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Abstract: Recently, mesoporous bioactive glass nanoparticles (MBGNS) have
gained considerable attention as multifunctional platforms for simultaneously releasing
ions and phytotherapeutic compounds. Thus, in the first part of this study, MBGNs based
on 53Si02-4P205-20Ca0-23Na20 (wt %) (S53P4) composition were synthesized by a
microemulsion assisted sol-gel method. More precisely, P2Os was substituted with B203
and Na20O with MgO and/or ZnO. For B containing MBGNs all ions were successfully
incorporated into the borosilicate structure without inducing crystallisation. In contrast,
for S53P4 a poorly crystalline hydroxyapatite phase was identified. All MBGNs had a
typical spherical shape with an internal radial network of mesopores. Additionally, for
S53P4 a second fraction of particles with a smaller size and compact core was observed.
Secondly, the feasibility of MBGNSs as nanocarriers for gallic acid (GA) was evaluated.

All drug-loaded samples showed a similar in vitro release profile which can be divided
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into three main phases: burst release, slow release and sustained release. Among the
different compositions, S53P4 exhibited the highest cumulative release, whereas B and
Mg containing particles exhibited the opposite. The presence of Zn in the MBGN
compositions improved their antibacterial effect against both E. coli and S. aureus.
Moreover, it was shown that depending on the MBGNs’ composition, the antibacterial
activity of GA loaded MBGNSs can be enhanced. Thus, the results proved that MBGNs
can be used as controlled drug delivery system and, by tailoring the composition, a
synergistic antibacterial effect can be achieved, considering that GA and biologically

active ions are simultaneously released.
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1. Introduction

Worldwide, one out of ten people had diabetes mellitus in 2020 and this number
Is expected to increase by over 45% until 2040 [1]. Among different complications
associated with this disease, food ulcers stand out due to their high prevalence, affecting
over 35% of diabetic patients at least once during their lifetime [2]. Moreover, half of the
diabetic wounds are prone to life-threatening bacterial infection [3]. As a result of poor
wound care management, every 20 seconds a lower diabetic limb is amputated [4, 5]. To
prevent the worsening of the existing ulcers, traditional therapies such as gauzes,
bandages, or topical ointments are currently used [6]. However, they easily adhere to the

wound surface, triggering pain and trauma when removed [7, 8]. To enhance the



regeneration process and to promote specific cellular pathways, advanced wound
dressings containing growth factors, drugs or nanoparticles have been developed [7, 9].

Nowadays bioactive glass (BG) is widely used as synthetic bone graft due to its
ability to from a strong interfacial bond with the surrounding tissue [10]. At the same
time, different compositions of BGs have shown immense potential for soft tissue
engineering applications by promoting angiogenesis, epithelial cell migration, and
fibroblast proliferation [11-13]. For instance, 13-93B3 borate-based bioactive glass
microfibers (Mirragen® with composition: 53B203-6Na20-12K20-5Mg0-20Ca0-4P20s
wit%) were approved by the FDA in 2016 for treating acute and chronic wounds. To
further increase the reactivity of the material and induce a higher regeneration rate [14],
mesoporous bioactive glass nanoparticles (MBGNS) are gaining increasing attention. In
this “Era of Innovation” [15], extensive research is focused on tailoring the MBGNs’
composition to achieve specific therapeutic effects (angiogenesis, antibacterial, anti-
inflammatory and/or anti-oxidant effect, etc.) [16-18].

Although present only in small amounts in the body, boron is an essential trace
element that plays a pivotal role in regulating the biochemical processes at cellular level.
It has been previously demonstrated that B®" stimulates the secretion and the
overexpression of different growth factors [19]. Thus, the angiogenesis process is
activated [20], and proliferation and migration of fibroblasts and keratinocytes are
promoted [21]. The same positive modulation of angiogenesis and cell migration has been
reported for Mg?* and Zn?* [22]. Moreover, Yu et al. [23] showed that the simultaneous
release of Mg?* and Si** accelerates the maturation of the extracellular matrix (ECM) and
improves neovascularization. During this process, it is of utmost importance to prevent

the development of serious infections at the wounded site. Thus, Zn?*, known for its



strong antibacterial effect [24, 25], could be incorporated into the MBGN composition.
At the same time, the presence of Zn?* should increase the gene expression of different
proteins with anti-inflammatory activities [26].

In addition to their outstanding biological properties, MBGNSs have a controlled
mesostructure, narrow pore size distribution, and high specific surface area [27, 28].
These unique textural properties can be exploited to load and achieve sustained release of
therapeutic drugs and growth factors [29]. As a result, the drug’s side effects and the
dosing frequency are reduced, while the efficiency and availability of the drug increase
[30]. To effectively treat wound infections, several types of antibiotics are frequently
used. However, the improper administration of antibiotics has led to the development of
antibiotic-resistant strains which are hardly destroyed by conventional treatments [31].
One novel approach that can be used to overcome this challenge is to synergistically
combine phytotherapeutic agents and BGs releasing antibacterial ions [32-34].

Gallic acid (GA) (3,4,5-trihydroxybenzoic acid) is a low molecular mass
polyphenol compound usually found in pomegranate root bark, tea leaves, oak bark,
gallnuts, and sumac [31]. It is a natural metabolite that has been recently investigated for
wound healing applications due to its promising antioxidant properties [31, 35]. In
addition, GA has powerful antibacterial activity, inducing irreversible membrane changes
in both Gram-negative and Gram-positive bacterial strains [36]. Lee et al. [37] proved
that GA functionalized ZnO nanoparticles had an antibacterial effect against E. coli
compared to simple ZnO. In another study, Yang et al. [38] investigated the effect of GA
on the wound healing process in normal and diabetic conditions. In both environments,
the results revealed that GA is directly involved in the upregulation of antioxidant genes,

while accelerating the migration of fibroblasts and keratinocytes.



In this study, we aim to develop different types of quaternary and pentanar
MBGNSs as nanocarriers for GA. MBGNs were synthetised in the S53P4 (53Si02-4P20s-
20Ca0-23Na20 wt %) compositional system. Despite being approved for treating bone
infection, S53P4 has been poorly investigated for wound care applications in soft tissues
[13]. This might be due to the high network connectivity of this silicate-based BG, which
leads to slow degradation rates [10]. One strategy that can be applied to increase the
solubility and stimulate the regeneration process, is to incorporate B20Os in the structure
[13, 39]. Thus, P20Os was fully substituted with B2Os. Moreover, in the commercially
available S53P4 BG, NazO is added to lower the melting temperature of the precursors’
mixture [40]. In contrast, the microemulsion assisted sol-gel method used in this work
does not require high processing temperatures [41]. Na2O was completely substituted
with ZnO and/or MgO to improve the MBGNSs’ therapeutic properties. Thus, one of the
aims of this study was to highlight the influence of the composition on the structural and
morphological characteristics of MBGNs. Considering the high loading capacities of
mesoporous materials, MBGNs were further investigated as controlled drug delivery
systems for GA. The effect of different types of MBGNSs on the drug release profile has
been highlighted. Finally, the antibacterial effect that results from the combined and
simultaneous release of a natural compound (GA) and different antibacterial ions was

evaluated.



2. Materials and methods

2.1 Materials

For the synthesis of MBGNs and GA loaded MBGNSs, the following chemicals
were used: cetyltrimethylammonium bromide (CTAB, CioH42BrN, >97%, Merck,
Germany), ethyl acetate (EA, C4HsO2, >99.5%, Merck, Germany), ammonia (NHs, 28%,
VWR International, France), tetraethyl orthosilicate (TEOS, 98%, Sigma Aldrich,
Germany), ammonium phosphate dibasic ((NHs)2HPOs, >98%, Sigma-Aldrich,
Germany), boric acid (HsBOs, >99.5%, Sigma-Aldrich, Germany), calcium nitrate
tetrahydrate (Ca(NOzs)2-4H20, 98.5%, VWR International, Belgium), sodium nitrate
(NaNOs3, >99%, Sigma-Aldrich, Germany), magnesium nitrate hexahydrate
(Mg(NOs3)2:-6H20, 99%, Sigma-Aldrich, Germany), zinc nitrate hexahydrate
(Zn(NO3)2:6H20, >99%, Sigma-Aldrich, Germany), gallic acid (C7HsOs, >98.0%,
Sigma-Aldrich, Germany), absolute ethanol (EtOH, 99.8%, Alfa Aesar, Germany),
ultrapure water (MilliQ) and Dulbecco's phosphate-buffered saline (DPBS, Thermo

Fischer, Germany).

2.2 Synthesis of mesoporous bioactive glass nanoparticles

In this study, four different MBGN compositions (Table 1) have been synthesized
using a modified microemulsion-assisted sol-gel method, as described previously [17,
42]. Briefly, 1.36 g of CTAB was dissolved in 65 ml MilliQ while stirring at 37°C for 30
minutes. Once the solution became clear, the temperature was switched off and 20 ml of
ethyl acetate (EA) was dropwise added. After 30 minutes of stirring, 27 ml ammonium
hydroxide was added until a pH of 9.5 was reached. Then, 8 ml of TEOS was slowly
poured to the previously obtained solution. In this mixture, 0.304 g H3BOs, previously

dissolved in minimum amount of MilliQ, was added simultaneously with ammonium



hydroxide to maintain the pH at 9.5. Within a time gap of 30 minutes, 3.403 ¢
Ca(NOz3)2:4H20 and Mg(NO3)2-6H20 were added. Following 4 hours of swirling, the
precipitate was collected by centrifugation at 4800/5min (Centrifuge 5430R, Eppendorf,
Germany) and washed two times with MilliQ and EtOH. The collected particles were
dried overnight at 60°C and then calcinated at 600 C for 3 hours (heating rate of 2°C/min).
For the S53P4, B+Zn and B+Mg+Zn compositions, the same experimental steps were

followed, with the amounts of precursors determined from the nominal compositions.

Table 1

Nominal compositions of synthesized MBGNs (%wt)

Symbol SiO2 P20s B203 Na20 CaO MgO ZnO

S53P4 53 4 - 23 20 - -

B+Mg 53 - 4 - 20 23 -

B+Zn 53 - 4 - 20 - 23
B+Mg+zZn 53 - 4 - 20 115 11.5

2.3 Preparation of gallic acid loaded mesoporous bioactive glass nanoparticles

GA solutions of various concentrations (20 pg/ml, 50 pg/ml, 70 pg/ml, and 100
pg/ml) were prepared by dissolving the required amount of drug in DPBS for 30 minutes
in the absence of light. Then, 0.2 g of MBGNSs were dispersed in 20 ml GA solution and
stirred for different times (3h, 5h and 7h). Subsequently, the suspension was centrifuged
at 3000 rpm for 5 minutes. The GA loaded MBGNSs were dried under the fume hood for

48h, while the supernatant was kept for further studies. For GA loaded MBGNs (GA-



MBGNS) the following notations were used: GA-S53P4, GA-B+Mg, GA-B+Zn and GA-

B+Mg+Zn.

2.4 Physicochemical characterisation of mesoporous bioactive glass
nanoparticles before and after gallic acid loading

MBGNSs’ crystalline structure was assessed with a X-ray diffractometer (MiniFlex
600, Rigaku) equipped with a Cu Ka radiation source. The samples were scanned within
the 5°- 65° 260 angle range, with a step size of 0.015 and a speed of 1.5/min. The nature of
the bonds and the functional groups present in MBGNs and GA-MBGNSs were evaluated
by attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy
(RAnity-1S, Shimadzu, Duisburg, Germany). The spectra were recorded in absorbance
mode between 4000 and 400 cm™?, with a resolution of 4 cm™ and 42 scans. The
morphology of the MBGNSs was investigated with a field emission scanning electron
microscope (FE-SEM, LEO 435VP, Auriga, Carl Zeiss™, Germany). The collected
images were further processed in ImageJ software (NIH, USA) to determine the average
diameter and to plot the diameter density distribution. The internal pore structure and
elemental composition were further investigated by transmission electron microscopy
((S)TEM) and Energy-dispersive X-ray spectroscopy (EDX) with Talos F200X system

(ThermoFisher Scientific, Waltham, MA, USA).

2.5 Gallic acid loading efficiency and in vitro release study

The drug loading efficiency and the amount of drug released were determined by
UV-VIS spectrophotometry (Specord 40, Analytic Jena, Germany). First, the standard
calibration curve was plotted, with the measurements being recorded at 259 nm where

GA has its characteristic peak [43]. To determine the MBGNs’ loading efficiency (LE),



the absorbance of the GA solutions was measured before and after the loading process,

according to equation:

Co — Cr

LE(%) = X 100 1)

Co
where co is the initial concentration of GA and cr is the concentration of GA in the
collected supernatant after loading.

The optimized loaded MBGNs were further used for the GA release study. More
precisely, 100 mg of GA-MBGNSs were immersed in 5 ml of DPBS and the samples were
kept in a shaking incubator at 90 rpm and 37 'C. After predetermined time points (1h, 2h,
3h, 4h, 5h, 6h, 24h, 48h, 72h, 168h, 192h, 216h and 240h) the samples were centrifugated
at 2500 rpm for 5 min. 2 ml of supernatant were withdrawn and replaced with 2 ml of
fresh DPBS. The GA concentration in the collected supernatant was determined and

further used to find the cumulative GA release (CRy) according to the following equation:

v
CR, (%) = Vﬂ X CR,_, + R, )
t

where CRt is the cumulative release at time t, Vw is the volume withdrawn, Vt is the total
volume of DPBS, CRt1 is the cumulative release at time t-1 and Rt is the amount released

at time t.

2.6 Antibacterial test

The antibacterial activity of MBGNs and GA loaded MBGNSs against S. aureus
(Gram-positive) and E. coli (Gram-negative) was evaluated by turbidity assessment [44,
45]. Prior to the experiment, both bacteria strains were grown in lysogeny broth (LB,
Luria/Miller) at 37°C for 24 h. The optical density (OD) of the bacteria suspension was
adjusted to 0.015 (~1 x 107 colony forming units/ml) at 600 nm with a spectrophotometer

(Thermo Scientific GENESYS 30, Germany). MBGNs powders were sterilized for 2 h



under UV light and 15 mg of each composition was incubated in 15 ml of LB medium.
After 24 h of continuous shaking incubation at 37°C, the elution extracts were collected.
20 wl of bacterial suspension was added in 2 mL elution extract and the samples were
incubated at 37°C for 3h, 6h and 24h. The relative bacteria viability was calculated with
the following equation:

ODsample - ODblank
ODcontrol - ODblank

Relative bacterial viability (%) = x 100 (3)

2.7 Statistical analysis

All the experiments were performed in five replicates. The results are presented
as the mean value * standard deviation (SD). Additionally, mean differences were
compared with one-way ANOVA and post hoc Bonferroni test provided by Origin 2021
software (OriginLab, Northampton, MA, USA). The intervals of confidence were denoted

with * p<0.05, **p<0.01 and ***p<0.001.

3. Results and discussions

3.1 Physicochemical characterisation of mesoporous bioactive glass

nanoparticles

X-Ray diffraction analysis was performed to assess the degree of crystallinity of
sintered MBGNSs. For all compositions, the diffraction patterns (Fig. 1a) presented a broad
halo between 26=15° and 26=30°, characteristic of amorphous silicate bioactive glass [46,
47]. Additionally, in the S53P4 sample, a poorly crystalline hydroxyapatite (HA) (JCPDS
084-1998) phase was identified, whereas for the B doped MBGNSs no diffraction peaks
were recorded. These results might suggest that boron is incorporated homogeneously in

the MBGNSs’ structure [47].

10



a ¢ Ca,(PO,)¢(OH),(084-1998) b m @O o o ®
0O 90900 0@
m PNop ad
B+Mg+Zn }Q PP
= B+Zn B+Mg+Z A\avfﬁ
8 ~
5
= 8
2 B+Mg © | B+zn
2 c
E £
o
o 2 | B+Mg
<
S53P4 /\ j\
S53P4: g “~A”
T T T T T T T T T T d
10 20 30 40 50 60 1800 1600 1400 1200 1000 800 600 400
2 Theta (dearee) Wavenumber (cm™)

Fig. 1 (a) XRD patterns and (b) ATR-FTIR spectra of MBGNSs.

The BG network was further investigated by ATR-FTIR (Fig. 1b). In all four
spectra specific bands for the silicate network were highlighted. More precisely, the band
located at 1058 cm™ together with the shoulder at 1185 cm™ could be attributed to
symmetric Si-O-Si stretching vibration [48]. The peak at 445 cm™ could correspond to
Si-O-Si rocking vibration [34, 35]. The presence of Si-O-NBO asymmetric stretching
band at 803 cm™ confirmed the partial disruption of the silicate network due to the
cations’ incorporation into the network [34, 35]. In addition, in the S53P4 spectrum
specific bands for O-P-O bending and stretching vibration of PO4> groups in HA were
identified at 560 cm™ and 600 cm™ [49]. In contrast, for B+Mg, B+Zn and B+Mg+Zn
samples the peak at 1388 cm* could be identified with the B-O-B stretching vibration in
BOs units, while the band at 932 cm™ was attributed to the stretching frequency of Si-O-
B [50]. These observations prove that S53P4 MBGNs contain P, while for the B doped

compositions, B20s groups were integrated in the silicate network.
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Fig. 2 SEM images of (al) S53P4, (b1) B+Mg, (c1) B+Zn and (d1) B+Mg+Zn. TEM images
and EDX spectra of (a2) S53P4, (b2) B+Mg, (c2) B+Zn and (d2) B+Mg+Zn. Numbered

weighted density distribution for (a3) S53P4, (b3) B+Mg, (c3) B+Zn and (d3) B+Mg+Zn.
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The morphology of MBGNs was investigated by SEM (Fig.2al, bl, c1 and d1).
For all four compositions, the particles had a similar spherical shape with a low tendency
to form agglomerates. Moreover, on the surface of the particles, pores could be seen.
These characteristics (shape, agglomeration and dimension) are specific for MBGNSs
synthetised by microemulsion assisted sol-gel method [17, 42, 51]. However, in the case
of S53P4, a second fraction of particles with a smaller diameter and a smoother surface
was identified. The number weighted particle size distribution (Fig. 2a3, b3, c3 and d3)
for S53P4 showed a bimodal distribution, corresponding to the two fractions previously
described. In contrast, B+Mg, B+Zn and B+Mg+Zn MBGNSs had a narrower monomodal
particle size distribution with similar average diameters between them and the larger
S53P4 MBGNSs. These observations were confirmed by TEM images where for S53P4
MBGNs the two families of particles were identified as: smaller compact particles and
larger mesoporous particles. The bigger S53P4 particles had similar morphological
characteristics with the B doped MBGNSs, presenting an internal radial structure of slit-
shape pores [42]. In addition, the EDX spectra confirmed the presence of all the elements
characteristic for each corresponding composition. The distribution of elements in S53P4
MBGNSs was further investigated. As it can be seen from Fig. 3, Ca and P are mainly
present within the small particles, whereas the amount of Si is higher in the mesoporous
particles compared to the compact particles. One possible explanation for this
compositional and morphological difference comes from the microemulsion assisted sol-
gel synthesis itself. It is known that due to the higher condensation rate of SiO2 compared
to the rate of absorption of ions in the network, not all the ions are included in the MBGNs
structure [47]. As a result, the remaining Ca?* and PO4* ions could interact leading to the

coprecipitation of HA as the pH of the solution is in the required pH range for HA
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formation (between 9 and 12) [52]. Thus, it can be concluded that by substituting P2Os

with B20s, one single fraction of particles with similar sizes was obtained.
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Fig. 3 STEM image with the corresponding EDX mapping of elements for S53P4 MBGNs.

3.2 Optimization of gallic acid loading process

The mesoporous internal structure of the previously presented MBGNs make
them perfect candidates for the development of controlled drug delivery systems. Thus,
GA was loaded into the mesopores via physical adsorption. To determine the optimal
loading parameters, different loading times (3 h, 5h and 7h) and concentrations (20 pg/ml,
50 pg/ml, 70 pg/ml and 100 pg/ml) were studied for each composition (Fig. 4). For all
GA concentrations and MBGNs’ compositions, the maximum loading efficiency was
achieved after 5 h. Thus, this time was further chosen as the optimal loading time. The
increase of GA concentration from 20 pg/ml to 50 pg/ml and/or 70 pg/ml led to an
increase of the drug loading efficiency. Above 70 pg/ml the loading efficiency was

reduced which might be due to the GA supersaturation. For all GA concentrations, the
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maximum LE for B+Mg was higher compared to the other compositions. It was
previously proven that GA therapeutic dose for wound healing applications is 30 pm/mi
[53]. Hence, for all compositions the loading time was 5 h and the GA concentration was
adjusted to achieve the desired therapeutic concentration. More precisely, for B+Mg GA
the optimal concentration used was 50 pg/ml (LE ~ 60%), while for the other

compositions it was 70 pg/ml (LE ~ 43.5%).
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3.3 In vitro drug release study

One of the aims of controlled drug delivery systems is to achieve a constant drug
concentration for long periods of time (sustained release). Thus, the release of GA from
MBGNSs was investigated. As shown in Fig. 5, for all compositions the cumulative release
profile shows three main phases. In the first 3 h a high amount of drug is released from
all types of MBGNs with the highest value achieved for GA-S53P4. This phase might be
attributed to the drug molecules which are physically adsorbed on the surface of the
particles and these molecules are the first ones to diffuse in the release medium. One
possible explanation for the higher initial release for GA-S53P4 is the existence of two
fractions of particles with different morphologies. In addition to the mesoporous particles
identified also for B+Mg, B+Zn and B+Mg+Zn, the S53P4 sample also contains a fraction
of small particles, which are less porous. This means that even though the concentration
of drug loaded was the same in all the samples, the amount of drug entrapped between
the particles might be higher for the S53P4 material. In the second phase (3 h — 24 h),
similar releasing profiles were recorded for all compositions, but the release was slower
compared to the first 3 h. This can be attributed to the drug which is physically
incorporated inside the pores. After 24 h, a sustained, controlled and continuous drug
release up to 10 days was achieved (Fig. 5b). This might be a result of the drug-mesopore
wall interactions. At the pH at which the loading process was performed (7.4) the
carboxyl group present in the GA structure is deprotonated [54]. Thus, the negatively
charged group (COO") can chelate divalent cations present in the BG network (Ca?*, Zn?*
and Mg?") and form coordinate bonds (Fig. 5c) [55]. Moreover, during the whole
releasing process, the amount of drug release was higher for GA-B+Zn compared to GA-

B+Mg and GA-B+Mg+Zn samples. In a previous study where the same B containing
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compositions were obtained, it was shown that B+Zn MBGNSs had a larger pore diameter
compared to the other two [42]. More precisely, for MBGNs B+Mg MBGNSs, the average
pore diameter was 8.7 nm and the total pore volume was 1.25 cm®/g, compared to 9.2 nm
and 1.62 cm®/g for B+Zn MBGNSs, and 8.8 nm and 1.28 cm®/g in for B+Mg+Zn MBGN:Ss,
respectively. Hence, it can be concluded that by increasing the pore diameter, GA was
faster released. It should be mentioned that after 10 days the maximum cumulative release
was approximately 70% for GA-S53P4, 60% for GA-Zn, 58% for GA-B+Zn and only
50% for GA-B+Mg. This means that the drug can be sustainably released for even longer
periods of time, and the doses of administered drugs could be reduced. Thus, all the
samples proved that MBGNs could be successfully used as drug nanocarriers for GA,
tailoring the release kinetics depending on the final application. For instance, to treat
chronic wounds which require longer regeneration times, GA-B+Mg MBGNs could be
used as GA is more slowly released compared to GA-S53P4.

In a similar study, Nawaz et al. [32] highlighted the potential use of MBGNSs as
nanocarriers for the controlled and sustained release of silibinin. They proved that
following a burst release in the first 24 h, the drug was continuously and sustained
released for up to 20 days, most probably due to the interactions between the drug and
MBGNSs’ surface. In another work conducted by larji et al. [56], GA was loaded into
mesoporous silica nanoparticles (MSN). In the first 1.5 h approximately 80% of the drug
was released, the cumulative release being above 90% after 2 weeks. The same behaviour
was reported by Petrisor et al. [57] who investigated the effect of MSN pore size on the
in vitro drug release. Compared to their findings, we achieved a slower and controlled

GA release for all the compositions. In contrast to MSN, MBGNSs have in their network
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divalent cations which can form stable chelate compounds with GA which might explain

the reduced cumulative release obtained in this study.
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3.4 Antibacterial test

In order to ensure that MBGNSs possess antibacterial properties, one current
strategy involves incorporating into the BG network ions with antibacterial effect (Zn?*,
Ag®, Cu?, etc. [24, 25]). At the same time, due to their unique textural properties,

MBGNSs can be loaded with a wide range of phytotherapeutic drugs. Among them, GA is
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known to induce irreversible membrane changes in both Gram-positive (S. aureus) and
Gram-negative (E. coli) bacterial strains, e.g. potentially exploiting synergy between the
releasing ions and GA [36]. The previously presented strategies can be used together to
further enhance the antibacterial effect. Therefore, one of the purposes of this study was

to investigate the antibacterial effect of combining different ions with GA.
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Fig. 6 In vitro antibacterial activity of MBGNSs against (a) E. coli and (b) S. aureus.
he results of the turbidity test against S. aureus and E. coli are shown in Fig. 6. When

the antibacterial assay was performed against S. aureus, for S53P4 and B+Mg no
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significant differences were recorded compared to the control. However, the tests
performed on E. coli revealed a slightly increase of the bacterial viability for both S53P4
and B+Mg. This might be because the S53P4 composition is less reactive than the
standard 45S5 BG composition. Thus, the ionic concentration in the extract could have
been below the minimum inhibitory concentration, in a range which favours bacteria
growth. In contrast, for all the other samples similar behaviours were obtained on both
bacterial strains. More precisely, for B+Zn and B+Mg+Zn both E. coli and S. aureus
bacterial viabilities were constantly reduced as the inoculation time increased. This might
be caused by the presence of Zn?* in the glass structure which is known for its antibacterial
activity [24]. For all drug loaded samples, the bacterial growth was significantly inhibited
compared to the control at all testing times. However, in comparison with the unloaded
samples, a stronger antibacterial effect was recorded only for GA-S53P4 and GA-B+Zn.
The opposite situation was obtained for GA-Mg and GA-Mg+Zn. One possible
explanation is the different drug release profiles of the different nanoparticle types. As it
was previously presented, during the whole release study, GA-S53P4 and GA-B+Zn had
a higher cumulative release compared to the other samples. As a result, a greater
concentration of drug is present in the liquid, which could result in a stronger antibacterial
action. In the case of GA-Mg and GA-Mg+Zn, the antibacterial activity is lower than or
equal (for GA-Mg against E. coli) to the value obtained for the unloaded samples. This
could be explained by the formation of stable coordinate bonds between the positively
charged ions from the MBGNs and the (COQO") group from GA. This strong interaction
delays the release of ions and drugs. Furthermore, if the complex is released as a chelated

compound, both components may lose their biological activity [58].
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Even though all unloaded and loaded samples had a similar antibacterial effect on
both strains of bacteria, there were small differences regarding the strength of the effect.
For longer periods of testing time (24 h) the loaded samples were more efficient against
E. coli, whereas for shorter times (3 h and 6 h) they showed a stronger antibacterial
activity against S. aureus. In vitro studies showed that GA minimum inhibitory
concentration for S. aureus and E. coli is 1750 pg/ml and 1500 pg/ml, respectively [59].
Compared to these values, we achieved antibacterial effects at lower GA doses (maximum
amount of drug loaded 30 pg/ml). This suggests that the antibacterial activity of GA is
enhanced in the presence of the released ions. Thus, by using smaller doses of drug the
antibacterial effect can be maximized, while its toxic effects could be minimized. Further

investigations are required to confirm these results with other bacterial strains.

4. Conclusions

In the first part of this study, MBGNs in the SiO2-P20s(B203)-CaO-
Na:0(MgO/ZnQO) compositional system were successfully synthesized via a
microemulsion assisted sol-gel method. All samples had a typical glass structure, with no
diffraction peaks recorded for B doped compositions. However, for S53P4 nanoparticles
a poorly crystalline HA was identified. The ATR-FTIR spectra confirmed that phosphate
groups were present in S53P4, while the other samples showed a typical borosilicate
network. For all compositions, the nanoparticles had a spherical shape with a radial
network of slit-shape mesopores. Moreover, for S53P4 nanoparticles a second fraction of
particles richer in Ca and P with a smaller diameter and a more compact internal structure
was identified. In the second part of this work, MBGNSs were studied as GA nanocarriers.

GA was loaded by physical adsorption with the highest loading efficiency achieved by
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B+Mg. In vitro release studies revealed an initial burst release of GA, followed by a
slower release in the next 21 h. Between 24 h and 10 days, GA was continuously and
constantly released. The highest cumulative release was achieved for S53P4 sample,
while the smallest value was recorded for B+Mg. The antibacterial assay against both S.
aureus and E. coli confirmed a stronger antibacterial effect for Zn doped compositions
compared to the other unloaded samples. The loading of GA into S53P4 and B+Zn
samples led to a synergistical antibacterial effect. In the short term, MBGNs and GA-
MBGNs were more effective against S. aureus, whereas for 24 h they were more effective
against E. coli. Further cell viability studies and in vitro wound scratch assay should be
carried out. These MBGNSs could be used for the simultaneous and smart delivery of

different drugs or as inorganic fillers in 3D printed hydrogel scaffolds.
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Figure Captions

Fig. 1 (a) XRD patterns and (b) ATR-FTIR spectra of MBGNS.

Fig. 2 SEM images of (al) S53P4, (b1l) B+Mg, (cl) B+Zn and (d1) B+Mg+Zn. TEM
images and EDX spectra of (a2) S53P4, (b2) B+Mg, (c2) B+Zn and (d2) B+Mg+Zn.
Numbered weighted density distribution for (a3) S53P4, (b3) B+Mg, (c3) B+Zn and (d3)
B+Mg+Zn.

Fig. 3 STEM image with the corresponding EDX mapping of elements for S53P4
MBGN:Ss.

Fig. 4 Optimization of drug loading for (a) S53P4, (b) B+Mg, (c) B+Zn and (d) B+Mg+Zn
MBGN:Ss.

Fig. 5 In vitro drug release study up to (a) 30 h and (b) 10 days. (c) Schematic
representation of the possible drug release mechanism.

Fig. 6 In vitro antibacterial activity of MBGNSs against (a) E. coli and (b) S. aureus.
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