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Featured Application: Bioactive glass proposed in this study demonstrated its possibility as a drug
delivery system based on its nanoporous structure and bioactivity for biomedical application.

Abstract: Bioactive glass (BG) was made by the sol-gel method and doped with boron (B) to
increase its bioactivity. Microstructures of BG and B-doped BG were observed by scanning electron
microscopy, and phase identification was performed using an X-ray diffraction diffractometer. The ion
concentrations released after soaking in simulated body fluid (SBF) for 1, 4, and 7 days were measured
by inductively coupled plasma mass spectrometry, and the pH value of the SBF was measured
after soaking samples to determine the variation in the environment. Brunauer—-Emmett-Teller
(BET) analysis was performed to further verify the characteristics of mesoporous structures.
High performance liquid chromatography was used to evaluate the drug delivery ability of teicoplanin.
Results demonstrated that B-doped BG performed significantly better than BG in parameters assessed
by the BET analysis. B-doped BG has nanopores and more rough structures, which is advantageous
for drug delivery as there are more porous structures available for drug adsorption. Moreover,
B-doped BG was shown to be effective for keeping pH values stable and releasing B ions during
soaking in SBE. The cumulative release of teicoplanin from BG and B-doped BG reached 20.09% and
3.17% on the first day, respectively. The drug release gradually slowed, reaching 29.43% and 4.83%
after 7 days, respectively. The results demonstrate that the proposed bioactive glass has potential
as a drug delivery system.

Keywords: bioactive glass; boron; teicoplanin; drug delivery

1. Introduction

Bioactive ceramics are mainly composed of calcium, phosphate, silica, and oxygen. Regarding
clinical use, they can chemically bond with surrounding soft tissue and hard tissue, such as bone.
This type of inorganic material is widely employed in orthopedic and dental settings [1]. Various
elements have been added to bioactive ceramics to enhance their bioactivity, such as silver (Ag)
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for antibacterial effects [2], strontium (Sr) for bone growth [3], and magnesium (Mg) for bone
mineralization [3]. Boron (B) can influence bone growth and can act as a nutrition component to
enhance bone strength under compression [4]. It improves bone health, stimulates wound healing,
and has been demonstrated to increase bioactivity.

Bioactive glass (BG) is a biomaterial based on SiO,, NayO, CaO, and P,Os [5]. BG is rich in calcium
and phosphorus, the main inorganic components of bones and teeth. Calcium phosphate can be
absorbed into cells through endocytosis and dissolved in the lysosome, causing its membrane to
rupture. The subsequent release of calcium ions into the cytoplasm will increase the intracellular
calcium concentration and stimulate the release of exosomes [6]. Calcium phosphate can be made into
nanorods and nanowires, and applied in intracellular protein delivery or used as a building block for
the development of artificial bone [7]. Drugs can be added to the calcium and phosphorous apatite
particles, resulting in many calcium and phosphorus ions and causing osmotic pressure changes.
This induces the breakdown of lysosomes and leads to drug release into the cytoplasm. These inorganic
materials act as long-acting drug carriers [8]. Mesoporous BG could be further developed as a drug
delivery system for gentamicin and ampicillin. The combination of mesoporous BG with drugs could
act as a multifunctional delivery platform to improve osteogenesis and antibacterial activity [9].

B-doped BG has significant effects on the structural, physiochemical, and biological properties
related to tissue regeneration [10]. Boron trioxide could be added to BG using the traditional melt
and quench process [11]. The glass transition temperature and crystallization onset temperature of
BG decreased as the amount of B increased, and B-doped BG was shown to have better hot working
properties during scaffold processing without crystallization. [12]. Using sol-gel methods, porous
mesopore B-doped BG scaffolds were prepared for dexamethasone delivery. B-doped BG improved
the proliferation and bone-related gene expression of osteoblasts, and it also maintained the sustained
release of dexamethasone over a long-term span. [13]. Mesoporous B-doped BG is a promising
biomaterial with improved mechanical properties [14].

Teicoplanin and vancomycin are the last lines of antibiotic defense for severe infections with
Gram-positive bacteria. They have the strongest antibacterial effect, but teicoplanin has a lower renal
toxicity and longer half-life. It is administered intramuscularly or intravenously once a day, so it is
a valuable alternative to vancomycin [15]. Teicoplanin is suitable for the treatment of endocarditis,
osteomyelitis, pneumonia, septicemia, soft tissue infection, enteritis, and clostridial infection caused by
staphylococcal infection [16]. BG was initially developed as a scaffold for bone repair materials, so BG
can be mixed with teicoplanin to form a teicoplanin/BG composite to place in the repair region [17].

In this study, BG was developed by the sol-gel method as a drug delivery system for teicoplanin.
Various B concentrations were used to tune the physicochemical properties of BG. The feasibility of
using BG and B-doped BG materials as drug delivery systems was evaluated.

2. Materials and Methods

2.1. Synthesis of B-Doped Mesoporous Bioactive Glass

BG was synthesized [10] using tetraethoxysilane (TEOS), ethanol, and water under acid catalysis
with various amounts of added calcium and phosphate ions. The detailed experimental steps were
described in our previous study [18,19]. Calcium nitrate tetrahydrate (Ca(NOs),) and diammonium
hydrogen phosphate ((NH4);HPO,) were added with the atom ratio of Si:Ca:P = 60:34:6. The formula
of BG was modified according to 58S bioglass with 60 mol% SiO,, 36 mol% CaO, and 4 mol% P>Os [20].
Trimethyl borate (C3H9BOj3) was added to the solution to produce boric acid for B doping. B-doped BG
was made with an Si/B molar ratio of 10:1 for BG. The B-doped samples BG_B75, BG_B50, and BG_B25
were sequence reduced to 75%, 50%, and 25% of BG_B100, respectively. Calcium nitrate was used as
the calcium source, and the nitrate was removed to form the mesoporous structure. Samples were
placed in a muffle furnace that started at room temperature and rose to 500 °C after 2.5 h. Samples
were sintered at 500 °C for 6 h. At the end of the sintering process, the furnace was turned off until
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room temperature was reached, and samples were taken out for washing with DI water twice. Finally,
the samples were dried at 60 °C overnight to remove the residual water and then ground.

2.2. Characterization of B-Doped Mesoporous Bioactive Glass

Microstructure observation was performed by field-emission scanning electron microscopy
(FE-SEM, AURIGA, Zeiss, Germany). Dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern
Instruments, Malvern, England) was also used to analyze the diameter and polydispersity index
(PDI) of BG particles. Crystal structures and phase identification were analyzed by X-ray diffraction
(XRD, Bruker AXS Gmbh, Karlsruhe, Germany). XRD was conducted at 40 kV and 40 mA with Cu
Ko = 1.54184 A as the radiation source. XRD spectra were collected in a 26 range from 10° to 50°,
and the incremental step size was set at 0.02°.

2.3. In Vitro Ion Release Test

Simulated body fluid (SBF) was prepared in accordance with reference [21] for the pH value
variation test and ion release test. Samples were soaked in SBF for 0, 1, 4, and 7 days. The sample
quantity was 250 mg per 50 mL of SBF [22]. After sample soaking, SBF was taken to measure the pH
value and ion concentrations. Inductively coupled plasma mass spectrometry (ICP-MS, Thermo
Scientific ELEMENT XR) was sensitive at the ppm level (ug/g) and measured the concentration of
ions released, so the SBF with various amounts of sample soaking had to be diluted 100 times to meet
the requirement for the measuring level of ICP-MS. SBF was purified by an 0.45 um syringe filter
before ICP-MS was performed.

2.4. Brunauer-Emmett-Teller (BET) Analysis

A surface area and porosimetric analyzer (Micromeritics ASAP 2020) was used to measure
the Brunauer-Emmett-Teller (BET) surface area and pore size distribution. The residual water inside
samples was removed via pre-heating at a high temperature (110 °C). Samples were assessed at liquid
nitrogen temperature after being gassed at 200 °C under the flow of N, for 2 h. [23].

2.5. Teicoplanin Release Test

The ratio of teicoplanin to BG powder was 0.1 g teicoplanin per 1 g BG powder. The teicoplanin
was dissolved in 1 mL of PBS, and 3 mL of DI water was added into this solution. Then, BG powder
was added into this teicoplanin solution. After mixing well, the BG suspension containing teicoplanin
was dried at 60 °C. The BG powder containing teicoplanin was immersed in PBS at 38 °C for 0, 1, 2,
4,7,14, 21, or 28 days. The ratio of BG powder containing teicoplanin to PBS was 0.2 g of powder
per 1 mL of PBS. The solution was purified by an 0.45 um syringe filter. The loading process was
the same for BG and BG_B100. The teicoplanin concentration was measured by high performance
liquid chromatography (HPLC, 1525 Binary HPLC, Waters, Milford, MA, USA), and experimental
parameters were those used in a previous study [24]. The column was a Waters C18 (WAT 0544275),
and it was used at 20 °C with a flow rate of 1.0 mL/min. The mobile phase was methanol and acetonitrile
(50:50), and the retention time was 2.83 min. The wavelength was 279 nm, the calibration curve of
teicoplanin was plotted, and the representative linear equation had a correlation coefficient of 0.9979.

2.6. Statistical Analysis

In order to evaluate the variation in the pH value for various samples soaking for 7 days,
the statistical differences were evaluated using the one-way analysis of variance (ANOVA) technique.
When evaluating the test results, a * p value of <0.05 was deemed to represent statistical significance,
a ** p value of <0.01 represented a very statistically significant association, and a *** p value of <0.001
represented a highly statistically significant association.
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3. Results and Discussion

3.1. Characterization of B-Doped Mesoporous Bioactive Glass

Figure 1 shows the microstructures of BG and B-doped BG (BG_B100, BG_B75, BG_B50,
and BG_B25). In Figure 2a, the BG particles obtained by the sol-gel synthesis process are shown to be
small size powders with particles of less than 100 nm in size. In Figure 1b—e, the microstructures of
B-doped BG are obviously different than those of BG. The microstructures of BG with less B doping
are not like BG; they are coarser and more porous, as shown in Figure le. The nanoscaled pores are
distributed on the surface, and more rough structures are shown in BG_B100. This is advantageous for
drug delivery because BG_B100 has more porous structures for drug adsorption.

Figure 1. Microstructures of (a) bioactive glass (BG), (b) BG_B25, (c) BG_B50, (d) BG _B75, and (e) BG_B100.
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Figure 2. X-ray diffraction spectra of BG and B-doped BG soaking in simulated body fluid (SBF) for

(a) 0 and (b) 7 days.

The average sizes of particles and PDI index values are shown in Table 1. The average sizes
of particles measured by DLS were 436.23 + 23.27, 347.60 + 99.93, 556.60 + 58.84, 431.57 + 18.60,
and 361.93 + 17.15 for samples BG, BG_B25, BG_B50, BG_B75, and BG_B100, respectively. The PDI
values of samples BG, BG_B25, BG_B50, BG_B75, and BG_B100 were 0.51 + 0.01, 0.50 + 0.03, 0.53 + 0.02,
0.43 + 0.04, and 0.42 + 0.02, respectively. BG and B-doped BG samples contained nanoparticles with
mesoporous microstructures. The particle size ranged from around 300 to 600 nm. The particle
size range for drug deposition in various body organs via different dosage forms and routes of
administration is as follows: transdermal (10-600 nm), intravenous/intramuscular (200-2000 nm),
and ocular (100-3000 nm) [25].

Table 1. The average sizes and polydispersity index (PDI) index values of BG and B-doped BG.

Samples Average Size (nm) PDI
BG 436.23 + 23.27 0.51 +0.01
BG_B25 347.60 + 99.93 0.50 + 0.03
BG_B50 556.60 + 58.84 0.53 + 0.02
BG_B75 431.57 £ 18.60 0.43 + 0.04
BG_B100 361.93 +17.15 0.42 +£0.02

Figure 2 shows the XRD spectra of BG and B-doped BG after immersion in SBF for 0 and 7 days.
In Figure 2a, none of the samples show sharp diffraction peaks and BG has an obvious and wide SiO,
peak with a low intensity. The XRD pattern observed is similar to that shown in a previous study and
is characterized by broad diffraction bands [26]. Amorphous nanosized bioglass has the ability to
promote apatite deposition under physiological conditions [27]. In Figure 2b, the diffraction peaks
could be characteristic of those found in nature, according to Joint Committee on Powder Diffraction
Standards (JCPDS) File No. 9432. Crystalline diffraction peaks of apatite were mainly found at 25.9°,
31.8°, 32.9°, 39.8°, and 46.7° of 20 and were correlated with Miller indices of (00 2), (21 1), (30 0),
(130), and (2 2 2), respectively. Before soaking in SBF, BG was found to have amorphous SiO;. After
soaking for 7 days, the apatite phase was found in all samples, and these BG based materials were
demonstrated to be biomimetic in vitro.

3.2. In Vitro lon Release Test of B-Doped Mesoporous Bioactive Glass

Figure 3 shows the pH values and B ions released into SBF after BG and B-doped BG samples
were soaked for 7 days. In order to determine the variation in SBF after sample soaking, the variation
in the pH value is shown in Figure 3a. The initial pH values of SBF were kept at 7.49 + 0.01.
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After the soaking period of 7 days, the basic components of all samples were dissolved in SBF and
produced increases in the pH value, especially for BG. The pH value increment trend was similar to
that observed in a previous study [28], where the basic ions of BG were released in great amounts,
causing the pH value to increase after soaking in SBE. On day 7, the pH values increased to 7.73 + 0.03,
7.75 £ 0.04,7.75 £ 0.08, 7.62 + 0.02, and 8.02 + 0.09 in samples BG_B100, BG_B75, BG_B50, BG_B25,
and BG, respectively. This shows that the addition of borate can slow down the increment in the pH
value. The difference in pH values between BG and BG_B100 on day 7 was very statistically significant
with a p value of 0.001, which indicates that B doping was an effective way of keeping pH values stable
during soaking in SBE. The pH value of BG_B25 on day 7 was lower than that of other B doped samples.
The statistical differences among the four B-doped samples were determined using the one-way
analysis of variance (ANOVA) technique. The p value was 0.012, with values <0.05 being statistically
significant. In order to determine why B25 had a lower pH than the other substrates, BG_B25 was
further measured by BET. BG_B25 has a larger hysteresis loop of N, adsorption—desorption isotherms,
which means that BG_B25 has a greater area available for apatite deposition. The basic ions from
BG_B25 were used to form apatite, causing the pH value to decrease. In Figure 3b, the release of B ions
also increased as the soaking period increased. There was a controlled release profile of B ions with
various concentrations of B. On day 7, B ions were released in quantities of around 8.94, 4.41, 3.13, 2.16,
and 0 ppm from samples BG_B100, BG_B75, BG_B50, BG_B25, and BG, respectively. This shows that
the concentration of B ions released was altered by the addition of borate.

8.1 10
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I —=—BG_B50 ol a 8 [ -=BG_BSO
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Figure 3. (a) pH value and (b) boron ions released into SBF after BG and B-doped BG soaking for
7 days.

3.3. Brunauer—-Emmett-Teller (BET) Analysis

Figure 4a shows the N, adsorption—-desorption isotherms of samples. In Figure 4a, a hysteresis
loop is presented for two samples and the mesopores of the samples are shown to induce capillary
condensation to form a hysteresis loop. This indicates that the mesoporous structures exist in both
BG and B-doped BG. Figure 4b shows the pore size distribution of samples. Figure 4b shows that
BG mesopores have pore diameters of around 5-50 nm. According to International Union of Pure
and Applied Chemistry (IUPAC) nomenclature [29], mesoporous materials have structure diameters
ranging from 2 to 50 nm with some exclusive outstanding properties. B-doped BG (BG_B100) shows
two pore size distributions: the first is from 5 to 30 nm and the second one is from 30 to 100 nm.
This special pore size distribution characteristic is combined with mesoporous and macroporous
(>50 nm) characteristics.
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Figure 4. (a) N; adsorption-desorption isotherms and (b) pore size distribution of BG and B-doped BG.

Parameters corresponding to the pore characteristics of BG and BG_B100 were measured, as shown
in Table 2. BG had an average pore size of 19.43 nm, a BET surface area of 23.95 m?/g, and a total
pore volume of 0.12 cm3/g. BG_B100 had an average pore size of 20.68 nm, a BET surface area of
49.42 m?/g, and a total pore volume of 0.26 cm3/g. Both samples showed good mesoporous character,
and the corresponding parameters of BG_B100 were much better than those of BG. The characteristic
hierarchical porous structure of BG_B100 is also shown in Figure 4b. The adsorption of proteins
(such as albumin and fibronectin) or drugs can increase as the nanopore size increases [30].

Table 2. Average pore size Brunauer-Emmett-Teller (BET) surface area and total pore volume of BG
and B-doped BG.

Samples BG BG_B100
Average pore size (nm) 19.43 20.68
BET surface area (mz/g) 23.95 4942

Total pore volume (cm3/g) 0.12 0.26

3.4. Teicoplanin Release Test

Figure 5 shows the cumulative release of teicoplanin of BG and B-doped BG (BG_B100). Both BG
and BG_B100 with two different antibiotic contents showed a similar pharmacokinetic pattern with
early rapid release and later slow and sustained release. The cumulative release of teicoplanin from
BG and BG_B100 reached 20.09% and 3.17% on the first day, respectively. The drug release gradually
slowed, reaching 29.43% and 4.83% after 7 days, respectively. The release reached a stable plateau
period until the end of the observation period. The antibiotic release time of the two groups of samples
reached 28 days, and the total cumulative release rates were 32.90% and 6.36%, respectively.
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Figure 5. Cumulative release of teicoplanin from BG and B-doped BG (BG_B100).
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Teicoplanin is a water-soluble antibiotic. When PBS enters the drug carrier, it dissolves the drug
in situ and has a high drug concentration. BG particles demonstrated the ability to deposit apatite,
so the particle size increased. For example, the deposited layer upon Bioglass® powder increased
in thickness to about 600 nm thick after 21 days of immersion in SBF [31]. In addition, from the first
day to the 30th day of immersion in SBF, the porosity percent decreased from 8.5% to 0.7% [28].
Due to the apatite formation on the surface of BG, the drug is limited to that in the drug carrier.
The difference in drug concentration between the inside and the outside of the drug carrier is used as
the driving force to make the drug diffuse through the surface barrier layer to the outside of the carrier.
Drug delivery consists of two processes: drug dissolution and drug diffusion. Because the drug
dissolves quickly, the diffusion rate is slower, so the drug release process is controlled by the diffusion
effect. BG_B100 has a special pore size distribution characteristic combined with mesoporous and
microporous features and provides a greater surface area to form the apatite shell. It can slow drug
diffusion and maintain the lower release rate of teicoplanin. A lower release rate of teicoplanin could
maintain the antibacterial ability but not induce a reduction in the cell number in osteoblasts and
chondrocytes [32]. The proposed material BG_B100 has potential to be used as a drug delivery system,
especially for dentistry and bone tissue engineering applications.

4. Conclusions

The proposed B-doped BG was synthesized using the sol-gel method. Microstructures were
observed using SEM and BET, and dual porous structures for drug adsorption were demonstrated.
The drug delivery ability was evaluated using HPLC to measure the cumulative release of teicoplanin.
The cumulative release of teicoplanin from BG and BG_B100 reached 20.09% and 3.17% on the first day,
respectively. The drug release gradually slowed, reaching 29.43% and 4.83% after 7 days, respectively.
The results show that the proposed BG materials have the potential to act as drug delivery systems.
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