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ABSTRACT: Plastic packaging effectively protects foods from mechanical, microbial, and chemical damage, but oxygen
can still permeate these plastics, degrading foods. Improving the gas barrier usually requires metallic or halogenated
polymeric coatings; however, both cause environmental concerns and metallic coatings block visible light and
electromagnetic signals. This paper reports a design of a highly flexible, visible light and radio frequency transparent
coating on commercial poly(ethylene terephthalate) (PET) film. Nanoscale blending was achieved between negatively
charged cellulose nanofibers and positively charged chitin nanowhiskers by employing spray-assisted layer-by-layer
assembly. Synergetic interplay between these highly crystalline nanomaterials results in a flexible film with superior
barrier characteristics. The oxygen transmission rate was below 0.5 mL m~> day'. Moreover, this coating maintains its
performance even when exposed to common hazards such as bending stress and hydration. The coating also notably
reduces the haziness of PET with a negligible loss of transparency and provides effective inhibition of antibacterial
growth. This “crab-on-a-tree” nanocoating holds high potential for biorenewable and optical and radio frequency
transparent packaging applications.

KEYWORDS: food packaging, high-performance coating, nanomaterial, biomass, layer-by-layer assembly

biological, and mechanical damage. Plastics are ideal

packaging materials, as their viscoelasticity protects the
product against tolerable mechanical shocks, and they are
generally resistant to microorganisms and chemical damage.
Poly(ethylene terephthalate) (PET) and polyethylene (PE) are
commonly used owing to their low cost and good moldability.
However, these plastics are mostly permeable to oxygen and
thus fail to prevent quality losses by oxidation. To improve the

F ood packaging is used to protect foods from chemical,
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gas barrier properties, coatings consisting of either metals,
metal oxides, and chlorinated polymers such as poly(vinylidene
chloride) (PVDc) have been applied to the plastic films.
Nevertheless, their constituents often give rise to environ-
mental and health concerns." Moreover, coatings comprising
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Figure 1. (a) Schematic representation of crab-on-a-tree nanocoating: Spray LbL-assembled gas barrier film on PET. Representative AFM
images with the corresponding size distribution of (b) CNW and (c) CNF.

metals and metal oxides block the transmission of visible light
and radio signals as well as causing the packaging to lose
transparency, which also hinders its use as a next-generation
“intelligent” packaging material, as optical and radio trans-
parency will be required for effective tracking with quick
response (QR) and radio frequency identification (RFID)
scanners, as well as communication with smart appliances such
as refrigerators that track their inventory. Thus, it is necessary
to find next-generation barrier materials that are renewable,
biofriendly, easily processable, and transparent to visible light
and radio frequencies.”

Cellulose and chitin are the two most naturally abundant
biopolymers. This abundance is accompanied by advantages
such as renewability, biodegradability, and a high degree of
crystallinity. Despite these attractive properties, they have not
found widespread use owing to difficulties in solubilization and
processing arising from strong interchain hydrogen bonding
and van der Waals interactions. Various mechanical and
chemical approaches have been followed in an attempt to
address these challenges.”™® Interestingly, these modifications
succeeded in retaining the crystallinity of the materials such
that an oxygen barrier with the necessary properties was
obtained. Generally, cellulose nanofibers (CNFs) prepared
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with both chemical (eg, 2,2,6,6-tetramethylpiperidinyloxy
(TEMPO)-based oxidation) and mechanical treatments are
known to achieve a higher oxygen barrier property than those
prepared by only mechanical treatment.””” Chemically
modified CNFs have a higher degree of fibrilization and
homogeneity than pristine CNFs. In this regard, chemically
modified CNF forms a more dense and uniform coating. As a
notable example, Isogai and co-workers reported the
application of chemically modified CNFs as an effective
oxygen barrier.'’ In another noteworthy effort, Meredith and
co-workers chemically modified a chitin analogue to obtain a
transparent, flexible material with low gas permeability.""
Layer-by-layer (LbL) assembly has been widely used as a
versatile method to fabricate thin films with controlled
architecture and composition.'” The LbL assembly is typically
achieved by the sequential deposition of oppositely charged
components by strong electrostatic interactions. Because of its
simplicity and versatility, LbL assembly has rapidly emerged as
a platform technique for the construction of hybrid thin-film
coatings with the desired architectures to form functional thin
films. In this context, Grunlan and co-workers made a
significant contribution to the development of a gas barrier
layer by employing the LbL approach to assemble various
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Figure 2. (a) Thickness and OTR values of PET and (CNW/CNF), nanocoated PET with different number of bilayers. (b) Changes in
transmittance and haze as a function of the number of bilayers. The values were obtained at 550 nm with 9 independent measurements. (c)
Photographic images of (CNW/CNF),-coated PET films with different numbers of BLs. Background logos are used with permission from

UNIST and KRICT.

nanomaterials, including graphene oxide, nanoclay, and
polymer.">™'° Despite the significant progress made thus far,
there is still a need for materials that meet the highly stringent
requirements of food packaging.

Herein, we report the fabrication of biomaterial-based,
flexible, transparent, and gas impermeable films assembled by
the spray-assisted LbL assembly of CNFs and chitin nano-
whiskers (CNWs) (Figure 1a). The assembled multilayer
coating significantly improved the oxygen transmission rate
(OTR) compared to the individual components, suggesting
synergistic interplay between the components within the
multilayers. Moreover, the flexible coating displayed highly
visible and radio transparency with low haziness, and even
exhibited antibacterial properties. Considering the natural
abundance of the raw materials, coupled with the opportunities
presented by spray LbL assembly, we anticipate that this “crab-
on-a-tree” coating approach will be successfully applied for
transparent food packaging.

RESULTS AND DISCUSSION

Initially, CNW derived from a-chitin was prepared via acidic
hydrolysis by using an aqueous hydrogen chloride solution,
and its surface was deacetylated by an aqueous NaOH
solution.'”'® As a result of the rich amine groups along the
backbone of each CNW, they possessed positive charges with a
{-potential of +33 mV at pH 3.6 under deposition conditions.
Furthermore, atomic force microscopy (AFM) indicated the
average dimension of the prepared CNWs were 180.9 + 86.0
nm in length and 30.8 + 9.0 nm in width, respectively (Figure
1b).

In parallel, CNF was prepared using wood pulp as a cellulose
source, which was oxidized in an aqueous sodium hypochlorite
(NaClO) solution at pH 10 with the aid of an oxidant (see
Methods for details). Oxidation minimally damages the
nanofiber structure and transforms the primary hydroxyl
groups on the nanofiber surface into carboxylate groups.
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Subsequent mechanical disintegration using a homogenizer
afforded a stable CNF suspension with a {-potential of —47
mV at pH 7.0. The prepared CNFs were considerably longer
than the CNWs, with the average length of 478.7 + 229.8 nm,
but with a similar width of 23.0 + 4.1 nm (Figure 1c). The
complementary charges of the positive CNWs and negative
CNFs are expected to facilitate the formation of a multilayer
thin-film coating. Moreover, the difference in their respective
dimensions will aid to form tight networks in which the large
CNFs provide a rigid framework, and the smaller CNWs fill
local defects within the CNF meshes such as holes and voids.

The stable CNF and CNW suspensions were deposited
sequentially onto commercial PET substrates (thickness of S0
um) using a spray-assisted LbL method (Figure la). Gas
barrier coatings were formed with multilayers of (CNW/
CNF), (where n represents the number of bilayers (BLs),
typically ranging from 10 to SO BL). Spray-assisted LbL
assembly creates a relatively thicker coating compared to the
more time-consuming immersion-based LbL assembly'® and
can achieve large-area coverage, which makes it one of the
most relevant LbL methods for further translation into
industrial applications.*’

In a preliminary endeavor to maximize the OTR value of the
coating while providing the required transparency, the spray
LbL conditions were first optimized to determine the
appropriate suspension concentration and substrate temper-
ature to evaporate water droplets without leaving stains. The
control sample, a bare PET substrate, had an OTR value of
31.85 + 0.29 mL m™~2 day™'; however, this pristine OTR value
increased marginally to 38.28 + 0.74 mL m™? day ' after the
film was subjected to the heat applied during the coating
procedure. This observation can be attributed to the enhanced
chain disorder of PET upon exposure to heat, as the PET
segments deviate from their original, drawn-out orientation
that is imposed to maximize its mechanical properties.”'
Conversely, the OTR value of LbL-coated PET films gradually
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Figure 3. (a) Schematic representation of the samples prepared to elucidate the synergistic interplay of CNW and CNF at a fixed 20 BL:
CNF,,, CNW,,, and (CNW/CNF),,, (b) OTR values, and (c) light transmittance and haziness measured at 550 nm. (d—f) Rear projected
holographic images on CNF,,, CNW,,, and (CNW/CNF),(-coated PET films. (g—i) AFM image with the corresponding roughness analysis
(Rims) of CNF,,, CNW,,, and (CNW/CNF),,. Background logos are used with permission from UNIST and KRICT.

decreased as the drying temperature increased (Figure S1).
Apart from the enhanced chain disorder of PET, this
phenomenon is due to the aggregation of sprayed CNF and
CNW during water droplet evaporation. As the droplets
evaporate, capillary convection resulting from the high surface
tension of water pulls the nanostructures together. Whereas
slow evaporation below 80 °C allows sufficient time for
capillary convection to aggregate the nanostructures, fast
evaporation above 80 °C does not. As a result, the drying
temperature of spray-assisted LbL coating was optimized to 80
°C.

We then investigated the effect of coating thickness on OTR,
transparency, and haziness (Figure 2). As expected, the
thickness of a multilayer film of (CNW/CNF), determined
by a profilometer increased linearly with respect to the number
of bilayers, suggesting nanoscale blending of the respective
components within the multilayer. The average bilayer
thickness was approximately 110 nm. Upon (CNW/CNF),
coating, the OTR value of the PET films decreased sharply to
below 1.0 mL m™ day ™' (vs 38.28 + 0.74 mL m™> day™' for
the pristine PET substrate). This enhanced oxygen barrier
performance was reduced and almost saturated to 0.48 + 0.02
mL m™> day™! at 20 BL. Unlike other reports, in which the
OTR value decreased continuously as the film thickness
increased, we speculate that this is an intrinsic limitation of
fibrous CNF-based materials. Few papers have reported OTR
values below 0.5, even with CNF-based films that are tens of

micrometers thick (see Table S1). Despite such an intrinsic
limitation, this OTR value is as high as that of a 40 nm-thick Al
coating on PET,”*** as well as pristine polymers such as
PVDc™ and ethylene vinyl alcohol (EVOH).”® Moreover, it
complies with most food packaging requirements.” It is of note
that considerably thicker coatings are necessary to achieve
equivza41§21t performance for PVDc (S ym) and EVOH (5—24
m). !

The transparency of the coated PET gradually decreased
with the number of bilayers, as quantitatively expressed by the
light transmittance at 550 nm (Figure 2b). Nevertheless, a high
transmittance of more than 87.5% was still measured, as shown
in Figure 2c. In particular, the apparent transparency reduction
of the coating comprising 20 BLs is insignificant, at
approximately 2% at 550 nm. Based on the Beer—Lambert
law, the light transmittance of the (CNW/CNF),-coated PET
film can correlate with the difference in the absorption
coefficients of PET and (CNW/CNF), and the film thickness.
The reduction in transmittance is mainly due to the increase in
coating thickness. However, unlike the similar values of the
absorption coefficient of the (CNW/CNF), films in the range
of 220.1—244.1 cm™, the large difference in the absorption
coefficients of the (CNW/CNF),, and PET films (223.0 vs
180.8 cm™") provides optical attenuation, resulting in a larger
reduction in transparency. Thus, the visible light transmittance
at 550 nm decreased slightly from 91% to 87% as the number
of BLs increased up to a thickness of 5.5 ym (Figure S2).
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Figure 4. (a) Schematic representation of hot-pressing process of (CNW/CNF),, with corresponding cross-sectional SEM images. (b)
Changes in OTR values of CNF,;,, CNW,,, and (CNW/CNF),, nanocoating before and after hot-pressing. (c) Schematic representation of
hot-pressed (CNW/CNF),, before and after hydration with corresponding cross-sectional SEM images. (d) Changes in OTR values of
(CNW/CNF),,-coated PET films after water submersion. The thickness of the nanocoating was determined at 20 different points on the

samples.

Moreover, it is worth noting that the transparency reduction by
crab-on-a-tree nanocoating is significantly low compared to the
inorganic gas barrier coating of graphene derivatives’’ and
aluminum,”® both of which have an absorption coefficient
larger than 10°.

In food packaging applications, haziness often distorts a
consumer’s perception of quality.”” Thus, the effects of
nanocoating on the haziness of PET were evaluated.
Interestingly, in contrast to the general trend, the haziness
decreased linearly with the number of BLs, as quantitatively
measured at 550 nm (Figure 2b). The reduced light scattering
of the coated PET compared to the bare PET can be attributed
to the reduction in surface roughness as determined by AFM
(Figure S3).

The synergistic effects of CNW and CNF on the
performance of the gas barrier and optical properties of the
(CNW/CNF), coating were further evaluated in comparison
with the respective individual components (Figure 3a). For
example, (CNW/CNF),, was compared with single compo-
nent coatings CNW,, and CNF,. The single component
coatings were prepared under identical spraying conditions to
the bilayer coatings, but with only one suspension.
Interestingly, both the CNW,, and CNF,j-coated PET films
presented much higher OTR values of 1.91 + 0.33 mL m™>
day™' (**p < 0.01) and 1.46 + 0.06 mL m™> day™"' (***p <
0.005), respectively, than that of (CNW/CNF),,-coated PET
(0.48 + 0.02 mL m™> day™') (Figure 3a). The synergistic
combination of CNW and CNF improves the oxygen barrier
performance owing to ionic cross-linking between the
respective amine and carboxylate groups, which reduces the
free volume in the film. This is also reflected in the
considerable thickness reduction of the (CNW/CNF),,
nanocoating. Moreover, the dimensional difference between
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the CNWs and CNFs produces a tight packing in which local
defects in the larger CNF-based fibrous system are filled with
the smaller CNW particles.

The optical properties of CNW,, CNF,, and (CNW/
CNF),y-coated PET films are compared in Figure 3c—f.
Although none of the coatings severely diminished the
transparency of PET (all the values exceed 85% in the visible
range), CNF,, and (CNW/CNF),s-coated PET yielded a
significantly lower haziness of 0.8%, in clear contrast to that of
CNW,j-coated PET. The haziness was further visualized by
capturing rear-projected holographic images (Figure 3d—f).
The high degree of haziness of CNW_-coated PET could be
correlated with the high surface roughness, arising from the
non-uniform coating of rigid CNW, as determined from AFM
(Figure 3h).

The synergistic interplay of CNW and CNF arising from the
electrostatic interactions can be further strengthened by
subjecting the films to hot-pressing treatment at 80 °C at 30
MPa for 10 min. The FT-IR spectra of the (CNW/CNF),,-
coated PET revealed the formation of amide bonds between
CNF and CNW, as evidenced by the increased intensity of the
amide I peak at 1655 cm™' with a concomitant shift of the
amide II peak from 1560 to 1554 cm™'. Conversely, these
changes were absent in the control sets of CNW,, CNW,, and
CNF,, (Figure S4). This observation confirms the formation
of amide bonds creating ionic cross-links, and thus increased
packing of CNW and CNF upon hot-pressing.”’ As a result,
hot pressing further improves the gas barrier property as well
as the hydration resistance necessary for food packaging. As
shown in the cross-sectional SEM image of the nanocoated
film in Figure 4a, hot-pressing treatment compressed the film
by 11.4%, which resulted in a reduction in the size and number
of pores within the nanocoating. Thus, these tighter
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intercomponent networks formed after hot pressing more
effectively blocked the oxygen pathway in the (CNW/CNF),,
coating. This is corroborated by the improvement in OTR
compared to that before the treatment (0.35 + 0.04 mL m™
day™' [*p < 0.05] vs 048 + 0.02 mL m™> day'). In
comparison, the hot-pressing treatment also benefited the
CNW,, coating (*p < 0.05), but not as much as the CNF,,
coating (not significant, p > 0.05). This could possibly be
attributed to the greater thickness of the CNW coating and the
higher degree of free volume within the coating.

To assess their performance in wet and humid conditions,
the bare and hot-pressed (CNW/CNF),;-coated PET films
were subjected to extreme hydration conditions by submersion
in water for 1 h. As shown in the cross-sectional SEM image in
Figure 4c, the water treatment reduced the film thickness and
gave rise to small-sized pores, probably because a portion of
the nanocoating was washed away. The non-hot-pressed
(CNW/CNE),,-coated PET film exhibited an increase in the
OTR to 0.91 + 0.33 mL m™> day™' (Figure 4d) compared to
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the hot-pressed (CNW/CNF),,-coated PET (see SEM images
in Figure SS). Surprisingly, however, the hot-pressed PET
sample retained its OTR of 0.60 + 0.21 mL m™* day ™' (not
significant, p > 0.05) in comparison to the original OTR of
0.35 + 0.04 mL m~> day™' (Figure 4d). This suggests that the
weakly packed nanostructures that were washed away
contributed marginally to the gas barrier property. Notably,
conventional EVOH coatings display a high OTR of ~10 mL
m~> day™! at a relative humidity of 80% atmosphere without
direct contact with water due to hydration of the hydroxyl
groups.”'

Food packaging experiences external mechanical stresses
during actual usage. As a model study, the hot-pressed (CNW/
CNF),-coated PET films were repeatedly folded and unfolded
200 times using a bending tester (Figure S6). Although the
OTR of both the hot-pressed and non-treated samples
increased slightly to 1.02 + 0.05 (***p < 0.005) and 1.27 +
0.14 mL m™* day™' (*p < 0.0S), respectively, the values still
fulfill the OTR requirement (typically <1 mL m™> day™" for
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most types of foods).” Moreover, the bending stress did not
give rise to the formation of cracks as shown in Figure S7.
Taken together, this observation demonstrates that effective
ionic cross-linking within the multilayer contributes to
mechanical stability of the coating. Further tests were
performed for the representative (CNW/CNF),, films after
exposure to various harsh conditions: (1) 1 year aging; (2)
freezing at —20 °C; (3) exposure to ethanol; and (4) heating
in a microwave oven (Figure S8). Interestingly, most of these
harsh environments did not significantly degrade the integrity
of our barrier film, as evidenced by the appearance and the
OTR values of the films. An exception to this was the film
treated in the microwave oven, which showed a slightly
increased OTR value of 1.11 + 0.07 mL m™2 day_l.
Nevertheless, it is still encouraging, considering that customers
usually discard food packaging before or after microwave
treatment.

Next-generation food packaging should appeal to consumers
and distributors and should not only allow a clear view of the
contents but also the detailed information of the contents to be
obtained. Thus, securing visual validation through packaging
with high transparency and low haziness enhances the shelf
appeal of products. Our transparent crab-on-a-tree coating not
only satisfies the aforementioned requirements, it also
guarantees the use of digitally readable optical labels such as
QR codes (Figure Sa). This is in clear contrast to conventional
Al coatings on PET films, which prevent the passage of visible
light.

Next-generation “intelligent” food packaging will be required
to interact with the Internet-of-Things (IoT). The packaging
will be embedded with a radio frequency (RF) tag to enable it
to be tracked and monitored by an RF reader in a refrigerator
or inventory.32 However, conductive materials can generate
electromagnetic RF shielding, so the performance of RF
communication will be inversely proyortional to the
conductivity of the packaging material.”> As a proof-of-
concept, the (CNW/CNF),,-coated PET film was placed
between an RF tag and its reader (Figure Sb). As expected, the
tag on the opposite side of the nonconductive crab-on-a-tree-
coated PET film was readable, as indicated by the green light,
whereas the tag could not be read through the conductive Al-
coated PET. It should be noted that, although graphene
derivatives and related two-dimensional nanomaterials are
regarded as good candidates for gas barrier coatings, their
performance in RF-based tracking applications would be
inferior to the crab-on-a-tree coating owing to their high
electromagnetic shielding performance.” Figure 5S¢ presents a
visualization of the oxygen barriers in bare and (CNW/
CNEF),,-coated PET. The visualization test was conducted for
a period of 4 days with Al-coated PET samples as the control
group. After 4 days, only the bare PET sample changed to pink,
whereas the Al-coated PET sample and (CNW/CNF),,-
coated PET remained colorless. This indicates that the oxygen
barrier of the crab-on-a-tree coating is as effective as that of Al-
coated PET under the examined conditions.

Antibacterial properties are another attractive function for
food packaging applications. As chitin is well-known for its
antibacterial properties,3 we examined the antibacterial
properties of the crab-on-a-tree-coated PET upon incubation
with suspensions of Escherichia coli and Bacillus subtilis (Figure
S9). Regrowth of the bacterial cells was evaluated by measuring
the ODygyy which showed that the bacterial cells were
effectively inhibited in the order of CNW,;, (CNW/CNF),,,
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CNEF,,, and bare PET. As expected, the extent to which the
bacterial growth was inhibited was affected by the CNW
content based on the nature of chitin. In both cases, the crab-
on-a-tree coating inhibited bacterial growth, because the OD of
the (CNW/CNF),, PET medium was 3.5-fold lower than that
of the bare PET medium. Interestingly, the CNF,, coating also
mildly inhibited bacterial growth on the surface. This finding
was attributed to repulsion of cell membrane by the negative
charges of CNF, thereby hindering the settlement of bacterial
cells on the substrate.*>*® In addition, in vitro cytotoxicity of
the crab-on-a-tree coating to a mammalian cell line (MC3T3-
E1) was examined via colorimetric assay with an empty well
(no film), bare PET, and the (CNW/CNF),,-coated PET
(Figure S10). No significant difference was indicated in the
number of viable cells among them (p > 0.05), implying that
the crab-on-a-tree coating exhibited no cytotoxicity toward the
MC3T3-E1 cells.

CONCLUSION

In conclusion, we developed a biomaterial-based, transparent,
and flexible gas barrier coating for food packaging applications
by using the spray-assisted LbL assembly of CNF and CNW.
These two respective nanomaterials, which originate from the
two most abundant biopolymers, possess abundant and
opposite surface charges, affording effective ionic cross-links
within the multilayer to form a hydration-resistant and
mechanically stable coating. Owing to their crystallinity and
complementary dimensions, this crab-on-a-tree coating mini-
mizes the defects that promote gas permeation, resulting in
outstanding oxygen barrier performance that could be used to
cover most types of food packaging. We anticipate that these
findings will provide insights on the use of abundant cellulose
and chitin as well-suited building blocks for LbL coatings and
also as a gas barrier coating for food packaging with a variety of
functions appealing to the customer, including optical/digital
labeling, radio frequency transmission to track food packaging,
and antibacterial properties.

METHODS

Materials. An aqueous dispersion of cellulose nanofiber (CNF),
which possesses a negatively charged sodium carboxylate group by a
surface modification using 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO)-mediated oxidation, was purchased from the University
of Maine (ME, USA) and used without any further purification. In a
typical method, 5 g of cellulose pulp was dispersed in S00 mL of
TEMPO solution, which was prepared by dissolving 80 mg of
TEMPO and 500 mg of NaBr in 500 mL of deionized water. A 12%
aqueous solution of NaClO (37 mL) was slowly added to the mixture.
The aqueous CNF dispersion was homogenized with a 750 W
ultrasonic processor (Sonics, Vibra-Cell, USA). The dispersion was
ultrasonicated for S min (pulse on and off for 10 and S s, respectively)
at an amplitude of 50% in an ice bath. The pH of the reaction
medium gradually decreased and was maintained at 10 by the
dropwise addition of 0.50 M NaOH solution. This process
transformed the primary hydroxyl groups on the CNF surface to
carboxylate groups. The pH of the CNF dispersion was adjusted to 7
by adding a few drops of 1.0 M HCI solution.

CNWSs were prepared using a slight modification of the method
described by Nair and Dufresne.'” Initially, a-chitin powder from
shrimp shell was purchased from Sigma-Aldrich. The a-chitin (S g)
was hydrolyzed in 150 mL of 3 M HCl solution at 120 °C for 3 h and
then fully washed with deionized water. Surface deacetylation was
accomplished by immersing the hydrolyzed chitin powder in 300 mL
of a 30% NaOH solution and heating at 80 °C for 6 h."® The product
was vigorously washed with distilled water, dialyzed for 3 days until
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the pH reached 7, and freeze-dried. The CNW was redispersed in 50
mM of aqueous acetic acid solution and ultrasonicated for S min in an
ice bath at the aforementioned setting of the ultrasonic processor. The
final pH was adjusted to 3.6 by adding a few drops of 1.0 M HCI
solution.

Silicon wafer substrates were cleaned in a piranha solution
(H,S0,:H,0, 7:3 v/v) for 1 h and rinsed with and stored in DI
water. Caution! Piranha solution is dangerous and extremely reactive with
organic substances. Prior to use, the piranha-cleaned silicon wafers
were rinsed by sonication in DI water, acetone, and ethanol,
respectively, for 10 min each. PET films with a thickness of 50 um
were kindly provided by SKC (Korea). PET film coated with
aluminum (300 nm) was purchased from Goodfellow Cambridge Ltd.
(Huntingdon, England).

Spray Layer-by-Layer Coating and Hot-Pressing Processes.
Spray LbL coating was conducted with an automatic spray coater,
NCS-200 (NCS Co. Ltd., Korea). Both the CNW and CNF solutions
were diluted to a 0.08 wt % concentration, and the pH was adjusted to
3.6 for CNW and 7.0 for CNF, respectively, with the addition of
either 1.0 M HCI or NaOH solution. A PET substrate (13 cm X 13
cm) was fixed on a hot plate with Kapton tape, and the surface
temperature was maintained at 80 °C throughout the entire coating
process to evaporate the solvent. Two nozzles, through which the
respective CNW and CNF solutions 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) in turn. Each
layer comprised five sprayings of each suspension (Figure S11, see
Video S1). During the spray 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 CNW and CNF afforded a bilayer of (CNW/CNF),.
Finally, PET films coated with the bilayers were subjected to hot-
pressing at 80 °C at 32 MPa for 10 min.

Characterizations. Based on ASTM 1434-82, the oxygen
transmission rate (OTR) was measured using a manometric gas
permeation analyzer (Lyssy L100-5000, Systech Illinois Instruments,
UK) at 23 °C and 0% RH. The film sample (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. This arrangement ensured that 0% RH was created by the
pure oxygen and vacuum environments. Prior to the OTR
measurement, the films were conditioned to <10% RH in a desiccator
for at least 24 h. However, in the hydration resistance test, the
humidity conditioning process was not conducted for the (CNW/
CNE) -coated PET, as it had been immersed in DI water. The OTR
data of triplicate films represent the mean =+ standard deviation with
statistical significance by the t-test. A UV—vis-NIR spectrometer
(Cary 5000, Agilent) with a diffuse reflectance accessory (DRA) was
used to measure transmittance and haziness. The transmittance and
haziness were calculated with eqs 1 and 2 by measuring four types of
transmittance: T1 (incident light), T2 (total light transmitted by
sample), T3 (light scattered by instrument), and T4 (light scattered
by instrument and sample). The results are reported for an average
value of 9 films of each sample with the standard deviation.

. T2
transmittance (%) = L X 100

(1

T2

X
haze (%) = T4 — ——TX x 100
T1

@)

A Zetasizer Nano ZS device (Malvern, UK) was employed to
characterize the surface charge of cellulose and chitin nanomaterials.
Suspensions of CNW and CNF nanomaterials were prepared at 0.1 wt
% in 50 mM acetate buffer at pH 4 and 7, respectively. The
dimensions of the CNWs and CNFs and the surface roughness of the
multilayer coatings were measured by AFM (Multimode V, Veeco,
USA). The thicknesses of the coated films on silicon wafers were
measured by a surface profilometer (Dektak XT, USA). The
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profilometer determined the thickness by measuring the height
difference between the film surface and bare substrate. At least five
different positions were measured, and the average thickness value
was reported with the standard deviation. The thickness and side
morphology of the multilayer-coated PET were examined by scanning
electron microscopy (SEM) (SU8220, Hitachi, Japan) at an
accelerating voltage of S kV. The multilayer-coated PET film was
molded in epoxy resin to affix the soft PET film then cut off using a
diamond knife.

Antibacterial Property. The bare PET film, CNF- and CNW-
coated PET films, and LbL-coated PET films (circular with a diameter
of 7 mm) were exposed to E. coli and B. subtilis. Bacteria-containing
aqueous suspensions in log-phase were incubated at 37 °C until the
ODgy reached 0.6. Then, 50 uL of the respective suspensions was
placed on the surfaces of bare, CNW,,, CNF,;, and (CNW/CNF),,-
coated PET and incubated for 1 h. The remaining solution on the
surface was removed by washing with deionized water, and each film
was respectively submerged in fresh Luria—Bertani (LB) nutrient
media. Then, the nutrient medium containing each of the films was
incubated at 37 °C for 48 h. The regrowth of bacterial cells was
evaluated by measuring the ODy, at various time points until 48 h.
As a negative control, bare PET that was not exposed to the bacteria
was used.

QR Code and Radio Frequency Identification Test. An image
with KRICT and UNIST symbols was transformed into a QR code
using 2 QR code generator (https://www.qr-code-generator.com).
The QR code reader software was operated on a smartphone
(Samsung Galaxy S8, Korea). If the software optically recognizes the
QR code via the camera, then the device displays the image on the
screen. A RFID system is composed of a passive tag and a reader. Bare
PET, (CNW/CNF),y-coated PET, and commercial Al-coated PET
films were placed in between the RFID tag and reader. The green and
red lights on the reader, respectively, indicate whether the reader
succeeded in reading through the PET film and the tag.

Rear Projected Hologram Image. The haziness of the coated
films was visualized with a purpose-designed system equipped with a
transparent rear projection screen.”” In a dark room, an image of the
KRICT and UNIST logos was projected using a typical beam
projector (LG PW1000, Korea). The films were placed in front of the
projector at a distance of 30 cm. The hologram images were observed
on the opposite side of the projector and recorded by a camera
(Samsung Galaxy S8, Korea).

Oxygen Indicator Test. Resazurin is a commonly used oxygen
indicator dye that changes to purple in the presence of oxygen.”® An
oxygen-free resazurin solution (1.0 mg/L) was prepared in deionized
water and flushed with continuous N, flow for 3 h. The colorless
resazurin solution was transferred under continuous N, flow to a 10
mL vial with a screw cap containing a rubber septum. The pristine and
coated PET films were tightly sealed on the septa of the vial cap. A
laboratory vacuum pump was employed for 5 min to create negative
pressure (S Torr) in the vial, which was immediately closed by
tightening the aluminum cap and sealed with a paraffin film. The color
of the solution in each vial was monitored for 4 days.

Bending Test. The resistance toward mechanical stress was
evaluated by mounting LbL multilayer-coated PET at each end of a
custom-made bending test machine. One of the ends was fixed and
the other was moved toward the fixed side at a speed of 60 cm min™".
The machine was paused for 1 s when the bending radius became
11.5 cm, and then the movable side was returned to the starting
position, followed by another 1 s pause. This step corresponds to 1
cycle, and the overall bending test comprised 200 cycles.

Effects of Various Harsh Conditions on Crab-on-Tree-
Coated PET. The OTR values of (CNW/CNF),o-coated PET film
were measured after exposure to various harsh conditions: (1) 1 year
aging; (2) freezing at —20 °C for 24 h; (3) exposure to ethanol for 1
h; and (4) heating in a microwave oven (800 W) for S min.

In Vitro Biocompatibility Test. To evaluate the cytotoxicity of
the crab-on-tree coating, the following in vitro assay was conducted.
The bare and (CNW/CNF),,-coated PET films were sterilized with
UV for 6 h and then placed in a 24-well plate. A mouse pre-osteoblast
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cell line, MC3T3-E1, was purchased from ATCC (USA) and cultured
in minimal essential medium-alpha (MEM-q; Hyclone, Cramlington,
UK) with 10% fetal bovine serum (Hyclone, Cramlington, UK) and
1% penicillin/streptomycin (Hyclone, Cramlington, UK) at 37 °C
under a humidified atmosphere of 5% CO,. The subconfluent cells
were detached using 0.25% trypsin-EDTA (Hyclone, Cramlington,
UK), and the viable cells were counted using a trypan blue assay. The
precultivated cells were seeded onto film-containing and empty wells
as a control in a 24-well plate at a density of approximately 3 X 10*
cells per well and cultured for 3 days in the same nutrient medium.
The number of viable cells was determined as a function of culture
time (0—3 days) via a colorimetric assay (CCK-8, Dojindo, Santa
Clara, CA, USA); the number of viable cells is proportional to the
light absorbance value (or optical density, OD) at 450 nm. The results
given are the mean of triplicate samples and the standard deviation.
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