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Four different types of chitosan-based nanocomposite films were prepared using a solvent-casting
method by incorporation with four types of nanoparticles, that is, an unmodified montmorillonite (Na-
MMT), an organically modified montmorillonite (Cloisite 30B), a Nano-silver, and a Ag-zeolite (Ag-
lon). X-ray diffraction patterns of the nanocomposite films indicated that a certain degree of intercalation
was formed in the nanocomposite films, with the highest intercalation in the Na-MMT-incorporated
films followed by films with Cloisite 30B and Ag-lon. Scanning electron micrographs showed that in
all of the nanocomposite films, except the Nano-silver-incorporated one, nanopatrticles were dispersed
homogeneously throughout the chitosan polymer matrix. Consequently, mechanical and barrier
properties of chitosan films were affected through intercalation of nanoparticles, that is, tensile strength
increased by 7—16%, whereas water vapor permeability decreased by 25—30% depending on the
nanoparticle material tested. In addition, chitosan-based nanocomposite films, especially silver-
containing ones, showed a promising range of antimicrobial activity.
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INTRODUCTION improving food integrity. Furthermore, biopolymer films are

In the past half century, synthetic petroleum-based polymers excellent vehic!es for incqrporating a wide vgrigty of'additives,
have been widely used in a variety of packaging materials but such as antmx@ants, antifungal ag.ents, anF|m|crob|aIs, colors,
have become a major source of waste disposal problems due tNd other nutrients5-10). In particular, biopolymer-based
their poor biodegradability. With increasing demand of consum- antimicrobial films have been attracting much attention from
ers for high-quality foods and concerns about limited natural the food industry with their potential application for a variety
resources and the environment, the use of renewable resource8f f0ods including meat, fish, poultry, cereals, cheese, fruits,
to produce edible or biodegradable packaging materials that can@nd vegetables (81—13).
improve product quality and reduce waste disposal problems However, the use of biopolymer films with their combined
are being explored. One of the approaches is to use renewablgroperties has been restricted due to their inherent water
biopolymers such as polysaccharides, proteins, lipids, and theirsensitivity and relatively low stiffness and strength, especially
composites, derived from plant and animal resour@es4j. in moist environments (—4). Many research studies have

Biopolymer-based edible films and coatings are intended to focused on improving the physical properties of biopolymer-
function as barriers against moisture, oxygen, flavor, aroma, based films by decreasing the hydrophilicity and improving the
and oil, thereby improving food quality and enhancing the shelf mechanical properties. Hydrophobic materials such as neutral
life of food products %). They may also provide physical |ipids, fatty acids, or waxes have been added to improve the
protection to foods, reducing bruising and breakage, thus moisture barrier properties of biopolymer films (14—20).

Various physical means, such as UV- grirradiation,
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Another possible approach to modifying biopolymer film
properties is to make hybrid films with organic polymers and
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by vigorous mixing for 1 h using a magnetic stirrer and then sonicated
for 30 min at 60°C in a bath-type ultrasound sonicator (FS14H, Fisher

nanosized C|ay minerals such as |ayered Sl“cates’ which arescientiﬁc) to obtain a nanoparticle solution. Four grams of chitosan

known as nanocomposite films (27—30). Nanocomposite films

consisting of inorganic nanolayers of layered silicate, such as

montmorillonite (MMT) clay and organic polymers, have

recently evoked intense research interest in the material and

polymer science areay, 31—33). Usually, polymer/clay

powder was then dissolved into the nanoparticle solution after the
addition of 1 g ofglycerin, and all was heated fer20 min at 90°C
using a hot plate mixer. The solution was sonicated for an additional
10 min at 60°C, after which the solution was strained and cast following
the same procedure as for the preparation of chitosan film.

All of the films were cut into 7x 7, 2 x 2, and 2.54x 15 cm sized

nanocomposites comprise an organic/inorganic hybrid polymer pieces for the measurement of water vapor permeability (WVP), water
matrix containing platelet-shaped clay particles that have sizessolubility (WS), and tensile strength (TS) along with elongation at break
in the order of a few nanometers thick and several hundred (E), respectively.

nanometers long. Partly because of their high aspect ratios and Film Thickness and Conditioning. Film thickness was measured
high surface area, the clay particles, if properly dispersed in 10 the nearest 0.01 mm using a hand-held micrometer (dial thickness

the polymer matrix at a loading level of-b wt %, impart

unique combinations of physical and chemical properties that
make these nanocomposites attractive for making films and

coatings for a variety of industrial applications. Examples of

gauge 7301, Mitutoyo). Five thickness measurements were taken on
each tensile testing specimen along the length of the rectangular strip,
and the mean value was used in TS calculation. Similarly, five

measurements were taken on each water vapor permeability specimen,
one at the center and four around the perimeter, and the mean values

such property .enhancemen_ts include decrease.d permeability tQuere used in calculating WVP. Al film samples were preconditioned
gases and liquids, better resistance to solvents, increased thermabr at least 48 h in a constant-temperature humidity chamber set at 25

stability, and improved mechanical properti@9,(31). More-

over, biodegradability is retained; that is, after final degradation,

only inorganic, natural minerals (clay) will be lef84, 35).
Although numerous research works on polymelay nano-

°C and 50% relative humidity before testing.

Color and Transparency. Color values of the films were measured
with a CR-300 Minolta Chroma Meter (Minolta Camera Co., Ltd.,
Osaka, Japan). Films were placed on a white standard plate (calibration

composites have been performed, the matrices of these nanoPate CR-A43), and the Huntémb color scale was used to measure

composites have mainly been synthetic polymegs 81). The

literature available for natural biopolymer-based nanocomposite

materials is limited 2, 33). In addition, limited studies on

antimicrobial films based on natural biopolymer nanocomposites

were found in the literature3g, 37). The overall objective of

color. Total color difference (AE) was calculated as
AE = (AL + Aa® + Ab?)°®

whereAL = Lstandard— Lsample A& = 8standard— @sample @NAAD = Dstangard
— bsample Standard values for the white plate wdre= 96.86,a =

the present study was to develop biodegradable antimicrobial —g 02, andb = 1.99, respectively. Five measurements were taken on

bionanocomposite films with acceptable properties for applica- each film, one at the center and four around the perimeter, and the
tions in food packaging using biopolymer such as chitosan, as mean values were used.

well as Nano-silver, silver zeolite, and nanoscale layered
silicates.

MATERIALS AND METHODS

Materials. Chitosan (CS-001, viscosity of 110 cP in a 1% acetic
acid solution at 25C and degree of deacetylation of 90%) was obtained
from Samsung Chitopia (Seoul, Korea). A pristine sodium montmo-
rillonite (Na-MMT, Nanomer PGW, lot PC-243-99, 120 mmol/100 g
CEC) was obtained from Nanocore Inc. (Arlington Heights, IL), and
organically modified MMT (Cloisite 30B) was purchased from Southern
Clay Co. (Gonzales, TX). The ammonium cation of Cloisite 30B is
reported to be methyl tallow bis(2-hydroxyethyl) quarternary am-
monium. Nano-silver and silver zeolite (Ag-lon) were obtained from
Nano Bio Co. Ltd. (Seoul, Korea) and AglION Technologies, Inc.
(Wakefield, MA), respectively. Nano-silver is a dark gray particle
composed of 99.2% silver, 0.4% water, and others, with the silver
component having a particle size of 768L0 nm. Ag-lon is a mixture
of sodium aluminosilicate (zeolite; 75 wt %), silver (2.1—2.8 wt %),
zinc (14 wt %), and ammonium, of which the mean particle size
distribution is<5.0um. Analytical grade glycerin was purchased from
J. T. Baker (Mallinckrodt Baker, Inc., Phillipsburg, NJ).

Preparation of Films. Chitosan films were prepared according to
the method of Rhim et al. (38). Four grams of chitosan powder was

Transparency of the films was determined by measuring the percent
transmittance at 660 nm using a YVisible spectrophotometer
(Lambda 25, Perkin-Elmer Instruments, Norwalk, CT).

Tensile Properties. TS and E of each film-type sample were
determined with an Instron Universal Testing Machine (model 5565,
Instron Engineering Corp., Canton, MA). Rectangular specimens (2.54
x 15 cm) were cut using a precision double-blade cutter (model LB.02/
A, Metrotec, S.A., San Sebastian, Spain). Initial grip separation was
set at 50 mm, and cross-head speed was set at 50 mm/min. The TS
andE measurements for each type of film were taken as follows: three
sheets of each film type were used, with seven specimens cut from
each sheet of film; thus, the measurements were done on a total of 21
specimens per each film type, with the mean values for TS End
reported for each sample.

Water Vapor Permeability. WVP (g-m/n¥-s-Pa) was calculated
as

WVP = (WVTR x )/Ap

where WVTR was the measured water vapor transmission raté-(g/m
s) through a film| was the mean film thickness (m), afg was the
partial water vapor pressure difference (Pa) across the two sides of the
film. WVTR was determined gravimetrically using a modified ASTM
method E 96-95. In calculating WVP, the effect of the resistance of

dissolved in a constantly stirred mixture of 1% (v/v) acetic acid aqueous the stagnant air layer between the film underside and the surface of

solution (200 mL) and glycerin (1.0 g) by heating 820 min at 90
°C using a hot plate. The dissolved film solution was strained through

the water in the cup was corrected for using the method of Gennadios
et al. (39).

eight layers of cheesecloth to remove undissolved debris and then cast Contact Angle of Water. A contact angle analyzer (model Phoenix

onto a leveled Teflon-coated glass plate (280 cm) framed at four
sides. The castings were dried at ambient condities®3(C) for ~48
h and then peeled off the glass plates.

150, Surface Electro Optics Co. Ltd., Kunpo, Korea) was used to
measure the contact angle of water in air on the surface of chitosan
and chitosan-based nanocomposite films. A film sample (B0 cm)

In addition, chitosan-based nanocomposite films were prepared by was glued on a movable sample stage (black Teflon-coated steel, 7

reinforcement with four different types of nanopatrticles, such as Na-
MMT, Cloisite 30B, Nano-silver, or Ag-zeolite. First, 5 or 20% (for
Ag-lon only) of each type of nanoparticle (w/w, relative to chitosan
on a dry basis) was dispersed in a 1% acetic acid solution (200 mL)

11 cm) and leveled horizontally; then a drop~fl0 uL of distilled

water was placed on the surface of the film using a microsyringe. The
contact angles on both sides of the drop were measured to ensure
symmetry and horizontal level.
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Table 1. Surface Color and Transmittance of Chitosan-Based Nanocomposite Films2
film type L a b AE Tes0
neat chitosan 85.8 £ 0.0a -09+0.1b 2.7+0.3d 112+ 0.1d 93.2+0.2a
Na-MMT 85.3+0.2b -1.7+0.1c 72+0.7a 12.8 £ 0.4c 92.8 +0.6a
Cloisite 30B 85.3+0.2b -1.7+0.1c 6.3+0.3b 12.4+0.3c 925+0.2a
Nano-silver 66.8 +0.4d -0.2+0.0a 45+0.1c 30.1+04a 57.2+7.8b
Ag-lon 81.7+0.2c -0.2+0.2a 7.9+05a 16.4 +0.4b 91.1+0.2a

@Means of three replicates + standard deviation. Any two means in the same column followed by the same letter are not significantly different from each other (P >
0.05) by Duncan’s multiple-range test. L, a, and b are Hunter L, a, b values; AE is total color difference; Tggo iS transmittance at 660 nm.

Water Solubility. WS of each film was determined as the percentage
of film dry matter solubilized aftel h ofimmersion in distilled water.
Three randomly selected 2 2 cm samples from each type of film
were first dried at 108C for 24 h to determine the weight of the initial
dry matter. An additional three pieces of weighed film were placed in
a 50 mL beaker containing 30 mL of distilled water. Beakers were
covered with Parafilm (American National Can, Greenwich, CT) and
stored in an environmental chamber at°Z5for 1 h with occasional,
gentle swirling. Undissolved dry matter was determined by removing
the film pieces from the beakers, gently rinsing all pieces with distilled
water, and then oven-drying them (108, 24 h).

X-ray Diffraction (XRD). The structure of the nanopatrticles in the
polymer matrix was evaluated with XRD measurements. A Rigaku
200B X-ray diffractometer (45 kV, 100 mA) equipped with CuwK
radiation with a wavelength 0.1546 nm and a curved graphite crystal
monochromator at a scanning rate of’h&in was used for this purpose.

Scanning Electron Microscopy (SEM).The morphology of the
films was examined on their fractured surfaces, obtained after cutting
dried film samples with a paper-cutter, using a scanning electron

original broth concentration with 900 mL of sterile distilled water to
obtain an inoculum of&(1.0—2.5)x 10° colony-forming units (CFU)/
mL. Then, 100 mL of the inoculum was aseptically added to each of
the flasks containing the sample films. For each type of bacteria, an
inoculum of cell suspension in a flask with no film sample was used
as a control. The flasks were put on an orbital shaker and rotated at 50
rpm and 3C°C. Aliquots of 0.1 mL of cell suspension were periodically
taken from the flasks, diluted serially with 0.1% peptone solution, and
plated in duplicate on BHI agar fd8. aureusand L. monocytogenes
cells or on TS agar fo8. typhimuriunmandE. coli O157:H7 cells. The
plates were incubated in an aerobic chamber for 2 days 4C3or

BHI agar and at 30C for TS agar. The number of colonies on each
plate was counted and reported as CFU per milliliter.

Statistical Analysis.Measurements of each property were triplicated
for color, TS,E, WVP, and WS as well as the microbial test with
individually prepared and cast films as the replicated experimental units.
Statistics on a completely randomized design were determined using
the General Linear Models procedure in the SAS program (SAS Institute
Inc.). Mean property values were separated<(0.05) with Duncan’s

microscope (JSM-6400 scanning microscope, JEOL). The samples of multiple-range test.

chitosan film and nanocomposite films with Na-MMT and Cloisite 30B

were sputter-coated with gold using a microscope sputter coater ReSULTS AND DISCUSSION

(emscope, SC500, Quorum Technologies, East Sussex, U.K.) for 1 min

at 20 mA and 15 kV, and the samples of nanocomposite films with

Apparent Film Properties. Chitosan and chitosan-based

Nano-silver and Ag-lon were carbon-coated using a C-string evaporator n"anocomposite films were flexible and free-standing. All of the

(Erest F. Fullam, Latham, NY) with an arc voltage of 20 kV, prior to
examination.
Antimicrobial Activity. The antimicrobial activity of chitosan and

films were as tough and as smooth-surfaced as cellophane.
Table 1shows Huntet, a, b color values, total color difference
(AE), and transmittanceT§so) of the films. Except for the

chitosan-based nanocomposite films was tested qualitatively and chitosan/Nano-silver nanocomposite film, all of the films were

guantitatively by an inhibition zone method and a viable cell count
method, respectively. In both methods, four different food pathogenic
bacteria includingStaphylococcus aureusTCC-14458, Leuconostoc
monocytogene&TCC-19111 Salmonella typhimuriuPATCC-14028,
andEscherichia coliO157:H7 ATCC-11775 were used for testing the
antimicrobial activity of the films. The cells 08. aureusand L.
monocytogenewere grown on brain heart infusion (BHI) agar (Difco
Laboratories, Detroit, MI) and incubated at 3C for 2 days. Both
strains ofS. typhimuriumandE. coli O157:H7 were cultivated on tryptic
soy (TS) agar (Difco Lab) at 3TC for 2 days. All of the stock cultures
were stored at 4C.

For the qualitative measurement of antimicribial activity, the film
samples were punched to make disks (diamete6 mm), and the
antimicrobial activity was determined using a modified agar diffusion

assay (disk test). The plates were examined for possible clear zones

after incubation at 37C for 2 days. The presence of any clear zone

transparent, with a slight yellowish tint in the neat chitosan film,
chitosan/Na-MMT, and chitosan/Cloisite 30B nanocomposite
films and with a slight brownish tint in the chitosan/Ag-lon
nanocomposite film. However, the chitosan/Nano-silver film was
gray in surface color and semitransparent, which was indicated
by significantly @ < 0.05) lower whiteness (lower Hunté)
value, higher redness (higher Hun&walue, and consequently
higher total color difference value (AE) of the chitosan/Nano-
silver film. AlthoughTeso values for three of the nanocomposite
films were decreased slightly (except for chitosan/Nano-silver
films) relative to that of the chitosan film, these decreases were
not significant P > 0.05). This was probably due to the fact
that in these three films the nanoparticles were evenly distributed
through the polymer matrix. Because layered silicates are just

that formed around the film disk on the plate medium was recorded as 1 M thick when single layers are dispersed in a polymer matrix,

an indication of inhibition against the microbial species.

The quantitative antimicrobial activity of the films was determined
using a viable cell count method on the test pathogenic bacteria. Film
samples were cut into square pieces (4010 cm) and placed in
individual sterile flasks to be used in the test for microbial inhibition.
Two Gram-positive bacterigs. aureusand L. monocytogenes, were
separately grown in BHI broth (Difco) and incubated aerobically for
16 h at 37°C. Another two Gram-negative bacterfa, typhimurium
andE. coliO157:H7, were separately cultivated in TS broth (Difco) at
30 °C for 16 h. Each 30 mL tube of bacterial cell culture was then
centrifuged for 5 min at 4C and 7000g, decanted, washed with 0.1%
peptone (Difco), centrifuged for 5 min, and decanted. The cell pellet
was placed into 100 mL of BHI or TS broth and diluted to 10% of the

the resulting nanocomposite is optically clear in visible light
(31). Many researchers have also found that the transparency
of nanocomposites, such as poly(vinyl alcohol)/sodium mont-
morillonite and polypropylene/clay nanocomposite, was not
affected by compositing with nanoclay29, 40). However, the
transparency of the chitosan/Nano-silver films was significantly
(P < 0.05) decreased. This was mainly due to the fact that the
structure of Nano-silver was not a layered structure like the other
nanoclays and partly because Nano-silver was not evenly
distributed throughout the polymer matrix. It is interesting to
note that the standard deviation valueTggo of the chitosan/
Nano-silver films is much greater than the others. This is indirect
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Figure 1. XRD patterns of chitosan powder and neat chitosan film.

evidence that Nano-silver particles are not evenly distributed
in the polymer matrix.

XRD Analysis. Figure 1 shows the XRD patterns of pure
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cantly affected, as shown by the XRD pattern of chitosan/Nano-
silver composite films that still exhibited the peaks of neat
chitosan film at 2 = 38° (dpor = 111 nm), 44 (doo1 = 200
nm), 64°(door = 220 nm), and 77 (dooz = 311 nm), although
they were decreased slightly compared with pristine Nano-silver
powder (Figure 2Ca). However, in the case of Ag-lon-loaded
chitosan NC film (Figure 2Db), the XRD peak shifted from
260 = 17.8°for pure Ag-lon Figure 2Ba) to 20, and most of

the crystalline peaks of the Ag-lon also disappeared. Together,
these indicate significant intercalation and a phase change of
Ag-lon from a crystalline phase into an amorphous one in the
hybrid structure and may be attributed to possible intercalations
between Ag ions and free hydroxyl groups of chitosan.

Film Microstructure. Figure 3 shows SEM images of the
cross-sectional surface of chitosan and chitosan-based nano-
composite films. The bright parts in the nanocomposite fractured
films are the ends of the broken nanoparticles. SEM images
for NC films with Cloisite 30B, Nano-silver, and Ag-lon showed
island—sea morphology; that is, the nanoparticles were dispersed
throughout the chitosan matrix, whereas those with Na-MMT
appeared to have intercalated or layered silicate morphology.
In the case of NC films with Nano-silver, aggregated particles
were observed in part of the film matriFigure 3D). This

chitosan powder and chitosan film. Chitosan powder showed explains the results of the transparency measuremeg 6f

characteristic peaks at 26 10.9° and 19.8°. The peaks

the films (Table 1); that is, the standard deviation for thgo

correspond to a hydrated crystalline structure and an amorphousyalues of chitosan/Nano-silver films was much greater than those

structure of chitosan, respectivell(, 42). On the other hand,
neat chitosan film showed characteristic peaks arouhd=2
8°, 171°, and 18°. The former two peaks indicated a hydrated

of other nanocomposite films.

Tensile Properties. Table 2shows the results of thickness,
TS, andE for chitosan and chitosan nanocomposite films. The

crystalline structure, whereas the latter peak indicated anthickness of the nanocomposite films was not significarly (

amorphous structure of chitosafil(42). It is generally known
that the structure of chitosan is strongly dependent on its

> 0.05) different from that of chitosan film; that is, thickness
was not affected by compositing with the nanoparticles used.

processing treatment, such as dissolving, precipitation, andTS andE of chitosan films were 32.9 0.7 MPa and 54.6-
drying, as well as its origin and characteristics, such as degree3.0%, respectively. These values were in good agreement with

of deacetylation and molecular weigh43). However, the
crystalline structure of chitosan was not significantly affected
through the film preparation as indicated by comparison of the
XRD patterns.

previously reported values for chitosan films (38)). TS of

all the nanocomposite films increased significanBy<{ 0.05),
whereasE, for all except the chitosan/Cloisite 30B film,
decreased significantly by compositing with nanopatrticles. Such

XRD patterns of chitosan-based nanocomposite films are @ reinforcing effect on chitosan film through compositing with

shown inFigure 2. XRD peaks of nanoclay were shifted from
7.0° to 4.8° for Na-MMT and from @ = 4.9° to 4.56° for
Cloisite 30B after formation of nanocomposite with chitosan;

however, the degree of shift was dependent on the nanoclay

nanoparticles was mainly attributed to a possible strain-induced
alignment of the nanoparticle layers in the polymer ma@®) (

This increase in toughness of hybrids containing evenly
distributed nanoparticle layers in a polymer matrix has been

used. These shifts indicated significant intercalation in the hybrid [eduently observed with various nanocomposig® 81-33).

structure. More shift in the chitosan/Na-MMT film is probably
due to higher compatibility of the Na-MMT clay than the
organically modified MMT (Cloisite 30B) with chitosan matrix.

It perhaps resulted in the interaction between Nans of the
Na-MMT clay and the free hydroxyl groups of chitosan. Because
of the hydrophilic and polycationic nature of chitosan in acidic
media, this biopolymer has good miscibility with MMT and
can easily intercalate into the interlayer by means of cationic
exchange44). The increase in the basal spacidgy, suggests
the intercalation of chitosan in a monolayer dispositi®® 81)
and, additionally, indicates that Na-MMT is more compatible
than Cloisite 30B with chitosan. This agrees with previously
reported results that a hydrophilic unmodified MMT was more
compatible with hydrophilic natural biopolymer than organically
modified organophilic MMT (4546).

Figure 2 also shows XRD patterns of chitosan/Nano-silver
nanocomposite (NC) and chitosan/Ag-lon NC films. In the case
of Nano-silver powder-incorporated chitosan NC filFidure
2Cb), the crystalline structure of Nano-silver was not signifi-

The main reason for the increase in tensile strength in polymer/
layered silicate clay nanocomposites is the strong interaction
between polymer matrix and silicate layers via the formation
of hydrogen bonds31). The extent of the increase in TS
depends directly upon the average length of the dispersed clay
particles and, hence, the aspect ratio.

WVP. The WVP values, along with actual relative humidity
conditions at the undersides of films during testing, of the
chitosan and chitosan-based nanocomposite films are shown in
Table 3. The WVP value of the chitosan film was (1.310.07)

x 10712 kg-m/m?-s-Pa, which is in good agreement with the
reported value of (1.34 0.14) x 10712 kg-m/nme-s-Pa (38).

The WVP of the nanocomposite films decreased significantly
(P < 0.05) by 25—30% depending on the nanoparticles used.
The decrease in WVP of nanocomposite films is believed to be
due to the presence of ordered dispersed nanopatrticle layers with
large aspect ratios in the polymer matrd8(49). This forces
water vapor traveling through the film to follow a tortuous path
through the polymer matrix surrounding the nanoparticles,
thereby increasing the effective path length for diffusion.
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Figure 2. XRD patterns of nanoparticles and their respective chitosan-based nanocomposite films.

Figure 3. SEM of cross sections of films from chitosan and chitosan-based nanocomposites (magnification = 3500x): (A) neat chitosan; (B) chitosan/
Na-MMT; (C) chitosan/Cloisite 30B; (D) chitosan/Nano-silver; (E) chitosan/Ag-lon).

The observed decrease in WVP is of great importance in tions of a significant reduction in WVP means either increased
evaluating the nanocomposite films for use in food packaging, barrier efficiency for a given film thickness or a reduction in
protective coatings, and other applications where efficient thickness of the barrier layer for the same efficiency. Among
polymer barriers are needed. For these applications, the implica-the nanocomposite films tested, the chitosan/Cloisite 30B film
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Table 2. Tensile Properties of Chitosan-Based Nanocomposite Films?

film type thickness (um) TS (MPa) E (%)
neat chitosan 64.0 £ 6.0a 329+0.7b 54.6 £ 3.0ab
Na-MMT 70.0+9.2a 35.1+0.9ab 50.3 £ 11.7hc
Cloisite 30B 63.3+2.3a 36.8 +3.3ab 66.3£5.3a
Nano-silver 64.7 £ 9.0a 35.9+1.9ab 46.3 +7.6bc
Ag-lon 61.3+5.0a 38.0+3.4a 389+ 14c

@Means of three replicates + standard deviation. Any two means in the same
column followed by the same letter are not significantly different from each other
(P> 0.05) by Duncan’s multiple-range test. TS, tensile strength; E, elongation at
break.

was the lowest in WVP. The increase in water vapor barrier
property may also have been due to the development of a

polymeric composite structure with nanoparticles. Figure 4. Photograph of antimicrobial test results of chitosan and chitosan-
Although the WVP values of chitosan film decreased upon y;seq nanocomposite fims against S. aureus: (1) neat chitosan film; (2)

compositing V,Vith nanoparticle:s, Fhey are still not Comparable chitosan/Na-MMT; (3) chitosan/Cloisite 30B; (4) chitosan/Nano-silver; (5)
to those of widely used plastic films9). The WVP (in kg chitosan/Ag-lon (5%): (6) chitosan/Ag-lon (20%).
m/mé-s-Pa) for various petroleum-based plastic films docu-

mented in the literature5Q) is 4 orders of magnitude lower antimicrobial activity, determined by the diameter of the growth
than that of the chitosan-based films tested. This indicates thatinhibition zone, was dependent on the test film used. The tests
the WVP of chitosan-based films needs further improvement on all film samples were repeated using three other microorgan-
to substitute for petroleum-based plastic films. isms, and the results are showriliable 4. Generally, chitosan
Contact Angle of Water. The contact angle (CA) of water  and chitosan/Na-MMT nanocomposite films did not show clear
is one of the basic wetting properties of packaging materials microbial inhibition zones, whereas Nano-silver- and Ag-lon-
and is an indicator of the hydrophilic/hydrophobic properties incorporated nanocomposite films exhibited distinctive microbial
of the material §1). Results of the initial contact angle of water inhibition zones against all four test microorganisms in the disk
measurements for the films are showrTiable 3. Usually, the method. It is well-known that chitosan itself has antimicrobial
more hydrophilic a material is, the lower the contact angle value activity due to its cationic property. This seemingly contradictory
it has. Contact angle measurement of the films studied indicatedresult for chitosan films is mainly due to the limits of detection
that, generally, hydrophilicity of chitosan-based nanocomposite of antimicrobial activity when using the disk method. The
films, except for the chitosan/Cloisite 30B film, decreased by appearance and size of the clear zone in the disk method is
compositing with nanoclays or a nanoparticle. This seems to mainly dependent on the ratio of disk area and size of inoculum,
be contradictory to the expected results that hydophilicity of type of solid medium, and contact area. Of interest, Cloisite
films composited with Na-MMT increases (i.e., a decrease in 30B-incorporated nanocomposite film exhibited antimicrobial
CA) due to the hydrophilic nature of the nanoclay surface with activity against the two Gram-positive bacteria stud&daureus
Na' or C&Z" ions, as well as the structure of clay, whereas that and L. monocytogenes, but did not show any antimicrobial
with Cloisite 30B decreases (i.e., an increase in CA) due to activity against the two Gram-negative bacte8atyphimurium
replacement of Na in the interlayer region of MMT with andE. coli 0157:H7. In the case of Ag-lon-incorporated films,
hydrophobic alkylammonium, methyl tallow bis(2-hydroxyethyl) the higher the concentration of Ag-lon incorporated, the higher

quaternary ammonium, endowing it wih hydrophobici88( the antimicrobial activity obtained.

45). This discrepancy needs to be studied further. To confirm the above antimicrobial test results of chitosan
WS. WS, a measure of the resistance of a film sample to films, a quantitative test, that is, a viable cell colony count

water, showed similar trends as CA measuremenable 3). method, was performed, and the results are shoviigare 5.

The WS of nanocomposite films composited with Na-MMT and Like the disk test result, the antimicrobial activity of chitosan
Cloisite 30B was not affected significantly, but those composited films varied distinctively depending on films and microorgan-
with Nano-silver and Ag-lon had increased WS, that is, isms tested. Inthe case of Gram-positive bacteria 8.eaureus

decreased water resistance. and L. monocytogenes), all chitosan-based films, including
Antimicrobial Activity. Figure 4 shows a typical antimi- control chitosan and chitosan nanocomposite films, showed
crobial test result of chitosan-based films aga®saureusas antimicrobial activity. In particular, nanocomposite films in-

determined by the disk method. As shown in the picture, corporated with Ag (Nano-silver and Ag-lon) and Cloisite 30B-

Table 3. Water Vapor Barrier and Water Resistance Properties of Chitosan-Based Nanocomposite Films?

WVP
film type MC (%, wh) (x 10712 kg-m/m2-s-Pa) RH, (%) CA (deg) WS (%)
neat chitosan 27.1+0.8a 1.31+0.07a 76.2+ 1.4c 45.6+0.2c 13.6+1.1b
Na-MMT 26.4 +0.4a 0.98 £ 0.15hc 78.8 + 0.6a 474+0.2b 125+0.8b
Cloisite 30B 243+0.2b 0.92 +0.03¢ 78.2+0.2ab 434+1.3d 132+ 1.0b
Nano-silver 245 +0.0b 0.95 £ 0.12bc 78.1+0.2ab 485+ 1.1b 14.1+0.8ab
Ag-lon 22.3+0.3c 0.96 + 0.05bc 77.3 +0.4bc 504+ 1.0a 15.4+0.6a

aMeans of three replicates + standard deviation. Any two means in the same column followed by the same letter are not significantly different from each other (P >
0.05) by Duncan’s multiple-range test. MC, moisture content; WVP, water vapor permeability; RH,, actual relative humidity value underneath the film covering the WVP
measuring cup; CA, contact angle of water drop; WS, water solubility.
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Table 4. Antimicrobial Activity2 of the Chitosan Nanocomposite Films As Observed by an Agar Diffusion Assay on Plate Medium?

Rhim et al.

film type
test organism neat chitosan Na-MMT Cloisite 30B Nano-silver Ag-lons® Ag-lony®
S. aureus ATCC-14458 - - ++ + + +
L. monocytogenes ATCC-19111 - - + + + T+
S. typhimurium ATCC-14028 - - - + + T+
E. coli0157:H7 ATCC-11775 - - - + + T+

a— no inhibition; +, clear zone of 6—8 mm; ++, clear zone of 8—10 mm. ? Culture medium: TSA (tryptic soy agar, Difco Lab.), incubation temperature = 37 °C.
¢ Ag-lons and Ag-long, Ag-lon concentration of 5 and 20% (w/w of chitosan), respectively.

(A)

108
107
108
105 4
10 4
103
102

Chitosan
Na-MMT

10!

Viable cell count (CFU/mL)

eI EJQ4q400

100 Cloisite 30B
Nano-silver
10! Ag-lon,
102 Ag-lon,,
0 2 4 6 8 10
Time (h)

©

10?

108 4
107
105 %
10°
104
10°

Viable cell count (CFU/mL)

Control
Chitosan

[ J
10 1 o
v Na-MMT
10! Vv  Cloisite 30B
B Nano-silver
10° 4 O Ag-long
101 4 & Aglony,
102 T r T
] 2 4 6 8 10
Time (h)

B®)

107

108 4
107 1
10°
10° +
104 4
10° 1
102
10! 4
10° 4
10 4

Viable cell count (CFU/mL)

102

(D)

10°

108
107

Viable cell count (CFU/mL)

102

100 3
10° 4
10* 4
10° 1
102
10! 4
10°
10 4

Control
Chitosan
Na-MMT
Cloisite 30B
Nano-silver
Ag-long
Ag-lon,,

[ Znly R NoN ]

Time (h)

U mEI400

Control
Chitosan
Na-MMT
Cloisite 30B
Nano-silver
Ag-Tong

Ag-Ton,,

2 4 6 8 10
Time (h)

Figure 5. Effect of antimicrobial activity of chitosan and chitosan-based nanocomposite films on broth cultures of (A) S. aureus, (B) L. monocytogenes,
(C) S. typhimurium, and (D) E. coli O157:H7.

incorporated films showed significantly lower levels of viable
CFU. S. aureudreated with Ag-incorporated films decreased
by >6 log cycles within 8 h of cultivation compared to the
control without films, whereals. monocytogenedecreased most
rapidly in the presence of Cloisite 30B-incorporated film
followed by Ag-long-, Nano-silver-, and Ag-logiincorporated
films. Neat chitosan and Na-MMT- and Cloisite 30B-incorpo-

Gram-negative bacteria (i.€S, typhimuriumandE. coli0157:
H7), but Ag-incorporated films exhibited distinct bactericidal
effects. No viable CFU o8. typhimuriumwere observed after
6 h of cultivation with Ag-incorporated films in the decreasing

order Ag-lono > Ag-lons > Nano-silver. In the same way, no
viable CFU ofE. coli O157:H7 were observed after 8 h of

cultivation with Ag-incorporated films, indicating-a8 log cycle
reduction effect compared with the control.

The antimicrobial activity of neat chitosan and Na-MMT-
incorporated films may be contributed by the combined effect
of chitosan and organic acid (i.e., acetic acid), whereas the
rated films each demonstrated a bacteriostatic effect againstincreased antimicrobial activity of Ag-incorporated films may
be increased by high infiltration of the Ag component with high
bactericidal effect. Ag ions reportedly adhere to the negatively
charged bacteria cell wall, changing the cell wall permeability.
This action coupled with protein denaturation induces cell lysis
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and death §2). The antimicrobial activity of Ag-lon is also
related to its ability to modify the DNA replication mechanisms

as well as to cause abnormalities in the size, cytoplasmic

J. Agric. Food Chem., Vol. 54, No. 16, 2006 5821

(10) Park, S.-1.; Zhao, Y. Incorporation of a high concentration of
mineral or vitamin into chitosan-based film3. Agric. Food
Chem.2004,52, 1933—1939.

contents, cell membrane, and outer cell layers of sensitive cells (11) Labuza, T. P.; Breene, W. M. Applications of active packaging

(53). Overall comparison of the microbial reduction rates in the

present study revealed Gram-negative bacteria to be more

susceptible to the antimicrobial effects of Ag ions than Gram-
positives, presumably due to their thinner murine wall, which
may allow more rapid absorption of the ions into the cB#,(
55).

Interestingly, Cloisite 30B-incorporated film showed signifi-
cantly higher antimicrobial activity again§. aureusand L.
monocytogenethan Na-MMT-incorporated film, even though
the basic structure of MMT is the same for both. This may be
attributed to the antimicrobial activity of the quaternary am-
monium group in the silicate layer of the Cloisite 30B-
incorporated film. The effectiveness of such groups bearing alkyl

substituents in disrupting bacterial cell membranes and causing

cell lysis has been well documented in the literati&®-59).
However, varied resistance of Gram-negative bacteria to

for improvement of shelf-life and nutritional quality of fresh and
extended shelf-life foodsl. Food Process. Preser1989,13,
1-69.

(12) Cha, D. S.; Chinnan, M. S. Biopolymer-based antimicrobial
packaging: a reviewCrit. Rez Food Sci. Nutr2004,44, 223—
237.

(13) Cagri, A.; Ustunol, Z.; Ryser, E. T. Antimicrobial edible films
and coatingsJ. Food Prot.2004,67, 833—848.

(14) Hernandez, E. Edible coatings from liquid and resin&dible
Coatings and Films to Improve Food Quality; Krochta, J. M.,
Baldwin, E. A., Nisperos-Carriedo, M. O., Eds.; Technomic
Publishing: Lancaster, PA, 1994; pp 279—303.

(15) Avena-Bustillos, R. J.; Krochta, J. M. Water vapor permeability
of caseinate-based edible fiims as affected by pH, calcium
crosslinking and lipid contenf.. Food Sci1993,58, 904—907.

(16) McHugh, T. H.; Krochta, J. M. Water vapor permeability
properties of edible whey proteilipid emulsion films.J. Am.

Oil Chem. Soc1994,71, 307—312.

guaternary ammonium compounds has been previously observed (17) Lai, H. M.; Padua, G. W.; Wei, L. S. Properties and microstruc-

(60, 61) and supports the present results$otyphimuriunand
E. coli O157:H7.

Conclusions.Four different types of chitosan-based nano-
composite films were developed, and their film properties and
antimicrobial functions were tested. By compositing with
nanoparticles (such as unmodified and organically modified
montmorillonites, Nano-silver, and silver zeolite), mechanical
and water vapor barrier properties of chitosan films were
increased significantly (P< 0.05) compared with those of
control chitosan films, and varying degrees of antimicrobial

activity were observed depending on the nanoparticles used.
These results suggest a potential application of nanotechnology
in the development of natural biopolymer-based biodegradable

packaging materials with additional bioactive function.
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