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ABSTRACT: During storage and fermentation of kimchi, white Paper_AuNPs film
film-forming yeasts (WFY) are generated on the surface of kimchi FLaroe suface area

under various conditions. These yeasts include Candida sake, Pichia 9222200020

@ Gold nanoparticle
(AUNP) Paper_AuNPs_CIN film
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kudriavzevii, Kazachstania servazzii, Debaryomyces hansenii, and
Hanseniaspora uvarum. Because of the off-odor and texture-
softening properties of WFY that degrade the quality of kimchi, a
method to prevent WFY is required. In this study, cinnamaldehyde
(CIN) and gold nanoparticles (AuNPs) with a large surface area

. Paper_CIN film
were grafted on a paper surface, which was termed the b

: Antimicrobial activity

“Paper_ AuNPs_CIN” film. CIN is an antimicrobial agent that is et
approved for use in food applications. In the as-fabricated A~ Cinnamaldehyde o
Paper AuNPs_CIN film, antimicrobial CIN molecules were ©n activity against white

film-forming yeasts (WFY)

physically adsorbed to the surface of AuNPs and simultaneously
chemically synthesized on the paper surface via the imine reaction.
The Paper AuNPs_CIN film exhibited greater antimicrobial activity against the three WFY strains than a Paper CIN film (which
contains only CIN molecules). Since more CIN molecules were adsorbed to the large surface area of the paper-reduced AuNPs, the
Paper AuNPs_CIN film exhibited a higher antimicrobial activity. Using AuNPs and CIN simultaneously to inhibit the growth of
WEY is a novel approach that has not yet been reported. The morphology and elemental mapping of the functionalized films were
examined via scanning electron microscopy and energy-dispersive spectroscopy, elemental composition was analyzed via inductively
coupled plasma optical emission spectroscopy, and chemical bonding and optical properties were investigated via Fourier transform
infrared spectroscopy and diffuse reflectance spectroscopy. Additionally, agar-well diffusion assays were used to determine the
antimicrobial activity against three representative WFY strains: C. sake, P. kudriavzevii, and K. servazzii.

1. INTRODUCTION and the fact that it is nontoxic and approved by the U.S. Food
and Drug Administration (FDA).* Antimicrobial activities of

Kimchi, one of the most well-known fermented foods, is
CIN against gram-positive bacteria, gram-negative bacteria,

fermented by microorganisms present in the various

ingredients used to produce kimchi.' However, when white and pathogenic yeast species have been reported in previous
film-forming yeasts (WFY) are generated during fermentation, studies.” However, CIN is difficult to use due to its poor
consumers are dissatisfied due to the off-odor and softened aqueous solubility and potent odor, which affects the sensory
texture of kimchi.”” Since all products containing WFY during properties of foods.® Several candidates that inhibit the growth
the storage of kimchi must be discarded, it is necessary to find of WEY using CIN have been reported previously.”* In the
ways to prevent the growth of WFY to avoid the commercial cases where the CIN extract was sprayed directly onto the

value of kimchi from deteriorating. According to storage
conditions such as temperature, pH, and anaerobic conditions
of kimchi, five types of WFY exist, including Candida sake,
Pichia kudriavzevii, Kazachstania servazzii, Debaryomyces
hansenii, and Hanseniaspora uvarum. Among these, antimicro-
bial experiments have been conducted on three representative
strains previously.’

Cinnamaldehyde (CIN) has been widely used in the food
preservation industry because of its antimicrobial properties

surface of kimchi, it was discovered that the more CIN was
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Scheme 1. Fabrication and Color-Change Photographs of the Paper Sample after Each Fabrication Step, as Labeled on the
Scheme
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Scheme 2. Fabrication and Color-Change Photographs of the Paper Sample without CIN (Left) and with CIN (Right)
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used to increase the antimicrobial activity, the more the scent
of CIN affected the kimchi’s sensory properties. To address
this issue, a novel method was developed that preserves
antimicrobial activity without affecting the sensory properties
of contacted food, which was achieved through chemical
bonding whereby the CIN molecules were bound to the film
surface via the imine reaction.’

Gold nanoparticles (AuNPs) have garnered significant
attention from researchers because of their unique size and
surface properties compared to the bulk form and because they
are widely functionalized for antimicrobial agents.'”"" Owing
to their characteristics such as inertness, biocompatibility, and
ease of functionalization, AuNPs are regarded as effective
surface functionalization materials and were employed in this
study. Meanwhile, paper has attracted interest as an eco-
friendly material for packaging and medical devices, among
other applications, because of its low cost and relative
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abundance.'” Accordingly, in this study, AuNPs were
generated on the surface of paper, to take advantage of their
larger surface area. Consequently, it was anticipated that the
antimicrobial activities would be maximized by physically
adsorbing more CIN molecules to the film surface by utilizing
the adsorption affinity between AuNPs and CIN molecules."”

Herein, CIN, a naturally derived material, and AuNPs, which
are inert in the biological environment, were incorporated onto
the surface of paper to prepare an effective agent for inhibiting
microbial growth against WFY. Since more CIN molecules are
present on the surface owing to their adsorption with AuNPs
than when CIN is bound solely by chemical bonding, the
maximum antimicrobial activity can be expected. The
functionalized films were characterized by scanning electron
microscopy (SEM), inductively coupled plasma optical
emission spectroscopy (ICP-OES), Fourier transform infrared
spectroscopy (FT-IR), and diffuse reflectance spectroscopy

https://doi.org/10.1021/acsomega.2c06323
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Figure 1. (a) SEM images of the Paper_ AuNPs_CIN film and particle-size distribution of AuNPs; (b) the corresponding EDS spectrum and

elemental mapping.

(DRS). Additionally, the antimicrobial properties of function-
alized films were evaluated against WFY strains using an agar-
well diffusion assay. To the best of our knowledge, this is the
first study to fabricate a film using AuNPs and CIN and to test
the antimicrobial activity of these two materials against WFY
affecting kimchi.

2. METHODS

2.1. Fabrication of Paper_AuNPs_CIN and Paper_CIN
Films. For Paper AuNPs CIN, 1 mL of 10 mM HAuCl,
(99.9%, MERCK) ethanol solution was poured over a sheet of
Whatman #1 filter paper (47 mm in diameter) and dried in a
convection oven at 60 °C for 1 h (Scheme 1). The paper
containing Au ions was then immersed in S mL of a 10 mM
sodium borohydride (NaBH,, MERCK) aqueous solution for
an additional hour. Au ions settled on the filter paper were
reduced to AuNPs via a reduction reaction with NaBH,,
resulting in an instantaneous color change from white to
purple. The paper containing the AuNPs, labeled Paper -
AuNPs, was then rinsed with deionized water and ethanol to
remove any residual reagents and dried in a convection oven at
60 °C. The Paper_AuNPs film was submerged in 10 mL of
toluene containing 5% 3-aminopropyltriethoxysilane (APTES,
99%, MERCK) and placed in a 30 °C, 100 rpm, shaking
incubator for 1 day. The paper was then rinsed with toluene
and dried in a convection oven to remove any residual APTES;
it was then labeled as Paper Si AuNPs. The Paper_Si AuNPs
were then immersed in 10 mL of ethanol containing 5% trans-
cinnamaldehyde (CIN, 99%, MERCK) and placed in a 50 °C,
100 rpm incubator for 1 day. The Paper AuNPs_CIN film was
fabricated by connecting amine groups on the outer surface of
the Paper Si AuNPs film to trans-cinnamaldehyde (CIN,
99%, MERCK) via an imine (C=N) bond. The fabrication of
Paper AuNPs_CIN was completed by a drying procedure
following three S min ultrasonication treatments with ethanol.
The paper CIN was produced using the identical method
without AuNPs reduction (Scheme 2).

2.2. Characterization of Various Functionalized
Papers. The structures and surface morphologies of the
functionalized papers image were obtained using SEM
(Thermo Fisher Scientific, Verios S UC) after platinum
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coating for 120 s. Additionally, energy-dispersive spectroscopy
and elemental mapping (EDS, Oxford Instruments, AztecLive,
and Ultim Max 65) were used in conjunction with SEM to
determine the major atoms (C, O, Si, and Au) and atomic
percentage of Paper AuNPs_CIN. Moreover, ICP-OES was
used to determine the wt % of Si and Au loading (ICP-OES,
Thermo Scientific, iCAP7400DUO). The surface atomic
composition was investigated using X-ray photoelectron
spectroscopy (XPS) (Thermo Scientific, NEXSA). To gain
further insight into the chemical bonding situation, the samples
were analyzed using an FT-IR spectrometer equipped with an
attenuated total reflector (ATR) mode, in the range of 4000—
400 cm™" with a resolution of 4.0 and a scan rate of 32 scans.
Additionally, the optical properties of the fabricated papers
were monitored between 200 and 800 nm by DRS
(PerkinElmer, LAMBDA 950).

2.3. Antimicrobial Activity. WFY generated by various
conditions such as pH, temperature, and oxygen contact during
fermentation and storage of kimchi adversely affect the quality
of kimchi by producing an off-odor and texture softening. To
assess the antimicrobial activities of various functionalized
papers, three types of WFY strains, which are present in the
later stages of kimchi fermentation, were used. These included
C. sake (MGB0659), K. servazzii (MGB0660), and P.
kudriavzevii (MGB1001). Prior to the experiment, the stock
strains of WFY were cultured in YPD broth at 25 °C for 24 to
72 h and subcultured three times to introduce healthy strains.
As a result, three strain concentrations were obtained.
Accordingly, one strain was inoculated directly onto a YPD
agar plate, while the other two strains were inoculated on soft
agar. Subsequently, these were diluted 10 times and 100 times,
respectively, and then spread onto a YPD agar plate to allow
the growth of yeast colonies. The control, Paper AuNPs,
Paper CIN, and Paper AuNPs CIN samples were then
placed on agar plates inoculated with each concentration of
the strain and incubated at 24 °C for 48 to 72 h. The anti-yeast
activities were evaluated by measuring the clear zone that
formed around each sample after yeast expression. Addition-
ally, the diameter of samples within the clear zone was
disregarded during measurement.

https://doi.org/10.1021/acsomega.2c06323
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Figure 2. (a) XPS spectrum of the Paper AuNPs_CIN film and narrow scan of Audf (inset), (b) stacked XPS spectra, and (c) atomic composition

percentages of films for each stage of fabrication.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterization of Function-
alized Films. The Paper AuNPs_CIN film was manufactured
using the three steps outlined in Scheme 1, which are as
follows. In the first step, AuNPs are formed on the surface of
the filter paper by reducing Au®>* (HAuCl,) to Au’ in NaBH,
aqueous solution, as indicated by a color change from white to
purple in the filter paper. Moreover, lignin, a component of
cellulose, acted synergistically with NaBH, to reduce gold
ions.'"” The second step involved grafting APTES onto the
surface of Paper AuNPs to amine functionalization. APTES
forms Si—O—C bonds with the surface, allowing it to react
with one, two, or three —OH groups of the cellulose
structure.”” Polarity affects the performance of functionaliza-
tion because APTES forms intermolecular hydrogen bonds in
polar solvents such as water and ethanol. In contrast, in
toluene, the hydrogen bond between APTES molecules is
weak, resulting in a greater potential for APTES molecules to
react with the surface and a higher surface functionalization
yield."* Based on imine chemistry, the final step involves using
the surface amines of Paper Si AuNPs in a condensation
reaction with the aldehyde group of CIN in the presence of
ethanol to form an imine linkage.ls’16 Although AuNPs and
CIN have been used separately in many studies, such as
antimicrobial,”® catalyst,w’18 and packaging,]9 to the best of
our knowledge, this is the first report to confirm a synergistic
antimicrobial effect of the AuNPs/CIN combination film. The
fabrication of the Paper CIN film followed the same
procedure with the exception of the Paper AuNPs step
(Scheme 2).

Using SEM, the size, shape, and distribution of AuNPs on
the Paper AuNPs_CIN film were determined (Figure 1). On
the cellulose surface, the produced AuNPs were spherically
monodispersed with an average diameter of 46.8 + 9.3 nm
[Figure la]. Energy-dispersive spectroscopy (EDS) coupled
with elemental mapping was utilized to determine the
elemental identification, distribution, and quantitative analysis
of the Paper AuNPs CIN film [Figure 1b]. The major
components of the raw filter paper, C and O, were determined
to be 66.06 and 31.13 wt %, respectively. There are two
additional Si and Au peaks with 1.67 and 1.14 wt %,
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respectively. Si atoms were introduced during APTES grafting
onto the paper, and the presence of Au indicates the formation
of AuNPs since unreacted Au ions were removed during
rinsing. The specific compositions of Si and Au in the
Paper AuNPs CIN film were determined using ICP-OES.
The measured values for Si and Au were 1.8 and 1.2 wt %,
respectively, which matched the EDS analysis values.

XPS was used to obtain more information about the
bonding arrangement and atomic composition of the
fabricated films and bare filter paper (Figure 2). Four binding
energy peaks at 285.16, 532.4, 399.08, and 102.89 eV,
corresponding to Cls, Ols, N1s, and Si2p, respectively, come
from the paper, APTES, and CIN component, indicating that
APTES and CIN molecules were functionalized on the paper
surface [Figure 2a]. However, the double peaks at 85.88 and
82.28 eV, corresponding to Audf, confirm the existence of
zero-valence gold (Au’), which indicates a successful reduction
of Au’" ions to AuNPs on the surface (Figure 2a, inset). The
XPS spectra are presented together (stacked on the same
chart) to monitor the surface bonding in each fabrication
process of the Paper AuNPs CIN and Paper CIN films
[Figure 2b]. When APTES was functionalized, a new Si2p peak
appeared and the N1s peak was increased. Notably, the Si2p
and Au4f peaks were newly generated by APTES surface
functionalization and AuNPs reduction, respectively. In
addition, it was shown that the size of the Cls peak increased
compared to the Ols peak as the CIN molecules were bound
to the surface. The atomic composition ratio of C, O, N, §ij,
and Au was measured at each fabrication step [Figure 2c]. The
change in atomic composition showed the same trend as the
peak changes in binding energy. Moreover, the amount of
loaded CIN molecules could be calculated through a
combination of atomic composition and comparison of film
weights before (Paper Si and Paper Si AuNPs) and after
(Paper_CIN and Paper AuNPs_CIN) CIN molecule bond-
ing. Paper_ AuNPs_CIN and Paper CIN films were loaded
with CIN molecules in the amounts of 632 and 413 umol,
respectively. The greater number of CIN molecules on the
Paper AuNPs_CIN film is caused by both the adsorption with
AuNPs and chemical reactions.

ATR-FT-IR spectroscopy was utilized to elucidate the
modification process of filter paper with APTES and the

https://doi.org/10.1021/acsomega.2c06323
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subsequent surface functionalization with CIN (Figure 2).
There was no significant difference in the spectrum between
bare filter paper (black) and Paper AuNPs (blue), while the
signature peaks at 1562 and 1475 cm™" of Paper_Si (orange)
were attributed to symmetric NH;" deformation and NH,
bending of APTES, respectively.”'* The fabrication of the
Paper CIN and the Paper AuNPs_ CIN is based on the Schiff
base reaction between the amino group of APTES and the
aldehyde group of CIN."” In the spectrum of Paper CIN
(green), the disappearance of the NH, and NH;" peaks and
the formation of an additional C=N bond at 1635 cm™!
indicate that surface functionalization with CIN was successful.
It should be noted that Paper AuNPs_CIN (red) exhibited a
distinct peak at 1680 cm™', which can be attributed to
aldehyde (C=0) adsorbed on the AuNPs surface.'® Owing to
the physical adsorption of CIN and AuNPs, in addition to the
Schiff base reaction, it is possible to produce a functionalized
film with a higher concentration of CIN on its surface. Optical
properties of the as-prepared bare and functionalized films
were monitored using UV—vis DRS because they exhibited a
distinct absorption band that can be used to characterize the
presence of a compound at specific wavelengths.'” The peak of
Paper AuNPs (blue) and Paper AuNPs CIN (red) at 530
nm was a localized surface plasmon resonance (LSPR) peak
that could be expected from spherical AuNPs with a size of 50
nm, which corresponded to the size of AuNPs observed by
SEM (Figure 1).'* The maximum absorbance of CIN at 290
nm coincided with a previously reported peak of trans-
cinnamaldehyde (Figure 3)."” The FT-IR and DRS results
demonstrated that AuNPs, APTES, and CIN were successfully
grafted onto the paper surface (Figure 4).

— Paper

- W — Paper_AuNPs
; w—_—_\v-\m — Paper_Si
§ \/_A/\/‘” —Paper_CIN
£ — Paper_AuNPs_CIN
g c=o4
g 1680 e { NH, -
= 16‘3:5:::“,11562 o475 e

T T
2000 1500 1000 500

Wavenumber (cm™")

Figure 3. FT-IR (ATR mode) spectra of raw filter paper and
functionalized films.

290 nm — Paper

—— Paper_AuNPs
—— Paper_CIN
—— Paper_AuNPs_CIN

Absorbance (arb. units)

300 400 500 600
Wavelength (nm)

700

Figure 4. UV—vis DRS of raw filter paper, Paper_AuNPs,
Paper_CIN, and Paper_AuNPs_CIN.

3.2. Antimicrobial Activity against Three Types of
WFY. WFY produced during fermentation and storage of
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kimchi reduces the quality of kimchi by its distinct off-odor
and texture softening; therefore, its growth must be prevented.
C. sake [Figure Sa), P. kudriavzevii [Figure Sb], and K. servazzii
[Figure Sc] strains that produce WFY during the fermentation
of kimchi were used to test the antimicrobial activities of
functionalized films using the agar-well diffusion method
(Figure S). In all introduced WFY strains, functionalized films
with CIN affected growth kinetics differed from the Paper -
AuNPs and untreated filter paper (control). In the order of
Paper AuNPs CIN and Paper CIN, the inhibition zone was
12.9 + 0.4 and 7.7 + 0.6 mm in C. sake, 12.2 + 0.5 and 8.0 +
0.5 mm in P. kudriavzevii, and 6.8 + 0.3 and 3.2 + 0.4 mm in
K. servazzii, respectively. In the same experiments, diluting
each strain by a factor of 100 had no discernible effect. This is
attributable to the interaction of CIN with the hydrophobic
structure of the bacterial cell membrane, resulting in impaired
cell membrane permeability and integrity.”’ Previous studies
demonstrated that AuNPs with a size of less than 20 nm
inhibited the growth of Escherichia coli and Pseudomonas
aeruginosa and exhibited antimicrobial effects; however,
Paper_ AuNPs with a size of 46.8 nm exhibited no
antimicrobial activity against three types of WFY.'”*' In
contrast, when both AuNPs and CIN were present, the highest
antimicrobial activity was observed. AuNPs were formed on
the surface of the filter paper to enhance its antimicrobial
activity because a larger quantity of antimicrobials can be
absorbed onto the AuNPs surface, owing to the high
adsorption affinity of nanoparticles with a large surface
area."” Furthermore, owing to the adsorption affinity between
AuNPs and CIN molecules, additional CIN molecules were
present on the film surface besides the CIN bound via the
imine reaction, resulting in the highest antimicrobial activity in
the Paper AuNPs_CIN film.'® There have been studies on
suppressing WFY by directly spraying cinnamon and garlic
extracts onto kimchi. However, when high concentrations of
extracts are used to increase the antimicrobial effect, the
sensory properties are affected by the strong odor and flavor
properties of cinnamon and garlic.” In this study, since CIN
was adsorbed and chemically bound to the film surface via
AuNPs adsorption and imine reaction, respectively, it was
anticipated that it would act as a WFY inhibitor in kimchi
without affecting the sensory properties.

4. CONCLUSIONS

In this study, an antimicrobial film for use against WFY was
successfully fabricated and tested. AuNPs were formed on the
surface of the filter paper, and the antimicrobial agent, CIN,
was immobilized by imine bonding and adsorption. SEM
images confirmed the spherical shape and uniform distribution
of the AuNPs on the paper’s surface, while EDS and ICP-OES
analyses determined their elemental ratio. Each synthesis step,
in which CIN molecules were imine-bonded and adsorbed to
the surface of the paper and AuNPs, respectively, was
confirmed by FT-IR analysis. By measuring the DRS of the
fabricated films and identifying a peak of specific functional
groups, the optical properties of each used material were
determined. In order to apply this, the antimicrobial activities
of WFY strains generated under different fermentation and
storage conditions of kimchi were evaluated using the agar-well
diffusion assay. In particular, the Paper AuNPs CIN film
exhibited the largest inhibition zone and the highest
antimicrobial activity against three types of WFY: C. sake, P.
kudriavzevii, and K. servazzii. Our functionalized antimicrobial
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Paper_CIN
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Figure S. Test and measurement of the inhibition zones of Paper_AuNPs_CIN, Paper CIN, Paper_AuNPs, and raw filter paper (control) against
three types of WFY: (a) C. sake, (b) P. kudriavzevii, and (c) K. servazzii. ND: not detectable.

film, the Paper AuNPs_CIN film, can extend the shelf-life
without altering sensory properties, even when in contact with
kimchi, owing to the chemical bonding and adsorption of
antimicrobial-agent CIN molecules to the film surface.
Furthermore, the transportation and distribution of kimchi
take a long time, especially during export. During this period,
WFY are generated on the surface of kimchi, which prompts
complaints from consumers and leads to a financial loss to the
industry. Our research results indicate that the inhibitory effect
of our Paper_AuNPs_ CIN films against WFY of kimchi should
effectively reduce the issues associated with the time-
consuming transportation and distribution. In the long run,
it is anticipated that additional research on this strategy will
prevent the deterioration of the quality of distributed kimchi
by extending its storage stability and shelf-life.
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