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Abstract The development of systems that can prevent
infections and also ensure bone integration as well as
regeneration have been of great interest for pharmaceutical
technology. In this study, we show the synthesis of surface-
functionalized mesoporous silica (SBA-16) and silica
composed of calcium phosphate (SBA-16/HA) particles in
order to be applied as efficient drug delivery carriers. The
particles were synthesized, functionalized with 3-
aminopropyltriethoxysilane (APTES) by post-synthesis
grafting and loaded with the osteomyelitis antibiotic agent
ciprofloxacin. Moreover, the diethylenetriaminepentacetic
acid (DTPA) was anchored in silica-APTES to allow
measurements of biological process at molecular and cel-
lular levels. Particles were physicochemically characterized
by small angle X-ray scattering (SAXS), elemental analysis
(CHN), thermogravimetric analysis (TGA), N2 adsorption
and zeta potential analysis. Functionalized silica particles
were radiolabeled with technetium-99m showing high
radiochemical yields and high radiolabeled stability. In vivo

experiments results showed higher bone uptake of the SBA-
16/HAAPTES than SBA-16APTES. In addition, bacter-
icidal efficacy of these particles was tested against micro-
organisms present in bone infection, and our composites
had bactericidal efficiency comparable to free-ciprofloxacin.
In summary, taking into account the great potential of these
silica mesoporous and nanocomposite structures to carry
molecules, besides their bactericidal efficacy, these materi-
als are promising candidates for bone infection treatment.
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1 Introduction

The impact of bone diseases and trauma has increased
significantly in the last decades around the world. The
prevalence of aging-related diseases due to the increase in
life expectancy and obese population has led to an increase
in demand for bone repair and bioactive materials with
application in therapies for bone disorders [1].
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Bone diseases, like osteomyelitis, which are caused by
microorganisms, are highly complicated and involve
operative debridement and removal of all foreign bodies
followed by antimicrobial therapy. As antimicrobial treat-
ments often involve a long course of therapy, sufficient
antibiotic exposure is needed to ensure the eradication of
the microorganisms [2]. However, intensive and inap-
propriate use of antibiotics can select resistant micro-
organisms and has dramatically increased the frequency of
resistance among human pathogens promoting favorable
conditions for infections to emerge, spread and persist
[3, 4].

Among the microorganisms involved in bone infections
the most important pathogens are Staphylococcus aureus
and Pseudomonas aeruginosa, Gram-positive and Gram-
negative bacteria, respectively [2]. Fluoroquinolones are
potent antibacterial agents which target two related
enzymes, DNA gyrase and DNA topoisomerase IV [5].
Ciprofloxacin, a broad-spectrum fluoroquinolone anti-
bacterial agent is potent against a wide range of Gram-
positive and Gram-negative pathogenic bacteria [6].

The concentration of antibiotics administrated by sys-
temic route is low in bone tissue due to the limited blood
circulation in these infected sites [7]. Thus, effective drug
concentration is not achieved at the site of infection [2]. It
is recognized that extended-release preparation is advan-
tageous to improve patient compliance, as the frequency
of administration can be reduced by maintaining a con-
stant plasma drug concentration over a prolonged period
of time [8]. Because of that, we sought to obtain a high
local dose at the specific infected bone site from
ciprofloxacin-loaded inorganic bone composite such as
silica/hydroxyapatite.

A facile sol–gel synthetic method to produce silica with
mesoporous structure provides an extremely attractive
matrix for integrating other chemical compounds such as
hydroxyapatite to form nanocomposites, which have been
widely used as bone-tissue regeneration systems [9]. Inor-
ganic bone matrix is composed of carbonated hydro-
xyapatite. Accordingly, the vast majority bioactive
materials are based on ceramics and glasses containing
silicate ions and calcium phosphates [10, 11]. Moreover,
drug delivery systems based on these nanocomposites have
also been developed to enhance bone ingrowth and regen-
eration during treatment of bone defects [12, 13], besides
presenting characteristics such as excellent biocompat-
ibility, bioactivity, low susceptibility to immune response,
and resistance to lipases and bile salts [14]. Furthermore,
inorganic particles can not only improve the resistance of
therapeutic agents against enzymatic degradation but also
provide the possibility of transporting biomolecules to
specific tissues, cells and cell compartment in a controlled
manner [14].

In a previous work, a mesoporous silica particle/hydro-
xyapatite (SBA-16/HA) hybrid drug carrier was produced
by homogeneously incorporating calcium and phosphate
salt into silica particles. SBA-16 and SBA-16/HA were
previously investigated for their structural and physico-
chemical characteristics. Moreover, in vitro assays indicated
that the as-synthesized SBA-16/HA nanocomposites can be
used as an attractive and promising drug delivery system for
application in bone therapy [15, 16].

In this work, these particles were surface-modified with
APTES, which improves the drug-loading, drug release
efficiency, and enables the anchoring of DTPA for chelating
of technetium-99m, revealing the increased uptake of SBA-
16/HA nanocomposite compared to the SBA-16 in the bone
region. The ciprofloxacin loading and release was eluci-
dated to optimize antibiotic release for local treatment of
osteomyelitis. Therefore, in this paper the in vitro cyto-
toxicity, drug release behavior, antibacterial activity and
in vivo preferential uptake bone effect of the hybrid mate-
rials functionalized with APTES and DTPA were
investigated.

2 Materials and methods

2.1 Materials

Tetraethyl-orthosilicate (TEOS), 3-amino-propyltriethoxysilane
(APTES), Phosphate Buffer Saline (PBS), Fetal Bovine Serum
(FBS), Penicillin–Streptomycin 50 lM, 3-(4,5-dimethiol-2-
thioazolyl)-2,5-diphenyl tetrazolium bromide (MTT), CellTiter-
Blue®, Pluronic F-127 (Mav= 12,600), solvents (HPLC ana-
lytical grade) and diethylenetriaminepentaacetic dianhydride
were purchased from Sigma-Aldrich (São Paulo, Brazil).
Dulbecco’s modified Eagle’s medium (DMEM) was
purchased from Invitrogen (São Paulo, Brazil). Technetium-
99m was obtained from an alumina-based 99Mo/99mTc
generator.

2.2 Synthesis of mesoporous silica SBA-16

Silica-block copolymer mesophases were synthesized using
Pluronic F127 (poly(ethylene oxide)-block-poly(propylene
oxide)-block-poly(ethylene oxide)), Mav= 12,600, as a
templating agent at room temperature. 3.0 g of Pluronic
F127 was dissolved in 144 mL of water and 13.9 mL of
38% hydrochloric acid (HCl) solution under constant stir-
ring at 25 °C. After approximately 30 min, 11 mL of co-
surfactant butanol was added to reach a 1:3 (F127:BuOH)
mass ratio in the ternary system. Next, 15.3 mL of tetraethyl
orthosilicate (TEOS, Sigma-Aldrich, São Paulo, Brazil) was
added to the solution under constant stirring at 45 °C for 1 h,
according to the method reported by Gobin [17] with

370 J Sol-Gel Sci Technol (2018) 85:369–381



modifications. After aging at 100 °C for 24 h in a hermeti-
cally closed recipient, the solids were collected by filtration
and dried in open air at 37 °C. The surfactant was removed
by calcination, which was carried out by increasing the
temperature to 550 °C under nitrogen flow for 5 h. Chemical
analysis showed that the surfactant had been completely
removed by this thermal treatment.

2.3 Synthesis of SBA-16/HA composite

The synthesis of the material was carried out using a two-
step procedure, which is detailed in the following two
sections.

2.3.1 Preparation of the calcium-doped silica matrix

The first step (low pH step) consisted on the preparation of a
calcium doped silica matrix which was obtained by means
of a variation of the methodology described by Dìaz et al.
[18]. Silica-block copolymer mesophase SBA-16/HA
composites were synthesized using Pluronic F127 (poly
(ethylene-oxide)-block-poly(propylene-oxide)block-poly
(ethylene-oxide)), Mav= 12,600, as a structure reacting
agent, which was reacted at room temperature. In a typical
preparation, 3.0 g of Pluronic F127 was dissolved in 200
mL of Ca(NO3)2 solution and 100 mL of HCl 2M solution
with constant stirring at 25 °C. After approximately 30 min,
11 mL of the co-surfactant butanol was added to reach a 1:3
(F127: BuOH) mass ratio in the ternary system. Next, 15.3
mL of TEOS (Sigma-Aldrich) were added to the solution,
under vigorous stirring at 45 °C for 1 h, according to the
method reported by Gobin [17], and then aged at 100 °C for
24 h in a hermetically closed recipient. Then, the product
was dried in an oven at 100 °C.

2.3.2 HA crystallization in the Ca-doped matrix

In the second step (high pH step), the Ca-doped silica was
dropped into a (NH4)2HPO4 solution, and the pH value was
adjusted to 9. Then, the solution was subjected to a second
hydrothermal treatment at 100 °C for 24 h. The powder was
then washed and heat-treated in open air at 600 °C for 6 h to
obtain the final (HA/SBA-16) material [18].

2.4 Functionalization of SBA-16 and SBA-16/HA
composite

2.4.1 Functionalization with APTES

The functionalization process has been performed through
reaction between silica mesoporous material and 3-amino-
propyltriethoxysilane—APTES, under reflux in toluene,
according method described previously [19, 20]. The

obtained materials were denominated SBA-16APTES and
SBA-16/HAAPTES.

2.4.2 Functionalization of SBA-16APTES and SBA-16/
HAAPTES with DTPA

SBA-16APTES and SBA-16/HAAPTES (20 mg in 1 mL of
citrate buffer, pH 8) were reacted with 0.06 mmol of die-
thylenetriaminepentaacetic dianhydride in DMSO (100 µL).
The solutions were stirred at room temperature overnight.
The DTPA-SBA-16APTES and DTPA-SBA-16/HAAPTES
solutions were purified by centrifugation (5000 x g for 5
min). The pellet was ressuspended with 1 mL of citrate
buffer and centrifuged again, this procedure was repeated
three times [21].

2.5 Physicochemical and morphological characterization
of SBA-16, SBA-16APTES, SBA-16/HA and SBA-
16/HAAPTES composites

All the samples were physicochemically characterized by
small angle X-ray scattering (SAXS), elemental analysis
(CHN), thermogravimetric (TGA), N2 adsorption/deso-
rption and zeta potential analysis. The small-angle X-ray
diffraction patterns were obtained using synchrotron radia-
tion. The incident X-ray was set at a wavelength of 1.488 Å,
and the scattering angle ranged from 0° to 5°. Synchrotron
radiation measurements were carried out at the D2A
beamline of the Brazilian Synchrotron Light Laboratory
(LNLS, Campinas, Brazil). Aiming to evaluate the func-
tionalization process in silica particles, the number of
hydrocarbon chains in the material pore wall was analyzed
by TGA and elemental analysis. TGA measurements were
taken in a Shimadzu TGA 50WS with temperature ranging
from 25 to 800 °C. Approximately 5.0 mg of the starting
mixture and the final sample were analyzed using a heating
rate of 10 °C min−1, in nitrogen (N2) atmosphere, flow rate
of 50 mLmin−1, in an open alumina crucible. Elemental
analysis was performed in a Perkin–Elmer CHNSO model
2400. Nitrogen adsorption isotherms of samples were
obtained at 77 K using a Quantachrome SiQwin™- Auto-
mated Gas Sorption Data adsorption analyzer. Before the
adsorption measurements, SBA-16, SBA-16APTES, SBA-
16/HA and SBA-16/HAAPTES were outgassed for 48 h at
40 °C before analysis. All data analyses were performed
using the NovaWin, 1994–2011 Quantachrome Instruments
software (Boynton Beach, FL, USA). The analytical pro-
cedure to perform zeta potential analysis was conducted in a
Zetasizer Nanoseries Zs (Malvern Instruments, Malvern,
UK) apparatus after the adequate dilution of the samples in
ultra-pure MilliQ water (pH 7.0).
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2.6 Drug loading and in vitro release study

The adsorption of ciprofloxacin within SBA-16APTES and
SBA-16/HAAPTES composites was performed by soaking
100 mg of the powder sample in a drug solution (1000 µg/
mL) and kept under magnetic stirring for 48 h. The cipro-
floxacin solution was subjected to pH variation to obtain
complete solubilization of the drug. Initially, the pH of the
solution was reduced to pH 2, using HCl 2M; subsequently,
the pH was raised to ~ 4 using sodium hydroxide (NaOH) 1
M. The mixture was filtered, washed with distilled water
and dried for 24 h at 60 °C. Elemental analysis and TGA
measurements were performed in all samples to evaluate the
percentage of ciprofloxacin adsorbed. In addition to the
CHN and TGA measurements, UV-VIS spectroscopy was
used to assess the drug content remaining in the supernatant
by measuring the concentration of ciprofloxacin before and
after the loading procedure. For release assays, SBA-
16APTES and SBA-16/HAAPTES samples were immersed
in simulated body fluid (SBF) (1.5 mL, pH ~7.3). This
suspension was put into a dialysis tube (cutoff Mn= 3500)
and then placed in a flask with 38.5 mL of SBF under
constant stirring at 50 rpm [22]. The UV spectrometry
procedure (Shimadzu UV-VIS V-2401) was used to moni-
tor the amount of loaded and released ciprofloxacin as a
function of time. The concentration of ciprofloxacin in SBF
was determined by the intensity of the absorption band at
275 nm. The in vitro experiments were carried out in
triplicate.

2.7 Cell culture

Human embryonic kidney cell line HEK 293 was obtained
from American Type Culture Collection (ATCC Number:
CRL-1573; ATTT). Cells were maintained at 37 °C in 5%
CO2 in DMEM (Sigma-Aldrich) containing 10% fetal
bovine serum, 5 mM sodium pyruvate, 100 U/mL penicillin,
0.1 mg mL−1 streptomycin and 0.25 mg mL−1 Amphoter-
icin B (Life Technologies). Cells were grown in T75 Flasks
to 70% confluence before routine weekly passage by
trypsinization.

2.8 Cytotoxicity studies

The MTT and CellTiter assays were employed to determine
the cytotoxicity of pure, functionalized and ciprofloxacin-
loaded silica particles (SBA-16, SBA-16APTES, SBA-
16APTES Cipro, SBA-16/HA, SBA-16/HAAPTES and
SBA-16/HAAPTES Cipro), sterilized under UV light.
Confluent HEK 293 cells in the fourth passage were used in
both experiments. 1.0× 104 cells/well were seeded on 96
well flat plates for 24 h in an incubator with an atmosphere
of 5% CO2 at 37 °C. For MTT assay, cells were treated with

samples concentrations ranging from 1.25 to 1000.0 µg
mL−1, and the results are expressed in function of the log
dose. After 48 h of incubation at 37 °C, MTT was added to
each well. After 4 h of incubation, SDS 10% HCl was added
to each well to dissolve formazan crystals and the plate was
incubated for 18 h at 37 °C. The absorbance was measured
at 595 nm using a microplate reader (ELX 800 BIOTEK
Instruments Inc).

To confirm the results obtained from MTT assay, cell
viability was also evaluated by CellTiter-Blue® assay, an
optimized reagent containing resazurin. After the sample
treatment, the CellTiter reagent was added directly to the
cells at the ratio of 20 to100 μL of reagent:culture medium.
The plates were incubated at 37 °C for 4 h to allow viable
cells to convert resazurin to the fluorescent resorufin pro-
duct, and recorded at 560Ex/590Em. The conversion of
resazurin to fluorescent resorufin is proportional to the
number of metabolically active, viable cells, present in this
population. Cell viability or cell metabolism was expressed
as a percentage relative to the untreated cells (control). The
experiments were carried out in triplicate.

2.9 Antimicrobial screening

The antimicrobial activity of the particles was investigated
against Staphylococcus aureus, Pseudomonas aeruginosa,
Escherichia coli and Bacillus cereus. A stock aqueous
solution was prepared from the different inorganic samples
(12.5 mg mL−1). A pre-inoculum was prepared in which the
bacteria stored in test tubes were transferred with platinum
loop and inoculated into test tubes containing 3.0 mL of
Brain Heart Infusion (BHI) culture medium. Then, the tubes
were incubated in an oven at 37 °C for 24 h. 500 μL of the
pre-inoculum bacterial suspension were transferred to flasks
containing sterile distilled water. The suspension con-
centration was adjusted to 600 nm until a transmittance
between 74% and 75% following 0.5 McFarland turbidity
standards is achieved. The test solution was prepared by
pipetting 40 μL of the stock solution into 960 μL of BHI
culture medium.

The experiments were performed with 100 μL of the test
solution distributed in 96–well plates and 100 μL of the
bacterial inoculum. Four control groups were conducted;
one for growth control of the microorganism (to assure cell
viability), the blank, without bacterial inoculum, a quality
control of the assay (the working solution replaced by an
antibiotic) and a sterility control of the medium containing
100 μL of BHI culture medium and 100 μL of sterile dis-
tilled water. The microplates were incubated at 37 °C,
during 24 h. The experiments were performed in quintu-
plicate and the absorbances were determined using an
ELISA tray reader (Thermoplate, Brazil) at a fixed wave-
length of 490 nm. The final concentration tested in the test
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was 250 μg mL−1. The control antibiotic used was ampi-
cillin [23].

2.10 Radiolabeling

The samples were radiolabeled according to the following
procedure: 1 mg of DTPA-SBA-16APTES or DTPA-SBA-
16/HAAPTES, 80 μL of 4.5 mM SnCl2·2H2O solution in
0.1 M HCl and 0.5 mL of 0.9% NaCl (w/v) were added to a
sealed vial. The pH was adjusted to 7 with 30 μL of NaOH
(1 mol L−1). Then, an aliquot of 0.5 mL of Na99mTcO4 (37
MBq) was added. The solution was allowed to react for 15
min at room temperature under stirring. Afterwards, the vial
was centrifuged (10,000xg, 5 min). The nanoparticles were
suspended with 1 mL of 0.9% NaCl (w/v), reaching a final
nanoparticle concentration of 1 mgmL−1.

2.10.1 Radiochemical yield

Radiochemical yield analyses were performed by thin layer
chromatography on silica gel (TLC-SG, Merck). TLC-SG
analysis was accomplished using methylethylketone, as
mobile phase, to determine the amount of free technetium-
99m. 99mTcO2 and 99mTcO4

− were removed from the pre-
paration during the centrifugation step, since they remained
in the supernatant after the centrifugation. The radio-
chemical yield (%R) was calculated by Eq. (1)

%R ¼ radioactivity in the pellet=total radioactivity in the flaskð Þ
� 100

ð1Þ

2.10.2 In vitro stability

In vitro studies were performed for 99mTc-DTPA-SBA-
16APTES and 99mTc-DTPA-SBA-16/HAAPTES. The sta-
bility was tested in the presence of 0.9% NaCl (w/v) solu-
tion and mice plasma. The NaCl 0.9% (w/v) stability was
evaluated at room temperature and plasma stability was
carried out at 37 °C under agitation. Aliquots were taken out
at 1, 2, 4, 6, and 24 h, and analyzed by TLC, as previously
described.

2.10.3 Biodistribution studies

Aliquots of 3.7 MBq of the 99mTc-DTPA-SBA-16APTES
or 99mTc-DTPA-SBA-16/HAAPTES were injected intra-
venously into healthy Swiss mice (n= 6). After 1 and 4 h,
mice were anesthetized with a mixture of xylazine (15 mg
kg−1) and ketamine (80 mg kg−1). Whole liver, spleen,
kidney, stomach, heart, lungs, blood, muscle, and thyroid
were all removed, dried on filter paper, and placed in pre-
weighed plastic test tubes. The radioactivity was measured

using an automatic scintillation apparatus. A standard
dosage containing the same injected amount was counted
simultaneously in a separate tube, which was defined as
100% radioactivity. The results were expressed as the per-
centage of injected dose/g of tissue (%ID/g). All animal
studies were approved by the local Ethics Committee for
Animal Experiments of Federal University of Minas Gerais
—Brazil (protocol number: 343/2014).

2.11 Statistical analysis

Significance of changes in treatment groups was determined
by ANOVA and Bonferroni’s multiple comparison tests
using Prism 6 software. Data are represented as the mean ±
standard error of the mean (SEM).

3 Results and discussion

3.1 N2 adsorption/desorption

An assessment of the pore structure of the all functionalized
and ciprofloxacin loaded samples was performed using N2

adsorption/desorption isotherms and the results are shown
in Fig. 1. Data of SBA-16 and SBA-16/HA materials were
used for comparison [16]. All samples exhibit a type IV
isotherm, characteristic of mesoporous materials. HA/SBA-
16 shows a H3-type hysteresis loop, which is often
observed with aggregates of plate-like particles, which in
turn give rise to slit-shaped pores [18]. As can be observed
in Table 1, this result reveals a decrease in pore volume and
shows that the presence of HA in the SBA-16 matrix leads
to a significant decrease in the surface area, as described by
ANDRADE et al. [16]. As expected, the introduction of the
organic moieties, APTES, leads to a decrease in surface area
and in the pore volume (Table 1). This decrease evinces the

Fig. 1 Nitrogen adsorption–desorption isotherms
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fact that organic material is located within the pores of the
matrices. The same behavior was also observed for the drug
loaded samples. The pore size distribution curves (not
shown) for pure and modified samples show a very narrow
pore size distribution of the mesopores at around 3.4 nm for
SBA-16 and 3.8 nm for SBA-16/HA, calculated by using
the BJH computation procedure.

3.2 Small-angle X-ray scattering (SAXS)

SAXS patterns of as-made materials confirm that they are
highly ordered, as demonstrated in a previous paper [15].
Figure 2 shows the SAXS patterns of SBA-16 and SBA-16/
HA samples, which revealed one intense peak related to the
(110) diffraction plane, and two lesser peaks related to the
(200) and (211) planes. The SAXS patterns of functiona-
lized silica SBA-16 and SBA-16/HA are presented in insert.
The type of mesostructure can be identified by analyzing the
relative peak distance ratios (q1 1 0/q1 1 0, q2 0 0/q1 1 0 and q2
1 1/q1 1 0). The three peaks, whose positions are in a q h k l/
q1 1 0 ratio of 1:√2:√4:√6 (h, k and l are the Miller Indices),
correspond, respectively, to the (1 1 0), (2 0 0) and (2 1 1)
diffraction planes of the cubic (Im3m) mesophases formed
by the compact packing of cylindrical tubes [24]. It is
noteworthy that functionalized samples also exhibit a well-
resolved peak indexed as (110), typical of ordered cubic
mesoporous structures (insert Fig. 2). Indeed, the intense
peak related to the (110) SAXS reflection remained present
after hydrocarbon chain incorporation in SBA-16APTES
and SBA-16/HAAPTES samples, suggesting only a small
loss of structural ordering in the host mesostructure [25].

In addition to the characteristic reflections, the position
of the first peak at around 2θ of 0.74 for SBA-16 and 0.72
for SBA-16/HA allows direct determination of the
center–center distance between adjacent tubes using a0=
d(110)·√2 and d= ʎ/sin 2θ, where d corresponds to the
interplanar distances, and a0 is the unit cell parameter [24].

Table 2 summarizes these results. In the case of SBA-16, its
characteristic cubic structure had a corresponding unit cell
parameter of a0= 16.3 nm with d110 spacing of 11.5 nm.
The value of a0 was calculated at 16.7 nm with d110 spacing
of 11.8 nm for SBA-16/HA. The SAXS patterns of surface
modified SBA-16APTES and SBA-16/HAAPTES samples
showed a0 values of 16.3 and 16.9 nm and d(110) values of
11.5 and 12.0 nm, respectively. These results indicated that
pore wall functionalization does not affect the structural
order. Nevertheless, nanocomposites samples present
broader diffraction peaks, indicating that the structure of
these materials are less regular than SBA-16. It is not sur-
prising that the pattern for SBA-16 is sharper than that for
nanocomposites, given that the former exhibited much more
uniform mesopores, as shown by the adsorption isotherms
in Fig. 1. Calculated d110, a0 and h (pore wall thickness)
values are reported in Table 2. Pore wall thicknesses (h)
were evaluated from geometrical considerations and unit-
cell parameters (h= a−Dp), where Dp is pore size obtained
from N2 adsorption. As expected, an increase in mesopore
diameter was observed for nanocomposite samples, as
previously described by Dìaz [18]. The increase in the
average pore size diameter can be due to the growth of HA
crystals, which can block the available space of the meso-
porous silica. As discussed in a previous work [15], the
pores within the mesopore range can act as initiation sites
for HA crystal nucleation, suggesting that increasing levels
of calcium and phosphate ions inside the pores promoted
the precipitation of HA within this region.

3.3 Thermogravimetry analysis (TGA) and elemental
analysis (CHN)

The TGA curves of all the systems are shown in Fig. 3 and
the results are summarized on Table 3. For comparison, data
from a previous work is shown [16], the SBA-16 and SBA-
16/HA samples show initial weight losses of 16.8 and 7.8%,
respectively, from 25 to 150 °C, which is apparently due to
the thermodesorption of physically adsorbed water. Above
150 and up to 800 °C, no significant weight loss could be
identified. The SBA-16 and HA/SBA-16 materials have
adequate thermal stability for application where this char-
acteristic is desirable. It was possible to see small weight
losses during temperature variation of the pure matrices.

The amount of functionalized agent anchored in the
matrices SBA-16APTES and SBA-16/HAAPTES as well as
the amount of ciprofloxacin incorporated inside of these
matrices were estimated by TGA technique (Table 3).

In the cases of functionalized samples, weight loss
occurred in two distinct regions for all samples. The first
region of weight loss occurs in a temperature range between
25 and 150 °C, which can be attributed to thermodesorption
of physically adsorbed water. The second region showed

Table 1 N2 adsorption/desorption parameters of SBA-16, SBA-
16APTES, SBA-16APTES Cipro, SBA-16/HA, SBA-16/HAAPTES,
and SBA-16/HAAPTES Cipro samples

Samples Dp (nm) SBET (m2 g−1) Vp (cc
3 g−1)

SBA-16 3.4 735 0.244

SBA-16APTES 3.4 98 0.117

SBA-16APTES Cipro 3.4 29 0.040

HA/SBA-16 3.8 384 0.351

SBA-16/HAAPTES 3.8 122 0.204

SBA-16/HAAPTES Cipro 3.8 49 0.070

N2 adsorption error: 3%

SBET the specific area, Dp the average pore diameter, Vp the average
pore volume
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weight loss between 150 and 600 °C, which can be attrib-
uted to the decomposition temperature for incorporated
alcoxysilane groups. The presence of the hydrocarbon
chain, as observed in APTES molecules, gives the wall
surface a rather hydrophobic characteristic. As a con-
sequence, the mass loss due to water molecules in the pore
interface, in the first region (25–150 °C), is much lower for
the APTES when compared to non-functionalized silica-
SBA16 samples. The TGA was also used to infer the
amount of ciprofloxacin loaded in each sample and the data

found confirms the presence of the drug in the pores after
the adsorption of the drug. It is worth to mention that the
results show that ciprofloxacin adsorbed in the SBA-
16APTES matrix remains practically the same respective to

Fig. 2 SAXS patterns of SBA-16, SBA-16APTES, SBA-16APTES Cipro, SBA-16/HA, SBA-16/HAAPTES, and SBA-16/HAAPTES Cipro
samples

Table 2 Structural parameters of SBA-16, SBA-16APTES, SBA-16/
APTES Cipro, SBA-16/HA, SBA-16/HAAPTES, and SBA-16/
HAAPTES Cipro samples

Samples 2 θ d110 (nm) a0 (nm) h (nm)

SBA-16 0.74 11.5 16.3 12.9

SBA-16APTES 0.74 11.5 16.3 12.9

SBA-16APTES Cipro 0.74 11.5 16.3 12.9

SBA-16/HA 0.72 11.8 16.7 12.9

SBA-16/HAAPTES 0.71 12.0 16.9 13.1

SBA-16/HAAPTES Cipro 0.71 12.0 16.9 13.1

Fig. 3 TG curves for SBA-16, SBA-16APTES, SBA-16APTES
Cipro, SBA-16/HA, SBA-16/HAAPTES, and SBA-16/HAAPTES
Cipro samples
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the HA/SBA-16APTES, as no statistically significant dif-
ferences could be observed in the loading percentage.
Considering that the pore sizes of the SBA-16APTES and
HA/SBA-16APTES are large enough to entrap cipro-
floxacin, it can be concluded that the similar degree of
functionalization of these samples contributes to the com-
parable capacity of drug loading in both the matrices.

Evidence that surface modification with APTES and
incorporation of ciprofloxacin occurred in the SBA-16 and
HA/SBA-16 matrices was also obtained through elemental
analysis. This technique indicates an increase in the per-
centages of the carbon (C) and nitrogen (N) elements in
SBA-16 and HA/SBA-16, where APTES functionalization
and drug loading occurred. Table 3 shows the value con-
tents of this element in the matrices after APTES anchoring
and drug loading. The results indicate that the APTES
group and ciprofloxacin drug were incorporated in the
structure of SBA-16 and HA/SBA-16. As previously men-
tioned in the TGA analysis, the high percentage of carbon
and nitrogen produced by the incorporation suggested a
relatively high level of drug loading. By comparing the drug
incorporation of the two samples (SBA-16APTES and HA/
SBA-16APTES), no differences were observed in C content
(%) and N content (%), confirming the results obtained from
TGA.

3.4 Zeta potential analysis

Zeta potential measurements are used to characterize the
surface charges of particles. Table 4 shows the values of
zeta potential measurements for SBA-16, SBA-16APTES,
SBA-16/HA, and SBA-16/HAAPTES. The mean zeta
potential value of free SBA-16 and SBA-16/HA are −56.0
± 2.3 and 2.9± 1.9 mV, respectively. This result of SBA-16
is due to the high amount of silanol groups on the silica
surface [26]. However, for SBA-16APTES and SBA-16/
HAAPTES particles, the values are 25.2± 5.0 and 30.4±
1.3 mV, respectively. Changes could be attributed to
incorporation of amino groups onto the silica surface. The
results indicate the successful modification of the outer

surface of the matrices by APTES. The same reduction
happened after binding with DTPA due to carboxylic acid
present in the molecule. Nevertheless, SBA-16/HAAPTES
DTPA samples showed positive charge.

The zeta potential can change particles behavior within
in vivo environments, given that the presence of electrical
charges can minimize agglomeration phenomena or drive
the in vitro destiny of systems.

3.5 Drug loading and in vitro release study

Ciprofloxacin is the most widely used fluoroquinolone in
bone tissue bacterial infection treatment. Ciprofloxacin
shows a wide spectrum of antimicrobial activity and a good
penetration in many tissues, including bone tissue [27]. A
high local dose can be obtained from the ciprofloxacin-
loaded silica/hydroxyapatite nanocomposite. This has been
used for targeted antibiotic release as a means of effectively
delivering ciprofloxacin in bone with the purpose of mini-
mizing toxicity and maximize the effectiveness of anti-
bacterial treatment [28].

The amount of ciprofloxacin incorporated into SBA-
16APTES and SBA-16/HAAPTES silica network samples
was determined in the supernatant before and after the
loading procedure by using UV-VIS spectroscopy, and the
results are presented in Table 5. The results reveal that the
SBA-16APTES sample presents similar ciprofloxacin
incorporation ratio (28.5% w/w) as compared to the SBA-
16/HAAPTES sample (30.6% w/w). Similar results were

Table 3 Percentage of weight loss and elemental analysis of SBA-16, SBA-16APTES, SBA-16APTES Cipro, SBA-16/HA, SBA-16/HAAPTES,
and SBA-16/HAAPTES Cipro samples

Samples Weight loss (% w/w) Weight loss (% w/w) Residue (% w/w) C (%) N (%)

25–150 °C 150–800 °C 4800 °C

SBA-16 16.8 2.3 80 0.2± 0.01 0.02± 0.01

SBA-16APTES 3.9 13.9 82 6.9± 0.1 2.61± 0.01

SBA-16APTES Cipro 14.3 22.3 63 15.9± 0.9 3.9± 0.1

SBA-16/HA 7.8 1.0 91 0.17± 0.01 0.03± 0.01

SBA-16/HAAPTES 5.9 14.4 79 6.1± 0.2 1.81± 0.04

SBA-16/HAAPTES Cipro 13.6 27.9 58 15.5± 0.2 3.4± 0.05

Table 4 Zeta potencial analysis

Samples ζ potential ± SD (mV)

SBA-16 −56.0± 2.3

SBA-16APTES +25.2± 5.0

SBA-16APTES DTPA −8.9± 0.7

SBA-16/HA +2.9± 1.9

SBA-16/HAAPTES +30.4± 1.3

SBA-16/HAAPTES DTPA +10.3± 1.6
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obtained by elemental analyses and TGA measurements.
For SBA-16APTES Cipro sample, a ciprofloxacin incor-
poration percentage of 28% (w/w) was observed, and for
SBA-16/HAAPTES Cipro, 31% (w/w) was obtained. This
behavior might be related to the comparable surface mod-
ification with APTES in both samples.

This similar amount in the samples can be attributed to
the analogous pore spaces and surface area available after
functionalization for drug loading. The similar pore volume
of the SBA-16APTES and SBA-16/HAAPTES can be
confirmed by the nitrogen adsorption technique.

The in vitro ciprofloxacin release behavior from SBA-
16APTES Cipro and SBA-16/HAAPTES Cipro samples
was investigated as a function of time (Fig. 4). The release
profiles of SBA-16APTES Cipro and SBA-16/HAAPTES
Cipro matrices exhibited an initial burst release effect dur-
ing the first 9 h, around 42% and 43% of the loading
quantity released. The maximum release achieved in 76 h
for the SBA-16APTES Cipro sample was approximately
53%, as compared to the SBA-16/HAAPTES Cipro sam-
ples, which reached 51%. The initial burst release can be
attributed to the prompt dissolution and release of the por-
tion of ciprofloxacin located on the surface. On the other
hand, the second step exhibits a very slow and extended
ciprofloxacin release which might be explained by the high
affinity of the drug with amine surface group and its
interactions within the inner microporous spaces [29].

According to ciprofloxacin release profiles, there was no
significant difference between them.

The interaction between drug and APTES is important to
understand the delivery ratio. Andrade et al. [15] have
previously assessed the behavior of the system SBA-16 and
SBA-16/HA without APTES during drug delivery process.
Drug loading percentage inside the matrices showed a lower
ratio of ciprofloxacin-incorporated than matrices functio-
nalized with APTES. This result can be explained by the
interaction of functional groups of ciprofloxacin molecule
with amine groups through hydrogen bonding. These
interactions could be more intense, and could explain a
larger incorporation and a smaller release, when compared
with interaction of ciprofloxacin with the same matrices
without functionalization described by Andrade [15]. In a
previous study, it was found that both surface interaction
and pore volume do in fact affect the ratio and amount
released from the mesoporous materials. Due to the struc-
tural characteristics of ciprofloxacin, which is a weak acid
containing two pKa values, 6.09 (carboxylic acid groups)
and 8.4 (nitrogen of piperazinyl ring), this is strongly
influenced by pH. It is possible to perceive the strong
interaction of the drug with the modified surface, both in the
incorporation solution and in the release solution (SBF) at
pH 7.3. In an SBF solution, the carboxylic acid was found
to be dissociated, and the nitrogen of piperazinyl ring is
protonated, hence it is classified as a zwitterionic species
[30]. The molecule behavior can foster a greater interaction
with the amine groups.

3.6 Cytotoxicity studies

To evaluate the potential of samples as an effective drug
carrier for therapy, the in vitro cytotoxicity of SBA-16,
SBA-16APTES, SAB-16APTES Cipro, SBA-16/HA, SBA-
16/HAAPTES and SBA-16/HAAPTESCipro was investi-
gated. In this work MTT and CellTiter assays were used in
order to access cell metabolism viability [31]. MTT assay is
currently considered a viability test that works efficiently in
the vast majority of cases. CellTiter-Blue is a fluorescent
method that indicates mitochondrial activity based on the
reduction of resazurin to resorufin in metabolically active
cells [32].

The percentage of MTT metabolization measured from
the solubilized formazan crystals generated by viable cells
is presented in Fig. 5. The reduction of resazurin to resor-
ufin by mitochondrial activity is presented in Fig. 6. The
MTT assays showed significant decrease in mitochondrial
activity and cell viability in concentrations greater than 100
µg mL−1 (Fig. 5). CellTiter analyses showed for all samples
tests, no differences between lower concentration (3.2 µg
mL−1) and non-treated cells. However, higher concentra-
tions such as 100 µg mL−1 induced significant decrease in

Fig. 4 Release kinetic profiles of ciprofloxacin from SBA-16APTES
Cipro and SBA-16/HAAPTES Cipro samples. Values expressed as
mean± SEM

Table 5 Incorporation ratio of ciprofloxacin into SBA-16APTES and
SBA-16/HAAPTES

Samples Loading ratio (%)

SBA-16APTES 28.5± 1.00

SBA-16/HAAPTES 30.6± 0.07
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mitochondrial cell metabolism. SBA-16/HAAPTES Cipro-
treated cells presented a lower cell metabolism compared to
SBA-16APTES and SBA-16APTES Cipro (Fig. 6).

Collectively, our results showed the reduction of HEK 293
cell viability with the increase in the materials SBA-
16APTES, SBA-16APTES Cipro, SBA-16/HAAPTES,
SBA-16/HAAPTES Cipro concentrations.

3.7 Antimicrobial screening

The overall results of the antimicrobial assays are shown in
Table 6. All samples were subjected to antimicrobial assay
by broth microdilution method [23]. Gram-positive bacteria
Bacillus cereus and Staphylococcus aureus, Gram-negative
bacteria Escherichia coli and Pseudomonas aeruginosas
were tested. Both functionalized samples containing cipro-
floxacin presented a high antibacterial action against all
microorganisms especially when compared to the results
obtained with pure ciprofloxacin. In addition, it is important
to note that the amount of free ciprofloxacin is approxi-
mately three times greater than the amount of ciprofloxacin
contained in the sample. HA/SBA-16APTES Cipro has
been revealed to be very active against Staphylococcus
aureus (96.3± 0.8) with an inhibition value greater than
ampicillin (95.9 ± 0.3) and free ciprofloxacin (76.4 ± 2.4).
In the case of Escherichia coli, a similar behavior was
observed, since the results showed a better performance of
this sample (96.4 ± 0.6) in relation to free ciprofloxacin
(88.3 ± 1.0) and a comparable activity in relation to ampi-
cillin (97.5± 0.4). Some assays with pure samples were
performed, without incorporation of the drug, to evaluate
their performance in the antimicrobial process. It is impor-
tant to note that samples of HA/SBA-16 and SBA-
16APTES without ciprofloxacin presented moderate activ-
ity against Escherichia coli, with 83.4 and 77.0%, respec-
tively. This result can indicate that the materials contribute
to the antimicrobial activity [33].

3.8 Radiochemical yields

The TLC was used to predict the radiochemical yields of the
99mTc-DTPA-SBA-16APTES and 99mTc-DTPA-SBA-16/
HAAPTES. The results obtained showed a mean radio-
chemical yield for 99mTc-DTPA-SBA-16APTES of 98.10
± 1.02% and 99mTc-DTPA-SBA-16/HAAPTES 99.74±
0.08% (n= 6). 99mTcO4

− migrates to the top of the silica
gel plaque when methylethylketone is used as a mobile
phase (Rf= 0.9–1). On the other hand, 99mTcO2 molecules
and radiolabeled particles remain at the bottom of the silica
gel plaque (Rf= 0), allowing the quantification of free
technetium-99m. The presence of radiochemical impurities
proved to be a drawback in nuclear medicine, yielding
images with poor quality [34]. Therefore, radiochemical
purity above 90% is recommended for radio-
pharmaceuticals, which was achieved for both 99mTc-

Fig. 5 Cell viability of HEK 293 incubated with different concentra-
tions of composites using MTT reagent. 24 h after plating, cells were
treated with concentrations ranging from 1.25 to 1000.0 µg/mL of
SBA-16APTES, SBA-16APTES Cipro, SBA-16/HAAPTES and
SBA-16/HAAPTES Cipro. The ability of cells to reduce the MTT was
calculated and the materials concentrations expressed in log. The
composite-treated groups were normalized related to the cell viability
of control groups, non-treated cells. In high concentration of materials,
there was a slight decrease in HEK 293 cell viability. Results are
expressed as mean± SEM of triplicates from three separate experi-
ments. **p o 0.01; ***p o 0.001; ****p o 0.0001

Fig. 6 HEK 293 mitochondrial activity. 1× 104 cells/mL were plated
in the presence of SBA-16, SBA-16 APTES, SBA-16APTES Cipro,
SBA-16/HA SBA-16/HAAPTES and SBA-16/HAAPTES Cipro at X
and Y concentrations. After 48 h, cells were incubated with CellTiter
reagent for 4 h and the ability of cells to reduce the reagent were
calculated. The material concentrations were expressed in log of values
and the treated groups were normalized related to cell viability value
presented by untreated cells (control, 100% viability). CellTiter
fluorescence results showed a slight decrease in HEK 293 cell mito-
chondrial activity in increased amount of concentration of the mate-
rials. Results mean± SEM of triplicates from three separate
experiments. *p o 0.05; **p o 0.01; ***p o 0.001

378 J Sol-Gel Sci Technol (2018) 85:369–381



DTPA-SBA-16APTES and 99mTc-DTPA-SBA-16/
HAAPTES.

3.9 In vitro stability

Radiochemical stability was evaluated for the 99mTc-DTPA-
SBA-16APTES and 99mTc-DTPA-SBA-16/HAAPTES at 1,
2, 4, 6, 8 and 24 h in NaCl 0.9% (w/v) solution, at room
temperature, and mice plasma at 37 °C, under agitation. An
excellent stability, even over long periods, was observed
(Fig. 7). Radiochemical purity remained above 90%
throughout all the observation period, for both complexes.
In vitro stability is extremely important for radio-
pharmaceuticals, since particles with low radiolabeling
stability will generate data that no longer reflect the nano-
particle fate.

3.10 Biodistribution studies

Results obtained from in vitro studies suggested that 99mTc-
DTPA-SBA-16APTES and 99mTc-DTPA-SBA-16/
HAAPTES have suitable characteristics for a radiotracer,
allowing in vivo biodistribution studies, to predict the
applicability of these particles [11]. As expected, both
complexes were avidly uptaken by liver and spleen, and the

radioactivity associated with these organs reached the
highest level at 4 h post-injection. Nanostructures are nor-
mally recognized by mononuclear phagocyte system,
especially by macrophages present in these organs [35].
Moreover, both radiocomplexes revealed low uptake by
thyroid and stomach, which confirms in vitro stability data,
since it is well known that free technetium-99m has pre-
ferential uptake by these organs [36].

Table 6 In vitro growth
inhibition of microorganisms
induced by compounds at the
concentration of 250 µg mL−1

Microorganism Staphylococcus
aureus

Pseudomonas
aeruginosa

Escherichia
coli

Bacillus
cereus

Ciprofloxacin 76.4± 2.4 77.4± 2.1 88.3± 1.0 85.9± 1.3

Ampicillin 95.9± 0.3 93.3± 0.6 97.5± 0.4 93.6± 0.7

HA/SBA-16 22.1± 2.0 18.0± 2.5 83.4± 0.4 9.1± 2.5

HA/SBA-16APTES 9.9± 1.5 6.0± 0.9 26.8± 3.0 9.6± 1.4

HA/SBA-16 APTES Cipro 96.3± 0.8 86.3± 1.8 96.4± 0.6 89.1± 1.6

SBA-16 7.2± 1.6 3.0± 0.4 25.2± 2.3 0

SBA-16APTES 1.6± 0.7 0 77.0± 0.5 0

SBA-16APTES Cipro 93.3± 0.9 88.8± 1.2 95.6± 1.5 84.6± 2.8

Results are mean values of quintuplicate assays± standard deviation (expressed as % inhibition)

Fig. 7 In vitro stability of 99mTc-DTPA-SBA-16APTES and 99mTc-DTPA-SBA-16/HAAPTES in NaCl 0.9% (w/v) (room temperature) (a) and
plasma (37 °C) (b). The data are expressed as mean± standard deviation (n= 3)

Fig. 8 Uptake of 99mTc-DTPA-SBA-16APTES and 99mTc-DTPA-
SBA-16/HAAPTES by bone tissue, at 1 and 4 h post-injection. Results
are expressed as mean± SEM of triplicates from three separate
experiments. * p o 0.05
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Regarding to bone uptake, a higher uptake for 99mTc-
DTPA-SBA-16/HAAPTES was observed when compared
to 99mTc-DTPA-SBA-16APTES, at 1 and 4 h post-injection
(Fig. 8). This result indicates more specificity for bone tis-
sue for 99mTc-DTPA-SBA-16/HAAPTES. This occurs due
to the presence of hydroxyapatite in the complex, which has
high affinity for bone matrix [16]. Target-to-nontarget ratios
confirm the affinity of these particles for bone tissue. At 4 h
post-injection, this ratio was 4.34± 0.05 (n= 3), in other
words, the uptake by bone tissue was 4.3 times higher than
muscle tissue, used as a control group.

4 Conclusion

In this study, we have demonstrated the effective functio-
nalization process of mesoporous silica SBA-16/Hydro-
xyapatite-based composite using a one-pot process by post-
synthesis grafting. The applicability of these systems as a
matrix for controlled drug delivery was studied and the
results indicate that there was no significant difference
between them. MTT and CellTiter analyses in HEK 293 cell
line indicated that the presence of material in concentrations
up to 100 µg mL−1 did not compromise the cell metabolism
and consequently, cell viability. Biological activity of silica/
hydroxyapatite composite with ciprofloxacin against sus-
ceptible bacteria was also evaluated and both functionalized
samples containing ciprofloxacin presented a high anti-
bacterial action against all microorganism especially when
compared to the results obtained with pure ciprofloxacin.
SBA-16/HA and SBA-16APTES without ciprofloxacin
showed significant antimicrobial activity against E. coli.
SBA-16/HAAPTES and SBA-16 also had antimicrobial
activity, albeit in a less significant way. These results
indicate that the materials have antimicrobial activity. In
addition, according to biodistribution studies with radi-
olabel samples, the SBA-16/HAAPTES presented greater
affinity than SBA-16APTES for bone tissue. Furthermore,
the composite developed in this work is cost-effective and
of controllable production, which indicates that our findings
have significant relevance to infection bone treatment.
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