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Abstract

In this work, sol-gel derived bredigite (MgCa7Si4O16), akermanite (MgCa»Si>07), and
diopside (MgCaSi2QOs) porous microspheres were loaded with vancomycin, and the release
kinetics of this drug from them was evaluated. In this regard, mathematical models of
Higuchi, Peppas, Baker-Lonsdale, Hixson-Crowell, first order, and zero order were
considered in terms of linear and nonlinear regression analyses. Using the goodness of fitting
correlation coefficients, the number of release stages was determined, and then diffusion- and
degradation-controlled mechanisms were assigned to each stage. It was found that the
diopside microspheres presented a two-step diffusional drug delivery. For akermanite and
bredigite, an initial burst diffusion-controlled release followed by a sustained mixed-mode
release mechanism of diffusion and degradation was identified, with the domination of the

latter especially for bredigite.
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1. Introduction

Ceramics are widely used in biomedical applications including bone tissue regeneration
medicine and drug delivery systems. In this regard, ceramic microspheres have attracted an
increasing level of attention as bone defects fillers, due to their suitable shape and size to fill
complex and abnormal defects [1-6]. Porous microspheres used as drug delivery carriers also
provide other advantages, such as reducing the usage frequency and side effects of drugs and
the ability to control the release of the drugs [7, 8]. Desirable ceramic microspheres used in
bone tissue reconstruction and drug delivery systems, while having the ability to control the
drug release, should be bioactive and bioresorbable [4].

On the one hand, the ceramic composition is the main parameter that influences its
bioactivity, degradability, and biocompatibility. On the other hand, the beneficial effect of
some ions released from bioceramics into the tissue environment suggests the incorporation
of certain species in tissue-regenerative drug delivery carriers [9-11]. Magnesium as the
fourth most abundant cations in the human body is one of these species. The body of a
normal adult human contains 1 mole magnesium per 70 kg, where an estimated half of this
amount is stored in bone tissues [12]. The encouraging role of magnesium in the adhesion
and growth osteoblast cells makes Mg-containing silicates promising for bone tissue repair
approaches, in the forms of coating [13-16], scaffold [17, 18], and filler [19-23].

Regarding the drug delivery task, the drug release rate is a key characteristic which is
affected by porosity, carrier degradation rate, chemical potential gradient, and the occurrence
of physical and chemical processes. In other words, these factors determine the mechanism of
drug release from the carriers, which can be recognized by combining precise laboratory data
with relevant mathematical models [4, 24-27]. To our knowledge, there are no systematic

reports on the study of the mechanism of drug release from Mg-containing silicates, which is
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the subject of this paper. In this regard, vancomycin release mechanisms from bredigite
(MgCasSi4016), akermanite (MgCaxSi»07), and diopside (MgCaSi»Os) microspheres were

assessed.

2. Materials and methods

Mg-containing silicate powders of bredigite (MgCa;Si4O16), akermanite (MgCa»Si»07),
and diopside (MgCaSi2O¢) were synthesized by sol-gel and calcination processes. Briefly,
Si(OC2Hs)4 was hydrolyzed in H2O catalyzed by HNO3 under stirring for 30 min at room
temperature. Then, the stoichiometric amounts of Ca(NO3)2-4H>O and MgCl»-6H>O were
added and stirred for 5 h, followed by aging at 60 °C for 24 h, drying at 120 °C for 48 h, and
calcination at 1300 °C for 3 h.

To fabricate porous microspheres from the synthesized powders, according to Ref. [4],
the silicate and carbon (the mean size: 10 um) powders with a mass ratio of 2:3 were added to
a (C¢H7NaOg)n solution. The slurries were dripped into a cross-linking solution of CaCl,, leaving
microspheres. The microspheres were then washed with distilled water, dried at 60 °C, and finally

sintered at 1000 °C for 2 h to remove carbon and leave porosity. Field-emission scanning electron
microscopy (FESEM, TESCAN, MIRA3-XMU, accelerating voltage = 15 kV) was used to
characterize the morphology of the microspheres.

The microspheres were centrifuged in a 0.5 mg.ml"! vancomycin-phosphate buffered
saline (PBS) solution with the carriers/drug mass ratio of 120:1 for 5 min, followed by drying
at room temperature and 60 °C each for 24 h. The drug-loaded microspheres were then
incubated into the PBS with a ratio of 60.0 mg.ml™!' at 37 °C for 1, 3, 6, 24, 48, 120, and 148
h. The solutions were analyzed by a Thermo Scientific BioMate UV-visible

spectrophotometer at the wavelength of 280 nm to determine the concentration of
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vancomycin. The experimental data of the drug release were then fitted with mathematical
models, including Higuchi [28], Peppas [29], Baker-Lonsdale [30], Hixson-Crowell [31], first

order [32], and zero order [32], using Origin Pro 9 and SigmaPlot 14.0 softwares.

3. Results and Discussion
3.1. Experimental
Fig. 1. indicates the macrographs and FESEM micrographs obtained from the

prepared microspheres. According to the images, the samples are composed of fairly
spherical shaped colonies with the diameter range of 700-1000 pm and the mean diameter of
almost 900 um. According to the high magnification micrographs, the microspheres contain
pores of 30-2500 nm in size, with a mean of 35 nm for the nanopores and of 1.5 pm for the
micropores. These nanometer-to-micron sized pores provide a platform for the
accommodation of vancomycin in the microspheres during the drug loading process.

The cumulative percentage of vancomycin released from the microspheres is shown in
Fig. 2. For all the three types of microspheres, a burst release of vancomycin is detected to 6
h, followed by a sustained release to 148 h. Also, at any soaking time, the release level from
the different samples is ranked in the following order: bredigite > akermanite > diopside. In
other words, the bredigite microspheres present the highest release rates, the diopside
microspheres the slowest release rate, and the akermanite microspheres an intermediate

release rate between the bredigite and diopside microspheres.

3.2. Modeling
Mathematical modeling of drug release kinetics is a beneficial approach to improve the

design of drug delivery systems. These models can be also used to identify the various stages
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and mechanism of drug release from carriers. Various types of carriers like microspheres,
mesoporous materials, and nanoparticles exhibit different stages of drug release [33-35]. For
example, vancomycin-containing sol-gel processed silica microspheres show three stages of
the drug release: a first delay phase, a second release phase, followed by a third stage with a
slower release [6]. The models have been established in accordance to the different
mechanisms of drug release, including diffusion, dissolution, or both [36]. The fitting quality
of the experimental release data with some relevant models is evaluated to determine the drug
release mechanisms, in terms of the correlation coefficient of regression (Rc) [37, 38].

First, the Higuchi model [28] was used to evaluate the release of vancomycin from the

bredigite, akermanite, and diopside microspheres, as follows:

M= |2 (24 — eC))Cyt (1)

where M, is the amount of drug released at time ¢ by surface unity, 4 is the initial
concentration of the drug, ¢ is the matrix porosity, 7 is the tortuosity factor of the capillary
system, Cs is the drug solubility in the matrix/excipient medium, and D is the diffusion

constant of the drug molecules in that liquid. This equation can be expressed as below:

Q=-t=kt @)

Moo
where Q is the fraction of drug release, M, is the cumulative drug release at infinite time, and
k is a constant. Given that the correlation coefficients obtained from the single-stage
regression of the Higuchi model, i.e. over the entire range of the drug release, were far from
unit for all of the three microspheres, it was understood that the release of the drug from the
microspheres involves several steps. Considering a two-stage regression with a cut-off time
selected on the criterion of the proximity of the fitting correlation coefficients to unit, the

experimental data of release was divided into two groups (0-6 h and 6-148 h) and
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independently regressed with the Higuchi models, as shown in Fig. 3a. The values of the
correlation coefficient for this two-stage regression indicate the excellency of the fitting
process (Table 1). In accordance to the literature, the application of the Higuchi model points
out different stages of vancomycin release from various carriers, for instance, a mono-step
process from microporous polymer-impregnated brushite [39], two-step processes from silica
microspheres [6] and bioactive glass nanoparticles [40], and a three-step process from silica
granules [6]. That is, the number of vancomycin release stages is the carrier-dependent, not
drug-dependent.

To determine the mechanism of the drug release from the different microspheres at
each stage, the Peppas model [41] was used:
Q=kt™ 3)
where 7 is an indicator of the mechanism of drug release, as classified into three modes:
diffusion, degradation and a mixed of them. According to this model, for spherical carriers, n
= 0.43 indicates a diffusion-controlled release, n = 1 depicts a drug release based on
degradation, and when the value is between 0.43 and 1, the carriers show an anomalous
transport behavior including degradation and diffusion [36]. It is noteworthy that the Peppas
model has been developed to describe drug release from polymeric carriers; however, it is
also used for ceramic porous systems when the mechanism of drug release is unknown [39].
The fitting plot of the drug release data from the microspheres with the Peppas model is
demonstrated in Fig. 3b, and the related parameters are listed in Table 2. For the first stage of
release, the correlation coefficients more than 0.98 which means excellent fitting were
obtained at n = 0.43 for all the carriers, suggesting the domination of Fickian diffusion. For
the second stage that happens at a slower rate, using the Peppas equation, n = 0.43 for the

diopside microspheres and n = 0.45 for the akermanite and bredigite microspheres yield the
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best fitting results. That is, the second stage of vancomycin release is controlled by diffusion

for diopside and by a mixed mode of diffusion and degradation for akermanite and bredigite.
To verify the conclusions drawn from the Peppas analysis on the drug transport

mechanisms, the following models were also correlated with the experimental data and the

fitting merit was evaluated:

i) Baker and Lonsdale equation [30] for a spherical matrix which is a development of the

Higuchi model and describes diffusion-controlled drug release cases:

2
3 M \3 M _
5[1—( —M—w)]—m-kt @
ii) Hixson and Crowell cube-root equation [31] which is used for systems that show

dissolution-controlled behaviors:

3\/ —M£;=—kt (5)

iii) First order release [32] in which the activity of the drug in the matrix is reduced

exponentially, with the consideration of the geometry and dissolution of the carrier:

1n( - ﬂ) = —kt (6)

Meo

iv) Zero order release [32] which is used for systems with degradation-controlled drug release

mechanisms:
My
=kt (7

The fitting parameters of the experimental data with these four equations are listed in
Table 3. Comparing the correlation coefficients of these models in the first stage of release, it
is found that the best fitting is related to the diffusion-controlled Baker-Lonsdale equation for
all the carriers. This is in good agreement with the mechanism identified by the Peppas

fitting. The diffusion-controlled mechanism of the drug release at this stage (i.e. the
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negligible contribution of dissolution) is well supported by the fact that after one day of
soaking in a simulated body fluid, the weight loss of bredigite, akermanite, and diopside disks
is lower than 0.85, 0.5, and 0.5 %, respectively [42]. Since the first stage of the drug release
from all the carriers lasts for 6 h, the degradation amount of the microspheres during this
stage is insignificant and has no considerable effect on the drug release. The fitting analysis
on the second stage of release demonstrates that the highest correlation coefficient for
diopside is related to the diffusion-based Baker-Lonsdale model, which confirms the
diffusional mechanism realized from the Peppas analysis. Regarding the bredigite and
akermanite carriers, on the one hand, the Peppas analysis pointed out a combined release
mechanism of degradation and diffusion at this stage. On the other hand, the Baker-Lonsdale-
to-Hixson-Crowell correlation coefficient ratio for bredigite is lower than that for akermanite.
Considering that the Baker-Lonsdale and Hixson-Crowell models are diffusional- and
dissolution-based, respectively, it is realized that the contribution of the degradation
mechanism for bredigite is more than that for akermanite.

It is eventually concluded that the contribution of degradation to the drug release
comparatively ranks as: bredigite > akermanite > diopside, as a result of the difference of the
degradation rate in the same ranking. This is compatible with the report of Wu and Cheng
[42] comparing the in vitro weight loss of bredigite, akermanite, and diopside immersed in a
simulated body fluid. This ranking is attributed to the relative amounts of SiO2/CaO and
MgO/CaO in the different ceramics, where bredigite (MgCa7Si4O16 or 4510,-7Ca0-MgO)
has the lowest, diopside (MgCaSi>0O¢ or 2S10,-Ca0O-MgO) possesses the highest, and
akermanite (MgCaxSi207 or 2S10,-2Ca0-MgO) enjoys the intermediate values of these
essential constitutes. The higher content of SiO> ensures the connectivity and thereby stability

of the silicate network. Also, the higher bond energy of Mg-O than Ca-O limits the release of
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both Mg and Ca ions [42, 43]. This is in good agreement with that fact that the degradability
of silicate ceramics is in inverse proportional to the activation energy of silicon release,
where the activation energy is increased with amounts of both SiO2 and MgO in the SiO»-

Ca0-MgO system [42, 44].

4. Conclusions

In this work, vancomycin release from bredigite, akermanite, and diopside porous
microspheres was studied. Considering the results of this work in addition to the literature, it
was concluded that the number of vancomycin release stages is determined by specifications
of the carriers, not drug. Additionally, according to experimental and modeling analyses, the
drug transfer from the silicate carriers consisted of two steps: an initial burst release followed
by a slow sustained release. The first stage of release for all the carriers was based on a
diffusion-controlled mechanism. At the second stage of release, the drug-loaded diopside
microspheres again exhibited a diffusion-controlled release of vancomycin. However, a
mixed mode of diffusion and degradation was identified to control the second stage of release

from the bredigite and akermanite microspheres, where degradation was dominant for both.
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Fig. 1. Macrographs and FESEM micrographs of the microspheres in two magnifications:

bredigite (a, b and c), akermanite (d, e and f), and diopside (g, h and 1).
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Fig. 2. Measured release percentage of vancomycin from the microspheres.
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Fig. 3. Fitted Higuchi (a) and Peppas (b) plots of vancomycin release from the microspheres.
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Tables

Table 1. Parameters obtained from the Higuchi fitting for the first and second stages of the

drug release from the bredigite, akermanite, and diopside microspheres.

Bredigite Akermanite Diopside

Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2

k R, k R, k R, k R, k R, k R,

0.3300  0.99 0.0159 096  0.2700 0.99 0.0152 0.95 0.2300 0.98  0.0126 0.97

Table 2. Parameters derived from the Peppas fitting for the first and second stages of the

drug release from the bredigite, akermanite, and diopside microspheres.

Stage 1 Stage 2
Sample k n R, Intercept K n R,
Bredigite 0.37 0.43 0.98 0.75 0.0216 0.45 0.97
AKkermanite  0.28 0.43 0.98 0.62 0.0215 0.45 0.96
Diopside 0.22 0.43 0.98 0.51 0.0193 0.43 0.98
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Table 3. Regression correlation coefficient values derived from the different fitting for the

first and second stages of the drug release from the bredigite, akermanite, and diopside

microspheres.
Model R for bredigite R, for akermanite R, for diopside
Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2
Baker-Lonsdale 0.99 0.96 0.99 0.95 0.99 0.96
Hixson-Crowell 0.96 0.86 0.92 0.83 0.88 0.87
First order 0.98 0.64 0.95 0.79 0.91 0.80
Zero order 0.98 0.63 0.83 0.80 0.80 0.78
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