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Abstract

Two composites consisting of non-woven poly-96L/4D-lactide copolymer meshes and a bioactive glass containing silver
and silver free were obtained in polyvinyl-alcohol solutions by slurry dipping method under slow mechanical stirring. The
development of hydroxyapatite type nanocrystals on samples surface in simulated body fluid proved for both composites
the tendency for high level of bioactivity. Their antibacterial effect was evaluated against Gram-negative Escherichia coli
and Gram-positive Staphylococcus epidermidis. Both composites showed inhibitory effect on bacterial growth, but only the
composite with silver containing bioactive glass proved to have bactericidal effect. The AgCl nanocrystals and AgzPO4
particles self-assembled on the surface of this composite proved the release of silver ions into simulated body fluid.
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Introduction

Tissue engineering aims to maintain, restore or improve
tissue functions.'? Development of composite materials
comprising a biodegradable polymeric phase and a bio-
active inorganic phase, such as bioactive glass, is seen
as a promising approach for scaffold production espe-
cially with regard to bone tissue engineering.® In the
past few years, increasing attention has been paid to
composites of bioabsorbable or biostable polymers
and bioceramics. Various approaches to the develop-
ment of such composites are investigated worldwide.
Usually bioceramics are combined with the bulk or
porous polymer matrix either as fillers or as coat-
ings.*!?

The gradual polymer degradation, ideally matching
the rate of tissue regeneration, leaves the space con-
ductive to tissue ingrowth and vascularisation and the
bioactive phase, like bioactive glass should promote
bone growth.>'!

Bioactive silicate glasses are able to stimulate oste-
genesis as well as angiogenesis, and therefore, they exhi-
bit unique properties that make them highly attractive
for bone tissue engineering applications.'? Several stu-
dies have shown that the introduction of Ag,O into
bioactive glass compositions minimises the probability

of microbial contamination and does not negatively
influence the glass matrix bioactivity."*!> On the
other hand, delivering silver ions for antimicrobial util-
ization is arguable because silver ions are electrically
attracted and rapidly form complexes or compounds
wherein the ion is no longer available to perform the
appropriate antimicrobial function.'®'” It was also
reported that the formation of AgzPO, affords tuneable
Ag release rates and enhances the antibacterial activity
by ions release in biological fluids.'®

The present work was focused on development and
characterisation of two composites consisting of non-
woven poly-96 L/4D-lactide copolymer meshes and a
bioactive glass with silver and free of silver. The bio-
activity of the composites was tested in simulated body
fluid (SBF). Their antibacterial effect was tested on
Escherichia coli and Staphylococcus epidermidis.
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Experimental

In order to obtain the polymer braiding, poly-96 L/4D-
lactide (PLA) copolymer fibers were uniformly combed
to a roll and a sheet of parallelly orientated fibers was
obtained. The sheet was cut in two pieces which were
overlaid with perpendicular orientation of the fibers.
The two sheets assembly was processed with a device
of pouncing needles that led to a pattern of non-woven
meshes.

Bioactive glasses of 56Si0,-(40-x)Ca0-4P,05-xAg,O
system, with x=0 (noted BG) and 4mol% (noted
AgBG), were prepared via sol-gel method as reported
elsewhere.'”” The gels were aged for 7 days at room
temperature, and thereafter the dried gels were heat-
treated at 580°C for 1/2h.

The obtained PLA meshes were coated with bio-
active glass particles using slurry dipping method.?!
The slurry was formed from bioactive glass and 4%
polyvinyl-alcohol (PVA) aqueous solutions; the ratio
between PVA and bioactive glass was 40/60. Pieces of
10 x 10mm of fabric were first pre-treated in ethanol
for 30 min to improve wetability, washed with distilled
water and dipped into the slurry using tweezers, and left
immersed for 3 min under continuous slow steering to
avoid precipitation of bioactive glass powder. After
withdrawal, the samples were put on glass plates and

every 2 min they were turned from one side to the other,
for half an hour, then the composites were left to dry
for 3 days at room temperature.The morphology of the
composites was studied by scanning electron micros-
copy (SEM). Thermal analysis was used to quantify
the bioactive glass content on the polymer meshes.
The structure of the neat polymers and composite sam-
ples was investigated by X-ray diffraction (XRD).

Scanning electron microscopy (SEM) images were
taken with an FEI Quanta 3D FEG 200/600 micro-
scope equipped with energy dispersive X-ray spectrom-
eter (EDS). In order to amplify the secondary electrons
signal, the samples were sputter coated with platinum in
an Agar automatic sputter coater. Chemical analysis of
local area was carried out by EDS measurements per-
formed on same microscope. Thermogravimetric (TG)
measurements were carried on a Shimadzu analyzer
DTG-60H from room temperature to 500°C, using alu-
mina crucibles, with heating rate of 5°C/min. XRD pat-
terns were recorded with a Shimadzu XRD-6000
diffractometer, using Cu K, radiation (A= 1.54181&),
with Ni-filter. The samples were tested for bioactivity
in SBF.*?

The antibacterial effect of the composites was inves-
tigated on genetically modified light-emitting bacteria
Escherichia coli and Staphylococcus epidermidis by

Figure 1. SEM images of the PLA meshes (a), PLA meshes after immersion in PVA solution (b), polymer/BG composite (c) and
polymer/AgBG composite (d). PVA: polyvinyl-alcohol; PLA: poly-96 L/4D-lactide; SEM: scanning electron microscopy.
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measuring the bioluminescence of the indicator strains
with a bioluminescence imaging system XENOGEN-
IVIS® Lumina from Caliper Life Sciences USA. Luria
Bertani broth (LB) was prepared by dissolving yeast
extract (5g/L), tryptone (10g/L) and NaCl (5g/L) in
distilled water, and autoclaving above 120°C. Soft
and hard Luria Bertani agars (LA) were obtained by
addition of 7.5g/L agar and 15g/L agar, respectively,
to the same medium without NaCl. Escherichia coli and
Staphylococcus epidermidis bacterial strains were stored
in a glycerol broth suspension at —85°C. The strains
were grown overnight at 37°C on hard LA plates and
individual colonies were incubated in LB with vigorous
shaking at 300 r/min. The cultures were diluted with LB
to a proper optical density (ODgg 0.2-0.3) by adding
10mL of LB in a sterile conical flask supplemented with
ampicillin for Escherichia coli and with erythromycin
for Staphylococcus epidermidis. Logarithmically grow-
ing cells were added to soft LA supplemented with
appropriate antibiotic and gently mixed and poured
onto hard LA plates supporting the samples. The con-
ditions and the amount of the tested samples were simi-
lar for each bacterial strain. The time course of
bioluminescent signal from light-emitting bacteria was
examined for 24 h. The bioluminescence assay was per-
formed every 2 h in triplicates in six-well plates, namely
three control samples that are neat PLA meshes and
three bioactive glass containing composites.

Results and discussion

The non-woven PLA meshes present large voids
between the fibers (Figure 1(a)). After imersion in
PVA solution, a thin film associated with PVA is evi-
denced between the PLA fibers (Figure 1(b)). Bioactive
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glass particles of both silver-containing and silver-free
compositions appear as micrometric aggregates caught
with PVA mainly between the PLA fibers (Figure 1(c)
and (d)). The chemical composition of local areas was
determined from EDS measurements performed on sev-
eral sites of the composite samples corresponding to a
mixed global composition, polymer component and
bioactive glass component. The results are summarized
in Table 1. The elemental composition of the analyzed
areas, with respect to carbon and oxygen content, show
for the composite samples that both PLA fiber and bio-
active glass particles are covered with PVA.

The thermal analysis aimed to quantify the bioactive
glass content in these composites based on their thermal
degradation that is primarily related to the polymeric
component.>® The relative weight of the bioactive glass

Table |. Elemental analysis results obtained from energy dis-
persive X-ray spectrometer (EDS) measurements

Elements (at %) — C (o] Si Ca P Ag
Sample |
PLA fiber  65.1 34.9
PLA + PVA global 659 34.1
fiber 87.7 123
PLA +PVA +BG global 63.6 312 20 28 04
fiber 781 192 06 1.7 04
glass 188 265 246 28.1 20
PLA+PVA +AgBG global 644 303 20 23 05 05
fiber 76.1 229 04 04 0.1 0.l
glass 474 233 58 214 1.0 12

PLA: poly-96 L/4D-lactide; PVA: polyvinyl-alcohol.
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Figure 2. TGA curves of polymers (a) and composite samples (b). TGA: thermogravimetric analysis.
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was estimated from the difference of the composites
weight at the beginning and the end of each TG
curve, as the polymer was assumed to be completely
thermally degraded. In order to support this assump-
tion, TG analysis was performed also on the two types
of polymers used for the preparation of the composites.

By inspecting the TG run of PLA fiber (Figure 2(A))
a single sharp and intense weight loss of 97% is
observed, and this is assigned to the decomposition of
PLA.** The TG curve corresponding to neat PVA poly-
mer (Figure 2(A)) shows three distinct weight loss steps
related to the loss of trapped water and elimination
reaction of hydroxyl side groups (200-300°C), a deg-
radation stage (330-450°C) with elimination of residual
acetate groups because of partially hydrolyzed PVA*
dominated by chain-scission and cyclization.”®*” The
first degradation stage is associated with a weight loss
of 60%, and the last two stages with 32% of weight
loss. The initial molecular weight and the hydrolysis
degree influenced the thermo-oxidative degradation of
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Figure 3. XRD patterns of (a) PLA, (b) PVA, (c) PLA + PVA, (d)
PLA + PVA +BG and (e) PLA 4+ PVA 4+ AgBG composites. PLA:
poly-96 L/4D-lactide; PVA: polyvinyl-alcohol; XRD: X-ray
diffraction.

Polymer
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Figure 4. SEM images of polymer/BG composite prior to (a) and after incubation in SBF for | day (b) and 21 days (c). SEM: scanning

electron microscopy; SBF: simulated body fluid.
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PVA under dynamic TG conditions. Higher molecular
weight causes greater complexity in the degradation
process, whereas higher hydrolysis degree reduces the
decomposition temperature of PVA. 23

For PLA +PVA sample, a degradation pattern con-
sisting of two stages can be observed (Figure 2(B)). The
PVA degradation starts at a lower temperature than
PLA degradation, for the PLA + PVA sample the deg-
radation start temperature is in between, that is in
agreement with the literature.”’” The weight percentage
of bioactive glass content in the composites was found
to be 6.5% BG and 14.7% AgBG, respectively, suggest-
ing more adhesion of the silver containing glass to the
polymer structure.

The X-ray diffractogram of PLA (Figure 3(a))
mainly consists of a broad line that reveals the amorph-
ous phase, and a large peak at 20 = 16.4° degree, typical
for PLA.?" The PVA polymer (Figure 3(b)) presents
beside an amorphous broad line three large crystalliza-
tion peaks at 11.2°, 19.4° respectively 40.5°, assigned to
nanocrystalline domains.>> The diffraction pattern
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given by the PLA +PVA polymer composite (Figure
3(c)) shows a broad diffraction peak centered at 16.4°
just like the simple PLA sample. This result reflects the
fact that the composite consists of a much higher PLA
amount than PVA, in agreement with the preparation
procedure. Some additional peaks characteristic to
hydrated tricalcium phosphate Cas(PO,),-2H,0%
appear in the XRD pattern recorded from composite
samples with bioactive glass (Figure 3(d) and (e)).
Moreover, for the silver-containing bioactive glass
composite, nanocrystalline metallic silver is also evi-
denced (Figure 3(e)). According to Scherrer formula,
the crystallite sizes are close to 15nm.

As proved by SEM analysis, already after first day of
dynamic immersion in SBF on polymer meshes coated
with BG and AgBG occur morphological changes
implied by self-assembling of hydroxyapatite (HA)
type crystals (Figures 4 and 5). In addition, silver chlor-
ide and silver phosphate crystals occur on AgBG con-
taining composite after first day of immersion in SBF
(Figure 5) as resulted from EDS analysis. These

Polymer
(scale bar 5 um)

Figure 5. SEM images of polymer/AgBG composite prior to (a) and after incubation in SBF for | day (b) and 21 days (c). SEM:

scanning electron microscopy; SBF: simulated body fluid.
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Figure 6. XRD patterns of (A) BG and (B) AgBG containing composites, (a) prior and after SBF soaking for (b) | day and (c) 21 days.

XRD: X-ray diffraction; SBF: simulated body fluid.

Table 2. Elemental analysis results obtained from energy dis-
persive X-ray spectrometer (EDS) measurements carried out

before and after incubation for 21 days in simulated body fluid
(SBF)

Elements (at %) — C o Si Ca P Ag
Sample |

PLA 65.1 349 0 0 0 0
PLA / SBF 654 346 0 0 0 0
PLA +PVA 659 341 0 0 0 0
PLA + PVA / SBF 659 341 0 0 0 0
PLA +PVA 4+ BG 636 312 20 28 04 O
PLA +PVA +BG / SBF 53.1 335 0.1 86 47 0
PLA + PVA + AgBG 644 303 20 23 05 05
PLA+PVA+AgBG /SBF 542 321 06 72 42 17

PLA: poly-96 L/4D-lactide; PVA: polyvinyl-alcohol.

crystalline phases were identified also in the X-ray dif-
fractograms (Figure 6(B) and (c)). The self-assembled
AgCl nanocrystals and Ag;POy4 particles identified on
the surface of silver-containing bioactive glass compos-
ite prove the release of silver ions into SBF that imparts
antimicrobial properties.'®** Both SEM and XRD
results show that the development of these crystalline
phases does not inhibit the development of HA phase.
As expected, the amount of HA phase increased with
the immersion time (Figures 4 and 5). The high magni-
fication SEM images as well as the results of EDS meas-
urements (Table 2) prove that HA is formed not only
on the bioactive glass component but also on the poly-
mer fibers of the composites. At the same time, EDS
data point out that there is no HA formation on neat
polymer samples after immersion in SBF.

After first immersion day in SBF, the XRD results
showed diffraction peaks characteristic for HA
(Figure 6). The relatively narrow peaks indicate high
crystallinity of the apatite formed in vitro at this early
stage of immersion in SBF. The intensity of the apatite
peaks increases with immersion time, suggesting the
growth of HA type layer on the surface of the compos-
ites with bioactive glasses.

Both bioactive glass containing composites inhibited
the bacterial growth (Figure 7). The time needed for
bacterial growth inhibition depended on the bioactive
glass composition. The effect also varied between bac-
terial species, Escherichia coli and Staphylococcus epi-
dermidis, but no significant difference was seen between
Gram-negative Escherichia coli and Gram-positive
Staphylococcus epidermidis bacteria. The ability for
inhibition of bacterial growth observed for the compos-
ite formed of PLA and PVA polymers and bioactive
glass with SiO,, CaO and P,Os components without
silver may appear somewhat surprising. According to
earlier results reported on silver-free SiO,-CaO-P,Os5
bioactive glass system,*® this glass system has neither
bacteriostatic nor bactericidal effects on Escherichia
coli. The bacterial growth inhibition effects, in this
case, is related most likely to a certain hydrolysis
degree of PVA.°

The silver-containing composite not only inhibited
the bacterial growth but it had also bactericidal effect.
This assessment is supported by the fact that the lumi-
nescent effect is proportional to the metabolism of the
bacteria, and the quenching of the bacterial lumines-
cence is a sign that they died. An increased lumines-
cence was found initially (Oh moment) for BG
composite sample (Figure 7), likely the bacteria recog-
nized the presence of the sample and increased their
metabolism.

Downloaded from jcm.sagepub.com at PENNSYLVANIA STATE UNIV on September 16, 2016


http://jcm.sagepub.com/

Vulpoi et al.

Figure 7. Bioluminescent signals from Escherichia coli and Staphylococcus epidermidis in response to the presence of polymer/BG and

polymer/AgBG composites.

Conclusions

Non-woven poly-96 L/4D-lactide copolymer meshes
loaded with silver containing and silver-free bioactive
glass were obtained in PVA solutions by slurry dipping
method under slow mechanical stirring. A higher adhe-
sion to the polymer structure was evidenced for the
silver-containing glass sample. HA type nanocrystals
were self-assembled on polymer/glass composites
already after first day of dynamic immersion in SBF.
Both composites have tendency for high level of bio-
activity according to their ability to form HAp at sur-
face under in vitro conditions. With respect to silver-
containing composite, due to the fact that Ag compo-
nent could be potentially cytotoxic, the bioactivity
could be properly appreciated after in vitro testing
with cells in a future work. The PLA +PVA + AgBG
composite contained nanocrystalline metallic silver and
developed at interface with SBF AgCl and Ags;POy4

nanocrystalline particles. The tests on Escherichia coli

and Staphylococcus epidermidis showed that silver-con-
taining composite has bactericidal effect, but inhibitory
effect on bacterial growth was proved also for the
silver-free PLA +PVA + BG composite.
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