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Mesoporous silica and titania are biocompatible materials and could be used as carriers for
various drugs due to their excellent hosting capacity. Here, we report studies on the
preparation of oxytetracycline delivery systems containing various mesostructured silica
etitania SBA-15etype supports with up to 30mol % titania to establish the influence of
structural, textural, and support composition on the oxytetracycline release profile. The
antibiotic was loaded into the support mesochannels by the incipient wetness impreg-
nation method. The drug delivery profiles obtained in phosphate-buffered saline showed
that the increase in titania content in the mesoporous support slowed down the release
kinetics. The oxytetracycline-loaded materials demonstrated good antimicrobial activity
against Staphylococcus aureus ATCC 25923 strain.

© 2017 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

Many research efforts are underway to enhance the
effectiveness of treatment with antibiotics because the
incidence of infections with resistant strains has signifi-
cantly increased. One way to improve the treatment
efficiency is the design of new pharmaceutical formula-
tions containing the antibiotics already in use, aiming to
minimize the adverse effects and control the drug release
to ensure an optimal dose.

In the past few years, mesoporous silica, especially
MCM-41 (Mobil Composition of Matter no. 41) and SBA-15
(Santa Barbara Amorphous), both presenting an ordered
hexagonal pore array, has received an increased interest for
hosting and further controlling release of various active
ei).

d by Elsevier Masson SAS. A
pharmaceutical ingredients due to its outstanding proper-
ties as tunable particles size and pore diameter between 2
and 10 nm, high specific surface area up to 1200m2/g, and
total pore volume up to 1.5 cm3/g allowing the accommo-
dation of a high quantity of drug molecules. Moreover, the
silanol-containing surface can be involved in bonding of
different organic moieties via functionalization, offering
the possibility to modulate the interactions between bio-
logically active molecules and silica [1e7].

For drug delivery purposes, mesoporous titania nano-
particles were studied since 2012, when theywere designed
as support for ibuprofen [8]. Unlike silica, mesoporous
titania exhibits lower porosity (up to 200m2/g and 0.4 cm3/
g) and smaller concentration of hydroxyl groups on their
surface, but it could interact with drug molecules through
donoreacceptor bonds. Mesoporous titania films coating
titanium implants are used as antibiotic reservoirs for local
delivery to enhance osteointegration [9,10]. Recently, a su-
perior hemocompatibility of titania nanoparticles compared
to mesoporous silica was demonstrated [11].
ll rights reserved.
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To date, mesoporous silicaetitania composites have
been studied for their synergic properties, especially as
photocatalysts [12e15]. With respect to their preparation,
silicaetitania composites were obtained by the solegel
method through embedding anatase nanoparticles into the
silica phase [16,17] or by loading a titania precursor solu-
tion into previously prepared MCM-41 through incipient
wetness impregnation [18,19].

Recently, silicaetitania composites were also used for
biomedical applications. For instance, by replacing silicon
atoms with titanium in the SBA-15 silica matrix a versatile
carrier for either water-soluble or insoluble drug molecules
was reported. The presence of titanium atoms into the silica
framework at 4.2 mmol/g concentration decreases the
negative surface charge of a silicamatrix and thus negative-
charged drug molecules can be loaded into the Ti-modified
silica mesopores [20]. It was also reported the incorpora-
tion of vancomycin and farnesol into silica thin film, which
coated the titanium alloy rod implant, for local codelivery
and thus it can avoid any further surgery [21]. Titaniaesilica
composites with MCM-41 structure were explored as ve-
hicles for encapsulation of a new antibacterial agent,
izohidrafural, and the resulted drug-loaded materials
exhibited superior bactericidal activity against Gram-
negative strains [22].

Oxytetracycline is a broad-spectrum antimicrobial
agent, which belongs to the tetracycline class and it is used
in human and veterinary medicine, as well as in animal
feed. Because of its extensively usage in the animal feed,
there is a risk for humans in developing bacterial resistance
or allergies. One way to overcome this aspect is the use of
polymeric or inorganic nanoparticles as vehicles for
obtaining efficient drug delivery systems (DDSs). It is
difficult to incorporate oxytetracycline molecules into a
carrier and to control its release kinetics because of its high
water solubility. Therefore, there are only few reports about
the encapsulation of tetracycline class of antibiotics to
obtain DDS. Recently, Hashemikia et al. [23] by comparing
two mesostructured silica materials, pristine SBA-15 and
aminopropyl functionalized SBA-15 as supports for tetra-
cycline, obtained a slower antibiotic release rate for
modified silica carrier than for SBA-15. An oxytetracycline
delivery system containing microfibrillated cellulose as
vehicle that allowed a drug sustained release and preserved
its antimicrobial activity was recently reported [24]. Also,
poly(hydroxyethylmethacrylate) as oxytetracycline carrier
was evaluated and studies on in vivo release in gastroin-
testinal environment and toxicity assays on mice model
recommended this DDS for oral therapy [25]. To obtain a
lower burst effect of oxytetracycline release profile, Klei-
nubing et al. [26] developed a controlled delivery system by
coating alginate/chitosanmicroparticles with acryl-EZEMP,
an enteric coating system, based on Eudragit polymer.

Herein, we report studies on the synthesis of meso-
structured silicaetitania SBA-15etype composites with up
to 30mol % titania by a solegel technique combined with a
hydrothermal treatment, which were further explored as
carriers for oxytetracycline. Previously, we reported that
oxytetracycline-loaded into MCM-41 silica and alumino-
silicate mesopores [27] or silicaeceria MCM-41etype
composites [28] presented a burst release effect followed
by a sustained delivery from MCM-41etype support and
exhibited a good antibacterial activity against five clinical
isolates of Staphylococcus aureus strains. [27] By modifica-
tion of the SBA-15 matrix through the introduction of
titaniawe expect to enhance the interactions between drug
molecules and mesoporous silicaetitania composites
leading to a slower antibiotic release kinetics.

2. Experimental section

2.1. Materials and chemical reagents

Tetraethyl orthosilicate (TEOS, Fluka), titanium(IV) iso-
propoxide (�97%, Aldrich), poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol),
Mw¼ 5800 (Pluronic, P123, Aldrich), hydrochloric acid 37%
(SigmaeAldrich), sodium chloride (�99%, Sigma), absolute
ethanol (SigmaeAldrich), potassium dihydrogen phos-
phate (KH2PO4, Merck), sodium hydrogen phosphate
(Na2HPO4, SigmaeAldrich), and oxytetracycline hydro-
chloride (Sigma) were used as received without further
purification. Ultrapure deionized water (Millipore Direct-
Q3UV water systems with Biopack UF cartridge) was used
in all experiments.

2.2. Synthesis of mesoporous carriers

The mesostructured silicaetitania composites with up
to 30mol % titania and one-dimensional pore array, char-
acteristic for SBA-15etype silica, were obtained by the sol
egel method assisted by hydrothermal treatment using
TEOS and titanium oxydichloride as silica and titania pre-
cursors, respectively, in the presence of triblock copolymer,
Pluronic P123, as a structure-directing agent. The silica
etitania supports for oxytetracycline were compared with
a SBA-15 silica material. Titanium oxydichloride was
freshly prepared from titanium(IV) isopropoxide and
concentrated hydrochloric acid according to the literature
data [29]. In brief, 5mL titanium(IV) isopropoxide was
added dropwise under magnetic stirring to 9.4mL
concentrated hydrochloric acid at 0 �C and kept at this
temperature for 1 h.

For the synthesis of silicaetitania composites, 1.05 g
Pluronic P123 was dissolved in 52mL of water in which
0.77 g NaCl was previously added, at room temperature.
Then, the corresponding volume of TEOS was poured into
the polymer solution at room temperature, under magnetic
stirring, followed by the addition of titanium oxydichloride.
The total amount of a TEOS and TiOCl2 mixture was
0.0132mol with Si/Ti molar ratio values of 95.5/4.5, 90/10,
80/20, and 70/30, the synthesized silicaetitania composites
being labeled as Ti4.5SBA-15, Ti10SBA-15, Ti20SBA-15, and
Ti30SBA-15. The reaction mixture was aged at 35 �C, 24 h,
and thenwas transferred in a Teflon lined autoclave for the
hydrothermal treatment performed at 100 �C, 48 h, under
autogenerated pressure. After this, the solid was filtered off,
intensively washed with water and ethanol, dried at room
temperature, and calcined at 550 �C for 5 h.

SBA-15 silica support was prepared in the presence of
triblock copolymer P123 as a structure-directing agent, in
an aqueous slightly acidic solution, in a molar ratio of TEOS/
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P123/H2O/NaCl/HCl 1:0.014:218.9:1:0.32. The reaction
mixture was first aged at 35 �C for 24 h and then hydro-
thermally treated in the same conditions as silicaetitania
composites. The solid was recovered by filtration and then
was washed, dried at room temperature, and calcined at
550 �C for 5 h.

2.3. Obtaining the drug-loaded materials and in vitro release
experiments

The oxytetracycline-loaded materials with a drug con-
tent of 25 or 33wt % were obtained by the incipient
wetness impregnation method using a concentrated
aqueous solution of antibiotic. In brief, 100mg mesoporous
support was added to the corresponding volume of a
freshly prepared oxytetracycline hydrochloride aqueous
solution with a concentration of 100mg/mL. The support
and antibiotic solution were mixed for homogenization,
and then the mixture was vacuum dried in dark conditions
for 12 h.

The oxytetracycline release experiments were per-
formed in 0.2M phosphate-buffered saline (PBS) as simu-
lated body fluid at 37 �C under magnetic stirring (150 rpm).
An amount of drug-loaded material containing 12.5mg
antibiotic was added to 90mL PBS. At predetermined time
intervals, set amounts of simulated body fluid were with-
drawn, diluted, and analyzed by UVevis spectroscopy,
using an Ocean Optics USB 4000 spectrophotometer, to
determine the antibiotic release amount.

2.4. Material characterization

The mesoporous supports were characterized using
small-angle X-ray diffraction (XRD) carried out on a Bruker
B8 Discover diffractometer with Cu Ka radiation
(l¼ 1.5406Å), with a scanning rate of 0.5�/min and a step of
0.02�. The wide-angle XRD patterns of mesoporous silica
etitania composites and oxytetracycline-loaded materials
were recorded using a Rigaku MiniFlex II diffractometer in
10�e70� and 6�e50�, respectively, 2q range, and 2�/min
scanning rate. The Fourier transform infrared (FTIR) spectra
of carriers and oxytetracycline-loaded samples were recor-
ded using a Bruker Tensor 27 spectrometer in the range of
4000e400 cm�1 (KBr pellet technique). The morphology of
silicaetitania composites was investigated by scanning
electron microscopy (SEM) and transmission electron mi-
croscopy (TEM). SEM was performed using a Tescan Vega 3
LMH microscope coupled with an energy dispersive X-ray
(EDX) spectrophotometer, and TEM was carried out on FEI
Table 1
Structural and textural parameters of mesoporous carriers.

Sample Ti content
(mol %)

d100 (nm) a0 (nm) Wt (nm)

SBA-15 0 10.960 12.655 4.515
Ti4.5SBA-15 4.5 11.005 12.707 6.437
Ti10SBA-15 10 11.170 12.898 6.078
Ti20SBA-15 20 11.479 13.255 6.445
Ti30SBA-15 30 11.663 13.468 6.058

a Pore diameter determined from the desorption branch of isotherms.
b Vpt/Vp is the total pore volume including mesopores and macropores versus
c TiO2 crystallite size computed from (200) diffraction peak (2q ~ 48�) of the a
Tecnai G2-F30S-Twin field-emission gun scanning trans-
mission electron microscope operating at 300 kV. A drop of
the mesoporous silicaetitania alcoholic suspension was
mounted on a holey carbon film copper grid allowing the
solvent to evaporate at room temperature. Both carriers and
oxytetracycline-loaded samples were investigated by N2
adsorption/desorption isotherms performed at 77 K, using a
Quantachrome Autosorb iQ2 surface and porosity analyzer.
Before analysis, the samples were outgassed under vacuum
at 300 �C for 6 h in the case of inorganicmatrices andat 35 �C
for 17 h for drug-loaded samples. The pore size distribution
curves of samples were determined by the BarretteJoyner
eHalenda (BJH) method, and the specific surface area values
were estimated using the BrunauereEmmetteTeller (BET)
model in the relative pressure range of 0.05e0.25.
2.5. Antimicrobial activity assays

The antibacterial activity of oxytetracycline-loaded ma-
terials in comparison with that of the antibiotic alone was
evaluated against three reference BioM�erieux strains: S.
aureus ATCC 25923, Escherichia coli ATCC 25922, and Pseu-
domonas aeruginosa ATCC 27853. The reference strains were
grown overnight in tryptone soy broth (SigmaeAldrich)
diluted to 5�105 CFU/mL (0.5 McFarland density) and
inoculated onto MuellereHinton Agar medium. Before any
experiment, the organismswere subcultured in a fresh yeast
nitrogen broth (SigmaeAldrich) with 0.5% glucose (p-ami-
nobenzoic acid, 200 mg/L; ammonium sulfate, 5 g/L; biotin,
2 mg/L; boric acid, 500 mg/L; calcium chloride, 0.1 g/L; and
calcium pantothenate, 400 mg/L). The antimicrobial activity
of drug-loaded sampleswas assessed bydepositingweighed
amounts of samples containing 1mg of antibiotic on the
surface of inoculated culturemedium in sterile conditions to
evidence the effect of prepared oxytetracycline-containing
samples on the bacterial cultures. As positive control
oxytetracycline hydrochloride powder was used. All exper-
iments were performed in triplicate. The plates containing
the microbial cultures treated with the samples were incu-
bated at 37 �C for 24 h and then the growth inhibition zone
diameter induced by the tested materials was measured.

3. Results and discussion

3.1. Supports and drug-loaded materials

The pristine SBA-15 silica and silicaetitania composite
materials were characterized by small- and wide-angle
SBET (m2/g) dBJH
a (nm) Vpt/Vp

b (cm3/g) D200
c (nm)

997 8.14 1.49/1.34 e

959 6.27 1.29/1.10 12.5
1081 6.82 1.50/1.21 75.9
826 6.82 1.50/1.21 78
742 7.41 1.24/1.14 100

mesopore volume of pores with diameter less than 10 nm.
natase phase.



Fig. 1. Small-angle (a) and wide-angle (b) XRD patterns of mesoporous supports.

Fig. 2. FTIR spectra of SBA-15etype supports.
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XRD, FTIR spectroscopy, SEM, TEM, and nitrogen adsorption
edesorption isotherms.

The small-angle XRD patterns of all synthesized sup-
ports present three characteristic diffraction peaks corre-
sponding to (10), (11), and (20) Bragg reflections of SBA-15
etype materials, proving the formation of an ordered
hexagonal pore array for all samples (Fig. 1a) The increase
in titanium content led to the enlargement of a0 lattice
parameter (Table 1). The wide-angle XRD patterns of
titania-containing samples show the diffraction peak
characteristics for the anatase phase and the broad signal
corresponding to the amorphous state of a silica network
(Fig. 1b). The only exception is the Ti4.5SBA-15 sample for
which the diffraction reflections of the anatase phase are
hardly detectable, suggesting that titanium is mostly
incorporated into the silica framework, in agreement with
other previous works [20,30].

The titania crystallite size values, D200 were computed
using Rigaku PDXL software based on the Scherer equation.
The crystallite dimension generally increases with the
titania content except the values recorded for Ti10SBA-15
and Ti20SBA-15, which are very close (Table 1).

The FTIR spectra of silica and silicaetitania composites
(Fig. 2) show the vibration characteristics for the inorganic
matrix: the asymmetric and symmetric stretching vibra-
tions at 1085 and 800 cm�1, respectively, assigned to
SieOeSi bonds, the bands of silanol groups overlapped
with SieOeTi vibration at 960 cm�1, and the bending vi-
brations of SieO bond superimposed with the band of TieO
bond at 460 cm�1. The absence of structure-directing agent
bands evidences its complete removal by calcination.

The electron microscopy images of titaniaesilica sup-
ports revealed the formation of fiber or rope-like aggregate
characteristics for SBA-15 materials, with a certain degree
of ordering (straighter and longer fibers) for Ti10SBA-15
powder (Fig. 3b). The fiber-like arrangement appears
more distorted with the increase in the titanium content.
The EDX elemental mapping shows an even distribution of
titanium in the silica framework for all titaniaesilica



Fig. 3. Electron microscopy images of titaniaesilica supports: (a) SEM image of Ti4.5SBA-15 sample with EDX elemental mapping; (b) SEM image of Ti10SBA-15;
(c) TEM image of Ti20SBA-15 sample; and (d) SEM image of Ti30SBA-15 samples.
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samples (Fig. 3a and Fig. S1), whereas crystalline titania
nanoparticles are noticed in both SEM and TEM images
(Fig. 3bed).

All samples present type IV N2 adsorption/desorption
isotherms with hysteresis, characteristic for SBA-15etype
materials (Fig. 4a), and unimodal pore size distribution
curves (Fig. 4b). Larger pore size values were obtained for
Fig. 4. Nitrogen adsorption/desorption isotherms of supports (a)
pristine SBA-15 than for titaniaesilica samples (Table 1)
suggesting a contraction of themesoporous framework due
to the presence of the titanium dopant. Although a slight
increase in the pore size is noticed with increasing titania
content, the wall thickness values remains relatively con-
stant, indicating the saturation of the mesostructure in ti-
tanium. Notably, the textural properties of the Ti10SBA-15
and their corresponding pore size distribution curves (b).



Fig. 5. FTIR spectra of oxytetracycline-loaded samples.
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and Ti20SBA-15 samples, as well as the titania crystallite
size for both samples are similar, despite the difference in
a0 lattice parameter.

The FTIR spectra of all oxytetracycline-loaded samples
(Fig. 5) evidence the presence of antibiotic into the inor-
ganic matrices. Its characteristic vibrations are identified in
the range of 2850e2950 cm�1, ascribed to the methylene
groups, 1590e1650 cm�1, attributed to the amide groups,
and 1310e1410 cm�1, assigned to the phenol moieties [31].
Correlating the FTIR spectra with the wide-angle XRD
patterns (Fig. 6a and b), where no diffraction peaks of the
drug are present, one can conclude that the oxytetracycline
molecules were adsorbed into the pores of support in the
amorphous state.

Similar to the supports, all drug-loaded samples exhibit
type IV N2 adsorption/desorption isotherms, but with nar-
row hysteresis loop (Fig. 7) indicating that not all the pores
Fig. 6. Wide-angle XRD patterns of oxytetracycline-loaded sa
are completely filled with drug molecules. However, the
samples showed lower porosity than the corresponding
carriers, more pronounced in the case of materials con-
taining 33wt % drug (Table 2) and reduced values for both
specific surface area and total pore volume. On the other
hand, the pore size values decrease for drug-loaded SBA-15
silica, whereas for the samples containing titaniaesilica
materials remain almost unchanged. This indicates a
different mechanism of the drug hosting into the support
mesopores, namely, by adsorption onto the inner pore
surface in the case of pristine SBA-15 and a loading that
involves the pore clogging being more likely for the
titanium-doped silica network. The origin of this opposite
behavior could lay on the different wetting properties of
silica and titaniaesilica materials.
3.2. Drug delivery profiles

The oxytetracycline release experiments were per-
formed in PBS 0.2M, pH 5.7, at 37 �C under magnetic stir-
ring (150 rpm). The release profiles (Fig. 8) show a decrease
in the antibiotic release from Ti10SBA-15, Ti20SBA-15, and
Ti30SBA-15, whereas from Ti4.5SBA-15 the profiles are
similar to those recorded for the drug-loaded SBA-15
samples, presenting even a higher burst effect (Fig. S2). The
crystalline titania, located on the silica surface, positively
contribute to the decrease in the drug delivery rate. The
lowest sustained antibiotic release rates were noticed for
oxy25@Ti10SBA-15 (Fig. S2a) and oxy33@Ti10SBA-15
(Fig. S2b) samples, an expected performance as the
longest fiber-like structures were observed for Ti10SBA-15
support.

The experimental drug release profiles were fitted with
a three-parameter theoretical kinetic model. This model
assumes that there is an equilibrium between drug mole-
cules adsorbed onto the carrier surface and desorbed
molecules inside the mesopores [32e34]. The molecules
are transported through the mesochannels into the release
medium by diffusion, which is assumed to follow a first-
order kinetics. The adsorption/desorption equilibrium is
characterized by the molecular free enthalpy, DG, whereas
mples with (a) 25wt % and (b) 33wt % oxytetracycline.



Table 2
Textural properties of oxytetracycline-loaded supports.

Samples SBET (m2/g) dBJH
a (nm) Vpt/Vp

b

(cm3/g)

oxy25%@SBA-15 302 6.81 0.5/0.57
oxy25%@Ti4.5SBA-15 333 6.29 0.56/0.51
oxy25%@Ti10SBA-15 337 6.30 0.53/0.48
oxy25%@Ti20SBA-15 353 6.29 0.63/0.57
oxy25%@Ti30SBA-15 314 6.81 0.61/0.68
oxy33%@SBA-15 208 6.28 0.34/0.37
oxy33%@Ti4.5SBA-15 219 6.28 0.36/0.44
oxy33%@Ti10SBA-15 327 6.29 0.48/0.56
oxy33%@Ti20SBA-15 284 6.82 0.47/0.51
oxy33%@Ti30SBA-15 233 7.43 0.45/0.49

a Pore diameter determined from the desorption branch of isotherm.
b Vpt/Vp is the total pore volume including mesopores and macropores

versus pore volume calculated for pores with diameter up to 10 nm.

Fig. 7. Nitrogen adsorption/desorption isotherms of representative oxytetracycline-loaded samples (a) and their pore size distribution curves (b).

Fig. 8. Oxytetracycline release profiles for samples containing (a) 25wt % drug an
fitted data, respectively.
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the rate constant for the transport process is denoted as kd.
The free enthalpy, DG, is directly proportional to the drug
fraction released in the first, fast stage of the release pro-
cess. In this initial “burst” release stage, the dissociated
molecules are rapidly transported into the release medium.
The release rate is therefore proportional to the transport
rate constant, kd (see Supplementary Information). The
values obtained for the kinetic parameters and coefficient
of determination R2 are presented in Table 3. Good R2

values were obtained in all cases, denoting that the model
can explain the experimental data. The DG parameter has
the highest value for oxytetracycline-loaded Ti4.5SBA-15
samples, followed by drug-loaded SBA-15 materials.
Increasing the titanium content over 10mol % leads to a
decrease in free enthalpy values for both 25% and 33% drug
loadings. The oxytetracycline adsorption is thus favored at
a higher titania content. Keeping in mind that the titanium
ismainly present as a dopant in the silica framework for the
d (b) 33wt % drug. Symbols and continuous lines denote experimental and



Table 3
Kinetic release parameters for oxytetracycline-loaded samples.

Sample 25wt % oxy 33wt % oxy

DG (�1021 J) kd (min�1) R2 DG (�1021 J) kd (min�1) R2

SBA-15 8.67 0.249 0.994 10.08 0.228 0.998
Ti4.5SBA-15 9.95 0.257 0.987 12.05 0.293 0.990
Ti10SBA-15 8.03 0.110 0.997 6.25 0.131 0.985
Ti20SBA-15 5.43 0.203 0.982 5.17 0.242 0.995
Ti30SBA-15 6.26 0.086 0.990 5.90 0.262 0.987

Table 4
Correlation coefficients between the carrier textural and structural
parameters and the drug release kinetic parameters.

Parameters Ti content a0 Wt SBET dBJH Vp

a0 0.99 1.0
DG, 33% oxy ¡0.77 ¡0.81 �0.30 0.41 �0.07 �0.25
kd, 33% oxy 0.14 0.12 0.16 �0.62 �0.12 �0.67
DG, 25% oxy ¡0.83 ¡0.88 �0.26 0.69 �0.15 �0.13
kd, 25% oxy �0.72 �0.69 �0.27 0.27 �0.03 0.20

For convenience, the largest correlation coefficients are in bold.
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Ti4.5SBA-15 carrier, the DG decrease implies that drug
adsorption is favored by the presence of the crystalline
anatase phase. A lower drug loading (25%) leads to a
decrease in the free enthalpy parameter in comparison to
the sample with a higher antibiotic content. This effect can
be easily understood based on steric crowding of the
mesopore surface and volume. The samples with a higher
drug loading have a smaller fraction of oxytetracycline
molecules adsorbed onto the carrier pore wall surface,
shifting the equilibrium toward desorption.

The diffusion rate kd follows the same trend as the DG
parameter with respect to the titanium content. In this
case, the presence of crystalline TiO2 nanoparticles inside
the mesopores hinders the drug diffusion for the Ti10SBA-
15, Ti20SBA-15, and Ti30SBA-15econtaining samples.
There are no major differences between the rate constants
at different drug loadings at the same titanium content,
Fig. 9. Assay for determination of the growth inhibition zone diame
indicating that the drug transport process is not signifi-
cantly affected by the antibiotic loading amount.

A correlation study between the kinetic release pa-
rameters and the textural properties of the carriers has
been considered (Table 4). The correlation coefficients take
values between �1 and 1, with values close to ±1 denoting
either direct or inverse correlation and values close to
0 indicating no correlation. The results show that titanium
content is strongly correlated with the unit cell parameter
(a0) of mesophase. These two parameters also show an
inverse correlation with the free enthalpy DG for both 25%
and 33% drug loadings. Thus increasing the titanium con-
tent is a promising strategy to design controlled oxytetra-
cycline delivery systems.
3.3. Antimicrobial activity of drug-loaded samples

The antimicrobial activity of oxytetracycline-containing
samples with 25wt % drug content was assessed against
Gram-positive S. aureus ATCC 25923, Gram-negative E. coli
ATCC 25922, and P. aeruginosa strains. After 24 h of incu-
bation, all prepared samples demonstrated good and
similar bactericidal activity (Fig. 9). The best antimicrobial
activity was observed against S. aureus strain. The
measured growth inhibition zone diameters for tested
antibiotic-loaded samples were 34± 2mm versus
36 ± 1mm of the positive control for S. aureus, 30 ± 2mm
ters after 24 h of incubation for tested drug-loaded samples.
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versus 32± 2mm for antibiotic in the case of E. coli, and
21± 2mm versus 22± 1mm of control for P. aeruginosa
strain.

4. Conclusions

Mesoporous titaniaesilica composites were successfully
synthesized in the presence of Pluronic P123, with titanium
content up to 30mol %, exhibiting an ordered hexagonal
pore array specific to SBA-15etype materials and high
porosity, properties required for a carrier in drug delivery
systems. The silanol groups on the porewall surface of SBA-
15 silica can weakly interact with oxytetracycline through
hydrogen bonds that are not strong enough to keep the
antibiotic molecules into mesostructured silica channels.
The presence of titania nanoparticles on the silica surface
can create stronger hosteguest interactions between the
support and oxytetracycline molecules because of donor
eacceptor bond formation in which titanium ions are
involved. Doping the silica network with titanium ions
modified the structural and pore surface properties of
support, inducing a burst effect in the first stage of
oxytetracycline delivery profiles, whereas the presence of
the crystalline anatase on the silica surface contribute to a
sustained drug release in the last stage, both altering the
release mechanism. Thereby controlling the distribution
and content of titanium between the silica network and
anatase phase is a promising strategy to develop oxytet-
racycline delivery systems with desired drug release pro-
file, without affecting the bactericidal activity. All tested
oxytetracycline-loaded samples showed a good antimi-
crobial activity against S. aureus ATCC 25923, similar to that
of the antibiotic alone.

Appendix A. Supplementary data

Supplementary data related to this article can be found
at https://doi.org/10.1016/j.crci.2017.09.006.
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