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Abstract

One of the drawbacks of metals and alloys in biomedical applications is their inefficient
fixation to adjacent tissues which can be fairly addressed by applying bioactive ceramic
coatings. In this work, colloidal suspensions based on coprecipitation-derived nanoparticulate
diopside (CaMgSi20s) were deposited on stainless steel 3161 by dip-coating and subsequent
low-temperature sintering. Afterwards, the structure, bioactivity and biodegradation of the
samples were in vitro evaluated by spectroscopic and microscopic techniques. The apatite-
forming ability of the surface was found to be improved by using the nanodiopside coating,
while controlled by a typical ion-exchange reaction mechanism originating from the film’s
degradability. In this regard, after soaking the coated samples in a simulated body fluid, an
integrated leaf-like precipitation of apatite at early stages and a following non-uniform rose-
like growth of apatite with an increased level of the carbonate substitution for hydroxyl were
detected. It is eventually concluded that nanodiopside coatings deserve further consideration
and development in the biomedical field, where a bioactive fixation is needed along the

implant/tissue interface.
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1. Introduction

Metals and alloys are widely used in the different fields of biomedicine, such as
orthopedic, dental, cardiovascular and hyperthermia applications [1-4]. The main advantage
of this classic group of biomaterials is that they offer a desirable combination of mechanical
strength and toughness. On the other hand, they suffer from a number of drawbacks like
corrosion and inefficient bioactivity. The former can result in an early fracture failure and/or
the detrimental influence on biocompatibility. Also, because of the latter limitation, the
metallic biomaterial is deprived of a desirable fixation to neighboring tissues, which can lead
to the implant’s loosening, feeling pain and/or mechanical damage to adjacent tissues [5, 6].
These surface-relating disadvantages can be fairly overcome by applying coatings on the
metallic implants [7-17].

Among the various types of biomaterials, a number of ceramics present the most
bioactivity via the formation of an apatite layer on their active surface, leading to a chemical
bonding to adjacent tissues. Typical examples for these bioceramics include bioactive
glasses, glass-ceramics and calcium phosphates. A newer family of ceramics, belonging to
the Si02-Ca0O-MgO system, is currently under consideration, due to its superior fracture
toughness and osteoinductivity [18, 19]. One of the members of this system is diopside
(MgCaSi»0s) with a monoclinic pyroxene structure and a melting point of 1391 °C. In regard
to bioactivity, diopside is degraded and substituted by new bone with a relatively desired
speed, while the rest yields a homogeneous bonding to newly-grown bone [18, 20].

In general, the use of wet-chemical synthesis techniques like coprecipitation and sol-gel

provides benefits for bioceramics, particularly the chance of acquiring nanostructured pure
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products with enhanced surface activity [21-24]. Nonetheless, following these synthesis
routes, a need for calcination at elevated temperatures around 1100 °C has been reported to
obtain single-phase diopside [25, 26], which challenges the preservation of the nanometric
structure. On the other hand, after depositing sols containing coprecipitation- and sol-gel-
derived nanoparticles or sol-gel solutions, the mentioned firing cycle can result in the damage
of metallic substrates, especially stainless steels undergoing intergranular sensitization and
corrosion attack [27]. To the best of our knowledge, there is no systematic report about the
wet deposition (spin-coating, dip-coating or spray) of precipitation-synthesized diopside on
medical-grade stainless steels. In this work, diopside synthesized by a novel coprecipitation
process using chloride precursors was successfully deposited on stainless steel 316L by a
facile dip-coating method followed by a low-temperature firing process. Then, the in vitro
bioactivity and biodegradation of the product were evaluated by microscopic and

spectroscopic methods.

2. Experimental procedure

Silicon tetrachloride (SiCls4, Merck, Germany, >99%), magnesium chloride (MgCla,
Merck, Germany, >98%), and calcium chloride (CaCl,, Merck, Germany, >98%) precursors
were used to synthesize diopside by a coprecipitation method. Also, ethanol (C2HsOH,
Merck, Germany, >99%) as the solvent and aqueous ammonia solution (NH4OH, Merck,
Germany, 25%) as the precipitating agent were employed. For the coprecipitation synthesis
of diopside particles, an equimolar amount of CaCl> and MgCl, was dissolved in ethanol.
Afterwards, the appropriate content of SiCls, based on the diopside stoichiometry, was added

to the solution while stirring in an ice-water bath. The ammonia solution was then added to
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the solution to obtain a pH value of about 10, giving white precipitates deposited in the
bottom of the beaker under a viscous creamy liquid.

A part of the obtained precipitates, on the one hand, was dried at 120 °C, calcined at
700 °C for 2 h and then analyzed by X-ray diffraction (XRD, Co Ka radiation, scan step size:
0.03°), Fourier transform infrared spectroscopy (FTIR, resolution: 2 cm™') and transmission
electron microscopy (TEM, 200 kV). On the other hand, a part of the rest was several times
washed and centrifuged with water to remove coproducts of the precipitation process; and the
other part was kept without any processing. To prepare sols from the washed and unwashed
precipitates for coating deposition, they were separately dispersed in a proper amount of
ethanol and water. Stainless steel 316L substrates were polished by sand papers to # 3000 and
then washed by acetone, ethanol and water under ultrasonication. The prepared colloidal
suspensions were deposited on the substrates by the dip-coating method at the immersion and
withdrawal speeds of 30 mm/s with a dwell time of 30 s. After drying of the coatings at 100
°C for 2 h, they were sintered at 700 °C for 1 and 2 h under an argon atmosphere. The
surface-morphology and cross-section of the coatings were studied by field-emission
scanning electron microscopy (FESEM). Prior to the SEM observations, the samples were
sputter-coated with a thin layer of Au.

To analyze the effect of coating on the in vitro bio-performance of the substrate, the
optimal coated samples were incubated in the simulated body fluid (SBF) [28] at 37 °C for 1,
3,7 and 14 days. Concerning apatite-forming ability (bioactivity), the selected soaked
samples were studied by FESEM and FTIR. Regarding biodegradation, the concentration of
principal ions in the SBF before and after immersion was assessed by inductively coupled
plasma spectroscopy (ICP). Also, the pH value of the SBF before and after immersion was

measured.
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3. Results and discussion

Fig. 1(a) presents the XRD spectrum of the powder sample synthesized by the
coprecipitation process after calcination at 700 °C for 2 h. According to the analysis of the
pattern by the PANalytical X'Pert HighScore software, the powder is merely composed of
diopside (MgCaSi2Os, Ref. code: 00-017-0318) with a monoclinic pyroxene structure without
any impurity phase. The crystallite size of diopside is about 50 nm, as calculated by the
Scherrer equation for the most intense diffraction peak. The FTIR spectrum of the same
sample is also provided in Fig. 1(b). As can be seen, some adsorption modes of O-Ca-O and
0-Mg-O appear at about 400 cm™ and in the range of 460 cm™ to 525 cm™!, respectively.
Peaks at around 635 and 672 cm! are related to the O-Si-O bending vibration, while those
located at almost 860, 960, 1070 cm™' are assigned to the Si-O stretching modes. The peaks
appearing at about 1440 and 1635 cm™' originate from the adsorption of ambient
contamination and moisture. It would be worth mentioning that the FTIR assignments are in
good agreement with Refs. [29-31]. In conclusion, the FTIR spectroscopy suggests the
formation a single-phase diopside structure in the calcined sample, confirming the XRD
analysis. The TEM micrograph of the powder also signifies relatively polygonal-shaped
particles with an average size of almost 70 nm, as indicated in Fig. 1(c).

The SEM micrographs of the coatings deposited in the different conditions are shown
in Fig. 2. According to Fig. 2(a), the coating obtained from the unwashed sol yields an
undesirable feature, where it contains a considerable level of inhomogeneity, cracks,
discontinuity and uncoated areas. In contrast, from the viewpoint of these mentioned defects,
the coatings obtained from the suspensions containing the washed particles have acceptable

circumstances, as demonstrated in Figs. 2(b) and 2(c). Hence, it is realized that washing of
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the precipitates improves the film’s quality, via eliminating the coprecipitation coproduct
(NH4Cl, so that NH4" and CI originate from the precipitating agent and precursors,
respectively). It is due to the fact that, on the one hand, chloride ions existing in the sol
reduce the stability and wettability of the sol, thereby deteriorating the quality of the obtained
coating [32, 33]. The considerable stability of the sol achieved from the washed precipitates,
followed by the dip-coating deposition and the leave of the liquid phase, refers to the
particulate sol-gel process. On the other hand, in the presence of NH4Cl dissolved in the sol,
the dried coating contains a significant amount of this solid which sublimes during heating in
the sintering process with a high level of shrinkage, which encourages the development of
cracks in the coating. Note that considering the stoichiometric content of chloride in the
precursors, it can be estimated that the volume ratio of NH4Cl to the synthesized
nanoparticles is almost 6.5 after the coprecipitation synthesis route.

In addition, as shown in Figs. 2(b), even at this relatively low magnification, the
coating obtained from the washed sol after sintering at 700 °C for 1 h represents a particulate
nature without a considerable cohesion of the nanoparticles. In contrast, based on Figs. 2(c),
an apparently integrated coating with a good cohesion is developed for the sintering period of
2 h, as is evident in the same magnification. Thus, it is realized that the increase of the
sintering period from 1 h to 2 h effectively improves the film’s cohesion, despite the fact that
the particulate nature of the latter coating is apparent in the higher magnification micrograph
(Fig. 2(d)). According to this micrograph, the coating is mainly composed of polygonal
diopside nanoparticles of 70 nm in size, confirming the TEM observation (Fig. 1(c)).
Anyway, the coatings obtained from the washed precipitates after sintering at 700 °C for 2 h

are regarded as the optimal coating and only characterized below.
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Fig. 3 shows the cross-sectional SEM micrograph of the optimal coating in two
magnifications. The low-magnification micrograph (Fig. 3(a)) exhibits the deposited coating
with a relatively uniform thickness of about 2 pm. In addition, the higher-magnification
micrograph (Fig. 3(b)) suggests the two following points. First, an acceptable adhesion of the
coating and substrate is achieved due to sintering, as explained by an oxygen-shared
mechanism [ 14, 34]. Second, the coating contains a number of open and closed nanopores,
which verifies its particulate nature and can albeit be advantageous to bioactivity via
providing a higher surface area [35-37].

The SEM micrographs of the coated samples after 3 and 7 days of soaking in the SBF
are shown in Fig. 4. A comparison between the surfaces before (Fig. 2) and after (Fig. 4)
immersion points out the deposition of new precipitates on the surface as a result of
incubation, as characterized below to be a kind of apatite (calcium phosphate). This is in
contrast to the uncoated stainless steel 316L which presents no typical apatite-mineralization
ability. That is, the deposition of nanodiopside on stainless steel 316L considerably
encourages biomineralization.

According to Figs. 4(a), 4(b) and 4(c), the coated surface after 3 days of immersion in
the SBF shows a complete coverage of the apatite-like precipitates. In the higher-
magnification micrographs, it is evident that the coating’s surface is uniformly covered by a
layer of non-dense intersecting irregularly-oriented plates with the averages of 20 and 180 nm
in the smallest and largest dimensions, respectively, and an average of 150 nm in spacing.
Thus, it can be inferred that the early stages of the apatite precipitation on the nanodiopside
coating are uniform and integrated. In the case of sintering at 1100 °C giving micron-sized
diopside, nevertheless, the apatite layers deposited after immersion in the SBF present unlike

appearances [25, 26]. The uniform feature of the precipitates at the early stages of the current
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work is attributed to the nanometric size of diopside providing a considerably high level of
interfaces as the nucleation sites of apatite (Fig. 2(d)).

The comparison of the SEM micrographs of the samples after 3 and 7 days of soaking
in the SBF (Fig. 4) reflects some notes. By increasing the soaking time from 3 days to 7 days,
on the one hand, the dimensions and packing of the uniform plates is enhanced due to the
evolution of apatite precipitation. On the other hand, a number of new precipitates with a
rose-like morphology, which non-uniformly cover the surface, are formed on the sample’s
surface. As seen in Fig. 4(d), the mean diameter and spacing of the flowers are about 1.2 and
2.5 um, respectively. According to the high-magnification micrographs showed in Figs. 4(¢)
and 4(f), the average thickness of each leaf of the roses is almost 35 nm. It is noticeable that
the leaf-like deposits are precipitated on a relatively dense nanodiopside substrate, while the
flowers are grown on a non-dense leaf-like apatite layer previously-precipitated in vitro. It is
accordingly believed that the different morphologies of the deposits at the different stages of
incubation in the SBF can be due to their different direct substrates (as noted above) and/or
the different ionic compositions of their real-time SBF (as determined below by the ICP
method). Anyway, the observation of these morphologies of apatite at these incubation
periods is indicative of substantial bioactivity, as a similar appearance of apatite precipitated
in vitro on the surface of apatite- and wollastonite-containing glass-ceramics (which are
known to be considerably bioactive) has been reported [38].

Fig. 5 demonstrates the FTIR spectra of the samples after incubation in the SBF for 3
and 7 days. As depicted in Fig. 5(a), the bending (at about 480 and 500 cm') and stretching
(at around 970 and 1080 cm™') vibration modes of phosphate appear in the FTIR pattern of
the sample after 3 days of immersion. In the same pattern, a low-intensity adsorption signal

of carbonate is detected at almost 875 cm™'. However, the hydroxyl group is straightforwardly
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detected from the peaks of around 1640 and 3425 cm™!. Regarding the sample immersed in
the SBF for 7 days (Fig. 5(b)), as well as the above-mentioned vibrations, the higher levels of
carbonate in the sample is identified from the additional adsorption bands of around 1420 and
1460 cm!. In addition, the intensity of the hydroxyl vibrations is reduced in comparison to
the sample soaked in the SBF for 3 days. This means that a higher level of carbonate
substitutes for hydroxyl in the apatite deposits by increasing the incubation time from 3 days
to 7 days. Note that the FTIR assignments are also in agreement with Refs. [39, 40].
Considering the above morphological assessments (Fig. 4) in parallel with the FTIR analysis
(Fig. 5), it is inferred that the leaf-like precipitates formed until the 3rd day are
hydroxycarbonated apatite (HCA) with a lower level of carbonate in comparison to the rose-
like HCA deposits detected on the 7th day of incubation.

To study biodegradation and thereby to recognize the bioactivity mechanism of the
coating, the concentrations of Ca, Mg, Si and P ions in the SBF before and after incubating
the samples for the different periods were measured by the ICP analysis (Fig. 6). As can be
observed, the ionic concentration of Ca in the SBF is progressively increased from about 100
ppm to 142 ppm for 0 to 14 days of immersion, respectively. This suggests the dissolution of
Ca from the diopside coating into the SBF, which is vital for an effective deposition of apatite
on the sample’s surface via providing a supersaturated solution. A similar increasing trend,
but with a lower slope, is also observed for Mg ions. Although the Mg species does not
directly participate in the apatite structure, its presence in the medium encourages the
deposition of amorphous apatite, but inhibits apatite crystallization [41, 42]. The
concentration of the Si species also shows a sharp increase for the first day, then a slow
enhancement to the third day, and finally a relatively constant value to 14 days of immersion.

It would be worth mentioning that the presence of Si in the SBF independently is indicative
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of the degradation of the immersed sample, since the SBF before immersion is Si-free. More
importantly, the concentration of P experiences a progressive decrease during the tested
period due to the deposition of a P-containing phase i.e. apatite, as characterized above by the
SEM and FTIR analyses.

The study of variations in the pH value of the SBF with immersion time is another
approach to explaining the variations detected in the concentration of SBF and thereby
biomineralization. Before soaking the samples, the SBF has the standard pH value of 7.4. As
showed in Fig. 7, pH increases to almost 8 to the 7th day of immersion. Because in
accordance with the ICP analysis, nanodiopside releases Mg?" and Ca*" into the SBF;
subsequently, the resultant vacancies absorbs a number of H' ions of the SBF, increasing pH.
The next decrease in pH to 14 days of incubation can be explained by the development of HA
and HCA precipitations which consume hydroxyl dissolved in the SBF.

Eventually, considering the variations in the ionic concentrations and pH of the SBF
with soaking time, a typical ion-exchange reaction is recognized as the mechanism for in
vitro apatite-mineralization of diopside as a result of immersion in the SBF. The dissolution
of Ca and Mg ions from nanodiopside, as realized from the ICP studies (Fig. 6), provides a
surface layer enriched with the silanol (Si—-OH) groups. It is believed that these surface
silanol groups have a critical contribution to apatite deposition, via adsorbing Ca cations from
the supersaturated SBF. The accumulation of these cations on the surface encourages the
subsequent adsorption of phosphate, carbonate and hydroxyl anions of the SBF. The
deposition of these ions on the surface gives rise to the formation of the related apatite
phases, as characterized by the FTIR analysis (Fig. 5). It is noteworthy that a similar

mechanism is responsible for the appropriate apatite-forming ability of bioactive glasses and

10
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glass-ceramics [43-46]; alternatively, moderately bioactive ceramics like titanates

predominantly represent a hydrophilicity-based mechanism for biomineralization [47, 48].

4. Conclusions

In this work, coprecipitation-derived diopside coatings on stainless steel 316L with a
uniform and crack-free feature and a mean thickness of almost 2 um were developed by dip-
coating and sintering at 700 °C for 2 h. The immersion of the coated samples in the SBF
induced a suitable apatite-forming ability to the substrate, in the form of hydroxycarbonate
apatite. In this regard, the formed apatite layer presented an integrated leaf-like feature at the
early stages and a next non-uniform flower-like appearance, with a tendency to the increase
of carbonate with the incubation time. The deposited diopside coating showed a degradable
behavior in the SBF, accompanied by a reduction in the concentration of P in the SBF with
incubation time. It was eventually pointed out that the aforementioned ion-exchange reaction

controls the in vitro apatite-mineralization of the nanodiopside coating.
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Fig. 1. XRD pattern (a), FTIR spectrum (b), and TEM micrograph (c) of the powder sample

calcined at 700 °C for 2 h (non-labeled peaks belong to diopside).
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Fig. 2. Top-view SEM micrographs of the coatings prepared: without washing of the

synthesized precipitates, after sintering at 700 °C (a), after washing and sintering at 700 °C

for 1 h (b), and after washing and sintering at 700 °C for 2 h in two magnifications (c, d).
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Fig. 3. Low-magnification (a) and high-magnification (b) cross-sectional SEM micrographs

of the coating sample after washing and sintering at 700 °C for 2 h.
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(2)

Fig. 4. SEM micrographs of the samples after soaking in the SBF for 3 (a, b, c) and 7 days (d,

e, f) in three magnifications.
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Fig. 5. FTIR spectra of the powder samples after 3 (a) and 7 (b) days of immersion in the

SBF.
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Fig. 6. ICP results on the SBF after incubation of the coated samples for the various

durations.
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Fig. 7. pH value of the SBF after incubation of the coated samples for the various durations.
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