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Abstract

Seafood is usually stored in a refrigerated or frozen form; however, conventional cold packs (CCPs) provide limited 
cooling and may damage products. This study evaluated the growth of Listeria monocytogenes on vacuum-packed 
frozen mackerel (Scomber japonicus) fillets stored in conventional container boxes (CCBs) with CCPs and in 
newly developed container boxes (NDCBs) with newly developed cold packs (NDCPs). Fillets were spot inocu-
lated (2.0–2.5 log CFU/g) and stored for 72 h. In CCBs with CCPs, counts increased from 2.79–3.95 log CFU/g at 
2–24 h, reaching 4.94–7.95 log CFU/g at 36–72 h. In NDCBs with NDCPs, counts rose to 2.64 log CFU/g at 24 h 
(1.02 log CFU/g increase), followed by 1.41–3.74 log CFU/g increase at 36–72 h. The difference between systems 
was ~1 log CFU/g at 48 h, increasing to 1.48 log CFU/g at 72 h. Growth data (24–72 h) were fitted to a first-or-
der kinetic model, yielding D-values of 36.47 min (y = 0.0802x + 0.3127) for CCBs with CCPs and 41.70 min  
(y = 0.0565x + 0.1400) for NDCBs with NDCPs. These results evidenced that NDCBs with NDCPs reduced 
growth of L. monocytogenes by improving temperature control, demonstrating potential for safer seafood 
transport.
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Introduction

Seafood is a vital component of human diet, providing 
essential nutrients and contributing to human health. 
However, risks associated with contaminating biologi-
cal, chemical, and physical hazards are present. Among 

these risks, microbiological contamination is a significant 
concern (World Health Organization [WHO], 2007). 
Major bacteria transmitted through the seafood chain 
include Vibrio spp. (mainly V. cholera, V. parahaemolyt-
icus, and V. vulnificus), Clostridium botulinum, Yersinia 
spp., Salmonella spp., and Listeria monocytogenes 
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controlling the temperature during parcel delivery (e.g., 
frequent opening and closing of doors). Temperature 
fluctuations frequently occur during last-mile delivery, 
handling, and temporary storage, leading to cumulative 
thermal abuse even in frozen products. Cold-chain sys-
tems play a crucial role in maintaining the safety and 
quality of seafood products during storage and distri-
bution. Quantitative risk assessment models have been 
used to evaluate the behavior and exposure of L. mono-
cytogenes under various cold-chain conditions, and gra-
vad fish in normal-atmosphere packaging and hot- and 
cold-smoked fish in reduced-oxygen packaging were 
identified as the highest risk products (Gonzales-Barron 
et al., 2024a). These high-risk products share key char-
acteristics with vacuum-packed frozen fish, including 
reduced-oxygen conditions and extended cold-chain 
storage, under which L. monocytogenes may survive and 
potentially proliferate during temperature deviations. 
Lambrechts and Rip (2024) further emphasized that L. 
monocytogenes can persist throughout seafood process-
ing environments and cold-chain systems, demonstrat-
ing remarkable tolerance to refrigeration and a high 
potential for cross-contamination during handling and 
distribution.

Polystyrene boxes do not break down over time in water, 
creating thousands of microplastics that spread through-
out the ocean, endangering ocean animals for millennia 
(Barnes et al., 2009). Cold packs are composed of por-
table bags filled with water, a well-known natural sub-
stance that is safe for the environment. However, they 
can potentially damage the product or packaging because 
of the considerable amount of condensation produced 
during the defrosting process. In addition, they exhibit 
a relatively low cooling effect. Thus, sustainable packag-
ing is designed for reuse and recycling and is environ-
ment-friendly. More environment-friendly alternatives, 
such as plastic and polystyrene foam, are rapidly replac-
ing materials. Recent advances in sustainable packag-
ing reveal the increasing adoption of eco-friendly and 
antimicrobial materials, such as bio-nanocomposite 
films and biodegradable polymers, which contribute to 
microbial control in food systems (Hussain et al., 2024). 
In addition to these environmental considerations, reg-
ulatory and sustainability requirements are increasingly 
shaping packaging innovation. The expanded polypro-
pylene (EPP)-based container boxes developed in this 
study align with the EU’s Packaging and Packaging Waste 
Regulation (PPWR) and circular economy targets, which 
aim to reduce packaging waste, enhance recyclability, 
and promote a market for recycled content (European 
Commission, 2025a; 2025b). These regulatory and sus-
tainability frameworks highlight the necessity of adopt-
ing reusable, recyclable, and environment-compatible 
solutions in the seafood packaging industry.

(Novoslavskij et al., 2016). Among these, L. monocyto-
genes is commonly found in seafood-processing facilities 
and can survive and grow in ready-to-eat (RTE) food 
products stored at low temperatures (Gambarin et  al., 
2012). Contamination with L. monocytogenes presents 
a significant threat to high-risk populations, includ-
ing the elderly, pregnant women, newborn babies, and 
those with compromised immune systems, with mor-
tality rates as high as 20–30% (Choi et al., 2018; Tiensuu 
et al., 2019). The latest report from the European Food 
Safety Authority (EFSA) and the European Centre for 
Disease Prevention and Control (ECDC) for 2022 indi-
cated that the occurrence of L. monocytogenes was high-
est in fish (2.6%; n = 971) and fishery products (2.5%; 
n  = 842) sampled at production and distribution stages 
in the European Union (EU) Member State (European 
Food Safety Authority [EFSA] and European Centre for 
Disease Prevention and Control [ECDC], 2023).

Mackerel (Scomber japonicus) is a red-fleshed fish that 
is an abundant source of n-3 fatty acids, including eicos-
apentaenoic acid (EPA) (20:5n-3), docosahexaenoic acid 
(DHA) (22:6n-3), polyunsaturated fatty acids, peptides, 
and protein hydrolysates (Song et al., 2009). In addi-
tion, mackerel has a high lipid content. Spoilage of foods 
with a high lipid content occurs faster than that of other 
high-protein foods. This is due to numerous non-pro-
tein nitrogen components in muscles that are utilized by 
bacteria during the decomposition process (Cropotova 
et al., 2019). Thus, seafood is a common source of food 
poisoning, resulting in a spectrum of illnesses with vary-
ing degrees of severity, ranging from transient discomfort 
to persistent or life-threatening conditions (Goja et al., 
2016). The most common bacteria in fish reside on exter-
nal surfaces, such as the skin and gills, as well as in vari-
ous internal areas, including the digestive tract, kidneys, 
and organs such as the liver and spleen (Sheng and Wang, 
2021). Therefore, fresh fish are flash-frozen in filleted 
form for distribution purposes, with the sides of the fish 
cut away from the backbone (Nam et al., 2022). Freezing 
is an essential postmortem method for fish preservation 
and is considered the optimal approach for maintaining 
fish quality if the requisite care is exercised at each stage 
of the process (Foucat et al., 2001).

The use of cold-chain systems is increasing globally 
because of the increasing demand for chilled and frozen 
foods. The term ‘cold chain’ is used to describe the han-
dling and distribution of foodstuffs wherein the product 
is maintained at an appropriate temperature through-
out the harvesting, cooling, or freezing processes until it 
reaches the point of sale. However, in South Korea, fro-
zen fish products are commonly delivered in polystyrene 
boxes with conventional cold packs (CCPs), and home 
delivery cold chains may face challenges, particularly in 
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This study aimed to compare and evaluate the growth of 
L. monocytogenes on frozen mackerel fillets stored in con-
ventional container boxes (CCBs with conventional cold 
packs (CCPs and in newly developed container boxes 
(NDCBs with newly developed cold packs (NDCPs.

Materials and Methods

Sample preparation

Frozen mackerel fillets (S. japonicus) purchased from 
Tongyeong Traditional Market, South Korea, were used 
as a raw material in this study. The head, tail, and intes-
tines were removed, and the fish were cut into fillets. The 
fillets were stored frozen at –24°C for 12 h in the freezer 
warehouse of Gyeongsang National University. For the 
experiment, 12 time points were selected: 0, 2, 4, 6, 8, 10, 
12, 24, 36, 48, 60, and 72 h. At each point, measurements 
were conducted in triplicate (n = 3) to ensure sufficient 
replication and statistical reliability. Therefore, at stud-
ied 12 time points, the total number of samples per time 
point was three, providing robust experimental data.

Materials and properties of the newly developed 
container boxes and cold packs

A CCB (polystyrene box; Samil Co. Ltd., Hwaseong, 
South Korea) was purchased online, and CCPs 
were prepared from 100% water. The NDCBs 
were obtained from the National Plastic Company 

(Seoul,  South  Korea) and were composed of nylon, 
EPP, and polypropylene (PP). The NDCPs were sup-
plied by 3AC (Seoul, South Korea) and were formu-
lated with xanthan gum, water, and salt. NDCPs utilize 
an environment-friendly phase change material (PCM) 
designed to maintain the freshness of seafood. A sche-
matic diagram of the newly developed container boxes 
is shown on Figure 1.

Expanded polypropylene, the insulation material used 
in NDCBs, is produced by adding a blowing agent to 
PP, forming numerous independent closed cells. These 
microcellular air pockets serve as effective thermal barri-
ers that minimize heat transfer. The thermal conductivity 
of EPP ranges from approximately 0.034 to 0.040 W/m·K, 
which is comparable to that of expanded polystyrene 
(EPS; 0.032–0.038 W/m·K).

Polypropylene, the primary raw material of NDCBs, is a 
resin composed of 85.7% carbon (C) and 14.3% hydrogen 
(H), with a chemical formula C3H6.

Measurement of changes in temperature in CCBs with 
CCPs and in NDCBs with NDCPs over time

Internal temperatures in CCBs with CCPs and in NDCBs 
with NDCPs were measured using a wireless tempera-
ture logger (EBI 11; Ebro Co., Germany). Four CCPs 
were placed in CCBs under the same conditions as the 
NDCBs with NDCPs. Then, the containers were sealed 
and placed in a static incubator at 26.7 ± 0.5°C for 72 h.

Figure 1.  Schematic diagrams of conventional cold packs (CCPs), conventional container boxes (CCBs), newly developed 
cold packs (NDCPs), and newly developed container boxes (NDCBs) used in this study.

Commercial cold packs (CCPs) Commercial container boxes (CCBs)

Newly developed cold packs (NDCPs) Newly developed container boxes (NDCBs)
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Bacterial inoculation on sample surface

Samples were prepared for L. monocytogenes growth by 
cutting into 3.0 × 3.0 (length × width) pieces. To erad-
icate microbial contamination, surfaces of the samples 
were disinfected with 70% ethanol before inoculation. 
Subsequently, the samples were thoroughly air-dried to 
ensure complete evaporation of ethanol prior to inoc-
ulation. The control samples were not inoculated with 
L. monocytogenes.

The ATCC 19113 and ATCC 19117 strains of L. mono-
cytogenes were used in these experiments. The stock 
cultures were stored at –80°C in tryptic soy broth (TSB; 
Difco Laboratories, Detroit, MI, USA) containing 30% 
glycerol. Each strain (10 μL) was incubated in 5 mL 
of TSB at 30% for 24 h, after which centrifugation was 
performed at 5,400 rpm for 10 min at 4°C (SUPRA22K; 
Hanil Science Industrial Co., Daejeon, South Korea). This 
process was repeated twice to induce bacterial activation. 
The obtained pellets were resuspended in 9 mL of ster-
ilized NaCl solution (0.85%), and L. monocytogenes was 
mixed with each pellet.

The mackerel fillet samples were contaminated with L. 
monocytogenes via spot inoculation, with approximately 
100 μL of bacterial strain used for each spot. After inoc-
ulation, the samples were left in a biological safety cab-
inet (CHC Lab Co. Ltd., Daejeon, South Korea) for 1 h 
to absorb L. monocytogenes. The initial concentration of 
activated L. monocytogenes was approximately 2.0–2.5 
log CFU/g, which was within the range commonly used 
in previous studies to simulate low-level contamination 
in seafood products (Li et al., 2025).

Experiment conditions and bacterial analysis

The storage temperature of samples was set by referring 
to the recent average temperature of 26.7°C in August 
in South Korea (Korea Meteorological Administration 
[KMA], 2023). The experimental period ranged from 2 to 
72 h, which is the typical duration of home delivery. Each 
frozen mackerel fillet was sealed in a CCB with CCP and 
in an NDCB with NDCP. Three samples were analyzed 
per experiment, and each experiment was conducted 
twice. The temperature was adjusted and monitored 
periodically using thermometers inside and outside the 
refrigerator.

Samples in CCBs with CCPs and in NDCBs with NDCPs 
were placed in sterile bags (Labplus Inc., Sainte-Julie, 
Quebec, Canada), diluted 10-fold with 0.85% sterile NaCl 
solution, and homogenized using a stomper (Easy Mix; AES 
Chemunex, Rennes, France). Subsequently, the homog-
enized solution was diluted serially. The diluted samples 

(1 mL) were pour-plated in duplicate on tryptic soy agar 
(Difco Laboratories) and incubated at 30°C for 48 h.

Modeling of microbial growth during a storage period of 
24–72 h

The increase in microbial contaminants in frozen mack-
erel fillets stored in CCBs with CCPs and in NDCBs with 
NDCPs was modeled using first-order kinetics as follows:

0log . ,
2.303

N k t
N

=
(1)

where

• N0 is the initial microbial population (CFU);

• N represents the microbial population (CFU) in CCBs
with CCPs or NDCBs with NDCPs at time t;

• t is the exposure time (h); and

• k is the growth rate constant.

This first-order kinetic model assumes that microbial 
growth rate is proportional to the current population, 
and that environment conditions, such as tempera-
ture and packaging, remain constant during storage. 
Consequently, microbial increase can be characterized 
by a single rate constant k or its reciprocal, the D-value, 
which provides a quantitative measure of resistance to 
an applied lethal agent. The D-value, representing the 
time required for a 1-log (decimal) increase in microbial 
population, is calculated as D = 2.303/k.

Statistical analysis

The results are presented as the mean of three replicates 
± standard deviation (SD). One-way analysis of variance 
was performed using the SPSS software. All experiments 
were analyzed using Duncan’s multiple range test to iden-
tify differences in mean values. Statistically significant 
difference was tested at a 5% probability level (P < 0.05).

Results and Discussion

Growth patterns of L. monocytogenes in CCBs with 
CCPs and in NDCBs with NDCPs

Global fish production has exhibited consistent and 
sustained growth over the past five decades, with the 
food fish supply increasing at an average annual rate of 
3.2% (Food and Agriculture Organization [FAO], 2014). 
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prepared food products cannot be guaranteed by the use 
of cold storage temperatures. As stated by Wu (2008), 
damaged cells are equally important as undamaged bac-
teria, as they are resuscitated and subsequently resume 
normal growth.

The NDCP used in this study was formulated with food-
grade inorganic salts and xanthan gum, a natural poly-
saccharide widely used as a stabilizer, thickener, and 
emulsifier. This composition mimics the thermal prop-
erties of seawater, allowing for effective temperature 
regulation during transportation and storage of seafood 
products. Compared with conventional polymer-based 
cold packs, these biopolymer-based PCM packs are 
biodegradable, nontoxic, and environment-compatible, 
reducing both carbon footprint and potential environ-
mental contamination (Perera et al., 2023). The NDCBs 
are constructed using thermoplastic resins, including PP 
and EPP. Because PP and EPP share the same chemical 
composition, the assembled containers can be remelted 
and recycled, supporting circular economy practices 
(Agarwal et al., 2023). However, both PP and EPP are 
non-biodegradable materials and can take hundreds of 
years to decompose under natural environmental condi-
tions, highlighting the importance of recycling and reuse 
to minimize environmental impact. A comparison of 
environmental impact and cost of CCBs and NDCBs is 
summarized in Table 1.

This study aimed to investigate the growth patterns of  
L. monocytogenes in CCBs with CCPs and in NDCBs with 
NDCPs. To reduce background microbial contamination, 
ethanol was applied to the surface of fish samples prior 
to the inoculation of L. monocytogenes. However, residual 
ethanol on the sample surface could potentially inhibit 
bacterial growth by extending the lag phase or reducing 
the growth rate, thereby affecting the interpretation of 
results. To minimize this risk, the samples were allowed 

In South Korea, mackerel (S. japonicus) is the most pop-
ular fish, with a mean consumption of 3.25 g per capita 
per day (Korea Health Industry Development Institute, 
2020). Fish, particularly if sold in fresh form, has gained 
popularity because of its convenience for prepara-
tion and cooking. However, its high moisture content, 
near-neutral postmortem pH, and abundance of low-
molecular-weight compounds, such as free amino acids, 
make it highly susceptible to microbial growth and oxi-
dative deterioration (Amaral et al., 2021). Consequently, 
unexpected fluctuations in temperature or interruptions 
in food cold chain can negatively affect the safety and 
quality of food supply chain, resulting in consumer dis-
trust and increased generation of food waste. Seafood 
is typically store-refrigerated or frozen until purchase, 
and temperature is controlled through the provision 
of Styrofoam boxes or ice boxes. However, informa-
tion regarding temperature control measures employed 
during the transportation phase is lacking. Fresh raw fish 
must be handled and distributed correctly during sum-
mer when the temperature inside delivery vehicles rises 
significantly. 

Listeriosis is a relatively uncommon but potentially 
severe foodborne disease with a high incidence of hos-
pitalization and mortality. The causative pathogen, 
L. monocytogenes, has the potential to contaminate food-
stuffs through exposure to environmental sources or 
cross-contamination. RTE food products are identified 
as having the highest risk, as their processing and retail 
stages have the highest level of noncompliance (EFSA 
and ECDC, 2017). The recommended practices for pre-
serving these foods relate to the use of cold storage (US 
Food and Drug Administration [FDA], 2017); however, 
L. monocytogenes can grow at temperatures of 0–45°C, 
indicating a need for a more comprehensive approach for 
food conservation of RTE foods (UK Health Protection 
Agency, 2009). Therefore, in some instances, safety of the 

Table 1.  Comparison of environmental impact and costs of conventional container boxes (CCBs) and newly developed container boxes 
(NDCBs).

Category EPS (CCBs) EPP (NDCBs)

Recyclability Made of  thermosetting resin; limited recyclability Made of  thermoplastic resins; recyclable

Durability Fragile; easily broken Excellent resistance to impact and deformation

Lifetime/reuse Single use Long-term use; reusable for up to ~100 times

Disposal/environmental impact Large volume; difficult to recycle; may cause 
environmental pollution

Recyclable; reduced landfill, and incineration

Unit cost ~4,000 KRW ~20,000 KRW

Reuse count ~1 Time ~100 Times

Cost per use ~4,000 KRW ~200 KRW

Notes: EPS: expanded polystyrene; EPP: expanded polypropylene; KRW: South Korean Won (official currency of  South Korea).
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temperatures of CCBs with CCPs and NDCBs with 
NDCPs varied slightly during storage. Nevertheless, 
the model was applied primarily to compare the relative 
efficacy of the two packaging systems, rather than to 
obtain absolute growth predictions. Therefore, despite 
temperature fluctuations, the model provided meaning-
ful insights into the comparative performance of CCBs 
with CCPs and NDCBs with NDCPs in controlling L. 
monocytogenes growth. Although some bacteria can 
produce cold-shock proteins to grow at lower tempera-
tures, their adaptation process is slow and not condu-
cive to rapid growth. Immediate drop in temperature 
in NDCBs with NDCPs did not allow adequate time for 
the bacteria to adapt, resulting in an extended lag phase, 
rather than immediate proliferation. 

Under cold conditions, key enzymatic processes related 
to nutrient uptake and DNA replication operate less effi-
ciently, further suppressing bacterial growth and division. 
Collectively, these physiological responses help to explain 
delayed growth behavior observed under improved ther-
mal control conditions. In this context, the present study 
focused on microbial behavior and thermal performance 
to evaluate the food safety implications of different cold-
pack systems. Accordingly, sensory and general quality 
parameters, such as texture, drip loss, and color, were not 

to air-dry completely to ensure that the ethanol was fully 
evaporated before inoculation. The growth of L. monocy-
togenes increased significantly (P < 0.05) during storage 
for 3 days (2–72 h) in CCBs with CCPs and in NDCBs 
with NDCPs (Figure 2). In CCBs with CCPs, the L. mono-
cytogenes count was initially recorded at 2.64 log CFU/g. 
The range observed for storage time of 2–24 h was 
2.79–3.95 log CFU/g, representing an increase of 1.16 log 
CFU/g. Subsequently, the count notably increased from 
36 h of storage to the final 72 h, reaching 4.94, 6.02, 6.56, 
and 7.95 log CFU/g.

Meanwhile, in NDCBs with NDCPs, the growth 
rate was 2.64 log CFU/g, indicating an increase of 
1.02 log CFU/g after 24 h of storage. This further 
increased by 1.41, 2.22, 2.75, and 3.74 log CFU/g from 
36 h to 72 h of storage. The mean difference between 
CCBs with  CCPs and NDCBs with NDCPs was 0.20 
log  CFU/g (equivalent to [0.04+0.07+0.11+0.15+0.26+
0.20+0.19+0.20]/6) over 24 h of storage. After 48 h of 
storage, a difference of approximately 1 log CFU/g was 
observed between CCBs with CCPs and NDCBs with 
NDCPs. After 72 h, the difference increased to 1.48 
log CFU/g. Although the first-order kinetic modeling 
(see Section 2.5. Experiment conditions and bacterial 
analysis) assumed constant temperature, the internal 

Figure 2.  Growth patterns of Listeria monocytogenes in frozen mackerel fillets during 3 days of storage. Two packaging sys-
tems were compared: a conventional cold box with conventional cold packs (CCBs with CCPs) and a newly developed cold box 
with newly developed cold packs (NDCBs with NDCPs). * indicates a significant difference between two packaging systems 
(t-test, P < 0.05) during storage from 24 to 72 h.
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Notably, the results may vary depending on several 
factors, including shape of the sample, material of the 
shipping container, and the number of ice packs used. 
According to FDA (2021) and EFSA (2015) cold-chain 
standards, refrigerated seafood should be maintained 
at 0–5°C and frozen seafood at below –18°C during 
storage and transportation. 

From an industrial perspective, the practical implemen-
tation of NDCBs with NDCPs would require integra-
tion with the existing cold-chain management practices, 
including routine temperature monitoring, data log-
ging, and compliance with international food safety 
standards, such as those established by both FDA and 
EFSA. Continuous or time–temperature monitoring is 
particularly important to verify that critical tempera-
ture thresholds are maintained throughout storage 
and distribution. Although the internal temperatures 
of both systems increased gradually during storage, 
NDCBs with NDCPs exhibited a slower increase in 
temperature and superior insulation performance, sug-
gesting its potential for compliance with international 
cold-chain requirements and practical applicability in 
seafood logistics. 

included. While microbial safety represents a fundamen-
tal prerequisite in seafood logistics, future studies inte-
grating sensory and physicochemical quality assessments 
are necessary to evaluate fully the practical suitability of 
cold-pack systems.

In this study, the internal temperatures of CCBs with 
CCPs and NDCBs with NDCPs were measured. Table 2 
presents the temperatures recorded at 2-h intervals 
during 72 h of storage at approximately 26.7 ± 0.5°C. The 
initial internal temperatures were 7.29°C for CCBs with 
CCPs and 5.23°C for NDCBs with NDCPs. Although fro-
zen fillets were used, these initial temperatures reflect 
realistic shipping conditions: when fillets are placed in 
a styrofoam box with cold packs and sealed, the internal 
temperature of the box does not start at 0°C. It should 
be noted that the temperatures reported in this study 
correspond to the internal air temperature within the 
container rather than the core temperature of fish fillets. 
In general, the core temperature of frozen fish changes 
more slowly and is expected to remain lower than the 
surrounding air temperature because of its higher ther-
mal mass. For CCBs with CCPs, the internal tempera-
ture increased by approximately 4°C after 2 h, reaching 
12.24°C, and further increased to 9.38°C, 12.83°C, and 
14.85°C at 4, 6, and 8 h, respectively. From 24 to 72 h, the 
temperature remained relatively stable between 24.77°C 
and 24.92°C (P > 0.05). 

In contrast, NDCBs with NDCPs exhibited an initial 
lower temperature of 5.23°C, which gradually increased 
to 5.83°C, 7.09°C, and 9.03°C after 2, 4, and 6 h, respec-
tively. After 8 h, the temperature reached 12.43°C, sim-
ilar to the 2-h temperature of CCBs with CCPs. The 
temperature continued to rise, reaching 24.46°C at 
72 h, approximately 0.5°C lower than that of CCBs with 
CCPs. These results suggest that NDCBs with NDCPs 
possess excellent moisture and thermal barrier prop-
erties, allowing them to maintain lower internal tem-
peratures for extended periods. Such an environment 
inhibits bacterial growth, particularly of pathogenic 
bacteria, and indicates that NDCBs with NDCPs could 
be effectively used for the storage and transport of sea-
food, especially when combined with other preserva-
tion methods. 

This was correlated with studies conducted by Park 
et al. (2020), wherein changes were examined in 
the internal temperature of paper boxes, aluminum 
film-coated boxes, and Styrofoam boxes (condition: 
27.7°C). The authors measured the change in tempera-
ture after 3 h and found that the temperature in paper 
boxes increased from an initial 22.8°C to 28.4°C, and 
that in aluminum film-coated boxes, it increased from 
21.7°C to 23.1°C, whereas that in the styrofoam boxes 
the temperature decreased from 19.8°C to 17.4°C. 

Table 2.  Comparison of changes in temperature in a conventional 
cold box with conventional cold packs (CCB with CCPs) and a 
newly developed cold box (NDCB) with newly developed cold packs 
(NDCBs with NDCPs) during 3 days of storage.

Time
(h)

Temperature (c)

CCBs with CCPs NDCBs with NDCPs

0 7.29 ± 0.17h,A 5.23 ± 0.05l,B

2 12.24 ± 0.12g,A 5.83 ± 0.15k,B

4 16.67 ± 0.05f,A 7.09 ± 0.15j,B

6 20.12 ± 0.11e,A 9.03 ± 0.09i,B

8 22.14 ± 0.15d,b,A 12.43 ± 0.12h,B

10 23.26 ± 0.12c,b,A 17.05 ± 0.10g,B

12 24.16 ± 0.12b,A 20.10 ± 0.12f,B

24 24.77 ± 0.15a,A 21.85 ± 0.12e,B

36 24.79 ± 0.08a,A 22.88 ± 0.08d,B

48 24.85 ± 0.15a,A 23.55 ± 0.09c,B

60 24.91 ± 0.16a,A 24.15 ± 0.05b,B

72 24.95 ± 0.14a,A 24.46 ± 0.14a,B

Notes: Two packaging systems were compared: CCBs with CCPs 
and NDCBs with NDCPs.
The data indicate mean values with standard deviations (three 
samples/treatment).
Within the same column, mean values with different superscript 
alphabets (a–h) for CCBs with CCPs and (a–l) for NDCB with NDCPs 
differ significantly (P < 0.05) by Duncan’s multiple range test.
Values with different superscript alphabets in the same row are 
significantly different (P < 0.05) by t-test.
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seamless integration into emerging cold-chain distribu-
tion networks.

Effect of CCBs with CCPs and NDCBs with NDCPs on 
L. monocytogenes in frozen mackerel fillets in terms of 
D-values

First-order reaction models are used to describe a decline 
in microbial populations or the kinetics of microbial 
inactivation. Recent work in predictive microbiology and 
microbial risk assessment has integrated dynamic tem-
perature profiles and risk modeling tools to better predict 
the behavior of L. monocytogenes under non-isothermal 
conditions (Deng et al., 2025; Skandamis et al., 2025). In 
seafood-specific contexts, Gonzales-Barron et al. (2024b) 
developed a quantitative risk assessment model for RTE 
smoked and gravad fish, demonstrating how predictive 
models can link temperature fluctuations with microbial 
growth behavior. In comparison, vacuum-packed fro-
zen mackerel stored in NDCBs with NDCPs exhibited 
slower growth of L. monocytogenes. Reported contamina-
tion prevalence is higher in gravad (~52.2% lot contam-
ination) and smoked fish (~34–39%) (Gonzales-Barron 
et al., 2024b). 

In this study, a first-order kinetic model was employed 
to quantitatively evaluate cooling performance and 
microbial response during storage. Decimal reduc-
tion time (D-value) by first-order kinetics is currently 
the most widely accepted method for determining the 
rate of microbial inactivation. Modeling of reduction 
dynamics provides useful information for quantita-
tive microbial risk assessment. It also provides a tool to 
compare the importance of different process technol-
ogies for reducing microbial population (Berk, 2018). 
Thus, the first-order kinetic model was used to fit the 
growth curve of L.  monocytogenes in frozen mackerel 
fillets stored in CCBs with CCPs and in NDCBs with 
NDCPs (Equation 1, Section 2.6.). The experimental data 
obtained were analyzed in a linear form from 24 h to 72 h 
of storage and are presented in Table 3. 

Correlation coefficient (R2) of determination closer to 
1 implies that the reduction patterns are well explained 
using the first-order kinetics. All R2 values were close to 
1.0 (0.99 for CCBs with CCPs, and 0.98 for NDCBs with 
NDCPs), confirming that the model had a very good fit 
for growth curves. Residuals between observed and pre-
dicted values were generally small across all time points 
(±0.2 log CFU), indicating that the first-order model 
accurately described growth of L. monocytogenes under 
both storage conditions. In this study, the 90% reduc-
tion time (D-value) for growth in CCBs with CCPs 
and in NDCBs with NDCPs was 36.47 and 41.70 min, 
respectively. 

It should be noted that the temperatures measured in 
this study represent internal air temperatures inside 
container boxes, and tend to be higher than the core 
temperature of the seafood itself. If the core tempera-
ture of fish fillets were measured directly, lower tem-
perature would be probably observed. In this study, we 
developed an eco-friendly refrigerant pack (NDCPs) 
and an insulated container (NDCBs) as sustainable 
alternatives to conventional cooling systems. The 
NDCBs were fabricated using PP and EPP, both of 
which exhibit superior mechanical and thermal prop-
erties. PP is widely applied in various consumer and 
industrial products because of its ease of cleaning, 
reusability, and high rigidity even at reduced thick-
ness. In addition, EPP provided enhanced thermal 
insulation and cushioning capacity without generat-
ing debris during usage, thereby overcoming the well-
known limitations of EPS. These material advantages 
enable the container to be reused and recycled, high-
lighting its eco-friendly characteristics. 

Furthermore, NDCPs were formulated with xanthan 
gum, water, and salt, which are nontoxic and biode-
gradable, offering a safer and more sustainable sub-
stitute for petroleum-based refrigerant gels. Taken 
together, the developed system demonstrates the 
potential to address the environmental concerns asso-
ciated with disposable refrigerants and polystyrene 
containers while maintaining practicality and func-
tional efficiency. In addition, the experimental setup 
was designed to enable a controlled comparison of 
packaging systems and therefore did not simulate cer-
tain real-world distribution factors, such as repeated 
door openings, handling-induced vibrations, or trans-
portation dynamics. While this controlled approach 
allowed for a reproducible evaluation of thermal per-
formance and microbial response, it may not fully 
capture the variability and complexity of conventional 
cold-chain environments. Accordingly, future stud-
ies incorporating dynamic temperature fluctuations, 
mechanical stress, or field-based distribution trials are 
warranted to further enhance the applicability of these 
findings to real-world cold-chain systems.

Recently, owing to the glaring impacts of climate 
changes, the same-day delivery packaging, increasing 
direct-to-consumer purchasing models, government 
and legal regulations, and the global pandemic, people 
have recognized the negative effects of over-packaging 
and the continued use of non-recyclable, non-reusable 
packaging. To mitigate these environmental impacts, the 
use of NDCBs with NDCPs demonstrated superior ther-
mal performance, compared to CCBs with CCPs, which 
may reduce environmental contamination. Moreover, 
the system shows promising future market potential, 
scalable production capabilities, and the possibility for 
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in vacuum-packed frozen mackerel fillets stored in 
NDCBs with NDCPs, compared to CCBs with CCPs. 
After 48 h of storage, a difference of approximately 1 log 
CFU/g was observed between the two packaging systems, 
which increased to 1.48 log CFU/g after 72 h. A first-or-
der kinetic model applied to storage periods from 24 h to 
72 h showed 90% D-values of 36.47 ± 0.04 min for CCBs 
with CCPs and 41.70 ± 0.06 min for NDCBs with NDCPs, 
demonstrating the model’s effectiveness in assessing 
microbial growth under different cold-chain conditions. 
Temperature control during transport is a critical determi-
nant of food safety and quality, as fluctuations can signifi-
cantly influence microbial behavior and product’s shelf life. 
Accordingly, the use of NDCBs with NDCPs in real-scale 
transport may suppress the growth of L. monocytogenes by 
minimizing temperature variability during distribution, 
thereby contributing to the extension of frozen fish’s shelf 
life and the delivery of high-quality products. The novelty 
of this study does not lie in the use of cold packs, but in 
the comparative microbial risk assessment of eco-designed 
cold-chain systems under real-scale transport conditions. 
By quantitatively linking temperature control performance 
with growth kinetics of L. monocytogenes, this study pro-
vides new insights into the food safety implications of sus-
tainable cold-chain design.
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Despite the high fit of the first-order model to the 
observed data, this study was limited to frozen mackerel 
fillets under specific cold-pack and container conditions. 
The applicability of the model to other fish species, storage 
temperatures, or commercial-scale processes has not been 
validated. Additionally, only the first-order kinetic model 
was applied, which may not fully capture more complex 
microbial growth patterns. These limitations should be 
considered when interpreting the results and applying 
them to seafood safety management. In future research, 
regression-based predictive models could be incorporated 
to describe L. monocytogenes growth as a function of tem-
perature and time under fluctuating storage conditions 
(Baranyi and Roberts, 1994). Establishing such quantita-
tive relationships between internal temperature profiles 
and microbial growth rates would enable the more accu-
rate prediction of microbial risks associated with varying 
cooling performances of different containers. 

The experimental scope of this study was limited to 
vacuum-packed frozen mackerel (Scomber japonicus) 
fillets under specific container and cold-pack conditions; 
therefore, the findings may not be directly extrapolated 
to other seafood species, processing types, or storage 
scenarios. In addition, the experiments were conducted 
under controlled laboratory conditions, which may not 
fully represent the variability and complexity of commer-
cial cold-chain systems. Finally, although the first-order 
kinetic model provided a good fit to the observed data, 
it may not capture more complex microbial growth 
behaviors under non-isothermal conditions, and caution 
is required when applying these results to commercial 
cold-chain settings.

Conclusions

This study demonstrated that maintaining cold tempera-
tures effectively reduced the growth of L. monocytogenes 

Table 3.  D-values representing the time required for Listeria monocytogenes growth in frozen mackerel fillets stored in a conventional cold 
box with conventional cold packs (CCBs with CCPs) and a newly developed cold box with newly developed cold packs (NDCBs with NDCPs) 
during 3 days of storage (24–72 h).

Equation of the first-order kinetic model

CCBs with CCPs y = ax + b y = 0.0802x + 0.3127

Correlation coefficient (R2) 0.99

D-value (h) of  storage time 36.47 ± 0.04b

NDCBs with NDCPs y = ax + b y = 0.0565x + 0.1400

Correlation coefficient (R2) 0.98

D-value (h) of  storage time 41.70 ± 0.06a

Note: Two packaging systems were compared: CCBs with CCPs and NDCBs with NDCPs. 
D-value: Decimal reduction time represents the time required for a 1-log (decimal) increase in microbial population.
Different superscript alphabets in a column (a–b) are significant differences by one-way ANOVA performed by t-test with 5% probability.
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