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Abstract

In this work, we obtained a mesoporous silica-
-calcium phosphate composite (MSi-CaP) in the form
of spherical granules (pellets) loaded with cefazolin
as a model antibiotic. First, the MSi-CaP composite
was manufactured in the powder form via the sol-gel
method using a soft template. The cefazolin was lo-
aded into the MSi-CaP using the immersion method.
The pellets were composed of MSi-CaP powders
(both placebo and cefazolin-loaded) and excipients,
such as microcrystalline cellulose and ethyl cellulose.
The pellets were obtained in the laboratory scale using
the wet-granulation, extrusion and spheronization
method. The pellets proved satisfactory mechanical
properties which allowed for further investigations (the
drug release studies and the mineralization potential
assay) without a risk of pellets cracking. The complete
drug release from the pellets was observed after 12 h.
The burst release of cefazolin from the pellets was
reduced by 3 when compared to the burst release
of cefazolin-loaded MSi-CaP powders (90 and
30% after 15 min of release studies, respectively).
The pellets showed the mineralization potential in
vitro, confirmed by the SEM-EDX and FTIR methods.
After 60 days of the mineralization potential assay
in the simulated body fluid, the examinations revealed
that the whole surface of pellets was covered with
the carbonated hydroxyapatite in accordance with the
desired morphology.
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Introduction

Bacterial bone infections occur mainly in adults, usually
secondary to open bone injuries, bone reconstructions or
implant insertions, and thus are difficult to diagnose and
treat [1,2]. Pathogenic changes and necrosis of bone tissue
caused by a progressive bacterial infection can be observed
via X-ray radiography only if 50-75% of a bone matrix has
already been damaged [3]. In most cases a bone biopsy
must be performed. In clinical practice, chronic bone inflam-
mation caused by bacterial infection is treated surgically
with the simultaneous implementation of antibiotic therapy
[2,4]. The use of drug-loaded bone delivery systems (bone
fillers) is intended to replace dead tissue, reduce the risk of
secondary infection and support bone regeneration [5,6].

Despite advances in surgery, biomaterials engineering,
and pharmaceutical technology, bacterial bone infections
can remain latent for many years after the treatment, with
complete recurrence in 20-30% of patients.

For the last 20 years, bone regenerative medicine has
been a promising multidisciplinary science which focuses
on biomaterials for bone healing and replacement [5,7].
One of the most innovative strategies for treating bacterial
bone infections is the application of bifunctional biomaterials
which assure the drug delivery directly into the infected area
and support bone regeneration. Much attention is paid to
biomaterials which support the damaged bone tissue thanks
to the efficient mechanical and biological properties. Among
them, mesoporous silica-calcium phosphate composites are
investigated [8,9]. Mesoporous silicas are characterized by
the high surface area, uniform pore size (4-10 nm), high
surface area to volume ratio, modifiable particles shape,
and high thermal resistance. Due to these properties, they
are studied as drug carriers [10,11]. On the other hand,
calcium phosphates, especially hydroxyapatite, are known
as excellent bone regenerating biomaterials due to their high
biocompatibility and osteoconductivity [12,13]. The calcium
phosphates exhibit good biological stability and affinity to
bone as they convert into the carbonated hydroxyapatite
after implantation. In terms of the composition and structure,
the carbonated hydroxyapatite is equivalent to the mineral
bone matrix [13,14].

Unfortunately, due to the small particle size of mesoporo-
us silica/calcium phosphate composites, their porosity,
low bulk density and adhesion, these materials cannot be
directly manufactured in the pharmaceutical technology
and biomaterials engineering processes. Only the addition
of excipients, the use of appropriate equipment and the
proper validation of the manufacturing process makes it
possible to obtain a bifunctional drug delivery system for
bone regeneration based on mesoporous silica/calcium
phosphate composites.

In this work, we obtained the mesoporous silica/cal-
cium phosphate composites formed as pellets loaded
with cefazolin as a model antibiotic used to treat bacterial
bone infections. The term “pellets” refers to small (approx.
1 mm), free-flowing, spherical granules manufactured by
the agglomeration of fine powders via the wet-granulation,
extrusion, and spheronization process. The obtained pellets
were subjected to the mechanical properties examinations
(hardness test, friability test), drug release studies and
mineralization potential in vitro defined as a possibility to
form the hydroxyapatite layer on the surface of the pellets
immersed in the simulated body fluid.

Materials and Methods

The mesoporous silica/calcium phosphate composites
(MSi-CaP) were synthesized using the sol-gel method [15].
The tetraethyl orthosilicate (TEOS) and cetyltrimethylam-
monium bromide (CTAB) were used as a silica precursor
and a structure directing agent, respectively. The calcium
chloride anhydrous (CaCl,) and potassium dihydrogen
phosphate (KH,PO,) were applied as calcium phosphate
precursors. All reagents were purchased from Sigma-
Aldrich. The synthesis was carried out in an aqueous media
with the addition of absolute ethanol and 25 wt% ammonia.
The corresponding molar ratio of reagents TEOS:CTAB:
CaCl,:KH,PO,:water:ethanol:ammonia was 0.034:0.007:
0.009:0.007:7.33:0.27:0.14. Briefly, water, ethanol, aque-
ous ammonia and CTAB were mixed in a polypropylene
beaker for 15 min, at 300 rpm. The pH of the obtained solu-
tion was 10. Next, CaCl,, K,HPO,, and TEOS were added
and the resulting mixture was continuously stirred for 2 h.
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Then the mixture was stored at 90°C for 5 days. The result-
ing solid product was recovered by the vacuum filtration,
washed with 100 ml of absolute ethanol and dried at 40°C
for 1 h. The CTAB template was removed from the product
using calcination in the air (6 h at 550°C, heating rate of
1°C/min) in a muffle furnace (FCF 7MS series). The final
powder composites were micronized in a grinder (Mortar
Grinder Pulverisette 2, Fritsch) for 5 min at 75 rpm to obtain
200-500 pm fraction for further studies.

Cefazolin (Cef) was loaded into the composites using
the immersion method. In brief, each sample of 200 mg
of synthesized composites was immersed for 30 min in
a concentrated (10 mg/mL) aqueous solution of cefazolin
sodium (Biofazolin, Polpharma) while vigorously shaken.
Next, the suspension was filtrated in a vacuum and the
concentration of the cefazolin remaining in the solution
was examined by monitoring the changes in absorbance at
271 nm by means of the UV-Vis spectrophotometer Shi-
madzu, (model UV-1800). The cefazolin-loaded composites
were dried at room temperature for 24 h. The calculated
mean amount of drug loaded into the composite was 32.9
+ 2.5 mg per 1 g of the composite.

Both the placebo mesoporous silica/calcium phosphate
composites (MSi-CaP) and the ones loaded with cefazolin
(MSi-CaP-Cef) were used to manufacture pellets via the
granulation, extrusion and spheronization technique using
Caleva Multi Lab apparatus (FIG. 1). The size of each batch
was 5 g. Each formulation was composed of MSi-CaP, MSi-
CaP-Cef and excipients: microcrystalline cellulose (MCC;
Avicel PH 101, Sigma-Aldrich) and ethylcellulose (EC;
Ethocel 20 cP, Dow Chemical) in the amounts of 30, 20,
45, 5 wt%, respectively. The powders were first premixed
in @ mortar and then in a granulator attachment (100 rpm,
5 min). The mass was wet-agglomerated using the EC
ethanolic binder solution (5 wt%) in the same attachment
(100 rpm, 5 min). The optimal volume of binder solution
was determined using Caleva Torque Rheometer. The wet
mass was then extruded in an extruder attachment running
at 100 rpm with a circular 1 mm holes diameter and depth.

The entire batch of the extrudate was then spheronized in
a spheronizer attachment of 8.5 cm in diameter (2500 rpm,
5 min). The resultant pellets were left to dry overnight at
room temperature. For further studies (drug release and
mineralization potential studies) the main fraction of pellets
(0.8-1.0 mm) was chosen as the fraction obtained from
sieving with the highest weight (=80%).

The drug release studies were performed using USP
Il Paddle Apparatus (Copley DIS-6000) at 37°C, 50 rpm.
A constant fraction of the pellets was used for each batch.
Purified water (pH=7.0; 500 mL) was applied as a dissolution
media providing sink conditions. At suitable time intervals,
2.0 mL of solutions were filtered using membrane filters
(0.45 um) and analyzed spectrophotometrically at 271 nm.
The drug stability was provided during the whole release
studies. The drug release data were plotted as the cumula-
tive percent of Cef released (Q) as a function of time (t).
The release studies were repeated 6 times. The same re-
lease studies were carried out for the parent MSi-CaP-Cef
powders for comparative purposes.

The mineralization potential assay of the pellets was car-
ried out in the simulated body fluid (SBF) [16]. Each 200 mg
of pellets was soaked in 100 mL of SBF in polypropylene
containers. The samples were stored in a water bath for
60 days (37°C, 70 rpm). The SBF was exchanged for the
fresh one every 24 h.

The composites were investigated using Fourier Trans-
form Infrared Spectroscopy (FTIR, Jasco model 410, KBr
technique, 4 cm™ resolution with spectra standardization
to maximum absorbance at ~1080 cm™ peak), the scan-
ning electron microscopy equipped with energy dispersive
X-ray spectroscopy (SEM-EDX, Hitachi SU-70, samples
were gold-coated), transmission electron microscopy (TEM,
Tecnai G2 T20 X-TWIN) and stereoscopic microscope
(Opta-TECH X 2000). The hardness (referred to as a force
at 90% strain) and friability of the pellets were tested using
texture analyzer (TA.XT plus, granule compaction rig) and
friabilator (Erweka TAR 10, 4 min, 25 rpm), respectively.
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FIG. 1. The schematic illustration of pelletization process for the mesoporous silica-calcium phosphate composites.
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Results and Discussions

The SEM and TEM micrographs of MSi-CaP-Cef com-
posite are presented in FIG. 2. Both the SEM (FIG. 2a)
and TEM (FIG. 2b) results showed the biphasic nature
of the obtained composites: spherical drug-loaded silica
particles and rod-like calcium phosphate precipitates.
As presented in FIG. 2c, the silica particles were charac-
terized by mesoporous structure (~3.5 nm pore diameter),
typical for silica materials obtained via the sol-gel method
with CTAB as a structure directing agent [17,18].

The FTIR spectra of both the parent and Cef-loaded
MSi-CaP powders and pellets are presented in FIG. 3.
In the FTIR spectrum of parent MSi-CaP composite (FIG. 3,
left) the bands characteristic for silica (1090, 960, 800,
465 cm™ of v, Si-O-Si; v; Si-OH; v, Si-O and 6 O-Si-O
vibrational modes, repetitively) [19] and phosphates (604,
565 cm™ assigned to v, vibrational mode of P-O-P in (PO,)*
group) [20] were observed, which also confirmed the bipha-
sic nature of synthesized material. In the case of Cef-loaded
composite (MSi-CaP-Cef) (FIG. 3, left) the bands charac-
teristic for Cef molecule confirmed the drug presence in the
MSi-CaP composite after the loading procedure. The shiftin
bands from 1759 to 1761 cm™ and from 1357 to 1363 cm™’
may suggest the weak chemical interaction via hydrogen
bonding between Cef molecules and the MSi-CaP surface.

The chemical interactions between silanols present on
the silica surface and Cef molecules are a well-known
phenomenon [21]. It has been reported that the silanols
present on the mesoporous silica surface are character-
ized by pKa approx. 8 and 2 for geminal (Q,, =Si(OH),,)
and free (Qj;, =SiOH) silanols, respectively [22]. Under
the provided adsorption conditions (10 mg/mL cefazolin
sodium aqueous solution, pH=4.5, room temperature) both
CEF molecules and free silanols (SiOH 2 SiO~+ H*) were
negatively charged, whereas the geminal silanols were un-
dissociated. Thus, the electrostatic repulsion and hydrogen
bonding between silica surface and CEF might influence
the adsorption process. However, it is worth mentioning
that the adsorption of CEF onto the mesoporous silica was
primarily characterized as physical in nature [21]. The FTIR
spectrum of final MSi-CaP-Cef pellet (FIG. 3, right) reveals
bands characteristic for Cef-loaded MSi-CaP composite
(1762, 1083, 800, 604, 562, 463 cm™") and excipients used
in pelletization process: microcrystalline cellulose and ethyl
cellulose (2975, 2903, 1376, 660 cm' of C-H stretching,
C-H stretching, C-H bending and C-OH bending vibrations,
respectively) [23].
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FIG. 3. The FTIR spectra of the MSi-CaP composite before and after Cef loading with the Cef reference sample
(left) and the obtained pellet with the EC and MCC reference samples (right).
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TABLE 1. The hardness and friability values of the MSi-CaP-Cef pellets.

Batch number Force at 90% strain (g)

Mean £ SD (g)

Friability (%) Mean £ SD (%)

1 58.3 2.1
2 64.5 59.0+4.3 2.7 2.3+0.3
3 54.1 2.2
a) b)
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100 - 1 1
80 1 1
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FIG. 4. The cefazolin release profiles (a) and burst release stage (b) of the MSi-CaP-Cef powders and pellets.

The hardness and friability of the CaP-MSi-Cef pellets
are presented in TABLE 1. The mean force at 90% strain
was 59.0 + 4.3 g, whereas the mean friability was 2.3 + 0.3.
The similar results obtained for 3 independent batches
confirmed the repeatability of the pelletization process.
The obtained mechanical properties provided the pellets
stability during the drug release studies and mineralization
potential assay. The pellets did not disintegrate and stayed
completely spherical after 60 days of incubation in SBF.

The drug release profiles of MSi-CaP-Cef composites
in the form of powders and pellets are presented in FIG. 4.
For the MSi-CaP-Cef powders the complete drug release
was achieved after 3 h of studies (FIG. 4a) and it was pre-
ceded by high burst release — almost 90 + 6% of Cef was
released during the first 15 min. It might suggest that chemi-
cal interactions between Cef molecules and the MSi-CaP
composite surface were weak and did not have an important
impact on the release profile. It should be noticed that both
Cef molecules and silica surface are negatively charged
under the performed conditions of drug release studies, so
the electrostatic repulsion between those specimens might
occur, increasing the burst stage [21]. Although the hydrogen
bonding between Cef and the silica surface seems to be suf-
ficient for drug loading, it cannot compensate for a relatively
stronger electrostatic repulsion during the drug release.
Thus, the high burst release is observed for the MSi-CaP-
Cef powders. For the MSi-CaP-Cef composites shaped as
pellets the complete drug release was observed after 12 h of
studies (FIG. 4a) with a significantly slowed down burst stage
(FIG. 4b) — the amount of Cef released after 15 min was
reduced by 3 (from 90 + 6% to 32 + 5% for the powders and
pellets, respectively). The prolonged release of the drug from
the pellets can be explained as follows. The manufactured
pellets had a much smaller surface area as compared to
powders, thus the effective surface area available for water
to dissolve the drug was significantly reduced. Moreover, the
penetration of water into the pellets was impeded due to the
presence of hydrophobic excipients: MCC and EC. The used
excipients acted as a hydrophobic boundary which limited
the access of water to drug molecules inside the matrix
and consequently extended the diffusion path length [24].

The obtained pellets were characterized by a relatively fast
(12 h) and complete CEF release as compared to other
bone implants (>30 days) [25]. The fast drug release may
ensure the high local concentration of antibiotics immediate-
ly after the orthopaedic surgery, thus reducing the dosage
of parenteral antibiotics and the risk of side effects during
the pharmacological treatment. Moreover, the complete
drug release from the proposed MSi-CaP-Cef pellets seems
to be an important feature of bone drug delivery systems
preventing antibiotic resistance. In contrast, the commonly
used bone cements are characterized by the incomplete
and sustained release of loaded antibiotics causing the lo-
cal sub-inhibitory concentrations in the infected bone that
increase the risk of antibiotic resistance [26,27].

The SEM micrographs with corresponding EDX profiles
for the MSi-CaP-Cef pellets before and after 60 days of min-
eralization potential assay in SBF are presented in FIG. 5.
The primary pellets were characterized by a smooth sur-
face composed of two domains: the MSi-CaP-Cef domain
in the form of semi-spherical particles or rods (high Si,
Ca, P content in EDX profile) and the MCC-EC domain in
the form of elongated strands (high C, O content in EDX
profile). The observed sulphur in the EDX profile no. 1
(FIG. 5, top) derived from the Cef molecules loaded into
the MSi-CaP composites. After 60 days of mineralization
assay, the surface of the pellets became rough with small
(100-150 pm length) cracks as a consequence of SBF
penetration into the pellets matrix. The whole surface of
pellets was covered by the needle-like and flower-shaped
continuous layer. According to the EDX profile no. 2 (FIG. 5,
bottom), the morphology of precipitate and our previous
results [28], such a layer might be considered as the car-
bonated hydroxyapatite. However, it was also observed
that some MCC-EC domains were not covered by the
hydroxyapatite layer due to their weaker mineralization
potential if compared to the MSi-CaP composite, which
was confirmed by the EDX no. 1 (FIG. 5, bottom). The
possible mechanism of carbonated hydroxyapatite forma-
tion on the pellets surface might be connected with the
presence of calcium phosphate in the MSi-CaP composite.
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FIG. 5. The SEM micrographs with corresponding EDX profiles of the MSi-CaP-Cef pellets before and after 60

days of the mineralization assay in SBF.

Such a calcium phosphate may act as a meta-
stable form which has partially dissolved in the
SBF and precipitated on the surface of the pellets
as the stable hydroxyapatite form. The precipitated
hydroxyapatite nuclei absorb accessible calcium
and phosphate ions from the SBF in order to form
aggregates, clusters and continuous layers. The
spreading of hydroxyapatite on the whole surface
of the pellets was most probably promoted by the
silanol groups of mesoporous silica which, in turn,
facilitated the further formation of new hydroxyapa-
tite nucleation centers. As itis presented in the EDX
profile no. 2 (FIG. 5, bottom), the magnesium, so-
dium and carbonate ions were incorporated into the
hydroxyapatite structure proving the dynamic nature
of the apatite formation process. The Ca/P molar
ratio of the formed hydroxyapatite was 1.71 (data
not shown), thus similar to the human bone apatite.

The progressive formation of carbonated hy-
droxyapatite was also confirmed by the FTIR results
(FIG. 6). The shiftin the absorbance of the maximum
peak from 1087 to 1092 cm™' might be observed due
to the increasing intensity of v, (PO,)* vibrational
modes [29]. Moreover, after 60 days of the miner-
alization potential assay, the maximum absorbance
peak divided into two: at 1092 and 1053 cm, as
a consequence of the increased P-O vibrations.
The progressive increase of the peaks at 604,
562 cm™ (v, of P-O-P) in the function of the SBF
incubation time was also observed. The relative in-
crease in the bands’ intensity in the 1450-1430 cm""
region may be connected with the carbonates in-
corporated into the hydroxyapatite structure (v, and
C-O vibrational modes) [30].
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FIG. 6. The FTIR spectra of MSi-CaP-Cef pellets obtained
during the mineralization potential assay in SBF.
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Conclusions

The addition of calcium phosphate (CaP) precursors dur-
ing the sol-gel process of mesoporous silica (MSi) synthesis
allowed to obtain the biphasic MSi-CaP composites with pre-
served adsorption capacity. The cefazolin-loaded compos-
ites in the form of powders were suitable for the pelletization
process, having added excipients. The obtained spherical
granules (pellets) were characterized by the complete 12 h
drug release and the surface hydroxyapatite formation after
immersion in the simulated body fluid. The complete and
relatively fast drug release from the pellets may support
the pharmacological treatment of bacterial bone infections,
immediately after the surgery. The obtained pellets require
further studies (antimicrobial activity, cytotoxicity assay) to
investigate their application potential in the fields of bone
drug delivery systems.
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