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Abstract

The morphology and dimensions of bioactive materials are essential attributes to promote tissue culture. Bioactive mater-
ials with nanofibrous structure have excellent potential to be used as bone-defect fillers, since they mimic the collagen in the
extracellular matrix. On the other hand, bioactive glasses with applications in regenerative medicine may present antibac-
terial properties, which depend on glass composition, concentration and the microorganisms tested. Likewise, their
morphology may influence their antibacterial activity too. In the present work, the laser-spinning technique was used to
produce bioactive glass nanofibers of two different compositions: 45S5 Bioglass® and ICIEI6M, bioactive glass doped with
zinc and strontium. Their antibacterial activity against Staphylococcus aureus was tested by culturing them in dynamic
conditions. Bacterial growth index profiles during the first days of experiment can be explained by the variations in the
pH values of the media. The bactericidal effect of the doped nanofibers at longer times is justified by the release of zinc and

strontium ions. Cytotoxicity was analyzed by means of cell viability tests performed with BALB/3T3 cell line.
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Introduction

Biomaterials to be used clinically for bone repair in
dentistry, maxillofacial or orthopaedic surgery with
antibacterial properties have been growing in interest
since they can prevent or treat potential implant-related
infections.'* In recent years, a significant number of
investigations have shown antibacterial properties in
the group of biomaterials known as bioactive glasses
(BGs).*?

Degradable glasses in the Na,O-CaO-SiO,-P,0s
system with high calcium content and a composition
close to a ternary eutectic Na,O-CaO-SiO, system® can
be classified as bioactive materials when they are able to
form chemical bonds with bone through the formation
of a calcium apatite layer at their surface.” BGs exert
control over osteoblast genes, regulating osteogenesis
and promoting the production of growth factors.®

The composition and concentration of the BG
together with the microorganism tested are the main
factors determining their antibacterial effect.” Several
authors have also established that the antibacterial
properties are conditioned by the manufacturing
process and the morphology of the BG.'° Several

strategies can be derived from the literature to increase
the antibacterial activity of BGs. The inclusion of metal
ions, specially silver,'! strontium (Sr),'? zinc (Zn)'* ">
or copper'® or their combinations have succeeded in
reducing microbial contamination. Additionally, these
changes in the BG composition can promote variations
in other biomaterial features such as their effect on cel-
lular functions, cell metabolism or biological functions,
by binding to macromolecules (enzymes or nucleic
acids) and/or activating ion channels or secondary sig-
nalling.'”'® Particularly, in the field of bone tissue
engineering, there is a great interest for the Sr and Zn
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as they can be cofactors in metabolic processes invol-
ving bone and articular tissues formation and immune
system functions.'” Doping BG with Zn or Sr ions has
been related to a significant enhancement in the calcium
apatite surface layer formation and growth when
exposing the material to body fluids, which is necessary
for the interaction with the living bone and the material
osteointegration.'”*" Moreover, they have been shown
to stimulate osteoblast proliferation and to inhibit
osteoclastic bone resorption with potential appli-
cation in the osteoporosis pathologies.?**' Generally,
antibacterial ions are included by developing composite
materials where the BG and the ions are immersed in a
polymer matrix or in a structured system whose anti-
bacterial activity depends on the properties of the poly-
mer matrix.'*?? Less frequently, ions are incorporated
into the BG structure; however, the inclusion of ions
such as Zn or Sr has been demonstrated to modify their
texture and surface reactivity and, consequently, their
solubility and bioactivity.?>** In the former cases, ions
release is intrinsically related with the bioactivity of
biomaterial and therefore with its antibacterial proper-
ties.”® An alternative approach was recently demon-
strated: in order to dope with silver a bioactive-glass
ceramic scaffold, silver nitrate was added to a glass
slurry processed by the sponge replication method.*’
After sintering the silver nitrate was incorporated into
the sponge-like scaffold.

On the other hand, nanofibres have a great potential
application in regenerative medicine, in defects where
load-bearing materials are not needed, since their
morphology mimics the natural fibrous structure of
collagen in extracellular matrix.”?® The first BG nano-
fibers were produced employing the electrospinning
technique.”” Since that first work, several works
explored the bioactive properties of electrospun
glasses.”*%? However, to our best knowledge, only
the laser-spinning technique has produced amorphous
Bioglass 45S5 fibers with micro or nanoscale diameters,
apart from a variety of compositions that can be clas-
sified as BGs.*® These nanostructures have several
potential applications such as tissue engineering scaf-
folds, fillers for repairing bone defects or as reinforcing
agents in composite implants.

The production of nanofibers by Laser Spinning
involves the quick heating and melting up to high tem-
peratures (in the range of 2000 K) of a small volume of
the precursor material using a high-power laser.’! The
plate of the precursor material being irradiated is in
motion with controlled advance speed in relation to
the laser beam, which generates a stable melting front
producing a complete or incomplete cut. At the same
time, a supersonic gas jet drags the molten material
down to the bottom of the cut. The viscous material
reaching the bottom edge of the cut forms a pending

viscous droplet which is further propelled by the gas jet.
Thus, the molten material forms glass fibers as a result
of its viscous elongation by the drag force and rapid
cooling by the convective heat transfer promoted by the
gas jet. The complete process is performed under ambi-
ent conditions.

In a different work, Cabal et al.*> demonstrated the
capability of the laser-spinning technique for the pro-
duction of a bioinert composite consisting of metallic
silver nanoparticles embedded in silicate glass nanofi-
bers. They also reported a long-lasting antibacterial
activity of those fibers, thanks to the dispersed presence
of silver nanoparticles in the surface and into the
volume of the nanofibers.

The aim of the present study is to highlight the
potential of Zn and Sr —doped BG nanofibers produced
by laser-spinning as a new material that can combine
the well-known bone-regenerating properties of BGs
with the antibacterial properties of the released ions.
The antibacterial properties of laser-spinning nanofi-
bers based on the 45S5 Bioglass® composition are eval-
vated and compared to previous works. Additionally,
cytotoxicity analyses are presented in order to assess
and compare cell viability under the ion release pro-
duced by doped and undoped glass fibers.

Materials and methods
Glass nanofibers preparation

Two types of glass nanofibers were produced by the
laser-spinning technique developed by Quintero and
co-workers.*! The precursor materials employed to
produce the glass fibers were glass plates with the fol-
lowing compositions: M1/45, with the same nominal
composition of 45S5 Bioglass® developed by Hench
and co-workers® and ICIE16M**** a BG with a mod-
ified composition of Bioglass 45S5, were sodium was
partially substituted for K,O, MgO, ZnO and SrO.
Table 1 shows the nominal compositions of both
glasses. Several plates of each glass composition were
produced by means of the conventional method of
melting in a platinum crucible and casting into graphite
moulds. These plates were employed as precursor
materials in the laser-spinning process. A high-power
CO, laser (DC 035, Rofin-Sinar, Germany) was

Table I. Composition of laser-spinning glass nanofibers
(mol %).

Name SiO, CaO Na,O KO P,Os MgO SrO ZnO
ICIEI6M 49.46 27.27 6.60 6.60 1.07 3.00 3.00 3.00
MI1/45  46.1 269 244 - 26 - - -
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operated in continuous mode emitting 2.5kW of laser
radiation, which was focused over the glass plate to
melt a small volume of it through its full thickness.
Simultaneously, a supersonic air jet was used to blow
the molten material provoking the elongation and cool-
ing of viscous filaments which eventually will form the
glass fibers. This method allows the incorporation of
Zn and Sr ions from suitable precursors. Glass nanofi-
bers were pretreated by immersion in water milliQ for
1 min, filtrated and dried at 50°C for 24 h before the
study.

Glass nanofibers characterization

Crystal diffraction measurements were carried out to
determine structural characteristics of laser-spinning
glass nanofibers and the formation of phosphate struc-
tures, like apatite on the surface of nanofibers collected
after antibacterial studies. Crystallinity of nanofibers
was analyzed by X-ray diffraction (XRD) patterns col-
lected using a Philips diffractometer (PW1710 Corp.
Netherland) operating at 40kV and 30 mA). The
X-ray were obtained from a Cu-sealed tube and the
radiation was monochromatized with a graphite mono-
chromator (A (K,;)=1.5406A). The times and ranges
of measurement were adjusted to conditions where the
main peaks of calcite and apatite phases could be dis-
tinguished. Thus, data collection was carried out in the
angular range of 10-40° with a pitch of 0.02° and accu-
mulation time 10s. Samples were rotated during the
measurements to obtain the optimal peak profiles for
analysis and to minimize the effects of preferred orien-
tation. A sample holder-oriented crystal Si was used.
On the other hand, the density of laser-spinning glass
nanofibers was determined in triplicate using a helium-
air pycnometer Quantacrome (Mod. PY2, USA).

Cytotoxicity analysis

The in vitro cytotoxicity tests for glass nanofibers were
performed on extracts prepared by elution of the sam-
ples (75mg/mL) in Dulbecco’s modified Eagle’s
medium (DMEM) (GIBCOTM), supplemented with
10% fetal bovine serum (FBS) and 1% gentamicin in
duplicate at 37 °C for 48h. Cell viability tests were
performed with BALB/3T3 cell line (CCL 163,
ATCC, USA), according to the 10993-5 protocol of
the International Standardization Organization (ISO).
A cell suspension of 2 x 10% cells/well in 200 pL of
DMEM was added into a 96-well plate and allowed
to grow. After 48h, different concentrations of
ICIE16M and 45S5 glass nanofibers extracts (0.5, 1
and 2%) were added to the cells and the plate was
incubated at 37°C in a humidified atmosphere with
5% CO,. A control (cells without glass nanofibers

extracts) was treated in the same way. The 3-(4,
5-dimethylthiazol-2-yl)-2, S5-diphenyl  tetrazolium
bromide (MTT) assay was used in this study to measure
cell viability. MTT assay measures intracellular mito-
chondrial activity of the cells, which involves reduction
of MTT by intracellular dehydrogenases of viable cells
to blue formazan. Cells survival was evaluated through
the measurement of absorbance at 550 nm using a
microplate reader (BIORAD Model 680, Hercules,
CA USA).

Each experiment was carried out in duplicate. In
order to calculate the reduction of viability compared
to the control sample (blank), the following calcula-
tions were performed according to protocol “MTT
cytotoxicity test” included in the standard ISO 10993-5

100 % OD55QC

7 o j—

Viab. % ODsao,

where ODss, is the mean value of the measured optical

density of the 100% extract of the test sample; ODssqy,

is the mean value of the measured optical density of the

blanks. The lower the viab % value, the higher the

cytotoxic potential of the test item is. If the viability

is reduced to <70% of the blank, it has a cytotoxic
potential.

In order to study the potential non-cellular reduction
of MTT by metal oxides (Zn and Sr oxides) in the
doped nanofibres,* that can induce the reduction of
MTT dye molecules to formazan crystals leading to
false positive results, an additional control (ICIE16M
nanofibres + MTT, without cells) was included.

Antibacterial properties study

Microbiological studies were carried out with laser-
spinning glass nanofibers at different concentrations
(5, 25 and 75mg/mL) using Staphylococcus aureus, a
Gram-positive bacteria. S. aureus (CECT 240) was
incubated in Tryptic Soy Broth (TSB) medium pH 7.3
to reach a density of about 10° cells/mL. Then 100 uL
of this culture were inoculated in an eppendorff tube
containing 900 pL of fresh TSB medium together with
the previously sterilized nanofiber. An eppendorff tube
without nanofibers was used as control. The eppendorff
tubes were sealed with Parafilm® and incubated in an
orbital shaker at 200r/min and 37°C for 4 days. An
aliquot of 50 uL of this culture was taken every 24 h;
10 uLL were used to check bacterial presence using scan-
ning electron microscopy (SEM) and the rest to per-
form serial dilutions. In all, 50 uL of dilutions 107%,
107> and 107® were plated in triplicate on TSA
medium and incubated at 37°C for 24 h. The number
of colonies was calculated by averaging the three values
obtained by counting the number of colonies for the
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three plates corresponding to each concentration of the
fibers and time of culture. Previously, the three different
dilutions were inspected to select the most feasible one
for the recount of colonies; accordingly, all plates with
the same dilution were assessed. After counting plate
colonies, a bacterial growth index was established
according to the following parameters: Level 4: >>>
300 colonies (countless); Level 3: > 300 colonies (count-
able); Level 2: 30-300 colonies; Level 1: 0-30 colonies;
Level 0: no colonies. The variations of pH medium
were measured using a pH Meter (GLP22, Crison,
Spain) at each time interval.

Additionally, samples of the TBS medium were col-
lected from the experiment carried out with doped glass
nanofibers (ICIE16M at 75 mg/mL) and the concentra-
tion of released Zn and Sr ions measured up to 7 days
of incubation by Optical Emission Spectroscopy
Inductive Coupled Plasma Spectroscopy (ICP-OES)
using a Perkin-Elmer Optima 3300DV system
(Norwalk, USA).

Attenuated total reflection-Fourier transform
infrared spectroscopy

The structural glass nanofibers characteristics were
analyzed before and after the antibacterial studies by
attenuated total reflection-Fourier transform infrared
spectroscopy (ATR-FTIR). The samples were washed
twice with sterile MilliQ and centrifuged at 8000 r/min
during 2min (Microfuge®22 R Centrifuge Beckman
Coulter™). ATR-FTIR analysis was carried out in a
670IR Varian (USA) spectrometer equipped with a
Gladi-ATR  single-reflection  spectrometer,  Pike
Technologies (Madison, EEUU). Spectra were rec-
orded on an average of 256 scans at a resolution of
4cm~! in the 4004000 cm ™! range.

Electron microscopy analysis

Morphology and surface characteristics of gold-coated
laser-spinning glass nanofibers were analyzed before
and after the antibacterial study using SEM (Leo
435VP, Cambridge, UK). ICIE1I6M nanofibers were
collected after the incubation with S aureus, fixed
according to Santhana and co-workers*® and analyzed
using a transmission electron microscopy (TEM; JEOL
JEM-1011, Tokyo, Japan) in order to evaluate their
physical interaction with bacteria.

One representative sample was analyzed in order to
measure the diameters of the fibers using a Field
Emission Scanning Electron Microscope (FESEM),
Jeol JSM 6700. The fibers were dried and analyzed
without coating. In order to achieve a representative
sampling to perform a correct statistical analysis, we
made 22 randomly located micrographs: two micro-
graphs with magnification of x 500 — to measure thicker
fibers, and 20 at x 5000 — so that thinner fibers can be
measured, since the area scanned at x 500 is 10 times
the area scanned at x 5000. The fiber diameters were
measured from the micrographs using image analysis
software.

Results
Glass nanofibers characterization

A cotton-like mesh of nanofibers was obtained for both
glass compositions. SEM micrographs (Figure 1) show
an overall view of their appearance. The fibers have a
uniform well-defined cylindrical morphology (diam-
eters ranging between tens of nanometers and 5pm)
and they form a disordered intertwined net of fully
dense, solid and completely separated nanofibers.

Figure 1. SEM micrographs of laser-spinning glass nanofibers. (a) Typical appearance of as-produced ICIEI6M fibers and (b) detail of

M1/45 Bioglass nanofibers.
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Figure 2. XRD patterns of laser-spinning glass nanofibers.

Some spherical particles mixed with the nanofibers can
also be observed. Their formation is related to the ratio
of viscosity to surface tension of the viscous filament
during its elongation and cooling. At some points of the
molten volume, the surface tension promotes the break-
up of the fluid filament into droplets and, hence, spher-
oidal particles are formed.*'

XRD patterns show that both, M1/45 and ICIE16M
glass nanofibers, obtained by the laser-spinning tech-
nique are amorphous (Figure 2). The incorporation of
ion modifiers (Mg>", Zn** and Sr**) does not affect the
crystalline structure.

The evaluation of density measurements, which have
been used as a method to make conclusions on the sili-
cate glasses microstructure by several authors,*”*® indi-
cates differences between these complex glasses as a
function of their composition, the density being by
the helium picnometry of 2.0+0.001 g-cm™ and
2340.0g-cm™ for MI1/45 and ICIE16M (doped
glass nanofibers), respectively. The higher density of
doped nanofibers is caused by the inclusion of magne-
sium, Sr and Zn ions in their composition. The volume
change in the structural units by introducing those ions
justify the differences in density between nanofibers and
therefore in their microstructure and presumably in
their properties. The absolute values of density seem
to be significantly lower than those predicted according
to previous studies;*”** these differences may be due to
the morphology of the nanofibers with high surface
area which may adsorb a relevant quantity of water
vapor.

One representative sample was selected to measure
the diameters distribution of the fibers using the
FESEM. A number of more than 250 fibers were mea-
sured using the image analysis software and the results
are presented in the histogram shown in Figure 3, rep-
resenting the relative frequency of occurrence as a func-
tion of fiber diameters in micrometers.

35
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Figure 3. Histogram representing the distribution of diameters
of the fibers of a representative sample.
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Figure 4. Results of cytotoxicity tests of M1/45 and ICIEI6M
laser spinning glass nanofibers after 48 h.

Cytotoxicity results

Cytotoxicity of the glass nanofibers was screened using
fibroblast (BALB/3T3) cell line. Figure 4 shows the
results of the cell viability percentage after incubation
of cells with extracts of both M1/45 and ICIE16M glass
nanofibers for 48 h. The cell viability obtained is higher
than 90% for ICIE16M, but it is lower for the M1/45
glass nanofibers, and it decreases with extract concen-
tration. This result can be justified by the rapid dissol-
ution of M1/45 glass nanofibers, which quickly releases
alkali ions to the medium. Results for the (ICIE16M +
MTT without cells) control demonstrate a reduction
effect of metal ions by themselves, proportional to the
concentration of nanofibers in the experiment.
Therefore, there is a bias promoted by the metal
oxides reduction up to 30% for the highest
concentration.
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Antibacterial studies

The antibacterial properties of laser-spinning glass
nanofibers, M1/45 and doped nanofibers ICIE16M
were evaluated. For this purpose S aureus and glass
nanofibers were incubated for 4 days at 37°C with stir-
ring. The bacterial growth indexes were calculated by
averaging the number of colonies obtained from the
three replicates of each sample. Statistical dispersion
among three values of each sample was not relevant
for the calculation of the growth index. The profiles
of bacterial growth versus time for experiments carried
out with the two varieties of nanofibers at different
concentrations are shown in Figure 5.

Antibacterial behaviour of the nanofibers differs
with regard to their composition. Only doped nanofi-
bers (ICIE16M) at the highest concentration promoted
inhibition of bacterial growth at a value of 2 indicating
a Dbactericidal effect after 4 days of incubation.

ICIE16M
44 A i, O
<
S 31
=
O]
s
s 27
[}
©
@ —{— control
14 —@— 5 mg/mL
—/— 25 mg/mL
—w— 75 mg/mL
0 T T T T
0 1 2 3 4
Time (days)

ICIE16M nanofibers at lower concentration than
75mg/mL and M1/45 fibers show a bacteriostatic
effect. Moreover, no effect can be observed when
using M1/45 fibers at lower concentration before 2
days.

Those results can be partially justified by the vari-
ations of media pH during the experiment as a conse-
quence of alkaline ions released from the fibers. In
general, as a result of the nanofibers dissolution, an
alkalization of the medium occurs. As it can be seen
in Figure 6, the presence of nanofibers, both M1/45 and
ICIE16M, in a concentration over 5mg/mL gives a sig-
nificant increase in the pH of the medium, greater than
8.0 for concentrations of 25mg/mL or even 9.5 when
using bioglass nanofibers (M1/45) at a concentration of
75mg/mL. These results indicate that the bioglass
nanofibers dissolution increases the pH of the
medium faster than doped nanofibers (ICIEI6M) at
75mg/mL, affecting the survival of bacteria at the

1 M1/45
4 Al ; |
<
g 34
o
(O]
s
5 2
[&]
©
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Figure 5. Bacterial growth index versus time of cultures of S. aureus in the presence of both, M1/45 and ICIEI6M doped laser-

spinning nanofibers at different concentrations.
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Figure 6. pH medium at different concentration of laser spinning glass nanofibers.



Echezarreta-Lépez et al.

825

shorter periods of times. The increase in the pH is not
maintained within the time range as the pH decreases
after the second day of culture, especially for the bio-
glass nanofibers. The increase in the bactericidal effect
of the doped nanofibers after 2 days of culture may be
well justified by the delayed release of metal ions.

The partial dissolution of the nanofibers and, there-
fore, the structural changes and surface modifications
were investigated by FTIR, XRD and SEM by compar-
ing laser-spinning glass nanofibers before and after the
antibacterial studies.

Figure 7 shows the evolution of Zn and Sr concen-
tration with the time for the antibacterial experiment
carried out with ICIE16M fibers at a concentration of
75mg/mL for 7 days. As it can be seen, the concentra-
tions of both Zn and Sr ions increase significantly after
the second day of incubation, in agreement with the

1200 4 | {3+ Sr
1 |=0—12zn

1000 /
- ]
>
£ 800 %;
® /
@ 600 @
® &
s ]
© 400 - E}/
S ] \

200 - -
O T T T T T T T T T T T T T T

Time (days)

Figure 7. Evolution of metal ions released concentrations in
TSB medium at 37°C for 7 days.

ICIE16M

beginning of the observed antibacterial effect of those
nanofibers.

Metal ion concentrations in the TSB medium
achieve values of 1.0mg/mL and 0.65mg/mL at 7
days for Zn and Sr, respectively, which can be respon-
sible of the antibacterial activity.

Figure 8 shows the FTIR spectra of two laser-spin-
ning nanofibers before and after the antibacterial stu-
dies. Both M1/45 and ICIE16M nanofibers present, as
supplied, the characteristic absorption bands of SiOy4
units at 1024, 900 and 450cm ™' corresponding to the
Si-O-Si stretching mode, Si-O and Si-O-Si bending
mode, respectively, which is in agreement with previous
reports.*”** The incorporation of ion modifiers Zn, Sr
and Mg into the original SiO4 network does not change
the characteristic bands of SiO4 units.

After their immersion into the culture medium solu-
tion for 4 days, several modifications can be observed
as a consequence of their different dissolution process.
A non-bridging oxygen (NBO) band at 920cm™' is
maintained for the doped nanofibers (ICIE16M) while
in the bioactive nanofibers (M1/45) it disappears.
Simultaneously, new bands at 560 and 600cm™"' can
be observed for M1/45 spectrum (Figure 8), which
can be associated to the deposition of PO~ groups
as pointed out by other authors.?

The small sharp features at 715 and 870cm™
together with the new band at 1422cm™" exhibited by
the FTIR spectra of the M1/45 nanofibers after incu-
bation in the culture medium can be also associated to
the formation of carbonated hydroxyapatite (HCA)
layers on the surface of the material as a consequence
of its bioactive nature.’® These results confirm the
modifications in their surface composition and point
out the partial dissolution of the bioactive nanofibers
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Figure 8. FTIR spectra of glass nanofibers before and after four days in presence of S aureus growing in TSB medium.
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during microbiological studies. On the contrary, those
modifications do not appear at the ICIE16M spectrum,
suggesting that any or poorly crystalline apatite has
been formed on doped nanofibers surface after 4 days
of incubation with the bacteria.

The morphology and surface structure of the nano-
fibers recovered from the antibacterial studies were also
analyzed by SEM, EDX and XRD, which allowed a
semi-quantitative characterization of the samples sur-
face chemistry and their structural surface modifica-
tions. EDX results (not shown) revealed Mg, Zn and
Sr elements at the surface of ICIE16M nanofibers after
incubation time and in TSB medium.

In agreement with FTIR results, XRD patterns of
nanofibers after 4 days of incubation in culture medium
indicate the formation of a crystalline phase of calcite
and hydroxyapatite on the surface of the bioglass nano-
fibers (M1/45). Moreover, the higher the concentration

1800 —— 25 mg/mL \'|°A“°‘” M1/45
75 mg/mL
1200 A
HA (211)
% 600 (CA (012) CA(110) CA (113)
§ WM W"‘I.\*«vmw“'u
\8, 0 T T T T 1 Ll T T T 1
=
‘@ 1800 {—— 25 mg/mL ICIE16M
g 75 mg/mL
~ 1200 -
GOO-WMM_W
|
oO+——T1Trr 71717171 7T 7T 71
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Figure 9. XRD patterns of glass nanofibers after four days of
incubation with S. aureus in TSB medium. The peaks are very
precisely assigned to the indexed crystallographic planes of cal-
cite (CA, JCPDS-ICDD ref.:005-0586) and hydroxyapatite (HA,
JCPDS-ICDD ref.:09-0432).

of the nanofibers, the stronger the crystalline modifica-
tions are. Structural changes cannot be observed on the
surface of the doped nanofibers (Figure 9) confirming
the differences in its dissolution process.

The antibacterial effect of the BGs may be intensified
by physical interactions between bacteria and debris
generated during their process of dissolution as it has
been previously described.*' In order to evaluate poten-
tial physical interactions between bacteria and nanofi-
bers, S aureus after 4 days of culture in the presence of
ICIE16M nanofibers (75mg/mL) was visualized by
TEM. Figure 10 presents two areas of the culture.

Discussion

BGs based on different combinations of alkaline earth
oxides have demonstrated an excellent biocompatibil-
ity, osteoconductivity and osteostimulation. Those
properties make them suitable candidates as implant
materials for dental and orthopedic surgery.*’ In the
last few years, different authors have demonstrated
that BGs show antibacterial activity on selected micro-
bial species depending on their composition and con-
centration.”* On this basis, the design of BGs with
antibacterial properties can be an interesting approach
to prevent or treat potential implant-related
infections.**

The inclusion of metal ions, like Sr or Zn, in BG
systems have been proposed as an interesting strategy
to obtain implants with antibacterial activity.'*!?
Those ions not only are toxic for a broad spectrum of
microorganisms but they promote variations in other
cellular functions, enhancing the interaction with the
living bone and promoting the implant osteointegra-
tion."”?® On the other hand, by substituting Sr for
Ca, glass degradation and apatite formation can be
increased.”” At the same time, Sr not only stimulates
increased osteoblast metabolic activity and inhibits
osteoclast differentiation and resorption but also pro-
motes osteoblast proliferation and alkaline phosphat-
ase activity.*’

uréus !
i &
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Figure 10. TEM images of four days incubation cultures of S aureus in TSB with ICIEI6M glass nanofibers (75 mg/mL).
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In this work, two batches of laser-spinning glass
nanofibers, M1/45 with same nominal composition as
the original 45S5 Bioglass® developed by Hench and
co-workers and ICIE16M doped with magnesium, Sr
and Zn as ions modifiers, were produced. The introduc-
tion of modifiers in doped nanofibers is carried out as a
result of reducing Na and P ion concentrations but
maintaining the calcium ion content because Ca ' has
been related to the antibacterial activity of BGs.’?

The laser-spinning technique allowed the incorpor-
ation of required ions using precursors of different
melt-derived compositions. The nanofibers obtained
for both compositions are amorphous. They have a
cylindrical morphology and appear fully dense, solid
and completely separate, forming an easy-to-handle
cotton-like mesh.

The incorporation of ion modifiers (Mg>", Zn>" and
Sr**) does not affect the crystallinity but promotes
some changes in the density of materials, which have
been related to bioactive properties of BG**3%4¢ and,
therefore, to their antibacterial properties. The bio-
active properties of BGs are strongly related to the
alkali metal content and their contribution into the
structure, making it possible to tailor physical and bio-
logical BG functions modifying alkali metal
composition.*®

The backbone of the glass silicate structure is an
SiO,4 tetrahedral continuous network connected by
their corners. Alkali and alkaline earth oxides modify
this network structure, reducing the degree of connect-
ivity in the network by replacing bridging oxygens (BO)
with NBOs. Network formers give a structure, with
bridging and NBOs, while the mobile ions occupy the
free spaces. Network modifiers disrupt the glass struc-
ture. The structural modifications of SiO4 units pro-
duced by the incorporation of Mg, Zn and Sr ions
modify the local Ca environment, and as a conse-
quence, its dissolution process and the biological activ-
ities involved.

The replacement of Na and P ions by Mg, Sr or Zn
ions for doped nanofibers should endorse the change in
the coordination structure and their cross-linking.
Depending on the nature and composition of the
glass, the oxides MgO, ZnO and SrO can enter the
structure as a network modifier and/or a network
former, behaving like the alkali oxides of glass.’” The
differences in densities recorded for the two laser-spin-
ning glass nanofibers indicate that the inclusion of
metal ions into the doped nanofibers should promote
a more closed structure, limiting the access of the
medium and, therefore, slowing down the dissolution
of the nanofibers and, consequently, affecting their bio-
activity. The decrease in the release rate of potential
toxic ions could have an impact on the effectiveness
of the nanofibers against bacteria.

The in vitro cytotoxicity studies, investigated
through MTT tests (Figure 4), show that Bioglass®
nanofibers (M1/45) promote lower percentages of cell
viability in comparison with the doped glass nanofibers
(ICIE16M). Those differences can be justified by the
reduction effect of metal ions that magnifies MTT
result (up to 30% for maximum extract concentration).
Even considering this distorsion, neither the M 1/45 nor
the ICIE16M glass nanofibers extracts at any concen-
tration show high toxicity for fibroblast (B 323 ALB/
3T3) cells 48 h.

S aureus is a Gram-positive bacteria commonly used
to study antibacterial properties of BGs because it is
frequently involved in the infection problems derived
from dental and orthopaedic surgery, promoting
implant failure." From our results, we can deduce
that BG concentration and composition have a signifi-
cant effect on antibacterial behavior of both bioactive
and doped nanofibers (Figure 5) as it has been previ-
ously described. Those differences can be justified by
variations in the amount and rate of ions released as
is pointed out by the pH evolution during the experi-
ment (Figure 6). The alkalinisation of the media by
dissolution of the BG has been stated as being mainly
responsible of antibacterial properties of 4585 BG’
either when the bioglass was tested directly'® or
included in composites*’ and in scaffolds.*® The opti-
mal pH values to growth of S aureus range between 7.0
and 7.5. After the first day of incubation, the pH of the
medium when the bioactive nanofibers concentration
are over Smg/mL is higher than the optimum, explain-
ing the antibacterial effect promoted after the second
day of the experiment. The increase in nanofibers con-
centration reduces the lag period in the antibacterial
effectiveness. These results are in agreement with
Rivadeneira and co-workers* who have demonstrated
the antibacterial activity of biocomposite films includ-
ing 45S5 bioglass microparticles against staphylococci.

Secondly, the nanometric morphology of these BGs
has a great influence on its antibacterial properties.
Waltimo et al.'® suggest that increased specific surface
area of nanometric BG promotes greater ion release
and consequently displays a stronger antibacterial
effect. These authors justified the increase of antibac-
terial effect also with the higher pH that is obtained in
comparison with conventional BG 45S5 (Perioglass™™).
The local bacterial effect of conventional 45S5 bioglass
particle has been attributed to bioglass debris produ-
cing a mechanical erosion on the bacterial surface of S
aureus, S epidermidis and E coli:*' however, this effect
was not observed in the present work.

The degradation, ions release and hydroxyapatite
formation of 45S5 Bioglass nanofibers produced using
the same method than the present work was analyzed
across 10 days of immersion in simulated body fluid
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(SBF) and reported in a previous work by Quintero
et al.’*® Those results revealed that the silica network
of the 45S5 Bioglass nanofibers undergoes almost com-
plete dissolution in 48 h, together with the consequent
high release of Ca ions. Subsequently, after 48 h of
immersion, the Ca ion concentration started to decrease
slowly due to the precipitation of calcium phosphate on
the surface of the fibers. This ion release kinetics is in
great accordance with the rapid increase in pH of the
medium observed in the present work during the first 2
days, followed by a slower pH reduction that agrees
with the continuous antibacterial effect of these fibers.

Doped nanofibers with concentration over 5 mg/mL
also promote an alkalinisation of the medium leading
to a bactericidal effect similar to that of the bioactive
nanofibers during the first 2 days of experiment.
However, the reduction in the growth index afterwards
at a highest concentration of nanofibers cannot be
simply explained by the variations in pH but by the
slow release of metal ions, which are toxic for
bacteria.'>>

The introduction of metal ions modifies the connect-
ivity of the glass-forming network, alters the local
environment of active Ca®" and modifies the kinetics
of the dissolution process and therefore the evolution of
the antibacterial properties of this material. The release
profiles of Zn"™ and Sr*? ions (Figure 7) from the
doped nanofibers at 75mg/mL show a progressive
increase of toxin for bacteria substances during the
experiment, particularly after the second day of experi-
ment, in agreement with the corresponding growth
index profile. The presence of toxic effect for bacteria
substances justifies the antibacterial effect observed
after the second day. The effect of several metal ions
and particularly Zn on bacteria at cellular and bio-
chemical level has recently been studied by several
authors.”’> Metal ions contact promotes variable
resistance in S aureus bacteria by acting as mutagenic
and promoting changes both in biochemical and pro-
tein profiles. In comparison with other metal ions as
Cu™? or Ag*, S aureus bacteria are more tolerant to
Zn ions. This fact has been related to the presence of an
efflux mechanism together with the ability of the cells of
forming an effective shield on the bacterial surfaces.
The lag period of 2 days in the antibacterial activity
can be related to the ability of the bacteria strains to
develop resistances against heavy metals™ or to neces-
sary contact time to achieve critical concentration of
metal ions to promote toxicity.>*

The toxic effect of Zn ions is bacteria-dependent.
It has been attributed to the lipid peroxidation of pro-
teins sited at some bacterial cell membranes.>* The
accumulative process of Zn ions released from the
nanofibers on the bacteria membrane must affect their
metabolism. ®>’

55,56

In addition, it has been described that Sr ions in the
range of 0.01 mg/mL—0.2 mg/mL in the culture medium
have an effect on the proliferation of bacteria, but also
enhance the formation of bone.'> The developed doped
nanofibers are able to release Sr ions in adequate con-
centration suggesting its utility as a potential antibac-
terial biomaterial that promotes the formation of bone.

The results obtained on the antibacterial properties
of the two laser-spinning nanofibers glasses studied are
in accordance with the relationships between BG char-
acteristic and their antibacterial behavior that are
established by artificial intelligences tools.’

The bioactivity of M1/45 nanofibers is pointed out
by the FTIR and XRD results. When the nanofibers
enter into contact with the culture medium, physico-
chemical reactions between the glass and the biological
solution lead to the formation of hydroxyapatite layer
on its surface. The first step is a rapid exchange of cat-
ionic ions between the glass and the solution, followed
by dissolution of the silica and the formations of silanol
groups. The polycondensation reactions of silanols on
the surface generates a silica-rich layer which acts as a
nucleus for the formation of Ca-P layer. The formation
of stable apatite is closely dependent on the structural
properties of the materials and also on its compos-
ition.® These physicochemical reactions were clearly
observed for the same 45S5 Bioglass nanofibers
immersed in SBF and reported in a previous work.*"
The rapid degradation of the silica network of the fibers
followed by amorphous calcium phosphate precipita-
tion was demonstrated, resulting in the formation of
hollow nanotubes of amorphous calcium phosphate in
48 h. This precipitate started to crystallize after the fifth
day of immersion, and formed a well-developed struc-
ture of hydroxyapatite nanocrystals after 10 days.*°
Similarly, in the present work, the formation of a crys-
talline phase on the M1/45 nanofibers samples after
being in contact with the culture medium is clearly
detectable by modification in its XRD pattern.
However, in the present case, the formation of calcite
on MI1/45 glass nanofibers is more evident than
hydroxyapatite. This difference could be related to the
presence of organic compounds in the culture medium
(TSB in the present work) that may react with the cal-
cium ions released by the fibers.

Those surface modifications that cannot be detected
for the ICIE16M nanofibers may be provoked by the
presence of Mg in their composition which has been
related to the inhibition of the formation of calcium
phosphate microdomains® and the decrease in bio-
activity.** Furthermore, Zn is known to retard the
nucleation rate of apatite formation during the initial
phase of SBF immersion while it also inhibits the trans-
formation of amorphous apatite into crystalline carbo-
nated hydroxyapatite.”**® The lack of change in the



Echezarreta-Lépez et al.

829

XRD pattern (Figure 9) and the persistence of the NBO
band at 920cm ™' in the FTIR spectra (Figure 8) of the
ICIE16M nanofibers after four days of immersion in
TSB medium are evidences of the slower degradation
rate of these fibers in comparison with 45S5 Bioglass,
and is in good accordance with the prolonged release
rate of Zn and Sr ions observed (Figure 7).

TEM micrographs of ICIEI6M nanofibers (Figure
10) do not show the mechanical or physical effect of
nanofibers on the bacteria which has been demon-
strated for other nanofibers compositions.®’ The
increase in the effectiveness against S aureus after the
third day of culture (Figure 5) can be attributed to the
toxic effect of Zn and Sr ions on bacterial biological
mechanisms for the 75mg/mL concentration. At this
concentration, some cell walls (Figure 10) seem
damaged after 4 days of culture, suggesting a toxic
effect derived from physicochemical changes in bacter-
ial environment, pH or potential interfacial variations
promoted by the presence of the doped nanofibers.

Conclusions

In summary, laser-spinning technique allowed the pro-
duction of amorphous fully dense and solid nanofibers
of cylindrical morphology which generated an easy-to-
handle cotton-like mesh. By their composition they can
be classified as BG (M1/45) and Zn-, Sr-doped nanofi-
bers (ICIE16M). Both nanofibers demonstrated a sig-
nificant antibacterial effect as a consequence of the
increase in the pH of the culture medium due to their
partial dissolution and the release of alkaline ions.
Conversely, the in vitro cytotoxicity tests, performed
according to standard ISO-10993-5, proved that they
do not show high toxicity for fibroblasts (B 323 ALB/
3T3) cells after 48h. The dissolution, particularly
important for M1/45, is demonstrated by the formation
of a crystalline layer of calcium phosphate on its sur-
face, detectable by XRD and the FTIR.

Moreover, the inclusion of ions in the nanofibers
structure leads to the modification in their dissolution
kinetics. Doped nanofibers show additional bactericidal
effect for longer times that can be justified by the release
of Zn and Sr ions.

Laser-spinning technology is a promising technique
to produce nanofibers of adequate composition with
antibacterial properties useful in dentistry, maxillo-
facial or orthopaedic surgery.
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