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Abstract

Multichannel mesoporous bioactive glass (MBG) microtubes were synthesized using Pluronic P123 and wool sponges as templates. The fine
one-dimensional multichannel structures of the biological templates were faithfully duplicated. The wool sponges not only created pores but also
helped increase the growth rate of hydroxycarbonate apatite in simulated body fluid (SBF). The biocompatibilities were also evaluated by
culturing the MC3T3-E1 cells on the mesoporous bioactive glass microtubes. The MBG microtubes exhibited delicate multichannel tubular
structures, bioactivities, biocompatibilities and the capability for sustained drug delivery. The data provided evidence that the material had
excellent potential for applications in the fields of tissue engineering and drug storage.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Materials with hollow micro-/nanotubular structures have
attracted growing research interest for many applications such as
catalysis support, drug/gene delivery and medical diagnostics [1—
5]. Tubular carriers are emerging as one of the most promising
delivery vehicles due to their significant advantages over spherical
micro-/nanoparticles, including remarkably high drug-carrying
capacities and prolonged circulation time [6—10]. While much of
the literature thus far has focused on the synthesis and basic
properties of one-dimensional (1D) structures, demonstrations of
more advanced applications and controlled assemblies are emer-
ging [11,12]. Moreover, delicate multichannel (or multichamber)
tubular structures have been adapted in a number of animals
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during the course of evolution, including the feathers of many bird
species. The unique internal configurations of the multichannel
tubular structures found in nature have many attractive features of
interest to scientists [13,14].

Recently, mesoporous bioactive glass (MBG) has been
widely studied because of its potential in bone or tooth
reconstruction and substitution [15-18]. However, the meso-
scale pores of the MBG are too small to promote cell adhesion
and nutrition transportation [19]. Therefore, merging the
mesoporous structures of the MBG and the tubular macro-
porous morphologies would give rise to a new class of multi-
functional materials. In this process, tubular structures are
achieved through sol-gel method-based template synthesis.
Because the structures of the products are severely limited by
the simple morphology of their artificial template substrates, a
biotemplate strategy could provide a short cut for producing
functional materials with complex natural structures [20-22].
Biotemplates with sophisticated micro-/nanostructures are
difficult to obtain, even with the most technologically
advanced synthetic methodologies. For this purpose, our group
first successfully prepared hierarchically macro-/mesoporous
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MBG ceramic scaffolds using natural Mediterranean Sea
sponges as the biotemplate [23]. The synthesized materials
exhibited some ability for apatite mineralization and drug
delivery in bone regeneration. Therefore, the synthesis of one-
dimensional inorganic hollow MBG microtubes was of interest
for enhancing the performance of the previously mentioned
scaffold.

In the present work, MBG microtubes with improved
structural features and complicated hierarchical morphologies
were successfully produced using the sol-gel method accom-
panied by biotemplate synthesis. The result was that MBG
microtubes exhibited accelerated bioactivity, forming a bonelike
apatite phase on the surface, and were highly biocompatible and
capable of sustained drug delivery. The dexamethasone (DEX)
adsorption capacity of the synthesized MBG microtubes was 2
times higher, with a more uniform rate of release and a longer
release time than that of the MBG scaffolds using the natural
Mediterranean Sea sponge as a biotemplate [23].

2. Experiments
2.1. Synthesis of MBG microtubes

First, highly ordered mesoporous bioactive glasses (MBG)
(molar ratio: Si/Ca/P=80/15/5) were synthesized using the
nonionic block copolymer pluronic P123 (EO,(,PO;oEO,) as a
surfactant [15]. Triethyl phosphate (TEP), tetraethyl orthosili-
cate (TEOS) and Ca(NOs), - 4H,0 were used as SiO,, P,Os,
and CaO sources, respectively. In a typical synthesis, 4 g P123
was dissolved in 60 mL ethanol with 1.0 g of a 0.5 M HCI
solution. Then, 6.7g TEOS, 0.73g TEP, and 1.4g Ca
(NO3), - 4H,0 were added. The solution was stirred at room
temperature for 24 h. The P123 served as soft templates for the
subsequent formation of mesopores. Second, the solution was
introduced into a hard template consisting of wool sponges.
The excess solution was removed and the remainder allowed to
evaporate at room temperature for 24 h. This procedure was
repeated 6 times. Third, the organic-phase soft template was
removed via calcination at 600 °C for 8 h. The MBG micro-
tubes were then obtained.

2.2. In vitro mineralization

The ionic composition of the as-prepared simulated body
fluid (SBF) solution was similar to that of human body plasma
with a molar composition of 142.0, 5.0, 2.5, 1.5, 147.8, 4.2,
1.0 and 0.5 for Na*, K", Ca®*, Mg?™, CI”, HCO3, HPO3~
and SOi_, respectively (pH =7.4) [24]. The 1 g MBG tubular
scaffolds were soaked in 50 mL SBF with shaking at 37 °C for
6, 24, 72 and 168 h.

2.3. Drug loading and release from the MBG microtubes

A 0.2 g sample of the MBG microtubes was added to
200 mL of a 1 mg mL™' DEX/ethanol solution and soaked for
24 h at room temperature. The MBG/DEX microtubes were
obtained after drying at 50 °C for 24 h. Filtrate (1.0 mL) was

sucked and properly diluted to determine the drug-loading
amount by High Performance Liquid Chromatography
(HPLC). The DEX release was evaluated by placing 0.2 g
DEX-loaded MBG microtubes into 250 mL SBF at 37 °C for
6, 24, 72, 120, 192, 360, 528 and 720 h.

2.4. Cell viability test

The MC3T3-El cells (ATCC) were routinely grown in an
MEM medium (Gibco, Gaithersburg, MD, USA) supplemented
with 10% fetal bovine serum (FBS; Sigma-Aldrich). The cells
were plated on 96-well plates at an initial density of 1 x 10° per
well in a humidified atmosphere with 5% CO, at 37 °C.

The viability of the MC3T3-E1 cells was determined using an
MTT assay [25]. The cells treated with concentrations of MBG
microtubes ranging from 0.1 to 10 pg mL™" were harvested at 1,
3 and 7 days. A 100 pL aliquot of a 0.5 mg mL~" MTT solution
(Sigma-Aldrich, Australia) was added to each scaffold, and the
cells were cultured for 4 h at 37 °C. Then, the upper medium
was carefully removed, and the formazan was dissolved in
150 pL.  dimethyl sulfoxide (DMSO; Sigma-Aldrich). The
absorbance was measured at 570 nm on a microplate reader
(TECAN, Salzburg, Austria).

3. Characterization

Power X-ray diffraction (PXRD) measurements were
obtained using a Siemens D5005 diffractometer. A Hitachi
X-650B scanning electron microscope was used for SEM
measurements. Transmission electron microscopy experiments
were performed on a JEM1011 electron microscope with an
acceleration voltage of 100 kV. The N, adsorption—desorption
isotherms were recorded at 77 K using a Micromeritics ASAP
2010. The HPLC system consisted of an LC-10ADvp pump
and an LC-2010A HT/2010C HT detector (SHIMADZU Co.,
Japan).

4. Results and discussion
4.1. Characterization of the MBG microtubes

MBG microtubes could be obtained through a sol-gel
method using block copolymers of P123 and wool sponges
as templates. The SEM images of the wool sponge and the as-
prepared MBG microtubes were provided in Fig. 1(a)—(d) and
revealed a highly ordered 1D tubular network. The MBG
microtubes had a cylindrical structure, and most of tubes
clearly exhibited hollow structures with many cava. The
microtubes had a diameter of almost 10 um and a length of
approximately 50 um—100 pm.

The powder XRD pattern of the synthesized MBG micro-
tubes was shown in Fig. 2a. Only one diffraction peak could be
observed in the small-angle regime (20=1.06°) and could be
indexed to the (100) diffraction of a 2D hexagonal (p6 mm)
lattice [15]. The disappearance of the (110) and (200) diffrac-
tion peaks was attributed to a perturbation of the interpenetrat-
ing macropores [26]. The XRD analysis was in agreement with
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Fig. 2. (a) Small-angle powder XRD pattern of the synthesized MBG microtubes; (b) TEM image of the synthesized MBG microtubes; (c) the N, adsorption—

desorption isotherms and the pore size of the synthesized MBG microtubes.

the TEM observations, as shown in Fig. 2b. Clearly, the typical
characteristics of a hexagonally packed mesostructure were
present.

The N, adsorption—desorption isotherms of the MBG
microtubes were shown in Fig. 2c. The curves could be
identified as type-IV isotherms, which were characteristic of
mesoporous materials [15,27]. The samples exhibited type-H1
hysteresis loops in the mesopore range, which features the
cylindrical pores. The narrow peak in the Barrett—Joyner—
Halenda (BJH) pore-size distribution curve (inset) indicated
uniformity in the mesopores in these materials.

In this experiment, the in vitro bone-forming activity of the
MBG microtubes was tested in SBF to monitor the formation

of hydroxycarbonate apatite (HCA) on the surface of the MBG
microtubes. Fig. 3a provided the SEM micrograph of the MBG
microtube surface after soaking in the SBF solution for 6 h.
Prior to soaking in the SBF solution, the MBG microtubes
exhibited a relatively smooth surface (Fig. 1(b)). The SEM
image revealed that the surface of the MBG microtubes
underwent important change when it reacted with the SBF.
The surface was nearly covered with the newly formed plate-
like HCA after soaking for 6 h [28], and the morphology had
no obvious difference among the MBG microtubes as a
function of time. Fig. 3b showed the wide-angle XRD patterns
of the MBG microtubes before and after soaking in the SBF
solutions at varying intervals. The two diffraction peaks
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Fig. 3. (a) SEM image of the MBG microtubes before and after soaking in SBF for 6 h; (b) wide-angle XRD and (c) EDS patterns of the MBG microtubes before

and after soaking in SBF for the following times.

characteristic of HCA at 26.02 and 32.18 corresponding to the
(002) and (211) reflections could clearly be observed in the XRD
pattern after soaking for 6 h. These peaks indicated the formation
of HCA on the surface of the MBG microtubes [29,30]. After
prolonged soaking, the intensities of the HCA peaks increase,
which was indicative of an increase in the HCA content. The
results obtained from XRD were also confirmed through an EDS
analysis, as shown in Fig. 3c. After immersion in SBF, the Ca
and P concentrations increased significantly, signifying the
extended development of HCA [31].

In this study, DEX, a drug used to treat rheumatoid arthritis,
was selected as the target. The HPLC results indicated that the
MBG/DEX sample contained 45.6% DEX, which corre-
sponded to 838.2 mg of DEX in a 1 g sample of the MBG
microtubes. The adsorption of DEX from ethanol was studied
by determining adsorption isotherms [32]. In Fig. 4, the
corresponding isotherm was expressed as the amount DEX
adsorbed per weight MBG microtubes, n/w, as a function of
the equilibrium concentration of DEX in ethanol solution. It
could be seen that the data for adsorptive uptake of DEX from
ethanol by MBG microtubes showed Langmuir-type iso-
therms. The main interaction sites between the DEX and the
MBG microtubes surface were thought to be hydrogen
bonding; that was, formation of the hydrogen bonding between
the OH groups of DEX with the OH groups on the surface.

Molecular desorption from the adsorbed phase and diffusion
from within the pore structure of the matrices, referred to as
drug release, had been interpreted via the same factors
controlling the adsorption process, viz. pore structure, host-
guest chemical interaction, and solvent chemical properties
[33-35]. In the present study, the DEX release properties from
MBG microtubes were investigated as a function of time as
shown in Fig. 5. The mathematical theories were used to
analyze the experimentally measured in vitro drug release
kinetics and to determine the apparent diffusion coefficient of
DEX within the MBG microtubes. The solution model was
based on Fick's second law of diffusion [36,37]. Fig. 5 showed
that the experimental release values did not deviate signifi-
cantly from the mathematical model employed in this study
(curves and symbols in Fig. 5). This indicated that drug release
from these systems was primarily diffusion-controlled. Fig. 5
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Fig. 4. The adsorption isotherm of DEX in ethanol solution for the MBG
microtubes.
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Fig. 5. Effects of initial drug content 1.0 mmol g~'(4), 1.6 mmol g~ (®) and
2.5mmol g~ (™) on release of DEX from the MBG microtubes: theory
(curves, Fick's second law of diffusion) and experiment (symbols). The data
are presented as the mean value + SD for three independent experiments.
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showed the importance of the DEX amount (1.0, 1.6 and
2.5mmol g”') on the release from the MBG microtubes.
Based on these calculations, the diffusion coefficients of
DEX within the MBG microtubes were 3.87 x 107'® m?/h,
6.27x10"'°m*h and 8.58 x 10'®m?h, respectively.
Clearly, the relative release rate decreased with increasing
drug loading. The MBG microtubes also exhibited a consider-
ably extended overall drug release of more than 30 days with
increasing initial drug amount (2.5 mmol g'), confirming that
this approach could achieve long and sustained drug release,
which might be required, for example, for effective anti-
infection bone therapy. Because a numerical approach based
on Fick's second diffusion law was used to investigate drug
release kinetics, the similar relationship was also observed by
other researchers. Drug release profiles from porous hydro-
xyapatite tablets was studied by oner et al. and Vervaet et al.
[32,37]. In their research, the slower drug release from the
tablets was strictly related to the porous structure of the
matrices (pore size, shape and connectivity). Pendleton et al.
investigated drug delivery behavior of mesoporous silica SBA-
15 containing the natural antibacterial allyl isothiocyanate
(AITC) as model drugs [38]. The apparent drug diffusivity
was depending on the mesoporous network. Analysis of the
desorption or controlled release data, they gave effective
diffusion coefficients of 4.40 x 107'°m?%s and 3.00 x
107'° m%/s for SBA-15 carriers. Effective diffusion coefficients
were considerably higher than that in our system. The much
slower rate of diffusion from within the MBG microtubes was,
most probably, due to the porous structure of the matrices. The
MBG microtubes had sustained drug delivery profiles due not
only to the surface SiOH and the existing mesoporous phase
but also to their 1D multichannel structures. This observation
could be explained by two effects: (1) the multichannel
microtubes could act as many micro-reservoirs providing a
constant drug concentration differential inside and outside the
microtubes [39] and (2) the 1D multichannel structures might
play a key role in buffering the drug molecules, which
increased the diffusion hindrance compared with the single
mesoporous phase and maintained a constant diffusion.
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Fig. 6. The MTT assay of MC3T3-E1 cells cultured on concentrations of the
MBG microtubes ranging from 0.1 to 10 pg ml~" over different intervals. The
data are presented as the mean value + SD for three independent experiments.

As shown in Fig. 6, the MTT assay indicated that the
concentrations of the MBG microtubes ranging from 0.1 to
10 pg mL™" had no effect on the MC3T3-El cell viability.
Moreover, no significant difference in the absorbance value
was observed on the corresponding day. Consequently, good
biocompatibility of the MBG microtubes depressed any
toxicity reactions and the MBG microtubes had the potential
for use in bio-applications.

5. Conclusion

In conclusion, 1D multichannel MBG microtubes with
excellent in vitro bone-forming bioactivity could be prepared
using the triblock copolymer P123 and wool sponges as
structure-directing materials. The complex inner structures of
the MBG microtubes could facilitate drug transport. Further-
more, the functional mesoporous bioactive glasses microtubes
might find potential applications in tissue engineering and drug
storage.
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