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Sustainable, self-cleaning, transparent, and moisture/
oxygen-barrier coating films for food packaging

Functional food packaging has health and environmental
issues. Herein, self-cleaning and gas barrier coating films are
prepared by using naturally abundant raw materials. A spray-
assisted layer-by-layer assembly of cellulose nanofibers

and chitosan nanowhiskers coated on one side of the film
decreases oxygen transmission rate. A porous surface of
silica nanoparticles and chitosan nanowhiskers impregnated
with oil on the other side of the film repels the contaminants
and exhibits a low water vapor transmission rate.
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Plastic packaging effectively protects food from mechanical, microbial, and chemical damage; however,
oxygen and moisture permeate these plastics and spoil the food. Thus, the gas barrier function is usually
imparted through metallic or halogenated polymeric coatings. However, the former blocks visible light,
while the latter causes environmental concerns. Moreover, plastic packaging contaminated with food
scraps and stains requires a washing process for recycling. To satisfy the key requirements for food packa-
ging, we fabricated a (1) sustainable, (2) self-cleaning, (3) transparent, and (4) oxygen/moisture barrier
coating on poly(ethylene terephthalate) (PET) film. A spray-assisted layer-by-layer assembly of negatively
charged cellulose nanofibers and positively charged chitosan nanowhiskers was coated on one side of
the PET film. Salt bridge-mediated synergistic interplay between these highly crystalline nanomaterials
imparted a low oxygen transmission rate of less than 0.1 mL m~2 day™. The other side of the PET film was
formed with a porous surface by spray-coating of silica nanoparticles and chitosan nanowhiskers.
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Thereafter, the porous surface was impregnated with bio-based sunflower oil. This side repelled the con-
taminants and exhibited a low water vapor transmission rate of 1.4 g m~2 day™™. The gas barrier perform-
ance meets the packaging requirements for most food products. This coating has high potential for sus-
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Introduction

Plastics have become an indispensable part of our lives. As a
result, annual plastic production has reached 380 million
tons.' Plastic films such as those made of poly(ethylene tere-
phthalate) (PET), nylon, and polyethylene are ideal packaging
materials as their viscoelasticity protects the product against
tolerable mechanical shocks, and they are generally resistant
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to microorganisms and chemical damage.”® The largest
market for plastics is the food packaging industry, whose
growth was recently accelerated by a global shift from reusable
to single-use containers, relieving the concerns of pandemics
such as COVID-19.” Out of the total plastic waste generated
worldwide, approximately 9% is recycled, 12% is incinerated,
and the rest are discarded through landfills."®

Functional food packaging has issues related to functional
coating layers, and food scraps and stains (Fig. 1a and b).
First, food packaging has functional coating layers in addition
to plastic films. Plastics are mostly permeable to oxygen and
moisture and thus fail to prevent quality losses owing to oxi-
dation or hydration/dehydration. To improve the oxygen or
moisture barrier properties, coatings consisting of metals and
chlorinated polymers, such as poly(vinyl chloride) (PVC) and
poly(vinylidene chloride) (PVDC), have been applied to plastic
films.®> Aluminum oxide with an oxygen transmission rate
(OTR) of approximately 1 mL m™ day ' is most commonly
used these days and can effectively store products that require
high barriers, such as snacks or coffee (0.5 mL m~> day ').°
The metal-coated packaging is opaque; therefore, the contents
are not visible. Nanocoatings such as graphene are also con-

This journal is © The Royal Society of Chemistry 2021
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(a) Opacity and environmental issues caused by metal and halogenated polymer-coated gas-barrier films used for food packaging, respect-

ively. (b) Necessary washing process for the recycling of packaging contaminated with food scraps and stains. (c) Fabrication of a sustainable, slip-
pery, transparent, and oxygen/moisture barrier coating on the PET film using naturally abundant cellulose nanofibers (CNFs), chitosan nanowhiskers
(CsWs), and silica nanoparticles (SiO, NPs). (i) (CsW/CNF),-based gas barrier coating via spray-assisted LbL assembly on the PET film (GBn). (ii) (CsW/
SiO,),-based porous coating via spray-assisted LbL assembly on the other side of the PET film. (iii) Silanization treatment on the porous coating
(GBn-Pm). (iv) GBn—Pm infused with sunflower oil (GBn—Pm-0). n and m represent the number of bilayers of (CsW/CNF) and silanized (CsW/SiO,

NP), respectively.

sidered for retaining the original properties of plastic
films.'>'" Nevertheless, these packaging films often give rise
to health and environmental issues. The safety of these
coating materials to the human body has not been completely
explored.”™" An emerging approach uses layer-by-layer assem-
bly (LbL) of sustainable materials via dip coating on poly(lactic
acid) to achieve an all-organic functional packaging.'*"
However, the dip coating method requires dedication and
stringent control to homogenously wet the substrate and
obtain the desired deposition of thin films.'® To recycle the
functional packaging film, the coating layer should be delami-
nated from the film. However, this process incurs heavy
expenses. Therefore, most food packaging wastes are disposed
of through landfills or incineration. Upon burning, PVDC and
PVC release hazardous gases (Fig. 1a)."”

Second, it is difficult to recycle packaging materials con-
taminated with food scraps and stains. Therefore, a washing
process is required adding to the expenses; hence, recycled
plastics from the contaminated packaging lose their price
competitiveness (Fig. 1b). In this regard, to prevent fouling on
the packaging surface, surfactants or lubricants are often

This journal is © The Royal Society of Chemistry 2021

used. For example, perfluorooctanoic acid is often used in the
manufacture of pizza boxes; however, it is subject to regulatory
action and voluntary industrial phase-outs owing to health
concerns. Therefore, it is necessary to develop next-generation
food packaging materials that are (i) sustainable, (ii) transpar-
ent, and (iii) self-cleaning, with (iv) oxygen and (v) moisture
barrier properties. However, there have been no reports on
materials that satisfy all the above conditions at the same
time.

To realize this, two references are discussed. In our previous
report, which is a reference for barrier properties, the LbL
assembly coating of cellulose and chitin nanomaterials achieved
a low OTR of less than 0.5 mL m~> day " owing to the high crys-
tallinity of the bio-nanomaterials.'® The raw materials used,
such as cellulose and chitin, are the most abundant naturally
occurring biopolymers.'”®* They are also renewable and
biodegradable.”*>* The coating is optically transparent due to
the ionic interaction-mediated compact assembly between the
anionic cellulose and cationic chitin nanomaterials.'®>**
However, the bio-nanomaterial coating does not have moisture
barrier and self-cleaning properties.*®

Green Chem., 2021, 23, 2658-2667 | 2659
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The second reference is for a self-cleaning food packaging
material, which involves the slippery liquid-infused porous
surfaces (SLIPS) technology, first reported by J. Aizenberg
et al.>® In brief, a nanotextured porous surface is impregnated
with an oily liquid, which is contained in the space stably
without leaking.>*® As a result, it is superhydrophobic and
repels liquid and solid fouling on the surface. However, to
ensure this condition, the surface and the repelling liquid of
SLIPS are typically composed of inorganic nanomaterials and
petrochemical oils, respectively. The lubricant oil must be
chemically matched with the substrate to achieve an extremely
high affinity.***> The components of SLIPS technology need to
be replaced with relatively more environmentally friendly
materials. In addition, SLIPS coating does not impart a gas
barrier function.

In this study, we report the fabrication of a (1) sustainable,
(2) transparent, (3) self-cleaning, and (4) oxygen/moisture
barrier film for food packaging (Fig. 1c). For the gas barrier
function, the LbL assembly of negatively charged cellulose
nanofibers (CNFs) and positively charged chitosan nanowhis-
kers (CsWs) was coated on one side of the PET film via a spray-
assisted process [Fig. 1c(i)]. The CNF/CsW multilayer coating
significantly reduced the OTR compared with that of the neat
PET film, owing to the synergistic interplay between the com-
ponents within the coating layer. For self-cleaning and moisture
barrier properties, a sustainable SLIPS coating was applied on
the other side of the PET film. The spray-assisted LbL coating of
CsW and modified silica (SiO,) formed a porous surface [Fig. 1c
(i) and (iii)], which was infused with bio-based sunflower oil
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[Fig. 1c(iv)]. This side was slippery and imparted a significantly
low water vapor transmission rate (WVTR). In addition, the final
product was optically transparent due to the compact assembly
of all the constituent building blocks of the coating. The oxygen
and moisture barrier performances satisfy the packaging
requirements for most food products. The entire coating
process is summarized in Movie S1.f Considering the abun-
dance of the naturally occurring raw materials such as cellulose,
chitosan, and SiO,, this coating approach is sustainable and
renewable for transparent food packaging.

Results and discussion

The CNFs used in our study were prepared using wood pulp as
a cellulose source, which was oxidized in an aqueous solution
of sodium hypochlorite at pH 10 with the aid of an oxidant
(2,2,6,6-tetramethylpiperidinyloxy radical).'"® Oxidation mini-
mally damages the nanofiber structure and transforms the
primary hydroxyl groups on the nanofiber surface into carboxy-
late groups. Subsequent mechanical disintegration by soni-
cation afforded a stable CNF suspension with a {-potential of
—44.9 mV at pH 7. The prepared CNFs have a length of 209 +
74 nm and diameter of 15 + 3 nm (Fig. 2a, S1, S2, and
Table S1t). According to our previous report, CSWs were pre-
pared via acid hydrolysis of a-chitin using an aqueous solution
of hydrochloric acid, and their surfaces were deacetylated
using aqueous NaOH solution.*® As a result of the rich amino
groups present along the backbone of each Csw, they exhibi-
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(a) The representative dimensions of the CsWs and CNFs. (b) SEM images of the GBn-coated PET films with different numbers of bilayers. (c)

Coating thickness, (d) OTR and WVTR, (e) UV-Vis transmittance spectra, and (f) photographs of 10, 20, 30, and 40 bilayers of (CsW/CNF) LbL coat-
ings on the PET film, labelled as GB10, GB20, GB30, and GB40, respectively.
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ted a positive charge with a {-potential of +40.3 mV at pH 4,
under deposition conditions. The average dimensions of the
prepared CsW were 191 + 47 nm in length and 42 + 13 nm in
diameter (Fig. 2a, S1, S2, and Table S11). Commercially avail-
able spherical SiO, nanoparticles (NPs) with an average dia-
meter of 20-30 nm were utilized.

The fundamental coating method employed in this study
was the spray-assisted LbL assembly, which has been exten-
sively used as a versatile method to fabricate thin films with
controlled architecture and composition.**** LbL assembly is
typically achieved by the sequential deposition of oppositely
charged components by strong electrostatic interactions.**™*>
Because of its simplicity and versatility, the LbL assembly has
rapidly emerged as a platform technique for the construction
of hybrid thin-film coatings.’®™*® In this study, for the LbL
assembly, we sprayed two oppositely charged aqueous electro-
lyte solutions on the PET substrate sequentially. The water-
based spray coating is an eco-friendly coating. Spray-assisted
LbL assembly creates a relatively thicker coating as compared
to the more time-consuming immersion-based LbL
assembly*>*® and can achieve coverage over a large area, which
makes it one of the most relevant LbL methods for further
translation into industrial applications.”"

The first step of the coating involved the construction of an
oxygen barrier, i.e., (CsSW/CNF), on the PET film [Fig. 1c(i)].
PET films were treated with ultraviolet (UV) light for 20 min on
both sides. The UV irradiation of the PET film resulted in the
scission of the C-O and C-C bonds and the production of free
radicals and hydrophilic moieties such as hydroxyl and car-
boxyl bearing partial negative charges (Fig. $31).>>** Thus, the
first coating layer, i.e., positively charged CsWs, adhered
strongly to the UV-treated PET surface via NH;'-mediated
charge-dipole and cation—n interactions. Following the intro-
duction of the first layer, the opposite electrical charges and
the different aspect ratios of CsWs and CNFs led to the for-
mation of subsequent tightly bonded layers, resulting in a
stable coating with excellent barrier properties. The aqueous
solutions of 0.1 wt% CNF and 0.1 wt% CsW were sequentially
sprayed at 80 °C, and the resulting film was then hot pressed.
The (CsW/CNF), bilayer coating is coded as GBn, where GB
and n represent the gas barrier and the number of bilayers,
respectively. The bilayers were stacked up to 40 layers (GB40),
that is, (CsW/CNF),,. Fig. 2b reveals that the PET film was
homogeneously coated with the

CsW/CNF assembly, and the CsWs and CNFs were closely
packed together. The thickness of the multilayer film of (CsW/
CNF),, was determined by scanning electron microscopy (SEM)
images of the cross-section. The thickness increased linearly
with respect to the number of bilayers, suggesting a nanoscale
blending of the respective components within the multilayer.
The average thickness of a single bilayer was approximately
170 nm. The thickness of GB40 was approximately 7 pm
(Fig. 2c and Table S2f). In addition to compactness, the GB
coating exhibited appreciable stability against finger rubbing
(Fig. S41), and the integrity of the coating was robust against
strong mechanical bending and one-year aging."®

This journal is © The Royal Society of Chemistry 2021
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We then investigated the effect of the coating thickness on
the OTR, WVTR, and transparency (Fig. 2d-f and Table S27).
The control sample, a bare PET substrate, exhibited OTR and
WVTR values of 38.1 mL m> day ' and 8.5 g m™> day ',
respectively. Upon coating with (CsW/CNF),, the OTR and
WVTR values of the PET films decreased sharply to 1.6 mL
m~> day " and 3.7 g m~> day , respectively, for GB40 (Fig. 2d).
Moreover, the difference in their respective dimensions aided
in forming tight networks in which the larger CNFs provided a
rigid framework, and the smaller CsWs filled the local defects
within the CNF meshes, such as holes and voids. This
enhanced oxygen barrier performance was almost saturated to
2.45 mL m~? day ' for 30 bilayers because of the intrinsic
limitation of fibrous CNF and CsW materials. Despite such an
intrinsic limitation, the OTR of the (CSW/CNF) coating was
found to be as low as that of a 40 nm-thick Al coating on the
PET film.**%

The oxygen permeability is not only determined by the
nature of the coating materials but also depends on the rela-
tive humidity (RH).”® As a representative, the OTR dependence
of the GB40 film on RH was investigated and is presented in
Fig. S5 and Table S3.7 The oxygen barrier of the film at 30 and
60% RH was less than 5 mL m™> day ', not significantly
different from the OTR under dry conditions. When the RH
was 90%, the OTR of the GB40 film increased to just below
10 mL m™~> day ', comparable with that of the GB20 film and
nearly four-fold lower than that of the bare PET at 0% RH
(Fig. S5at). Several orders of magnitude increase in OTR at a
high RH is typical behaviour of hydrophilic polymers because
water absorption can expand the gap between the polymer
chains and provide additional passage for oxygen. However,
the OTR values of the GB40 film are maintained within one
order of magnitude at elevated humidity, much lower than in
other biopolymers®” and comparable with that of many com-
mercially benchmarked petroleum-based polymers.®

The outstanding oxygen barrier performance of the GB40
film can be attributed to the surface chemistry of the nano-
materials and the effect of hot pressing. A combination of heat
and compression can induce additional interfacial bonding
between nanomaterials and restrict their movement, thereby
reducing water penetration.'®>® The stable reading of OTR
values at high humidity within 24 h confirms that water
vapours could not be absorbed further into the coating layer
(Fig. S5bt). These results suggest the significant practical rele-
vance of the film over a large humidity range (up to 60%).
Even at a higher RH, its performance is sufficient for the
storage of several fresh foods, which do not normally require a
very low OTR (Fig. 4e). However, it is necessary to improve the
WVTR value because it is still high for products requiring
extremely low moisture transmission.

The transparency of the GBn-coated PET film gradually
decreased with an increase in the number of bilayers, as con-
firmed by the ultraviolet-visible (UV-Vis) light transmittance
and photographic images (Fig. 2e, f and S67). Nevertheless, a
high transmittance of more than 78.5% at 550 nm was
obtained for the GB40 film. Notably, the transparency of the

Green Chem., 2021, 23, 2658-2667 | 2661
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GB20 film was approximately 85% at 550 nm. Moreover, it is
worth noting that the transparency reduction induced by the
GB coating is significantly lower than that induced by the in-
organic gas barrier coatings of graphene derivatives®® and
aluminum.®*

The second step of coating involved the construction of a
porous structure on the PET film [Fig. 1c(ii)]. The GB40 film
was turned upside down and spray-coated with the (CsW/SiO,
NP),, LbL coating. The aqueous suspensions of 0.1 wt% CsW
and 2 wt% SiO, NPs were sequentially deposited on the
surface at 80 °C. Thereafter, the (CsW/SiO, NP) coating was
silanized with trichloro(octadecyl)silane fumes in a chamber
[Fig. 1c(iii) and S71]. The resulting silanized (CsW/SiO, NP)
bilayer coating is denoted as Pm, where P and m represent the
porous surface and the number of bilayers, respectively. The
bilayers were stacked up to P4, that is, (CsW/SiO, NP),. In
other words, GB40-P1, GB40-P2, GB40-P3, and GB40-P4 films
were prepared. The thickness of Pm gradually increased from
0.9um (P1) to 7.1 um (P4) with an increase in the number of P
bilayers (Fig. 3c). The SEM images present the porous structure
of the GB40-Pm films (Fig. 3a). The surface morphology of Pm
contrasts with that of GBn. GBn exhibited a compact structure
with no porosity owing to the opposite charges and a common
high aspect ratio of CNFs and CsWs. Meanwhile, the inter-
action between CsW and SiO, NPs occurs mainly via van der
Waals forces and hydrogen bonding with poor ionic attraction
because the surface of SiO, NPs possesses weak negative
charges. In addition, the SiO, NPs have a spherical shape, in

GB40-P3

View Article Online

Green Chemistry

contrast to the rod shape of CsW. As a result, the Pm side
exhibited a highly porous structure and an uneven surface.
The water contact angle of the GB40-Pm film increased to 154°
at m = 4 with an increase in the number of P bilayers (Fig. 3b).
The silanized SiO, NPs induced a hydrophobic surface. The
hydrophobic and porous structures can absorb oil well. The
third step was to fill the nano-porous structure with sunflower
oil. The vertically laid GB40-Pm film was filled with sunflower
oil for 2 h and then centrifuged at 1000 rpm for 1 min to
remove the excess lubricant, producing GB40-Pm-O (O stands
for the oiled surface). To verify the successful infusion of sun-
flower oil onto the CsW/SiO, NP porous surface, UV-Vis spec-
troscopy was carried out (Fig. S8at). All the GB40-Pm-O films
exhibited a higher transmittance than the GB40-Pm films
within the 400-800 nm range. This is because the voids in the
(CsW/SiO, NP) coating were filled with sunflower oil, which
reduced the surface reflection of the bare PET film.®®> In
addition, the oil infusion resulted in decreased surface rough-
ness, as indicated by the reduction in the water contact angle
of all films from >150° to ~90° (Fig. S8ct).

The self-cleaning ability of the GB40-Pm-O coating was
evaluated by the water sliding angle (Fig. 3d), which is a func-
tion of water repellence. The GB40-P0 sample, that is, the sila-
nized bare PET surface, exhibited a water sliding angle of 60°.
The P coating decreased the water sliding angle of the PET
film to 20° (P2-4). After oil infusion, the sliding angles of all
the GB40-Pm-O coatings were below 5°, allowing the water
droplets to slide readily when the surface was tilted slightly.
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(a) SEM images, (b) contact angle data, and (c) thickness of the Pm coating, where Pm denotes the silanized (CsW/SiO, NP),, bilayer coating

on the other side of the GP40 film. Subsequently, GB40—Pm was then infused with sunflower oil and denoted as GB40—-Pm-0O. (d) Water sliding
angles of the GB40—Pm vs. GB40—-Pm—-0O samples before and after oil filling. Water sliding angles of the GB40—-Pm—0O sample after (e) centrifugation

and (f) mechanical abrasion tests.
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The coatings were wetted by sunflower oil, which eliminated
the pinning points and created a slippery repellent surface for
water.’> The water repellence of the coatings mainly depends
on the stability of the lubricant film.®>®® Hence, the mechani-
cal resistance of the coating was investigated (Fig. 3e and f).**
The substrates were subjected to mechanical shear stress
induced by centrifugation at different rotational speeds. After
centrifugation at 4000 rpm, all the GB40-Pm-O coatings dis-
played a sliding angle of less than 5°, and after 10 000 rpm,
they still retained a water sliding angle of less than 10° (Fig. 3e
and Movie S27). At high rotating speeds, the minimum sliding
angles of the GB40-P3-O and GB40-P4-O coatings were larger
than those of the GB40-P2-O coating, probably because the
(CsW/SiO, NP); and (CsW/SiO, NP), coatings have a higher
number of pinning points as compared to the (CsW/SiO, NP),
coating owing to the longer deposition time. When all the
GB40-Pm-O films were strongly rubbed with a finger, they
exhibited a sliding angle of less than 5°. The SEM images of
the porous surface after manual handling and strong rubbing
support this minute damage (Fig. S9a and bt). As a much
stronger abrasion stress, a piece of sandpaper was placed on
the surface under a weight of 1 kg and then dragged to cause
surface damage. After a single sandpaper treatment, all the
GB40-Pm-O films displayed a sliding angle of less than 5°.
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After 10 such sandpaper treatments, the GB40-P2-O, GB40-
P3-0, and GB40-P4-O coatings exhibited sliding angles of less
than 10° (Fig. 3f and Movie S37). In addition to mechanical
impact, the stability and performance of the SLIPS coating
may also depend on the packed content, especially when the
content is oil absorbing. Therefore, the self-cleaning ability of
the GB40-P2-O film was investigated. The film surface was
exposed to potato chips by vigorous shaking for 15 min and
left at room temperature for 24 h. After exposure to the oil-
absorbing chips, the GB40-P2-0O still exhibited a considerable
water repellence at a sliding angle of 6° (Movie S47). We specu-
late that the sub-micro porosity of the (CsW/SiO, NP) coating
exhibited more favourable interactions with sunflower oil than
with the oil-absorbing chips; thus most of the oil was retained
on the SLIPS surface. Together, the data suggest that this self-
cleaning coating is stable to a considerable extent.

The merits of the GB40-P2-O coating are summarized in
Fig. 4. The GB40-P2-O coating exhibited a relatively high light
transmittance of 85% at 550 nm (Fig. 4a, b and S8%).
Interestingly, the GB40-P2-O film presented a higher light
transmittance (more transparent) than the GB40 film,
although the former was thicker than the latter. It also exhibi-
ted a low OTR of less than 0.1 mL m™> day ', which is below
the measurement limit of the OTR tester (Fig. 4c). Its WVTR at

PET GB40-P2-0
CT KRICT KRICT KRit

KRICT KRICT KRICT KRit

WVTR (g.m*.day”)
L L

N

14

__u

GB40-P2-0

0-

PET

10000

(a) UV-Vis light transmittance spectra, (b) photographs, (c) OTR, and (d) WVTR of the PET, GB40, and GB40—-P2-0O samples. (¢) The OTR and

WVTR requirements of packaging for different foods. (f) Water repellent properties of the GB40—-P2-0O sample.
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RAW 264.7

Fig. 5 Confocal images of different types of cells treated with FDA/EB solution to identify live cells (green): (a) cytotoxicity test of the bare SiO, and
silanized SiO, NPs, and (b) cell growth on the bare PET and SLIPS-coated films (scale bar: 100 um).

50% RH and 23 °C reduced dramatically from 8.5 ¢ m™> day™"
to approximately 1.4 ¢ m™> day " owing to the hydrophobic
layer being filled with the lubricant oil (Fig. 4d). Notably, the
oxygen and moisture barrier performance meet the packaging
requirements for most food products, including highly oxi-
dation-sensitive foods, such as coffee beans (Fig. 4€).°>°° The
SLIPS coating side displayed excellent self-cleaning perform-
ance at 5°, and with various aqueous liquids and oil-in-water
emulsions such as beer, milk, ketchup, mayonnaise (80% oil),
and ink (Fig. 4f and Movie S57).

In addition, fundamental cytotoxicity and cell culture
experiments were carried out because this coating film was
prepared for use as a food packaging material. To investigate
the cytotoxicity of the bare SiO, and silanized NPs on cell
growth, the cells (human epidermoid carcinoma KB, Chinese
hamster ovary normal CHO-K1, and mouse macrophage
normal RAW 264.7) were incubated with each NP sample for
24 h. All the NP samples exhibited negligible cell cyto-
toxicity. In the fluorescein diacetate (FDA)/ethidium bromide
(EB) cell staining test, green fluorescence (indicating live
cells) was observed due to the chemical transformation of
the FDA dye in live cells. On the other hand, red fluo-
rescence (dead cells) generated by the EB dye was not
observed, indicating the non-cytotoxicity of the NP samples
(Fig. 5a and S107). In addition, the number of cells growing
on the surface of the GB40-P2-0 film was significantly lower
than those on the bare PET film (Fig. 5b and S117), indicat-
ing that the cell adhesion properties of the sunflower oil-
infused (CsW/SiO,)-coated PET film were significantly low,
probably due to their surface fluidity.®”°® The result suggests
the antifouling of harmful microorganisms in food packa-
ging films in future.

2664 | Green Chem., 2021, 23, 2658-2667

Conclusions

In conclusion, we developed an advanced food packaging
material with oxygen/moisture barrier and self-cleaning pro-
perties by combining cellulose, chitosan, and SiO, nano-
materials. The LbL deposition of crystalline CNFs and CsWs
decreased the OTR because of the strong electrostatic attrac-
tion and differences in the aspect ratio between the nano-
materials minimized the void defects. The other side of the
film was subjected to a self-cleaning technology called SLIPS
using sustainable nanomaterials (SiO, NPs and CsW) to create
a porous structure infused with bio-based sunflower oil. The
self-cleaning surface endured mechanical stresses such as
sandpaper rubbing quite well. The resultant films were highly
transparent owing to the tight assembly of the CNFs and CsWs
and a full infusion of the porous surface without any remain-
ing void. The functional films fabricated in this study not only
satisfied food storage conditions in terms of providing oxygen
and moisture barriers but also exhibited attractive functions
such as food packaging, transparency, and self-cleaning pro-
perties. In addition, all the components are abundantly avail-
able and renewable. This study opens a new approach for the
development of future food packaging materials that integrate
properties such as high transparency, excellent barrier, and
self-cleaning.

Experimental
Materials

PET films (average thickness of 50 um) were provided by SKC
(Suwon, South Korea). Both sides of the PET film were UV-

This journal is © The Royal Society of Chemistry 2021
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treated for 20 min before coating. Trichloro(octadecyl)silane,
SiO, NPs and chitin were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and used without further purification.
CNFs were purchased from the University of Maine (USA), and
they had a surface COO~ content of 1.4 mmol g~ '. Sunflower
oil was purchased from SAJO (Seoul, South Korea). CsWs were
synthesized according to our previously reported method.*
Briefly, 5 g of chitin was first hydrolysed with 150 mL of 3 M
HCl aqueous solution under reflux for 3 h at 120 °C.
Subsequently, the reaction mixture was washed thoroughly
with deionized water, centrifuged, neutralized with a sufficient
amount of NaOH, and dialyzed. The resulting product was
freeze-dried. Thereafter, 3 g of the dried sample was deacety-
lated using 200 mL of 30 wt% NaOH aqueous solution under
reflux for 6 h at 80 °C. The reaction mixture was then washed
thoroughly with deionized water, centrifuged, and neutralized
with a sufficient amount of HCL The resulting neutral CsW
suspension was dialyzed against deionized water to remove
salt and oligomer byproducts using membranes with a mole-
cular weight cut-off of 10 kDa (Fisher Scientific, USA), and
freeze-dried at —40 °C.

Methods

The aqueous solution of CsWs was diluted to 0.1 wt% using
distilled water, and its pH was adjusted to 4 using an aqueous
solution of 0.1 M HCL. The resulting suspension was ultrasoni-
cated for 5 min at 30% amplitude.

The aqueous solution of CNF was diluted to 0.1 wt% using
distilled water, and subsequently, the suspension was ultraso-
nicated for 5 min at 30% amplitude. SiO, NPs were dispersed
in distilled water to prepare a 2 wt% suspension, which was
ultrasonicated for 5 min at 30% amplitude.

According to our previous study,'® the LbL coating of CNFs
and CsW was performed as described herein. A PET substrate
(15 em x 15 cm) was fixed on a hot plate under vacuum, and
the surface temperature was maintained at 80 °C throughout
the coating process to evaporate the solvent. Two nozzles,
through which the respective CsW and CNF solutions were
passed at a rate of 1.0 mL min~", were employed to spray the
solutions on the upper surface of the substrate while moving
in a zigzag pattern (50 mm s~'). During the spray-assisted LbL
assembly, an additional layer was alternatively deposited onto
the surface of the receiving layer, completing a single bilayer
structure. For example, the sequential assembly of CsW and
CNF afforded a bilayer of (CsW/CNF),. Finally, PET films
coated with the bilayers were subjected to hot-pressing at
80 °C at 32 MPa for 10 min. On the other side of the PET film,
CsW (0.1 wt%) and SiO, NPs (2 wt%) were also deposited in
the same manner. Silanization was carried out by vapor phase
deposition of trichloro(octadecyl)silane at 115 °C for 3 h in a
closed system, where the (CsW/SiO,) surface was exposed to
silane vapors. For lubrication, the composite film was
immersed in sunflower oil for 2 h and then centrifuged at
1000 rpm for 1 min to remove the excess lubricant.

The contact angle was measured using a drop shaped analy-
zer (DSA-25, Kriiss, Hamburg, Germany). The drop volume

This journal is © The Royal Society of Chemistry 2021
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used for the measurement was 5 pL, and macroscopic images
of the droplet were taken with a camera. Sliding angles were
measured on a customized tilting angle plate with a droplet
volume of 50 pL. All sliding angles were determined at the
degree at which the droplet started to move continuously
along 4 cm in length without pinning.

The mechanical stability of SLIPS was investigated after
dragging sandpaper attached to a weight of 1 kg (or 100, 200 g)
on the Pm-O coating with an area of 3 cm x 4 ¢cm (1 to 10
times). The stability of the SLIPS performance was assessed
based on the sliding angles of 70 pL sized water droplets.

According to the ASTM 1434-82 standard test method, the
OTR was measured using a manometric gas permeation ana-
lyzer (Lyssy L100-5000, Systech Illinois Instruments, Thame,
UK) at 23 °C and RHs of 0, 30, 60, and 90%. The sample film
(10 cm x 10 cm) was affixed to the self-adhesive paper holder
provided by Systech Instruments. The sample holder, which
separated the upper (pure oxygen) and lower (vacuum)
chambers, was inserted into the test chamber. The WVTR was
measured according to the ASTM-E90 standard test method
using a standard EZ-Cup vapometer (Thwing-Albert, Berlin,
Germany) at 23 °C and 50% RH in a humidity chamber
equipped with a Temil300 programmable temperature and
humidity controller (Samwon Tech, Gyeonggi-do, South
Korea). In detail, 100 g of deionized water was filled into an
EZ-cup vapometer, and subsequently, the measured sample,
having a circular shape 6.4 cm in diameter, was quickly
sealed with a threaded ring flange between the two neoprene
gaskets and placed in the chamber, preset at 23 °C and 50%
RH. WVTR was calculated from the weight loss of water for a
specific time and over the area of the cup opening. The thick-
ness of the LbL coating was measured from the SEM images
of the cross-sections of the pristine and LbL-coated PET
films. Transmittance experiments of the films were performed
on a UV-Vis spectrometer (UV-2600, Shimadzu Corp., Kyoto,
Japan) at a resolution of 0.5 nm. Fourier transform infrared
(FT-IR) spectra were recorded on a Nicolet iS50 FT-IR spectro-
meter (Thermo Fisher Scientific, Waltham, USA) equipped
with an attenuated total reflection (ATR) mode on a diamond/
ZnSe crystal. The scanning range was between 4000 and
650 cm ™" at a resolution of 4 cm™, and the number of scans
was 128.

To verify the cytotoxicity of each NP sample (sterilized with
70 wt% ethanol), the cell viability of KB, CHO-K1, and RAW
264.7 cells incubated with each NP sample was measured. All
cells were obtained from the Korea Cell Line Bank and cul-
tured in Dulbecco’s modified Eagle’s medium or Roswell Park
Memorial Institute-1640 medium containing each sample,
10 wt% fetal bovine serum, and 1 wt% penicillin/streptomycin
at 36.5 °C for 24 h under a 5% CO, atmosphere. Dimethyl sulf-
oxide (DMSO, 5 wt%) was used as a positive control. Cell viabi-
lity was evaluated using a Cell Counting Kit-8 (CCK-8, Dojindo,
Inc., Rockville, MD, USA). The data of quintuplicate samples
(n = 5) were expressed as the mean + standard deviation. All
data were evaluated using Student’s t-test at a significance
level of p < 0.01 (**). In addition, the treated cells were stained
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using FDA (10 pg mL™")/EB (40 pg mL™") solution (phosphate
buffered saline, pH 7.4) for 5 min at 37 °C to identify live cells.
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