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Abstract New nanocomposite films based on a biode-
gradable poly (DL-Lactide-co-Glycolide) copolymer
(PLGA) and different concentration of silver nanoparticles
(Ag) were developed by solvent casting. In vitro degradation
studies of PLGA/Ag nanocomposites were conducted under
physiological conditions, over a 5 week period, and com-
pared to the behaviour of the neat polymer. Furthermore the
silver ions (Ag™) release upon degradation was monitored to
obtain information on the properties of the nanocomposites
during the incubation. The obtained results suggest that the
PLGA film morphology can be modified introducing a small
percentage of silver nanoparticles that do not affect the
degradation mechanism of PLGA polymer in the nano-
composite. However results clearly evinced the stabilizing
effect of the Ag nanoparticles in the PLGA polymer and the
mineralization process induced by the combined effect of
silver and nanocomposite surface topography. The Ag™
release can be controlled by the polymer degradation pro-
cesses, evidencing a prolonged antibacterial effect.
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1 Introduction

Poly(DL-Lactide-co-Glycolide) (PLGA) copolymers have
been widely utilized as biomaterials [1, 2] for implanted
medical devices, e.g., endotrached tubes, urinary cathe-
ters, etc. [2-4]; however, such devices often cause bac-
terial infections limiting their applications [5]. Moreover,
due to the non-bioactivity, they cannot bond directly with
the bone and promote some mechanism as new bone
formation on their surface at the early stage after
implantation. Coating bone-like apatite on their surface
through biomimetic process is considered a useful method
to improve the bioactivity of polymer implants since
bone-like apatite, particularly calcium-deficient and car-
bonated apatite, has been proven to be highly beneficial
for bonding to bone compared with the current bioactive
ceramics [6, 7].

Over the past decade nanocomposites obtained by
dispersion of inorganic nanoparticles in polymeric
matrices have attracted great interest, both in industry
and in academia, because the presence of nanofillers
affords a remarkable improvement of the material
properties when compared to those of the virgin poly-
mer or of conventional macro- and micro-composites.
The improvements can include mechanical properties,
heat resistance, flammability, gas permeability, and
biodegradability of biodegradable polymers [8-11].
Moreover, the composites may show additional specific
properties if the fillers are properly designed, e.g. linear
and non-linear optical properties [12, 13] or biological
activity. Metal nanoparticle filled polymers have
attracted great interest for their unique optical, electri-
cal, catalytic and biomedical properties [14, 15]. In
particular, biodegradable nanocomposites based on
metal nanoparticles as gold, titanium and silver, have
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been applied as sensors or transducers, for the diagnosis
and treatment of diseases [16, 17]. However the nano-
particles act as a filler of the polymer matrix thus
affecting its morphology and structure which can result
in a modification of the polymer properties [18, 19]. It
has been recently demonstrated that loading PLGA with
silver nanoparticles strongly reduced the bacterial
development, mainly through a modification of the
surface properties [20]. In particular, low concentrations
of silver nanoparticles are able to induce surface mor-
phological changes in the polymer film and affect sur-
face nanocomposite wettability and roughness; all of
these aspects influence the bacterial adhesion process on
the nanocomposite surface [21]. These changes turn out
in preventing bacterial colony growth and hence in an
antibacterial action.

PLGA is a degradable polymer since in water media it
undergoes hydrolytical chain scission and the mechanism
of the degradation occurs in different steps involving
water penetration, chain scission and transport phenom-
ena of the products [22]. Several factors can affect the
degradation rate of PLGA including chemical architecture
[23-25] (e.g. molecular weight, length of lactic and
glycolic blocks, ratio of lactic and glycolic acids),
structure and morphology [26, 27] (e.g. crystallinity,
shape of the specimen) and, therefore, the process tech-
nique [28-30] and the environment in which the polymer
is placed [31, 32] (e.g.: body fluid, digestive fluid). When
the water molecules attack the ester bonds in the polymer
chains, the average length of the degraded chains
becomes smaller. The process results in short oligomeric
fragments having carboxylic end groups that render the
polymer soluble in water. Very often, the molecular
weight of some fragments are still relatively large such
that the corresponding diffusion rates are slow. As a
result, the remaining oligomers will lower the local pH,
catalyze the hydrolysis of other ester bonds and speed up
the degradation process. This mechanism is termed
autocatalysis, which is frequently observed in thick bio-
degradable materials [33]. However, it has been reported
that inorganic nanoparticles alter the degradation behav-
iour of PLGA since they can buffer the environment and
reduce the autocatalytic action of the acid end groups
created by chain scission [19]. Moreover, the dispersion
of a reinforcement phase as Ag nanoparticles in the
polymer and consequently the modification of surface
properties, can induce changes in the polymer degrada-
tion process.

In this research, the degradation of PLGA/Ag nano-
composite films was investigated and compared to the
behaviour of the neat polymer; furthermore the Ag"
release upon degradation was monitored to obtain
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information on the degradation mechanism and on the
properties of the nanocomposites during degradation.

2 Materials and methods
2.1 Materials

Poly(DL-Lactide-co-Glycolide) (PLGA) (L.V. 0.95—1.20
dl/g) ether terminated, an amorphous copolymer with a
50/50 ratio (PLA/PGA), was purchased from Absorbable
Polymers-Lactel (Durect Corporation, UK). Commercial
silver nanopowder (Ag), P203, with a size distribution
ranged from 20 to 80 nm, was supplied by Cima NanoTech
(Corporate Headquarters Saint Paul, MN USA).

2.2 Preparation of solvent cast PLGA/Ag films

Neat PLGA films were obtained by solvent casting, dis-
solving polymer granules in chloroform (CHCl3) (10%w/v)
and using a magnetic stirring at room temperature (RT) to
obtain a complete polymer dissolution. PLGA nanocom-
posites were produced by dispersing the Ag powder in
CHCl; at different percentages (0.1, 0.5 and 0.7% w/v), by
means of sonication for 5 h (Ultrasonic bath-mod.AC-5,
EMMEG]I, Italy). The ultrasonic bath was used to improve
the dispersion in the solvent promoting the following
interaction with the biodegradable matrix. PLGA was
mixed with Ag nanoparticles, by means of magnetic stir-
ring until it was completely dissolved. Nanocomposite
films were produced adding silver nanoparticles at 1, 5 and
Twt% (designed as PLGA/1Ag, PLGA/5Ag and PLGA/
7Ag respectively) with respect to the polymer matrix. The
dispersion was cast in a Teflon® sheet, to obtain films of
rectangular shape (0.3 mm in thickness). Samples were air
dried for 24 h, and for further 48 h in vacuum at 37°C,
allowing the solvent to evaporate.

2.3 In vitro degradation studies

The degradation of the PLGA and PLGA/Ag films was
investigated in phosphate buffered saline, PBS (1 1 deion-
ized H,O, 80 g NaCl, 2 g KCl, 2.4 g KH,PO,, 1145 ¢
Na,HPO,) under physiological conditions (pH 7.4 and
37°C). Neat PLGA and nanocomposite samples (PLGA/
1Ag, PLGA/5Ag and PLGA/7Ag) were maintained in PBS
at 37°C for 5 weeks and the buffer solution was changed
once a week. Sample weight loss, thermal, morphological
and chemical changes were regularly analyzed over a
5 week period [34].
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2.3.1 Thermal analysis (TGA)

Thermogravimetric analysis (TGA) was performed using a
quartz rod microbalance (Seiko Exstar 6000, Cheshire,
UK) on PLGA/Ag composite systems in the following
conditions: 10 mg weight samples, nitrogen flow (250 ml/
min), temperature range from 30 to 900°C, 10°C/min
heating rate. Thermal degradation temperature (74) was
evaluated from TGA thermograms.

2.3.2 Weight loss

Samples of neat polymer and nanocomposites with
dimensions of 1 mm x 2 mm, 0.3 mm thick and weighing
approxi 60 mg (M) were cut for the degradation experi-
ments. At each time point, 5 samples of each formulation
were removed from the buffer and weighed (M) after
drying in vacuum for 1 h. The mass was measured to an
accuracy of 0.01 mg using a Sartorius precision balance.
Samples of each composition were measured and the
results averaged. All measurements were expressed as an
average £ the mean standard deviation.

2.3.3 FT-IR

Fourier infrared (FT-IR) spectra of the PLGA and nano-
composite films in the 4004000 cm™' range, were recor-
ded using a Jasco FT-IR 615 spectrometer with attenuated
total reflection spectroscopy (ATR).

2.3.4 Field emission scanning electron microscopy

Field emission scanning electron microscopy (FESEM,
Supra 25-Zeiss, Germany) was used to examine the surface
morphology of nanocomposite films before and after in
vitro degradation. Energy dispersive X-ray spectroscopy
(EDX INCA, Oxford Instruments, UK) was used to mea-
sure the chemical composition of samples after immersion
in PBS. Surface of the samples were sputtered with gold
and analyzed.

2.3.5 Optical absorption

The optical properties of silver nanoparticle suspensions
were investigated by a Perkin—Elmer spectrophotometer
(Lambda 800, USA). The absorption spectra of the solid
samples before and after degradation, were recorded by a
Varian (Cary 4000, USA) spectrophotometer which is
equipped with a 150 mm integration sphere for reflectance
spectra recording. A bar of barium sulphate was used as
reference to calibrate the spectrophotometer. The recorded
spectra were analyzed with the Kubelka—Munk equation in

order to make possible the comparison among different
samples.

2.4 Silver ion release

The release of metal cation (Ag") by the composite
materials was monitored by Varian 700-ES series Induc-
tively Coupled Plasma-Optical Emission Spectrometers
(ICP-OES) analyzing solutions obtained by the interaction
of the solvent with the nanocomposite samples at different
times. In order to avoid any interferences between ICP
measurements and the present in buffers, the polymer
degradation effects on the Ag™ release was carried out in
water solutions. In particular, nanocomposites samples
(area 2 cm?) were incubated in 15 ml of deionized water
for up to 100 days to monitor the amount of silver ions
released upon polymer degradation; the solutions were
stored at 37° C in dark conditions. The solutions were
regularly analyzed by ICP to determine the concentration
of Ag™, once the instrumental setup has been calibrated
with a standard solution. Experiments were conducted in
duplicate. The obtained Ag™ concentrations recorded were
then correlated with the degradation time.

3 Results and discussion
3.1 In vitro degradation study

In vitro degradation studies were conducted by weight loss
measurements, thermal degradation, infrared spectroscopy,
physical alterations and FESEM imaging performed as a
function of the incubation time.

3.1.1 Thermogravimetric investigations

The effects of the hydrolytic degradation on the thermal
behaviour of PLGA and PLGA/Ag nanocomposites were
investigated at different incubation times and the TGA
results are reported in Fig. 1. The obtained derivative
curves (DTG) for PLGA and PLGA/7Ag nanocomposites
before and at different incubation times were reported in
Fig. la. Pristine PLGA degrades with a single peak at
about 365°C with a shoulder at lower temperature ranged
from 250 to 320°C, in agreement with literature data [20,
34]. Before hydrolysis process, silver nanoparticles have a
very little influence on the thermal degradation of PLGA,
with an evident slight decrease (10°C) in degradation
temperature (74) only in nanocomposite with the higher
silver nanoparticle content (7 wt%) [20, 34] indicating that
the thermal degradation of PLGA/Ag systems occurs
according to the typical PLGA chain scission mechanism
(Fig. 1a). The small difference in the degradation
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Fig. 1 Derivative oxidation
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temperatures between neat PLGA and PLGA/Ag nano-
composites, observed before and after 11 days of incuba-
tion, decreases with the incubation time (at 25 or 35 days
of incubation), highlighting a stabilizing effect of the silver
nanoparticles during the degradation pattern. Moreover, the
DTG curves for PLGA/Ag nanocomposites exhibit broader
thermal decomposition ranges than pure PLGA, before and
during the degradation process. This can be caused by a
thermal effect occurring in the polymer, influenced by
particle distributions within the PLGA during sample
preparation, as already reported for similar system by Yeo
et al. [35]. After 35 days of incubation a sharp peak was
revealed in all the systems, when the polymer chain scis-
sion became the main effect.

Figure 1b shows the degradation temperature values for
PLGA and for all PLGA/Ag formulations at different
incubation times. The T4 decreases of about 10°C after
11 days of incubation, in all the systems. The degradation
process become evident between 25 and 30 days in vitro
with a shift of 90°C in degradation temperature. The shift
to lower temperatures of the PLGA thermal degradation
peak is clearly associated to the reduction of the molecular
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Fig. 2 Weight loss of degrading PLGA and PLGA/Ag nanocompos-
ite films as a function of incubation time in PBS
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weight of the matrix as a consequence of the hydrolytic
behaviour after exposure to PBS [34].

3.1.2 Weight loss

Figure 2 displays the weight loss of the degrading PLGA
and PLGA/Ag nanocomposite films with different silver
nanoparticle content as a function of the incubation time in
PBS at 37°C. The dynamics of weight loss for all the
nanocomposites are similar to the neat PLGA behaviour
during hydrolytic degradation process. Initially, for all the
material studied, there is a gradual and slight reduction of
the sample weight that continues for several days. Con-
sidering the experimental error reported for mass loss
values, from 10 to 25 days of in vitro degradation, all the
samples maintained a constant weight but, after 1 month of
incubation, a dramatic decrease in mass is observed in
agreement with previous studies on other PLGA based
composites [34, 36, 37]. Moreover, the presence of silver
nanoparticles does not significantly affect the weight loss
of the polymer matrix at 37°C, and a similar trend of
weight loss against time of degradation can be observed for
all the studied materials, within the experimental errors.

3.1.3 Infrared spectroscopy

FT-IR spectra of PLGA copolymer and PLGA/Ag nano-
composites at different silver content and at different
incubation times were recorded. As previously reported, IR
spectra were monitored in four different regions: the first
one refers to the aliphatic C—H stretching vibrations
between 3000 and 2850 cm_l, the second and third regions
include the C=O stretching bands at 1850-1650 cm ™" and
the asymmetric C—O  stretching vibrations at
1300-1000 cmfl, respectively; the fourth is the OH
stretching region at 3700-3400 cm ™! [38, 39].

Figure 3 shows FT-IR/ATR spectra of PLGA (Fig. 3a)
and PLGA/7Ag (Fig. 3b) samples after different incubation
times. Figure 3a demonstrates that no significant changes
are present in the behaviour of PLGA at 5 days of
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was detected for PLGA/7Ag (Fig. 3b) and the other
nanocomposites (data not shown) until 3 weeks of in vitro
degradation. Starting from 25 days of incubation, some
differences in the peak intensity appear in the region of the
characteristic carbonyl stretching vibrations between 1850
and 1650 cm™'. The spectra showed an absorption increase
in the frequency regions where the carbonyl (C=0) and the
OH stretching absorb, the latter appearing as broad band
centred at 3400 cm ™! [40, 41]. The signals are due to the
hydrolitic process leading to the formation of carboxylic
acid end chains which is occurring in the neat PLGA and in
the composites in a similar time-scale. To evaluate in
deeper details the degradation process the IR spectra were
monitored in the 1500-1300 cm™' region for nanocom-
posite samples at different degradation times (Fig. 3c). In
this region, two bands are observed at 1452 cm~! and
1422 cm™ " which correspond to the asymmetric bending of
CHj; from the lactic units and the bending of CH, from the
glycolic units of the polymer, respectively. The relative
intensities of these two bands were used to estimate the
relative quantity of glycolic (Cg) and lactic (Cp) units
present in the sample. For this purpose the two bands were
de-convoluted and their intensity estimated. The relative
quantity of lactic, Cy, and glycolic, Cg, units present in our
samples was obtained through

(1)

Cg=——"", L=
Loy + I1asp T4 + Tsso

where [145, is the intensity of the band at 1422 cm~! and

I 45, is the intensity of the band at 1452 cm ™. The vari-
ation of Cg as a function of the degradation time for PLGA
and PLGA/7Ag nanocomposites is given in Fig. 3d. As can
be seen the relative quantity of glycolic units decrease in
the PLGA neat polymer already during the first week of
degradation, as expected confirming the preferential deg-
radation of these units. The remaining polymer, therefore,
becomes richer in lactic units [42]. In PLGA/7Ag nano-
composite a less evident decrease was measured, evi-
dencing the stability effect of the silver nanoparticles
during polymer degradation and confirming the TGA
results.

3.1.4 Physical and morphological alterations

The gross appearance of all PLGA systems changed during
degradation. The amorphous PLGA samples were initially
almost transparent. As degradation proceeded, they became
whitish due to water absorption. Then became brittle and
began to disintegrate in agreement with previous publica-
tions [43]. The visual aspects of PLGA and PLGA/Ag
nanocomposite films during degradation seem to be
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PLGA/TAg
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Fig. 4 FESEM images of pristine PLGA and PLGA/7Ag films (a, d), after 5 days (b, e), and after 11 days (c, f) of degradation

similar. The higher opacity for samples upon degradation
has been reported due to various phenomena, such as an
enhancement of the light diffusion through the material for
the presence of water and/or degradation products formed
[44—46], and to the formation of micro holes and cracks in
the bulk of the specimen during degradation of the polymer
matrix.

The changes in surface morphology caused by the
hydrolysis were observed using a Field Emission Scanning
Electron Microscopy (FESEM). Figure 4 shows the
FESEM images of PLGA neat film and PLGA/7Ag nano-
composite before and after different incubation times in
PBS at 37°C. FESEM observations were conducted until
11 days of incubation since after this period the samples
lost their stiffness and the FESEM observation became
difficult.

FESEM images show the formation of superficial
defects due to degradation just after 5 days of incubation in
vitro for PLGA neat films since the appearance of micro-
holes and cracks on the film surface were observed. At
longer incubation times the defects appeared much more
enlarged confirming the continuation of the degradation
process. The FESEM images recorded on the upper surface
of PLGA/7Ag system (Fig. 4) show the odd topography
previously described [20]. Upon exposure to the degrading
environment a round off of the pore edges was observed
and no other defects were detected, thus suggesting that the
degradation process is essentially localized in pore prox-
imity. Furthermore, particle-like structures are observable
around the pore edges as a consequence of the incubation
in PBS [47]. These micron-size particles are better
observed in PLGA/7Ag images recoded at higher

Fig. 5 FESEM images of PLGA/7Ag nanocomposite surface after 5 days (a), and after 11 days (b, ¢, d) of degradation
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Fig. 6 EDX spectra of PLGA/ ]
7Ag nanocomposite surface as (a) o (b)
prepared (a), and after 11 days
(b) of degradation
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magnification (Fig. 5a, b) after 5 and 11 days in vitro,
where the presence of these structures inside the superficial
pores is evident. Moreover, observing the lateral surface of
PLGA/Ag nanocomposite at 11 days in vitro, it is possible
to see the presence of silver nanoparticles on the pore wall
as a consequence of polymer chain degradation process
(Fig. 5b—d).

Figure 6 shows EDX spectra of PLGA/7Ag surface
pristine (a) and after 11 days of incubation (b). The anal-
ysis shows strong peaks due to calcium and phosphorus on
the surface of nanocomposite after 11 days of incubation,
with calcium-phosphorus atomic ratios of 1.36. The ratio
is close to that of octacalcium phosphate (OCP,
Ca8(HPO4)2(PO4)4_5H20, Ca/P = 1.33). These findings
suggest that the specific surface chemistry and topography
with regular pore structure of PLGA/Ag composites
assisted the nucleation of mineral nanocrystals and the
mineralization process. This apatite-forming ability is
presumably due to interactions of the buffer ions (see
experimental section for composition) with the surface
pores of nanocomposites, which are favoured by the deg-
radation of the PLGA surface layer and are assisted by the
presence of Ag nanoparticles (Fig. 5c—d). In contrast,
apatite particles did not form on PLGA neat films [48].
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Fig. 7 UV-vis absorption spectra of materials (a), before incubation
and (b), after 20 days of incubation. Panel a: PLGA (dotted line),
PLGA/1Ag (circles) and PLGA/7Ag (squares) recorded at the lower
(full symbols) and upper (empty symbols) surfaces; insert: absorption

3.1.5 Optical absorption

The absorption spectra of pristine PLGA and PLGA/Ag
nanocomposites before and after exposure to hydrolytic
medium are shown in Fig. 7. PLGA/Ag nanocomposites
before degradation (Fig. 7a) present absorption bands at
300 and 375 nm which are assigned to plasmon bands
(SPR) of the nanoparticles (Fig. 7a insert), since the
polymer contribution is at lower wavelengths [20]. It has
to be noted that the SPR absorption in the composites
appeared red shifted compared to the spectra recorded on
the neat Ag particles in suspensions; this behaviour can
be due to changes in the refractive index of the medium
around the metal particles, as reported in the literature
[49-51]. Once the nanocomposites were exposed to the
hydrolytic environment, a significant enhancement of the
SPR bands (Fig. 7b), respect to the intensity before the
exposure to the medium, was observed. This behaviour is
likely due to an alteration of the particle environments
induced by degradation of polymer matrix which resulted
in a reduction of the screening effects imposed by the
matrix, as already supported by FESEM images. Fur-
thermore, the SPR bands of the metal nanoparticles are
blue shifted (ca. 10 nm) in degraded nanocomposite
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spectra of silver nanoparticles. Panel b: PLGA/1Ag (circles) and
PLGA/7Ag (squares) recorded at the lower (full symbols) and upper
(empty symbols) surfaces after 20 days of exposure to the degradation
environment
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Fig. 8 Ag" release upon degradation of PLGA/1Ag and PLGA/7Ag
nanocomposites

compared to the spectra of the original nanocomposites;
this observation together with the spectrum of the neat
nanoparticles in water, indicated a closer contact of the
metal with the aqueous medium. Optical absorption
results are in agreement with the morphological out-
comes, confirming the superficial presence of silver
nanoparticles as a consequence of polymer chain degra-
dation process.

3.2 Silver ion release

Silverion (Ag") release from the PLGA/Ag nanocomposites
with 1 and 7wt% of nanoparticles was investigated once the
nanocomposites with different particle loadings were
exposed to the hydrolytic environment. The silver ion con-
tent in aqueous solutions was regularly monitored in time to
check the relation between the ion release and the polymer
degradation process. Figure 8 shows the concentration of
Ag" detected in the solutions where the PLGA/Ag nano-
composites with 1 or 7wt% of nanoparticles, respectively,
were incubated as a function of time. For both nanocom-
posite samples the amount of detected Ag™ is characterized
by a sigmoid trend [52], although the absolute quantity is
dependent on the silver loading. Moreover, the release was
relatively slow at early stage of incubation and it became
faster after 20 days of exposure to the hydrolytic environ-
ment, when an evident weight loss of the samples, due to the
PLGA random chain scission, was clearly measurable.

The lower release rate at the beginning of degradation
can be explained on the basis of the shielding action of the
polymer film which reduces the nanoparticle-water contact
thus the particle oxidation is initially controlled by the
polymer permeation to water hence making slow the cation
release. ICP measurements indicated that the amount of
Ag+ detected increased with the incubation time, thus the
rate of Ag* release is enhanced by the polymer degrada-
tion. A similar behaviour is observed for both the
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composites although the amount of detected Ag* is higher
for PLGA/7Ag.

In particular, at the 13th day of incubation, the rate of
Ag+ release started to increase; afterwards the oxidation of
Ag nanoparticles occurred in a massive manner following
the polymer hydrolysis process. The release rate started to
decrease after 70 days of incubation becoming negligible
after 80 days of exposure. The Ag" release by the com-
posites in solution is correlated with the polymer degra-
dation process and the release could be controlled by
engineering of system composition and surface properties.
Moreover, the release of cationic silver can electrostati-
cally assist the deposition and growth of calcium phosphate
crystals, although at this stage the effects of the surface
porosity cannot be decoupled.

4 Conclusions

The reported results imply that PLGA properties can be
modified introducing a small percentage of silver nano-
particles and that the Ag nanoparticles do not affect the
overall degradation mechanism of PLGA. Furthermore, a
stabilizing effect of Ag nanoparticles is clearly evinced.
The presence of Ag nanoparticles also induces a mineral-
ization process when nanocomposite samples are immersed
in the PBS buffer as a consequence of the combined effect
of silver nanoparticles and the induced nanocomposite
surface topography. The Ag™ release in solution can be
controlled by the polymer degradation processes, evi-
dencing a possible prolonged antibacterial effect, during
PLGA immersion.

The results of this research suggest that the combination
of biodegradable polymers and silver nanoparticles opens a
new perspective for the use of nanomaterials with tunable
properties obtaining antimicrobial surfaces for biomedical
applications.
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