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Ordered mesoporous silicas with different particle sizes were synthesized and used as drug carrier in
controlled delivery systems. Morphological properties of mesoporous supports were modified by
changing the stirring rate. Changes in the shape of SBA-15 from fiber-like particles to smaller irregular
agglomerates were obtained by reducing the stirring rate. The adsorption and release of cephalexin from
those different supports were investigated. Adsorption capacity was found to increase with decreasing
particle sizes, and the in vitro release experiments indicated a clear increase in the amount released from
the smaller particles. In vivo studies revealed that silica matrixes effectively control the drug release and
were capable of maintaining a sustained therapeutic blood level of cephalexin.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Ordered mesoporous silicas have unique characteristics such as
uniform pore size, high surface area, high mechanical strength and
good thermal stability at wide temperature ranges. These prop-
erties provide great versatility to those materials for different
technological applications, particularly in mass transfer processes
such as adsorption and immobilization of substances [1–4].

The use of nanotechnology in medicine and more specifically in
drug delivery systems is set to spread rapidly. Several drug deliv-
ery systems recently studied propose the use of mesoporous silicas
as drug carriers [5–9]. Such studies were intended to prove that
these porous materials are capable of releasing a carried bioactive
agent at a specific rate. The main aim of these new systems is to
facilitate the dosage and duration of the drug effect, in order to
cause minimal disturbance to the patient by allowing the reduc-
tion of the dosage frequency. The particle size and morphology, as
well as the size, volume and geometry of the pores, are all im-
portant parameters determining the release rate of the in-
corporated drug molecules [10–14]. An interesting review about
the different types and bioapplications of mesoporous materials
indicates that mesostructured silicas can nowadays be considered
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as one of the most efficient matrices for drug delivery [15].
Long-acting release formulations for subcutaneous adminis-

tration would be a good therapeutic option when oral adminis-
tration is restricted (vomiting) or difficult (for fractious animals).
In previous work we demonstrated that cephalexin could suc-
cessfully be loaded on SBA-15 mesoporous silica [16–18]. Cepha-
lexin is a semisynthetic first-generation cephalosporin, with great
gram-positive coverage and some activity against gram-negative
bacteria, which is indicated for the treatment of various infections,
including bone, joint and dental infections [19]. Additionally, the
biocompatibility of SBA-15 was analyzed. Previous biopsy results
obtained after injection of physiological solution containing SBA-
15 particles to a group of rats sacrificed in a CO2 chamber showed
that irritation or inflammation was not detected in the skin [20].
To go further in this research, in this work we evaluate the in vitro
adsorption and drug release of cephalexin from SBA-15 silicas
possessing different particle sizes. Results for in vivo release were
also obtained.
2. Experimental

SBA-15 materials were synthesized according to the procedure
reported by Zhao et al. [21] by using tetraethylorthosilicate (TEOS;
Aldrich) as silica source and Pluronic 123 triblock copolymer
(P123, EO20-PO70-EO20; Aldrich) as template. The molar com-
position used was 1TEOS:4.88HCl:0.0172Pluronic:158 �33H2O. The
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solution was heated up to 35 °C before adding the TEOS. The re-
sulting solution was stirred for 20 h at 35 °C, followed by aging at
80 °C for 24 h under static conditions. The solid product was re-
covered by filtration and dried at room temperature overnight. The
template was removed from the as-made mesoporous material by
calcination at 540 °C for 6 h. Different size particles were obtained
by modification of the stirring rate (120 and 400 rpm) [22]. The
samples were called SBA120 and SBA400.

SEM micrographs were obtained by using a Scanning Electron
Microscope Philips 505. Transmission electron microscopy (TEM)
was performed with a Leo EM-910 instrument operated at 120 kV.
The adsorption-desorption nitrogen isotherms were measured at
�196 °C using Micromeritics apparatus ASAP 2020 (Micromeritics,
Atlanta, Georgia). The Brunauer–Emmett–Teller (BET) equation
was used to calculate the surface area in the range of relative
pressures between 0.05 and 0.20. The pore size distribution was
obtained by the BJH method, using the adsorption branch of the
loop. The pore volume was taken at the P/P0¼0.989 single point.

The two SBA-15 samples were soaked in a solution of cepha-
lexin (CPX) in water (concentration 1 mg/mL). The resulting sus-
pensions (1 mg solid/mL liquid) were left at ambient temperature,
with stirring for 6 h. The solid phases were separated from the
liquids by filtration and dried at room temperature. The respective
samples were denoted as SBA120/cpx and SBA400/cpx.

For drug release experiments, 0.2 g. of prepared samples
(SBA120/cpx and SBA400/cpx) were put in contact with 1000 mL of
simulated body fluid (SBF) [23]. The cephalexin content in the li-
quid phase was determined by UV–visible spectroscopy at 262 nm
(UV-1800 Shimadzu, Japan).

The in vivo study was carried out in three healthy New Zealand
white rabbits 3.0–3.5 kg in weight. All animal procedures were
approved by the Institutional Animal Care and Use Committee,
School of Veterinary, University of La Plata, Argentina. Animals
received the 10% w/v of SBA400/cpx formulation at a dose rate of
60 mg/kg by subcutaneous (SC) injection. Blood samples (0.4 mL)
were collected in K-EDTA, through a 24 G x ¾” intravenous ca-
theter (Introcans, Braun Aß, Germany) placed in the marginal ear
vein, at 0.5, 0.75, 1, 6, 12, 24, 48, 72 and 96 h post-administration.
Cephalexin plasma concentration was determined by micro-
biological assay [24]. The limit of detection and quantification of
the method were 0.19 and 0.39 mg/mL, respectively. Inter and in-
tra-assay coefficients of variation were 9.39% and 4.87%,
respectively.
Fig. 1. SEM images of SBA-15 materials obtained at different s
3. Results and discussion

Fig. 1 shows SEM micrographs of the solids obtained. It can be
seen that a high stirring rate (400 rpm) leads to particles with the
same size and shape (fiber-like) as conventional SBA-15 reported
by Zhao et al. [21]. A decrease in the stirring rate to 120 rpm
produces a significant decrease in particle size. According to Zhao
et al. [25], highly energetic organic–inorganic interfaces favor fiber
formation, whereas systems with low energy lead to morphologies
with lower energy and smaller in size. Fig. 2 displays the N2

sorption isotherms recorded for the obtained silicas. Type IV ad-
sorption isotherms with an H1 hysteresis loop (according to the
IUPAC classification) were observed [26]. For the two samples,
typical capillary condensation was observed within a relative
pressure range of 0.4–0.8, reflecting the presence of mesopores.
This result is in good agreement with the related TEM analysis (Fig.
S1). The sharpness of the two loops indicates that both silicas have
narrow pore size distributions. The partial pressure related to the
onset of hysteresis indicates an averaged mesopore diameter that
is smaller for SBA120 (3.5 nm) than for SBA400 (4.5 nm). Table S.1
summarizes the textural properties of SBA-15 materials prepared
with different stirring rates.

The adsorption kinetic curves showed that the equilibrium
time for SBA120 and SBA400 was 5.5 h and 5 h, respectively (Fig. 3.
A). SBA120 shows higher adsorption capacity of CPX than SBA400.
This may be attributed to the difference in their particle sizes.
Smaller particles increase the probability of access of the CPX
molecule to pores of the siliceous matrix. The conventional ma-
terial presenting larger particle size leads to slower adsorption due
not only to the possibility of pore blockage by the cephalexin
molecules entering through the silica pore channels, but also to
their increased pore length and tortuosity. Therefore, it is unlikely
that complete monolayer coverage of the internal surface area
could be achieved. Additionally, it has to be noted that SBA120

presents a smaller pore diameter than SBA400 (Table S.1), but the
cephalexin size (about 1 nm) is by far smaller than the SBA120 pore
size.

In vitro CPX release profiles of all drug-loaded materials were
linear at the initial drug release stage on the plot. The particle size
of the materials affects the adsorption capacity, and also alters the
amount of drug released. The SBA400 support releases a lower
amount of cephalexin than the SBA120 according to the particle
size and the decreased tortuosity in diffusional path (Fig. 3. B). The
initial drug release from SBA-15 was very rapid, but the release
slowed down considerably after 10 h. The total drug released from
SBA120 and SBA400 was about 85% and 60%, respectively. Adverse
tirring rates. a) SBA400, bar ¼2 mm; b) SBA120, bar¼2 mm.



Fig. 2. N2 adsorption/ desorption isotherms for SBA120 and SBA400.
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effects usually associated to subcutaneous injection (skin irritation
or inflammation) were not observed during or following CPX ad-
ministration in any of the experimental animals. CPX mean plasma
concentration versus time curves obtained after SC administration
are shown in Fig. 3. C. The plot shows two peak concentrations,
where the first peak observed at short times indicates the burst
release of the drug [27]. A second high concentration peak is ob-
served at 72 h, probably caused by a partial degradation of the
silica particles, increasing the drug release [28]. Therefore, na-
noencapsulation of CPX resulted in a controlled drug release, and
it rendered a sustained drug concentration in plasma for about
90 h.
Fig. 3. A) Adsorption kinetics of CPX, B) Release kinetics of CPX, C) Plasma concentrati
SBA400/cpx. (�) SBA120 and (ο) SBA400.
4. Conclusions

The influence of SBA-15 particle size on cephalexin adsorption
and further release was studied. A diminution in the particle size
produces an increase in the adsorption capacity, and also alters the
amount of drug released. According to its smaller particle size and
decreased tortuosity for diffusional path, SBA120 releases a higher
amount of cephalexin compared to SBA400. In addition, in vivo
pharmacokinetic analysis of SBA400/cpx in rabbits showed a sus-
tained release of cephalexin for more than 72 h. Our studies show
for the first time the presence of a sustained cephalexin level in
the blood achieved by injecting a drug-impregnated SBA-15.
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Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.matlet.2016.06.053.
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