enhanc-
ing their potential for biomedical applications. The deposition
was performed on the alloy surface after SLM or after polishing
the additively manufactured alloy. Different parameters
controlling the EPD process, such as the choice of solvent,
nanoHAp content, applied voltage, and deposition time, were
systematically investigated to reveal the effects on physical
properties of the nanoHAp coating and the resultant change in
the cellular response to additively manufactured Ti-6Al-4V.

Ti-6Al-4V parts were fabricated by SLM at Intech Additive Solutions,
Bangalore, using process parameters to obtain high-density blocks, as
reported earlier.>>*® Wire cut EDM (electrical discharge machining)
was used to prepare samples of 1 mm thickness, 7 mm height, and 7
mm width. Samples were used with the surface in as-manufactured
condition or after polishing. Samples were polished using 800 F grit
size silicon carbide abrasive paper. The polished and as-manufactured
samples were cleaned with ethanol and then ultrasonically cleaned
(Sonic-3, POLSONIC) in ethanol and distilled water for 15 min. The
samples were kept in a vacuum desiccator until further processing to
minimize oxide formation.

A suspension of nanoHAp (Sigma-Aldrich) with an average particle
size of 200 nm and spherical shape was used for EPD. The particle
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size was determined using dynamic light scattering (Malvern
Instruments) in an ethanol suspension. The suspensions were
prepared by ultrasonication and magnetic stirring for 1 h at room
temperature (&~ 25 °C). Ti-6Al-4V was used as the cathode and
platinum as the anode or counter electrode. Both electrodes were
placed vertically parallel to each other at a distance of 1 cm. The
whole setup was powered using DC power (DIGILOG Instruments).
The EPD was performed on as-manufactured and polished surfaces.
Table 1 compiles the different conditions used for the EPD process.
The suspension was stirred continuously using the magnetic stirrer at
300 rpm during EPD. After the deposition, the samples were dried in
air for 48 h at room temperature.

To enhance the bonding of the deposited coating to the underlying
substrate, nanoHAp-coated samples were thermally treated in a
tubular furnace (Digiqual Systems) in an argon atmosphere. The
furnace was heated at S °C/min up to 800 °C and held for 2 h and
then cooled to room temperature by switching off the furnace.

The microstructure of the naoHAp coating was analyzed using a
scanning electron microscope (SEM, ULTRA S5 Carl Zeiss) with a
LED detector operated at 20 kV. The phase identification was
performed by X-ray diffraction analysis (XRD Philips X'Pert Pro)
with monochromatized Cu Ka radiation at a scan rate of 0.02°/s in
the 20 range of 10° to 90°. Fourier-transform infrared (FTIR)
spectroscopic analysis was done with a spectrophotometer (Perki-
nElmer Frontier) at a resolution of 2 cm™ in the range of 400 to 4000
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Figure 2. (a) XRD pattern of Ti-6Al-4V prepared by SLM, (b) 3D profilometer images of as-manufactured, and (c) polished Ti-6Al-4V surfaces.

cm™". The surface roughness and topography were studied at the
microscale using an optical profilometer (Taylor Hobson/Talysurf
CCI) over a 0.25 mm” area. The surface roughness parameters (R,
surface roughness, R root mean square deviation, Ry, skewness, and
Ry, kurtosis) were calculated by using the inbuilt application tools. An
atomic force microscope (AFM, Bruker, Dimension ICON) was used
to study the surface topography at the nanoscale.

Nanoindentation tests were carried out with the Nanotriboindenter
TI-950 system (Hysitron Inc.) to study the adhesion characteristics of
the nanoHAp coatings on the substrate using a Berkovich three-sided
pyramidal diamond. For each sample, five measurements were taken.
The maximum applied load was kept equal to S mN, the loading and
unloading time was set at 20 s, and the dwell time at maximum load
was 10 s. For each sample, the load—displacement curves were
obtained during the indentation. The values of surface hardness (H)
and Young’s modulus (E) were calculated from the load—displace-
ment plots using the in-built software. The value of Poisson’s ratio
was assumed to be 0.3 for determining the value of E.

Cytocompatibility of the nanoHAp coated alloy was determined by
culturing MC3T3-E1 cells (ATCC). Cells were cultured on the as-
manufactured samples as well on samples after polishing (without
nanoHAp) as controls. Samples were cut into dimensions of 7 mm X
7 mm with a thickness of 1 mm for cell studies. In this experiment,
samples were designated as follows: as-manufactured samples without
nanoHAp (as-manufactured), polished without nanoHAp (polished),
as-manufactured with nanoHAp coating (as-manufactured nanoHAp),
and polished with nanoHAp coating (polished nanoHAp). All samples
were sterilized by ultraviolet radiation for 1 h on each side in a laminar
hood and incubated in minimum essential medium Eagle - alpha
modification (a-MEM) media for 1 h before cell seeding.

The Alamar Blue assay (ThermoScientific) was used to quantify
the cell viability of MC3T3-E1 cells on the samples. First, 3 X 10°

135

cells were seeded per sample directly onto the metal samples in 48-
well plates and incubated at 37 °C in a CO, incubator for attachment
and proliferation. To evaluate cell viability, samples from days 1, 4,
and 7 were washed with PBS and incubated in a medium containing 1
mg/mL Alamar Blue, resazurin dye for 3 h. The fluorescence of the
reduced resazurin was recorded with a spectrophotometer (Biotek) at
530/590 nm. The measurements were done in triplicates.

To visualize cell morphology on the different substrates, the cells
were seeded and cultured for 1, 4, or 7 days, as above. The cells were
washed with 1X PBS and fixed with 3.7% formaldehyde at room
temperature for 15 min. 0.1% Triton X-100 was added for 10 min to
permeabilize the cell membrane. Samples were incubated in 10 ug/
mL fluorescein isothiocyanate (FITC)-conjugated phalloidin (Ther-
moFisher) for 40 min at room temperature, followed by incubation in
1 pg/mL of 4,6-diamidino-2-phenylindole (DAPI, Sigma) for S min.
Lastly, each step was followed by 1X PBS washing. Finally, the
samples were visualized for F-actin and nuclei staining using an
inverted epi-fluorescence microscope (Olympus).

Figure 1 shows the XRD pattern of the nanoHAp, which
confirms the pure hexagonal close packed structure (HCP) of
the powder, corroborating results reported in the literature.*”
The XRD peaks typical of crystalline hydroxyapatite (HAp,
PDF 00-009-0432) and the titanium alloy (Ti, PDF 00-044-
1294) Ti-6Al-4V substrate are present. SEM micrographs of
the as-received nanoHAp powder and after ultrasonication for
1 h are shown in Figure 1b,c. Figure 1d shows the dynamic
light scattering measurement results of the nanoHAp powder
after ultrasonication. Significant agglomeration of particles in
the as-received nanoHAp was markedly reduced after ultra-
sonication. Ethanol or butanol was used as solvents in the
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present study for the purpose of ultrasonication in order to
control the particle size in the narrow range and to maintain
the coating integri'fy.41 DLS measurements presented in Figure
1d further confirm the narrow distribution of particle size after
ultrasonication. The mean size of particles is £200 nm, and the
particles are spherical. Boccaccini et al.” indicated that
nanoHAp particles disperse well in suspension with high
mobility for facilitating uniform deposition on the surface of
metallic substrates.

Figure 2a shows the XRD pattern of Ti-6Al-4V prepared by
SLM, displaying peaks (1010, 0002, 1011, 1012, 1120, 1013,
2020, 1122, 2021, 2022) characteristic of the &’ phase. We and
others have observed the  phase for Ti-6Al-4V prepared by
SLM.>*~*>** The body centered cubic (BCC) S-phase was not
detected in the as-manufactured samples. The observed HCP
pattern can be attributed to both the a phase and the o’
martensite since they have the same crystalline structure and
similar lattice parameters. It is reported that the high cooling
rate during SLM induces precipitation of a higher amount of
the @’ martensite phases on Ti-6Al-4V alloy.44 Figure 2b,c
show the optical profilometer micrographs of the as-
manufactured alloy surface and after polishing. The surface
of the as-manufactured sample contains significant irregu-
larities as compared with the polished surfaces. The roughness
parameters associated with the surface plots (R,: surface
roughness, R : root mean square deviation, R: skewness, and
Ry, kurtosis) are compiled in Table.2. The parameters R, and

Table 2. Surface Roughness Parameters of the Ti-6Al-4V
Alloy

parameter as-manufactured post-polishing
R, 1.40 ym 0.195 ym
Ry 1.76 pym 0.260 pm
Ry 0.131 0772
Ry 5.81 8.05

R, primarily reflect the average size of surface features
determined by the peak heights and valley depths. The
predominance of peaks (positive Ry,) or valleys (negative Ry)
is measured by the parameter Ry, whereas the parameter Ry,
represents the sharpness of the surface peaks. The values of R,
are estimated to be 1.40 and 0.195 ym for the as-manufactured
and polished surfaces, respectively. Thus, the surface roughness
of the polished samples is about 7 times lower than that of the
as-manufactured surface. The values of R, and R, are also
smaller after polishing. The surface skewness (Ry) values for
the as-manufactured and polished surfaces are +0.131 and
—0.772, respectively. Thus, thin scratches are only present as a
result of surface polishing, as shown in Figure 2c. The values of
Ry, for the as-manufactured, and the polished surfaces are 5.18
and 8.05, respectively. The high positive kurtosis indicates that
the surfaces have high peaks and high valleys. It has been
reported by others that the choice of the surface finishing
technique determines the change in surface roughness
parameters of titanium surfaces”

Figure 3 compiles the XRD patterns of surfaces coated with
nanoHAp for the different conditions of EPD. The patterns
show the characteristic peaks of Ti-6Al-4V and nanoHAp.
Some of the samples, such as those where 30 or 50 V was
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Figure 3. XRD patterns of polished samples coated with nanoHAp in
(a—c) ethanol suspension ((a) 10 V, (b) 30 V, (c) S0 V). (d—f)
butanol suspension ((d) 10 V, (e) 30 V, (f) SO V) at different
voltages.

applied for deposition, exhibit more prominent nanoHAp
peaks than the other samples. These differences are likely
because of the differences in the thickness of the coating.
Bartmanski et al.’> reported similar findings where they
observed that the X-rays penetrated into the underlying
substrate when the thickness and density of the coating were
low.

Figure 4 shows the FTIR spectra of the as-manufactured Ti-
6Al-4V substrate coated with nanoHAp in butanol suspension
at different voltages. The characteristic bonds associated with
the different peaks are indicated in the spectra. The peak at
3750 cm™' corresponds to the P—OH groups of nanoHAp,
whereas the peaks observed at 2870 and 2940 cm™" indicate
the stretching vibration of C—H bonds. The peak at 1038 cm™
indicates the formation of phosphate groups (PO,*”), and the
peaks around 1420, 1450, and 873 cm™' belong to the
carbonate groups (CO;*7). These observations indicate that
molecules rich in —OH functional groups can adsorb to the P—
OH groups on the surface through hydrogen bonding. Morteza
et al*® reported similar observations for butanol, ethanol,
methanol, and isopropyl alcohol with HAp powder. In
addition, they reported that the surface P—OH groups of
HAp favor interactions with H,O, CO,, CH;OH, pyridine, n-
butylamine, triethanolamine, and acetic acid through hydrogen
bonding.

Figure 5 presents the microstructures of the nanoHAp
coatings on the as-manufactured and polished Ti-6Al-4V
surfaces prepared by EPD with different conditions (voltage
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Figure 4. FTIR spectra of as-manufactured Ti-6Al-4V alloy substrate
coated with nanoHAp at different voltages
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Figure S. Scanning electron micrographs of nanoHAp coating on as-
manufactured and polished Ti-6Al-4V deposited by EPD for 2 min at
different voltage and solvent conditions. Scale bar = 100 ym.

and solvent) for a fixed deposition time of 2 min. It can be
observed that an increase of voltage (from 10 to S0 V) led to
the formation of coatings with an increased propensity for
cracking due to shrinkage of the coating during drying. Intense
cracking in the coatings deposited from suspensions of alcohol
of small molecular size tends to occur because of their higher
shrinkage during drying resulting from their larger thickness. If
the surface roughness of the substrate is more, it can lead to
stress concentration and crack propagation in the coating.
Interfacial stresses can arise at the interface because of the
difference in the structure and properties between the coating
and the underlying substrate, and thus, only optimal process
parameters can result in the deposition of crack-free coatings.
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Coatings prepared using ethanol were more prone to cracking
than those prepared with butanol. As ethanol has a lower
boiling point and higher vapor pressure than butanol, the
drying process can result in crack formation.*® Goryczka et
al.”” showed that either deposition time or applied voltage
could be altered to change the thickness of the HAp coating.
The polished samples coated with nanoHAp show smoother
surfaces with minimal visible pores or cracks at higher applied
voltages. The formation of cracks may occur because of the
higher thickness of the coating and the faster mobility of ions
in ethanol suspension compared to the butanol suspension at
lower deposition time.”> The coatings were smoother and
more uniform when butanol was used as the solvent due to the
lower mobility of ions in butanol. With butanol suspensions,
coating on the as-manufactured surfaces at the lower voltage
(10 V) revealed some agglomeration and unevenness on the
surface. At increased voltage (30 and SO V), the coatings
appear smoother. This is possibly due to the high
concentration of nanoHAp particles in butanol suspension,
which allows them to migrate rapidly at lower voltages,
forming more homogeneous coatings on the substrate. Taken
together, butanol is better than ethanol in yielding uniform
coatings of nanoHAp particles on Ti-6Al-4V. Yildirim et al.**
showed that higher voltage and short deposition time are
better suited for coating of nanoHAp on metallic substrates as
compared with the deposition of the micron-sized particles. In
another study, Rojaee et al.*’ observed the surface roughness
of the substrate significantly influences the coating morphology
and integrity. Bartmanski et al.’* showed that the increase of
nanoHAp powder in the suspension and applied voltage
increase the density of the coating, possibly because of the
faster migration of nanoparticles.

Figure 6 presents the images obtained from the profilometer
for the nanoHAp-coated surfaces of the as-manufactured and
polished samples for different deposition conditions. The
thickness of the coatings in both ethanol and butanol
suspensions was observed to increase with an increase in the

10V 30V 50V

As-Manufactured
Ethanol

Polished
Ethanol

Butanol

As-Manufactured

Polished
Butanol

Figure 6. 3D profilometer images of as-manufactured and polished
Ti-6Al-4V alloys coated with nanoHAp at different voltages and
suspensions.
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applied voltage. The thickness of coating attained using the
EPD technique is reported to lie between 0.1 to 100 pm in
different studies.’®" A thicker coating may lead to failure
because of delamination and degradation, thereby resulting in
instability of the implant and enhances the risk of implant
failure. de Groot et al.>* reported that coatings thicker than
100 pm were associated with delamination and fragmentation
with poor mechanical properties, which may cause fatigue
failure, poor adhesion, and quick dissolution. Thinner coatings
(~ 50 pum), on the other hand, exhibit a stronger fixation with
living tissues. Thinner coatings facilitate osseointegration
through the interaction of bioactive HAp, a material favorable
for augmenting osseointegration. The optimal thickness of
HAp coatings on different metallic biomaterials is reported to
be in the range of SO to 100 yum, >3

Figure 7 shows the AFM images of the polished samples
coated with nanoHAP at different voltages and the two

Polished
Ethanol

Polished
Butanol

Figure 7. Atomic force micrographs of nanoHAp-coated substrates
prepared at different voltages and solvents.

solvents, ethanol and butanol. The grain size of the HAp
coatings over the substrate lies in the nanometer range. No
agglomeration or pores are observed, and the feature sizes
closely match the results of the particles from SEM and DLS
(Figure 1). On the as-manufactured samples, the R, parameter
ranges from 1.18 to 1.87, whereas on the polished sample, R,
ranges from 0.22 to 0.57 at the different voltages (see values
listed in Table.3) Increased roughness can enhance the water
wettability for the Wenzel state.

Table 3. Surface Roughness of the Substrates

sample surface roughness (R,)
as-manufactured (butanol) 0V 1.87 ym
0V 1.83 ym
S50V 1.18 um
polished (butanol) 10V 0.57 um
0V 0.37 ym
S0V 0.22 ym

Coatings prepared by EPD are often heat-treated to remove
volatile species from the layer and enhance the bonding of
particles in the coated layer. The Young’s modulus, hardness,
adhesion strength, and crystallinity of coatings are typically
altered by heat treatment. Figure 8 shows the microstructures
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Figure 8. Scanning electron micrographs of as-manufactured and
polished samples with nanoHAp coating after heat treatment at 800
°C. Scale bar = 100 ym.

of the nanoHAp-coated substrates after heat treatment at 800
°C. Figure 8 reveals a higher tendency for crack propagation
with an increase in the voltage of deposition, which is ascribed
to the significant shrinkage of the coating during the heat
treatment. The thickness of coatings tends to increases with an
increase in the voltage. The nanoHAp coating on the as-
manufactured sample prepared with ethanol suspension shows
several cracks that formed during drying prior to heat
treatment (Figure S). However, heat treatment of the polished
samples coated with nanoHAp in ethanol suspension revealed
the initiation of cracks during heat treatment itself due to
shrinkage. Cracks can appear due to the mechanical stresses
exerted on the coating due to shrinkages during heating at a
high temperature. The crack initiation of as-manufactured and
polished samples with nanoHAp coating in ethanol suspension
demonstrates that this solvent is not suitable for depositing the
nanoHAp layer.

The as-manufactured and polished samples with the
nanoHAp coating prepared using butanol suspension show
good integrity after heat treatment. Among these, the coating
deposited at 50 V on the polished sample after the heat
treatment shows several cracks due to shrinkage during heat
treatment. The polished sample (50 V) coated with nanoHAp
in butanol suspension had a coating thickness of ~11.3 pm.
High-temperature sintering can be utilized to minimize the
porosity by increasing the coating density. However, cracks in
the coating can form during sintering because of the difference
in the thermal expansion coefficients between the substrate and
nanoHAp and the large reduction of the pore volume.
Furthermore, the success of electrophoretically deposited
HAp has been limited to conventional materials in the range
of micron-sized grains.”’

Figure 9 shows the 3D profilometer images of nanoHAp-
coated samples after heat treatment at 800 °C. It is seen that
the thickness of the nanoHAp coating deposited with ethanol
increases with an increase in the voltage. The coating thickness
of the nanoHAp coated samples with different voltages and
suspension are compiled in Table.4. The heat-treated nano-
HAp coatings on the as-manufactured samples prepared in
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Figure 9. 3D profilometer
after heat treatment.

micrograph of nanoHAp coated samples

Table 4. Coating Thickness before and after Heat
Treatment

thickness thickness after
voltage after EPD heat treatment
samples solvent W) (um) (um)
as-manufactured ethanol 10 40.5 cracks
30 98.0 cracks
50 125.0 cracks
polished ethanol 10 9.16 15.9
30 15.3 62.2
S50 384 92.5
as-manufactured butanol 10 10.8 21.4
30 158.3 50.1
50 384 75.8
polished butanol 10 7.17 13.3
30 9.53 30.7
NV 11.3 64.3

butanol indicate better integrity without cracks. The EPD
process of nanoHAP particles leads to the mechanical
interlocking of particles with the substrate, and it helps to
achieve better mechanical properties such as adhesion and
fatigue and corrosion resistance. Morteza et al.* reported that
after the heat treatment, many small cracks were observed on
coated surfaces prepared using the EPD process because of the
evaporation of solvent trapped within the coating and the
difference in thermal expansion coeflicients between the
substrate and the coating. Bartmanski et al.’” observed
formation of of cracks due to significant shrinkage of the
coating at a higher sintering temperature.

Figure 10 shows the load—displacement curves of the
nanoHAp-coated surfaces prepared using butanol after the heat
treatment. Young’s modulus and hardness determined from
the plots are tabulated in Table 5. Table S reveals a steady
increase in hardness with decreasing thickness of the nanoHAp
coating and increasing voltage used for EPD. Nanoindentation
measurements performed in cross-section at the interface of
the metal-ceramic coating revealed a hardness of 2 GPa and a
Young’s modulus of 80 GPa. These results are in good
agreement with the work of Saber-Samandari et al, who
performed nanoindentation measurements of HAp coatings
deposited on Ti6AI4V.>® The coatings on the as-manufactured
samples show a higher hardness and a lower elastic modulus
value as compared with the polished samples.
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Figure 10. Representative load vs displacement plots obtained from

the nanoindentation test for nanoHAp-coated surfaces after heat
treatment of coating prepared by EPD using butanol

The superior result likely arises because of the higher bulk
density and lower thickness of the coating. Saber-Samandari et
al.>® showed that the mechanical properties of coatings are
related to the interface distance from the substrate to the
coating. The mechanical properties (hardness and Young's
modulus values) increase gradually with distance from the
substrate, with a steeper gradient in the coating made from
smaller particles. Using the laser melting technique for HAp
coatings on metallic substrates, Cheng et al.”’ showed that
coating leads to an increase of hardness to 7 GPa from 2.5 GPa
at the substrate. In this work, we observed a decrease in the
surface hardness with an increase in the thickness of the
coating.

Taken together, the results presented above on the
characterization of the nanoHAp coatings prepared by EPD
on additively manufactured Ti6Al4V substrates revealed that
the best coatings are obtained when butanol is used as the
solvent with 10 V followed by heat treatment. These coatings
provide the best combination of optimal thickness for
osseointegration with minimal pores or cracking. Thus, these
surfaces were selected for assessing the biological response by
measuring the cell response in vitro. The results of the EPD
process here on the as-manufactured substrates without the
need for polishing have important implications for depositing
nanoHAp coatings on porous and lattice structures, which are
being widely prepared by SLM.

The attachment and viability of cells onto the as-manufactured
and polished Ti-6Al-4V samples with/without nanoHAp
coatings were tested with osteoblasts. The cell response was
quantified with the Alamar Blue assay, as presented in Figure
11. All the tested samples were deemed to be cytocompatible
as they supported the attachment and growth of the
osteoblasts. No significant differences in cell growth were
found at day 1 on all the samples. However, a significant
difference was observed in cell growth at day 4. Cell numbers,
as assumed to be proportional to the fluorescence intensity,
were significantly higher on the coated samples (as-
manufactured nanoHAp coated and polished nanoHAp-
coated) compared to the surfaces without the coating. Thus,
the cells appeared to proliferate better on the Ti-6Al-4V when
coated with nanoHAp. It has already been reported that
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Table S. Mechanical Properties of the nanoHAp Coated Samples”

hardness (GPa)

Young’s modulus (GPa)

sample 10V 30V
as-manufactured 0.204 + 0.053 0.038 + 0.008

polished 0.163 + 0.006 0.063 + 0.007
uncoated surface 5.96 + 1.172

“Data are shown as mean + SD for n = S.
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Figure 11. Plot of the fluorescence measured by Alamar Blue assay for
MC3T3-El cells cultured onto the uncoated (as-manufactured and
polished) and coated (as-manufactured nanoHAp and polished
nanoHAp) surfaces. All data are mean + SD for n = 3. ANOVA
multiple comparison test showing significant difference p < 0.0001
(F#k) between as-manufactured vs as-manufactured nanoHAp (@),
and as-manufactured vs polished nanoHAp (£); p < 0.01 between
polished vs as-manufactured nanoHAp (), and polished vs polished
nanoHAp (y) at day 4.

fibronectin and vitronectin are the two important proteins that
influence cell attachment and proliferation.”® The adsorption
of these two proteins is favored by the presence of positively
charged sites in HAp due to the presence of calcium ions.’”’
Note that there were no discernible differences by day 7 when
the cells likely reached confluency on all the surfaces.
Furthermore, the cell morphology and cytoskeletal organ-
ization of the MC3T3-El cells on nanoHAp coated and
uncoated substrates were assessed by fluorescence microscopy,
as seen in Figure 12. The cells showed well-spread morphology
on nanoHAp coated surfaces (both polished and as-
manufactured) in contrast to the less spread cells on the
uncoated samples. Notably, F-actin was preferentially con-
centrated at the periphery of cells on the coated samples,
whereas cells on uncoated samples showed a diffused
distribution of F-actin throughout the cells.”’ These results
suggest that coating of additively manufactured Ti6Al4V by
EPD of nanoHAp coated markedly enhances the cytocompat-
ibility of the alloy by augmenting the adhesion and
proliferation of cells, underscoring the promise of such
strategies for enhancing the clinical performance of additively
manufactured implants. Notably, in earlier work with conven-
tionally manufactured alloys, the surfaces were initially
smoothened to low roughness prior to the EPD of nano-
HAp.°"** However, we successfully prepared these coatings
even on surfaces of the additively manufactured parts with
markedly higher roughness. Surface engineering of additively
manufactured metallic implants and specifically for titanium
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Figure 12. Fluorescence micrographs at 10X showing the morphology
of MC3T3-El cells on the nanoHAp coated and uncoated samples
stained for F-actin (green) and nuclei (blue) at days 1, 4, and 7 (Scale
bar = 100 um).

implants is an active area fo research.”” These results will
enable the fabrication of orthopedic implants of complex
geometry, leveraging the opportunities of additive manufactur-
ing, and their clinical performance can be augmented by
coating with nanoHAp prepared by EPD.

The feasibility of preparing coatings of nanoHAp on additively
manufactured Ti-6Al-4V alloy was studied. NanoHAp was
deposited from ethanol or butanol suspensions by the EPD
process followed by heat treatment. The effects of deposition
parameters such as concentration, the voltage applied, and
deposition time on the coating were systematically studied in
detail. NanoHAp coatings of <100 pm thickness that are crack-
free and uniform were successfully deposited using butanol as
the solvent for preparing the suspension. Nanoindentation
measurements revealed that the coating on the as-manufac-
tured sample has higher hardness and lower elastic modulus as
compared with the coating on the polished sample. Significant
enhancements in osteoblast attachment, spreading, and growth
were observed on the alloy surfaces coated with nanoHAp.
These results have important applications for preparing high-
performance next-generation orthopedic implants by additive
manufacturing,
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