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Abstract: Surface modification, particularly coatings deposition, is beneficial to tissue-engineering
applications. In this work, bioactive glass/zirconium titanate composite thin films were prepared by a
sol-gel spin-coating method. The surface features of the coatings were studied by scanning electron
microscopy, atomic force microscopy, and spectroscopic reflection analyses. The results show that
uniform and sound multilayer thin films were successfully prepared through the optimization of
the process variables and the application of carboxymethyl cellulose as a dispersing agent. Also,
it was found that the thickness and roughness of the multilayer coatings increase nonlinearly with
increasing the number of the layers. This new class of nanocomposite coatings, comprising the
bioactive and inert components, is expected not only to enhance bioactivity and biocompatibility,
but also to protect the surface of metallic implants against wear and corrosion.

Keywords: bioactive glass, zirconium titanate, spin-coating, microstructural properties,
bone/dental applications, tissue engineering

Introduction
The use of bone and dental implants continues to grow as many people are injured
during physical activities. The conventional metallic implants used in hard-tissue
engineering do not bond or integrate with natural bone tissues; therefore, bioactive
coatings are of interest to improve the bone-bonding performance of metallic implants.
In recent years, zirconia-based bioceramics have been used in biomedical applica-
tions because of their resistance to fracture, excellent biocompatibility, low cost,
and high strength.' Zirconium titanate (ZrTiO,), with an orthorhombic -PbO,-type
structure, can also be considered a suitable ceramic material in biomedical applica-
tions.** ZrTiO, thin films and coatings have attracted much attention recently in bio-
medical applications that require biocompatibility and bioactivity.” Among different
metal oxides, the combination of zirconium and titanium has recently gained much
attention, due to its additional toughening mechanism related to the ZrTiO, phase
in composites.® Zirconium oxide and titanium dioxide are promising ceramics, and
composites of these two materials exhibit high surface area, high thermal stability,
and strong mechanical strength.”®

Although widespread studies have been conducted on lead zirconate titanate (PZT),
titania (TiO,), and zirconia (ZrO,) films, little systematic work has been reported on
ZrTiO, coatings and thin films, especially those considered in biomedical fields. Recently,
Bavya Devi et al’ investigated the structure and bioactivity of ZrTiO, coatings on a stain-
less steel (SS) alloy by a nonhydrolytic sol-gel method. They concluded that the coatings
improved the bioactivity of the substrate by facilitating the apatite formation.
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Alternatively, bioactive glass materials can be used to
enhance bone-bonding ability. Upon implantation, bioactive
glasses tend to form biologically active apatite layers which
act as an interface enabling a strong bonding with bone. This
class of bioactive materials was first developed by Hench and
Buscemi!? for coating the femoral stem of hip prostheses for
cementless fixation. Bioactive glass materials exhibit osteo-
conductive properties defined as the characteristic of bone
growth in porosities and bonding along the surface. They are
also resorbable due to their mineral composition containing
calcium and phosphorus similar to natural bones. In terms
of biocompatibility and bioactivity, they have definitely
superior advantages compared with ZrTiO,. These important
advantages come from sustained release from calcium and
phosphorous right after implantation. Nevertheless, their
disadvantage lies in their low mechanical strength, which
limits their applications. It has been shown that nanocom-
posite coatings of bioactive glass and other bioceramics can
take advantage of the superior characteristics of the bioac-
tive glass part and the advantages of the other component.!!
Recently, Yazdanpanah et al' reported the replacement effects
of bioactive glass by nanocrystalline forsterite bioceramics
on the biomineralization, microstructural, and mechanical
properties. Surprisingly, they observed that the addition of
forsterite provided mechanisms to improve the toughness of
the bioactive glass matrix without deteriorating its biominer-
alization properties. In addition, the resulting enhancement
in fracture toughness indicated the potential of the prepared
nanocomposites as advanced biomaterials for load-bearing
bone tissue-engineering applications.

A variety of coating techniques have been used for the
preparation of thin films, such as sol-gel process, solution
growth technique, molecular beam epitaxy, pulse laser depo-
sition, spin coating, DC reactive magnetron sputtering, elec-
trophoretic deposition, electrolytic deposition, metal organic
chemical vapor deposition, spray pyrolysis, etc. Among them,
sol-gel spin coating has attracted more attention due to its
simplicity, reproducibility, and potential.!* The spin-coating
process is used for coatings with circular symmetry, and
the surface is held normal to the axis of rotation of the spin
coater. This technique has various processing parameters such
as viscosity, surface tension, amount of the sol, speed and
duration of rotation, humidity and temperature, and so on.
These processing parameters affect the thickness, roughness,
porosity, and refractive index of the films. Daniels et al** fully
discussed the mechanisms responsible for spin coating. In
another study, Rehg and Higgins discussed the effect of the
processing parameters based on numerical calculations on

colloidal systems.'S These detailed studies concluded that
the deposition on the substrates by spin coating is one of the
simplest preparation methods of thin films. In addition, the
coating layers applied by this technique are high quality due
to good homogeneity and reproducibility.

In this paper, the structure of multilayer bioactive glass/
ZrTiO, thin films obtained by a particulate sol-gel spin-coating
method is characterized by transmission electron microscopy
(TEM), scanning electron microscopy, atomic force micros-
copy, and spectroscopic reflection. Additionally, a natural
polymer, carboxymethyl cellulose, was used to improve the dis-
persion of the synthesized nanoparticles in the aqueous sol.

Methods

Preparation of bioactive glass

Sol-gel-derived bioactive glass powders, composed of 60%
Si0,, 36% Ca0, and 4% P,0, (mol%), were prepared through
hydrolysis and condensation of a mixed solution of tetracthox-
ysilane (TEOS; Si[OC,H.],), triethylphosphate (TEP; OP
[OC,H,],), and calcium nitrate tetra-hydrate (Ca[NO,],- ,H,0),
as reported by Taherkhani et al'® for a basic 58S bioactive
glass. An anitric acid (HCI: HNO,) solution was used as the
catalyst for the hydrolysis and condensation reactions. All the
reagents were purchased from Sigma-Aldrich (St Louis, MO,
USA). In order to prepare the sol, deionized water and 2 M
nitric acid with a volume ratio of 6:1 were stirred. TEOS and
TEP, respectively, were poured into the water/acid solution
and stirred at room temperature for 1 hour each (the molar
ratio of TEOS/TEP solution to water was calculated as 1:12).
Then, calcium nitrate was added to the resultant solution and
stirred at 323 Kelvins until all the nitrate salt was completely
dissolved. The solution was cast in a cylindrical teflon con-
tainer and kept sealed for 10 days at room temperature to
allow the hydrolysis and a polycondensation reaction to take
place to form the gel. The gel was kept in a sealed container
and heated at 343 K for an additional period of 3 days. A
small hole was inserted in the lid to allow the leakage of gases
while heating the gel to 393 K for 2 days to remove all the
water. Subsequently, the dried gel after crushing was further
calcined at 973 K for 1 day (for nitrate removal), followed
by ball milling (SVD151G5-1; LG Company, Yeouido-dong,
Seoul, South Korea) at 400 rpm for 10 hours to obtain 58S
bioactive glass powders.

Preparation of ZrTiO,

A ZrTiO, sol was prepared, according to the methods
of Salahinejad et al.!” Initially, 9.1 mmol of zirconium
tetrachloride (ZrCl, 99.5%; Alfa Aesar, Ward Hill, MA,
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USA) and 9.1 mmol of titanium tetrachloride (TiCl, 99.99%;
Alfa Aesar) were added to 200 mL of deionized water and
stirred for 2 hours. Afterwards, the pH value of the solution
was enhanced to 7 by using a 2 M NaOH solution. The hydro-
gel was rinsed several times with deionized water to remove
chloride ion and centrifuged at 6000 rpm for 10 minutes.
To prepare a sol with appropriate viscosity for spin coat-
ing, 75 mL of deionized water and 2 wt% carboxymethyl
cellulose ([CMC] sodium salt; Alfa Aesar) were added, fol-
lowed by sonication for 1 hour. The resultant sol viscosity
was 80 mPaS, measured using a Bohlin C-VOR rheometer
(Malvern Instruments Ltd, Worcestershire, UK).

Preparation of bioactive glass/ZrTiO,-

coated implants

Austenitic stainless steel substrates were ground gradu-
ally by No 180-3000 emery papers (Shor International
Corporation and The I. Shor Company, Madison, NJ,
USA), mirror-polished with 1 and 0.1 wm alumina powders
(Thermo Fisher Scientific Inc., Waltham, MA, USA), and
then ultrasonically cleaned in acetone, ethanol, and distilled
water. A sol containing 50 wt% of the milled bioactive glass
and 50 wt% ZrTiO, was then spin coated on the substrate
at 3000 rpm for 60 seconds. The wet coated samples were
immediately dried at 353 K for 1 hour in an oven. Further
heat treatment was conducted under a nitrogen atmosphere
at a constant rate of 276 K/minute by heating to 473 K,
holding for 15 minutes, heating to 673 K, holding for
15 minutes, heating to 973 K, and holding for 1 hour. This
thermal cycle was designed based on the ZrTiO,’s thermal
behavior for gradual removal of residual volatile materials
and preparing thin and uniform films, where the mate-
rial presents a sharp weight loss when heating from 373
to 673 K.'"" The above processes, including deposition,
drying, and sintering, were repeated three times to prepare
mono-, double-, and triple-layer films.

Preparation of simulated body fluid (SBF)
solution

The simulated body fluid solution was prepared by dissolving
reagent-grade NaCl, KCl, NaHCO,, MgCl,-6H,0, CaClzy
and KH,PO, into distilled water and buffering at pH 7.25
with TRIS (trishydroxymethyl aminomethane) and 1 N HCI
solution at 310 K. All reagents were purchased from Sigma-
Aldrich. The final composition of the prepared SBF is given
in Table 1 and is compared with the human blood plasma.
It should be also noted here that SBF is a solution highly
supersaturated with respect to apatite.'?

Table | lon concentrations of simulated body fluid (SBF) and
human blood plasma

lon Plasma (mmol/L) SBF (mmol/L)
Na* 142.0 142.0

K* 5.0 5.0

Mg*? 1.5 1.5

Ca*” 2.5 2.5

Cl- 103.0 147.8

HCO, 27 4.2

HPO 1.0 1.0

SO, 0.5 0.5

Sample characterization

TEM (JEM-2100; JEOL, Tokyo, Japan) at an acceleration
voltage of 200 kV was performed to evaluate the powder
particles.

The surfaces were studied by a field-emission scan-
ning electron microscope ([SEM] Hitachi S-4800, Hitachi
High Technologies America, Dallas, TX, USA) and Veeco
Multimode atomic force microscope, ([AFM] Bruker AXS
Inc, Madison, WI, USA) to evaluate the film quality and
roughness.

The film thickness was also measured by a NanoSpec
3000 system (Nanometrics, Milpitas, CA, USA) utilizing a
modern small spot spectroscopic reflectometer.

The coating adhesion to the substrates was also evalu-
ated by the adhesive tape test (in accordance with ASTM D
3359), by adhering a piece of adhesive tape (Scotch, CAT
No W-12; 3M Commercial Office Supply Division, USA),
12 % 15 mm, to the surface of the samples using gentle thumb
pressure. Then, the tape was peeled at an angle of 90° to the
substrate.

In addition, the apatite formation capability of the
samples was examined by Fourier transform infrared spec-
troscopy (FTIR) with Agilent Cary 680 FTIR spectrometer
(Agilent Technologies, Santa Clara, CA, USA). For infrared
(IR) analysis, 1 mg of the scraped samples was carefully
mixed with 300 mg of KBr (infrared grade) and pallet-
ized under vacuum. Then, the pellets were analyzed in the
range of 0—1000 cm™' with 4 cm™' resolution averaging
120 scans.

Statistical analysis

All experiments were performed in five replicates. The results
are given as mean t standard error. The statistical analysis
was performed by one-way ANOVA and Tukey’s test with
significance reported when P < 0.05. Also, for the inves-
tigation of group normalizing, the Kolmogorov—Smirnov
test was used.
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Figure 1 TEM micrographs and SAD patterns of the bioactive glass powder (A),
and TEM micrograph and SAD pattern of the zirconium titanate powder (B).
Abbreviations: SAD, selected area diffraction; TEM, transmission electron microscope.

Results and discussion
Figure 1A and B show the TEM micrographs and selected area
diffraction patterns of the synthesized powders. According
to Figure 1A, the average particle size of the bioactive
glass powders was around 100 nm, and the related selected
area diffraction pattern indicated homogeneous featureless
diffraction halos attributed to an amorphous structure. In
contrast, the amorphous ZrTiO, particles had an average size
of 5 nm as shown in Figure 1B. In addition, the particle size
distribution for bioactive glass and ZrTiO, was in the range
of 75 to 120 nm and 2 to 6 nm, respectively, as measured by
importing the TEM images into Image-J technical software
(Developed by Wayne Rasband, NIH, USA).

After mixing and applying the powders as the coating
materials, the microstructure of the samples was examined.
The uniform coverage of the coatings obtained in the first

$4800 5.0 kV 18.9 mm x 11:0 k SE(M)10/12/2012 1

deposition step was initially limited by agglomeration
of the particles as droplets on the substrate. To obtain a
complete coverage, the concentration of bioactive glass/
ZrTiO, solution was optimized by the further addition of
deionized water, while the deposition conditions were the
same. The solutions having viscosities less than 80 mPaS
could not cover the surface completely. In addition, to
obtain crack-free thicker films, a multilayer approach,
comprising three deposition steps, was employed. In fact,
due to the shrinkage and higher removal rate of volatile
materials during the sintering process, thicker films are
more prone to cracking. Figures 2A—C show the SEM
micrographs of the mono-, double-, and triple-layer coated
surfaces, respectively. The crack-free and homogeneous
bioactive glass/ZrTiO, composite coatings were achieved
with no observable defects. It is worth mentioning that
the desirable characteristics of the coatings can also be
attributed to the presence of CMC as an effective disper-
sant and stabilizer. When CMC adsorbs onto the particles,
it can cause a desirable steric stabilization by making a
negative charge around the particles, which depresses their
hydrophobicity and agglomeration. According to the steric
stabilization theory for colloidal dispersions,?2* a strong
steric repulsion between the particles is an essential factor
for having defect-free coatings.

To determine the thickness of the multilayer coatings,
spectroscopic reflectometry was used. Figure 2D shows an

Thickness (nm)

I
y

Figure 2 Scanning electron microscope (SEM) micrographs of the surface of the mono- (A), double- (B), and triple-layered (C) coated samples and thickness values of the

deposited films (D).
Note: Inset is a high-magnification SEM micrograph.
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Figure 3 Typical scanning electron microscope micrographs of the surface
morphologies of the triple-layered coated sample after the adhesion tape test.
(A) Low magnification; (B) high magnification.

enhancement in thickness by increasing the number of the
layers. As can be seen, the thickness values for the mono-,
double-, and triple- coatings are around 50, 83, and 130 nm,
respectively. Also, the thicknesses of individual layers in the
multilayer coatings are not the same, because some particles
in the successive coated layers tend to deposit on pores and
defects of the previous layer. In addition, after the evaporation
of'thin liquid films, layers of square or cubic packing were cre-
ated by self-assembly of bioactive glass and ZrTiO, particles

to obtain more stable coating phases. This effect might
be attributed to the flexibility of the drying liquid—vapor
interface in the coatings through which the bioactive glass
and ZrTiO, particles can be protruded and arranged by self-
assembly packing. One of the advantages of this technique
is that the layers can be developed by using “bottom-up”
assembly methods.?*2® This colloidal assembly is effective
for having functional structures that take advantage of their
nano- and micro-sized features. In this technique, the self-
assembly is driven by solvent evaporation, which is a simple
but effective platform for colloidal coating deposition.”
All samples were subjected to the adhesive tape test, and
it is worth mentioning that all the samples passed this test and
showed an adequate coating adhesion. The typical low and high
magnifications of SEM micrographs of the triple-coated
samples after the adhesive tape test are shown in Figure 3A
and B, respectively. As can be seen, the edge of the cuts was
completely smooth and none of the squares of the lattice were
detached, indicating the desirable adhesion of the coatings.
Figure 4 shows the three-dimensional AFM micrographs
of the uncoated, mono-, double-, and triple-layered coated
samples, suggesting uniform and dense films. The AFM
micrographs also show that the coatings consist of globular
nanoparticles with a size of 15 nm to 130 nm and an aver-
age diameter of 50 nm. This type of crack-free and uniform

Figure 4 Three-dimensional atomic force microscope images of the surface of the uncoated samples (A) and the mono- (B), double- (C), and triple-layered (D) coated

samples.
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coating can be advantageous in different applications, includ-
ing tissue engineering implants. For instance, these coatings
are expected not only to protect the surface of metallic
implants against corrosion, but also advantageously affect
hydrophilicity, biocompatibility, or bioactivity.

Surface roughness plays a crucial role in determining the
functional performance of many devices. AFM allows determin-
ing the roughness value by considering the distribution curve
of relative height among points in the scanning area, and by
calculating the average value with respect to a central plane.**
The average roughness value of the mono-, double-, and triple-
layer coated samples over areas of 5 X 5 um? is presented in
Figure 5, extracted from the AFM analyses using the DI Nano-
Scope 7.20 software (VEECO, Mannheim, Germany). It can be
seen that, by increasing the number of the layers, the roughness
increased slightly, despite the fact that some of the pores and
defects in the previous layer were covered by the subsequent
layer, as explained above in the thickness assessment. During
the sintering process of nanoparticles, some particles might start
growing on the surface due to mass transfer caused by transfor-
mation from the glassy state to crystalline state.* According to
the Stranski—Krastanov growth model, after the formation of
a continuous layer on the substrate, three-dimensional crystal
islands tend to grow on that layer,*** thereby providing rough
films with a large number of valleys and mountains.

The lattice mismatch between each layer can lead to the
growth of a strained film. In a strained film, the formation of
islands is energetically favorable, as it reduces the strain energy
in the crystal. Similar observations are made in InAs/GaAs
systems.*® Afterwards, the next deposited layer before sintering
would smooth the surface and create a very small roughness
value. But due to sintering of the newly deposited layer, if

25

20 A

Roughness (nm)

0 T T T
0 1 2 3 4

Number of layers

Figure 5 Roughness values of the deposited films.

new islands are formed through valleys of the previous film
or shrinkage in the valleys is less than that in the mountains,
the roughness would decrease. Here, the increment of the film
roughness by increasing the number of the layers suggested
that this circumstance does not exist or does not dominate. On
the other hand, it has been reported that residual stresses in the
previous layers constrict the final layer and avoid the uniform
coverage of the surface, increasing roughness.?’

The biomineralization capability of the samples was
investigated by monitoring the formation of apatite on the
surface of the coated samples by FTIR analysis. Figure 6A—C
shows the FTIR spectra of the triple-layered coated sample
after 1, 3, and 7 days of immersion in the SBF solution,
respectively. As can be seen, the bands observed at 382,
399, 950, and 965 cm™ were ascribed to P—O bending.
The bands at 711 and 782 cm™ indicated the presence of
CO,* groups on the surface of the sample. These carbonate
groups were promoted by increasing the immersion time
indicating the formation of hydroxycarbonate apatite which
is associated with the development of a layer consisting of
carbonate-containing hydroxyapatite similar to that of bone
on the surface of the coating. In addition, two characteristic
bonds at 500 cm™" were observed due to the stretching mode

Carbonate
groups

Absorbance (au)

0 200 400 600 800
Wavenumber (nm)

1000

Figure 6 Fourier transform infrared (FTIR) spectra of the triple-layered coated
sample after | (A), 3 (B), and 7 (C) days of immersion in the simulated body fluid
solution.
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of hydrogen-bonded OH~ ions and liberational mode of
hydrogen-bonded OH~ ions. The FTIR analysis showed all
typical absorption characteristics of apatite.

In summary, the crack-free and high-coverage bioac-
tive glass/ZrTiO, thin films were successfully deposited on
the stainless steel implants. The study of the biological response
of'this new coating could be an interesting subject, since these
properties are strongly affected by roughness and bioactivity.
Certainly, the biological behavior of the prepared implants
needs to be studied further for a precise conclusion.

Conclusion

In this research, multilayer bioactive glass/ZrTiO, thin films,
applicable in bone tissue engineering, were successfully
prepared by a sol-gel method using CMC as the dispersant.
The microstructural observations indicated the formation
of well-covering, crack-free, and homogeneous ZrTiO, thin
films, suggesting the merit of the processing. A nonlinear
increase in the thickness and roughness of the films was
found by increasing the number of the layers.
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