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Abstract Poly (e-caprolactone)/silver exchanged montmorillonite (PCL/Ag—
MMT) nanocomposites with a strong antibacterial activity and a slow release
property were successfully prepared via solvent casting method, for active pack-
aging use. The PCL/Ag—-MMT nanocomposites containing different Ag—-MMT
loadings were characterized by several techniques. X-Ray Diffraction (XRD), UV—
visible Spectroscopy and Transmission Electron Microscopy (TEM) results revealed
that the MMT layers were exfoliated and spherical Ag nanoparticles were randomly
distributed in the polymer matrix. Differential scanning calorimetry (DSC) showed
that glass transition and melting temperatures of PCL/Ag-MMT nanocomposites
were unaffected by clay contents compared to neat PCL. Nevertheless, the crys-
tallization temperatures were increased due to the incorporation of effective
nucleation agent Ag—-MMT and its satisfactory dispersion into the PCL matrix. The
positive effect of the Ag—-MMT addition on the PCL barrier properties was con-
firmed by the reduction in the water permeability (WVP). Tensile results also dis-
played an improvement of mechanical properties for the PCL/Ag-MMT
nanocomposites due to the insertion of clay particles into the PCL matrix. The
potential of the silver ion release from the PCL/Ag-MMT films to a slightly
acidified water medium was measured by atomic absorption spectroscopy. The
results exhibited a gradual increase of the amount of silver ions released up to
30 days of immersion. The kinetic study of the ions release showed that the
release’s mechanism is governed by the diffusion process. The apparent diffusivity
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coefficient values calculated using the diffusion model were in the range of
3.8 x 10710 5.8 x 107'° cm?/s. Furthermore, the PCL/Ag-MMT films exhibited
a strong antibacterial efficiency against S. aureus, E. coli, salmonella and
P. aeruginosa due to the presence of the long-lasting biocidal silver nanoparticles.

Keywords Active packaging - Poly (e-caprolactone) - Silver montmorillonite -
Silver release - Antimicrobial activity

Introduction

The development and the improvement of materials with the ability to inhibit
microbial growth have been of great interest in academic and technological fields
due to their potential use in water purification systems, medicinal devices, food
packaging and storage, construction and Surface [1-3]. Nowadays, silver nanopar-
ticles filled polymers have been captured attention, from the scientific world,
because of their unique electrical, optical, catalytic properties [4-9] and their
novelty in being long-lasting biocidal materials with high temperature stability and
low volatility [10-12]. The silver nanoparticles can be dispersed inside the
polymeric matrix, and/or coated by polymer, thus forming a core—shell structure
[13—16]. As an advantage, the resulted material combines the suitable properties of
both elements. Meanwhile, studies conducted on AgNPs using different polymers
have been reported [17-20]. Conventionally, composites are made by mechanically
mixing metal nanoparticles into molten or dissolved polymer matrices. Unfortu-
nately, dispersing nanoparticles homogeneously in a polymer matrix is difficult
because of their high surface reactivity [21, 22]. The size, stability, and
homogeneity of dispersion of the nanoparticles generally influence the functional
performance of the nanocomposites, especially the antibacterial effectiveness [23,
24]. To fully exploit the properties of the silver polymeric nanocomposites, the
AgNPs should be as small as possible with a narrow size distribution and without
the formation of large aggregates. Nevertheless, a direct incorporation of silver
particles in polymers has inherent disadvantages in terms of low water level, gas
permeability and heat distortion temperature in case of widespread usage [25]. To
obviate these inconveniences, it is recommended to synthesize silver nanoparticles
on solid supports to prepare practically applicable supported particles as well as to
control the particle size.

Clays [26], zeolites [27, 28] and other aluminosilicates [29, 30] have been used as
carriers with good results because of their high ion exchange capacity, high surface
and sorptive capacity, negative surface charge, chemical inertness and low or null
toxicity [31]. Smectite clays have excellent swelling and adsorption ability, which is
especially interesting for the impregnation of antibacterial-active nano-size metals.
The metal nanoparticles can be anchored on the external surface of the clay mineral
silicate layers or in their interlayer space [32, 33]. Biocompatible and biodegradable
polymers have become very important and have gained a lot of attention from both
biomedical and ecological quarters in the past decade [34]. Many studies have

@ Springer



Polym. Bull. (2016) 73:1207-1227 1209

confirmed that the antimicrobial agents, when incorporated into the packaging films,
could be effective for reducing the amount of organisms in foodstuffs.

In this context, we have used the polycaprolactone (PCL) as the matrix, and
montmorillonite (MMT) is used as a dispersant to keep AgNPs in order to develop a
new class of PCL/Ag-MMT nanocomposites for active packaging applications.
PCL is a semi-crystalline hydrophilic polymer, which is highly biocompatible. It
can be processed easily and has high water permeability. These properties have led
to the use of PCL in a wide range of applications in medical, cosmetic, food,
pharmaceutical etc. [35, 36]. However, the main limitations of PCL, especially in
the packaging field, are due to its weak mechanical performances as a result of its
low melting point and barrier properties. Many attempts have been made to
formulate nanocomposites with PCL to improve its material properties [37—40].

The current work focuses on the elaboration and characterization of antibacterial
nanobiocomposite films based on poly (e-caprolactone) PCL, and different loadings
of Algerian silver modified montmorillonite (0, 2, 3, 5 wt% Ag—MMT), prepared by
solvent casting process. The main objective of this study is to develop new
biodegradable materials with enhanced water barrier, strong antimicrobial activity
and slow silver ions release property for active packaging applications. To our
knowledge, the fabrication of such materials using PCL as a matrix has not been
reported in the literature.

Experimental part
Materials

The clay, used as a solid support for AgNPs, was an Algerian montmorillonite
(MMT) extracted from the bentonite category from Roussel in Maghnia (Algeria). It
was kindly supplied by ENOF Chemical Ltd, Research Company for non-ferrous
matters, Algeria. The montmorillonite (size fraction <2 pm) was extracted from
bentonite, using the sedimentation method and then was homoionized with sodium
cations (Na-MMT).

All aqueous solutions were prepared with double distilled water (DD-water).

All reagents were of analytical grades and were used as received, that is without
further purification.

Poly (e-caprolactone) (CAPAR650) was supplied by Solvay Chemicals sector-
SBU (Belgium). The average number of units in the molar mass was 49,000, with a
rate of polydispersity of 1.4.

Preparation of Ag-exchanged montmorillonite

The AgNPs were prepared according to our previous preparation procedure [41].

10 g of Na-MMT was dispersed in 400 mL of DD-water and was vigorously
stirred for 1 h. The AgNOj; solution was added into the MMT suspension and the
mixture was further vigorously stirred during 24 h at room temperature to obtain the
AgNO3/MMT suspension and a completed cation exchange.
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A freshly prepared NaBH, (4 x 1072 M) solution was then added to the
suspension under continuous stirring to reach a constant AgNO5;/NaBH, molar ratio
(1:4). After the addition of the reducing agent to the suspension, the solution turned
brown, indicating the formation of AgNPs in the MMT suspension. This latter was
then centrifuged at 4200 rpm for 30 min, and the precipitate was washed 4 times,
using double distilled water, the aim being to remove the silver ion residue, and then
was dried overnight at 40 °C in vacuum overnight.

Preparation of PCL/Ag-MMT nanocomposites

PCL/Ag-MMT composites were prepared at various Ag—MMT contents (2, 3 and
5 % by weight) by solvent casting method, using chloroform as a solvent for PCL
and a dispersing medium for Ag—MMT particles. Pure PCL was also prepared in the
same way as the composites and was used as a control. Films generated from the
different polymeric solutions by solvent evaporation were dried in a vacuum oven
for several days at 60 °C.

Characterization

The ATR/FTIR spectra were recorded at room temperature on a Thermo Nicolet
Nexus 670 spectrometer with a spectral resolution of 2 cm™' and 60 scans were
signal averaged.

The UV-visible spectra of silver modified montmorillonite Ag-MMT and PCL/
Ag-MMT biocomposites were recorded over the range of 300-700 nm using the
JASCO V-630 Spectrophotometer. The structure and dispersion of the silver-based
modified MMT in the PCL matrix were evaluated by wide angle X-ray scattering
diffractometer (Philips PW3710 diffractometer), and Transmission Electron
Microscope (JEOL 1400 equipped with a MORADA SIS numerical camera at an
acceleration voltage of 120 kV).

Differential scanning calorimetry (DSC, TA Instruments DSC Q100) measure-
ments were performed from —80 to 100 °C at 10 °C/min (1st heating), cooled to
—80 °C at the same scan rate, then heated again to 100 °C at 10 °C/min (2nd
heating). From these scans, glass transition temperature (7), melting temperature
(T, and crystallization temperature (7.) of the samples were measured. The area
under the curve corresponding to the enthalpy was calculated from the instrument
software. Thermal scans for each sample were carried out in triplicate and the
average values are reported in this study.

Water vapor permeability (WVP)

The water vapor permeations were realized using the ‘‘cups methods’’, referring to
the standard ISO 7783. The experimental setting consists in a cylindrical vessel
filled with a desiccant powder and sealed with the investigated film. For our test,
10 g of CaCl, was used as the desiccant powder, while the temperature was set to
23 £ 1 °C with a relative humidity of 48 4+ 2 %. This method consists of
monitoring the water mass uptake of the desiccant powder with time. The water
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vapor transmission rate (WVTR) is then calculated from the slope of the mass
uptake profile versus time as soon as the steady state is reached using Eq. (1) [42]:

— (1)

where WVP is the water vapor permeability coefficient, WVTR is the water vapor
transmission rate, e is the film thickness and AP is the water vapor partial pressure
difference. From the experimental conditions, the water vapor AP is 1400.3 Pa
calculated for a temperature of 23 °C and a relative humidity of 48 %. Four films of
each sample were tested and the results are arithmetically averaged.

Tensile measurements

Tests specimens for tensile measurements were prepared from 1 mm thick plates.
The tensile modulus, strength and elongation at break were measured in a Tensile
Zwick/Roell Z 100 tester, at a strain rate of 200 mm min~!. The films were
conditioned in a desiccator under 50 % RH, at 25 °C, for 48 h before being
characterized. The values of tensile strength and elongation at break were obtained
basing on the average tensile results of at least five tensile specimens and the results
were provided with mean 4+ SD (standard deviation) values.

Silver ion release tests

The silver ions release was obtained under experimental conditions imitating the
physiological medium for 30 days. The concentration of silver in the solution
withdrawn from the test medium at the fixed time intervals was determined using
Perkin Elmer AAnalyst 700 atomic absorption spectroscopy (AAS). The PCL/Ag—
MMT films were cut into two rectangular strips of a 10 cm? total area of each film
approximately. 5 ml aliquot of HNO;(2.10 ™ M) was added to each tube and mixed
at 80 rpm at room temperature for time intervals ranging from 1 to 30 days. Three
films of each sample were tested.

Evaluation of antibacterial activity

The antibacterial performance of PCL/Ag-MMT composite films against Staphy-
lococcus aureus CIP 4.83 (Gram positive) and Escherichia coli CIP 53.126,
Salmonella enteric CIP 80.39 and Pseudomonas aeruginosa CIP 82.118 (Gram
negative) was assessed by counting the number of bacteria in the sample.

Specimens of 100 mg were introduced in test tubes containing 9 ml of a buffered
sodium chloride—peptone solution, pH 7.0. Subsequently, tubes were inoculated
with 1 ml of each bacterium. Control experiments with pristine PCL were
performed under the same conditions. All samples were incubated in a wrist-action
shaker (150 rpm) at 37 °C for 24 h. Afterward, 0.1 ml aliquot from each tube was
sown in TSA plates and incubated for 24 h at 37 °C. Finally, viable cells were
counted. Three replicate experiments per condition were performed.
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Results and discussion
Characterization of the silver-based montmorillonite

Figure 1 shows the ATR/FTIR spectrum of Na—MMT. In the high frequency range,
a well defined peak appearing at 3626 cm ™" is associated to the stretching mode of
the O—H group coordinated to Al cations. The band located at 3442 cm™" is due to
the inter-layered O-H stretching (H bonding). Band observed at 1638 cm™'
corresponds to H-O-H bending. On the other hand, in the lower frequency range
(1300-750 cm_l), the most intense band at 1126, 1032, and 914 cm ™! is related to
stretching Si—O-Si bond, characteristic of phyllosilicate minerals. Al,—OH and (Al,
Mg)-OH vibration modes are observed at 797 and 778 cm™', whereas the two
strong bands at 523 and 467 cm™ ' correspond to the bending mode of Si—O and Si—
O-M bonds (where M = Mg and Al), respectively [43]. As shown in Fig. 1, there
were no many changes in the spectra of Ag—-MMT compared with Na—MMT. The
shift of the peak at 3442-3435 cm ™' in the Ag-MMT spectrum can be associated to
the existence of van der Waals interactions between the hydroxyl groups of the
MMT layers and the partial positive charge on the surface of AgNPs [44, 45].
The XRD study of Na-MMT and Ag-MMT composites was carried out to
determine the location of silver particles on the montmorillonite. From XRD
patterns (Fig. 2a), Na-MMT exhibits a sharp peak at 20 = 6.4° (dgo; = 1.38 nm)
corresponding to the (001) basal reflection of MMT. After the silver exchange
reaction, no significant shift of the (001) diffraction peak is observed. This means
that the dyo; interlayer distance was not increased and no intercalation of the Ag
nanoparticles occurred. Because of their size, the AgNPs could not be located in the
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Fig. 1 ATR-FTIR spectra for the Na-MMT and Ag-MMT
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Fig. 2 Wide angle X-ray diffraction patterns (XRD) of unmodified (Na-MMT) and silver modified
montmorillonite (Ag—-MMT) a between 2° and 10° and b between 35° and 80°

interlayer space and would be placed on the montmorillonite outer surface. Similar
behavior was observed by Petr Praus et al. [46].

The new XRD peaks appearing at 20 of 38.1°, 46.1°, 64° and 77.1° (Fig. 2b) also
confirm the presence of AgNPS in the MMT. They can be attributed to the (111),
(200) and (311) silver crystals, respectively [47]. In addition, there is a characteristic
peak at about 20 = 62.1° that characterized to MMT clay (PXRD Ref. No. 00-003-
0010) as a stable support. This result confirms the occurrence of silver-modification
reaction.

The color of the AgNO3;/MMT suspension through the reduction process using
NaBH, changed from colorless to brown reflecting the formation of AgNPs in the
MMT suspension. The successful synthesis of Ag nanoparticles colloidal solution
was explored by UV—Vis analysis. As it can be seen from Fig. 3, no absorption band
is observed in the 300-700 nm range for AgNO3;/MMT, indicating that no AgNPs
formation has occurred in this sample. After the addition of NaBH,, an intense peak
of around 412 nm is detected, reflecting the formation of AgNPs with small
diameters [48, 49]. The broadness of the UV-Vis absorption curve states the
formation of anisotropic particles, which may be due to broad particle size
distribution and agglomeration of the nano-silver particles.

Moreover, TEM analysis provides complementary information on the dispersion
and size of silver nanoparticles. From TEM image (Fig. 4), AgNPs can be spotted as
dark spherical nanodots of various diameters, which seem unevenly distributed in
size and dispersion across the platelets surface of the nanoclay. The spherical
particles with a diameter varying between 15 and 20 nm are evenly dispersed on the
surface of MMT. It is likely that silver is randomly present across the whole
morphology of the Ag—MMT clay.
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Fig. 3 UV-visible absorption
spectra of Ag-MMT and
AgNO3;-MMT suspensions
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Fig. 4 Typical TEM image of
the silver-based nanoclay

The content of silver in the Ag—-MMT composite was subsequently determined
by AAS after its dissolution in a mixture of HF, HNO3 and HCIO4 (5:4:4) [50]. The
amount of Ag in Ag—-MMT was estimated at 3.2 wt%.

Characterization of the PCL nanobiocomposites
ATR/FTIR spectrum of the neat PCL displays the characteristic absorption bands

located at 2945, 2865 and 1723 cm ™' corresponding to the stretching vibration of
—CH, and vibration of —C=0 bonds, respectively. Figure 5a illustrates ATR/FTIR
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Fig. 5 ATR/FTIR spectra of pristine PCL and its PCL/Ag—MMT nanocomposites a in 1120-1060 cm™"
region and b in 1760-1680 cm ™" region

Fig. 6 UV-visible absorption of
PCL and its PCL/Ag-MMT
nanocomposites
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spectra of PCL and its PCL/Ag-MMT nanocomposites in the 1120-1060 cm™"
region. As it can be seen from this figure the incorporation of Ag—-MMT into the
PCL matrix caused a slight difference in shifting and intensity variation for the
characteristic bands of PCL. The increase of the shoulder at 1094 cm™" observed in
the PCL/Ag-MMT nanocomposites spectra would be related to the silica vibrations.
Additionally, the band at 1723 cm ™" attributed to the carbonyl stretching of the PCL
tends to shift to lower wavenumbers with the Ag-MMT clay content (Fig. 5b). This
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change may be induced by specific interactions between the carbonyl groups of PCL
and the silver modified clay groups owing to their compatibility [51].

Figure 6 illustrates the UV-visible absorption spectra of pristine PCL and its
PCL/Ag-MMT composites. Neat PCL did not show any absorption peak, whereas
its PCL/Ag-MMT nanocomposites exhibited a high intensity peak at 412 nm
confirming the existence of small AgNPs inside the PCL matrix. In addition, the
absorbance intensity of AgNPs increased with increasing Ag-MMT amount into
PCL matrix.

The XRD patterns of pristine PCL and its nanocomposites with various Ag—
MMT contents are shown in Fig. 7. PCL pattern is characterized by two peaks
approximately at 20 = 21° and 23° corresponding to the (110) and (200) planes,
respectively [52], revealing the crystalline structure of PCL. As this figure points
out, the crystalline structure of PCL hybrid materials does not change after adding
Ag-MMT clay; nevertheless, the characteristic peaks became narrower and their
intensities increased with Ag-MMT amount, which indicates an enhancement of the
crystallinity of PCL nanocomposites.

The most significant features are encountered in the lower angle range, which
gives indication of the clay dispersion. Ag-MMT XRD patterns showed a reflection
at about 6.3°. However, the XRD patterns of PCL 2 % Ag-MMT, PCL 3 % Ag—
MMT and PCL 5 % Ag—-MMT composite hybrids (Fig. 7a) exhibited an absence of
the clay basal reflection revealing the formation of mainly exfoliated
nanocomposites.

(a) (b) Ag(]1)
i Ag(200)

CL 5% Ag-MMT

PCL 5% Ag-MMT L 3% Ag-MMT

CL 3% Ag-MMT CL 2% Ag-MMT
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2 Theta (°)
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Fig. 7 XRD patterns of PCL, PCL 2 % Ag-MMT, PCL 3 % Ag-MMT and PCL 5 % Ag-MMT
nanocomposites

@ Springer



Polym. Bull. (2016) 73:1207-1227 1217

Fig. 8 TEM images of PCL 5 % Ag-MMT nanocomposite a at 200 nm scale bar and b at 50 nm scale
bar

In agreement with FTIR studies, the nanocomposite formation may be mainly
controlled by hydrogen interactions between the —OH group of the clay and the
carbonyl of PCL. This leads to an increase in the gallery spacing allowing the
polymer chains to enter and break the galleries during compounding, leading to an
exfoliated and an improved dispersion of the clay. The peaks of silver particles are
enlarged with increasing the content of Ag nanoparticles (Fig. 7b). These peaks are
corresponding to the (111) and (200) planes of the silver nanocrystals with cubic
symmetry. XRD results revealed that the MMT layers were predominantly
exfoliated and the spherical Ag nanoparticles were randomly distributed in the
polymer matrix [53].

The dispersion of Ag-MMT into the different PCL/Ag—MMT (2, 3 and 5 % by
weight) matrices was examined by TEM analysis. As an example, Fig. 8 depicts a
TEM micrograph of PCL 5 % Ag-MMT nanocomposites. The formation of mainly
exfoliated nanocomposite structure was evidenced at high magnification (200 nm
scale bar) by the presence of stacked layers randomly dispersed in the PCL matrix.
Some individual exfoliated silicate sheets are also shown, as well as the AgNPs are
randomly dispersed into the polymer matrix. In size, the particles range from 12 to
25 nm with a mean diameter 14 nm which is in accordance with the UV results.

DSC analysis

DSC analysis was carried out to investigate the Ag—MMT effect on the PCL thermal
properties (T, Ty, and ). Figure 9 shows DSC thermograms of PCL and its
nanocomposite films. Besides the glass transition temperature (7) at —65.5 °C, the
neat PCL presents an endothermic peak around 59 °C, which is ascribed to the
melting temperature (7,,,) owing to its semi-crystalline structure.

In nanocomposites curves (Fig. 9a), T, and Ty, values are not markedly affected
by Ag-MMT loading. However, the melt crystallization temperature 7, increased
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Fig. 9 DSC curves of neat PCL and its PCL/Ag—-MMT nanocomposites a 2nd heating scan and b cooling
scan

Table 1 DSC and WVP results of PCL and its PCL/Ag-MMT nanocomposites

Samples T, (°C) Tm (°C) Tc (°C) 1 (%) WVP (g/m 24 h atm)

PCL —-655+£03 59.1+£04 21.7£04 380%x1.1 0.35%0.07
PCL 2 %Ag-MMT —658 £0.2 583405 259+03 402£14 0.18+0.02
PCL 3 %Ag-MMT —66.1 £02 573+£02 262+£05 445+18 0.16 %+ 0.04
PCL 5 %Ag-MMT —-675+£04 56.7+£02 270+£06 458+2.1 0.14%0.05

Values are reported as mean =+ standard deviation

with the nanofiller loading (Fig. 9b). This increase is attributed to the incorporation
of effective nucleation agent Ag—MMT and its satisfactory dispersion in the PCL
matrix. Similar results were reported by Yingwei et al. [54], where the authors
observed that the addition of a small amount of cloisite 30B to the PCL matrix leads
to in an increase of the polymer matrix 7, value.

The crystallinity degree y (%) was then calculated under the assumption that the
heat of fusion is proportional to the crystalline content, as shown in Eq. (2):

AHy,

2 O0) = (= e BT )

where AH,, is the enthalpy of fusion of the sample, AH®, is the enthalpy of fusion
of completely crystalline sample and taken in this work as 139 J/g [55] and
Wag-mmr is the weight fraction of Ag-MMT in the nanocomposite. The results are
gathered in Table 1.

From Table 1, it can be noticed that the crystallinity degree y of PCL increases
when Ag-MMT is added [54].

Water vapor permeability

Table 1 shows the water permeability values measured for the films as a function of
Ag-MMT content. As it can be seen, all composites reduced water vapor

@ Springer



Polym. Bull. (2016) 73:1207-1227 1219

permeability, reflecting the barrier effect of the nanoclay, due to its good dispersion
into the PCL matrix, as already discussed in XRD analysis part, leading to a greater
tortuosity for water vapor to pass through the film. The WVP values decrease by
about 48 % for PCL 2 %Ag-MMT, 54 % for PCL 3 %Ag—MMT and 60 % for PCL
5 %Ag-MMT. Several authors have shown that the diffusion of water vapor is
slowed in the presence of nanofillers [S6-58]. It is well known that the permeability
depends not only on the clay dispersion, but also on the polymer crystallinity. As
already revealed by DSC analysis, Ag~-MMT acted as a nucleating agent and
increased the rate of the crystallites formation. The decrease of WVP values in PCL/
Ag-MMT can also be attributed to the higher number of crystallites in the
nanocomposites, leading to a high tortuosity.

Mechanical properties

Tensile properties of the PCL/Ag—-MMT nanocomposites were studied and data
(tensile modulus, tensile strength at break, and percent elongation at break) are
summarized in Table 2. Compared to pure PCL, PCL/Ag-MMT nanocomposites
have higher mechanical properties. The tensile modulus and the tensile strength
were significantly increased by the presence of Ag—MMT clay into PCL matrix. For
instance, the addition of 5 wt % of Ag-MMT to the PCL matrix yields to an
increase of the tensile modulus by 23 % and the tensile strength by 32 % with
respect to the virgin PCL. This result may be related to the good clay dispersion
within the polymer matrix. These findings are well correlated with the XRD analysis
and TEM micrographs, evidencing an exfoliation of Ag-MMT into PCL matrix.

Silver ion migration

It has been shown [59, 60] that elemental silver particles can provide a large
reservoir of antimicrobial silver ions, because in contact with water and dissolved
oxygen (O3 (aq,), they release small amounts of silver ions [61] according to the
following Eq. (3).

0, (ag) T 4H3OJr + 4Ag(s) — 4AgJr + 6H,O0. (3)

Hence, polymer materials filled with elemental silver should well be suitable as
long-term antimicrobials.

Table 2 Tensile tests results of the pure PCL and its PCL/Ag—-MMT nanocomposites

Sample Modulus, E (MPa) Strength, o (MPa) Elongation at break, ¢ (%)
PCL 390.0 + 2.6 27.5 £ 0.6 360.2 + 38.1
PCL 2 % Ag-MMT 409.0 £ 3.8 312 £ 0.7 326.5 + 18.6
PCL 3 % Ag-MMT 425.0 £ 4.7 344 £ 0.5 318.3 £ 21.5
PCL 5 % Ag-MMT 478.6 £ 5.1 36.3 £ 0.8 295.7 £ 23.1

Each value is the mean of five replicates with the standard deviation
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Fig. 10 Silver ions release versus time from PCL nanocomposites containing 2, 3 and 5 % of Ag—-MMT

In our study, the silver ions released from the PCL/AgMMT nanobiocomposite
films were investigated in a slightly acidified water medium. The measurements
were performed with analytes collected after 30 days of storage of the studied
materials in water. Figure 10 illustrates the silver ions release versus time from the
PCL nanocomposites at different Ag-MMT contents. The results showed that the
silver ions that migrated from the nanocomposites into the slightly acidified water
medium were less than level of cytotoxicity (10 mg kg™") over 30 days in all cases
with regard to the cytotoxicity level of silver ion for human cells [62].

From Fig. 10, it can be seen that the absolute amount of silver ions released
increases gradually and in a non-linear way with the soaking time, indicating that
Ag" is released in a controllable way from all PCL/Ag—-MMT nanocomposites. It
should also be noted that increasing the Ag-MMT amount in the nanocomposites
caused a significant increase in silver ion release. The highest silver concentration
was found for the PCL 5 % Ag-MMT nanocomposite. Our findings are in good
agreement with those published by Damm [62] and Kwakye-Awuah [63].

Analysis of kinetic data

Previous studies [62, 64—66] reported that the mechanism of silver migration from
the nanocomposite is generally performed in three main steps: It initially involves
water diffusion into polymer, that is, water reacts with silver nanoparticles to
produce silver ions, which are subsequently released from the nanocomposite. In
this last step, the silver ion release will be governed by diffusion process because
most of the silver ions must move from the interior of the specimen to the surface to
be released [62, 66].

Figure 10 indicates two different release rate periods. Furthermore, the constant
release rate period (straight line) is around 12 days for which the release of silver is
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mainly governed by mass transfer in the media (water). This part of the process can
be due to the release of the silver which is readily available at the interface
polymer/media. In the second part of curve, the release of silver decreases with
increasing immersion time due to the increasing mass transfer resistances and the
depletion of the silver in the PCL/Ag-MMT nanocomposites.

For the kinetic description of the silver ion release from PCL/AgMMT
nanocomposites, the diffusion model was applied in this work. In this model we
assume that the stage controlling process was the diffusion. It was simulated the
silver ion release process using a model based on Fick’s law in unsteady state for
one-dimensional plane slab geometry.

The Diffusion model presented by Crank [67] is represented by:

C 41 n?mDt
C_OZEX;ECXP(_I—Z ) 4)

where C; is silver ion concentration released at time #, C, is silver ion concentration
at infinity, 7 is the immersion time (s), D is the apparent diffusivity coefficient (m%/
s), [ the thickness of the plate (m), and 7 is a positive integer.

At short times, Eq. 4 converges very slowly and for C,/C, < 0.6 the expression is

reduced to.
G_ 4 (D" )
Co - ﬁ 2 ’

In this equation, the apparent diffusivity coefficient (D) 1is the
adjustable parameter.

The initial silver ion concentration of the Ag™ released from the PCL/Ag-MMT
nanocomposites is supposed to be equal to the asymptotical value obtained from the
silver ions release versus time curve for each PCL/Ag-MMT nanocomposite
(Fig. 10).

To evaluate the goodness of model fit, the average absolute deviation (AAD) is
used and defined by:

n

AAD (%) :@Z

-

Yi - Ycal;i
Y;

; (6)

where n is the number of experimental points, y; = C/C, is yield determined by
experimental point i, and y,0q4,; 1 the yield obtained by the model in point i.

Figure 11 illustrates the kinetic modeling of silver ions transfer from PCL/Ag—
MMT nanocomposites. The diffusion model showed higher deviations at the
beginning of the process between experimental and modeled data, because: (1) the
model does not take into account the external mass transfer, (2) an assumption of the
slab shape of PCL/AgMMT nanobiocomposite films was applied in this model;
however, the polymer can have different geometries. Thus, the representative size of
the PCL/AgMMT nanobiocomposite is overestimated. The advantage of this model
is to derive information about the apparent diffusivity.
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Fig. 11 Silver ion release from PCL/Ag-MMT nanocomposite normalized to the total amount of silver
in the polymer as a function of the square root of the immersion time

Before 12 days, it can notice that the silver ion release is dominated by the
dissolution of silver particles at the surface of the specimens. However, with
increasing of the immersion time (beyond 12 days), the model fitted well the
experimental data and the lowest deviation between experimental and correlated
data was obtained with the PCL 5 % Ag-MMT nanocomposite. Qualitative
assessment of kinetic curves together with their modeling revealed that the release
process was mainly limited by the diffusion. Thus, the silver ion must move from
the interior of the specimen to the surface to be released.

The resulting apparent diffusivity coefficients of silver ions from the PCL/Ag—
MMT nanocomposites summarized in Table 3 have the same order of magnitude
that those calculated for other polymer/silver nanocomposites [63, 65].

As expected, the apparent diffusivity coefficient (D) of the silver ions from the
nanocomposites was increased by increasing the silver content. The results showed
that the diffusion coefficients varied from 3.8 x 107'" m%s to 5.8 x 107" cm?/s
which are 5 orders of magnitude, smaller than diffusion coefficient silver in water.
The diffusion coefficient of silver in the water was reported 1.77 x 107> cm?/s
[62]. It is obvious that the diffusion process in the examined nanocomposites was
much slower than in the water.
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Table 3 Apparent diffusivity coefficients of silver ions from PCL/Ag—-MMT nanocomposites

Sample D x 10" (cm¥s) AAD (%)
PCL 2 % Ag-MMT 3.8 14.17
PCL 3 % Ag-MMT 47 10.10
PCL 5 % Ag-MMT 5.8 7.23

Fig. 12 Growth of the different bacteria in the presence of PCL and its PCL/Ag—-MMT nanocomposites
Antimicrobial performance of silver ions as released from the films

To check the antimicrobial performance of the released silver ions, tests of
antimicrobial efficacy of the PCL/Ag-MMT materials against S. aureus (Gram
positive) and E. coli, Salmonella and P. aeruginosa (Gram negative) were
investigated and the obtained results are illustrated in Fig. 12.

The antibacterial performance of PCL/Ag-MMT composite films was assessed
using the viable cell-counting method. The results were expressed as CFU/ml and
the percent reduction was calculated basing on the decrease of final counts from
appropriate untreated controls (Table 4).

As shown in the neat PCL and control sample, the concentration of bacteria in the
suspension remains nearly unchanged after 24 h. It means that the bacteria survive
in the suspension under the conditions. However, in the suspensions which had been
in contact with the PCL/Ag—-MMT nanocomposites for 24 h, no bacteria could be
detected regardless of its strain, which means that most of initial bacteria were dead.
Generally, silver in its metallic state can react with moisture to be ionized, releasing
of highly reactive Ag™ ions. The ionized silver can bind itself to proteins causing
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Table 4 Growth of S. aureus, E. coli, Salmonella and P. aeruginosa in the presence of PCL and its PCL/
Ag-MMT nanocomposites

S. aureus E. coli Salmonella P. aeruginosa
(CFU/ml) (CFU/ml) (CFU/ml) (CFU/ml)
Control(Strain) (32+£04) x 10° (12+£02) x 10° (3.5+03) x 10° (44 +02) x 10®
PCL (34 £03) x 10° (22+04) x 10° (48 £0.6) x 10* (5.1 £0.4) x 10°
PCL2 % Ag-MMT 0 0 0 0
PCL3 % Ag-MMT 0 0 0 0
PCL5 % Ag-MMT 0 0 0 0

Each value is the mean of three replicates with the standard deviation

structural changes in the cell wall and also in the nuclear membranes provoking cell
death. Indeed, silver ions form complexes with the sulfur-, nitrogen- or oxygen-
containing functional groups of bacterial enzymes. This leads to a destabilization of
the bacterial cell wall as well as to a disturbance of the metabolism. In addition,
silver ions interact with the bacterial DNA preventing the reproduction of the cells
[68, 69].

Conclusion

Antimicrobial PCL-based nanobiocomposites for active packaging use were
successfully prepared by solvent casting process of the poly (e-caprolactone) and
silver exchanged montmorillonite. PCL/AgMMT nanomaterials have displayed
mainly exfoliated structures, wherein the AgNPs with mean diameter of 14 nm were
randomly dispersed. Water vapor permeability analysis underlined that the AgMMT
addition in PCL promoted a significant decrease reflecting its barrier effect, while
DSC investigations showed increased values of crystallinity in the nanocomposites,
highlighting the positive influence of the clay on the nucleation process. Tensile
results also exhibited an improvement of mechanical properties for the PCL/Ag—
MMT nanocomposites compared to those of the pristine PCL. The potential of the
silver ion release from the PCL/Ag—MMT films was estimated after immersion in
water for several periods of time. The results showed that the silver ions migration
from the nanocomposites can be regarded as not only a surface phenomenon but
also by a diffusion process in which the silver entities must move from the interior
of the specimen to the surface to be released. The antibacterial performance of PCL/
Ag-MMT composite films against S. aureus, E. coli, salmonella and P. aeruginosa
exhibited a complete growth inhibition of bacteria due to the presence of the long-
lasting biocidal silver nanoparticles.
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