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PVA /Tea Leaf-Derived Carbon Quantum Dots Nanocomposites for

Enhanced Barrier and Antimicrobial Food Packaging Films

Mohammadreza Jozaghkar, Jamilur R. Ansari, and Jongchul Seo*

Department of Packaging & Logistics, Yonsei University, 1 Yonseidae-gil, Wonju, Kangwon-do, 26493, South Korea

Abstract This study explores the multifunctional enhancement of polyvinyl alcohol (PVA) films through the incor-
poration of tea leaf—derived carbon quantum dots (CQDs) at loadings of 0.5, 1.0, 2.0, and 3.0 wt.%, focusing on struc-
tural, optical, mechanical, antimicrobial, and barrier properties. FTIR spectroscopy revealed strengthened hydrogen
bonding and compatibility between PVA and CQDs, with broadened O-H stretching peaks indicating interactions with
CQDs surface groups. XRD analysis showed preserved semi-crystalline PVA structure with increased crystallinity at
higher CQDs loadings, suggesting uniform dispersion without phase separation. Photoluminescence spectra demonstrated
strong blue emission from CQDs at 450 nm upon 360 nm excitation, attributed to quantum confinement and functional
groups. Tensile testing indicated significant improvements in stress at break (from 25.01 MPa for pure PVA to 83.28 MPa
at 3.0 wt.% CQDs) and Young's modulus (from 26.09 MPa to 115.84 MPa), highlighting reinforcement effects. Oxygen
transmission rate decreased markedly from 6.32 cc/m?-day for pure PVA to 0.11 cc/m?-day at 3.0 wt.% CQDs. UV shield-
ing was enhanced by the incorporation of CQDs, achieving complete UV-B blocking at 2.0 and 3.0 wt.% loadings and
over 75% UV-A blocking at 3.0 wt.%, while maintaining visible transparency. Antibacterial disk diffusion assays exhib-
ited concentration-dependent inhibition zones, maximizing at 3.0 wt.% CQDs, likely due to reactive oxygen species gen-
eration and electrostatic interactions.

Keywords Tea leaves, carbon quantum dots, polyvinyl alcohol, antimicrobial packaging, oxygen barrier, UV shielding

Introduction

Conventional petroleum-derived packaging materials pro-
vide effective protection for food products but generate sig-
nificant environmental concerns due to their non-biodegra-
dability'?. The resulting plastic waste crisis has intensified
research into sustainable and biodegradable alternatives that
can offer equivalent or superior protective properties. Polyvinyl
alcohol (PVA) is a promising candidate owing to its film-form-
ing ability, mechanical strength, and oxygen barrier perfor-
mance. However, its high hydrophilicity and limited antimicro-
bial properties restrict its broader application in food pack-
aging>¥.

Nanomaterial incorporation into polymer matrices has
emerged as an effective strategy to overcome these limitations.
Among them, carbon quantum dots (CQDs) have attracted
attention due to their tunable surface chemistry, excellent dis-
persibility, photoluminescence, and antimicrobial activity.
Recent studies have shown that CQDs can enhance polymer

*Corresponding Author: Jongchul Seo

1 Yonseidae-gil, Wonju, Kangwondo 26493, South Korea
Tel: +82-33-760-2774

E-mail: jcseo@yonsei.ac.kr

crystallinity, mechanical reinforcement, UV shielding, and bar-
rier properties, making them suitable for active packaging
applications. Importantly, CQDs derived from renewable bio-
mass precursors provide additional environmental benefits
compared with conventional synthesis routes>”.

Tea leaves, a biomass waste generated in large quantities
from forestry and landscaping, are an abundant and underuti-
lized precursor for green nanomaterials. Their high carbon con-
tent and natural polyphenolics make them ideal for the
sustainable synthesis of CQDs via hydrothermal carbonization.
Biomass-derived CQDs not only reduce waste but also offer
inherent antimicrobial and antioxidant activities, which can be
harnessed in food preservation®”.

Although several studies have explored the incorporation of
nanomaterials such as graphene oxide, cellulose nanocrystals,
and CQDs from various biomass sources (e.g., fruit peels, agri-
cultural residues, and lignin) into polymer matrices for food
packaging, limitations remain. Many biomass-derived CQDs
reported to date provide moderate improvements in UV shield-
ing and barrier performance but show variable antimicrobial
efficiency. Moreover, few studies have systematically exam-
ined the integration of biomass CQDs with PVA to balance
barrier, antimicrobial, and mechanical properties. Tea leaves
are an abundant, renewable, and underexploited precursor rich
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in aromatic compounds, which may yield CQDs with
enhanced antimicrobial and antioxidant functionalities. How-
ever, their application in the development of biodegradable
nanocomposite films has not been extensively investigated.
This gap underscores the need to explore tea leaf—derived
CQDs as sustainable nanofillers to advance the multifunc-
tionality of PVA-based food packaging'®'?.

In this study, waste green tea leaves were chosen as a carbon
source due to their rich carbon matrix and nitrogen-containing
polyphenols, enabling the synthesis of self-doped CQDs with-
out additional reagents. We hypothesize that CQDs will
enhance the barrier properties of PVA by reducing oxygen
transmission and increasing hydrophobicity, while simultane-
ously imparting antimicrobial effects against foodborne patho-
gens. To test this, PVA/CQDs nanocomposite films were
fabricated at varying loadings and systematically characterized
for their structural, optical, barrier, mechanical, and antimi-
crobial properties. The outcomes of this work highlight the
potential of biomass-derived quantum dots as eco-friendly
nanofillers for advanced food packaging applications.

Experimental

1. Materials and Methods

1.1. Synthesis of Tea Leaf-Derived CQDs

Dried and powdered waste black tea leaves (2 g) were dis-
persed in 40 mL of distilled water and hydrothermally treated
at 200°C for 6 h in a Teflon-lined autoclave. After cooling, the
solution was centrifuged (10,000 rpm, 10 min) and filtered
(0.22 pum) to remove large particulates. The filtrate containing
CQDs was dialyzed (1 kDa cutoff) for 24 h and stored at 4°C.

1.2. Preparation of PVA/CQDs Films

A 10 wt.% aqueous PVA solution was prepared by dis-
solving PVA at 90°C with constant stirring for 1 h. CQDs were
then introduced into the PVA solution at loadings of 0.5, 1.0,
2.0, and 3.0 wt.% relative to PVA weight, followed by addi-
tional stirring for 2 h to ensure homogeneity. The mixed solu-
tions were cast into Petri dishes and dried at 40°C for 48 h. The
resulting films were peeled and conditioned at 25°C and 50%
RH before testing.

The final film thickness was in the range of 95-100 pm,
measured at five random points using a digital thickness gauge.
The CQD concentration range was selected to study con-
centration-dependent effects on film performance while avoid-
ing CQD aggregation at higher loadings.

1.3. Characterization

Transmission electron microscopy (TEM) images of CQDs
were obtained using a JEM-2100F JEOL microscope by plac-
ing a sample drop on a copper grid and evaporating it at room
temperature. Fluorescence images of PVA and PVA/CQDs

nanocomposite films were captured under UV light. Atten-
uated total reflection Fourier-transform infrared (FTIR) spec-
troscopy (65 FTIR, PerkinElmer) analyzed the chemical
structure of pure PVA and PVA/CQDs nanocomposite films in
transmission mode (4,000-400 cm™, 64 scans, air as reference).
X-ray diffraction (XRD) using a Smart Lab diffractometer
(Ultima IV, Rigaku, A=0.1539 nm) characterized the nano-
composite films, with intensities normalized over 26 = 58°—
60°. Mechanical properties were evaluated using a Universal
Tensile Strength Machine (UTM, Qmesys Co., South Korea) to
measure tensile strength and elasticity. Oxygen transmission
rate (OTR) was assessed using OX-TRAN 702 (MOCON,
USA), and film thicknesses were measured with a thickness
tester. Antibacterial efficacy against S. aureus was tested via
disk diffusion (JIS Z 2801:2010). S. aureus (ATCC 6538) was
selected as the representative Gram-positive foodborne bac-
terium due to its prevalence in food contamination and human
pathogens. The bacterial suspension was adjusted to 0.5
McFarland standard (=1 x 108 CFU/mL). Sterile film samples
(25 mm diameter) were placed on inoculated tryptic soy agar
plates and incubated at 37°C for 24 h. The inhibition zone
diameter was measured using a digital caliper, and results were
reported as mean + SD from three independent tests.

Results and Discussion

1. Morphological Analysis of the synthesized CQDs
The microstructure and morphology of the synthesized
CQDs were analyzed using transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HR-TEM). The monodispersity and spherical morphology of
the synthesized CQDs are presented in Figure la. HR-TEM
images clearly reveal lattice fringes of CQDs with an interplanar
spacing of 0.21 nm, corresponding to the (001) crystal plane of
carbon. The particle size distribution histogram of the synthe-
sized CQDs (Figure 1b) indicates that the CQDs have diameters
below 10 nm, with an average particle size of 3-4 nm'>'®.

2. PL analysis of the synthesized CQDs

The photoluminescence (PL) properties of the synthesized
CQDs were investigated, as shown in Figure 2. The PL spectra
consist of excitation (blue line) and emission (red line) spectra,
measured in the 350-650 nm wavelength range. The excitation
spectrum exhibits maximum intensity at approximately 360 nm,
indicating the optimal excitation wavelength for CQDs. When
excited at this wavelength, the emission spectrum peaks at 430
nm, demonstrating strong blue luminescence. The Stokes shift,
calculated as the difference between excitation and emission
maxima, highlights energy losses due to vibrational relaxation
and solvent interactions within the CQDs structure.

Inset images display the visual appearance of the CQDs
solution under visible light (left) and under UV (right). The
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Fig. 1. (a) TEM of CQDs with 20 nm magnification (inset
shows HR-TEM of CQDs with lattice structure of 0.21 nm) and
(b) particle size distribution histogram
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Fig. 2. PL spectra of the synthesized CQDs.

synthesized CQDs appear as a colorless solution under visible
light, and bright blue luminescence under UV irradiation, cor-
roborating the PL data. This blue luminescence is attributed to
quantum confinement effects and the presence of surface func-
tional groups (e.g., hydroxyl and carboxyl groups), which pro-
mote radiative recombination of excitons. The observed PL
properties suggest the potential of CQDs for applications in
food packaging, leveraging their tunable emission and high
quantum yield'+'®.

3. Structural Analysis of PYA/CQDs nanocomposite
films

Figure 3 presents the FTIR spectra of pure PVA and PVA/
CQDs nanocomposites with varying CQDs loadings (0.5, 1.0,
2.0, 3.0 wt.%). The spectra were recorded in transmission
mode over the 4,000-500 cm™' wavenumber range. All sam-
ples exhibit characteristic PVA absorption bands, including a
broad O-H stretching vibration at 3,300 cm™' due to inter-
molecular hydrogen bonding, asymmetric and symmetric C-H
stretching modes at 2,940 cm™ and 2,850 cm™, a CH, bending
vibration at ~1,430 cm™, and a C-O stretching vibration at
1,090 cm .

The addition of CQDs induces subtle changes in these
bands, with the O-H peak broadening and intensifying as
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Fig. 3. FT-IR spectra of PVA/CQDs nanocomposite films.

CQDs concentration increases, suggesting enhanced hydrogen
bonding interactions between PVA hydroxyl groups and CQDs
functional groups (e.g., carboxyl or hydroxyl). Additionally, a
slight intensity increase in the C=0 and C-O bands is observed
with higher CQDs content, reflecting contributions from oxy-
genated surface groups of CQDs. The overall spectral profiles
remain similar across samples, confirming excellent compat-
ibility and uniform dispersion of CQDs within the PVA matrix.
Unlike pure PVA, the nanocomposite films exhibit a char-
acteristic peak at around 2200 cm™, indicating successful nitro-
gen doping of CQDs!"!?.

4. UV Vis Transmittance analysis of PVA/CQDs nano-
composite films

The selective attenuation of UV-Vis by PVA/CQDs nano-
composite films arises from electronic transitions in the car-

(a)
100 4
e
L
@
o
=
m
=
£
w
=
o Pure PVA
= —— PVA/CQDs-0.5
—— PVA/CQDs-1.0
PVA/CQDs-2.0
——PVA/CQDs-3.0
- - T -
200 300 400 500 800 700 8OO
(b) Wavelength (nm)

Pure PVA/ PVA/ PVAJ PVA/
PVA cQD-05 CcabD-1.0 cCcabD-20 CaD-3.0

Fig. 4. (a) UV-spectra and (b) appearance of PVA/CQDs nano-
composite films.
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bonaceous domains and surface functional groups introduced
during hydrothermal synthesis. The complete UV-B blocking
was achieved for nanocomposites containing 2.0 and 3.0 wt.%
of CQDs. Sample PVA/CQDs-3.0 also showed more than 75
% UV-A blocking, demonstrating the ability of biomass-
derived CQDs to deliver targeted photoprotection without
compromising product visibility. Thickness-normalized absorp-
tion coefficients indicate an increased effective absorption per
unit thickness with higher CQDs loading, supporting the role
of CQDs as efficient UV-absorbing nanofillers. This improve-
ment is primarily attributed to the strong UV absorption prop-
erties of the synthesized CQDs. CQDs possess abundant 7-
conjugated domains and oxygen-containing functional groups
such as carbonyl, hydroxyl, and carboxyl moieties. These
structures facilitate mn* and n—n* electronic transitions,
enabling efficient absorption of UV photons. When CQDs are
uniformly dispersed within the PVA matrix, they act as nano-
sized UV filters, absorbing the harmful UV radiation before it
can penetrate the film.

Moreover, the nanoscale dimensions of CQDs (<10 nm) pro-
vide an additional scattering effect, particularly for shorter
wavelengths in the UV region?. This dual mechanism of UV
photon absorption and scattering contributes to the overall
enhancement of UV-shielding efficiency. As a result, the PVA/
CQDs films block a substantial portion of UV light while
maintaining relatively high transparency in the visible region,
which is crucial for applications like food packaging, where
visibility of the packaged product is essential.

5. XRD analysis of PYA/CQDs nanocomposite films

Figure 5 presents the X-ray diffraction (XRD) patterns of
pure PVA and PVA/CQDs nanocomposite films with varying
CQDs loadings. The diffraction patterns were recorded over a
26 range of 10°-60°, enabling the characterization of the sam-
ples’ structural properties. Pure PVA exhibits a broad dif-

Pure PVA
—— PVA/CQD-0.5
——PVA/CQD-1.0
PVA/CQD-2.0
—PVA/CQD-3.0

Intensity (a.u.)

26 (in degrees)

Fig. 5. XRD graph of PVA/CQDs nanocomposite films.

fraction peak centered at 19.5° indicative of its semi-
crystalline nature with a predominantly amorphous structure
and random polymer chain orientation.

The addition of CQDs induces subtle changes in the dif-
fraction profile. The primary peak at 19.5° persists across all
CQDs-loaded samples, suggesting that the crystalline regions
of PVA are largely preserved. However, as CQDs content
increases, an increase in peak intensity is observed, particularly
pronounced in the PVA/CQDs-3.0 sample. This phenomenon
may reflect changes in crystallinity due to the nucleation
effects of CQDs. No distinct new peaks corresponding to
CQDs were detected, indicating excellent compatibility and
uniform dispersion of CQDs within the PVA matrix, with no
formation of independent CQDs crystalline phases”. These
findings suggest that CQDs incorporation maintains the struc-
tural integrity of the PVA matrix while increasing its crys-
tallinity degree, potentially influencing mechanical properties
for applications in food packaging.

6. UTM analysis of PVA/CQDs nanocomposite films
The tensile properties of pure PVA and PVA/CQDs nano-
composite films were evaluated through stress-strain testing, as
shown in Figure 6 and summarized in Table 1. The stress-strain
curves reveal distinct mechanical behaviors across the samples.
Pure PVA exhibits a stress at break of 25.01 + 1.4 MPa with a
strain at break of 95.86+5.1% and a Young's modulus of
26.09 + 0.3 MPa, indicative of its characteristic ductility and
moderate stiffness. Incorporation of CQDs enhances the mechan-
ical strength progressively with increasing CQDs content.
PVA/CQDs-0.5 shows a stress at break of 33.48 + 2.1 MPa,
strain at break of 90.22 + 4.8%, and Young's modulus of 37.10
+ 0.4 MPa; PVA/CQDs-1.0 reaches 54.06 + 2.5 MPa, 80.74 +
4.2%, and 66.95 + 0.6 MPa; PVA/CQDs-2.0 achieves 71.89 +
3.2 MPa, 78.04 + 4.1%, and 92.11 + 0.7 MPa; and PVA/
CQDs-3.0 attains the highest values of 83.28 + 3.7 MPa, 71.89

90

Pure PVA
PVA/CQD-0.5
75 PVA/COD-1.0
“PVA/CQD-2.0
\ PVAICOD-3.0
60 \
= ] -
= 45+
v
w
2
& 204 [\_/_,_,/—”—
15 ‘
JI
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T T T T T T T T T T
4] 20 40 80 80 100
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Fig. 6. Stress-strain curve of PVA/CQDs nanocomposite films.
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Table 1. Mechanical and oxygen barrier characteristics of PVA/CQDs nanocomposite films

Film Thickness (pm) Stress (MPa) Strain (%) Young's Modulus (MPa) | OTR (cc/m?.day)
Pure PVA 97.6 + 1.4 2501 = 1.4 95.86 £+ 5.1 26.09 + 0.3 6.32 + 0.8
PVA/CQDs (0.5) 982 £ 1.4 3348 £ 2.1 90.22 £+ 4.8 37.10 £ 0.4 0.58 + 0.02
PVA/CQDs (1.0) 923 + 13 54.06 £ 2.5 80.74 + 4.2 66.95 £ 0.6 0.21 + 0.01
PVA/CQDs (2.0) 98.9 + 1.7 71.89 + 3.2 78.04 + 4.1 92.11 + 0.7 0.16 + 0.01
PVA/CQDs (3.0) 953 £ 1.2 83.28 + 3.7 71.89 + 3.9 115.84 + 0.9 0.11 + 0.01

+ 3.9%, and 115.84 + 0.9 MPa, respectively. The initial linear
elastic region, followed by a yield point and subsequent plastic
deformation, is evident in all samples, with pure PVA dis-
playing the largest strain capacity before failure. The increase
in stress at break and Young's modulus with higher CQDs load-
ing suggests a reinforcing effect due to the uniform dispersion
of CQDs within the PVA matrix, enhancing intermolecular
interactions and load transfer. The observed reinforcement can
be directly correlated with the structural evolution evidenced
by FTIR and XRD analyses. The broadening of the O-H
stretching band (Figure 3) suggests stronger hydrogen bonding
between PVA hydroxyls and oxygenated CQD surfaces,
enhancing load transfer efficiency under stress. Simultane-
ously, the intensified XRD peak at 19.5° (Figure 5) indicates
increased crystallinity, which contributes to stiffness and tensile
strength. These combined effects explain the progressive
mechanical improvement observed with higher CQD content.
These findings highlight the potential of CQDs-reinforced PVA
composites for applications requiring improved mechanical
strength, such as food packaging, with the optimal CQDs load-
ing depending on the desired balance between strength and
flexibility®*).

PVA PVA/CQDs-0.5

PVA/CQDs-2.0

-

Fig. 7. Antibacterial activity of PVA/CQDs nanocomposite.

PVA/CQDs-3.0

7. Oxygen barrier perfformance of PYA/CQDs nano-
composite films

The oxygen transmission rate (OTR) of pure PVA and PVA/
CQDs nanocomposite films was evaluated, as summarized in
Table 1. The OTR values, expressed in cc/m>-day, were mea-
sured for films with thicknesses ranging from 95.3 to 97.6 um.
Pure PVA exhibited an OTR of 6.32 + 0.8 cc/m?-day, reflecting
its moderate oxygen permeability due to its semi-crystalline
structure with inherent hydrophilic properties. The incorpo-
ration of CQDs significantly reduced the OTR, demonstrating
a concentration-dependent barrier enhancement: PVA/CQDs-
0.5 showed an OTR of 0.58 + 0.02 cc/m?-day, PVA/CQDs-1.0
reduced it to 0.21 = 0.01 cc/m*-day, PVA/CQDs-2.0 further
decreased it to 0.16 £ 0.01 cc/m?-day, and PVA/CQDs-3.0
achieved the lowest OTR of 0.11 + 0.01 cc/m?-day. This pro-
gressive reduction in OTR with increasing CQDs content is
attributed to the uniform dispersion of CQDs within the PVA
matrix, which likely creates a tortuous path for oxygen dif-
fusion, enhancing the barrier properties. The slight variations in
film thickness (e.g., 97.6 + 1.4 um for pure PVA vs. 953 + 1.2
um for PVA/CQDs-3.0) have a minimal impact on OTR, as the
data are normalized per unit area and thickness effects are
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accounted for in standard testing protocols. These results sug-
gest that CQDs-reinforced PVA films, particularly at higher
loadings, are promising candidates for oxygen barrier appli-
cations, such as food packaging or protective coatings, where
reduced oxygen permeability is critical to extend shelf life or

prevent degradation®®??.

8. Antibacterial Performance

The antibacterial efficacy of the pure PVA and PVA/CQDs
nanocomposite films was evaluated using the standard disk dif-
fusion assay, with results shown in Figure 7. Disks impreg-
nated with the respective materials were placed at the center of
agar plates inoculated with a bacterial lawn. After incubation,
zones of inhibition were observed and compared. The pure
PVA control exhibited no distinct zone of inhibition, indicating
a lack of inherent antibacterial properties in the polymer
matrix. In contrast, PVA/CQDs nanocomposites demonstrated
a clear concentration-dependent enhancement in antibacterial
activity. At 0.5 wt.% CQDs, the inhibition effect was minimal,
but the zone of inhibition progressively widened at 1.0 and 2.0
wt.%, with the most pronounced antibacterial effect observed
at 3.0 wt.% CQDs, where the inhibition zone extended sig-
nificantly across the plate. The inhibition zones for PVA/CQDs
films were 0, 11 £ 0.1, 13 £ 0.1, 17 £ 0.2, and 20 + 0.1 mm
for the films containing 0, 0.5, 1.0, 2.0, and 3.0 wt.% CQDs,
respectively.

This trend underscores the critical role of CQDs in imparting
antibacterial properties to the composites, primarily through
mechanisms involving reactive oxygen species (ROS) gen-
eration, which induces oxidative stress and leads to cell mem-
brane disruption. Additionally, the positively charged surface
of CQDs promotes electrostatic interactions with negatively
charged bacterial cell walls, enhancing adhesion and bacte-
ricidal effects. These findings highlight the potential of PVA/
CQD:s films as food packaging materials, offering tunable anti-
bacterial performance to mitigate infection risks while main-
taining biocompatibility”.

Conclusion

This work demonstrates the successful synthesis of CQDs
from tea leaves via a sustainable hydrothermal route and their
effective incorporation into PVA to produce multifunctional
nanocomposite films. The addition of CQDs significantly
enhanced the films’ physicochemical and functional properties,
including mechanical strength, barrier performance, UV shield-
ing, and antimicrobial activity. At optimal loading, tensile
strength and Young's modulus improved, oxygen transmission
decreased markedly from 6.32 to 0.11 cc/m?® at 3.0 wt%
CQDs, and the films achieved complete UV-B blocking while
maintaining high visible transparency. Antimicrobial assays
confirmed strong inhibitory effects against S. aureus bacteria,

verified the potential to extend shelf life through reduced
microbial growth. These results highlight the potential of PVA/
CQDs nanocomposites as biodegradable, sustainable, and
active food packaging materials that address both environ-
mental and food safety challenges. The use of an abundant bio-
mass precursor such as tea leaves further underscores the green
and circular nature of the approach.
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Comparison of Storage Temperatures and Effects of Modified Atmosphere
Film Packaging on the Postharvest Quality of Seedless Watermelon
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Abstract This study aimed to investigate the quality changes of seedless watermelon during storage to determine the
optimal storage temperature and to identify suitable plastic films for extending shelf life to promote exportation. Seeded
watermelon (cv. Dangdanghan) and seedless watermelon (cv. Seedless) were stored at 2, 4, 10, and 25°C under 85-90%
relative humidity for up to 40 days, and changes in weight loss, firmness, stem-end browning, water-soaking symptoms,
and freshness index were evaluated. As the storage temperature increased, quality deterioration progressed more rapidly,
and water-soaking and softening occurred earlier at temperatures above 10°C. In contrast, storage at 4°C resulted in the
slowest decline in firmness and water-soaking symptoms, maintaining marketable quality for up to 40 days. However,
chilling injury occurred at 2°C, leading to an increased water-soaking index. Therefore, 4°C was determined to be the
optimal storage temperature for seedless watermelon. To extend shelf life, the seedless cultivars ‘Seedless’ and ‘1%’ were
packaged with various plastic films. The functional film containing zeolite and perlite effectively suppressed water-soak-
ing symptoms and reduced firmness loss compared to the control. Although the specific mechanism through which the
functional film interacts with watermelon tissue to produce these improvements remains unclear, it effectively delayed
overall quality deterioration. This outcome indicates that the film has practical potential for long-term storage and dis-
tribution of seedless watermelons, particularly for export-oriented supply chains.

Keywords seedless watermelon, storage temperature, film packaging, water-soaking, freshness index
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less” and ‘il percent’ used in the experiment.
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Table 1. Packaging treatments and film characteristics for seedless watermelon

No. Treated film type Thgﬁl;ln)e s transm(i)s)gogrfn(OTR) perl\;[olrcz:t?on Basic material composition
1 | Control (non-packaging) - - - -
2 LDPE 30 9,000 x LDPE
3 HDPE 20 7,000 X HDPE
4 Perforated A 35 12,000 O LDPE + Nylon multilayer film, perforation rate 2.5%
5 Perforated B 25 7,000 O LDPE + Nylon multilayer film, perforation rate 3%
6 Perforated C 30 6,000 O LDPE + Nylon multilayer film, perforation rate 4%
7 |Functional film(prototype) 35 8,000 x LDPE + mixture of perlite and zeolite

Film size : 1,100x1,000mm

HDPE Perforated A Perforated B Perforated C  Functional film
Film type

Fig. 2. Packaging treatments of seedless watermelon using six types of plastic films (LDPE, HDPE, perforated A, perforated B, per-
forated C, and functional prototype film with PGT+ETZ), applied as inner or outer packaging in corrugated boxes.
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Fig. 3. Scoring scale for peduncle wilting index of watermelon during storage: 1 = very good(no wilting), 2 = good(slight wilting with
initial browning), 3 = poor(approximately 1/2 of the peduncle browning), and 4 =very poor(completely wilted).

Fig. 4. Scoring scale for water-soaking index of watermelon flesh during storage: 0 = none, 1 = trace, 2 = slight (<10%), 3 = moderate

(<30%), 4 = severe (<50%), and 5 = very severe (>50%).

1.3.5. =38 (water-soaking) T4 A=

FHESe Ay 19 YeEes E A
Qro = #ste] Fristdith 3 9o |
2 odAZ FEIEFOH, 02 fle, 12 o5 HE, 2&
10% ©lWe] A, 32 30% PIRke] K%, 4% 50% W9t
o W, 5 50% olde] ol o= AoJith(Fig.
4). 7t A 213 ZAAdE 47 A9E Herste] 24
o AR&-3FAT.

=

N
o
i

Q=

39
1

z o

al

=

AAE A= 2] (appearance), 217 (texture), 37| (flavor)
Al FES THHCE Hrisidit). #e 7] 2 #359

WAL 9%, Fgol WA ¥ A4E FA UNE, A
5ol A, S8 44, 24709 BEYS, FolE B
5 SER 4 Beg

o o] Aik= aEpAb) ke e 2R
7t oo s gste], A T o
T8 TFeAS HeE FHT F 3 =
Mehrweg 5'79] 2= 7|22 5o l
A Y, B9k A WU Axe, A 5 F4 st
THHoE wgs] fF Hx AnE &8 o
A7 AP AR ARAIRC HdEe] E58)
FHeAA ZREF(KS H IS0 8586y $Hd3] 243}
Il
5

o
o
a2
it
N
~
K

14. §N2Y
B Age el EoR SRS, BE

Sz Al = ApAdr|zt 2 H £ 55
2tz AAEIATE A 7F B vlae 397 v e
(Duncan’s multiple range test, a=0.05)22 33} &
oS It A A2 SAS ZEZIH(SAS 94,
SAS Institute Inc., Cary, NC, USA)YS- o]-&3le] =33t}

o F_E‘,

2y o o

1. 338 N2k 19

1. M N 5ot FFULAE

A% "7] Fure] TGS A A FolA <F
5% ©Jdl, 2°C, 4°C 2 10°Ce] A2 AHz|FolHe 2% ©]
ske] FEFAv AEIAThEelE BRI, 5% olste] 5
A Aol Sk mkde] Bye 9z SAYEA] oF
S ez ARy FEE S5 e

12. N B2 & pe
Fabe] Ars BE Aol Ar)7ke] Al up
2} 2ashe AES BITHFig 5). A2(RT) #1740

g}
A ME ST HYE U EE A 102 oF F
A3

1

et}

Wow, 309 olFoll= A=rt ALl #A
ATk AL AN E Ae At AF

I, B
Vg e Awrt 48R AYE Sk $YT 27

A Ae FutEt A% i S5t H =gA J3E
ol A Sl e om frejge] SlEH.

1.3. N2 M2 JBAOE Al H3t
R =X (peduncle wilting scorey= #1747]7ko] Zlo]



Vol. 31, No. 3 (2025) M= POl MA NERE B MA 25 & gt 7Y 207
(A) Seeded watermelon 'Dangdanghan’ (B) Seedless watermelon "Seedless’
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Fig. 5. Changes in firmness of watermelon during storage at different temperatures: (A) seeded watermelon (cv. Dangdanghan) and (B)
seedless watermelon (cv. Seedless). All values are presented as the mean + SE (n = 5). Means with the same letters are not significantly
different according to Duncan’s multiple range test at p <0.05.
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Fig. 6. Changes in peduncle wilting score of watermelon during storage at different temperatures: (A) seeded watermelon (cv. Dang-
danghan) and (B) seedless watermelon (cv. Seedless). Peduncle wilting score: 1 = very good, 2 = good, 3 = poor, and 4 = very poor.
All values are presented as the mean + SE (n = 5). Means with the same letters are not significantly different according to Duncan’s
multiple range test at p < 0.05.
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Fig. 7. Changes in water soaking score of watermelon during storage at different temperatures: (A) seeded watermelon (cv. Dang-
danghan) and (B) seedless watermelon (cv. Seedless). Water soaking score: 0=none, 1= trace, 2 =slight (<10%), 3 = moderate
(<30%), 4 = severe (<50%), and 5 = very severe (=50%). All values are presented as the mean + SE (n = 5). Means with the same letters
are not significantly different according to Duncan’s multiple range test at p <0.05.
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Fig. 8. Changes in freshness score of watermelon during storage at different temperatures: (A) seeded watermelon (cv. Dangdanghan)
and (B) seedless watermelon (cv. Seedless). All values are presented as the mean £ SE (n=5). Means with the same letters are not
significantly different according to Duncan’s multiple range test at p <0.05.
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(A) Seedless watermelon 'Seedless’ (B) Seedless watermelon 'il percent’
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Fig. 9. Changes in firmness of seedless watermelon cultivars ‘Seedless’ (A) and ‘il percent’ (B) during storage at 4°C using different
packaging materials (Control, LDPE, HDPE, Perforated A—C, and Functional film). All values are presented as the mean + SE (n=
5). Means with the same letters are not significantly different according to Duncan’s multiple range test at p < 0.05.
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Fig. 10. Changes in water soaking score of seedless watermelon cultivars ‘Seedless’ (A) and ‘il percent’ (B) during storage at 4°C using
different packaging materials (Control, LDPE, HDPE, Perforated A—C, and Functional film). All values are presented as the mean +
SE (n=15). Means with the same letters are not significantly different according to Duncan’s multiple range test at p <0.05.
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Research Trends of Energy Harvesting Utilized on Smart Packaging

EunAe Shin and Jin Kie Shim*

Korea Packaging Center, Korea Institute of Industrial Technology

Abstract Packaging has evolved from its traditional role of containment and protection to the concept of smart pack-
aging, which integrates monitoring, communication, and security functions. To implement such advanced features,

researchers have increasingly explored the incorporation of energy harvesting technologies, enabling packaging to

become self-powered and autonomous. Over the past decade, extensive research has been conducted to explore how

energy harvesting can enable autonomous sensing, wireless communication, and real-time product monitoring within
packaging systems. This review provides a comprehensive overview of recent advances in energy harvesting-based pack-
aging technologies. We first introduce the fundamental principles of triboelectric, piezoelectric, thermoelectric, pho-
tovoltaic, radio frequency, and hydrovoltaic energy harvesting. We then examine their applications in logistics monitoring,
food quality and safety evaluation, anti-counterfeiting, autonomous power supply, and the direct use of packaging mate-
rials as functional harvesters. Challenges such as energy output stability, large-scale fabrication, and compliance with food
safety standards are also discussed. Finally, we outline future perspectives on hybrid systems, biodegradable materials,
and the convergence of energy harvesting with [oT and Al. By synthesizing these developments, this review aims to high-
light both the opportunities and limitations of energy harvesting in packaging, positioning it as a key enabler of sus-

tainable and intelligent supply chains.

Keywords Energy harvesting, Smart packaging, Intelligent packaging, Food quality monitoring, Anti-counterfeiting,

Sustainable supply chain
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Observation of Physicochemical Properties of PBAT Films
with the Addition of Modified Nanocellulose

Se Ra Bang, Eun Hwang Lee, and Gye Hwa Shin*

Department of Food and Nutrition, Kunsan National University, Gunsan 54150, Republic of Korea

Abstract PBAT films were prepared by mixing and incorporating microcrystalline cellulose (MCC), cellulose nano-
crystals (CNC), TEMPO-oxidized cellulose nanofibrils (TEMPO-CNF), and Kenaf-derived cellulose nanocrystals (K-
CNC), each at concentrations of 0.5 wt%, 1.0 wt%, and 3.0 wt%. The morphological, mechanical, and thermal properties,
and the contact angle of the fabricated films were analyzed. FTIR and XRD analyses showed no chemical changes in
the CNC added PBAT films compared to pure PBAT films. UV-Vis spectroscopy demonstrated that films exhibited
improved visible light-blocking performance at 660 nm compared to pure PBAT films. In particular, the PBAT/K-CNC
film with 1.0 wt% K-CNC showed the lowest transmittance in the visible light range, indicating enhanced light-blocking
properties. The tensile strength and elongation at break of the PBAT/0.5%TEMPO-CNF films showed the highest tensile
strength and elongation at break, while exhibiting the lowest Young’s modulus. However, PBAT/CNC (3.0 wt%) films
exhibited the lowest mechanical performance. TGA analysis confirmed that cellulose incorporation did not affect the ther-
mal stability of the PBAT films. Contact angle analysis indicated that the dispersion of CNC and K-CNC in the PBAT
matrix reduced water molecule diffusion across the film surface, resulting in higher contact angles. Notably, the PBAT
film containing 3.0 wt% K-CNC exhibited the highest contact angle of 78.20 + 1.02°.

Keywords Poly (butylene adipate-co-terephthalate) (PBAT), cellulose nanocrystals, kenaf cellulose, biodegradable

films, TEMPO-CNF
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AA S gt £ ot A|

ekl ojEigol sigt'MY. md, AvZ Afe duE
TE7} njE 2 Hrlepd Ao} Hi & A%e 9
Aehs AR sl fato] BEwslA g3lol wAskE
A7} Brp7® ol2)glk M- izt e X AW
o e e 38 e BuE WIS S pA
g & Sirh

3lH  TEMPO(2,2,6,6-tetramethylpiperidine-1-oxyl) = 7}
NSPHE AR 020 13 4RET|E dYFog JHEA
1(-COOH)Z A3kale] T A S Foqgozn 4
o] AW A A A Sl ZHFQ WP e
dHA ok o] W2 IWH o Z NaBrk NaClOE
Bz SR AMgshs S04 Akl Rkeo =
3| wet ARAS FASA BHe whgAdRE A
Aoz -8 4 9tk TEMPO Ak} #AS 53l A=
# TEMPO-4ts} AEZ Q2 Uk -f(TEMPO-oxidized
cellulose nanofiber, TOCN)= ™ol the] FJHEAZE
ZH| Ho] A 9 AA7F s Ae-8 53l PBATS
2 EPo|2H wEYE oA #dgk Ak A A

N >
o~ =

Noe

Pm:lo

uke 271

s - O LAl

mlo

_I

7}
=3
1 RS 94T 5 dom, oldd SHo= )
PBATAILEE 23} ZH94 A sk 96 AL
AN S Qe FUR BRAL PEOR FRUT I,

2 AT /\1t PBAT vl E=2 24 microcrystalline
cellulose(MCC), cellulose nanocrystals(CNC), TEMPO-
mediated oxidized cellulose nanofibers(TEMPO-CNF) %
Avz HFE At 75Esisted AlZE kenaf cellulose
nanocrystals(K-CNC)2 PBATE 7[Hte® & IEF Az
Al Z7ZE 0.5 wi%, 1.0 wit%, 3.0 wi% FEHZ EFtste]
PBAT, PBAT/MCC, PBAT/CNC, PBAT/TEMPO-CNF H
PBAT/K-CNC £35S AZINL, AlZE EE 531
Bo] olgjsty B4, BopH 54 2 A4 SHS Bs

= Brhesint.

ME 9k
1. A8 M=
Poly(butylene adipate-co-terephthalate) (PBAT)= <F=u}
0] @ Z2}2~E(ANKOR BIOPLASTICS, South Korea)ollA]
BG1000= Frjate] ARSIt AVt Q19 AHf= A
Z 3 z]o}(Kenaf Korea, South Korea)ol|A] #l|g1to}l AL8-35}
ST}, Microcrystalline cellulose powder (MCC)= A|ZLw}
&= %] (Sigma-Aldrich, USA)IA rlste] AME-3FS
Cellulose nanocrystals powder(CNC)$} TEMPO-mediated
oxidized cellulose nanofibers( TEMPO-CNF)= ofo]dllZ2]
(ANPOLY, South Korea)ollA] Fullale] ARS8t} Alukz
AZZ Q2 =A% (kenaf nanocellulose crystals, K-CNC)
A Z+= EF(Samchun chemical, South Korea), ol €&
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(Samchun chemical, South Korea), <4 }E-F(NaOH)
(Samchun chemical, South Korea), °}H42P}EF(Sigma-
Aldrich, USA), o}A| E4t(Junsei Chemical, Japan), &4t
(Samchun chemical, South Koreay2 A3}t

2. JHE MEZOALIEEHT (K-CNC) M2

AU 919 AFE AAE F 60°Ce] 2:ollA Az o
< 10mm 2712 A} A 52 ARSI EHE Az
7] AEE HA2A EFA e EEQ:1, vv)
of Heste] gAE AASAT F2E AAT F 2%
NaOH &0z dze] 2ty ¥z A2)d d/s
]_Oﬂ/\}\]_ L],E E_,/]. o]./q]EAL &ou_qi _Tzun ;qa;}oiq_ A
Uz AZ22 2 AY(CNC)S 64% F=2 M &
ke Abgsle] 3 AEE AUZ YRAER RS
F2ollA 60i Fot Alsted Ak 7lia] ekt Ak 7t
Tl A & SR 48A7F T sk pH7} /4ol =
W, 1587 289 AYEdn 229 He & A 5
St FAAZSK A 7125 E AER A AH (K-
CNC) -8 A z31t}.

3. PBAT TH MCC, CNC, TEMPO-CNF, K-CNC &
i =

g2o] ¢S el PBAT #71S 80°CollA] 2447F
zste] S AAs ARSI B2 EL] Al
= A4 % ¥ MCC0.5 wive, 1.0 wt%, 3.0 wt%),
CNC(O.S wt%, 10 wt%, 3.0 wt%), TEMPO-CNF(0.5
wt%, 1.0 wi%, 3.0 wt%), K-CNC(0.5 wt%, 1.0 wt%, 3.0
wi%)e ZHZb PBAT #X# E9stal Trho] ol&y4E7]
(Twin screw extruder L/D 40, BA-19, Bautek, South
Korea)2 160°CollA 175°C &%= 2 23F &% 150 rpm
Z7101A 2F 180~200 um F719] &S A3

ir e o
ri i oju
E

BN oft
x

=]
4.8 9y
41. MZE =TS YEAY 54

Azxd HF25 FHe Felehs] 542 field emission
scanning electron micros-copy(FE-SEM, SU8000, Hitachi,
Matsuda, Japan)< O]J‘lﬂ@% 2,000 2 #FslRom, &

AAS 30%7F WFe] gk FO0 =2 sputtering AAHT] F

7EEHS 3 kV 2o #7é skt

42 MZEH SREES FTIR 24

Az PBAT 78k MCC, CNC, TEMPO-CNF ¥ K-
CNC B3 E9] 318Hd F+%%= fourier transform infrared
spectrometer (FTIR, Spectrum 3, Pekin Elmer, Waltham,
Massachusetts, USA)S AFE-3lod 4000~400 cm'e] 3=
LA EA AT

AzxE EddEe AA4E BAsP] 98] XA 3R
217] (X-ray diffraction, XRD, EMPYREAN, Panalytical,
Netherlands)E ©]-8-3l] A3t S22 40 kv/40
mASE 20 = 10~40° HelolA FH3rt

44 MZE SPAES UVAER BY 24

AzE B 5] A8k EA48 £457] fal A9l
2 7IASA B3 F=A (Optizen POP, Mecasys, Seoul,
South Korea)s ©]-833t). 2} B3t &0l thale] 280 nm,
660 nm F 2] W Faste] ¥l Faw Bl FEEE 24

Az EEe] Qe 9E, A& ASTM
D882 F=woll wll vHsAIE7I(INSTRON, Model 3365,
Canton, MA, USA)S A8t =743ttt 2=4(Load
cell}& 25 kNS ARS8, 19 Alo]o] 7HAL 50 mmo]
o} AJEE Zo] 100 mm, YH] 25 mme] 42 E A|lHS
570 o’ A&kl S skt

46. MZE SYEE 2N AFY
Axd H3EE] 94 548 BAs] 8 deEE

217]1(SDT Q600, TA instruments, New Castle, DE, USA)
& AMgsle] 92 54 Wske Ejlsilvh 4 2318 A
H A% T A4 7k 24994 10°C/ming] 52 2719

A 2% W9 35~700°CE 233kt

47. MZE SYEE EH¥EL
359 E WS (contact angle)> Kress DSA-
10058 AHgslo] AolN FRoE AL8Slo] S
SHT SuLE 5 ¥ oyl & AT EdojE A}
gotd JEAE Asom AREIsIT ,]- 5 AE o
o e AR A W 23E T, BEg Addel 9
AE #9e] JE4S At

il

4.8. HN=

EE AE9] ubE A9 Ade SPSSEAZEIY
(Statistical Package for the Social Science (SPSS))S ©|
43} Duncan’s multiple range test® AL p<
0,05 524 feld Aols ARt

An o 0@

1. MZE 2RTEe YHUN 3T
Az=" PBAT7]HF MCC, CNC, TEMPO-CNF, K-CNC



28 Ml -0l 28t - AlIst B 545t A

PBAT 99.5%/MCC 0.5%

(2)

(b)

(©)

@

PBAT 99%MCC 1%

PBAT 97%/MCC 3%

Fig. 1. Digital photographs of PBAT and PBAT/MCC films (a), PBAT/CNC films (b), PBAT/TEMPO-CNF films (c), and PBAT/K-

CNC films (d).

EFEES] oWAE Fig. 19 YR} &5 PBAT 2
52 Byt vl #uS Jellen, S 557
oF H7iegel mEt 250 FHE 3 MUt vEA JER
th. MCCS CNCE 7 531 &9 45, H7hdel &
7¥ghe] mEl MaF EREHETE ksl wigdde] FE
Fow, TEMPO-CNF E3HEE-2 ofte] A4S u= 7
S BYth 9FAE, K-CNC 53dE2 I =ZE 4822
2 FEle] Ife Ao Qs v ZARE uy, T
A Tt RS Mol oA AEE YER o]
3t A|ZHd Wl J5 U AEE02 7Nk FHAe] &
b Aol g5 ago) 7190e Ao AntEc) B IE
o] W HA WA FAF AW (SEM) 4] A& Fig.
20 YJERRQIT). <=5 PBAT ZE(Fig. 22)°] WS £
AY T flo] Wz ¥4 FEHES yehlo], 9
PBAT a4#ke] 73t & A 5L T & A
o} ®FH, PBAT/MCCESE 5 (Fig. 2a)°] FWe 44,
MCC 3o] S71drE IE xH B3t A7t
FHEUOH, B3], MCC §Ho] 3.0 wi%® e &3

Holl wje} & Fwel o B2 EqrEe o] Flsk
A=At PBAT/CNC 5325 (Fig. 2b)%] SEM ©]n]%]
£ 33 95 x2S HESIe W, PBAT I &3¢
CNC $hgo] mold4= & wHol 4 vge] Jxge)
So] #FHAT. 53], CNC £2o] 3.0 wt% E3He 2
FEEe AT, B BH 22 A7) B o] &
Atk CNCe #Hd] 3458 slo|=547](-OH)E 7HA
B2 PBAT9F] AW xIspdo] v, o1 Ad} JAt 4
A B3l FRE FAsks Aol Att ol 2
= T Mg AollA g upel 7ro] PBATe| AE
22 Uwdas 7K of de ko] FsAF o] AE)
A EA v EYA ) g Ak] ofei iRl A o
23S whH - PBAT/TEMPO-CNF 32 2(Fig. 2c)0l
A= TEMPO-CNF9| 7t <18 4= PBAT ZE3} Y]
WS W ohe] YAlEe] #AEUTE. TEMPO-CNF
o] F7HE A%, DE HHdl vk W HEo| #F
=24 PBAT/CNCEFZ 5 HIw3EIS ) FtHos
FE2A #AHE o= IRIF) o= TEMPO As} 3}
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PRAT 9% TEMPO.CRF 1%

Fig. 2. SEM image of PBAT and PBAT/MCC films (a), PBAT/CNC films (b), PBAT/TEMPO-CNF films (c), and PBAT/K-CNC films (d).

B3] MEZ QA FH 7}21/\17]( COOH)7}
A =y HM | =™, PBAT WA 5713 f&%‘i

SHel JAHN wWeew FgE
o} olele A3k E}—E— Gk @%0111\1 TEMPO-CNF7} i
H

3 ®BiE Hpe} v/\} E‘r"> wa&, PBAT/K CNC %Eﬂ_%
(Fig. 2d)IX= K-CNC 3Hgo] 3715 BeldE w1
o 4% gHo] YEPEAT, PABT/CNC B850l vl8]

Kl

FhHeR wdd 24kl fAEIY. ol AvE f

AZEQ 7L b el S Bl ERe] SHskE 7R
FA71(-SOYE FAFEZA PBAT WlEH X ol izt
b A7 e fs S3o] sk AdE A
oH), Olﬂif& TAF e BREFe JAA A
23y 54 e egAR :
7&?%@9&, Aol AxE e EJAEE AERQ
2 SR 5 Al weh S Fet o=
AFH=1.0 wi%)elM= vlas
FABIAS W (.0 wivelds AERA 9
Ao Qg o] Tl
2020 FR, U WA ofF, 223 vEHZ2e] AW
FxAgol AEe] viAlTE A T 29UES AL

gt

l‘l

Mo o
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2. NZE SYPEES FTR 24
Fig. 3 PBAT7] 1 MCC, CNC, TEMPO-CNF ¥ K-

CNC E312E9] FTIR 4 274E Jepc). Axd 2
£ ZEolA PBAT 579 2 F4 H=7t grlElon,
o] PBAT +x W¢] W3 3 A= A% 54 7]
o135k}, Fig. 3acllAl MCCe] FTIR SHEZHLS 3334 cm’!
He godls MCCY 0-H71¢] A& Wzoz <13
Aolm, 2,875 em'9] ¥IE MCC C-H 23] vid
£33, 1428 cm M= C-H 2] &3
%S JepdtH?, w3k 1,160 cm™'9] FTE AEE QX
o] C-0 Al AP0, Fig. 3belAl CNCE] FTIR 2=
HEHE 3331 cm oA O-H719] 4% A%F, 2,899 cm '
1,428 cmellA CH, 215 2 o #3 el sigshe
=22 Yepie?. 1,161 cm’!, 1,105 cm™, 1,053 cm” 2
1,031 cmlol e AER QA AR FFEINE AFgow
013k ¥z} YeRtt?Y. Fig. 3¢¢] TEMPO-CNF 22
EoME 1,602 cm™ HF2ZoA TEMPO AHl2 =9¥ —
COO- =7} F3iskA Jersd=tl, o= TEMPO =i7H AF
3l2 AYAE 7k=E27](carboxylate group)el]l 71915122,
olzidt ¥Wr]el &A= PBATS| C=0 ¥ C-O-C °|XE
719} vl352 AERRe-S ﬁﬂ/ﬂg}oq mEZA ) MIEL
2 A ARHRE S ST AR BRAEHeH,
254 LS Zskele o= siaEn, Olaid
g Agz ool %

Az

/“}d Z7]-9} 6‘1—7}]] u]xﬂ_—r'-z;q

SHE AT, B A SEMow AHE FU3 &
2HJIE AX)FT22, K-ONCeE 34 718l g0l
FHe -S0; X 7F EYEHE tﬂ o] CNCEU ¢ =
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Fig. 3. FTIR spectra of PBAT/MCC films (a), PBAT/CNC films (b), PBAT/TEMPO-CNF films (c), and PBAT/K-CNC films (d)

o oAst W s AlFste] PBAT WiEZ XA oA Yzt
7 == _ﬂ_t:o],*_ 7-]_& ol-]—:-:]x;] o]]:]_1119) o]
gk st 7|9F F4F HAYSS FTIRAA A28 3=
2 YRR ARE AR SEM EAellA e ®Had
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ERt oL}, PBATS] 78 o] =8 Wiz} S so] Al 5}
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Jlm
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250 SHD‘SF S B L )
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Fig. 4. XRD patterns of PBAT/MCC films (a), PBAT/CNC films (b), PBAT/TEMPO-CNF films (c), and PBAT/K-CNC films (d).
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Table 1. Light transmittance of PBAT/MCC, PBAT/CNC, PBAT/TEMPO-CNF, and PBAT/K-CNC films

AT <
3 31.30+0.42%2
FEE UrEM%‘”E} HEA, PBAT/A
o2 Falgo] Hhshe
Balgl 220~
=37] wiiEelzt FgEt
<=5 PBAT ZE9)| nls) ?
dFo] EFHEA

<+ PBAT 2

B el T e
=(4.00%)5 YERATH
JlErdy 728 287
71918t g4
TP, oleld Anke
s glol, Y2
olm gt 7pA)FAl
2.029) Tk

45k UV

e E%Jr

_Ilm EQ oﬂ,

(R

Sample Tago (%) Tee0 (%) Aggo (%) Ageo (%0)
PBAT 100% 0.01 £ 0.00% 31.30 £ 0.42¢ 4.00 £ 0.00? 0.50+£0.018
PBAT 99.5%/MCC 0.5% 0.01 £ 0.00? 27.81+2.32¢ 4.00 £ 0.00? 0.56 £ 0.04¢
PBAT 99%/MCC 1% 0.01 + 0.00? 21.77+0.01" 4.00 £ 0.00? 0.66 + 0.02°
PBAT 97%/MCC 3% 0.01 £ 0.00? 23.44 +£2.068 4.00 £ 0.00° 0.63 £ 0.03¢
PBAT 99.5%/CNC 0.5% 0.01 £ 0.00? 37.99 £ 0.02° 4.00 £ 0.00? 0.42 +0.011
PBAT 99%/CNC 1% 0.01 £ 0.00? 33.15+0.02° 4.00 £ 0.00? 0.48 +0.02"
PBAT 97%/CNC 3% 0.01 + 0.00? 23.25+0.01# 4.00 £ 0.00? 0.63 +£0.03¢
PBAT 99.5%/TEMPO-CNF 0.5% 0.01 £ 0.00? 31.03 £0.02¢ 4.00 £ 0.00° 0.51+0.01%
PBAT 99%/TEMPO-CNF 1% 0.01 % 0.00° 2520 £ 0.01° 4.00 £ 0.00° 0.60 +0.01¢
PBAT 97%/TEMPO-CNF 3% 0.01 £ 0.00? 25.08 + 0.02f 4.00 £ 0.00? 0.60 + 0.02¢
PBAT 99.5%/K-CNC 0.5% 0.01 +0.00? 29.38 + 0.02¢ 4.00 £ 0.00° 0.53 +0.01°
PBAT 99%/K-CNC 1% 0.01 £ 0.00? 11.01 £ 0.01' 4.00 £ 0.00° 0.95+0.02°
PBAT 97%/K-CNC 3% 0.01 £ 0.00? 24.47 +0.01% 4.00 £ 0.00? 0.61 +0.01

"Different letters indicate a significant difference at p <0.05.
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TEMPO-CNF &Hgo| S71ps Fifgo] 7hAste] Aot
EAS FATE ACE B $ th. PBAT/K-CNC &
g2 79, PBAT 99%/K-CNC 1% E3 ZEe
11.01 £0.01%2] 7P 22 2483} 0.95+0.02%= 71
=2 F3E=E YeRith W, PBAT 97%/K-CNC 3%
%@%%—8— E7go] 2447+ 0.01%E 57}6}1 Pt
Hashes ARS veERlleHl, ol PBAT
K-CN C«] ._@_j o]3H .JJE LH 1:11 /\]..3]-
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o] Fskx EA B Ay}, 4 PBAT 253 H|w3l9S
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AR A deel A EEE FeE
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PBAT”]%} MCC, CNC, TEMPO-CNF % K-CNC &
AR =, 9 B I ArES Table 291 Uet
Wt <5 PBAT Z&52 QAW E 26.02+6.34 MPa,
HE 74.02+1035MPa ¥ It AAE 838.19+3621%

2, A%8AQ F& A Gt EEleaEH 58S
At PBAT/M CC &
< & PBAT®F AR 23S Blow, gk A4l
F7F8 }~ AFE =
FY o, AT A, dd ANES 92714+
55.75%=2 Z=7}ake slolstgn), o

MCC7} &4 =)
MCCS] -OH7]7} PBAT®] ol 2E]7|9} 4TS

OERS
el ARMARRL AR WFold SN 5 ok
whRl, TEEelAE MCC 97t 7 $3o] s 82 3

FHlo] A=, AW Aol STlste] QA= AskE
Aoz Bt PBAT/CNC E3HdE2] 7%, CNC &
°] 0.5 wit% % 1.0 wt%2 &3 Edge oF Y=
o} JE2 =F PBAT I3 K A39E H3oH, 3t
& AaEe sk AES Bl Whd, CNC &3] 3.0
wit%e SgE EEE 79, A AT 19.06+1.24 MPa,
9E 64.11+525MPa ‘;-4 T% AXE 83570+ 26.31%
2 44 PBAT ¥&3 H]Eﬂ% o Taske A9E 1Y
t}. o] #+=3 CNC = $HS st 38 A
AZE Walle7] rﬁ%”"‘ }b—*éol 21T}, PBAT/TEMPO-
CNF &gt 20| Z$- TEMPO-CNF o] 0.5 wt% 2
1.0 wt%= 3 53459 A Awet g AAlge

< PBAT &3 YuslS o F7iske A3 ®Hl W
Uj_, TEMPO-CNF o] 3.0 wit%= &£3d% Hggse
7AF & PBATS A8 A3E B oW, o]+ CNC
3.0 wt%/b £ 59EE fAE A4S JERITH
o] CNC Al9¥ A2 asRolxe] Lo} A
EvEAgo] S "HS 7Fs7del Utk PBAT/K-CNC
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Table 2. Mechanical properties of PBAT/MCC, PBAT/CNC, PBAT/TEMPO-CNF, and PBAT/K-CNC films

Sample Tensile strength (MPa) | Young’s modulus (MPa)

Elongation (%)

PBAT 100%

26.02+6.34°4"

74.02+10.35% 838.19+36.217

PBAT 99.5%/MCC 0.5%

27.79+0.52b¢d

69.40+3.83% 877.1245.13¢°F

PBAT 99%/MCC 1%

28.65+3.51%

77.79+13.06% 867.34464.21°F

PBAT 97%/MCC 3%

23.50+1.444

80.95+15.92% 927.14%55.75%¢

PBAT 99.5%/CNC 0.5%

29.29+3.092°

67.96+6.44% 904.50+£66.20%

PBAT 99%/CNC 1%

28.81+5.17%

78.62+21.26% 917.15+65.48%

PBAT 97%/CNC 3% 19.06+1.24¢ 64.11£5.25% 835.70+26.317
PBAT 99.5%/TEMPO-CNF 0.5% 33.55+1.76% 57.91+3.05° 1037.46+0.68*
PBAT 99%/TEMPO-CNF 1% 30.78+2.07 65.90+3.80% 1011.94+31.782

PBAT 97%/TEMPO-CNF 3%

27.75+1.54b¢d

71.86+7.99% 950.32+41.12bd

PBAT 99.5%/K-CNC 0.5%

30.22+3.222¢

67.03£20.32% 988.52+37.742b¢

PBAT 99%/K-CNC 1%

29.01+0.56

71.59+15.64% 969.45+15.820¢d

PBAT 97%/K-CNC 3%

27.86+2.58bd

67.69+7.24% 961.51+39.53b<d

"Different letters indicate a significant difference at p < 0.05.

*The data is the mean+ SD of three replicates.
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Fig. 5. TGA thermal analyses of PBAT/MCC films (a), PBAT/CNC films (b), PBAT/TEMPO-CNF films (c), and PBAT/K-CNC films (d).
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Fig. 6. Contact angle analysis of PBAT/MCC films (a), PBAT/CNC films (b), PBAT/TEMPO-CNF films (c), and PBAT/K-CNC films (d).
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Effect of Modified Atmosphere Packaging on Quality Preservation of
Sliced White Bread Filled with Red Bean Paste and Butter

Su Chan Kim', Soo Yeon Jungl’z, Eo Jin Park!, and Duck Soon An'*

'Department of Pharmaceutical Engineering, Kyungnam University, 7 Kyungnamdaehak-ro, Masanhappo-gu, Changwon,
51767 South Korea
2SPC samlip, 101 Gongdan 1 daero, Siheung, Gyeonggi-do, South Korea

Abstract Modified atmosphere packaging (MAP) helps maintain food quality by suppressing microbial growth and lipid
oxidation by replacing the gas inside the packaging with gas composition different to normal atmospheric air. In this
study, the shelf-life extension effect of MAP on sliced bread filled with red bean paste and butter was evaluated by storing
the product packaged in high-barrier EVOH film bag under MAP conditions at 10°C for 25 days. The gas concentration
in headspace, aerobic total bacterial count, yeast & molds, pH, peroxide value (POV), and texture were measured during
the storage for the control group and the MAP treatment groups of 30% CO,/70% N, and 60% CO,/40% N,. The gas
concentration decreased to 23.1% for 30% CO,/70% N, group and 47.7% for 60% CO,/40% N, group, and then
remained stable due to the CO, dissolution in the food. During the storage period, the aerobic total bacterial count and
yeast & molds growth were high in the control group and 30% CO,/70% N, group, and inhibited bacterial growth was
observed in 60% CO,/40% N, group. The pH increased in the sliced bread during storage, while that in the component
of red bean paste and butter decreased, and there was no difference between the treatment groups. POV was maintained
at a high value in the control group due to oxidation of butter, but in both treatment groups low POV values were
observed showing inhibited oxidation. There was no significant difference in texture between treatments during the stor-
age period. MAP conditions of 60% CO,/40% N, gas could help maintain the product quality and extend the shelf life.

Keywords Sliced white bread, Red bean paste and butter, MAP (Modified atmosphere packaging), Total aerobic bac-

teria, Yeast & Molds, Peroxide value
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Fig. 1. Initial appearance of packages of sliced white bread
filled with red bean paste and butter packed in different atmo-
sphere. A: Control, B: 30% CO,/70% N,, C: 60% CO,/40% N,.
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Table 1. Initial quality of sliced white bread filled with red bean paste and butter

Component Water activity (a,,) Moisture content (%) Sugar content (°Bx)
Red bean paste and butter 0.92+0.01 35.540.6 36.3+£0.8
Sliced white bread 0.94+0.01 40.5£1.3 10.0£2.0
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Fig. 2. Changes in headspace gas composition of packages of
sliced white bread filled with red bean paste and butter during
storage 25 days at 10°C. A: CO,, @: O,, M: N,. Vertical bars
are standard deviations.
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Fig. 3. Changes in total aerobic bacteria and yeast & molds of
red bean paste and butter of packaged product during storage 25
days at 10°C. X: Control, A:30% CO,/70% N,, @: 60% CO,/
40% N,. Vertical bars are standard deviations. Different letters
for the same storage times mean significant difference among
treatments at a = 0.05.
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Table 2. pH changes in packaged sliced white bread filled with red bean paste and butter during storage 25 days at 10°C

Storage time Red bean paste and butter Sliced white bread
(day) Control 30% CO,/70% N,|60% CO,/40% N, Control 30% CO,/70% N,|60% CO,/40% N,
0 5.61+0.05 5.61+0.05 5.61+0.05 5.05+0.03 5.05+0.03 5.05+0.03
5 5.43%0.11° 5.64+0.01° 5.53+0.04% 5.08+0.03* 5.08+0.06 5.08+0.03?
10 5.41£0.07° 5.45+0.05° 5.41+0.04 5.17+0.022 5.16+0.012 5.11+0.02°
15 5.45+0.05° 5.42+0.10° 5.39+0.04 5.18+0.11° 5.11+0.06 5.13+0.06
25 5.32+0.08? 5.30+0.02° 5.38+0.07* 5.07+0.06° 5.15+0.05° 5.14+0.05°

Values are means + standard deviations. Different alphabetical superscript within a row means significant difference at o = 0.05
among treatments for same storage time.
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Table 3. Texture changes of the packaged sliced white bread during storage 25 days at 10°C
Hardness (g) Adhesiveness (g) Cohesiveness (%)
ti:::rz‘f;y ool 30% COy 60% COy/ ool 30% COy/ 60% COy/ ool 30% COy/ 60% COy/
70% N, 40% N, 70% N, 40% N, 70% N, 40% N,
0 201.3£51.7 | 201.3451.7 | 201.3%51.7 1.25+0.62 1.25+0.62 1.25+0.62 0.60+0.08 0.60+0.08 0.60+0.08
5 225.4452.6° | 246.7+48.6° | 296.3+62.6° | 1.30+0.49° 1.20+1.082 1.17+0.59* 0.56+0.10° 0.66+0.09% 0.59+0.07°
10 327.5+71.3* | 363.1+78.8* | 340.7+113.1° | 1.10+0.51° | 0.93+0.27 1.9741.67° | 0.50£0.04° | 0.66£0.14* | 0.65+0.15
15 251.3+88.8° | 309.6+96.8" | 252.7+47.7* | 1.36+1.36" 1.07+0.73° 3.31£3.00° | 0.57+0.09° 0.64+0.10° | 0.72+0.08
25 351.6£160.0° | 499.3+175.7% | 374.9£125.9° | 1.96+1.81° 1.00+0.28° 1.03£0.61° 0.69+0.122 0.60+0.08° | 0.68+0.13%
Chewiness (g) Gumminess (g) Springiness (%)
ti:::ré‘f:y Contal 30% CO,/ | 60% COy/ Contal 30% COy | 60% COy Contal 30% CO, | 60% COy
70% N, 40% N, 70% N, 40% N, 70% N, 40% N,
0 98.9+24.1 98.9+24.1 98.9+24.1 117.1429.4 | 117.1£29.4 | 117.1£29.4 0.84:0.04 0.84=0.04 0.84+0.04
5 109.5427.9° | 147.5+41.3% | 148.0+26.5° | 126.3+30.4° | 162.4+42.2% | 171.9£32.4* | 0.87+0.03° 0.91+0.032 0.86+0.02°
10 136.6422.9° | 207.4+64.8° | 185.6+48.6° | 161.5+29.0° | 237.1465.3" | 213.3#53.7° | 0.85+0.02* | 0.87+0.07° | 0.87+0.04°
15 124.5456.1° | 173.7+65.6* | 157.7+13.5% | 144.8+61.0° | 192.5£70.8* | 179.0+14.1° | 0.85+0.03° | 0.87+0.03®® | 0.88+0.02°
25 208.4+90.8% | 271.6£130.1* | 220.8+79.4* | 239.3+102.2* | 306.5£135.5% | 250.2+86.5* | 0.86:0.04* 0.87+0.05° 0.88+0.03?

Values are means + standard deviations. Different alphabetical superscript within a row means significant difference at o = 0.05 among treatments

for same storage time.
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Study on pH and Viscosity Changes of Water-based Gravure Inks as
a Function of Cumulative Evaporation

Seojun Lim’, Jihyun Chung®*, and JinDo Chung’

'Department of Energy-Climate-Environment Convergence Technology, Graduate School, Hoseo University
Environmental Smart Technology Major, Seoul Hanyeong University
3Departmenl of Environmental Engineering, Hoseo University

Abstract Gravure printing dominates food packaging, yet conventional solvent-borne inks emit VOCs. This study quan-
tifies pH and viscosity drift of water-based gravure inks under open-system evaporation using cumulative evaporation
(E%) as a state variable. A base ink (S-A1) and two amine-adjusted inks with the same base formulation were examined:
S-B1 with ammonia (bp —33°C) and S-B2 with AMP-95 (bp 163-165°C). Samples (350 g) were evaporated at 40°C/40%
RH in identical beakers (6.5 cm i.d.) with 650 rpm stirring, and mass loss was recorded to compute E%. After rapid cool-
ing and temperature control (25 + 0.5°C), pH was measured at 0, 30, and 60 s and viscosity at 25°C (120 s, duplicate
mean). Stabilization rates in the 30-60 s interval (SR=58.3% and 72.7% at €=0.05) justified using the 60 s pH value. For
S-A1l, pH decreased quasi-linearly (slope —0.065 pH/%; =—0.90) with a three-stage pattern, while viscosity increased
(M=55.59+14.04E; r=0.95) and accelerated beyond E~3%. For S-B1/S-B2, pH followed pH=8.97—0.176E (=—0.94) and
viscosity followed n1=65.21+10.33E (r=0.98), with a similar transition near E<3%. Surface observations indicated aggre-
gation/skin at E=3% and gelation near E=5%. These results define an E%-based control window and support evaporation-
stage correction rules considering amine volatility.

Keywords Water-based gravure ink, Cumulative evaporation (E%), pH stability, Viscosity growth, Amine volatility
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Table 1. Experimental ink formulations (amine as the single variable)

Component dispe\r;\s?k:f:resin P(lﬁﬁzl)lt Water Defoamer | Soluble resin |Wetting agent| Amine (NHs) ( Al?\/lngl-l;)
S-Al 20 30 30 0.15 20 0.5 - -
S-B1 20 30 30 0.15 20 0.5 1.0 -
S-B2 20 30 30 0.15 20 0.5 - 1.0
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Secondary weighing Rapid cooling Temperature equilibration at 25°C

Repeated
measurements

Ink charging (350 g) 40 C .F 40 %RH .f 5 ?h . .E\fa_p-od.'alion loss ?gi First cooling step Heated stirring at 880 rpm

Viscosity measurementat 25 £ 0.5°C pH measurementat 25 £ 0.5°C

60s
stabilization
loss calculation Viscosity measurement (120 s, torque < 80%) pH measurement at 0, 30, 60 s
Fig. 1. Post-evaporation conditions and procedures for pH and viscosity measurements.
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Influence of Different Commercial Amino Acid Treatments
on the Growth and Postharvest Quality of ‘Cheongchima’ Leaf Lettuce:
Characterization under Perforated Polyethylene (PE) Film Packaging
and 4°C Storage Conditions

Ki Young Park' and Jung-Soo Lee**

'Dept. of Practical Art Education, Gongju National University of Education, Gongju 32578, Korea
National Institute of Horticultural & Herbal Science, Rural Development Administration, Muan 58545, Korea

Abstract This study investigated the effects of different amino acid-based fertilizers on the growth and postharvest
quality of leaf lettuce (Lactuca sativa L. cv. ‘Cheongchima’). Three formulations were evaluated: a monosodium glu-
tamate (MSG)-based amino acid solution prepared from food-grade crystals, a fermentation by-product—derived com-
mercial liquid fertilizer, and a collagen hydrolysate-based liquid fertilizer containing supplementary nutrients such as
nitrogen, potassium, and calcium. Lettuce plants were cultivated under rooftop conditions, and growth characteristics and
postharvest parameters were assessed under 4°C refrigerated storage in perforated polyethylene (PE) film packaging for
14 days. Results indicated that the MSG-based amino acid solution slightly delayed leaf yellowing and maintained chlo-
rophyll content (SPAD values) during storage under perforated PE film packaging, although its effect on fresh weight
accumulation was limited. The fertilizer derived from fermentation by-products exhibited the lowest growth and chlo-
rophyll levels, likely due to residual salts or organic acids that inhibited early growth. In contrast, the collagen hydro-
lysate—based fertilizer promoted vigorous vegetative development and produced the highest fresh weight and SPAD
values during both cultivation and storage. Across all treatments, the effectiveness of amino acid fertilizers varied depend-
ing on raw material composition and processing methods. The MSG-derived formulation showed potential for practical
use in leafy vegetable production, but yield enhancement may require combined application with mineral nutrients. Mean-
while, complex nutrient formulations such as the collagen hydrolysate fertilizer were more effective in improving both
growth performance and postharvest quality. These findings demonstrate that amino acid fertilizers can serve as prom-
ising biostimulant resources for sustainable and resource-circulating agriculture, while also highlighting the potential of
food-grade MSG as an alternative agricultural input.

Keywords Amino acid fertilizer, Lactuca sativa, Packaging, Perforated polyethylene film, Postharvest quality, Sus-
tainable agriculture, Visual quality
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Table 1. Composition and characteristics of amino-acid-based fertilizer treatments

Treatment Treatment description

Major components and characteristics

Control Distilled water, foliar spray

No nutrient supplementation; baseline control

T A
reatment spray and drench

MSG-based solution (L-glutamic acid), applied by foliar | L-glutamic acid—based single amino-acid formulation;

approx. 8.2% total nitrogen

Treatment B .
fermentation by-products

Amino-acid liquid fertilizer derived from cereal-based |>12% free amino acids; 20% total organic carbon; may

contain residual salts and organic acids

Treatment C |Collagen hydrolysate—based liquid fertilizer

Rich in proline, hydroxyproline, and glycine; contains
9% N, 2% water-soluble K, and 9% water-soluble Ca
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Table 2. Growth and leaf color characteristics of lettuce as affected by different amino acid treatments
Plant heightPlant width | TSP [Number of ooy onoth|Leaf width Lab Hue angle
(cm) (cm) weight leaves (cm) (cm) . . ©) SPAD
(2) (ea/plant) L a b
Control | 13.940.9a*| 20.8+2.7a | 31.7+3.2a | 11.3+1.5a | 15.7+1.2a | 8.3£1.3a |45.0+1.9ab|-18.5+0.3a| 26.8+0.3b |124.7+0.4a| 32.0+1.7a
Treatment A| 14.3+0.8a | 18.4+3.2a (26.243.9ab| 10.0+1.0a | 14.71.5a | 8.6+0.1a [45.5+1.3ab|-19.7+1.0a | 29.9+2.0b [123.4+0.7ab| 32.5+2.9a
Treatment B| 11.4+£0.9b | 15.242.8b | 16.3+4.4b | 9.7+0.6a | 11.3+0.8b | 5.9+£1.3b | 47.4+1.6a |-20.6+1.1a| 35.4+2.5a [122.8+0.8ab| 26.0+0.9b
Treatment C| 13.6+1.0a | 20.0+2.4a | 33.1£9.9a | 11.3£2.3a | 14.9£1.1a | 8.6+0.8a | 42.5+2.0b |-18.4+2.2a| 28.7+3.7b [120.2+£3.4b| 32.0+2.0a

“Means with the same letter(s) within a column in each treatment are not significantly different at p<0.05 according to Duncan’s multiple range test.
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Fig. 1. Effect of different amino acid treatments on fresh weight
loss of leaf lettuce cultivar ‘Cheongchima’ during storage at 4°C.
Mean values with different capital letters across storage times
indicate statistically significant changes during storage accord-
ing to Duncan’s multiple range test (P < 0.05). Mean values
with different small letters within the same storage day indicate
statistically significant differences among amino acid treatments
according to Duncan’s multiple range test (P < 0.05).
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Visual Quality Index
b

& Control
—o6— Treatment A ] G
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0 7 1
Storage time (days)

Fig. 2. Effect of different amino acid treatments on visual qual-
ity index of leaf lettuce cultivar ‘Cheongchima’ during storage
at 4°C. Grade from visual quality index: 5 (excellent), 3 (fair),
and 1 (very poor). Mean values with different capital letters
across storage times indicate statistically significant changes
during storage according to Duncan’s multiple range test (P <
0.05). Mean values with different small letters within the same
storage day indicate statistically significant differences among
amino acid treatments according to Duncan’s multiple range
test (P < 0.05).
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Antifouling Effect of ABC Triblock Copolymer Films with Pluronic Groups

Youngjin Cho*

Food Safety and Distribution Research Group, Korea Food Research Institute, Wanju 55365, Jeollabuk-do, Republic of Korea

Abstract The development of active food packaging materials has traditionally focused on antimicrobial strategies to
inhibit microbial growth. However, protein adsorption, microbial adhesion, and biofilm formation on food packaging film
surfaces remain insufficiently studied. In this study, we propose an antifouling approach based on the development of a
functional polymer-based multilayer film that not only inhibits cell death but also inhibits initial protein adsorption and
microbial adhesion. Pluronic-based amphiphilic polymers were synthesized and coated to form a multilayer film. The sur-
face properties of the film were analyzed using various methods. The adsorption of BSA protein, and the adhesion and
growth of the marine microorganism Ulva, on the multilayer film surface were investigated. The developed pluronic-
based ABC triblock copolymer film significantly reduced BSA protein adsorption, Ulva adhesion and growth, and bio-
film formation. This result was supported by various surface analyses, which demonstrated that the surface of the ABC
block copolymer-based multilayer film containing pluronic groups undergoes structural rearrangement in an aqueous
environment, resulting in excellent hydrophilicity and hydration layer properties. Unlike existing antimicrobial packaging
research, this study presents a novel, preventive approach based on surface design, thereby providing new directions and
solutions for the development of safe and sustainable packaging films and containers for proteins, microorganisms, and

other substances in food.

Keywords Antifouling, Block copolymer, Multi-layers film, Hydrophilicity, Hydrophobicity
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Fig. 1. Chemical structures of base polymer K3 (a), SABC components (b), and schematic molecular structure of ABC triblock copo-

lymer with pluronic group, K3-Pluronic polymer (c).
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Fig. 2. Schematic structure of multi-layered film based on ABC triblock copolymer with pluronic group(K3-Pluronic polymers).



270

eVe] olux] Hallsolr] A ArE XS AQTE C s
NEXAFS 23 E#HL 270~320 eV M2 AL 24 oy
Aol sl Ak AE Tl =43 XA W] Akt
< gl AR B A S&(PEY) 2lse &
A 7Fse 9t IPE Hleol(EGB)E 2w AdEE A
2L SH71E ARgste] ek HolEE -150ve] 12
= wlolojze] tisl] BAslc) Ad EE PEY AE7|e
AZ Fe] AeHoa 350 Zbe g T3 YA XA |
o el aid HHolA 360 ZHe2 wAFJH). PEY C
Is Z2HEHLE M3 zelox] wo]2gRlE i, ojx] 3
ZE 320 eVellX] TA= AAste] Ftsleiaich. FA; ol
YAl ZE2ERoA 7P e px vd ¥ 93 9
22 2855 eVE ZAQ3sle] WA

5. 0HWE ZIA MY

Fluorescein isothiocyanate-labeled BSA TH#H 2 (FITC-BSA
i) 0.5mgS PBS 95 SmLol| &8iA1Zt 25
Zh e oo w7k, SRl 2A17F FRF wide =,

hl “

7)
o] 2FR 7Rl A F, MM e R N, 7EAE &
Ax2AZ. 93 A7 #2240 UPlan Fluorite 40
B A4 dEFI=ZNA. 0752 4238 Olympus BX51
A dvAHE ARSI TE o] A= Roper Cool Snap
HQ CCD 7M2}e} Image Pro ©]F|A] 3 7] 43z
Edo]E AbE-ste] g 535kt Fluoresceind} FITC=
450nm ¢17] ZE9} 550nm HE FE HEES ARSI
HEsIAT

= A\

-

6. Uvo B8 I 7 &Y

o] HE Al AEE 30L SFe] AsF Yol
Aol oF 20°CelA] 48A17F Bt HTE veEE 2
gol== Ad AlZ 1AIZF Aol Q3 3ligrellr] HE
Aok, FFAKZoosporeye Ulva linza2] H]3-3+ 2] &ofA
HEEo] ool AHg g2 BA4E {8 Fvlskn?.
I e 55A dE 10 mL E3FmLY 1 x 10° EA})
< 77 AlE Eetel=rF £9 9= Quadriperm EE|E]
@l viF HA|(Greiner Bio-One)2] 7N F&of| uzloz
AT A8 EFol=E ¢F 20°CAIA 1A7F B8 o T
Lol A vkt & 71| ke fFAIE A A 6l
HioE 2 FEA AIFSISIT 3719] SRtol=E HigkEo
2.5% FTFEELUS|EE AMgste] G, o] HHE A
g2 ol By tjE FWel| FE {5k UEs
AEslsls d AAEHATGD). Uhva?] TAPGS 72+ I8 9
63] w2 wjdSIAT). Al T MES o] F
g7 g1 GAlel 7Y 9t AT Tecan S 7t
%=7](GENios Plus)g ARE-3le] Xapgde] fGEAo x5
FEARO FFS AH e AL FHsTY. ¥

i
]

L

I

)

=z

Kb
o

el

2

e
g

=Py

& AR AEsle] AT 9 DIRFUR 71538k &
2ol =(63] WHy= U 25emllA EEtol= 70814 2

7. 31 N&

Alge] gk A7 A dlo]H= SPSS Statistics 17
(IBM Co., Armonk, NY, USA)E o|&3l9 FA X2]s}
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A FEa, Ba+EFEoxkE el
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o= ¢l TEAZ PEOSt PPO?] 4EE=2ow 7AW
Z2E Y3Lg IEAe] FujF| oH 23} jEgo R Y
ok ERE ¢IE dEAE 1A ZEAKK3)| 28.1-
29.8% FAELh o] ¥ Y EE FoEAe EAT
Z+= Fig. 1coX] oA FeE 7= Tt %A
3 W F, 'H NMR B4 1 o) ol Ak
S7F S-S WEs] BFAN, 2.7 ppmelA] A2 7
7} ER, PL alEolA AR P SAI g 1
gk Fdzre] EAE IR T F U olF FEE 4+
25 AREE FuiA 3] Ao ® 'H NMR 23 ERoA
o ZAE ¥V} AT 2287 283lE E =
FESHA 0] S, Egjodd 2 zadd 2Alo|=(PEO E
PPO)] W& =4EL 325- 3.75 ppm ARJOlA 2 ¥
7} YRt PPOC] WlE4AE 1.04 ppmollA Bzt
ZEE7)e] WEE F2E 7.13-7.17 2 7.84-7.87 ppmell A
77y vgd Bas s Jepdoe=EA, 3H 84 &
5 FERAVE F EEAES IR & ATk 714 2
AR1 PSg-b-P(E/B),s-b-Plyox X174 A (K3), 7H712]
FE Y3E IEA, 714 2Ae] 32, SABCY 3
bz 2 ZPdEe Table 19 FE)=Act =3, g
¥ 24 B2 FEFA(BSP1100, BSP1900, FBSP1100,
FBSP1900, P2000)E ¥4 4%t A3}, &4 4 kA,
g, B4v) Zk2 77.86-80.37, 11.51-12.00, 7.41-9.52, 0.19-
022, 1.91-2.13%= T/d=o] As<S SISt (Table 2).
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Table 1. Labeling, base polymer, SABC, attachment of SABC, chemical structure of ABC triblock copolymer with pluronic group(K3-

Pluronic polymers)

Labeling | Base polymer of SABC SABC, R= Attachment (%) Structure of K3-Pluronic Polymers
Pluronic® L-31
FBSP1100 | PSgg-b-P(E/B),sx-b-Pl, ok 29.4% o
Mn 1100, PEG 10% /k~|' .
: Pluronic® L-35 : K3+D\/‘H‘O O\/“]'O‘§‘O_F
FBSP1900 | PSg-h-P(E/B),s-h-PI uromic L~ 28.6% O
s D-PEB)s-b-Plio (Mn 1900, PEG 50%) ’
Pluronic® L-31
BSP1100 | PSgx-b-P(E/B),si-b-P1 29.8%
s b PEBsbPliog (Mn 1100, PEG 10%) ’ kefo | J\}o o
Pluronic® L-35 * 2 ﬂo_ﬁ@
BSP1900 | PSg-b-P(E/B),<-b-PI - 28.1% o}
s D-PEB) s -b-Plio (Mn 1900, PEG 50%) ’
Pluronic® 10R5 cHs| | [ CHy
P2000 PSgi-b-P(E/B),s5i-b-P1 28.7% z | o I _}OH
s D-PEB)scb-Plio (Mn 2000, PEG 50%) ’ K3~g l o
Table 2. Elemental analysis results of ABC triblock copolymer with pluronic group(K3-Pluronic polymers)
Compounds %C %H %0 %S %F
BSP1100 80.37 12.00 7.41 0.22
BSP1900 79.99 11.89 7.93 0.19
FBSP1100 77.86 11.57 8.23 0.21 2.13
FBSP1900 78.72 11.78 7.39 0.20 1.91
P2000 78.97 11.51 9.52
Structure(NEXAFS) £37] 502 EA3I ) —=—BSP1100
o d —e—BSP1900
SABCS| ¥4 & H&7t B4 2%, SEBS Bzl ©1 4 A FBSP1100
Ow,advancing?} Ow,receding 119.843.2°9} 59.843.9°5 1} Ty Fasr1RY
554 —&— P2000
ﬂ—"”_i"ﬂ 7<‘__ J.LEE' Oﬂbﬂ?qg Z 1 2 1 ,J_—/F/H_E Ej_ §; '\I
At ERE/E ETE SABCY A%, ow, 3 50 .k;
advancing(Ad)yS 99.042.5°0l14] 106.242.8° Alo]ollA] 1o L] i e
F93, Ow,receding(Re)S 22.1+3.7°6014] 32.9+0.2° Alo]= £ N S
ZHENUT (Table 3). T 74 A& RFlM 22 HE gl AT ==
= H“"‘—H“"‘—H—_
7t slzEEA st AR on, ol oA 3144 z s e |
- 35 4 T —
PEO71E wi&kA1717] flsf S4i7F dA] A EHASS Al T
ARt} PEG 10% Hth= 50%S XE3stal e AZolA 30 : T T . T
Yo Z:sto 00 05 10 15 20
Iﬂ = @%7—]'2 EO:]TN‘Q— Mo. of days in water
Fig. 38 2%} 717te] % BE AEL 55 nus) | |
WAy, 27) Wl o8 AEzte Az e =43 A Fig. 3. Alr bubble contact angl.es of multl.-layered film based oln
) ABC triblock copolymer with pluronic group(K3-Pluronic
oltk. A3t ZZollM BAAX= ZAH, tBUN 4 A&

Table 3. Contact angles of multi-layered film based on ABC tri-
block copolymer with pluronic group(K3-Pluronic polymers)

Ad Re

Silicon wafer 21.6+1.6 8.9+0.5
SEBS 119.8+£3.2 59.8+3.9
FBSP1100 103.6+1.9 29.8+£3.2
FBSP1900 99.0£2.5 22.1£3.7
P2000 106.2+2.8 27.3£1.3
BSP1100 104.4+1.4 32.9+0.2
BSP1900 103.5+2.6 28.1£0.9

polymers), FBSP1000, FBSP1900, P2000, BSP1100, and
BSP1900 in the water.
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Fig. 4. SFG spectra of multi-layered film based on ABC triblock copolymer with pluronic group(K3-Pluronic polymers), BSP (left)

and FBSP (right) in air (top) and D20 (bottom)
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Fig. 5. NEXAFS spectra of multi-layered film based on ABC
triblock copolymer with pluronic group(K3-Pluronic poly-
mers), BSP and FBSP.

F9ol 4718 Eshs PEO7F SRS BeAETHHO.
Ze|2El BS54 e 5349 C 1s = i+ C=C 4%
= 2855 eV A A AL B3], BA dAE 7



Vol. 31, No. 3 (2025) ZEEV|E %= ABCHE

100,00
9000
a000

7000

E000
s000
anoo
3000
2000
1000
000
sERS

Fig. 6. Protein adsorption results of multi-layered films based
on ABC triblock copolymer with pluronic group(K3-Pluronic
polymers).
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Fig. 7. Fluorescence microscopy images on protein adsorption results of multi-layered films based on ABC triblock copolymer with

pluronic group(K3-Pluronic polymers).
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Fig. 9. Images of Ulva sporelings growing on controls(Glass and PDMSe) and multi-layered films based on ABC triblock copolymer
with pluronic group(K3-Pluronic polymers). Image width approx. 730 pm.
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Original manuscripts containing new significant results in
the fields of science and technology for packaging, and
not published or not scheduled for publication elsewhere
will be considered for publication of Korean Journal of
Packaging Science and Technology published by Korea
Society of Packaging Science and Technology. Reviews
and manuscripts based on preprints from conferences may
also be accepted. The copyright of the published article
belongs to the author(s). All manuscripts will be refereed
by two or more members of the KOPAST Editorial Board
who make a critical appraisal of the substance and structure
of the paper and recommend whether it should be
published taking into consideration what is already published

in the literature on the subject concerned.

Manuscript Preparation

The manuscript should preferably be submitted by e-mail
or by other electronic copy. Figures and tables should be
supplied on separate pages. KOPAST is published in black
and white, but only if asked by related authors, the relevant
papers may be published in color with the payment of actual

expenses.

English Language

The manuscripts must be written by MS words in good
English, linguistically revised. The font style should be
Time New Roman. Either American or British spelling may
be used, but consistency is desired.

Title, authors and headings
The title must be short but shall contain essential information.
It should not contain abbreviations. Authors' names and
affiliation follow the title.
Headings, sub headings and sub-sub headings should be
written as follows;

Introduction

Materials and Methods

1.

Abstract

The summary at the beginning of the paper should be
informative, not merely indicative. It should state briefly
the purpose of the work, the significant results and conclusions.
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It should be no more than 200 words. Abbreviations

and acronyms should be avoided.

Keywords
Keywords should be given to help abstracting services
to classify the paper.

Address(es) of the author(s)
Addresses (including corresponding author's e-mail) at the
time of the publication are given for each author in a

footnote.

Introduction
State scope of the problem investigated, review of pertinent
literature, method of investigation, and the aim of the

work.

Materials and Methods
Give full details of all the experiments, so that they

can be repeated. Results should not be reported here.

Results and Discussion

Representative data shall be presented. Methods shall
not be described here. Discuss principles and relationships,
pointing out exceptions. Show agreement with published
research work. The significance of the work or conclusions
should be presented in the end of the discussion or in a
separate section.

Mathematics

The SI system (metric system) shall be used throughout.
Each equation should be set on the separate line and
numbered with square brackets ‘Eq. [X]’. Use arabic
numerals. All mathematical symbols must be explained.
Tables

Wherever tables are mentioned, write ‘Table X’. A
short heading should be provided for each table. Tables
should be consecutively numbered with arabic numerals
like ‘Table X’. Units should preferably be given in
column headings. Use capital letters sparingly.
lllustrations

Wherever figures are mentioned, write ‘Fig(s). X .
Figures should be consecutively numbered with arabic
numerals with a short heading. The lines of the figures,
on separate sheets, must be sufficiently heavy to be
readily legible and the letters and symbols sufficiently

large. The minimum resolution of pictures must be 300
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dpi (10cm width). Units should be given on the axes.
Photographs must have good contrast when printed. Magnification
of photomicrographs must be indicated e.g., with a scale

line.

Conclusions
The conclusions of the work should be clearly stated in a

separate section.
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