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Surface modification is one of the methods for improving the performance of medical implants in
biological environment. In this study, cerium, gallium and zinc substituted 80%Si0,-15%Ca0-5%P,05
mesoporous bioactive glass (MBG) in combination with polycaprolactone (PCL) were coated over Ti6Al4 V
substrates by dip-coating method in order to obtain an inorganic—organic hybrid coating (MBG-PCL).
Structural characterization was performed using XRD, nitrogen adsorption, SEM-EDXS, FTIR. The MBG-
PCL coating uniformly covered the substrate with the thickness found to be more than 1 wm. Glass and
polymer phases were detected in the coating along with the presence of biologically potent elements
cerium, gallium and zinc. In addition, in vitro bioactivity was investigated by soaking the coated samples
in simulated body fluid (SBF) for up to 30 days at 37 °C. The apatite-like layer was monitored by FTIR, SEM-
EDXS and ICP measurements and it formed in all the samples within 15 days except zinc samples. In this
way, an attempt was made to develop a new biomaterial with improved in vitro bioactive response due
to bioactive glass coating and good mechanical strength of Ti6Al4 V alloy along with inherent biological
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1. Introduction

The surface properties of implants, especially those used to
reconstruct damaged or diseased tissues are very important since
their success depends on the biological interaction at the surface
level. Coating and surface modification are some of the relevant
methods by which the surface properties of the implant can be
modified maintaining the bulk properties of the material [1]. Coat-
ing mainly provides (i) a shield to avoid toxic ion release from
the implant, which could be harmful for human cells when exceed
certain concentration values [2,3]. (ii) Compatible implant—tissue
interface, which could provide good bonding between them help-
ing to avoid implant failure [4].

Metallic implants are produced with different types of alloys
including stainless steels, Co-Cr alloys and Ti-based alloys. In the
field of orthopedic and dentistry, Ti-based alloys are gaining impor-
tance because among metallic implants it has the lowest elastic
modulus. Thus, mechanical properties of Ti based alloys, such as
Ti6Al4V, are closer to natural bone [5,6]. In addition, previous stud-
ies have shown that titanium based implants could be coated with
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glass ceramics and/or calcium phosphate improving their bioactiv-
ity both in vitro and in vivo [7-9].

Recently, the application of organic-inorganic hybrid materi-
als in the medical field has become an important research subject
in order to induce a bioactive response in metallic implants. In
particular, organic-inorganic hybrid materials can be successfully
employed for coating metallic implants [10]. Polycaprolactone is
a biodegradable, cost effective, synthetic, aliphatic polyester that
has found wide applications in the field of biomaterials for differ-
ent applications such as 3D scaffold preparation, hybrids for drug
delivery, film substrates for tissue engineering, etc. [11-13]. How-
ever, PCL lacks effective bond formation with bone in vivo [14,15].
On the other hand, mesoporous bioactive glasses possess ordered
mesoporous channel structure, high textural properties (surface
area, pore volume and pore size), ability to induce quick apatite-like
layer formation to form bond with bone and excellent cytocompat-
ibility [16,17]. Incorporating biologically beneficial elements such
as cerium, gallium and zinc into glass matrix can further improve
MBG. In vitro study has shown positive effect of cerium on mouse
osteoblasts and cerium oxide nanoparticles act as neuroprotec-
tive agents [18,19]. Gallium and zinc exhibit antimicrobial activity
[20-23]. Furthermore, zinc has a stimulatory effect on bone forma-
tion [24].
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Fig. 1. Particle Size Distribution curve of blank MBG powder sample represented
with logarithmic abscissa.

Previous studies on cerium, gallium and zinc doped 80%SiO,-
15%Ca0-5%P,05 (in mol.%) mesoporous bioactive glasses showed
that they possess ordered mesoporous structure, optimum textural
properties and in vitro bioactive response [25]. Further, they have
also been tested as drug delivery system [26], 3D scaffolds [27],
cytocompatability and antibacterial ability [28].

In the present study, cerium, gallium and zinc substituted meso-
porous bioactive glasses (MBG) and polycaprolactone (PCL) are
employed for the deposition of organic-inorganic hybrid film pro-
duced by dip coating technique on Ti6Al4V alloy. The structure
and chemical composition of the dip coatings were investigated
with complementary techniques. In particular, the ability of the
organic-inorganic hybrid coatings to form an apatite-like layer was
evaluated by different techniques since this is a critical aspect in
the view of possible application of hybrid coatings of to increase
the bioactivity of Ti6Al4 V alloy.

2. Materials and methods
2.1. Preparation of mesoporous bioactive glass

Ordered mesoporous (80-x)%Si0,-15%Ca0-5%P,05 bioactive
glass modified by xGa,;03, xCe;03, XZnO, whose compositions
are reported in Table 1, was synthesized using commer-
cially available nonionic surfactant Pluronic® P123 (BASF) as a
structure directing agent. P123 is an amphiphilic triblock copoly-
mer having the sequence poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) (PEO-PPO-PEQ), EO5PO79EO5g. The
evaporation induced self-assembly (EISA) process was applied to
synthesize bioactive mesoporous glasses.

During preparation, 4.5 g of Pluronic P123 was dissolved (~1h)
in 85 ml of ethanol with 1.12 ml of 0.5 N HNOs. At every 3 hinterval,
other reactants i.e., tetraethyl orthosilicate (TEOS), triethyl phos-
phate (TEP), calcium nitrate Ca(NO3),-4H,0 and cerium nitrate or
gallium nitrate or zinc nitrate (Aldrich) were added under con-
tinuous stirring. The sol was poured in Petri dishes and kept at
room temperature for 7 d. After the gelation process, the dried
gels were removed as homogeneous and transparent membranes
and calcinated at 700°C for 3 h using heating rates of 2°Cmin~1.
The obtained glasses were subjected to attrition milling in order
to obtain ~10 pm size particles to be employed in the dip coat-
ing method for the production of coated samples. All the blends
(30¢g of powder for each preparation) were homogenized by attri-
tion milling for 1 h. Milling parameters are as follows: high-density

Table 1
Composition of synthesized glasses (in mol.%).

Sample code Samples Si0, CaO P,0s Substituent

Blank 80%Si0,-15%Ca0-5%P,05 80 15 5 -

Ce,03 (80-x)%Si02-15%Ca0-5%P,05- xCe; 03 1.0

Gay03 (80-x)%Si02-15%Ca0-5%P,05- xGay 03 1.0

Zn0 (80-x)%Si02-15%Ca0-5%P,05- XxZnO 2.0
Table 2

Textural properties of blank, cerium, gallium and zinc substituted mesoporous
bioactive glass.

Samples Sger (m?g~!) Pore size (nm) Pore volume (cm3g!)
Blank 354 4.1 0.426
1.0%Ce, 03 266 3.5 0.282
1.0%Ga, 03 309 4.0 0.376
2.0%Zn0 313 3.5 0.319

nylon container (volume=750ml); 500 g of 99 wt.% alumina balls
(diameter =6-8 mm); 100 ml of ethanol (98%); 300 cycles min~!.

After milling, particle size distribution (PSD) was evaluated
using a Horiba LA950 laser scattering PSD analyzer. The measure-
ments were carried out in water after sonication for 3 min. For
clarity of comprehension PSD curves are represented with loga-
rithmic abscissa, as it is commonly done for the presentation of
this type of results.

2.2. Dip coating

Ti6Al4V discs of dimension 30 mm diameter and 2 mm thick-
ness were used as substrate for the deposition of organic-inorganic
hybrid coatings. Before dip coating, the substrates were subjected
to pretreatments consisting of grinding with 800 grit silicon car-
bide (SiC) emery paper followed by etching in Kroll’s reagent for
1 min. The Kroll’s reagent is a hydrous solution comprising of 6 ml
nitricacid (HNO3)and 2 ml hydrofluoric acid (HF) dissolved in 92 ml
distilled water. Different surface preparation methods were consid-
ered including only grinding or grinding and etching with different
immersion times in the Kroll's reagent. The procedure reported
above is the one that optimized the adhesion behavior of the hybrid
coatings on the substrate. After pretreatment, the substrates were
cleaned ultrasonically in water, acetone and ethanol for 10 min each
and dried at room temperature for 24 h.

Milled MBG powder (2g) was suspended in 37ml of
dichloromethane (DCM) with the aid of ultrasound for 30 min.
Simultaneously, 2.6 g of polycaprolactone (PCL) was dissolved in
37 ml of dichloromethane by magnetic stirring at room tempera-
ture for 40 min. Later, MBG powder suspended in dichloromethane
was added in completely dissolved PCL—dichloromethane solution.
This mixture was allowed to evaporate by magnetic stirring and
temperature was maintained by keeping the paste in water bath
at 25-30°C. Independent of chemical composition of a paste, the
right consistency for coating was obtained in 2 h corresponding to
solid to liquid (g/ml) ratio of the suspension ~1:8. Subsequently,
Ti6Al4V alloy substrates were dipped into PCL-ceramic slurry with
withdrawal speed of 300 mm min~! for 2 cycles and dried at room
temperature for 1 d. The coating parameters were optimized by
testing set of withdrawal speed and number of cycles for dipping.
It was kept in mind that the thickness of the film should be able
to form apatite-like layer after SBF treatment and remain intact on
the surface of the substrate.

2.3. In vitro bioactivity test

Bioactivity test was carried out by keeping coated sample in
simulated body fluid (SBF) solution. Each sample was soaked in
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Fig. 2. (a) XRD pattern, (b) EDXS image and (c) FTIR spectra (before and after soaking in SBF for 3 d) of blank, cerium, gallium and zinc MBG powder samples.

SBF for five different time intervals (1d,3d,7d,15d,30d)in 30 ml
of SBF at 37°C [29]. The SBF solution was filtered with a 0.22 pum
Milipore® system filter to avoid bacterial contamination. The sam-
ples were kept in such a way that they were completely submerged
in SBF. The study was performed in static condition where SBF was
not changed throughout the experiment. After soaking at 37 °C for
different time periods the samples were removed from the SBF
solution and washed first in distilled water and then in ethanol
for 2's each. Later samples were dried for 24 h at room tempera-
ture. The chemical composition of the SBF solution and changes in
the concentration of calcium, phosphorus, silicon, cerium, gallium
and zinc during the in vitro bioactivity tests were analyzed by an
ICP spectrometer (ICP Optima 4200DV, Perkin Elmer).

2.4. Characterization

Powder X-ray diffraction experiments were performed with a
Philips X'Pert diffractometer (equipped with real time multiple
strip detector) operated at 40kV and 40 mA using Ni-filtered Cu

Ka radiation. XRD patterns were collected using a step size of 0.03°
and a counting time of 50s per angular abscissa in the 26 range
between 5° and 55°.

Textural characteristics were measured according to the BET
method by nitrogen adsorption at 77K, using Tristar 3000 gas
adsorption analyzer (Micromeritics). Before the adsorption mea-
surement, the samples were degassed under vacuum for 1h at
150°C.

FTIR analyses of glass surfaces were carried out in Jasco
FT/IR—4200 spectrometer using KBr pellets. To prepare KBr pellet,
249 mg of KBr and 1 mg of sample was mixed properly.

Microstructures of the coated samples were examined by a
Zeiss EVO40 scanning electron microscope (SEM) coupled with
the energy dispersive X-ray spectroscopy (EDXS) to evaluate the
microstructure of the coatings as well as the final content of sili-
con, calcium, phosphorus, cerium, gallium and zinc in each sample.
Before analysis, samples were coated with gold for 2 cycles (each
of 20s) at 0.12 mA and 30 mbar.
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Fig. 4. FTIR spectra of PCL and blank, cerium, gallium, zinc MBG after mixing with
PCL.

3. Results and discussion

The PSD of the powders used for the dip coating procedure must
be distributed within a narrow and possibly micronic range [30].
Fig. 1 shows the PSD curve of the 80%Si0,-15%Ca0-5%P, 05 powder
sample, which was selected as representative of all blends after
the milling procedure. A monomodal PSD centered at 7 um can be
observed, with minimum particles size close to 1 um and maximum
at about 20 pm. All the other blends, displayed PSD curves similar
to that reported above after the milling procedure. Therefore, it
is assumed that, as a result of attrition milling, all compositions
investigated in this work display similar behavior during the dip
coating procedure.

Before proceeding with coating, the milled cerium, gallium
and zinc MBG powder samples were examined by XRD, nitrogen
adsorption, EDXS and in vitro bioactivity test. Fig. 2(a) reports the
XRD patterns of blank, cerium, gallium and zinc substituted MBG
powder. The amorphous structure of the silica matrix of MBG was
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Fig. 5. SEM-EDXS results of Ti6Al4V substrate (a) uncoated and (b-e) coated with
blank, cerium, gallium and zinc MBG-PCL.

confirmed by the presence of a broad band between 20 and 30° (26
value) with no diffraction maxima in all the samples. Table 2 dis-
plays the specific surface area (Sggr), pore volume and pore size of
the samples. The specific surface area ranges from 266 m2 g-! for
Ce containing glass to 354m?2 g~! for the blank sample. Pore size
ranges from 3.5 nm for Ce and Zn containing glasses to 4.1 nm for
the blank sample, whereas pore volume ranges from 0.282 cm3 g~!
for Ce containing glass to 0.426 cm? g~! for the blank sample. The
textural properties of attrition milled glasses reported were simi-
lar to those observed in previous research [25]. The EDXS analysis
carried out on the milled MBG powder samples (Fig. 2(b)) shows
homogenous distribution of substituents as well as silicon, calcium
and phosphorus. The FTIR spectra (Fig. 2(c)) of the blank, 1.0%Ce; O3,
1.0%Ga, 03 and 2.0%Zn0 mesoporous glasses show intense absorp-
tion bands at 1040 and 470 cm~! that correspond to the asymmetric
bending vibration of the Si—O bond and a band at 800cm™! that
is attributed to symmetric stretching of the Si—O bond. After 3 d
of SBF soaking in the SBF solution, absorption bands of crystalline
calcium phosphate at 560 and 600 cm~! were present along with
carbonate band at 1419 cm~! indicating apatite-like layer forma-
tion. These absorption bands were detected in all samples except
2.0%Zn0 MBG, in line with results reported in previous study [25].
The results obtained on MBG powder samples confirm that the
glasses prepared in this work retain their physical, chemical and
in vitro properties after attrition milling.

The powder samples consisting of cerium, gallium and zinc
substituted mesoporous bioactive glasses and polycaprolactone
(indicated as “MBG-PCL”) were successively employed for the
deposition of organic-inorganic hybrid films by dip coating tech-
nique on Ti6Al4V substrates according to the procedure reported
above.

Fig. 3 displays the X-ray diffraction patterns of uncoated Ti6Al4 V
substrate, PCL and blank, cerium, gallium, zinc substituted MBG-
PCL coated titanium samples. The XRD patterns for all coated
samples were very similar. The broad hump between 20 and 30°
(26 value) was due to the amorphous silica matrix, which indi-
cates presence of ceramic in the coating on the substrate. The
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Fig. 6. FTIR spectra of blank, cerium, gallium and zinc MBG-PCL coating before and after soaking in SBF for different time intervals.

hump in PCL was not well defined. In addition, the sharp peaks
typical of crystalline material visible in the diffractogram were of
PCL and titanium [31,32]. The FTIR spectra (see Fig. 4) of PCL and
blank, cerium, gallium, zinc MBG-PCL show characteristic bands of
—CH,— at 2950 and 2853 cm~!, C=0 at 1720 cm~! and carboxylic
group at 1250 and 1170cm™! for polycaprolactone, respectively
[33,34]. Furthermore, the absorption band at 1035 and 442 cm™!
are assigned to the Si—O—Si asymmetric stretch and the band cen-
tered at ~800cm~! could be ascribed to Si—O symmetric stretch
[35]. These bands were not present in PCL samples.

Fig. 5 presents the surface morphology of the uncoated and those
of blank, cerium, gallium, zinc substituted MBG-PCL coated tita-
nium substrates. The uncoated titanium substrate (see Fig. 5(a))
showed the alpha and beta phases of titanium as a result of grind-
ing and etching in the Kroll’s reagent. Adhesion of the coating is due
to combination of surface roughness formed by grinding and suc-
cessive etching in the Kroll's reagent. The SEM micrograph image of
coated Ti6Al4 V alloy substrates (see Fig. 5(b)—(e)) showed that the
organic-inorganic hybrid filmdeposited by dip coating uniformly

cover the substrate and are crack free. This suggests a good adhesion
between the coating and substrate. Moreover, the coatings present
a heterogeneous structure comprising of random sized particles
with sharp edges, which is typical for a mesoporous bioactive glass.
The thickness of the coating was found to be more than 1 wm mea-
sured by fracturing the film and mounting the side on in SEM. It is
within the required limits of apatite layer formation. EDXS analy-
sis showed (see Fig. 5(b)-(e)) homogenous distribution of Si, Ca, P,
and C in the coated samples. Moreover, Ce, Ga, Zn introduced in the
coatings can be detected by EDXS analysis. These results together
with those obtained by XRD and FTIR on MBG-PCL coatings confirm
the presence of an organic-inorganic hybrid structure consisting of
both glass and polymer phases.

3.1. Invitro bioactivity test
Bioactive materials exhibit significant feature of bonding with

living bone through apatite-like layer formation on its surface when
in contact with physiological fluid both in vitro and in vivo. In vitro
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Fig. 7. SEM-EDXS results of blank, cerium, gallium and zinc MBG-PCL coating before and after soaking in SBF showing evolution of hydroxyapatite surface layer formation.

bioactivity assay can be performed by soaking bioactive materialsin
a fluid (simulated body fluid) mimicking human plasma [29]. Bac-
terial contamination is avoided by filtering the simulated body fluid
(SBF) before soaking the samples. During the assay, rapid exchange
of cations like Ca%* ions from the glass and H30" of the solution
takes place. This results in formation of Si—OH group on the glass
surface forming nucleation sites for apatite layer. Later, Ca%* and
PO,43- from solution precipitates on the nucleation site to form
amorphous calcium phosphate layer, which eventually crystallizes
to form apatite-like layer by incorporation of OH~ and CO32~ anions
from the solution. In the present study, the formation of apatite
layer was monitored by two ways—directly by analyzing the apatite
formation on the surface of the coated substrates by FTIR and SEM-
EDXS and indirectly by evaluating changes in calcium, phosphorus
and silicon concentration in SBF solution.

Fig. 6 shows the FTIR spectra of blank, cerium, gallium and zinc
MBG-PCL coated titanium substrates before and after soaking in SBF
for six different time intervals (Oh,1d,3d,7d, 15d and 30 d). After
1 d of soaking, the absorption band at 561 cm~! was observed cor-
responding to an amorphous phosphate in blank MBG-PCL coated
sample. In 1.0%Ce,;03 and 1.0%Ga;03 MBG-PCL coated samples
same band was recorded but after 3 d of SBF immersion. A well-
resolved doublet at 560 and 600 cm~! corresponding to crystalline
calcium phosphate was found in blank MBG-PCL coated sample
after 3 d [36]. On the other hand, beginning of doublet formation
was observed in 1.0%Ce,03 and 1.0%Ga;03 substituted MBG-PCL
coated samples, except in 2.0%Zn0, after 7 d of soaking. In 2.0%Zn0O

MBG-PCL coated sample, the intensity of phosphate band increased
with soaking time with no doublet formation even after 30 d. This
clearly indicates that all samples show in vitro bioactive response
except 2.0%Zn0O MBG-PCL.

Fig. 7 shows SEM-EDXS analysis of blank, 1.0%Ce, 03, 1.0%Ga, 03
and 2.0%Zn0 substituted MBG-PCL coated samples before and dur-
ing SBF treatment. The results clearly depict high in vitro bioactivity
shown by blank, 1.0%Ce,03 and 1.0%Ga; 03 MBG-PCL coated tita-
nium samples. Before soaking, a large amount of Si and small
amounts of Ca and P were detected in EDXS spectra. After 7 d of
SBF immersion, significantly high concentrations of Ca and P and a
small amount of Si were found in the newly formed surface layer.
This was further confirmed by checking the Ca/P molar ratio value
1.64 by 7 d, which is in the range of the calcium deficient biological
apatite [37]. On the other hand, in case of 2.0%ZnO MBG-PCL coat-
ing Ca and P amount did not increase even after 30 d of SBF soaking
hence showing low in vitro bioactivity response.

Change in SBF composition during in vitro bioactivity tests can
be used as an indirect method to understand the events that take
place on the glass surface. Partial soluble nature of bioactive glass
causes increase in Ca, P and Si ions in solution. Later on Ca and
P level of SBF solution decreases due to calcium phosphate layer
formation on the surface of glass. In the present study, variations
in Ca, P and Si value of SBF solution were monitored during in vitro
bioactivity assays (see Fig. 8).It can be seen that Calevel increased in
blank MBG-PCL sample till 1 d and then the level starts to decrease.
Similar trends were observed in 1.0%Ce;03 and 1.0%Ga;03 MBG-
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PCL coated samples in which the increase of Ca ion was detected
within 3 d, although it decreases for longer soaking time.

Profile of P concentration was quite similar for blank, 1.0%Ce, 03
and 1.0%Ga;03 MBG-PCL coated samples where it increased till 1
d and then decreased as a function of time to ~10 ppm. The Si con-
centration in all the samples showed increase in level after 1 d of
SBF soaking.

On the other hand, 2.0%Zn0O MBG-PCL coated sample displayed
a different behavior as compared to the other compositions. Initial
increment in Ca, P and Si level was recorded along with only slight
fluctuation in their concentration till 30 d. Previous studies have
shown that zinc in glass composition improved chemical durability,
slowed down the formation rate of calcium phosphate layer and
decreased the size of crystalline apatite particles [38].

During in vitro bioactivity assay, the pH of SBF solution remained
fairly constant for 30 d. After 1 d, only slight change was observed
from 7.4 to 7.8. Thereafter, it remained constant throughout the
assay.

This study has demonstrated that cerium, gallium and zinc sub-
stituted 80%Si0,-15%Ca0-5%P,05 mesoporous bioactive glass can
be coated on Ti6Al4V alloy by combining with polycaprolactone.
Our next objective will be to study the coated sample in cell culture
to verify if they maintain the desired biological properties induced
by substitution.

4. Conclusions

In the present study, hybrid coating containing cerium, gallium
and zinc substituted 80%Si0,-15%Ca0-5%P,05 mesoporous bioac-
tive glass and polycaprolactone were deposited on Ti6Al4V alloy
by dip coating method. Cerium, gallium and zinc exhibit important
role in bone metabolism like positive effect on primary osteoblasts,
improve mechanical properties of bone, stimulatory effect on bone

formation, respectively. The obtained coating was homogenous and
crack free having thickness more than 1 wm which is enough to
initiate apatite-like layer formation. This was confirmed by in vitro
bioactivity assay where blank, 1.0%Ce;03 and 1.0%Ga,;03 MBG-PCL
coated samples maintained optimum in vitro response. However,
2.0%Zn0 MBG-PCL sample showed negative in vitro response,
which could be due to the improved chemical durability by zinc
in glass composition that slows down the apatite-like layer forma-
tion. Hence, blank, 1.0%Ce;03 and 1.0%Ga;03 MBG-PCL coatings
deposited on Ti6Al4V alloy samples combine the good in vitro
bioactivity typical of bulk MBG of same composition with the struc-
tural properties of Ti6Al4 V titanium alloy.
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