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Cellulose nanocrystals (CNC) extracted from three different sources, namely flax, phormium, and com-
mercial microcrystalline cellulose (MCC) have been used in a polyvinyl alcohol (PVA) matrix to produce
anti-bacterial films using two different amounts of silver nanoparticles (0.1 wt% and 0.5 wt%). In general,
CNC confer an effect of reinforcement to PVA film, the best values of stiffness being offered by composites
produced using phormium fibres, whilst for strength those produced using flax are slightly superior. This
was obtained without inducing any particular modification in transition temperatures and in the ther-
mal degradation patterns. As regards antibacterial properties, systems with CNC from flax proved slightly
better than those with CNC from phormium and substantially better than those including commercial
MCC. Dynamic mechanical thermal analysis (DMTA) has only been performed on the ternary composite
containing 0.1 wt% Ag, which yielded higher values of Young’s modulus, and as a whole confirmed the
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1. Introduction

The use of ligno-cellulosic fibres, extracted from plants, for the
reinforcement of composites, is a procedure followed in the last
few years to obtain materials with an improved carbon dioxide
balance. Results are promising, especially when plant fibres are
coupled with a biodegradable polymer matrix, such as for exam-
ple poly(lactic) acid (PLA), polyvinyl alcohol (PVA), etc., so that an
improvement of mechanical properties over the pure matrix is con-
sistently obtained using a number of fibres, either extracted from
the leaves and from the bast of different plants (De Rosaetal.,2011;
Fischer, Werwein, & Graupner, 2012; Shanks, Hodzic, & Ridderhof,
2006; Taha & Ziegmann, 2010; Wang, Tong, Hou, Li, & Shen, 2011).
In particular, PVA is known to provide a good compatibility by pen-
etrating vegetable tissue between the microfibrils (Hepworth &
Bruce, 2000).

However, a number of limitations appear whenever cellulosic
materials are intended for prospective use as a reinforcement of
biodegradable polymer films, which would be in general suitable
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for applications e.g., in sectors, such as packaging and biomedical
industry. In this case, the large dimension and considerable devi-
ation in diameter of technical fibres discourage their application
directly as film reinforcement, rather suggesting a film stacking
technique for composite production (Garkhail, Heijenrath, & Peijs,
2000). Moreover, plant fibres, despite being chemically treated to
assist the removal of non-structural matter, show a large presence
of defects in their structure, offering eventually a mechanical per-
formance which, albeit sufficient for most current semi-structural
uses of composite panels, is very far from that of microcrystalline
cellulose (Hughes, 2012). It needs to be added that some cellulosic
material can be unsuitable for the production of woven tissues of
areal weight compatible with their use in a composite, such as is
the case for a number of leaf fibres, including phormium (Cruthers,
Carr, & Laing, 2006). In other cases, it may be agro-waste or else a by-
product of a crop intended for other uses, which may find another
application and possibly added value by the extraction of cellu-
lose nanocrystals (CNC) (Hassan, Mueller, Tartakowska, & Wagner,
2011).

The extraction of CNC from plant fibres is often performed
through acid hydrolysis using sulphuric acid to remove the amor-
phous cellulose and form highly crystalline cellulose (Bondeson,
Mathew, & Oksman, 2006; Siqueira, Bras, & Dufresne, 2010). CNC
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are typically a rigid rod-shaped monocrystalline cellulose domain,
1-100 nm in diameter and from tens to hundreds of nanometers in
length, with morphological and structural characteristics, includ-
ing entanglement and geometrical dispersion, depending on the
species, cultivar and agronomical factors (e.g., plant maturity, char-
acteristics of the soil). The yield of the extraction process (the
quantity of nanocellulose obtained from a given weight of macrofi-
bre), depends on both the crystallinity of the specific plant fibre and
the procedure adopted for extraction. The method adopted in this
work has been originally applied on sisal fibres by Moran, Alvarez,
and Cyras, 2008 and employed already for incorporation of okra
bahmia (Abelmoschus esculentus) fibres in a PVA matrix (Fortunati,
Puglia, Monti, Santulli, Maniruzzaman, et al., 2012). The extraction
method involves a first chemical treatment leading to the produc-
tion of holocellulose by the gradual removal of lignin, while the
subsequent sulphuric acid hydrolysis process allowed obtaining
cellulose nanocrystals in an aqueous suspension.

The two lignocellulosic fibres that are considered for the extrac-
tion of CNCin this study, flax and Phormium tenax, the former a bast
fibre, the latter a leaf fibre, have been already the object of some
research work. In particular, the extraction of cellulose nanocrystals
from flax (Liu, Yuan, Bhattacharyya, & Easteal, 2010) aimed at their
introduction in a 160 microns solution cast PLA film resulted in a
substantial improvement over the pure matrix properties. Nuclea-
tion and subsequent crystallisation of PLA was more facilitated as
an effect of the presence of flax cellulose in the amorphous com-
posites than in the crystalline ones. In the particular case of P. tenax
leaf fibres, cellulose nanocrystals with an acicular structure ranging
from 100 to 200 nm in length and 15 nm in width were extracted by
acid hydrolysis (Fortunati, Puglia, Monti, Santulli, & Kenny, 2012).
The specific comparison between the properties of CNC obtained
from flax and from P. tenax has been considered elsewhere and
compared with those extracted from commercial microcrystalline
cellulose (Fortunati et al., 2013).

In recent years, anti-bacterial treatment of nanocellulose
composites has been also considered in particular through the
incorporation of heavy metals, such as ionic silver, which are recog-
nised for their broad-spectrum biocide effects (Fortunati et al.,
2011; Williams, Doherty, Vince, Grashoff, & Williams, 1989). In
particular, a previous study on PLA composites based on CNC
and silver particles suggested the possibility to realise multifunc-
tional ternary composites with high performance and antimicrobial
response, suitable for use as food-active packaging films (Fortunati,
Armentano, Zhou, Puglia, et al., 2012).

This work is specifically aimed at comparing merits and draw-
backs of three configurations of PVA composites based on CNC
and silver nanoparticles, focusing on the potential of ternary
systems in terms of structural, thermal and morphological prop-
erties. The effect of silver nanoparticles presence and content was
deeply investigated and the combination with different kind of
CNC severely discussed. The active antimicrobial properties of PVA
based ternary bio-nanocomposites was studied and proved in this
research.

2. Experimental part
2.1. Materials and methods

Polyvinyl alcohol (PVA) supplied by Sigma-Aldrich (M
124-146 kg mol~1, 99% hydrolysed), is a synthetic and biodegrad-
able polymer produced from the hydrolysis of polyvinyl acetate.
The PVA was used as matrix for the nanocomposite prepara-
tion.

Microcrystalline cellulose (MCC, dimensions of 10-15 wm), sup-
plied by Sigma-Aldrich, was used as start material in cellulose

nanocrystal (CNC_MCC) synthesis and two natural fibres P. tenax
and Flax, were used as raw material in the cellulose nanocrystal
(CNC_ph and CNC flax, respectively) synthesis. P. tenax techni-
cal fibres were obtained from New Zealand while technical Flax
fibres were provided by Finflax Ltd.: both were supplied as long
fibres.

The preparation of the cellulose nanocrystals (CNC) extracted
from commercial MCC and natural Phormium and Flax fibres was
described in our previous study (Fortunati et al., 2013). A two-step
procedure for the extraction of nano-sized cellulose was imple-
mented: the first chemical alkali treatment leads to the production
of holocellulose by the gradual removal of lignin, while the subse-
quent sulphuric acid hydrolysis process allows obtaining cellulose
nanocrystals in an aqueous suspension from different raw materi-
als (Fig. 1, panel A). Transmission electron microscopy (TEM, JEOL
JEM-1010) in Panel A, shows that CNC appear individualized with a
similar acicular structure ranging from 100 to 250 nm in length and
15 nm in width (Fortunati et al., 2013). Commercial silver nanopar-
ticles (Ag), purchased from PlasmaChem GmbH, Berlin, were used
as antimicrobial agent in PVA matrix.

2.2. PVA/CNC/Ag nanocomposites processing

Polyvinyl alcohol (PVA) nanocomposite films reinforced with
cellulose nanocrystals (CNC) and silver nanoparticles were pre-
pared by solvent casting in water (Roohani et al., 2008). To produce
the ternary film, initially the PVA pellets (2 g) were dissolved in
15 ml of distilled water at 80°C for 2 h under mechanical stirring.
Then, the obtained PVA solutions were kept under stirring to reach
room temperature (RT). To obtain films with different composi-
tions, the PVA solutions were mixed with an aqueous dispersion
of different kind of cellulose nanocrystals (CNC_.MCC, CNC_ph or
CNC_flax) and sonicated (Vibracell 75043, 750 W, Bioblock Scien-
tific) for 2 min. Cellulose nanocrystals were added at 1 wt% respect
to the PVA matrix, on the base of our previous results (Fortunati
et al., 2013). At the same time the hydrophilic silver nanoparticles
were dissolved in 10 ml of distilled water and placed in a sonica-
tion bath for 2h at room temperature. The Ag aqueous solution
thus obtained was mixed under mechanical stirring with the dis-
solved polymer solution containing 1 wt% of CNC for 2 hat 25°C.The
resulting mixture was cast in Teflon® and placed in an oven at 37 °C
to evaporate water. Silver nanoparticle contents in the final bio-
nanocomposites were 0.1 wt% and 0.5 wt% respect to the polymer
weight and the obtained films were 200-300 pm thick.

Ternary bio-nanocomposite films containing 1 wt% of CNC_MCC,
CNC_ph or CNC _flax respect to the PVA polymer matrix, and 0.1 wt%
or 0.5wt% of silver nanoparticles (Ag), were obtained. Result-
ing samples were designated as PVA, PVA/1CNC_MCC/0.1 Ag or
PVA/1CNC_MCC/0.5 Ag, PVA/1CNC_ph/0.1 Ag or PVA/1CNC_ph/0.5
Ag, and PVA/1CNC_flax/0.1 Ag or PVA/1CNC_flax/0.5 Ag, respec-
tively.

2.3. Characterization methods

2.3.1. Silver nanoparticle characterization

The morphology of silver nanoparticles was examined by field
emission scanning electron microscopy (FESEM, Supra 25-Zeiss,
Germany). Ag nanoparticles were suspended in distilled water by
ultrasound (Ultrasonic bath-mod.AC-5, EMMEG]I, Italy) for 2 h and
few drops of the suspension were deposited onto a substrate of
silicon, dried at room temperature and visualized.

Silver nanoparticles absorption spectra were recorded by a
UV-vis spectrophotometer (Perkin Elmer Instruments (Lambda
35)), working in the wavelength between 250 and 900 nm. Few
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Fig. 1. Panel A: Scheme of CNC extraction process. Panel B: FESEM investigation (a) and UV-vis absorption spectrum (b) of silver nanoparticles.

drops of the Ag suspension were deposited on a glass substrate,
dried at room temperature and analyzed.

2.3.2. PVA nanocomposite characterization

Differential scanning calorimeter (TA Instrument, Q200) mea-
surements were performed in the temperature range from —25 to
240°C, at 10 °C/min, performing two heating and one cooling scan.
The glass transition temperature (Tg) was taken as the inflection
point of the specific heat increment at the glass-rubber transition
while the melting temperature (T, ) and the crystallization temper-
ature (T.) was taken as the peak temperature of the endotherm and
exothermic, respectively. Three samples were used to characterize
each material.

The cristallinity degree was calculated as:

1 AH
X= Ty [ATJ x 100

where AH is the enthalpy for melting or crystallization, AHy is
enthalpy of melting for a 100% crystalline PVA sample, taken as
161.6]/g (Roohani et al., 2008) and (1—my) is the weight fraction of
PVA in the sample. Three samples were tested for each formulation
and data expressed as their average + standard deviation.

Thermogravimetric measurements (TGA) were performed by
using a Seiko Exstar 6300. Heating scans from 30 to 600°C at
10°C/minin nitrogen atmosphere were performed for each sample.
Three samples were tested for each formulation and data expressed
as their average + standard deviation.

The microstructure of PVA nanocomposite films was investi-
gated by scanning electron microscope, FESEM, Supra 25-Zeiss. For
fracture analysis, brittleness was enhanced using liquid nitrogen,
then the fracture sections of the nanocomposites were ana-
lysed following gold sputtering of the samples. Neat PVA and
the nanocomposites were analysed in transparency performing
absorption measurements by means UV-vis spectrophotometer

(1)

(Perkin Elmer Instruments (Lambda 35)), working in the wave-
length between 250 and 900nm, to investigate the optical
properties of the produced composites.

Structural analysis was performed by using the Fourier infrared
(FT-IR, Jasco FT-IR 615 spectrometer in the 400-4000 cm~! range)
spectra of neat PVA and PVA nanocomposites. For the measurement
few drops of PVA/CNC/Ag solution were cast on silicon wafer for
each formulation and investigated in transmission mode.

The characterization of mechanical behaviour of neat PVA
and PVA/1CNC/Ag was carried out by performing tensile tests
and dynamic mechanical analysis in temperature. The tensile
tests were carried out on preformed rectangular specimens
(100mm x 10 mm) on the basis of UNE-EN ISO 527-5 with a
crosshead speed of 5mm/min, a load cell of 500N and an initial
gauge length of 50 mm. The specimens were dried in a vacuum oven
at 40°C for 72 h, and then cooled in a desiccator and immediately
tested, in view of the high capability of PVA to absorb water. The
measurements were done at room temperature. The stress—strain
curves allowed measuring average tensile strength (o},), elonga-
tion at break (&), while Young’s modulus (E) was calculated from
the resulting stress—strain curves. Five samples were tested for
each formulation and data expressed as mean =+ standard devia-
tion. Dynamic mechanical thermal analysis (DMTA) tests were also
done on preformed rectangular specimens (100 mm x 10 mm) on
the basis of procedures reported in the ASTM D 4065 standard. The
measurements were conducted by setting the following parame-
ters: frequency 1Hz, deformation 0.3%, initial temperature —20°C,
final temperature 100°C, ramp rate 3 °C/min. Five samples were
tested for each formulation and data expressed as mean + standard
deviation.

2.3.3. Water absorption test of PVA bio-nanocomposites
The water absorption capacity of the nanocomposite films was
measured on plastic sheets of 10 mm x 20 mm. The specimens were



840 E. Fortunati et al. / Carbohydrate Polymers 97 (2013) 837-848

first dried in a vacuum oven at 40 °C for 72 h, then cooled in a desic-
cator and immediately weighed. The conditioned specimens were
fully immersed in a container filled with distilled water. The test
was conducted 4°C, at 24°C and 37°C in triplicate for all formu-
lations and each specimen was taken off from the container, the
surface water was removed by adsorbing it using filter paper, and
then weighed. The result of each sample represents the average of
three tests. The water absorption capacity (WAC) was calculated
as:

Wy — W,
i

WAC% = x 100 (2)
where W, is the weight of the specimen at the adsorbing equi-
librium and W; is the initial dry weight of the specimen. Visual
observation of the samples at different incubation times was also
performed in order to evaluate the effect of water absorption on
the dimension and shape of the specimens.

2.3.4. Antibacterial activity

The microorganisms used in this study were Escherichia coli RB
(E. coli RB) and Staphylococcus aureus 8325-4 (S. aureus 8325-4).
E. coli RB was an isolate provided by the “Zooprofilattico Institute
of Pavia”, Italy, whereas S. aureus 8325-4 was a gift from Timo-
thy ]. Foster (Department of Microbiology, Dublin, Ireland). E. coli
RB was routinely grown in Luria Bertani Broth (LB) (Difco, Detroit,
MI, USA) and S. aureus 8325-4 in Brian Heart Infusion (BHI) (Difco)
overnight under aerobic conditions at 37 °C using a shaker incuba-
tor (New Brunswick Scientific Co., Edison, NJ, USA). These cultures,
used as source for the experiments, were reduced at a final den-
sity of 1x 1019 cells/ml as determined by comparing the ODggg
of the sample with a standard curve relating ODggg to cell num-
ber.

To evaluate the antimicrobial activity of PVA and PVA bio-
nanocomposites films, 100 wl (1 x 10%) of an overnight diluted
cell suspension of E. coli RB or S. aureus 8325-4 was added to
each sample seeded at the bottom of 96-well tissue culture plate
and incubated at different temperatures (37°C, 24°C and 4°C)
for 3h and 24 h, respectively. In this way, the effect of temper-
ature on the antibacterial activity efficiency exerted by PVA and
PVA bio-nanocomposites as food packaging was investigated. It
is a common practice to store food at 4°C in refrigerators, but
it is also likely that under transportation food undergoes higher
temperature of storage (24 °C and/or 37 °C). Furthermore, 96-well
flat-bottom sterile polystyrene culture plates (TCP) used as con-
trols were incubated for the same temperatures and times. At
the end of each incubation time, the bacterial suspension was
then serially diluted, and plated on the LB (E. coli) or BHI (S.
aureus) agar plates, respectively. The plates were then incubated
for 24 h/48 h at 37°C. Cell survival was expressed as percentage
of the CFU (Colony-Forming Unit) of bacteria grown on PVA and
PVA-bionanocomposite films to CFU of bacteria grown on 96-well
TCP.

2.3.5. Statistical analysis

S. aureus and E. coli cells grown on 96-well TCP were used
as positive controls. The bacterial viability in positive control
experiments was used as the reference (100%). The surviving
fractions, expressed as percentage, of both bacterial strains on
PVA and PVA-bionanocomposite films were compared with the
positive control. All data are expressed as the mean and SD. Dif-
ferences in the study variables according to different experimental
conditions were calculated using one-way analysis of variance
(ANOVA), followed by Bonferroni’s post hoc test. A two-tailed p
value <0.05 was considered statistically significant. All calcula-
tions were generated using GraphPad Prism 5.0 (GraphPad Inc., San
Diego, CA).

3. Results and discussion
3.1. Silver nanoparticle morphology and absorbance study

The morphological characterization of silver nanoparticle (Ag)
was shown in Fig. 1 (panels B and a) at two different magnifications.
FESEM micrograph shows that the Ag particles have a diameter
distribution ranging from 100 nm to 150 nm and showed a spherical
like-shape.

Fig. 1 (panels B and b) shows UV-vis absorption spectrum of
silver nanoparticles. The absorption spectrum of silver nanoparti-
cles presents a main broad band with a maximum at 375 nm due
to the surface plasmon resonance of silver nanoparticles (Lok et al.,
2007). This justifies the yellow color of the aqueous solution dur-
ing the solvent casting process and the final appearance of PVA
bio-nanocomposites.

3.2. Thermal analysis of PVA and PVA bio-nanocomposites

The thermal analysis was used to highlight the modification of
PVA and its nanocomposites in different temperature ranges. More
in detail, differential scanning calorimetry (DSC) was used to study
the glass transition, crystallization and melting phenomena of PVA
and PVA nanocomposites in relation to their preparation method
and their composition: DSC thermal properties are summarized in
Table 1. DSC analysis allowed determining the effects of the inclu-
sion of different types of CNC and silver nanoparticles in a matrix of
pure PVA. The PVA heating thermograms displayed both the glass
transition temperature (Tg) and the melting endotherm at Tr,. PVA
film exhibited a relatively large and sharp endothermic curve with
a peak at around 217 °C, while at around 73 °C there is an incre-
ment of heat corresponding to the glass transition temperature of
the polymer. In PVA film, an exothermic crystallization is apparent
during the cooling scan at around 189°C (Fortunati et al., 2013).
The nanocomposites reinforced with different kinds of CNC and
two different content of silver nanoparticles examined with DSC
exhibit the same trend of pure PVA. The nanocomposites stud-
ied do not change significantly their glass transition temperature
respect to pure PVA used as matrix. This result is in accordance
with the studies reported in literature also for binary systems rein-
forced only with cellulose nanocrystals, which do not indicate a
large variation of glass transition temperature (Fortunati, Puglia,
Monti, Santulli, Maniruzzaman, et al., 2012; Fortunati et al., 2013)
and also with the results on ternary systems obtained elsewhere in
literature (George, Vallayil, Ramana, Shanmugam, & Siddaramaiah,
2012; Mahanta & Valiyaveettil, 2012; Vivekanandhan, Christensen,
Misra, & Mohanty, 2012). The Tg of polymer nanocomposites can
be affected by the level of interaction between polymer chains and
the reinforcing nanoparticle. Here the T; was found to be decreasing
with the addition of silver nanoparticles, which suggests that the
addition of Ag nanoparticles led to a decrease in the interaction
between polymer chains and an increase in free volume inside
the lattice. The combination of CNC and silver nanoparticles in a
PVA matrix led also to an increase in the degree of crystalliza-
tion measured during the cooling scans. Moreover, ternary systems
showed also a crystallization temperature (T.) higher by about
10°Crespecttoneat PVA (T, =188.9 £ 0.2 °C). This result clearly evi-
dences that CNC are able to promote the crystallization of the PVA
matrix, acting as heterogeneous nucleating agents. It can be also
observed that an increase in the Ag content does not affect crys-
tallinity of the neat PVA (melting enthalpies in Table 1 are almost
unchanged), while lower degrees of crystallinity for ternary sys-
tems with respect of binary systems containing equivalent content
(1 wt%) of CNC obtained from MCC and flax (Fortunati et al., 2013)
were detected after the second heating scan. A nucleating effect was
indeed observed in the case of PVA/CNC_ph (X, values of 19.8 +0.7



Table 1

Results from DSC and TGA tests of PVA and PVA bio-nanocomposite films.

TGA

Second heating Scan

Cooling scan

Samples

Residual mass (%)

Tsecond peak ()C) Tthird peak (OC)
at 600°C

Xm

GO

Tm

AHn (J/g)

Ty (°C)

T (°C)

AH: (J/g)

Ty (°C)

10.0 + 1.0
10.8 £ 1.0
112+ 04
109 + 1.2
114+ 0.5
10.6 + 1.0
11.6 + 0.6

430.0 + 2.9

267.0 £ 2.0

235 +24
247 £ 0.7

2173 £ 0.1

38.1+39
394 + 1.1

76.6 + 0.9
76.5 + 0.4
77.5 £ 0.2
77.8 £ 2.8
76.5 £ 0.2
769 £ 0.2

48.5 + 2.1 188.9 +£ 0.2 300+ 13
80.0 + 1.8

73.1 £ 0.1
705 + 1.4

PVA

4312 £ 2.1

261.2 £ 1.1

2216 £ 0.1

321 £34
31.7 £ 20
314 £25
30.5 £ 0.7

196.2 + 0.5
304 + 1.7

512+ 54
51.6 + 3.2
50.2 + 4.1

54.9 + 1.0

PVA/1CNC_MCC/0.1 Ag
PVA/1CNC_MCC/0.5 Ag

PVA/1CNC_ph/0.1 Ag

4293 +23

219.7 £ 0.9 262 +£1.0 2604 + 2.1

418 £ 1.6
452 +£2.2
389 +03
344 +0.2

38.0 + 1.7

1942 +1.3

71.8 £ 2.3
73.5 + 4.0
714 +£1.2
71.6 £ 0.5
72.1 + 0.6

4279 + 3.0

283 +14 257.6 +£2.3

2191+ 1.8

1952 +£ 1.9

430.1 + 3.1

2578 £ 1.2

20.5 £ 0.2
21.6 £ 0.1

238 +£ 1.1

2198 £ 1.5

195.9 + 2.3

PVA/1CNC_ph/0.5 Ag
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4322 £3.2

261.1 £ 2.0
2624 + 2.3

218.7 £ 0.2

198.0 + 1.6

485 + 2.8
47.7 +£ 2.6

PVA/1CNC_flax/0.1 Ag

429.1 + 2.1

2209 + 0.2

30.6 + 1.7

194.6 + 0.2

PVA/1CNC_flax/0.5 Ag

for PVA/1CNC_ph and 28.3 £ 1.4 for PVA/1CNC_ph/0.1 Ag). The shift
of the melting peak to higher temperatures with an increase in the
inorganic phase content was also observed, which can be explained
by the reduced mobility of the PVA chains attached to the surface
of the Ag nanoparticles. This is likely to suggest that the purpose of
broadening the temperature range for the service and workability
of the PVA matrix has been reached.

The nanocomposites were also evaluated by thermogravimet-
ric analysis in nitrogen atmosphere, in order to put in evidence the
degradation behaviour and the effect of silver presence and con-
tent on their thermal stability. In Table 1 the peak temperatures
for the main degradation steps of PVA pure film and PVA nanocom-
posites, are reported. All the investigated samples showed a similar
degradation trend with a multi-step degradation. The initial weight
loss (first peak) centred at around 130°C can be attributed to
the loss of moisture after initial heating. The second and third
degradation steps, that were present for all studied formulations,
were consistent with the generally accepted degradation mecha-
nism of PVA (dehydration of the PVA polymer followed by chain
scission and decomposition) (Frone et al., 2011; Li, Yue, & Liu,
2012). The second peak temperature related to the decomposition
of pure PVA was similar for all the PVA/CNC/Ag nanocomposites,
with an observed decrease (5-10°C) of Tsecond peak With the pres-
ence of silver nanoparticles. This behaviour was also observed
in a similar system (PLA based films loaded with nanocrystals
extracted from MCC) containing silver nanoparticles and it was
due to the presence of thermally conductive Ag particles (Fortunati,
Armentano, lannoni, & Kenny, 2010). However, a slight increase of
Tsecond peak temperature was detected for ternary systems based on
CNC_MCC or CNC_ph if compared with the respective binary formu-
lations, objectives of our previous work (Fortunati et al., 2013). The
observed small improvement in the thermal stability of the ternary
systems can be explained through the reduced mobility of the PVA
chains in the nanocomposite induced by the combined presence
of silver nanoparticles and cellulose structures. This behaviour is
also a consequence of the attachment of the PVA chains to the sur-
face of the Ag particles (further confirmed by FTIR measurements).
Only in the case of PVA/1CNC_flax/0.1 Ag and PVA/1CNC_flax/0.5
Ag, when compared with PVA/1CNC_flax corresponding binary sys-
tem, a decrease of Tsecond peak Was detected. Indeed, weighing the
char residue at the end of the tests, higher residual masses in the
systems having the higher percentage of silver nanoparticles were
observed, as expected.

3.3. Morphological and transparency properties of PVA
bio-nanocomposites

Field emission scanning electron microscopy of neat PVA and
PVA bio-nanocomposite fracture surfaces were investigated in
order to evaluate the samples morphology and to analyse the dis-
persion of cellulose nanocrystals and silver nanoparticles inside the
polymer matrix (Fig. 2). FESEM images show a smooth and uni-
form PVA fracture surface (Fig. 2a and b), while an increased texture
roughness was observed with the presence of cellulose nanocrys-
tals combined with silver nanoparticles. The fractured surface of
bio-nanocomposites appears to be rougher respect to the PVA
film, as just reported for PVA/CNC binary systems (Fortunati et al.,
2013). The cellulose nanocrystals have a clear tendency to aggre-
gate due to their strong hydrogen bonding property, which leads
to the formation of a percolating network that is responsible of
increased roughness, but also of the enhanced mechanical response
of bio-nanocomposite films. Moreover, FESEM analysis highlights
the presence of some white spots, which can be attributed to the
silver nanoparticles that appear well distributed through the sur-
face. However, it was very difficult to identify the crystal structure
and the distribution of silver nanoparticles inside the PVA, due to
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Fig. 2. Morphological investigation of PVA and PVA ternary bio-nanocomposite fractured surface.

the low contrast between PVA and cellulose and to the nano-scale
of the reinforcing phases (Bondeson, Syre, & Oksman, 2007). For
this reason, visual observation and UV-vis absorption measure-
ments were carried out in order to obtain more information about
the distribution of the cellulose and the silver inside the polymer
matrix.

The results from the absorption UV-vis measurements and the
visual observations, shown in Fig. 3, confirm the efficiency of the
processing procedure of PVA bio-nanocomposites. PVA is a trans-
parent polymer (transmittance of 93% at 700 nm wavelength), well
known for its film forming properties. The transparency of PVA
matrix is maintained for the bio-nanocomposite ternary films rein-
forced with 1 wt% of cellulose nanostructures and 0.1 wt% of Ag. A
percentage of transmitted light between 55 and 65% (Fig. 3, panel B)

was maintained for PVA/CNC/0.1 Ag different systems, as confirmed
also by visual observation (Fig. 3, panel C). A different behaviour
was detected for PVA bio-nanocomposites loaded with the higher
content of silver nanoparticles (0.5wt%) confirmed both by the
qualitative analysis (Fig. 3, panels A and C) that by the quantitative
analysis (Fig. 3, panel B). The systems reinforced with the 0.5 wt%
of silver nanoparticles have, in fact, a transmittance of 36-38% at
700 nm, while the formation of a peak centred at around 450 nm
and a less intense peak at 375 nm attributed to the Ag surface plas-
mon resonance, was detected for ternary PVA bio-nanocomposites.
The transparent nature of PVA is affected by the addition of Ag
and this effect is more evident with the higher amount of silver
nanoparticles, so that it was found that high transparency lev-
els were maintained when CNC are combined with only 0.1 wt%
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Fig. 3. UV-vis analysis (panel A), trasmittance values at 700 nm (panel B) and visual observation of the solvent casting of PVA and PVA ternary bio-nanocomposites.

of silver nanoparticles. On the other side, low levels of transmis-
sion in the UV range can make PVA based ternary nanocomposites
an excellent barrier to prevent UV light-induced lipid oxidation
when applied in food systems. Visual observation (Fig. 3, panel C)
shows that no agglomeration effects were revealed, confirming the
good dispersion of CNC and silver nanoparticles obtained during
the processing of PVA bio-nanocomposites.

3.4. Mechanical behaviour of PVA bio-nanocomposites

Tensile test and dynamic mechanical thermal analysis were
performed in order to evaluate the effect of CNC type and their
combination with silver nanoparticles on the elastic and plastic
response of the bio-nanocomposites.

The results of tensile tests are reported in Table 2. By
observing the data it is possible to note that all the produced bio-
nanocomposites have significantly higher modulus and strength
when compared with pure PVA film. These effects are achieved

by maintaining a ductile behaviour in bio-nanocomposites, with
minor or in some case negligible influence on failure strain (Table 2),
as indicated by the stress-strain curves in Fig. 4a. These results
outline the efficiency of the combination of cellulose with low
contents of Ag in strengthening the PVA matrix. It is also inter-
esting to analyse the effect of Ag nanoparticles on the mechanical

Table 2
Results from tensile test of PVA and PVA bio-nanocomposite films.

Samples Tensile test
op (MPa) &p (%) Eyoung (MPa)

PVA 25+4 250 + 10 210+ 15
PVA/1CNC_MCC/0.1 Ag 46 £1 225+ 10 745 + 40
PVA/1CNC_MCC/0.5 Ag 47 +£3 240 + 15 550 + 25
PVA/1CNC_ph/0.1 Ag 48 +3 210 + 20 775 + 40
PVA/1CNC_ph/0.5 Ag 43 +£2 200 + 20 625 + 40
PVA/1CNC_flax/0.1 Ag 45 £ 2 225 +4 785 + 50
PVA/1CNC_flax/0.5 Ag 49 +1 265 + 10 560 + 15
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Fig. 4. Tensile test curves (a), DMTA analysis (b) and FT-IR spectra (c) and (d) of PVA and PVA ternary bio-nanocomposites.

behaviour of PVA. If the binary systems with only CNC are taken
into consideration (Fortunati et al., 2013), it is possible to assert
that Ag nanoparticles give an extremely high contribution on
mechanical performance of bio-nanocomposites. In fact, the pres-
ence of 0.1 wt% of Ag nanoparticles determines an improvement
of strength of around 20% for PVA/1ICNC_MCC and PVA/1CNC_flax
bio-nanocomposites and around 50% for PVA/1CNC_ph film. The
effects on modulus are significantly higher with improvements
higher than 150% for all binary systems with the presence of 0.1 wt%
of Ag nanoparticles. Moreover ternary systems maintain a ductile
behaviour and the effect of Ag nanoparticles on failure strain is
in general low if binary systems are taken as reference. However,
increasing the Ag nanoparticle content does not have a positive
effect on the mechanical behaviour of nanocomposites. In fact, the
systems with 0.5 wt% of Ag show higher strength and modulus than
the pure matrix, but have low strength and modulus if compared to
systems with 0.1 wt% of Ag nanoparticles. This effect of Ag nanopar-
ticles has been observed by other authors both in PVA systems
and in other polymeric systems. This behaviour suggests that the
intercross-linking of PVA chain due to the presence of hydrogen
bonding is affected by the presence of Ag nanoparticles (Chou, Hsu,
Chang, Tseng, & Lin, 2006; Fortunati, Armentano, Zhou, lannoni,
et al,, 2012; Gautam & Ram, 2010).

DMTA analysis has been performed on the systems contain-
ing only 0.1 wt% of Ag nanoparticles, since they offered the best
mechanical performance. The results in terms of storage modulus
(@) are reported in Fig. 4b. These are in line with Young’s modulus
values observed in tensile conditions: in particular, at room tem-
perature the highest storage modulus is shown by CNC_flax and the

lowest is given by CNC_MCC. By observing the behaviour of CNC_ph
based formulation, it can be also noted that higher values of G’
are measured for temperatures exceeding 55 °C. This increase in
storage modulus has been explained by the presence of some sol-
vent entrapped into the formulation that evaporates around that
temperature.

No particular influence of the different formulations on glass
transition temperature has been observed in DMTA test, thus con-
firming the results of DSC experiments.

3.5. Structural analysis of PVA and PVA bio-nanocomposites

The chemical structure of pure PVA and PVA ternary systems
was investigated by means of FT-IR analysis and the results are
reported in Fig. 4c and d. The spectrum of pure PVA shows several
peaks characteristic of stretching and bending vibrations of —OH,
—CH, C=C and C—O groups. The presence of cellulose nanocrys-
tals in PVA matrix leads to the variation on the intensity of —OH
stretching (centred at 3341 cm~! for neat PVA). This slight vari-
ation can be attributable to the interaction between —OH group
on the surface of CNC and the —OH group in the PVA matrix. As
already observed (Fortunati et al., 2013), the addition of CNC has
resulted in the appearance of two additional peaks in the spectra.
The band at 1165 cm~! corresponds to the asymmetric ring breath-
ing mode of cellulose while the band at 1050 cm~! corresponds to
the C—OH bending vibrations of alcohol groups present in cellu-
lose. Compared with the PVA binary films (PVA/1CNC_MCC), the
FTIR spectra of ternary system (PVA/1CNC_MCC/0.1 Ag) shows an
increase in the absorbance of the band at 1334 cm™!, in comparison
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Fig. 5. Visual appearance of PVA and PVA ternary bio-nanocomposites after water absorption analysis (a), PVA water absorption capacity kinetic (b) and WAC values at
different test temperatures for PVA ternary bio-nanocomposites loaded with lower (0.1 wt%) and higher (0.5 wt%) content of silver (c and d respectively).

with the band at 1428 cm~! (Fig. 4c). In alcohols, the band at
1334cm! is the result of the coupling of the O—H in-plane vibra-
tions (strong line at 1420 cm~1) with the C—H wagging vibration.
Therefore, the decreased ratio between the intensities of this band
and the band at 1428 cm~! with the presence of 0.1 wt% of Ag
nanoparticles indicates interaction between the Ag nanoparticles
and the O—H groups originating from the PVA chains (Fig. 4d).
Moreover, the band at 1428 cm™! is shifted towards low frequency
region when the silver content increases (data not shown) (Mbhele
et al,, 2003). These observations support a modification of the
O—H interactions in the ternary systems in comparison with the
neat PVA film, confirming that interactions are also established
between the polymer O—H groups and the silver nanoparti-
cles.

3.6. Water absorption

The water absorption capacity of PVA and PVA ternary bio-
nanocomposites was investigated in deionised water at 4, 24 and
37 °C. The kinetics of water diffusion through the PVA and ternary
films and the effect on water absorption of the type and amount
of cellulose nanocrystals combined with the effect of silver pres-
ence and amount was measured by following the weight gain of
the films with time (Fig. 5). Water absorption in the film is rapid at
short times (<24 h), and all the tested materials loaded with differ-
ent kind of cellulose and amount of silver nanoparticles reached the
saturation limit after 24 h (Fig. 5). A barrier effect of silver nanopar-
ticles, able to decrease the water absorption capacity, was revealed,
since low values of WAC were detected for nanocomposites loaded
with the higher amount of Ag (0.5 wt%). Moreover, WAC values at
the saturation limit measured for these ternary systems were lower
than those of the respective binary nanocomposites studied else-
where (Fortunati et al., 2013). It is well known that the diffusion
and transport properties through polymer films are influenced by
different factors such as the tortuosity of their path through the
polymer structure, the degree of exfoliation or dispersion, the filler
content and orientation, the filler-induced crystallinity, the poly-
mer chain immobilization and the filler-induced solvent retention
and porosity (Sanchez-Garcia, Gimenez, & Lagaron, 2008). The pres-
ence of Ag increases the path tortuosity of the films reducing their
diffusion capability respect to the binary systems.

Finally, it can be noticed that the test temperature strongly
affects the WAC values for all the studied films. Lower WAC values
were measured for the materials tested at 4 °C, while the higher
water absorption capability was detected for all systems at 37 °C.
The test temperature influenced the diffusion mechanism and the
swelling properties of the PVA matrix favouring the diffusion mech-
anism through the polymer matrix. This phenomenon can justify
the following results about the antibacterial response of different
systems, studied always at 4, 24 and 37°C.

3.7. Antibacterial properties

Fig. 6 shows the viability of S. aureus (panels A and B) and
E. coli (panels C and D) cells onto PVA and PVA bio-nanocomposite
films after 3 h and 24 h incubation at 4°C, 24°C and 37 °C, respec-
tively. A difference in viability for both bacterial strains between
PVA and PVA-bio-nanocomposite films was observed for each incu-
bation time and temperatures. As expected, PVA and PVA/CNC
binary systems (loaded with CNC_MCC, CNC_ph or CNC_flax) with-
out Ag nanoparticles did not show any significant antibacterial
activity at the incubation times and tested temperatures (p > 0.05).
PVA/CNC/Ag films enriched with different concentrations of Ag
nanoparticles (0.1 wt% or 0.5 wt%) showed an Ag dose-dependent
antibacterial activity against S. aureus (Fig. 6, panels A and B) and
E. coli (Fig. 6, panels C and D) strains but with some differences.
The antibacterial activity was greater on E. coli than on S. aureus
cells regardless of the times and temperatures of incubation. These
results are in agreement with previous studies indicating that Ag
nanoparticles are more toxic to E. coli than to S. aureus (Li et al.,
2010; Wen-Ru et al.,, 2011). Nevertheless, in our experimental con-
ditions, it is plausible to suggest that bacteria killing is not due to
direct cells interaction with the Ag nanoparticles, since these are in
the range of 100-150 nm, but most likely to Ag* ions release. Recent
studies showed that Ag nanoparticles in the range of 10-20 nm can
more easily disrupt the membranes of bacteria, therefore getting to
their nuclear matter (Bin Ahmad et al., 2012). The reduced antibac-
terial activity on PVA bio-nanocomposites for S. aureus may be due
to the structural difference in the cell wall of Gram-positive if com-
pared to Gram-negative cells. In fact, the greater thickness of the
peptidoglycan layer in the cell walls of Gram-positive cells when
compared to Gram-negative ones may protect the former cells from
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Fig. 6. Antibacterial properties of PVA and PVA-bionanocomposites at different incubation times and temperatures. S. aureus 8325-4 (A, B) and (C, D) cells were incubated on
PVA and PVA-bionanocomposites films for 3h (A, C) and 24 h (B, D) at 4°C, 22°C and 37 °C as reported in Materials and Methods Section. Results are expressed as percentage
of the CFU of bacteria grown on PVA and PVA-bionanocomposites to CFU of bacteria grown on 96-well TCP and are presented as an average value + standard deviation.

the penetration of silver ions into the cytoplasm. Once inside the
bacterial cell, silver ions are known to interact with thiol groups
of the proteins, whilst inactivating the enzymes (Liau, Read, Pugh,
Furr, & Russell, 1997) and turning DNA into a condensed form,
which may lead to damage or even death of the microorganisms
(Feng et al., 2000; Kim et al., 2007).

Regarding the incubation time, the percentage of the surviving
fraction of bacteria was higher after 3 h (Fig. 6, panels A and C) if
compared to a longer incubation time (24 h, Fig. 6, panels B and
D) for both bacterial strains (p <0.05) even if it was more evident
for S. aureus cells. Regarding the temperature of incubation, the
percentage of viability for both bacterial strains was higher if incu-
bated at 4°C whereas it was markedly reduced at 24°C and 37°C
(Fig.6).These results are in agreement with the WAC data, thus con-
firming that the temperature influenced the diffusion and swelling
properties of the PVA promoting a different diffusion path of Ag
nanoparticles and release of Ag* ions. Moreover, at the temperature
of 4°C, the level of antibacterial activity for both bacterial strains
was not influenced by the different kind of cellulose nanocrys-
tals (CNC_MCC, CNC_ph or CNC_flax) or the different concentrations
of Ag nanoparticles. At the temperatures of 24°C and 37°C, the
percentage of bacteria viability was higher on PVA/CNC_MCC/Ag
incubated with staphylococcal cells for 3h and 24h (Fig. 6, pan-
els A and B) and E. coli cells for 3 h (Fig. 6, panel C) whereas was
significantly decreased for E. coli cells at 24h (Fig. 6, panel D)
(p<0.05). In contrast, at 24°C and 37 °C the antibacterial activity
was markedly greater on PVA/CNC_ph/Ag and further increased on
PVA/CNC flax/Ag films for E. coli at 3 h and 24 h (Fig. 6, panels C and

D) and S. aureus at 24 h (Fig. 6, panel B) whereas it was reduced
for S. aureus at 3 h (Fig. 6, panel A) (p <0.05). In summary, for both
strains, the antibacterial activity was stronger on PVA/1CNC_ph/0.5
Agor PVA/1CNC_flax/0.5 Ag films containing 0.5 wt% of Ag nanopar-
ticles if compared to PVA/1ICNC_MCC/0.5% Ag when performed at
24°Cor37°Cand at longer incubation times. In the first part of this
work (Fortunati et al., 2013) we demonstrated that the presence of
cellulose nanocrystals in PVA matrix leads to the variation on the
intensity of —OH stretching, and this effect was more evident for
CNC_MCC based systems. The revealed variation was attributed to
the interaction between —OH group on the surface of CNC_.MCC and
the group —OH in the PVA matrix. This coupling effect can restrict
the segmental mobility of the PVA chains (George et al., 2012),
thus reducing the diffusion phenomena and consequently the Ag*
release from the PVA/CNC_MCC based ternary systems limiting the
antimicrobial response of these bio-nanocomposite formulation. In
conclusion, the positive effect of CNC extracted from natural fibres
(CNC_phor CNC flax) in supporting the active properties of PVA bio-
nanocomposites, when compared to the CNC_MCC extracted from
a commercial source, was demonstrated.

4. Conclusions

The study of ternary systems based on polyvinyl alcohol matrix,
cellulose nanocrystals and silver nanoparticles, with CNC of dif-
ferent origin, (one commercial and two extracted from natural
fibres) offered indications about their comparative potential for
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applications in the packaging and biomedical sectors. With this
aim, the structural, thermal, morphological and antibacterial prop-
erties of ternary systems, including two different contents of silver
nanoparticles, 0.1 wt% and 0.5 wt%, were examined.

In general, CNC confer an effect of strengthening to the PVA
matrix, to an extent comparable for all configurations, with the
best values being offered by composites produced using flax fibres.
This is confirmed also dealing with stiffness values, where a
slight superiority is shown in contrast by composites including
phormium fibres. However, the most significant effect on stiffness
was revealed by the amount of Ag introduced, demonstrating that
the ternary systems with 0.1 wt% of Ag were substantially superior
for all configurations to those with 0.5 wt% of silver nanoparticles,
though the latter might be preferable for a higher barrier effect to
water absorption. On the 0.1 wt% silver nanoparticle based systems,
also dynamic mechanical thermal analysis was performed, which
yielded higher values of bulk modulus for the system with CNC
from natural fibres.

On ternary systems, no significant modification in transition
temperatures with respect to pure PVA films was measured by
differential scanning calorimetry, so that both glass transition tem-
perature and melting temperature did not show any significant
change for any of the examined configurations. The same can be
reported for thermal degradation patterns measured by thermo-
gravimetry. It is also noteworthy that, in view of the envisaged
applications, that systems including 0.1 wt% of Ag nanoparticles
preserved their transparency properties with respect to pure PVA
film.

The PVA bio-nanocomposite films showed an antibacterial
activity against S. aureus and E. coli strains, which was more con-
clusive for the Gram negative strain. Furthermore, the antibacterial
activity was dependent on the Ag content, the temperature of incu-
bation and the type of cellulose nanocrystals used. In particular,
activity was improved by using: (i) a higher content of Ag nanopar-
ticles, (ii) a temperature of 24°C or 37°C and (iii) CNC extracted
from natural phormium or flax fibres.

To sum up all the above considerations, this study suggests that
on PVA/CNC/Ag ternary systems the effect of the origin of CNC is not
negligible: in this particular case, systems with CNC from two natu-
ral fibres (flax and phormium) proved superior with those including
CNC from commercial MCC. This is interesting, since in principle a
number of ligno-cellulosic fibres are suitable for this purpose and
are available in large quantities as by-products of other processes
or agro-waste.
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