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Transparent, biocompatible and biodegradable chitosan (CS) nanocomposite films rein-
forced with nanofibrillar cellulose (NFC) were prepared by solution casting. The effects of
NFC content on the mechanical properties in dry and wet conditions were investigated.
The incorporation of NFC significantly enhanced the mechanical properties, especially in
wet conditions. The ultimate tensile strength and Young's modulus of chitosan were
improved by 12 times and 30 times, respectively, for the nanocomposite containing 32 wt%
of NFC in wet conditions. The mechanism of the remarkable reinforcements was studied
by analyzing the swelling behavior of NFC-CS nanocomposites. The mechanical properties
of wet NFC-CS nanocomposite films matched well with those of human skin, which
demonstrate potential for uses as artificial skin and wound dressings.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Chitosan (CS) is a linear polysaccharide containing glucosa-
mine and aminated glucosamine derived from chitin by N-
deacetylation (Muzzarelli, 2009; Rinaudo, 2006). It is one of the

Polymers from biomass resources (e.g., polysaccharides, silk,
lignin and gelatin) have attracted significant attention from
researchers with expertise in diverse areas, due to the
predictable scarcity of fossil resources and the environmental
problems (Williams and Hillmyer, 2008). Polysaccharides (e.g.,
chitosan, cellulose and starch) are an important class of
biological polymers. They have been of increasing interest
as polymeric renewable materials in the last few decades, not
only because they are naturally abundant, eco-friendly and
sustainable, but also because of their interesting properties
(Fernandes et al., 2009).
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most widely investigated and used structural polymers due to
its excellent film-forming ability, biocompatibility, biodegrad-
ability and antimicrobial activity (Dash et al., 2011; Khor and
Lim, 2003; Pillai et al., 2009). Chitosan can be applied in various
fields for scientific and industrial interest, such as waste
treatment, packaging, food processing and medicine (Crini
and Badot, 2008; Krajewska, 2004; Ravi Kumar, 2000; Senel
and McClure, 2004; Shahidi et al., 1999). The medical applica-
tions include novel drug delivery, wound healing and tissue
engineering (Agnihotri et al., 2004; Jayakumar et al., 2010; Kim
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et al, 2008; Sashiwa and Aiba, 2004). More recently, the
incorporation of nano-fillers, such as clay (Wang et al., 2005),
graphene oxide (Pan et al., 2011), carbon nanotube (Azeez et al.,
2013), hydroxyapatite (Verma et al., 2008) and metal nanopar-
ticles (Huang et al, 2004) into chitosan has been widely
investigated to obtain chitosan hybrids with superior mechan-
ical and barrier properties, while remaining high transparency.

Nanofibrillar cellulose (NFC) consists of elementary cellulose
nanofibrils or their bundles, having a high aspect ratio and a
large specific surface area (Siré and Plackett, 2010). The diameter
of NFC lies typically in the range of 5-50 nm, while the length of
the fibers can exceed 1 pm (Herrick et al.,, 1983). NFC has a high
elastic modulus (~140 GPa) (Nishiyama, 2009), a high tensile
strength (2-3 GPa) (Matsuo et al., 1990; Sakurada et al., 1962), as
well as a low thermal expansion coefficient (0.1 ppm/K) (Nishino
et al., 2004; Shimazaki et al., 2007). NFC is also non-cytotoxic and
non-genotoxic (Pitkdnen et al,, 2010). NFC is believed to be a
promising material allowing technical solutions by a green and
sustainable means. NFC has been proposed as rheology modi-
fiers due to the long and entangled fibrils (Paakko et al., 2007), as
materials for functional aerogels (Olsson et al., 2010) and as
matrix materials in transparent paper, packaging, coatings and
pharmaceutical products (Henriksson et al., 2008; Herrick et al.,
1983; Nogi et al., 2009; Turbak et al., 1983). It is also used as an
attractive component for reinforcement of polymers (Baheti and
Militky, 2013; Dahman and Oktem, 2012; Wu et al., 2007).

Chitosan nanocomposites filled by NFC are full-polysac-
charide nanocomposites, which are a relatively new class of
materials (Hassan et al., 2011, 2012; Li et al., 2009; Nakagaito and
Yano, 2004, 2005; Tsourounaki et al., 2008). NFC-CS nanocom-
posite films were reported of high light transmittance and good
mechanical properties (Fernandes et al., 2010, 2009). Chitosan
and cellulose have chemical structures and
are expected to possess excellent biocompatibility and bio-
degradability when compounded into hybrids. The mechanical
and other physical properties of NFC-CS films are also expected
to satisfy the basic requirements for biomedical applications,
having promising potential in the fields of transparent edible
films and coatings, artificial skin and wound dressings. How-
ever, the wet mechanical behavior of NFC-CS nanocomposites,
which are more important in practical applications in artificial
skin and wound dressings than the dry state, have not been
reported to our knowledge. It was well known that one critical
drawback regarding the use of chitosan as a structural polymer
is its poor mechanical properties in wet conditions (Li et al,,
2007; Oh and Hwang, 2013). NFC is expected to be able to
reinforce chitosan in wet conditions. In this work, we prepared
highly transparent NFC-CS nanocomposite films, investigated
the swelling behavior and mechanical properties of NFC-CS
nanocomposites at dry and wet conditions, and examined
the comparability of their wet mechanical behavior with
human skins.

similar

2. Materials and methods
2.1. Materials

Chitosan with a medium molecular weight (75-85% deacety-
lated) and acetic acid were purchased from Sigma-Aldrich.

Nanofibrillar cellulose aqueous suspension (2wt%) was
received from Professor Mohini Sain's group in the Centre
for Biocomposites and Biomaterials Processing, Faculty of
Forestry, University of Toronto.

2.2.  Fabrication of NFC-CS nanocomposites

Chitosan solution (1 wt%) was prepared by mixing 1 gof CS,1g
of acetic acid and 98 g of distilled water for 4 h under stirring
and purified by centrifugation. Subsequently, a desired amount
of nanofibrillar cellulose suspension was added into the CS
solution. The mixture was then stirred at 1000 rpm for 6 h,
followed by sonication for 10 min to remove the bubbles. After
that, the NFC-CS suspension was poured into a plastic dish and
placed in a fume hood at room temperature to allow water to
evaporate to form a film, followed by drying in a vacuum oven
at 50 °C for 24 h. The thicknesses of final films were between
0.10 and 0.15 mm. The as-cast films containing 0, 1, 2, 4, 8, 16
and 32 wt% of NFC were prepared and were designated as CS,
CS1, CS2, CS4, CS8, CS16 and CS32, respectively.

2.3. Characterization and measurements

Ultraviolet-visible spectrometry (UV-vis, Varian Cary 50 Bio
Spectrophotometer) was used to measure the light transmit-
tance of as-cast NFC-CS films in the range of 215-800 nm.

Scanning electron microscopy (SEM) micrographs of NFC
and the cross section of CS32 were obtained on an Inspect F
(FEI) operating at 10 kV. Prior to SEM observations, samples
were sputter-coated with gold using an SPI sputter coater for
enhanced conductivity.

The swelling degree of the NFC-CS samples was calculated
by measuring the weight before immersion (Wy,,) and the
weight after immersion (W) in distilled water, according to
Eq. (1) (Lagarén and Fendler, 2009; Mendez et al., 2011).
To minimize the error in measuring the water uptake, once
the wet samples were taken out of water they were placed on
dry paper tissue to remove surface water and then immedi-
ately weighed. Five specimens were tested for each sample.

Swelling degree = (Wyet — Wary)/Wary x 100% 1)

The tensile properties of NFC-CS samples were measured
using an MTS Tytron 250 Microforce testing workstation
at room temperature according to ASTM D882 (2002) and
Bourbon et al. (2011). Films were cut into strips (20 mm x 5
mm), and the gauge length was 10 mm. The crosshead speed
was set at 5.0 mm/min. At least five measurements were
carried out for each type of film.

3. Results and discussion
3.1.  Optical properties of NFC-CS nanocomposites

NFC-CS nanocomposite films with a thickness of 0.1-0.15 um
containing various contents of NFC were prepared through
solution casting from NFC aqueous suspension containing CS.
The as-cast films were used for tests without any neutral-
izing treatments. The optical properties of the as-cast films
were evaluated by measuring their transmittance in the range
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215-800 nm, as shown in Fig. 1. They exhibit transmittances of
40% and higher at or above 300 nm. The percent transmittances
at 300 nm, 400 nm, and 500 nm are tabulated in Table 1. The
transmittance values of CS studied here are 86.6% at 400 nm
and 90.5% at 500 nm, in good agreement with literature data
(Fernandes et al, 2010; Fernandes et al., 2009; Larena and
Caceres, 2004). With increasing content of NFC, the percent
transmittance decreases slowly and NFC-CS nanocomposite
films show high transparency with NFC content up to 8 wt%.
The transmittance decreases relatively quickly with NFC con-
tent more than 8wt% compared to samples containing
NFC below 8 wt%. As expected, there is some scattering and/
or absorption from the NFC-CS interface in scales from
nanometers to micrometers, resulting in a moderate loss
transmission for nanocomposites. Nevertheless, the NFC-CS
nanocomposite film still shows good transparency when the
NFC content is 32 wt%. Both the photos of CS and CS32 (Fig. 2(a))
demonstrate high optical clarity of the films, with the text
underneath clearly legible. The top surface of pure NFC film is
shown in Fig. 2(b). It shows cellulose fibrils or their bundles have
a width below 200 nm. From SEM micrograph of CS32 (Fig. 2(c)),
the good dispersion of NFC in the CS matrix can be seen. These
results indicate good compatibility between CS and NFC in the
nanocomposite films that results in homogeneous and trans-
parent materials.

100
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T T
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Wavelength (nm)

Fig. 1 - Transmittance UV-vis spectra of NFC-CS films
scanned from 215 nm to 800 nm.

Table 1 - UV-vis transmittances of NFC-CS films
at 300 nm, 400 nm, and 500 nm.

Sample Transmittance (%)
300 nm 400 nm 500 nm

cs 64.2 86.6 90.5
Cs1 66.9 86.0 89.3
CSs2 64.7 82.7 87.0
CS4 61.1 81.1 85.7
Cs8 56.4 78.9 83.9
CS16 55.1 73.4 78.8
CS32 457 64.0 70.3
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Fig. 2 — Photographs of CS and CS32 films (a), SEM images of
top surface of NFC (b) and cross section of CS32 (c).
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Fig. 3 - Swelling degree as a function of immersion time in
distilled water for NFC-CS nanocomposites.

3.2.  Swelling behavior of NFC-CS nanocomposites

Experimental data for the swelling degree within distilled
water for NFC-CS nanocomposite films are shown in Fig. 3.
The data clearly show that all nanocomposite samples absorb
water rapidly within the first 20 s and gradually reach the
equilibrium within 160s. The time needed to reach the
equilibrium swelling degree is dependent on the content of
NFC; it reduces with increasing NFC content from around
160 s for pure CS film to about 40 s for CS32 film and further to
about 20s for pure NFC film. Correspondingly, the equili-
brium swelling degree also decreases with increasing content
of NFC, from 1300% for CS to 270% for CS32, because of the
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relatively low water absorption of NFC (130%). This suggests
that the incorporation of NFC significantly reduces the
equilibrium swelling degree of the CS matrix. The change of
the equilibrium swelling degree can be understood by the
effect of the restraining force in nanocomposites (Vervoort
et al., 2005). The NFC network prevents the large dimensional
change of CS, which results in a lower equilibrium swelling
degree (Zrinyi et al., 1993).
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The transportation of water through polymer composites
depends on the chemical nature of the polymer and the filler,
the filler dimensions, and polymer—filler interactions (Adhikary
et al., 2008), which has been modeled by several researchers
using Fick's second law, expressed as Eq. (2) (Asaoka and
Hirano, 2003; Crank, 1975; Han et al., 1995; Santos et al., 2002).
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Fig. 4 - M(y/M,q as a function of time t for NFC-CS nanocomposite films.
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Here, C denotes the concentration of the diffusing water at
time t along the axis x. D is the diffusion coefficient. For a plane
sheet geometry and if the initial concentration of water in the
solid boundary is zero and the polymer is placed in an infinite
bath of water, the solution is given by Eq. (3) (Crank, 1975).

My /Meg = 1—(8/7%) ij;oexp[fﬁ(zm +1%Dt/L7/2m+ 12 (3)

where L is the thickness of the specimen and My and Mg
are the swelling degree of the specimen at times t and the
equilibrium swelling degree, respectively. Fig. 4 shows the
experimental values of My/M,, for NFC-CS nanocomposites,
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Fig. 5 - Representative tensile stress-strain curves for CS and
NFC-CS nanocomposite films: dry (a) and wet (b).

along with theoretical values of D predicted using Eq. (3). The
diffusion of water into CS, NFC and NFC-CS nanocomposites
follows Fick's law very closely in the whole swelling process,
confirming that it can be used to adequately describe their
swelling. The value of D estimated by Fick's law for the CS film
here is 3.0x 1077 cm?%s, which is in the range of 1.5x
10°-3 x 107> cm?s for non-neutralized CS reported in previ-
ous literature (Lagarén and Fendler, 2009; Pereda et al., 2009).
D for neutralized CS films is in the order of 4.1 x 10~° cm?%s
(Tual et al, 2000). This indicates that the value of D for
non-neutralized CS depends on the residual quantity of acetic
acid, because of the protonation of chitosan (Nystrom et al.,
1999; Rinaudo et al.,, 1999). The estimated D for NFC film here
is 1.2x10"°cm?%s, which is close to the literature value
(2.18 x 10~ ® cm?s) for cell-wall water in redwood sapwood at
26.5 °C (Araujo et al., 1993) and is in the order of 10~°-10~7 cm?
s reported for paper sheets (Perkins and Batchelor, 2012). Owing
to the high diffusion coefficient of NFC, D is enhanced by up to
1.9 times from 3.0 x 10~7 cm?s for CS to 8.8 x 10~7 cm?%s for
CS32 in this case. The estimated values of D for NFC-CS
nanocomposites lie between the data for NFC and CS, indicating
they are reasonable. This phenomenon that an improved
diffusion coefficient comes with depressed equilibrium swelling
degrees was also observed in the swelling behavior of cross-
linked chitosan reported in previous literature (Gongalves et al.,
2005).

3.3.  Mechanical properties of NFC-CS nanocomposites

Fig. 5 shows representative tensile stress-strain curves
of NFC-CS nanocomposites with varying NFC contents at
dry and wet conditions and the tensile properties are sum-
marized in Table 2. It can be seen that yield strength
increases with increasing NFC content. The yield strength of
CS8 is 5% higher than that of CS. For dry samples, ultimate
tensile strength increases with increasing NFC content, but
the values for the samples containing NFC below 8 wt% are
lower than that of pristine CS. By combining stress-strain
curves in Fig. 5(a) and the negative effect of the incorporation
of NFC on the elongation at break (Table 2, column 5), it can
be deduced that the low ultimate strength for samples
containing NFC below 8 wt% is caused by the shortened
elongation under stretching. Ultimate strengths of CS16 and
CS32 are 12% and 25% larger than that of CS, respectively.
Young's modulus is calculated from the initial linear region of

Table 2 - Tensile properties of NFC-CS nanocomposites.

Sample Yield strength (MPa) Ultimate strength (MPa) Elongation at break (%) Young's modulus (MPa)
Dry Dry Wet?* Dry Wet? Dry Wet?
CS 38.9+16.5 46.5+14.9 0.9+0.6 36.5+7.1 81.2+11.2 1700+ 300 0.8+0.1
Cs1 39.5+18.7 41.8+15.2 1.1+0.5 24.0+6.7 80.3+16.5 21004500 1.3+04
CS2 40.1+12.6 42.6+16.1 1.24+0.6 22.1+6.1 61.5+10.3 2200+600 1.7+0.6
Cs4 40.7+13.9 45.2+17.4 1.9+0.9 20.3+7.2 47.6+9.4 2000+600 3.9+0.9
CS8 40.9+19.1 49.9+15.8 3.9+18 18.2+6.8 37.3+7.9 2100+900 6.3+14
CS16 - 51.9+154 9.1+34 12.7+7.2 33.2+86 23004500 18.0+4.0
CS32 - 58.3+16.2 120327 7.6+3.5 23.1+5.7 3400+700 25:,113:7/.8

# Wet samples were obtained by immersion in water for 160 s to reach the equilibrium.
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the tensile stress-strain curves. It increases with increasing
NFC content, due to the reinforcement of NFC. Young's
modulus for CS32 is improved by 100% in comparison
with CS.

The tensile stress—strain curves obtained in wet conditions
are shown in Fig. 5(b). The ultimate strength of CS immersed
in distilled water for 160s is 0.9 MPa (Table 2, column 4),
which is much lower than the value for dry CS due to
the plasticizing effect of water. The ultimate strength of
NFC-CS nanocomposites immersed in distilled water for
160 s increases with increasing NFC content. The improve-
ment of ultimate strength induced by NFC is much greater
than that in dry conditions. For example, ultimate strength
is improved by 9 and 12 times for wet CS16 and wet CS32
respectively, compared to the value for wet CS. This is
because of the low swelling degree suppressed by NFC as
well as the reinforcement effect of NFC, both originating from
the high content of NFC. Similarly, Young's modulus of wet
samples increases with increasing NFC content, with Young's
modulus for wet CS32 being improved by 220% in comparison
with wet CS. In contrast, the elongation at break for the wet
samples decreases with increasing NFC content, which is of
the same trend as in dry conditions. From SEM images of the

Fig. 6 — SEM images of the fracture surface of CS4 under dry
(a) and wet (b) conditions.

fracture surface for CS4 (Fig. 6), it can be seen that the
fracture surface of the wet sample is much coarser than that
of the dry sample, confirming the improved ductility of the
NFC-CS nanocomposite in the former.

NFC-CS nanocomposites have a similar architecture to
the elastic tissue in skin which consists of superficial thin
bundles of collagen microfibrils. The elasticity of wet
NFC-CS nanocomposites is nonlinear and increases with
increasing strain, as shown in Fig. 5(b), which is also like
the nonlinear elasticity of human skin (Alexander and Cook,
1977). The initial modulus of wet NFC-CS nanocomposites is
tunable in a broad range of 0.78-25 MPa and the elongation at
break is in the range of 81-23%, by controlling the amount of
NFC, which match well literature data of human skin (the
initial stiffness reported as 0.1-2 MPa and 63% for failure
stretch) (Annaidh et al., 2010; Manschot and Brakkee, 1986).
The residual acetic acid on the nanocomposite film surface
can be readily removed by washing the film with water or
phosphate buffered saline solutions, which is a common
process for handling biomaterials before they undergo cell
culturing experiments, rendering no toxicity to the film. The
appropriate mechanical properties of NFC-CS nanocomposite
films, together with the excellent biocompatibility and biode-
gradability of NFC and CS and the high transparency, offer
potential for the nanocomposites to be used as transparent
edible films and coatings, artificial skin and wound dressings.

4, Conclusions

Highly transparent chitosan nanocomposite films reinforced
with nanofibrillar cellulose were successfully prepared by
solution casting. The high transparency indicated the excel-
lent dispersion of NFC in the chitosan matrix. NFC sup-
pressed the water uptake of CS; the equilibrium swelling
degree of as-cast films decreased with increasing NFC content
while the diffusion coefficient increased with increasing NFC
content. The mechanical properties of NFC-CS nanocompo-
sites were also dependent on the content of NFC. Under the
dry conditions, the yield strength and Young's modulus of
chitosan increased with increasing NFC content because
of the reinforcement of NFC, while the elongation at break
decreased. The improvements of ultimate strength and
Young's modulus in wet samples were larger than those for
dry samples. For example, ultimate strength was improved by
25% and 12 times for dry CS32 and wet CS32, respectively,
compared to the values for dry and wet CS. This was
attributed to the low swelling degree suppressed by NFC
and the reinforcement effect of NFC. The mechanical beha-
vior of wet NFC-CS nanocomposite films matched well those
of human skin. Their prominent properties could be exploited
for a number of applications, such as in artificial skin and
wound dressings.
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