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Abstract: One of the key factors of supporting the rapidly expanding seafood product industry
in terms of quality control is the utilization of active packaging materials. Microorganisms are
primarily responsible for the perishability and rapid disintegration of seafood. The incorporation of
an inorganic compound, such as silica-based diatomaceous earth (DE), and a metal oxide, such as zinc
oxide (ZnO), is proposed to develop active packaging materials with excellent antibacterial activity,
minimized fishy odor, and brittleness at subzero temperatures. The mechanical, morphological, and
physicochemical properties of these materials were investigated. The results show that the addition
of DE/ZnO improved the antibacterial activity of high-density polyethylene (HDPE) samples by up
to approximately 95% against both gram-positive and -negative bacteria. Additionally, it enhanced
the Izod strength and stability at subzero temperatures of the samples. The odor evaporation test
revealed that trimethylamine can be minimized in proportion to increasing DE/ZnO composite
concentration. As a result, the development of active packaging materials from DE/ZnO composites
is an emerging polymeric packaging technology for seafood products, wherein packaging and seafood
quality are linked.
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1. Introduction

Aquaculture is the world’s most rapidly expanding food production industry. In
2021, the global fishery market is anticipated to increase in value by 12% and in volume
by 3.7%, whereas production is expected to increase by 4 million tons between 2020 and
2022 [1-3]. In addition, worldwide aquaculture production must reach 109 million tons
by 2030 and 140 million tons by 2050 to provide protein and essential nutrients for the
global human diet [3-5]. To support the supply chain of seafood production, it is necessary
to develop technologies to enhance and regulate the quality of seafood products [1,5,6].
Packaging science and technology is a crucial factor that must be continuously advanced.
Seafood quality and fishy odors pose the greatest challenges for seafood packaging [1,7,8].
Seafood is classified as perishable owing to its high water content, which promotes rapid
decomposition, particularly by microorganisms [9-13]. Improper handling during pre- and
post-harvest hastens the growth of native microorganisms, which triggers chemical and
biochemical reactions that result in deterioration [14-17]. Fishy odor impedes the packaging
of seafood products as it is difficult to remove the fishy odor from water that permeates and
adheres to the packaging of seafood products. Trimethylamine (TMA) is a volatile alkaline
compound that is produced when bacteria reduce trimethylamine oxide to TMA [18,19].
Managing the fishy odors during transportation and storage is difficult and, to overcome
this difficulty, we utilized the excellent properties of a composite of an inorganic compound,
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silica-based diatomaceous earth (DE), and zinc oxide (ZnO) with high-density polyethylene
(HDPE) produced via injection molding. DE, an inexpensive adsorbent composed of 80-90%
amorphous silica/ SiO; is known to not be harmful to people and the environment [20-22].
It has a high absorption capacity and a low density because it contains many pores. In
addition, the presence of a complex 3D porous structure makes it an excellent candidate
for loading antimicrobial or antioxidant-active compounds [22,23]. According to previous
reports, DE is utilized in a variety of applications, including the beverage industry for
filtration, agricultural chemical additives, cosmetics, food, and plastics [24,25]. The Food
and Drug Administration (FDA) classified DE as generally regarded as safe (GRAS) [25].
Similarly, ZnO is FDA-approved as GRAS [26]. ZnO is widely utilized in various fields
because of its remarkable antimicrobial photocatalytic properties [26,27]. According to
numerous reports, ZnO exhibits antimicrobial properties against both gram-positive and
gram-negative bacteria. Several mechanisms have been proposed for the antibacterial
activities of ZnO, including the release of metal ions, the interaction of ZnO nanoparticles
with microorganisms, and the formation of reactive oxygen species (ROS) by the effect of
light radiation [26-28]. The antimicrobial activity of ZnO is enhanced by increasing the
surface area-to-volume ratio, which results in increased H,O, production. Because of their
high surface area, thermal stability, and eco-friendliness, microporous and mesoporous
materials, such as silica and zeolite, have been used as host materials to produce ZnO
particles that are small and have a distinctive structure [29-32].

In this study, we investigated a manufactured injection mold of HDPE/DE/ZnO with
different relative compositions to determine its antibacterial activity, ability to minimize
the fishy odor, and strength at subzero temperatures for the support and development of
the seafood product packaging industry to meet the rising demand for seafood products in
the global market.

2. Materials and Methods
2.1. Materials

Zinc chloride (ZnCly) was purchased from Sam Chun Pure Chemicals (Gyeonggi,
Republic of Korea). Commercial DE (Celite -CF-1031) was supplied by Tianjin Chemist
Scientific, Ltd. (Tianjin, China). Sodium hydroxide (NaOH) was purchased from Daejung
Chemicals Metals (Gyeonggi, Republic of Korea). Commercial HDPE resin had a melt flow
rate of 4 g/ 10 min (190 °C, 2.16 kg) and a density of 0.955 g/cm?.

2.2. Elaboration of Antibacterial Material

DE (5 g) was suspended in deionized (DI) water (100 mL). A 2 and 4 wt% equivalent
of ZnO derived from ZnCl, was added to the suspension (the sample were referred to as
DE/ZnO-1 and DE/ZnO-I], respectively). For ion exchange, the slurry was stirred under
continuous magnetic stirring at 80 °C for 5 h. Subsequently, 0.1 M NaOH was added
dropwise until the pH reached 11. After 2 h, the product was filtered, washed several times
with DI, centrifuged at 4000 rpm for 10 min, and dried overnight at 60 °C. The resulting
product was then calcined for 2 h at 500 °C to obtain DE/ZnO powder. Prior to extrusion,
DE/ZnO-II was selected according to the characterization performance and evaporated
to dryness in a 90 °C hot-air oven. The DE/ZnO composite was prepared by mixing
HDPE resin in the specified amounts (0, 2, and 4 wt%, and the samples were referred to as
HDPE/ZnO, HDPE/ZnO;, and HDPE/ZnOy, respectively) with as-prepared DE/ZnO for
30 min using a planetary mixer. The mixture was extruded using a twin-screw extruder
(LTE-20-40, Labtech Engineering) operated at 80-150 °C and 190 rpm. The HDPE/DE/ZnO
extrudates were cut with a palletizer into 2.5 mm lengths (LZ-120, Lab tech Engineering).
The resultant pellets were molded according to the requirements of each test specimen
in an injection machine, Meteor 270/75 from Mateo & Sole (Barcelona, Spain) at 190 °C
using a mirror-finishing steel mold with standard geometries for sample characterization.
A 75-ton dampening force was applied, and the durations for cavity filling and cooling
were set to 1 and 10 s, respectively.
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2.3. Characterization of the DE/ZnO and HDPE/DE/ZnO Composite Material
2.3.1. Characterization of the DE/ZnO Composite

The surface morphology and elemental composition of the pre-prepared DE/ZnO
composite were determined using a combination of a transmission electron microscope
(TEM, JEM-2100 HR, JEOL, Tokyo, Japan), field-emission scanning electron microscopy
(FE-SEM, 508010, Hitachi, Japan), and energy dispersive spectroscopy (EDS) mapping.
X-ray diffraction (XRD, JP/Max-3C, Rigaku, Japan) was used to examine the crystalline
structures of the prepared DE/ZnO composite. To establish the Brunauer-Emmett-Teller
(BET) surface area and pore size distribution, a QUADRASORB SI was used to archive the
nitrogen sorption isotherm. The tensile strength (TS) and elongation at the break of the
samples were evaluated using a universal testing machine (QMESYS, QT100T, Gyeonggi-
do, Korea). Five samples were evaluated in accordance with the ASTM 0882-02 standard
test procedure, and the average values were determined.

2.3.2. Characterization of the HDPE/DE/ZnO Composite

The thermal characteristics of the materials were analyzed using thermogravimetric
analysis (TGA, N-1000, SCINCO, Seoul, Republic of Korea). Specimens weighing between
15-20 mg were scanned between 100 and 600 °C at a heating rate of 10 °C/min in a ni-
trogen flow with a flow rate of 30 mL/min. The maximum degradation rate temperature
was calculated at the peak of the first derivative (DTG) of the TGA curve. 1zod impact
and brittleness temperature tests were conducted to evaluate the mechanical qualities
of the material to determine its potential packaging applications for seafood products.
Izod tests were conducted using an Instron LEAST 9050 impact pendulum with a 0.5]
hammer in accordance with ASTM D256-10(2018). In addition, a temperature test for brit-
tleness was conducted according to ASTM D746-20 (type I specimen) at —40° and —60 °C.
Five specimens were tested for each sample and the results were average values. For the
odor evaporation test, a 50 mm x 50 mm specimen was enclosed in a 5 L reactor. The initial
concentration of the test gas was injected at 50 umol/mol of TMA, and the concentration
of the test gas was measured at 0, 30, 60, 90, and 120 min; this is referred to as the sample
concentration. A gas-sampling pump (model GV-100S; Gastec Corp.) was used to collect
and analyze samples of the gas emission, using detector tubes (SPS-KCLI2218-6218) for
TMA. Throughout the experiment, the temperature was maintained at 23 °C, the relative
humidity was 50% RH, and five replicate tests were carried out in the same conditions for
each sample. The following formula was used to compute the concentration reduction rate
for each time interval:

Gas concentration (%) = A; B x 100 1)

where A is the concentration of the blank and B is the concentration of the sample.

2.4. Antimicrobial Study

The Antimicrobial activity of the synthesized DE/ZnO was evaluated using the agar
disc diffusion method. All pathogenic strains (gram-negative strains; Escherichia coli (E. coli)
and gram-positive strains; Staphylococcus aureus (S. aureus)) were cultured in Mueller—
Hinton (MH) broth at 37 °C accompanied by shaking at 200 rpm until an optical density
at 600 nm of 0.4-0.6 (exponential phase) was reached. The bacterial suspension was
suspended in a saline solution, and 0.1 mL of each pathogenic strain was spread on MH
agar. The DE/ZnO composite weighing 0.5 mg was suspended in 2 mL of 10% DMSO and
dispersed on filter paper discs 6 mm in diameter. The loaded filter paper discs were placed
on Petri dishes containing pathogenic strains and incubated at 37 °C. Antimicrobial activity
was observed after 24 h by measuring the zone of inhibition, which was performed in
triplicates. The broth microdilution method was used to determine the minimum inhibitory
concentration (MIC). The MIC values were measured in LB medium using a 96-well
plate. Serial dilutions were performed, and the final concentrations of the film solutions
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were 50, 25, 12.5, 6.25, 3.75, and 1.5 pg/mL. Samples in LB media without a microbial
suspension were considered as a negative control. The 96-well plates were incubated
at 37 °C for 24 h. The turbidity of the plate contents was interpreted as the growth of
microorganisms and the appearance of the content in each well, in comparison with the
appearance of the negative control samples. The lowest concentration that did not exhibit
turbidity following incubation was interpreted as the MIC. To determine the minimum
bactericidal concentration (MBC), the mixtures in each well that exhibited no turbidity
were streaked onto MH agar and incubated at 37 °C for 24 h. The lowest concentration of
the test substance that prevented colony formation was considered the MBC. A modified
procedure compared with the ASTM (ASTM E 219-0) and JIS standard (JIS Z 2801:2020)
was used to evaluate the antibacterial activity of the HDPE/DE/ZnO injection mold.
Briefly, three pieces (50 mm x 50 mm) of each test specimen were placed on a Petri dish,
inoculated with 400 pL of bacterial suspension (10> CFU/mL; ODgg = 0.4), and coated
with 40 mm X 40 mm pieces of uncoated sterile PP film. After incubation for 24 h at 37 °C,
the bacteria were collected from the film surface using 10 mL of sterile saline which was
serially diluted and planted on tryptic soy agar. Antimicrobial activity was expressed as a
log reduction value which was calculated using the following equation:

Antimicrobial activity(log) = log(A) — log(B) 2)

where A is the number of viable microorganisms in the control sample and B is the number
of viable microorganisms in the treatment sample.

2.5. Statical Analysis

Statistical analyses were performed using ANOVA with SPSS software (SPSS 25,
IBM, Chicago, IL, USA). Duncan’s multiple range tests was used to indicate the statistical
differences among the mean values. The results were considered statistically significant at
p < 0.05. Data are presented as the mean =+ standard deviation for each experiment.

3. Results and Discussion
3.1. Characterization of the DE/ZnO Composite

The TEM micrographs were utilized to evaluate the morphologies of the fabricated
DE/ZnO composites. Raw DE (Figure 1A) has skeleton structures and pores ranging
from 5 to 15 um, similar to those of diatom algae; the diameters of the pores varied
between 200 and 460 nm. Owing to the nanometric proportion and morphological structure
inherent in DE, this material is a potential choice for antibacterial applications as a host
for ZnO particles [33,34]. The TEM micrographs, as well as the EDS of the synthesized
DE/ZnO composite, are shown in Figure 1B,C. Agglomerates of the ZnO composite were
consistently distributed on the surface and within the porous architecture of the DE. In
accordance with the EDS pattern, the presence of zinc confirmed that ZnO was evenly
dispersed throughout the DE structure. The effect of homogenization on the crystalline
structure of the DE/ZnO composite was revealed by XRD. The resulting XRD patterns
are shown in Figure 2A. The characteristic peaks of the hexagonal wurtzite structure of
ZnO (JCPDS:89-13971) are (100), (002), (101), and (102). The Wurtzite structure of ZnO is
superimposed over the intense cristobalite silica peak (101) of frustules (JCPDS 76-0940),
and the crystal development of the ZnO particles may be hinged on the DE support [35].
Figure 2B depicts the N, adsorption—description isotherm of raw DE, ZnO, and DE/ZnO-
LII composites, while Table 1 summarizes the textural characteristics. DE/ZnO-I and
DE/ZnO-II exhibited a standard type IV curve (IUPAC) classification; the small hysteresis
loop at a high relative pressure level indicates the presence of a mesoporous structure. This
is in agreement with the TEM observation which reveals the agglomerate structure of the
DE/ZnO composite [28,29].
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Figure 1. TEM image of raw DE (A), DE/ZnO-II (B), and EDS mapping image of DE/ZnO-II

composite (C).
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Figure 2. XRD pattern (A) and the BET isotherm (B) of ZnO and prepared DE/ZnO composite.

Table 1. The BET surface, pore volume, and pore size analysis.

Sample BET Surface Pore Volume Pore Size
(m?2/g) (ecm®/g) (nm)
DE 48.08 +2.132 0.25 + 0.06 2 1754 +1.61P
ZnO 228 +029°¢ 0.01 £0.04°¢ 12.17 +£0.89 ¢
DE/ZnO-1 15.88 + 1.72b 0.05+0.04b 18.42 4+ 1.81 b
DE/ZnO-II 1857 +1.41b 0.09 £ 0.05b 20.06 +2.112

Note: values in the same column followed by different uppercase letters within a column are significantly different
(p < 0.05) according to Duncan’s multiple range tests.

3.2. Characterization of the HDPE/DE/ZnO Injection Mold

Through EDS and SEM analyses, the existence of the DE/ZnO composite in the
HDPE injection mold was confirmed. In Figure 3, it can be observed that the surface of
the raw HDPE is smooth, in contrast to the surface of the injection mold containing the
DE/ZnO composite, which has a rough surface. Additionally, one can observe aggre-
gate elements all over the surface, which corresponds to the DE/ZnO composite, and the
EDS results show that Zn and Si elements are well dispersed all over the surface of the



Polymers 2022, 14, 5228

60f11

KBS 50KV 18 6mm x90 SE(M)

HDPE/DE/Zn0O2

KBS! 5.0kV 18.6mm x90 SE(M)

o
500um

test specimen [36,37]. Regarding thermal stability, Figure 4 shows the TGA and its first
derivative (DTG) curves. Compared with the injection molds made from neat HDPE, the
thermal stability of HDPE/DE/ZnO composites is greater, since neat HDPE decomposes
substantially at 480 °C, losing over 90% of its mass, whereas 4% HDPE/DE/ZnO shows
only approximately 80% mass loss in the same temperature range. Thermal analysis can
be associated with the minimum volume fraction of particles incorporated into the com-
posite, and the similar thermal properties of the matrix and composites suggest processing
conditions analogous to those of HDPE in a hypothetical industrial-scale production sce-
nario [38,39]. Table 2 displays the results of the Izod impact and stability test at freezing
temperatures. Increasing the DE/ZnO composite content increased the impact strength of
the composites. In addition, the impact strength at subzero temperatures remained nearly
unchanged between —40 and —60 °C. Because HDPE is a ductile material, it is possible for
the DE/ZnO composite to distribute the incoming stress equally and limit the probability
of additional fatigue crack extension [40,41]. Table 2 summarizes the mechanical properties
of HDPE and HDPE/DE/ZnO composites, including tensile strength, elongation at break,
and elastic modulus. Due to the increase in intermolecular and intramolecular chain in-
teractions of the HDPE matrix when mixed with the DE/ZnO nanocomposite, the HDPE
mechanical characteristics did not statistically alter in elongation at break. Moreover, it
could be assumed that the addition of DE/ZnO has no effect on the mechanical properties
of HDPE [42-44].

—
500um

[ rresee—|

500um 500um 500pm

Figure 3. FE-SEM with an EDS mapping image of the neat HDPE and HDPE/DE/ZnO injection mold.

3.3. Odor Test Minimization for the HDPE/DE/ZnO Injection Mold

The determination of the odor reduction test results is shown in Figure 5. From
these results, it can be concluded that the DE/ZnO composite has a high effect on HDPE
in reducing TMA up to 37.5% within 120 min, which is notably different from the test
specimen of pure HDPE. In this study, TMA was considered a representative volatile
chemical because it is primarily detected in seafood products, which meets the purpose of
the study. DE and ZnO can be utilized as affordable odor sensors capable of detecting the
freshness of foods and beverages because of their continual sensitivity to TMA. Due to its
physicochemical property and porous structure, DE has efficient adsorbent properties, and
it has been observed that it may effectively reduce the fishy odor during low-temperature
adsorption. In addition, ZnO may dissociate hydrogen in a heterogeneous manner, and a
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ZnO-tailored matrix would increase the number of positively charged volatile molecules
with high adsorbent material potential [45—48].
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34
e
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Figure 4. Thermogravimetric analysis (A) TGA and (B) DTG of the neat HDPE and HDPE/DE/ZnO
injection mold.
Table 2. Izod impact, stability at subzero temperature, trimethylamine deodorization, and mechanical
property test value.
Stability at Trimethylamine
Lzod Subzero Deodorization Test Tensil Elasti
z0 Temperature at 120 Min enstle Eloneati astic
gation
Sample Impact Gas Reduction Strength (%) Modulus
(/m) —40°C —60°C  Concentration Rate (MPa) (MPa)
(umol/mol) (%)
HDPE 51.00 + 2.14 ¢ X X 40.21 + 1.23°¢ 11.32 2594 + 1.782 54.25 + 3.792 048 + 0.17°
HDPE/DE/ZnO, 104.00 + 3.28 (@) O 34134 081" 1543 2629+ 1292 50.85+ 1.902® 0524+ 0482
HDPE/DE/ZnO4 164.00 +5.122 (¢} (¢) 2521 +0.372 37.51 2595+ 1222 4732 4+ 1.28b 058+ 0212

Note: values in the same column followed by different uppercase letters within a column are significantly different
(p < 0.05) according to Duncan’s multiple range tests. (x) indicates that the test specimen is altered during the
test, whereas (O) indicates that it remains stable.
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Figure 5. Trimethylamine deodorization test of the HDPE and HDPE/DE/ZnO injection mold.
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3.4. Antimicrobial Activity

The antibacterial activity of the synthesized DE/ZnO was investigated using the disc
diffusion method with E. coli and S. aureus culture suspensions; the findings are shown in
Table 3. Intriguingly, discs impregnated with DE/ZnO had a considerable surface area. This
also indicates that increasing the DE/ZnO content has the potential to increase antimicrobial
activity, which is considered to be a result of the combined effects of an increase in surface
area, the release of Zn ions onto the bacterial cell wall, and electrostatic interaction between
the surface and the microbial pathogens. To provide a more quantitative evaluation of
antimicrobial activity, the MIC and MBC values were obtained (Table 3). The injection
mold material with the lowest MIC and MBC values against E.coli and S. aureus samples
was chosen based on the results. The antibacterial characteristics of the injection-molded
HDPE/DE/ZnO composites were also explored. Neither E. coli nor S. aureus could be
inhibited by the pure HDPE sample. HDPE/DE and HDPE/ZnO were also produced to
assess the antibacterial efficacy of HDPE/DE/ZnO, but their antimicrobial potential is
insufficient due to agglomeration and poor dispersion in the HDPE matrix. In contrast,
the addition of DE/ZnO to the HDPE specimens significantly increased the antibacterial
activity. Specifically, the inclusion of DE/ZnO at a 4 wt% increased the antibacterial
response against S. aureus and E. coli by 1.5 and 1.3 log units, respectively. Based on these
findings, we can describe the mechanism behind ZnO composite antibacterial action by
referencing prior research [26,28,46]. The antibacterial action of metal particles is caused
by multiple processes, including the production of reactive oxygen species, the release
of cationic ions, and cell wall destruction. Numerous researchers have observed that,
in the case of ZnO and Zn?*, ions can penetrate bacterial cell walls and interact with
cytoplasmic material to kill bacteria [49,50]. We sought to clarify the interactions between
the ZnO composite and bacteria in the interface. It is well known that the cell walls
of bacteria have negative surface charges. According to our findings, the antibacterial
activity of the DE/ZnO composite may result from both the formation of ROS and the
consolidation or substitution of electrostatic contacts between ZnO particles and bacterial
cell membranes [51-54].

Table 3. Antimicrobial activity; the MIC and MBC activities against Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus).

Sample DE/ZnO HDPE HDPE/DE HDPE/ZnO HDPE/DE/ZnO, HDPE/DE/ZnO4
Inhibition zone (mm)
E. coli 10.12 £0.432 - - - - -
S. aureus 9.83 4 0.56 2P - - - - -
MIC (ug/mL)
E. coli 25.00 - - - - -
S. aureus 12.50 - - - - -
MBC (ug/mL)
E. coli 12.50 - - - - -
S. aureus 12.50 - - - - -
Antimicrobial activity (%)
E. coli 99.99 - 70.13 84.73 93.69 97.08
S. aureus 99.99 - 67.18 80.12 74.21 95.32

Note: values in the same column followed by different uppercase letters within a column are significantly different
(p < 0.05) according to Duncan’s multiple range tests.

4. Conclusions

The development of active packaging for seafood products is essential for the rapid
expansion of the aquaculture industry. Active packaging materials based on DE/ZnO com-
posites were developed in this study to improve their physical, chemical, and antibacterial
properties. The characteristic results indicated that DE/ZnO was properly synthesized
and disseminated in the HDPE sample. The addition of a DE/ZnO composite to HDPE
improved its impact strength and stability at subzero temperatures between —40 °C and
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—60 °C. Additionally, it reduced the volatile chemical TMA, which is prevalent in seafood
products. In addition, the antibacterial effectiveness of HDPE/DE/ZnO against both gram-
negative (E. coli) and gram-positive (S. aureus) bacteria was exceptional. Based on the
findings of this study, the use of this active packaging material for the production of pack-
aging for seafood products is an easily accessible and inexpensive modification strategy.
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