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ABSTRACT

Present study illustrates the preparation of chitin nanofibrils (CNF) reinforced carrageenan nanocom-
posite films by the solution-casting technique. CNF was prepared by acid hydrolysis of chitin, followed
by high speed homogenization and sonication. FTIR result demonstrated that the chemical structure of
chitin had not changed after acid hydrolysis. However, the crystalinity of CNF was found to be higher
than chitin. The crystallite size of chitin and CNF was 4.73 and 6.27 nm, respectively. The char con-
tent at 600°C of chitin (19.2%) was lower than the CNF (25%). The carrageenan/CNF composite films
were smooth and flexible and the CNF was dispersed uniformly in the carrageenan polymer matrix. The
tensile strength and modulus of carrageenan film were increased significantly (p <0.05) after CNF rein-
forcement with up to 5 wt%, however, elongation at break, water vapor permeability, and transparency
decreased slightly. Carrageenan/CNF nanocomposite films showed strong antibacterial activity against a
Gram-positive food-borne pathogen, Listeria monocytogenes.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Concerns on the environment and exhaust of natural resources
caused by the non-biodegradable petroleum-based plastics have
attracted attention on the development of environmentally benign
polymers and polymer nanocomposites for the applications in
food packaging and other value added utilities. Renewable and
abundantly available biopolymers are the most viable alternative
for the production of green materials in the near future. Nature
has provided various natural biopolymers such as polysaccha-
rides (cellulose, starch, and chitosan) and proteins (soy protein,
wheat protein, casein, and gelatin). Utilization of natural biopoly-
mers for making biodegradable packaging films, edible film, and
coating materials have been increased considerably in the past
decades (Rhim, Park, & Ha, 2013). Among such natural biopoly-
mers, carrageenan is one of the promising biopolymers since it is
abundantly obtained from renewable resources such as red edible
seaweeds, which has strong gel forming ability, biocompatibility,
and is environmentally friendly. Carrageenan is a linear sulfated
polysaccharide extracted from various species of the Rhodophyta
(marine red algae) (Necas & Bartosikova, 2013). Carrageenan has
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been frequently used to prepare biodegradable or edible packag-
ing films. However, poor performances such as lower water vapor
barrier and relatively lower mechanical properties are the main
limitations of such biopolymer-based films. To overcome these
problems, a number of research works have been performed by
reinforcing nanofiller materials (Martins et al., 2013; Rhim, Park,
& Ha, 2013). Inorganic (metallic nanoparticles, and nanoclays) or
organic (cellulose nanowhiskers, starch nanoparticles, and chitosan
nanoparticles) nanofillers have been used as reinforcing materi-
als. Reinforcement of organic nanofillers is preferred over inorganic
nanofillers because of their completely biodegradable nature.
Among all organic nanofillers, chitin nanofibrils (CNF) is one
of the most promising nanofiller. Chitin is a linear polysaccharide,
made up of 3-(1-4)-linked 2-acetamido-2-deoxy-D-glucopyranose
units which may be deacetylated to some extent (Muzzarelli,
2011a). Chitin is the second most abundant biomaterial after cel-
lulose in the world. Chitin can be obtained from the cell wall of
fungi, the exoskeleton of arthropods such as crustaceans (e.g., crabs,
lobsters, and shrimps) and insects, the radula of molluscs, and the
beaks and the internal shells of cephalopods including squids and
octopuses (Muzzarelli, 2011a, Muzzarelli et al., 2012)Chitin upon
acid hydrolysis can form crystalline nanofibrils and nanowhiskers,
which have been recently explored in nanotechnology applica-
tions (Mincea, Negrulescu, & Ostafe, 2012; Muzzarelli, 2011b).
Marine chitin lends itself to the isolation of nanofibrils, otherwise
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called nanocrystals or whiskers; this matter has been the sub-
ject of various review articles (Mincea et al., 2012; Muzzarelli,
2011a; Muzzarelli, 2011b; Muzzarelli, 2012; Muzzarelli et al.,
2012). Reports are available on the formations of chitin whiskers
using acid hydrolysis (Ifuku et al., 2009; Revol & Marchessault,
1993), however, few studies have been reported on the prepara-
tion of biopolymer-based films reinforced with chitin nanofibrils.
To the best of our knowledge, reports on the reinforcement of
carrageenan-based biopolymer films with chitin nanofibrils (CNF)
have not been available in the literature.

The main objective of the present study was to synthesize CNF
from chitin and preparation of carrageenan/CNF nanocomposite
films. The CNF was characterized by various analytical techniques.
The effects of CNF concentrations on the optical, mechanical, and
water vapor barrier properties of carrageenan/CNF nanocomposite
films were studied.

2. Materials and methods
2.1. Materials

Food grade carrageenan (HGE-A, pure k-carrageenan, viscos-
ity [1.5% aq. solution at 75 °C] 60 cps) was obtained from MSC Co.
Ltd. (Sungnam city, Kyunggido, Korea). Glycerol and hydrochloric
acid (HCl) were purchased from Sigma-Aldrich (St Louis, MO, USA).
Chitin (viscosity [0.5%-AA & CS at 20 °C]: 800-940 cps, ash < 5%, par-
ticle size: 3 mm) obtained from crab shell was procured from YB Bio
Co., Ltd. (Youngduk, Kyungbuk, Korea) and used without any mod-
ification. Food-borne pathogenic bacteria, Escherichia coli 0157:H7
ATCC 43895 and Listeria monocytogenes ATCC 15313, were obtained
from Korean Collection for Type Cultures (KCTC, Seoul, Korea). The
bacterial strains were cultured in tryptic soy broth (TSA) and brain
heart infusion broth (BHI) agar media and subsequently stored at
4°C for further analysis.

2.2. Isolation of chitin nanofibrils

Chitin nanofibrils (CNF) were isolated from the chitin by acid
hydrolysis. For this, 5 g of chitin was hydrolyzed with 3 N HCl (chitin
to acid ratio of 1:20) by refluxing for 3 h at 60 °C under strong agi-
tation. The reaction was quenched by adding an excess of distilled
water to the reaction mixture and the resulting mixture was cooled
to the room temperature. The unhydrolyzed fibers were filtered
and the filtrate was centrifuged at 4000 rpm for 20 min using a
bench-top centrifuge (Hanil Scientific Centrifuge, Incheon, Kyong-
gido, Korea). The precipitate obtained was repeatedly washed with
distilled water and the supernatant was discarded until it became
turbid. During this process, the pH of the suspension was above 5.
Thereafter, the suspension was homogenized using a high speed
homogenizer (T25 basic, Ika Labotechnik, Janke & Kunkel Gmbh
& Co., KG Staufen, Germany) at 7000 rpm for 30 min followed by
sonication for 5min in an ice bath using a high intensity ultra-
sonic processor (Model VCX 750, Sonics & Materials Inc., Newtown,
CT, USA). Finally, the suspension was subjected to dialysis against
distilled water until neutral pH was attained. The suspension was
stored in a refrigerator at 4 °C for further analysis.

2.3. Preparation of films

Carrageenan and carrageenan/CNF nanocomposite films with
different concentration of CNF (3, 5, and 10 wt% based on car-
rageenan) were prepared using a solution casting method (Rhim,
2011). For this, predetermined amount of CNF was dispersed in
150 mL of distilled water and stirred for 1 h using a magnetic stir-
rer. The fully wetted suspensions were homogenized using a high
shear mixer (T25 basic, Ika Labotechnik, Janke & Kunkel Gmbh &

Co., KG Staufen, Germany). Thereafter, 1.2 g of glycerol was mixed
in the suspension as a plasticizer and mixed vigorously for 20 min
on a magnetic stirrer. Then, 3 g of carrageenan was added slowly
in the above solution and mixed vigorously for 30 min at 95°C
using a magnetic stirrer and cast evenly onto a leveled Teflon film
(Cole-Parmer Instrument Co., Chicago, IL, USA) coated glass plate
(24 x 30 cm?). The films were allowed to dry for about 24 h at room
temperature. The dried films were peeled off from the casting plates
and conditioned in a constant temperature humidity chamber set
at 25 °C and 50% relative humidity (RH) for at least 48 h before fur-
ther analysis. The control film of carrageenan (without CNF) was
also prepared following the same method described above.

2.4. Characterization

Particle size of CNF was analyzed using a particle size ana-
lyzer (Brookenhaven Instruments Corp., New York, USA). 20 p.L of
homogeneous CNF suspension was diluted into 3 mL of deionized
distilled water and subjected to the particle size analyzer.

Fourier transform infrared (FT-IR) spectra of chitin and CNF were
obtained using an attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectrophotometer (TENSOR 37 Spectropho-
tometer with OPUS 6.0 software, Billerica, MA, USA) in the range of
4000-500cm~1.

X-ray diffraction (XRD) pattern of chitin, CNF and car-
rageenan/CNF nanocomposite films was analyzed using a PANalyt-
ical Xpert pro MRD diffractometer (Amsterdam, Netherlands). The
XRD spectra were recorded using Cu-Ka radiation (wavelength of
0.1546 nm) and a nickel monochromator filtering wave at a voltage
and current of 40kV and 30 mA, respectively. The diffraction pat-
terns were obtained at diffraction angles between 5 and 50° with
a scanning rate of 0.4°/min at room temperature. The degree of
crystallinity (DC) of chitin and CNF was calculated using following
equation (EI-Nesr, Raafat, Nasef, Soliman, & Hegazy, 2013):

DC = (I110 — Iam)/I110 (1)

where, I11¢ is the intensity of the peak at (110) lattice (at 26 =19.1°)
and Iy, is the intensity of the peak at 260 =16° (amorphous region).
And the crystallite size (D) of the fiber was calculated by using the
Scherrer equation (Das et al., 2009).

D =K)/Byjp cos6 (2)

where, K is a constant (0.94), A is the X-ray wavelength
(A=0.154056 nm), By, is the full width at the half maximum of
the deflection peak (FWHM), and € is Bragg’s angle.

The microstructure of chitin and CNF and the surface morphol-
ogy of carrageenan/CNF nanocomposite films were observed using
a field emission scanning electron microscopy (FE-SEM, S-4800,
Hitachi Co., Ltd., Matsuda, Japan) operated with an acceleration
voltage of 10kV and current of 10 WA after coating the samples
with platinum (Pt) using a vacuum sputter coater.

2.5. Thermal stability

Thermal stability of chitin and CNF was determined by thermo-
gravimetric analyzer (Hi-Res TGA 2950, TA Instrument, New Castle,
DE, USA). For this, about 5 mg of sample was taken in a standard
aluminum cup and heated from 30 to 600°C at heating rate of
10 °C/min under a nitrogen flow of 50 cm3/min. An empty cup was
used as a reference.

2.6. Color and transparency

The surface color of the films was measured using a Chroma
meter (Konica Minolta, CR-400, Tokyo, Japan). A white standard
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color plate (L=97.75, a=-0.49 and b=1.96) was used as a back-
ground for color measurements. Hunter color (L, a, and b) values
were averaged from five readings from each sample. The total color
difference (AE) was calculated as follows:

AE = V/(AL? +(Aa) + (AbY? 3)

where, AL, Aa, and Ab are differences between each color value of
standard color plate and film specimen, respectively.

The percent transmittance at wavelength of 660nm (Tggg)
was determined using a UV/vis spectrophotometer (Model 8451A,
Hewlett-Packard Co., Santa Alara, CA, USA) (Rhim, 2012).

2.7. Tensile properties

Thickness of films was determined using a micrometer (Dial
thickness gauge 7301, Mitutoyo, Japan) at an accuracy of 0.01 mm.
Five random measurements were taken for each film and the aver-
age values were used as the film thickness. Tensile properties such
as tensile strength (TS), elongation at break (E), and elastic modu-
lus (EM) of each film were measured according to the standard test
method of ASTM D 882-88 using Instron Universal Testing Machine
(Model 5565, Instron Engineering Corporation, Canton, MA, USA).
Film sample was cut into rectangular strips (2.54 cm x 15 cm) using
a precision double blade cutter (Model LB.02/A, Metrotech, SA,
San Sebastain, Spain). The testing machine was operated in tensile
mode with an initial grip separation of 50 mm and crosshead speed
of 50 mm/min. The TS (Pa) was determined by dividing the max-
imum load (N) by the initial cross-sectional area (m?) of the film.
The E (%) was determined by dividing the extension at the rupture
of the film by the initial length of the film (50 mm) multiplied by
100, and the EM (GPa) was determined from the slope of the linear
portion of the stress-strain curve, which corresponds to the stress
divided by the strain of the film sample. Ten specimens from each
film were used and the average values were presented.

2.8. Water vapor permeability

The water vapor permeability (WVP) of films was determined
gravimetrically following the standard method of ASTM E96-95
with modification (Gennadios, Weller, & Gooding, 1994). The cup
made of poly(methylmethacrylate) with an average depth of 2.5 cm
and inside diameter of 6.8 cm was used to measure WVP. Films were
cut into rectangular shape (7.5 cm x 7.5 cm) and directly placed on
the top of cups containing 18 mL of water. The rim was placed on
each cup with film and tightened using screws to prevent leakage of
water vapor. The entire cup was weighed and subsequently placed
in a humidity chamber (model FX 1077, Jeio Tech Co., Ltd., Ansan,
Korea)setat25°Cand 50% RH. Atevery 1 h time interval, the weight
loss from each cup was measured for 8 h. The slopes of the steady-
state (linear) portion of weight loss versus time curves were used
to calculate the water vapor transmission rate (WVTR; g/m?2 s) of
the film. Then, the WVP (g.m/m? Pa.s) of the film was calculated as
follows:

WVP = (WVTR x L)/ Ap (4)

where, L was mean thickness of the film (m) and Ap was partial
water vapor pressure difference (Pa) across the film which was
calculated with the method of Gennadios et al. (1994).

2.9. Water contact angle

Surface hydrophobicity of the film was determined by mea-
suring the water contact angle (CA) of the film surface using
a CA analyzer (model Phoenix 150, Surface Electro Optics Co.,
Ltd.,, Kunpo, Korea). Films were cut into rectangular pieces

(3cm x 10cm) and directly placed on the horizontal movable stage
(black Teflon coated steel, 7 cm x 11 cm) that fitted with the CA ana-
lyzer. A drop of water (ca. 10 pL) was placed on the surface of the
film using a microsyringe. The contact angle on both sides of the
water droplet was measured to assume symmetry and horizontal
level. Three measurements were taken for each sample and average
values were presented as the degree of CA.

2.10. Moisture content

Moisture content (MC) of carrageenan and carrageenan/CNF
nanocomposite films was determined using a drying oven method
(Rhim & Wang, 2013). The rectangular films were cut into square of
3 cm x 3 cmand subsequently dried at 105 °C for 24 h using a drying
oven. The MC was calculated from the weight loss and expressed
as percent MC.

2.11. Antibacterial activity

Antibacterial activities of neat carrageenan and car-
rageenan/CNF nanocomposite films were examined as their
inhibitory effects against the growth of Gram-positive bacteria,
L. monocytogenes and Gram-negative bacteria, Escherichia coli. In
order to study the antibacterial activities, changes of the growth of
L. monocytogenes and E. coli incubated in the broth medium have
been investigated following the method of Li, Xing, Jiang, Ding,
and Li (2009) and Shankar, Teng, and Rhim (2014). All the strains
were aseptically inoculated in TSB and BHI broth and subsequently
incubated at 37 °C for 16 h. An inoculums (100 L) of L. monocyto-
genes and E. coli were aseptically transferred to 50 mL of TSB and
BHI broth containing film samples (5 x 5cm?) and subsequently
incubated at 37°C for 12-16 h under mild shaking. The inhibitory
effect was estimated periodically by measuring turbidity of the
cultured medium at 600nm using a spectrophotometer. The
experiment was performed in triplicate with individually prepared
films.

2.12. Statistical analysis

The measurements of each property of the films were per-
formed in triplicate with individually prepared film samples as the
replicated experimental units, and mean values with standard devi-
ations (SD) were reported. One-way analysis of variance (ANOVA)
was performed, and the significance of each mean property value
was determined (p<0.05) with the Duncan’s multiple range test
using the SPSS statistical analysis computer program for Windows
(ver. 12.0, SPSS Inc., Chicago, IL, USA).

3. Results and discussion
3.1. Isolation of chitin nanofibrils

The chitin was pale reddish flake like structure which upon acid
hydrolysis resulted into a homogeneous milky suspension of CNF.
The size of the particles of CNF was in the range of 25-300 nm with
poly dispersity index of 0.35640.048 (data not shown). A high
distribution of particle size of CNF might be due to the presence
of fibrous forms of CNF. The size and distribution of the particles
depend not only on the structure of the source, but also on the
acid concentration, temperature, time of acid hydrolysis, and the
mechanical treatment (Das et al., 2009). The results indicate that
the chitin has been hydrolyzed into nanofibrils.
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3.2. Morphology

Microstructure of chitin, CNF, carrageenan film, and car-
rageenan/CNF nanocomposite films was observed by the SEM (data
not shown). The surface morphology of chitin showed many fibril-
lar structures bound to each other. The crab shells consist of highly
mineralized chitin-protein fibers arranged in a twisted plywood
pattern (Chen, Lin, McKittrick, & Meyers, 2008). Chitin has been
known to form microfibrillar arrangements embedded in a protein
matrix, and these microfibers have diameters ranging from 2.5 to
2.8 nm (Gardner & Blackwell, 1975). The chitin was converted into
needle or rod shaped CNF after acid hydrolysis, homozinization,
and sonication. The SEM image also showed that the fibers of CNF
were separated from each other and well dispersed. The estimated
average length of CNF was 150-200 nm and diameter of CNF was
around 5-10 nm.

Carrageenan and carrageenan/CNF nanocomposite films pre-
pared by the solvent casting method were free-standing, flexible,
and homogeneous. The neat carrageenan film displayed smooth
surface which indicated the formation of homogeneous film. On the
other hand, the carrageenan/CNF nanocomposite films showed dis-
crete CNF particles in the carrageenan matrix (data not shown). CNF
were dispersed uniformly in the polymer matrix when 3% and 5% of
CNFwere used for reinforcement. However, at higher concentration
of CNF (10 wt%) in carrageenan matrix resulted in non-uniform dis-
tribution and agglomeration of CNF, which led to the rough surface
of films. The results indicated that reinforcement 5 wt% of CNF is
the optimum concentration to prepare carrageenan/CNF nanocom-
posite films.

3.3. Fourier transform infrared analysis

The FT-IR spectra of the chitin and CNF are shown in Fig. 1.
All the spectra matched well with the previously reported spec-
trum of chitin (Muzzarelli et al., 2007). The FT-IR spectrum of chitin
showed the O—H and N—H stretching band at 3440 and 3257 cm ™!,
respectively. The peaks at 1654 and 1625 cm™! attributed to the
amide band I, which indicated the presence of a-chitin structure
(Ravindra, Krovvidi, & Khan, 1998). The amide I band position
was observed at 1562 cm™~!. An intense peak observed at 1378 and
1314cm! corresponds to a C—H stretch of methyl groups, how-
ever, peak observed at 1260 cm~! was attributed to Amide III of the
acetyl group. The doublet peaks at 1152-1156 cm~! were ascribed
to glycosidic linkage and C—H stretching vibration. The intense
peaks at 1018-1070cm~! were due to the saccharide structure of
carbohydrate backbone. The peak at 898 cm~! confirmed the pres-
ence of a glycopyranose link of chitin (Yen, Yang, & Mau, 2009).
The intensity of the peaks of the CNF decreased slightly compared
to those of the chitin, however, no change in peak positions were
observed. The results suggested that the basic chemical structure of
chitin was maintained even after acid hydrolysis, homogenization,
and ultrasonic treatments.

3.4. X-ray diffraction analysis

The crystal structure of chitin and CNF was tested using the XRD
as shownin Fig. 2a. The chitin exhibited its characteristic crystalline
peaks around 20=9.1° and 19.1° (Cardenas, Cabrera, Taboada, &
Miranda, 2004). The diffraction peak of CNF appeared at 20=19.2°
was more intense than that of chitin, indicating an increase in the
crystallinity of CNF. On the contrary, other two peaks at 10.2° and
28° almost disappeared. The degree of crystallinity (DC), deter-
mined using Eq. (1), increased from 81.1% (chitin) to 88.6% (CNF).
The increase in the crystallinity of the CNF was presumably due to
the removal of amorphous portions from the chitin and realign-
ment of nanocrystals during acid hydrolysis (Li et al., 2009; Reddy

& Rhim, 2014b). The crystallite size of the chitin and CNF calculated
using the Scherrer equation was 4.73 and 6.27 nm, respectively. The
crystallite size of chitin had increased slightly after acid hydrolysis.
It has been reported that the crystallite size of cellulose nanocrys-
tals prepared by acid hydrolysis of cellulose was higher that that of
untreated cellulose fiber (Maiti et al., 2013; Reddy & Rhim, 2014b).

The XRD patterns of the carrageenan and carrageenan/CNF
nanocomposite films are shown in Fig. 2b. The XRD patterns of
carrageenan films exhibited a broad diffraction peak from 10° to
24°. However, the XRD patterns of the carrageenan/CNF compos-
ite films were different from those of the neat carrageenan film.
The intensity of peak at 26 of 19.1° increased significantly with an
increase in the concentration of CNF. These results suggest that the
increase in crystallinity of carrageenan/CNF nocomposite films was
due to the higher concentration of crystalline CNF in the polymer
matrix.

3.5. Thermal stability analysis

The TGA analysis result on chitin and CNF were shown in Fig. 3a.
The TGA of chitin and CNF revealed two main weight loss regions.
The first region at a temperature of 80-120°C was due to the evap-
oration of physically weak and chemically strong bound water, and
the weight loss of the film in this range was about 10 wt%. The sec-
ond transition region was observed at around 300-400 °C, which
could be attributed to the degradation of the saccharide structure
of the molecule, dehydration of saccharide rings, and the poly-
merization and decomposition of the acetylated and deacetylated
units of chitin (Peesan, Rujiravanit, & Supaphol, 2003). The total
weight loss in those ranges was about 70% and 85% for the CNF and
chitin, respectively. The TGA results in the main thermal degrada-
tion region clearly exhibited that the CNF was less thermostable
than the chitin. The same trend of decreased thermal stability was
also observed with cellulose nanocrystals isolated from garlic skin
fiber by the acid hydrolysis using sulfuric acid (Reddy & Rhim,
2014a). This is probably due to the introduction of sulfate groups
into the crystalline chitin during sulfuric acid hydrolysis. The sulfate
groups introduced to the outer surfaces of chitin caused dehy-
dration to reduce thermal stability (Roman & Winter, 2004). DTG
curves clearly show the maximum decomposition temperature of
chitin and CNF, which were observed at 391 and 381 °C, respec-
tively (Fig. 3b). Final residue of chitin and CNF at 600 °C were 19.2%
and 25%, respectively.

3.6. Apparent color and transmittance of films

All the carrageenan and carrageenan/CNF nanocomposite films
were flexible and highly transparent with smooth surface. The
apparent color and transparency of the films determined by the
Hunter Lab-values and the percent transmittance at visible light
(660 nm), respectively, were presented in Table 1. The color val-
ues and transmittance of carrageenan/CNF nanocomposite films
were significantly (p<0.05) different from those of carrageenan
film and they were also affected by the concentration of CNF
included. Lightness (L-value) and transmittance of the compos-
ite films decreased linearly, while greenness (a-value), yellowness
(b-value), and total color difference (AE) of the composite films
increased monotonously with increase in the content of the CNF.

3.7. Tensile properties of films

The mechanical properties of the carrageenan and car-
rageenan/CNF naocomposite films determined by the tensile test
were shown in Table 2. Thickness of the film increased linearly
with increase in the content of CNF, which was mainly due to
the increase in the solid content of the film. The TS value of the
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composite films increased from 30.2 +1.8 to 44.7 + 3.6 MPa with
increase in the CNF concentration from O to 5 wt%, then decreased
with more addition of CNF. However, the stiffness of the film deter-
mined by the elastic modulus (EM) increased linearly with increase
in the CNF content. The increase in TS and YM of the compos-
ite films by blending with the CNF might be attributed to the
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reinforcement effect of homogeneously dispersed high-strength
CNF in the carrageenan polymer matrix. The reinforcing effect of
the CNF is mainly due to their high stiffness and strength (Mincea
et al., 2012), and the increase in the mechanical properties of
polymer/CNF nanocomposite films, presumably resulted from the
formation of a percolating network based on hydrogen bonding
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Fig. 3. TGA thermograms (a) and DTG curves (b) of chitin and chitin nanofibrils.
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Table 1

Apparent color and transmittance of carrageenan and carrageenan/CNF nanocomposite films'.

Film L a b AE TGGOnm (%)

Carrageenan 93.4 £+ 02?2 —-0.34+0.01° 4.10 + 0.01¢ 3.52 + 0.104 90.4 £ 0.22
Carrageenan/CNF3% 93.2 + 0.1° —0.34+0.01° 4.21 + 0.02¢ 3.95 + 0.07¢ 88.4 + 0.1°
Carrageenan/CNF5% 92.5 + 0.3° —-0.50+0.02° 4.50 £+ 0.13P 4.63 + 0.0b¢ 86.1 + 0.5¢
Carrageenan/CNF10% 91.8 £ 0.4° —0.58 £0.03¢ 4.70 £ 0.03? 5.09 + 0.18° 77.7 + 0.24

" Each value is the mean of three replicates with standard deviation. Any two means in the same column followed by the same superscript letter are not significantly

(p>0.05) different by Duncan’s multiple range test.

Table 2

Tensile properties of carrageenan/CNF nanocomposite films’.
Film Thickness (pm) TS (MPa) EM (GPa) E (%)
Carrageenan 53.5 + 2.14 30.2 + 1.8¢ 1.07 + 0.09¢ 21.8 +£1.8°
Carrageenan/CNF3% 59.2 +£ 1.9¢ 40.7 + 3.5° 1.43 + 0.08¢ 14.4 + 2.6
Carrageenan/CNF5% 62.2 + 1.6° 44.7 + 3.6% 1.56 + 0.09° 11.2 £1.3¢
Carrageenan/CNF10% 66.8 & 2.0° 29.8 & 3.5¢ 1.77 + 0.09? 3.9 + 1.6¢

" Each value is the mean of three replicates with the standard deviation. Any two means in the same column followed by the same superscript letter are not significantly

(p>0.05) different by Duncan’s multiple range test.

Table 3
Moisture content, water vapor permeability and water contact angle of car-
rageenan/CNF nanocomposite films'.

Film MC (%, w.b.) WVP CA (deg.)
(x107° g.m/m? Pa.s)

Carrageenan 153 £ 0.12 1.91 £ 0.032 61.3 + 0.52

Carrageenan/CNF3% 142 +£ 0.8  1.63 +0.01¢ 58.8 + 0.3P

Carrageenan/CNF5% 13.9 £ 0.3¢ 1.54 + 0.01¢ 55.7 +£ 1.3¢

Carrageenan/CNF10% 144 + 1.2° 1.71 + 0.02° 53.5 + 0.7¢

" Each value is the mean of three replicates with the standard deviation. Any
two means in the same column followed by the same superscript letter are not
significantly (p >0.05) different by Duncan’s multiple range test.

forces (Dufresne, 2010). However, TS of the composite film declined
when CNF concentration increased to 10 wt%. Chang, Jian, Yu, and
Ma (2010) also found similar result with starch/chitosan nanparti-
cles composite films that the TS of the composite films increased
with increase in the filler content up to 6%, then it decreased with
more than 6% of nanofillers. The decrease in TS with high con-
tent of CNF may probably due to the agglomeration of CNF or
non-homogeneous dispersion of CNF at high concentration caused
by the self-networking of the nanowhiskers (Agustin et al., 2013).
This phenomenon can be greatly influenced by the aspect ratio of
the nanoparticle, processing methods, and the resulting interaction
between polymer matrix and filler.

On the contrary, the flexibility of the composite films deter-
mined by the elongation at break (E) decreased linearly with
increase in the CNF content. This may be caused by the rigid nature
of the nanofillers (Mincea et al., 2012; Reddy & Rhim, 2014b). The
incorporation of CNF restricts the motion of the carrageenan matrix
in the terms of the strong interactions between the fillers and the
bio-polymer matrix.

3.8. Water vapor permeability and water contact angle of films

Moisture content (MC), water vapor permeability (WVP), and
water contact angle (CA) of carrageenan and carrageenan/CNF
nanocomposite films were presented in Table 3. The MC of car-
rageenan films decreased significantly (p < 0.05) after blending with
CNF, and the MC decreased linearly up to 5 wt% of CNF, then
increased with higher content of CNF (10 wt%). The decrease in MC
of the composite films may be due to the inclusion of the crystalline
form of CNF with less hydrated. The WVP of the films exhibited
a similar pattern of decrease with inclusion of CNF. The WVP of
neat carrageenan was 1.91 x 10~2 g¢.m/m? Pa.s, and it decreased sig-
nificantly (p<0.05) after formation of nanocomposite with CNF.

It showed the minimum value of 1.54 x 10~° g.m/m? Pas when 5
wt% of CNF included, then increased again with higher content of
CNF (10 wt%). Similar dependence on the nanofiller content on
the WVP has been observed with cellulose nanocrystal included
agar films (Reddy & Rhim, 2014b) and chitosan nanoparticles rein-
forced starch films (Chang et al., 2010). The decrease in WVP of the
composite films at low filler content may be attributed to the tor-
tuous path of water vapor diffusion through the polymer matrix
and thus decreased in WVP, which was caused by the imperme-
able crystalline chitin molecules dispersed well in the carrageenan
polymer matrix (Reddy & Rhim, 2014b). However, when more than
5 wt% of CNF were included, they were aggregated to result in
decreased effective filler content and facilitated water vapor per-
meation (Chang et al., 2010).

The CA is usually used as a measure of a basic wetting prop-
erty of polymer which measures the degree of hydrophilicity or
hydrophobicity of the film surface. The CA of carrageenan and
carrageenan/CNF nanocomposite films are also shown in Table 3.
Usually, films with less than 65° of CA is considered as hydrophilic
(Vogler, 1998). The CA of the neat carrageenan film was 61.3°,
therefore it can be considered as hydrophilic. The hydrophilic
property of the carrageenan film may be mainly attributed to
its functional hydrophilic hydroxyl and carboxyl groups. The
CA of carrageenan/CNF nanocomposite films decreased signifi-
cantly (p<0.05) compared with the near carrageenan film, which
decreased down to 53.5° with 10 wt% of CNF. Moreover, the
decrease in CA of the composite films depended on the content
of CNF. The similar result was observed, when cellulose nanocrys-
tals were incorporated into the agar film (Reddy & Rhim, 2014b).
This decrease in the CA value of carrageenan film with CNF addi-
tion could be attributed to the highly polar and hydrophilic nature
of CNF.

3.9. Antibacterial activity

Antimicrobial activity of carrageenan and carrageenan/CNF
nanocomposite films against L. monocytogenes and E. coli was eval-
uated by measuring the optical density (OD, absorbance at 600 nm)
of culture medium including the test films and microorganisms, and
the results are shown in Fig. 4. Since the OD of the medium increase
with growth of microorganisms, lower absorbance at 600 nm indi-
cates higher antibacterial activity of the test material. As expected,
the neat carrageenan film did not show any antimicrobial activ-
ity against both organisms, L. monocytogenes and E. coli bacteria.
However, the CNF included carrageenan films exhibited distinctive
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Fig. 4. Antimicrobial activity of carrageenan and carrageenan/CNF nanocomposite films against (a) L. monocytogenes and (b) E. coli.

antimicrobial activity against L. monocytogenes, but their antimi-
crobial activity against E. coli was not so distinctive. Moreover,
the antimicrobial activity of carrageenan/CNF nanocomposite films
against L. monocytogenes depended on the content of CNF. The
results coincided with the previous report that CNF could be char-
acterized as bacteriostatic rather than bactericidal. Though the
clear mechanism of the antibacterial activity of CNF has not been
explained yet, the CNF probably makes the bacteria flocculate and
prevent growth presumably through lack of nutrients and oxygen
(i.e. mass transfer limitation). However, at the tested concentra-
tions (3, 5,and 10 wt%) of CNF, there may have been insufficient free
polysaccharide to flocculate and kill all of the bacteria in the culture
medium, thus the surviving cells would have gone on reproduction
(Benhabiles et al., 2012). The other possible antimicrobial mecha-
nism involves the interactions between positively charged chitin
and negatively charged bacterial cell membranes, which results in
increased membrane permeability and eventually causing rupture
and leakage of intracellular material (de Azeredo, 2009).

4. Conclusions

Fibrous type of CNF was isolated from chitin obtained from
crab shell by the acid hydrolysis, high spend homogenization,
and ultrasonication. The CNF was used as a reinforcement filler
for the preparation of carrageenan/CNF nanocomposite films. The
carrageenan/CNF nanocomposite films showed improved physi-
cal, mechanical, and water vapor barrier properties compared to
the neat carrageenan film up to the inclusion of 5 wt% of CNF.
In addition, the CNF included carrageenan films exhibited strong
antimicrobial activity against L. monocytogenes. These results sug-
gest that the CNF with antimicrobial activity can be used as a
reinforcing nanofiller to improve film properties of biopolymer-
based packaging films to secure food safety and to prolong the
shelf-life of packaged foods.
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