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For the last few decades, the application of biopolymers such as poly(lactic acid, PLA) as an alternative to syn-
thetic polymers in the packaging industry is in great demand. However, to rival the traditional polymers, the bar-
rier properties and antimicrobial activities of PLA need to be adapted to the food packaging requirements. The
purpose of this research was to compare the impact of thin-film fabrication techniques in combination with dif-
ferent contents of cellulose nanocrystals (CNCs) (1-5 wt%) on the barrier and antimicrobial properties of PLA
films. The nanocomposite thin films were manufactured via solvent casting and spin-coating techniques. The
spin-coating method has been employed for the first time in this work to prepare nanocomposite thin films
with a thickness of ~ 0.2 mm. The nanocomposite films were tested for surface morphology, degree of crystallin-
ity, water vapor permeability, contact angle, and antimicrobial properties. Scanning electron microscopy (SEM)
micrographs revealed the strong tendency of CNCs to establish microscale aggregates, however, a high drying
rate in the spin-coating method decreases the self-assembly in CNCs. Thus, a significantly higher degree of crys-
tallinity and glass transition temperature were observed in spin-coated films due to a more uniform dispersion of
CNCs in PLA. Higher contact angle and lower water vapor transfer rate in spin-coated samples confirmed the
lower hydrophilicity character of spin-coated thin films. Two separate assays were employed for evaluating
the anti-microbial activity of PLA on the foodborne pathogens. The results showed that the film manufacturing
technique and CNC concentration have a strong influence on microbial reduction.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Increasing concerns over climate change and human health have
motivated the scientific association to improve the potential application
of bio-based polymers in diverse fields. Food packaging industry repre-
sents an important sector with consumption of different petroleum-
based materials with short term applications [1]. In this regards, bio-
based and bio-degradable polymers with high potential of decreasing
the dependency on conventional plastic have been extensively explored
during recent decades [7,40]. The primary goal of food packaging is
protecting foods from damages caused by pathogens, moisture, light,
and heat, etc. The right selection of food packaging materials can pro-
long the shelf life of a food product [24]. The spoilage of food due to mi-
crobial metabolism alternations and foodborne pathogens is considered
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as one of the utmost losses in food industry, and packaging materials
can control the food quality to some extent [6]. The protective packag-
ing films can control the microbial activity in food products by creating
an active barrier, expanding the lag time, and decreasing the microor-
ganisms' growth in food products.

Polylactic acid (PLA), the most commonly used biopolymer in food
packaging sector, accounts for compound annual growth rate (CAGR)
of 19.5% and is estimated to achieve a market of $6.5 billion by 2025
[35]. PLA is being explored as a promising substitution for petroleum-
based polymers in the packaging industry, owing to its biodegradability,
biocompatibility, and sustainability. The biocompatible nature of PLA
makes it an ideal choice as packaging material with a wide spectrum
of food packaging applications. The general physical properties, melt
processing simplicity and easy of processability of PLA are comparable
to petroleum-based packaging resins [33].

Generally, a polymer is acceptable in the food packaging industry
when it can fulfill the required optimal characteristics of food products
[34]. Barrier property is an important characteristic in polymer mate-
rials which may impact their suitability for a specific application and
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generally, it is a function of the degree of crystallinity, crystalline/amor-
phous phase ratio, structural properties, and the polarity of the poly-
meric chains [23,25].

Compared to synthetic polymers PLA exhibits similar impermeabil-
ity to carbon dioxide (CO,) and oxygen (O,), however, it has relatively
high permeability to small molecules including water vapor (WV),
and organic vapors molecules [23]. The poor barrier properties in PLA
as compared with selected petroleum-based polymers impose restric-
tions over its commercial application in the packaging industry. To ad-
vance the mechanical, barrier and thermal behavior of PLA, different
nano-sized fillers such as cellulose and lignin [41], graphene [27], zinc
oxide [30] nanoparticles have been added into the polymer matrix. In
addition to barrier properties of PLA thin film, its antimicrobial effect
of PLA against selected microorganisms has been studied through incor-
porating different natural antimicrobial agents such as lysozyme [8],
chitosan powder [39], and limonene [29].

Among different nanofillers, cellulose nanocrystals (CNCs), an
emerging class of nature-derived nanoparticles, have received notice-
able attention over the past few decades owing to their lightweight
character (density ca. 1.56 g cm™>), high aspect ratio (approximately
70), large surface area (around 150 m?/g), and highly crystalline struc-
ture. It was reported that incorporating CNCs into PLA can improve
the barrier properties of PLA, and serve as potential option for storing
different types of food products [9,10,17,21]. The improvement is as-
cribed to the arrangement of a rigid hydrogen-bonded network con-
trolled by a percolation mechanism [4]. The gases permeability
through nanocomposites thin films is governed by various features
such as tortuosity of gaseous molecules path through the nanocompos-
ite structure, nanofiller type, aspect ratio, and content, degree of disper-
sion, and interfacial interaction between nanofillers and matrix [28]. In
the application of CNCs as nanofillers in PLA matrix, a uniform disper-
sion is required to benefit the optimized barrier influence of CNCs in
nanocomposite film. Poor CNCs' dispersion considerably restricts the
enhancement in the barrier properties of the nanocomposite thin films.

Most of the researches reported in the literature used solvent casting
technique for thin-film fabrication and there is a need for a new tech-
nique in enhancing the dispersion of CNC in PLA matrix using different
methods. The spin-coating method is a simple and quick thin film prep-
aration method. It can offer ultrathin polymer film with even thickness.
The presence of centrifugal driving force as well as surface tension in the
spin-coating method can result in uniform dispersion of nanofillers in
the matrix and thin-film with a desirable thickness (Fig. 1) [15,19].

In this research, nanocomposite thin films were manufactured via
solvent casting and spin-coating methods. While, solvent casting is a
common thin film making technique, spin-coating method has been
used for the first time in this work to prepare nanocomposite thin
films. The effect of two manufacturing techniques in combination with
CNCs loading on the barrier and antimicrobial behavior of PLA-CNCs

nanocomposite films were investigated through light transmission,
crystallization, and antimicrobial analysis.

2. Experimental
2.1. Materials

Poly(lactic acid) (PLA 2002D, M,, = 98,000 gmol~!) was purchased
from NatureWorks LLC (Minnetonka, MN, USA). Wood-based cellulose
nanocrystals with a dimensions of 150 nm length and 7 nm width
were kindly supplied by USDA-Forest Service (Forest Products Lab.,
Madison, WI, USA). Analytical grade chloroform used in this research
was purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Film preparation

To compare the effect of manufacturing methods on nanocomposite
thin films barrier properties, PLA-based nanocomposite thin films were
manufactured via two different methods, including solvent casting and
spin-coating methods. For each formulation, PLA solution was prepared
by dissolving 7 g PLA pellets in 70 ml chloroform under magnetic stir-
ring at room temperature (~24 °C) until all pellets were disappeared. Di-
rect dispersion of CNCs into chloroform have reported challenges of
agglomeration; in this study to overcome the challenge of nonuniform
dispersion, CNCs suspension was prepared separately by dispersing
CNCs in the chloroform using vigorous magnet stirring for 2 h at room
temperature, followed by homogenizer (IKA Works, Wilmington, NC,
USA) for 5 min, and sonication (Misonix sonicator 3000, Vernon Hills,
IL, USA) for 3 min in an ice bath. The predetermined amount of CNCs
suspension was then added to the PLA solution to prepare PLA-CNCs
mixture with 1, 3, and 5 wt% CNCs and then exposed to vigorous stirring
for 3 h. In the solvent casting method, the PLA-CNC mixture was poured
into a glass Petri dishes and dried at ambient temperature for approxi-
mately 30 h. In the spin-coating method, a vacuumed spin-coater
(WS-400-6NPP-Lite, Laurell Technologies, PA, USA) was used to prepare
thin film nanocomposites with an even thickness. The PLA-CNCs mix-
ture was injected into the center of the spinning substrate and the spin-
ning step was kept constant for 180 s at 150 rpm. Then the solvent was
evaporated at room temperature for 4 h and the films were solidified.

The thickness of thin films strongly influences the water vapor per-
meability in food packaging products. It was shown that water vapor
permeability increases as the film thickness increases [5,34]. So, the
thickness of thin films was kept constant in the range of 0.17-0.2 mm
for all formulations. Thickness of the nanocomposite films were mea-
sured at five different points with an electronic micrometer (Mitutoyo
293-340-30, Shiwa, Japan) and the average value was reported as thick-
ness of the film. The nanocomposite thin films of different formulations
are shown in Table 1.
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Fig. 1. Schematic diagram of thin film formation in spin-coating method.
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Table 1
The compositions detail of nanocomposite films prepared via solvent casting (so) and
spin-coating methods (sp).

Formulation code PLA (wt%) CNCs (wt%) Film making technique
PLA-1CNC-so 99 1 Solvent casting
PLA-3CNC-so 97 3 Solvent casting
PLA-5CNC-so 95 5 Solvent casting
PLA-1CNC-sp 99 1 Spin-coating
PLA-3CNC-sp 97 3 Spin-coating
PLA-5CNC-sp 95 5 Spin-coating

2.3. Scanning Electron microscopy (SEM)

The surface morphology of thin films was characterized using a
scanning electron microscope (SEM, JSM-6010LA, JEOL Inc., Peabody,
MA, USA). Samples with an approximate area of 4 mm? were mounted
on stubs with double-sided conductive tape and sputter-coated with
gold to prevent electrical charging. SEM images were taken with an
electron beam energy of 20 kV at a magnification of 500 x .

2.4. Differential scanning calorimetry (DSC)

It is well established that high crystallinity implies low permeability
and high barrier properties in polymer film. Therefore, the non-
isothermal crystallization and melting behavior of samples were evalu-
ated using differential scanning calorimeter (TA Instrument, Q200, New
Castle, DE, USA). In this regard, samples were heated from 25 to 200 °C
at a heating rate of 5 °C/min under nitrogen atmosphere (the flow rate
of 50 ml/min). Three such measurements were taken on each formula-
tion and average values of thermal characteristics and crystallization be-
havior are reported. The degree of crystallinity of all samples was
calculated using melting heat (AH,,), and the heat of crystallization

(AHc) (Eq. (1)).

_ AHm—AHc

X% = AT % 100 (1)

in which, AH!%% is melting enthalpy for a 100% crystalline PLA sample,
taken as 93.16 j/g [37].

2.5. Water vapor transfer rate (WVIR)

The water vapor transmission rate in nanocomposite films was mea-
sured gravimetrically, following the desiccant method in ASTM E96
with 68-3000 EZ-Cup vapometer assemblies (Thwing-Albert Instru-
ment Company, West Berlin, NJ, USA). Samples were measured in five
locations for thickness consistency and the average values were used.
Nanocomposite films were conditioned at 21 °C and 50% relative hu-
midity for 14 days prior to conducting the water vapor transmission
test, and all testing was performed at 21 °C and 50% relative humidity.
Desiccant (anhydrous calcium chloride) was placed in the base of the
cup within 6 mm of the specimen. Film samples were cut into circles
with a radius of 6.35 cm, sandwiched between two neoprene gaskets,
and placed in the cup. An aluminum threated ring and Teflon seal se-
cured the sample. The assembles were weighed periodically to establish
the linear region for the curve of weight gain as a function of time. The
water vapor permeability rate (WVPR) was calculated using Eq. (2):

G
WVIR = " )

where G/t is the weight loss per unit time (g/h) and can be obtained
from the slope of the fitted straight line and A represents the area ex-
posed to moisture transfer (m?) (31.66 cm?).

The film water vapor permeability (WVP) was calculated following

Eq. (3):

WVTR

WVP = R s (3)

in which S represents saturation vapor pressure of water at the test tem-
perature (2493 Pa), R, is the fractional RH on the vapor source side
(50%), R, denotes the fractional RH on the sink side (0%), and t is the
film thickness.

2.6. Contact angle

The hydrophilicity of nanocomposite films was studied based on the
measurement of water contact angles, using a video contact angle mea-
surement system (FTA1000 B Class by First Ten Angstroms, Inc.). A
droplet of water with an approximate volume of 4 puL was dropped on
the surface of thin films. A high-speed digital video camera operating
at 250 frames per second and accompanying software of the instrument
was used to monitor the shape and edge profile of droplets in contact
with the film.

2.7. Antimicrobial properties

For thin film diffusion and direct inoculation assay three different
strains including RIMD 0509952 Enterohemorrhagic Escherichia coli
(EHEC) 0157:H7, ATCC BAA-1045 Salmonella enterica Enteritidis, and
Listeria monocytogenes strain 10403S were used. Each strain was pre-
pared from a — 80 °C 10% glycerin stock and streaked for isolation on ei-
ther Luria-Bertani agar (LB, EHEC and S. enterica) or Brain Heart Infusion
agar (BHI, L. monocytogenes). The plates were incubated at 37 °C over-
night and isolated colonies were picked for inoculation of 5 ml LB
broth (EHEC, S. enterica) or BHI broth (L. monocytogenes). Broth cultures
were incubated with shaking at 37 °C, 215 rpm, for 16 h. After incuba-
tion, cells were prepared differently for each assay. For the thin-film dif-
fusion assay, the culture was directly used to inoculate the LB and BHI
plates. To conduct the direct inoculation assay, cells were pelleted via
centrifugation (Avanti J-25 Centrifuge, Beckman Coulter, Brea, CA),
growth media was removed, and resuspension of cells was done with
500 ml of phosphate-buffered saline (PBS) to concentrate the inoculum.
The starting concentration of the inoculum on the disk was verified by
plate count to be 10® colony forming units per ml (CFU/ml).

2.8. Thin film diffusion assay

Thin film used in the assay were prepared as described and sterilized
by dipping into 100% ethanol and allowing to air dry before use. Using
the prepared inoculum, a confluent lawn of bacteria was streaked on ap-
propriate growth media using sterile swabs. Along with a plate used for
the assay, a confluently streaked plate for each strain was prepared
without thin-film disks for later comparison. Immediately after streak-
ing, sterilized disks were placed in designated quadrants of the agar
via sterile forceps and plates were incubated at 37 °C over night. Images
were taken of each plate using the Q-Count (Model 530, Spiral Biotech)
and zones of inhibition around the disks were measured in mm. Each
culture was individually prepared three times and subjected to the
disk diffusion assay with three replicates of each disk type.

The direct inoculation assay was conducted in 6-well plates, with
three replicates of each pathogen and three replicates of each disk
with 9 mm dimeter and 0.17-0.2 mm thickness. The prepared concen-
trated inoculum was placed directly onto ethanol-sterilized disks with
10: 1 of each culture placed on the disk surface. Disk surfaces were
dried in the biosafety cabinet before the 24 h incubation period at
room temperature. After the 24 h incubation, disks were removed
using sterile forceps and retained in a 50 ml centrifuge tube containing
10 ml sterile PBS and acid-washed glass beads. These tubes were
vortexed for 2 min and samples were diluted and plated on appropriate
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growth media. Plates were incubated at 37 °C over night and colonies
were enumerated using the Q-Count.

3. Results and discussion
3.1. Scanning Electron microscopy (SEM)

The surface morphology and topographies of the PLA-CNCs thin
films was studied using SEM images (Fig. 2). The presence of CNC aggre-
gates in the spherical shape for all samples indicates the strong interac-
tions between unmodified CNCs to form bundles in the PLA matrix.
Moreover, the SEM images revealed that the increase in the concentra-
tion of CNCs resulted in relatively bigger CNCs aggregates in each set of
samples. The tendency to agglomerate in CNCs can be attributed to the
drying conditions during preparing of the thin film. Unlike the solvent
cast samples, the smaller size and more homogeneous distribution of
the CNCs was observed in the spin-coated films, particularly with low
CNC contents (1 and 3%). The key parameters in resisting the formation
of micro-sized agglomerates in spin-coated films were high solvent
evaporation rate, and the combination of centrifugal force and surface
tension during the spin-coating process (Fig. 1). This hypothesis can
be supported by CNC aggregates occurrence in spray-dried CNC at
higher liquid feed due to the long drying process. Large chunks of CNC
aggregates with sizes as high as 5-10 um were visible throughout the
film prepared through the solvent casting technique. In fact, longer dry-
ing time in the solvent cast method provides enough time for CNCs to
self-assemble and form aggregates.

3.2. Differential scanning calorimetry (DSC)

Crystallinity is an important feature in polymers and governs the
biodegradation rate of biodegradable polymers. In this research, the
crystallization behavior of PLA-CNC nanocomposite thin films prepared
through two different methods (solvent casting and spin-coating) were
studied using differential scanning calorimeter (DSC) and the represen-
tative curves of DSC are shown in Fig. 3. In case of thin-film nanocom-
posites, there are different factors affecting the glass transition
temperature, including density, interface interaction, and confinement
effect. The DSC results showed that the crystallinity and thermal behav-
ior of nanocomposite films were marginally influenced by film making

SEl 20kV

SEI 20kV WD 12mm $$ 50 X500 SOum ___ SEI 20kV

WD 12mm SS.SO X500 50 um

WD 12mm S$50 X500 50 pm

methods. The glass transition temperature (Tg), taken at the mid-point
of heat capacity changes was slightly higher in spin-coated samples in
comparison with solvent cast films. The higher crosslinking degree pro-
moted by uniform CNC dispersion in PLA matrix in spin-coated samples
produced interactions strong enough to slow down the polymer chain
mobility [31,32]. As expected, PLA-1CNC-sp with uniform CNCs disper-
sion (Fig. 2d) exhibited the highest value of T,, followed by PLA-1CNC-
so. In all nanocomposite samples, a noticeable reduction in Ty was ob-
served with an increase in CNCs loading, which was more evident in sol-
vent cast thin films. In agreement with previous study [22], the
overloading of CNCs led to the formation of micro-sized agglomerates
in polymer matrix, inhibiting the rotational backbone motions of PLA
polymer chain and restricting increase in Tg.

In the case of crystallization temperature (T.), an evident shift to
higher values was detected for all nanocomposite thin films with re-
spect to PLA thin film, showing that CNCs performed as heterogeneous
nucleating agents in PLA matrix [11].

The crystallization temperatures for spin-coated thin film reinforced
with 1, 3, and 5% CNCs were about 4, 6, and 7 °C higher than those for the
solvent cast films. The relatively higher T in spin-coated samples in
comparison with solvent cast films clearly demonstrates that more uni-
formly distributed CNCs in PLA matrix were able to promote the cold
crystallization of PLA matrix (Fig. 2) [36]. Meanwhile, in each set of
nanocomposite thin films with the addition of CNCs a slight decrement
in the crystallization-temperature was observed due to the formation
of micro-sized CNC aggregates through polymer matrix. Regardless of
composition and film making techniques, Ty, of PLA-CNC nanocompos-
ites remains roughly constant when cellulose nanocrystals are added.

The degree of crystallinity as a long-range order in semi-crystalline
polymers has a strong effect on barrier properties. The degree of crystal-
linity in spin-coated nanocomposites reinforced with 1, 3, and 5% CNCs
was 52%, 47%, and 19% higher than that in solvent cast films with the
same CNC contents. The higher degree of crystallinity in spin-coated
films can be related to more uniform CNCs dispersion through PLA as
shown in Fig. 2b [2]. The high solvent evaporation rate in spin-coating
method improved the molecular order, and the presence of residual sol-
vent in spin-coated samples effectively improved self-organization in
polymer chain in forming a highly crystalline structure [26]. More uni-
form dispersion of CNCs in spin-coated films resulted in the formation
of the network-like structure of CNCs in the PLA matrix, and this, in

SEI 20kV’ WD 12mmSS50 X500
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-

Fig. 2. Scanning electron microscopy micrographs of thin films a) PLA-1CNC-so, b) PLA-3CNC-so, ¢) PLA-5CNC-so, d) PLA-1CNC-sp, e) PLA-3CNC-sp and f) PLA-5CNC-sp.
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Fig. 3. Representative DSC curves of nanocomposite thin films.

turn, resulted in a higher nucleation agent effect [2,13,38]. Besides, the
broad endotherm shape in solvent cast thin films indicated the high het-
erogeneity and different degree of perfection in solvent cast thin film
nanocomposites. Although the variation of CNCs loading played the
key role in thermal behavior of thin films (T, T¢), thin film preparation
techniques had the predominant impact on degree of crystallinity. It is
more likely due to heterogeneous dispersion of CNCs in spin-coated
thin films (Fig. 2).

3.3. Water vapor transfer rate (WVTR)

The barrier properties of thin films are crucial for a specific applica-
tion in different fields such as food packaging. In this study gravimetric
Intelligent Gravimetric Analyzer (IGA)- system was employed for an ac-
curate and fast measurement of water vapor permeability in nanocom-
posite films and the results are summarized in Table 3. From WVTR
results it can be observed that the film preparation technique marginally
affected the water vapor transfer rate. The water vapor permeability for
each set of samples was close to one another. However, the water vapor
permeability (WVP) values in spin-coated thin films were slightly lower
than those observed in solvent cast nanocomposite thin films. This ob-
servation can be explained by the interaction between CNCs and PLA
matrix in spin-coated thin films. In agreement with [20], the tortuous
path in the polymer matrix reinforced by CNCs via spin-coating method
was a result of uniform dispersion of CNC in PLA matrix, improved crys-
tallinity [ 18], and interfacial interactions between CNCs and PLA (Fig. 2).

3.4. Contact angle

Wettability of solid film characterized based on the surface topogra-
phy and hydrophilicity is classified into several levels. For the surface
with a contact angle lower than 90°, the liquid will wet the contact sur-
face and spread over it, while the contact angle higher than 90° repre-
sents hydrophilic materials. The contact angle depends on several
factors, including surface roughness, topography, and the method of
film preparation [12]. The features of the edge profiles of a water drop
on nanocomposite films are given in Table 3 and it can be observed
that by increasing the concentration of CNC, both solvent cast and
spin-coated samples exhibited higher hydrophilicity character, proba-
bly due to the mediocre dispersion of CNC at higher amount (Fig. 2).
While comparing the two preparation methods, the higher contact
angle was observed for spin-coated films, signifying lower hydrophilic-
ity character in spin-coated thin films. This observation was more likely
due to a higher degree of crystallinity in spin-coated films as detected in
Table 2 [16]. Spin-coated thin films reinforced by 1, and 3% CNCs still
displayed hydrophobic surfaces with contact angle higher than 65°,
showing enough hydrophobicity for different applications, such as
food packaging and filtration membranes [14]. However, solvent cast

Table 2

Thermal characteristics of nanocomposite thin films.
Formulation code Tg (°C) T. (°C) Tm (°C) X%
Pure PLA 532 + 03 90.6 £+ 0.2 159.7 + 04 1.9 £ 0.0
PLA-1CNC-so 56.7 +£ 0.4 925 + 04 160.1 & 0.6 2.7 + 0.1
PLA-3CNC-so 515 4+ 0.3 889 + 0.6 159.7 + 0.7 23 +£02
PLA-5CNC-so 50.7 £ 0.5 86.4 + 0.3 160.0 + 0.5 2.1 +£ 0.1
PLA-1CNC-sp 57.6 £ 0.5 96.5 + 0.5 159.5 + 0.7 41 £ 02
PLA-3CNC-sp 525+ 03 943 £ 0.7 160.3 + 0.8 34 + 01
PLA-5CNC-sp 521 £ 0.6 93.6 £ 0.2 159.8 £ 0.6 25+ 0.1

thin films exhibited contact angle lower than 65° in all formulations
(PLA-1CNC-so, PLA-3CNC-so, PLA-5CNC-s0). It seems that in the case
of contact angle and surface wettability, both different manufacturing
method, and compositions led to different hydrophilicity character in
nanocomposite thin films, however, the effect of manufacturing method
was more predominant. The typical contact angle in the solvent cast and
spin-coated thin films reinforced with CNCs are illustrated in Fig. 4.

3.5. Antimicrobial properties

Two separate assays were employed to evaluate the antimicrobial
activity of PLA-CNC films on the foodborne pathogens Salmonella
enterica, enterohemorrhagic Escherichia coli (EHEC), and Listeria
monocytogenes. First, a disk diffusion method was used. This is a stan-
dard method of measuring the effects of antimicrobial agents on bacte-
ria. For the assay conducted with these PLA films, no growth inhibition
was observed in the bacterial lawn around the disks (data not shown).
This could be due to factors such as the diffusibility of the PLA-CNC.

In a separate approach, the three tested pathogens were directly in-
oculated onto the nanocomposite films, incubated for 24 h, and viable
cells were collected from the disks by washing with PBS and glass
beads. The bacterial counts collected after the 24 h incubation was com-
pared to the initial concentrations and the differences in the average
change in log CFU/ml were calculated (Fig. 5). It was observed that
these nanocomposite films affected these tested organisms differently.
Of note, the L. monocytogenes was negatively impacted by the films dur-
ing incubation with decreases reaching 0.5-0.6 log CFU/ml. S. enterica
appeared to have no change in log CFU/ml over the 24 h incubation on
any of the tested films, while EHEC had a small negative effect observed
(0.1-0.2 log decrease). These differences reflect previous work done
with PLA-CNC films, which had also been combined with oregano essen-
tial oil (oregano EO) and reduced graphine oxide (rGO) (Salmieri et al.,
2014). In these studies, results showed that the addition of the third
component negatively impacted the survival of L. monocytogenes (oreg-
ano EO) and E. coli (rGO) significantly when compared to PLA-CNC
alone. Still, there appeared to be some antimicrobial effect of just PLA-
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Fig. 4. Representative contact angle measurements on spin-coated and solvent cast thin films reinforced by CNCs.

Table 3

Water vapor permeability of thin PLA films reinforced with 1, 3, and 5% CNCs prepared via two different techniques: solvent casting (So) and

spin-coating method (Sp).

Formulation code WVTR (g/h/m?) Thickness (mm) WVP (g/s/m/Pa) (x10~'") Contact angle
Pure PLA 0.32 £+ 0.04 0.193 1.87 + 0.11 60.08 + 0.65
PLA-1CNC-so 0.53 4+ 0.01 0.199 242 4 0.02 64.01 £ 0.98
PLA-3CNC-so 0.55 £+ 0.01 0.196 2.50 £+ 0.11 61.70 £+ 1.51
PLA-5CNC-so 0.57 4+ 0.02 0.172 2.65 4+ 0.02 46.68 + 1.71
PLA-1CNC-sp 049 + 0.02 0.186 2.11 4+ 0.06 75.96 + 1.36
PLA-3CNC-sp 0.51 £+ 0.02 0.178 212 4+ 0.16 73.66 + 1.22
PLA-5CNC-sp 0.52 £+ 0.02 0.183 2.20 4+ 0.02 62.72 + 0.40

CNC film on L. monocytogenes survival with a ~ 0.5 log reduction after
two weeks when compared to no treatment (Salamari et al., 2014), a re-
sult that is similar to the reduction seen in this study. The work was done
by Pal, et al. displayed that the gram-negative E. coli was less impacted
by rGO than the gram-positive Staphylococcus aureus. These data reflect
the distinct differences between the survival of L. monocygtogenes
(gram-positive) and the gram-negatives E. coli and S. enterica observed
after the 24 h incubation (Fig. 5). The CNC concentration led to greater
reduction in L. monocytogenes numbers when compared to the PLA
only control.

4. Conclusion

Concerns on food safety, environment, and limitations of the world's
oil sources have promoted the development of antibacterial packaging
materials with superior barrier properties from biobased polymers
such as poly(lactic acid, PLA). In this regard, thin-film from PLA rein-
forced with cellulose nanocrystals (CNCs) with contents ranging from
1 to 5 wt% were prepared using solvent casting and spin-coating
methods. The SEM results indicated solvent cast films exhibited poor
CNCs dispersion and lower transparency in comparison with spin-

L. monocytogenes EHEC S. enterica
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Fig. 5. Average change in Log CFU/ml of the Listeria monocytogenes, Enterohemorrhagic Escherichia coli (EHEC), and Salmonella enterica strains after 24 h incubation on seven different PLA

film configurations (pure PLA; So or Sp; 1, 3, or 5% CNCs).
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coated films. This observation was more likely due to the high drying
rate in spin-coating method which limits the self-assembly of nanopar-
ticles in polymer matrix. Moreover, the well-dispersed CNCs in the spin-
coated films acted as nucleating agents, accelerating the crystallization
process, and enhancing the degree of crystallinity in spin-coated films.
The higher contact angle and lower water vapor permeability confirmed
the lower hydrophilicity character in spin-coated films reinforced with
a low concentration of CNCs (i.e. 1 and 3%). Overall, the role of centrifu-
gal force in combination with surface tension in spin-coating
manufacturing process improved the dispersion of CNCs in PLA matrix,
and this, in turn resulted in improvement in degree of crystallinity, con-
tact angle, and crystallization temperature. On the other hand, the
manufacturing process exhibited more predominant effect on afore-
mentioned characteristics than CNC loadings. The antimicrobial test of
nanocomposite films against foodborne pathogens exhibited the nano-
composite films obtained from different manufacturing techniques that
affected these foodborne pathogens differently.
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