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Abstract

Background: In recent years, bioactive bioceramics such as bioglass and hydroxyapatite (HA) have been introduced as a remarkable
development in the field of medicine due to their bio-adaptability, non-toxicity, and persistence, in vivo. They have many potential
applications in the repair of bone defects and hence they have attracted significant interest from scholars.

Objectives: The aim of this study was to synthesize inorganic matrix CuO-based bioglasses and evaluate their antibacterial activity
against aerobic bacterial infections in bone implants.

Methods: Nano-composite samples of silica-based bioactive glass, 60S BG with nano-powder CuO, were synthesized using the sol-gel
method and then assessed with regard to their antibacterial properties against Staphylococcus aureus using well diffusion agar. The
samples included BG58S (58%Si0,, 36%Ca0, 6%P,0s), BG/10CuO (58%Si0,, 26%Ca0, 6%P,0s,10%Cu0), and BG/20CuO (48%Si0,, 26%Ca0,
6%P,0s, 20%Cu0). To evaluate their bioactivity, the prepared samples of BG/20CuO, BG[10CuO, and BG58S were immersed in sim-
ulated body fluids (SBF). The surface morphology and structure of the samples before and after immersion in the SBF were char-
acterized using scanning electron microscopy (SEM) and Fourier transform infrared (FTIR), respectively. Then, the BG/20CuO and
BG/[10CuO samples were loaded in clindamycin, an antibiotic widely used in the treatment of osteomyelitis, and their release profiles
were studied in phosphate buffer solution.

Results: It was observed that the growth inhibition zone increased through clindamycin release due to the increasing CuO per-
centage in the nanocomposite of bioactive glass. The bioactivity of the nanocomposite/bioglass with CuO was superior to that of
bioglass alone. In this study, the BG/20CuO sample showed a sustained release of clindamycin, which is sufficient for a drug delivery
system.

Conclusions: Increasing the Cu nanoparticles in bioactive glass samples leads to the release of Cu**, which has a positive effect on
the antibacterial mechanism, as well as decreasing the cultured Staphylococcus colonies found on the bioglasses. Therefore, it seems
that the nanocomposite/bioglass of CuO is a promising option for aerobic bacterial inhibitor systems in common bone implant
infections.

Keywords: Bioactive Glass 58S, Bone-Implant Interface, Clindamycin, Diffusion Antimicrobial Tests

[y

. Background

In recent years, the field of nanoscience and nanotech-
nology has achieved significant advances with nanosized
inorganic and organic particles that are subject to increas-
ing applications as amendments in industrial, medicine
and therapeutics, synthetic textiles, and food packaging
products (1). Furthermore, as biological phenomena de-
velop at the nanoscale and because nanoparticles are
highly biocompatible, they are increasing being used in
the in vivo[in vitro medical research field, mainly in tar-
geted drug delivery, imaging, sensing, and artificial im-

plants (2, 3). Their antimicrobial activity has been found
to be a function of the surface area in contact with the mi-
croorganisms, and metal nanoparticles have many appli-
cations due to the antimicrobial activity when embedded
and coated onto surfaces (4). Some nanocarriers designed
for antibiotic delivery have proved to be essential due to
their good potential for effectively managing pathogen-
based diseases as an alternative and successful approach
to the inhibition of antimicrobial resistance (5). Combi-
nation drug therapy boosts the immune system to elim-
inate hazardous micro-organisms, and the use of nano-
based techniques is intended to change the properties of
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microbial surfaces to overcome the developed antibiotic
resistance when compared to single drug therapy (6).

Implants are predisposed to infection due to their sup-
porting the growth of all kinds of micro-organisms, which
hasresulted in major objections to the extended use of im-
plant devices and, ultimately, to the omission of this thera-
peutic option (7). These infections involve both the related
tissues that face subsequent destruction and the blood (8).
Thus, the implants require the long term enhancement of
their host defenses and frequent persistence against bac-
terial colonies. The bacterial biofilm that develops on an
implant’s surface protects the organisms from both the
host’simmune system and antibiotic therapy(9). Biomate-
rial can be modified using antibacterial agents composited
with implant surfaces through the loading capacity and
drug release profile (10). Enterococcus faecalis involves the
root canal system (11), although complicated infections de-
veloped with several pathogens such as Staphylococcus au-
reus, Staphylococcus epidermidis, Escherichia coli, and other
micro-organisms from the Proteus genus result in bone in-
flammation and destruction as common surgical compli-
cations (12).

Over the last few years, research interest in bioactive
bioceramics has increased in the medical community, es-
pecially with regard to the application of 4555 and silicate-
phosphate glasses in bone tissue engineering (13). Some re-
markable properties of materials such as hydroxyapatite
and bioactive glasses include osteogenesis behavior, the
ability to be grafted into soft tissue as well as hard tissue,
the formation of a layer of hydroxycarbonate apatite in bi-
ological fluids (14), stimulation of gene expression in bone-
generating cells (15), antibacterial activities (16), and anti-
inflammatory effects (17), all of which have been investi-
gated for the purpose of bone tissue engineering (15, 18).

Additionally, their ability to deliver drugs as well as to
stimulate effective ion diffusion in bodily fluids is applica-
ble for osteogenesis, especially in order to suppress bacte-
rial infection following surgery. Bioactive scaffolds along
with osteoconductive factors (to guide the growth of new
bone), induced osteogenesis (to promote new bone forma-
tion), and angiogenesis (to build blood vessels) are signifi-
cant advantages for repairing serious bone defects (19, 20)
when compared to conventional treatments such as sys-
tematic antibiotic therapy, necrotic tissue/foreign object
removal after surgery, wound drainage, and implant re-
moval (21), which all have limitations that mightlead to ad-
ditional surgical intervention for patients (21, 22).

Although a bioactive coating material such as HA can
be sprayed onto the surface of dental metal implants, its
flaws (23) are apparent even in instances of good adhesion
and researchers have hence sought to find additives to im-
prove this issue in titanium implants (24). For disinfec-

tion purposes, bioactive glasses have shown no side effects
in root canal therapy (19) due to several probable mecha-
nisms, including the inhibition of bacterial colonization,
a pH increase in aquatic solutions, and calcium levels (25-
27). However, calcium hydroxide indicated a better antimi-
crobial effect than bioactive glass (28). To control common
pathogenic microorganisms in implant sites, especially
Staphylococcus aureus and Staphylococcus epidermidis (29),
researchers have considered bioactive glass-based mate-
rials because of their good potential as carrier systems
for drug-antibiotic release intended to inhibit bacterial
growth in dental cysts both in vitro and in vivo (30).

In order to overcome the abovementioned defects,
metal oxide nanoparticles were doped with bioceramic
particles with many applications for medical disinfection,
the food industry, and other industries (31-33). Silicate-
based bioactive glasses doped with copper oxide have also
been studied due to the importance of copper in osteogen-
esis (34) and the stimulation of the growth factor FGF-2 in
vitro (35).

Generally, two basic procedures exist for the determi-
nation of nanoparticle sizes, and they can be performed
with the suspension of dry powders by numerous com-
mercially available instruments. The first method involves
inspecting the particles and taking actual measurements
of their dimensions. Microscopic techniques, for exam-
ple, can measure many dimensional parameters from par-
ticle images. The second method utilizes the equivalent
spherical size in the linear relationship between a parti-
cle’s behavior and its size. For example, in photon corre-
lation spectroscopy (PCS) the dynamic fluctuation of the
scattered light intensity is the basis for the calculation of
the average particle size. Therefore, the information is not
reported as exact sizes, but rather as the average particle
size and the distribution of sizes about that average (36). In
this study, for instance, the average particle size of the pre-
pared nanoparticles was analyzed using X-ray diffraction
Spectroscopy.

2. Objectives

The main purpose of this study is the antibacterial
evaluation of silicate-based bioglasses doped with CuO as
a mineral matrix and immersed in simulated body fluid
(SBF).This metal oxide bioglass nanocomposite is designed
for the controlled antibiotic release of clindamycin against
one of the most common infectious pathogens in im-
plants, namely Staphylococcus aureus.
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3. Methods

3.1. Materials

The chemicals required for the preparation of the SnO2
sol solution and the SBF solution were used according to
the recommendations of Bohner and Lemaitre (37).

3.2. Preparation of the BG Powders

The glasses were synthesized using the sol-gel process
with the following compositions:

1) For the undoped bioactive glass known as B58S:
58%Si0,, 36%Ca0, 6%P,0s.

2) For the Cu-doped bioactive glasses with a different
percentage of metal oxide known as BG[10CuO: 58%SiO,,
26%Ca0, 6%P,05,10%Cu0, and BG/20CuO: 48%Si0,, 26%Ca0,
6%P,0s, 20%CuO.

First, the hydrolysis of tetraethyl orthosilicate (BG:
10.04 mL, BG[10CuO: 23.5 mL, BG/20Cu0: 19.23 mL) was cat-
alyzed with 30 mL of a 0.1 M solution of HNO3 and then
stirred for 30 minutes. The sols were obtained after adding
the other reagents, including triethyl phosphate (BG: 1.52
mL, cu-doped BGs: 3.80 mL), calcium nitrate tetrahydrate
(BG:12.27 g, cu-doped BGs: 30.69 g), and copper (II) acetate
monohydrate for the BG/10CuO and BG/20CuO (0.7 and 1.7
g, respectively), sequentially in order to compose the de-
sired gels with 45 intervals under constant stirring.

When the final reagent was added, the obtained sols
were allowed to complete hydrolysis for 1 hour at room
temperature. The resultant sols were poured into capped
PTFE vessels and then stored for 10 days at room temper-
ature in order to transform from homogenous sol to gel.
After the unltrasonic procedure was performed on the ob-
tained gels for 30 min, they were oven-dried at 60°C for
20 hours. The dried gels were subject to further heat
treatment in an oven as follows: 90°C (24 hours), 130°C
(40 hours), 100°C (2 hours), 300°C (1 hour), and 700°C (5
hours). Finally, the BG powder samples were prepared by
crushing the dried gels.

3.3. Methods of Characterization

3.3.1. Chemo-Physical Properties

To identify the structural characterization and sur-
face morphology of the non-doped BG58S and Cu-doped
BG20CuO, the required analysis was performed using var-
ious pieces of equipment. An elemental analysis was per-
formed to determine and confirm the accurate molar ra-
tio of the elements and oxides in the synthesized samples.
Fourier transform infrared (Spectrum 65 FTIR spectrome-
ter, PerkinElmer Inc., Waltham, MA, USA), scanning elec-
tron microscopy (SEM, Philips XL 30, SEMTech Solutions,
Inc., North Billerica, MA, USA), and X-ray diffraction spec-
troscopy (XRD, Bruker D8 advance, Bruker Co., Billerica,
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MA, USA) techniques were used to characterize the pre-
pared bioactive glass samples. The SEM graphs and XRD
patterns were assessed to investigate the surface morphol-
ogy and particle size, while the FTIR spectra were used to
monitor the types of bonds present in the glass network.

3.3.2. Antibacterial Tests

To prepare the bacterial culture, Staphylococcus aureus
(S. aureus, PTCC 1431) was purchased from the Persian type
culture collection and nutrient broth (NB) was used as a
growing medium for both the microorganisms at 37°C for
20 hours. First, a culture of the bacteria was prepared on
nutrient agar medium (NA) and then, with a sterile loop, 4-
5 colon bacteria were removed and added to 5 mL distilled
water to prepare the microbial substance. It must be noted
that the amount of cultured bacteria added to the distilled
water was sufficient that its turbidity would be equivalent
to 5.0 McFarland (1.5 X 10®) standards. We used the min-
imal inhibitory concentrations (MIC) method to test the
antimicrobial activity. The MIC is the lowest concentra-
tion of an antimicrobial material that will inhibit the visi-
ble growth of a microorganism after incubation. Different
concentrations (ug/mL) of the composited nanostructures
were used in the present study to determine the MIC.

To determine the potential antibacterial inhibitory ef-
fect of the BG materials on S. aureus, the bioactive glass
powder samples were seeded on well plates at 0.02, 0.04,
and 0.06 gr per well in a culture media inoculated with S.
aureus and left to grow according to the McFarland stan-
dard for 24-48 hours until an inhibitory zone was formed.
For the negative and positive controls, some wells were
treated with physiological serum and an antibiotic, respec-
tively. All the samples were assayed in tetraplicate and, for
each experiment, the zone diameters of bacterial growth
inhibition by the bioactive glass powders were measured,
which indicates the antibacterial effect of the correspond-
ing BG sample. Then, the minimal inhibitory concentra-
tion was calculated and the best samples were selected for
a bioactivity assay.

3.3.3. In Vitro Bioactivity Assay

In order to monitor the hydroxyapatite coatings
formed on the surface of the selected BG powder samples,
the prepared monolith samples (0.06 g) were immersed
in a simulated body fluid at a 37°C temperature for 1, 7,
14, and 28 days. Then, the samples were removed from
the solution. The variation of the pH in the SBF was con-
tinuously recorded using a pH meter over a four-week
period. The formed hydroxyapatite coatings were assessed
to determine the crystalline phase, functional groups, and
surface morphology of the monolith BG samples using
a UV-vis spectrophotometric assay (MPC-2200, Shimadzu
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Co., Tokyo, Japan) before and after their immersion in the
SBE.

3.4. Clindamycin Loading Process

For the preparation of the PBS solution, a protocol was
used as described by Kokubo (14). For the clindamycin
loading process, we immersed the BG58S and BG/20CuO
(selected as the best samples according to the antibacte-
rial assay)in clindamycin (7 mg/mL) enriched PBS (KH,PO,:
0.05 mol/L, NaOH: 0.04 mol/L) autoclaved at 37°C for 6
hours. Then, the samples were removed from the PBS and
rinsed thoroughly in fresh PBS three times to remove the
unloaded antibiotic.

To assess the in vitro release from the bioactive glasses,
a UV-vis spectrophotometer was used to evaluate the
amount of released clindamycin, and the obtained spec-
tra were compared before and after immersion in the PBS.
The calibration curve was used to calculate the loaded clin-
damycin based on the antibiotic concentration from the
following relationship:

Antibiotic loading (%) = [(Volume of antibiotic so-
lution, mL) X (Antibiotic concentration after loading -
Antibiotic concentration before loading as 7mg/mL)| |
(Weight of the scaffold, g) x 100.

The scaffolds coated with clindamycin were main-
tained in the drug solution at 4°C prior to starting the drug
release test in order to prevent their degradation by light
and temperature.

3.5. The Release Profile of Clindamycin

To assess the clindamycin released from the antibiotic-
loaded BG samples, 35 mg of the loaded samples was im-
mersed in 10 mL of PBS and kept for 2, 6, 12, and 48 hours.
After each time interval, 2 ml of PBS was collected and re-
placed with 2 ml of fresh PBS. The collected PBS was assayed
atamax A=297 nm using the UV-vis spectrometric method.
The calibrated curve for the antibiotic loading process was
prepared based on differentantibiotic concentrations. The
release profile of clindamycin from the loaded bioactive
glasses was determined using the plotted curve.

4. Results

4.1. Microstructural Characterization

4.1.1. FTIR Analysis

To identify the crystalline phase of the non-doped
BG58S and Cu-doped BG20CuO before and after annealing,
the FTIR spectroscopy results were interpreted to deter-
mine the functional groups for the various types of chem-
ical bonding on the surface. A graph of the FTIR spectra
of these bioactive glass samples in the range of 400-4000

cm’ is presented in Figure 1. The FTIR results obtained from
the synthesized samples indicated that the FTIR spectra
in all the samples showed the basic absorption frequency
bandsin the ranges 450-550,600-620,and 1100-1200 cm’?
to be related to the bending mode of Si-O-Si, the vibration
mode of symmetric Si-O-Si stretch, and the vibration mode
of asymmetric Si-O-Si stretch, respectively (38).
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Figure 1. FTIR spectra of the bioactive glass samples; A, the non-doped BG58S and B,
the doped BG/20CuO.

4.1.2. SEM Analysis

Figure 2 shows the scanning electron microscopy
(SEM) images of the BG58S and BG/20CuO powder samples
before and after annealing. In the case of BG58S, the large
grain dimension of the bioglass crystallinity was observed
according to the XRD results (data not shown), indicating
very clearly the formation of crystal phases. The radius of
the involved ions in the synthesized samples included: r
(Cu?*): 73 pm, r (Ca**): 94 pm, and r (Si**): 41 pm.

Avicenna | Med Biochem. 2016; 4(2):e38596.
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Figure 2. SEM micrographs of the bioactive glass samples, A) the non-doped BG58S and B) the doped BG/20CuO, at two different magnifications (sizes noted on each image).

4.1.3. XRD Patterns

The identified XRD pattern (data not presented here)
showed a particle size of around 30-70 nm for the
BG/[20CuO powder samples.

4.2. Antibacterial Activity

Figure 3 reports the results concerning the bacterial
inactivation properties of the studied powder samples
against S. aureus according to the well plate-based method.

It can be observed from Figure 3 that the antibacte-
rial effect of the bioactive glasses varies according to the
bacterial species, chemical compounds of the bioglasses,
and sample concentrations. The bioactive glass samples
doped with CuO had an inhibitory effect on the growth of

Avicenna | Med Biochem. 2016; 4(2):e38596.

S. aureus; therefore, it can be considered to be an antibac-
terial treatment. The observed inhibition zone of bacte-
rial growth increased in diameter when the percentage of
copper oxide and the amount of powder sample added in-
creased. As the results of the antibacterial assays showed,
the order of the bacterial inhibitory effect that the com-
posed bioactive glasses showed against the growth of S. au-
reus is as follows: BG[20CuO > BG/[10CuO > BG/58S.

4.3. In Vitro Bioactivity in SBF

4.3.1. Immersion in SBF with Clindamycin

To determine the clindamycin levels in the SBF in order
to evaluate the antibiotic loading process in the best bioac-
tive glass samples (i.e., BG[20CuO), a UV-vis spectrophoto-
metric assay compared the spectra of samples in the initial
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Nano - Powder Dosage (gr per well)

Samples

0.02 0.04 0.06
BG58S

10 mm 14 mm
BG/10Cu0

10 mm 15 mm 17 mm
BG[20Cu0 »

11 mm 16 mm 20 mm

Figure 3. The zone of bacterial growth inhibition (in mm) on the Staphylococcus aureus culture obtained after adding Cu-doped bioactive glass nanocomposites (in gr per
well). (Note: The nanocomposite samples showed antibacterial properties and inhibited the growth of S. aureus as a gram-positive bacterial model like the non-composite
sample. BG58S: BioGlass58%Si02, BG[10CuO: BioGlass10%CuO, BG[20CuO: BioGlass20%CuO.)

PBS with those in the recovered PBS after immersion for 6
and 16 hours (Figure 4). A decrease in the antibiotic con-
centration compared to that in the initial PBS showed that
the loading process of clindamycin on the surface of the
bioactive glasses was actually performed.

4.3.2. The Released Clindamycin in SBF

The purpose of our study was to produce composite
samples of silicate bioactive glasses doped with CuO in

order to evaluate their potential as a carrier for the con-
trolled release of the clindamycin antibiotic in the S. au-
reus-induced infection common in bone cysts. Therefore,
the release profile of the antibiotic from BG/20CuO in PBS
was studied using a UV-vis spectrophotometric assay (Fig-
ure 5).

As shown in Figure 5, an initial release with an incre-
mental slope of the curves was followed by a 19% - 24% re-
lease of clindamycin through 72 hours. This finding can be

Avicenna | Med Biochem. 2016; 4(2):e38596.
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Figure 4. UV-vis spectra of BG[20CuO immersed in SBF with clindamycin a) before
the release of the antibiotic, b) after the release of the antibiotic for 6 hours of im-
mersion, and c) for 16 hours of immersion.
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Figure 5. The Profile of the Released Clindamycin from BG/20CuO After Immersion
in SBF for 4, 24, And 48 Hours

interpreted as the ability of our composed BG samples to
act as a desirable and controlled system of drug release in
a continuous and slow way.

5. Discussion

Bioactive glasses have been shown to have unique char-
acteristics despite the fact that they can easily be broken or
fractured. These characteristics include a speed-controlled
ability to perform a break down process with free ion re-
lease and convert into an HA-like material that could be
rigidly held in a strong bond with soft and hard tissues. In
order to promote their bioactivity into a special biological
response in the considered physiological conditions, sev-
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eral approaches have been developed, including integrat-
ing bioglasses with different metal ions and natural or syn-
thetic organic polymers in a silicate network. The aim of
the procedure is to promote the impact of bioglass stim-
ulation on osteogenesis, angiogenesis, and antibacterial
processes.

In 1971, Hench and colleagues studied bioactive glasses
for the first time and developed them (39). Next, metal
and non-metal oxides such as TiO, (40), ZnO (41), B,05 (42),
and other materials were applied to develop nanocompos-
ites integrated with phosphate bioglasses for the regula-
tion of solubility, stability of the glass network, and con-
trol of the destruction levels. As in the present study, other
investigations focused on the modification of bioactive
glasses and found various results. Feng et al. (1998) showed
that biofilms of hydroxyl apatite saturated with silver re-
sulted in remarkable antibacterial properties against pos-
itive and negative bacteria (43). Additionally, Chen et al.
(2006) found that the application of hydroxyl apatite in-
cluding silver showed a similar intensity of cellular toxi-
city in vivo when compared to in vitro for Staphylococcus
epidermis and Staphylococcus aureus with highly decreased
numbers (44).

In addition, Devadathan and Raveendran (2014)
worked on polyindole-based nickel-zinc oxide nanocom-
posites to identify the antifungal properties, and they
proved that a non-composite could be used as an antifun-
gal material for the fungi Penicillium Chrysogenum (45).
However, the use of animal models, as well as various
treatment methods and nanoparticles with different
concentrations and shapes, presents new horizons for
further research to investigate the applications of nan-
otechnology (46). Some studies have emphasized the
toxicity of nanoparticles in in vivo conditions, considering
the molecular effects of some nanoparticles with different
concentrations and shapes in the tissues of laboratory
animals prior to use on humans (47). Significant scientific
achievements involving nanotechnology have also been
found for gold nanoparticles (48).

In this study, the fabrication and characterization of
bioactive glasses containing nanocomposites with differ-
ent CuO contents were found to inhibit implant-associated
infections through clindamycin release. According to pre-
vious studies, certain ions play a role as nucleating agents
in bioactive glasses (49). Therefore, it seems that the num-
ber of fabricated nuclei increases preferably instead of an
increase in their sizes, resulting in a decrease in grain size
in the presence of CuO and ZnO. Our SEM figures demon-
strated this finding in bioactive glass samples doped with
CuO. The remarkable decrease in grain sizes observed in
the studied doped samples can influence the bioactivity,
speed of solubility, and release of effective ions for osteo-
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genesis in samples following SBF immersion in vitro.

Silicate bioactive glasses are treated at high tempera-
tures and show different phases during annealing due to
both the duration and temperature variations. For the sake
of brevity, it is noted that the annealing temperature and
its duration were the same for all the samples, and the
weak diffraction in the modified samples is a clue to the
crystal inhibition due to CuO.

The findings of the SEM analysis showed that a small
difference between the ion modified crystal network (Ca**)
and the Cu®" ion led to the possibility of exchanging these
ions with each other in both the bioglass composite and
crystal network. The modifying ions in the network, in-
cluding Na*,K*, and Ca**, influence the morphology of the
surface and the grain dimensions (50). The SEM images of
the nanocomposite samples with Cu** indicated a remark-
able decrease in grain dimension. This influences bioac-
tivity, the dissolution rate, and effective ion release in os-
teogenesis during the submersion of the samples in SBF
in vitro. It was found that some ions cause nucleation in
bioactive glasses (49). Therefore, it seems that in the pres-
ence of CuO, the number of nuclei formed is determined
by their growth, which results in a decrease in particle di-
mensions.

The FTIR spectra of all the modified bioactive glasses
in the presence of the metal oxide (CuO) indicate a slight
variation in the situation of the bands and their inten-
sity in comparison with BG58S. The bands that appeared at
1350 -1450 cm™ and 2450 - 2460 cm™ for the bioactive glass
samples are attributed to (CO;)? (the vibration mode of
the symmetric and asymmetric C-O stretch, respectively),
probably due to carbonating Ca**. The new bands at 2850-
2950 cm” for the modified bioactive glass samples are at-
tributed to the vibration mode of the C-H stretch due to the
broken bonds of carbonate in the bioactive glass network.
The appearance of new bonds related to Si-O-NBO and their
increased intensity at 820 - 830 cm™ and 1000 - 1100 cm™
in the modified samples in the presence of metal oxide in-
dicate their function in the modification of the glass net-
work. By studying the FTIR results, we found that CuO ap-
parently functions as a constituent of the networkand as a
modifier of crystallinity for the bioactive glass samples.

Although there are no reports concerning the antibac-
terial activities of Cu-doped bioactive glasses, many differ-
ent systems have been designed and studied with the aim
of promoting antibacterial properties with the participa-
tion of Cu?* or different forms of that element as thin films
and powders. In the present work, the integration of Cu**
in the bioactive glass samples brought about an improve-
ment in the antibacterial effects. Additionally, other stud-
ies have shown an improvement in the antibacterial activi-
ties of bioactive glasses that are doped with elements such

as Zn** and Ag" in a silicate network.

In our samples, increasing the metal oxide percentage
in the chemical structure of the bioactive glasses and in-
creasing the amount of the powder samples caused an in-
crease to be observed in the measured zone diameters of
bacterial growth inhibition by the applied clindamycin an-
tibiotic. An explanation for this finding is that the agar wa-
terisimmediately absorbed into the applied antimicrobial
material in the well and hence makes it diffuse into the
agar medium. The antimicrobial material does not move
through the agar medium with the same speed as the ini-
tial diffusion from the well into the agar medium. As a re-
sult, the concentration of the antimicrobial agent is high-
estaround the well, and it reduces in a logarithmic fashion
proportionally with the distance from the well. The speed
of penetration via the agar medium is dependent on vari-
ables such as permeability, solubility, and the amount of
antimicrobial material. Therefore, we can expect that the
increased percentage of metal oxide in the chemical struc-
ture of the bioactive glass, as well as increasing the amount
of the powder samples, makes the inhibition zone of bac-
terial growth increase in diameter.

The suggested mechanisms for the nanoparticles of
CuO have been presented in several works, although the
mechanism of photocatalytic bacterial inactivation has
not yet been elucidated. It is suggested that the damage
to the cell membrane occurs with the loss of K* ions, pro-
tein, and RNA from the bacterial cell, or else it is caused
by an increase in Ca** ions due to the higher permeabil-
ity of the cell membrane to these ions (51). In addition, it
has been determined that the yield of antibacterial activ-
ity is defined according to a complex function with vari-
ables including the grain size and morphology, electron
structure of the catalytic sample, speed of solubility, and
nature of the microorganism considered for inactivation,
in vitro. For example, an increase in Cu®* of 1-10 mol% in a
phosphate-based bioglass sample led to a decrease in solu-
bility but, due to the higher proportion of special surface
to volume, the release of Cu** ions indicated a positive ef-
fect on antibacterial activity and a decrease in the number
of Staphylococcus epidermis cultured on a medium contain-
ing the composited bioglass sample (52). Further, the cell
wall contains a very thick layer of peptidoglycan in these
gram-positive bacteria, and the carotenoid pigments pro-
vide an integrative system for the membrane to be led into
an improved resistance against oxidative stress. Damage
to the bacterial cell is accelerated by the destructive super-
oxide anions produced through the internal bonding of
CuO nanoparticles with the bacterial cell structure. Gen-
erally, the antibacterial properties of the composed bio-
glass samples were shown to be as follows: BG/20CuO >
BG/10CuO. Apparently, the antibacterial synergetic effect

Avicenna | Med Biochem. 2016; 4(2):e38596.
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generated by the integration of two systems including CuO
and bioactive glass leads to a higher yield of bacterial inac-
tivation in our nanocomposite samples.

Finally, the findings we obtained from the develop-
ment and evaluation of bioactive nanocomposites with
CuO-doped glass designed for clindamycin release in or-
der to inhibit implant infections showed that promoting
the desirable bacterial inhibitory properties via antibiotic
release in the designed nanocomposites can play an ef-
fective role in designing infection control systems in im-
plants, especially those induced by Staphylococcus bacte-
ria. In addition, these results provide further evidence of
the more effective and higher bioactivity of our designed
metal oxide nanocomposites when compared to the non-
doped samples. The most important aspects for the appli-
cation of these nanocomposites include higher bioactivity
and, in turn, the faster improvement of hard tissues. It is
suggested that the evaluation of the designed systems in-
troduced in the present work should be repeated on cell
cultures in vitro, preferably using the MTT test, and then
on experimental animals in vivo. Additionally, attempts
should be made to eliminate the drawbacks of bioactive
glasses such as fracture in order to achieve more profitable
and durable types. In the future, the effect of bioactive
glasses should be studied in angiogenesis and chondroge-
nesis along with their application in bone tissue engineer-

ing.
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