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Abstract

This study investigated the antimicrobial efficacy, biodegradability, and cytotoxicity of
carvacrol-infused hemicellulose/methylcellulose (HB/MC)-based coating solutions and
films for active food packaging applications. Micro-emulsified (M) and coarse (C) HB/MC
solutions with 1 or 2% carvacrol (Car) were investigated. Their antimicrobial proper-
ties were evaluated by applying the solutions directly to eggshell surfaces (coating) or
headspace (film). Against Salmonella enterica, the 2% carvacrol micro-emulsified coat-
ing (HB/MC+Car-2%/M) produced the greatest bacterial reduction, reaching 8.35 log10

units relative to the untreated control by Day 7. Under the same conditions, the corre-
sponding coarse-emulsified coating (HB/MC+Car-2%/C) achieved a 2.10-log10 reduction.
When evaluated as a headspace-active film, HB/MC+Car-2%/M achieved a 6.28-log10

reduction, demonstrating the superior antimicrobial performance of the direct-contact
micro-emulsified coating. Biodegradability, assessed via biochemical oxygen demand
(BOD), evidenced 100% biodegradation for all formulations under aerobic conditions. The
highest BOD value was observed in HB/MC+Car-2%\M, indicating elevated microbial
activity. Cytotoxicity evaluation using the MTT assay confirmed that all coating solutions
were non-toxic, with HB/MC+Car-2%\M promoting the highest cell viability across tested
concentrations. These results demonstrated that industrial crops and by-products could
be used as carriers for bioactive agents via a micro-emulsification step, thereby signifi-
cantly enhancing the functional performance of plant-based materials, offering a promising
route for developing safe, biodegradable, and plant-based antimicrobial coatings and
packaging materials.

Keywords: plant-based; biocompatibility; cytocompatibility; sustainable food packaging;
essential oils; food application

1. Introduction
Foodborne illnesses and food spoilage continue to pose major global challenges to food

security, public health, and environmental sustainability. In the United States, foodborne
pathogens, including Salmonella spp., Listeria monocytogenes, and Escherichia coli O157:H7,
are responsible for millions of illnesses annually and impose substantial economic bur-
dens [1–3]. Among these, Salmonella enterica is one of the leading causes of foodborne
disease and is frequently associated with eggs and egg products. A recent outbreak of
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Salmonella enteritidis infections linked to eggs was reported across ten U.S. states, resulting
in 134 confirmed cases, 38 hospitalizations, and one death (FDA, 2025) [4]. Food con-
tamination by Salmonella and other foodborne pathogens often results in product recalls,
contributing substantially to food loss, economic costs, and environmental impacts [5]. It
has been estimated that approximately 1.3 billion tons of food are wasted annually world-
wide, representing 30–40% of total food production and contributing more than 4 gigatons
of CO2 emissions each year [6,7].

Conventional food packaging materials, primarily petroleum-based plastics, have
long been used to preserve food quality and prevent microbial contamination. However,
their resistance to degradation and accumulation in ecosystems has raised serious environ-
mental concerns [8,9]. In response, biopolymers derived from renewable resources, such as
hemicellulose, a plant-based heteropolysaccharide, have emerged as promising alternatives
due to their biodegradability, renewability, and film-forming capabilities [10–12]. Despite
these advantages, hemicellulose-based films often exhibit poor mechanical strength, limited
barrier properties, and insufficient antimicrobial activity, which severely constrain their
broader application in active packaging systems [13–15].

To overcome these limitations, researchers have explored incorporating natural an-
timicrobial agents into biopolymer matrices. Carvacrol, a phenolic compound known as
5-isopropyl-2-methylphenol, is produced by a wide variety of plants, such as Thymus, Cori-
dothymus, Oreganum, Satureja, Lippia, and Thymbra. It exists in a liquid state, is insoluble in
water, and has demonstrated potent antimicrobial activity against various types of spoilage
microorganisms and foodborne pathogens [16–19]. Carvacrol is certified as Generally
Recognized as Safe (GRAS) and approved for use in food-contact applications [20–22]. It
has been successfully incorporated into various biopolymer films to enhance antimicrobial
activity, inhibit microbial growth, and prolong food shelf life [23–25]. However, its effec-
tiveness depends heavily on the dispersion of an active agent within the polymer matrix.
Conventional mixing methods often result in an uneven distribution, compromising antimi-
crobial performance. In contrast, micro-emulsification and high-pressure homogenization
techniques have shown promise in achieving uniform dispersion of hydrophobic com-
pounds such as carvacrol, thereby improving the film’s antibacterial functionality [26–28].

Our recent interventions [29–31] demonstrated that hemicellulose-based films incorpo-
rating carvacrol via micro-emulsification exhibited superior antimicrobial activity, reduced
gas and moisture transmission, and improved mechanical properties compared to those
prepared with coarse emulsions. Beyond antimicrobial efficacy, the biodegradability of
packaging materials is essential for reducing environmental impact. Hemicellulose-based
films have shown favorable degradation behavior under aerobic soil conditions [32,33]. Ad-
ditionally, ensuring cytocompatibility is critical for materials intended for direct or indirect
contact with biological surfaces. Cytotoxicity assessments provide valuable insights into
the safety of bioactive formulations [34–36].

Recent innovations in biopolymer coatings [37–39] have also explored multifunc-
tional enhancements, such as antioxidant and antifogging properties, to improve food
preservation and consumer appeal. For example, p-coumaric acid-grafted chitosan coat-
ings [40] have demonstrated transparency, antimicrobial efficacy, and antioxidant activity,
highlighting the potential of integrating natural compounds into polymer matrices.

Building on these advancements [41,42] and our recent work [29–31], the present study
was to investigate the use of industrial crops to carry nano/micro scale of antimicrobials
and their applications, specifically, the formulation of hemicellulose-based coatings and
films incorporating carvacrol, followed by their application in antimicrobial egg coating
and in the production of biodegradable films. These formulations were evaluated for
their antimicrobial efficacy, cytotoxicity, and biodegradation performance in the soil. By
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integrating natural antimicrobial agents into biodegradable matrices, this work contributes
to the utilization of industrial crops and the development of eco-functional packaging
materials that support both food safety and environmental sustainability.

2. Materials and Methods
2.1. Materials

Grade A chicken eggs, each weighing ~60 g, were purchased from a local grocery
store. Only eggs without cracks were selected. Eggs were stored in a refrigerator at 4 ◦C
and allowed to reach room temperature (22 ◦C) before use. Eggs were first cleaned with tap
water, then sanitized with 70% ethanol, and finally artificially inoculated with Salmonella
enterica. Carvacrol (Car, 95%), glycerol (G), methylcellulose (MC), high methoxyl pectin
(HMP), Hemicellulose B (HB), and pea protein isolate (PPI) were used in this study, and
their resources and production information are detailed in our previous publications [29,30].

2.2. Preparation of HB/MC-Based Emulsions with Carvacrol

The blended formulations were prepared as described in our recent publica-
tions [29,30]. The formulations were used for both coating solutions and film fabrication
Table 1. Each component was individually dispersed in deionized (DI) water at 20 ◦C, fol-
lowed by the addition of carvacrol at the final stage of mixing. Coarse emulsions (average
particle sizes of 11.59 µm) were prepared after mechanical stirring and degassing using a
FlackTek mixer (FlackTek Manufacturing, Landrum, SC, USA) operating at 1500–2000 rpm.
These emulsions were then processed by high-pressure homogenization (HPH) using an
EmulsiFlex-B3 homogenizer (Avestin Inc., Ottawa, ON, Canada) at 138 MPa (20,000 psi)
for 2 cycles, yielding micro-emulsions (average particle sizes of 1.23 µm). The completed
coating emulsions were not subjected to heat sterilization because heating could alter the
polymer structure and promote carvacrol loss; instead, they were prepared aseptically
using sterile deionized water and sterilized equipment. The resulting emulsions were used
to coat eggs or cast into thin films to assess their antimicrobial activity, cytocompatibility,
and biodegradability, as described below.

Table 1. Composition of the hemicellulose/methylcellulose-based formulations used for coating-
solution preparation and film fabrication. Data were adapted from Hussain et al. [29]. All components
are expressed as % (w/w), except carvacrol, which is expressed as % (v/v).

Sample Code HB MC Pectin (HMP) Pea Protein
Isolate (PPI) Glycerol (G) Carvacrol (%, v/v)

HB/MC (control) 88.4 10 0.1 0.5 1.0 0.0

HB/MC+Car-1%\C 88.4 10 0.1 0.5 1.0 1.0

HB/MC+Car-1%\M 88.4 10 0.1 0.5 1.0 1.0

HB/MC+Car-2%\C 88.4 10 0.1 0.5 1.0 2.0

HB/MC+Car-2%\M 88.4 10 0.1 0.5 1.0 2.0
Abbreviations: C, coarse-emulsified formulation; M, micro-emulsified formulation.

2.3. Film Casting and Drying

For film preparation, each emulsion (coarse and micro, 30 g) was poured into 100 mm
Teflon Petri dishes. The samples were dried for approximately one week, or until the final
film weights ranged from 1.05 to 1.10 g, as described in our previous publications [29,30].
Once dried, the films were carefully peeled off and stored in Ziploc bags within desiccators
for further analysis. Films derived from coarse emulsions were labeled as C-films, while
those from micro-emulsions were designated as M-films.
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2.4. Preparation of Bacterial Cultures

Two strains of Salmonella enterica serotype Typhimurium (ATCC 53647 and ATCC
53648) were obtained from the culture collection of our research center (Wyndmoor, PA,
USA). To create working stocks for experiments, the cultures were revived and incubated at
37 ◦C for 18 h. Bacterial cells were harvested by centrifugation, washed with sterile water,
and pooled to create a uniform suspension. The final bacterial concentration was adjusted
to approximately 8 log10 CFU/mL.

2.5. Egg Inoculation Procedure Using Salmonella Cocktail

A bacterial cocktail was prepared by combining equal volumes of two Salmonella
enterica serotype Typhimurium strains, which had been previously cultured and preserved
as described in Section 2.4. A two-strain cocktail was used to better represent strain-to-
strain variability and to provide a more robust evaluation of the antimicrobial efficacy of
the coating formulations under conditions representative of potential food contamination.
The use of multi-strain inocula is a common practice in food microbiology to minimize
strain-specific responses and improve the robustness of antimicrobial efficacy assessments.
Each egg was inoculated with 100 µL of the prepared bacterial suspension using a spot
inoculation technique. The inoculum was distributed across ten evenly spaced spots within
a defined area of approximately 7.25 cm2 on the eggshell surface to promote uniform
drying. Inoculated eggs were then air-dried in a biohood at room temperature for 3 h to
facilitate bacterial adhesion.

2.6. Coating and Film Application and Antimicrobial Testing

To assess the antimicrobial activity of the coatings and films, two complementary
methods were employed: direct coating and headspace release assays, adapted from
previously established protocols [29–31,42].

For direct coating, each inoculated egg was coated with 1 mL of the test emulsion (as
listed in Table 1) using a sterile fine-bristle brush to ensure even and consistent coverage
across the shell surface of inoculated spots. Eggs without any coating served as untreated
controls. All samples were air-dried in a biohood at room temperature (~22 ◦C) for 3 h
prior to microbiological analysis or storage tests.

In the headspace release assay, films cast in 100 mm Petri dishes (total area ≈ 78.5 cm2;
dry mass 1.05–1.10 g) were cut into two equal halves. One half-film (≈39.3 cm2; 0.52–0.55 g)
was attached to the inner wall of each sterile egg carton housing three inoculated eggs,
ensuring the film did not make direct contact with the eggs. This configuration enabled
volatile antimicrobial compounds released from the films to diffuse through the container
headspace and interact with bacteria present on the eggshell surface. All egg samples were
stored in commercial egg cartons at 7 ◦C until microbiological analysis.

2.7. Microbiological Analysis

Microbial testing was performed at three time points: Days 1, 3, and 7 post-treatment.
At each sampling time, eggs were aseptically cracked, and their contents were discarded.
A representative portion of the eggshell was transferred into a sterile 50 mL centrifuge
tube. The shell was crushed using a sterile glass rod, and 30 mL of sterile 0.1% peptone
water was added. Samples were vortexed for 2 min to release bacteria from the shell
surface. From each homogenized sample, 1 mL was withdrawn and serially diluted 10-fold.
Aliquots (100 µL) of appropriate dilutions were surface-plated on Xylose Lysine Tergitol
4 agar (XLT4), a selective medium for Salmonella spp. Plates were incubated at 37 ◦C for
24 h, and colony-forming units (CFU) were counted to assess bacterial survival. Based on

https://doi.org/10.3390/coatings16080911

https://doi.org/10.3390/coatings16080911


Coatings 2026, 16, 911 5 of 16

plating 100 µL of the undiluted eggshell suspension, the theoretical detection limit of the
enumeration method was 10 CFU/mL (1.0 Log CFU/mL).

Microbial reductions were calculated relative to the corresponding untreated control
at each sampling time using the following equation:

Log reduction = log10(N-control) − log10(N-treatment)

where N-control is the bacterial population recovered from the untreated control, and
N-treatment is the bacterial population recovered from the treated sample, both expressed
as CFU/mL. A positive value indicates a reduction in the bacterial population relative to
the untreated control.

Peptone water without an eggshell sample was used as a negative control to confirm
the absence of background contamination.

2.8. Biodegradability Evaluation of Hemicellulose-Based Films

The biodegradation potential of hemicellulose-based films was assessed using a
respirometric method in accordance with ISO 17556:2019 standards. OxiTop® Control
S6 system (WTW-Xylem, Rye Brook, NY, USA) was used to monitor oxygen consumption
during aerobic degradation in soil, measuring biochemical oxygen demand (BOD) as an
indicator of microbial activity and material breakdown. The test system consisted of twelve
510 mL glass bottles, each fitted with rubber quivers and pressure-sensitive measuring
heads capable of detecting changes between 500 and 1350 hPa with 1% accuracy over a
temperature range of 5 to 50 ◦C. An integrated OC 110 controller facilitated data communi-
cation and monitoring throughout the experiment. The biodegradation medium consisted
of locally sourced garden soil with high humus content from Wyndmoor, PA. The soil was
sifted and dried, with properties standardized to 5% moisture content (ISO 11274), pH 6.0
(ISO 10390), and particle size below 2 mm. Each bottle was loaded with hemicellulose-
based film (200 mg), prepared soil (200 g), and distilled water (50 g). The containers were
hermetically sealed and placed at 25 ◦C. Oxygen consumption was recorded over 153 days
to capture long-term biodegradation dynamics. Although the respirometric incubation was
conducted for 180 days, all formulations reached a biodegradation plateau (Dt ≈ 100%)
by Day 153; therefore, Day 153 was used as the reporting endpoint for BOD/TOD and Dt

calculations.
The BOD for each bottle was determined using the following formula:

BOD = (BODx − BODg)/c

where BOD is the biochemical oxygen demand of the test material (mg O2 g−1 film), BODx

represents the oxygen demand of the complete system (soil + film) (mg O2), BODg accounts
for the baseline oxygen demand of the soil (mg O2), without the sample, and c is the
concentration of the hemicellulose film in the test system (g).

The degree of biodegradation (Dt) of the hemicellulose-based film was then deter-
mined using the equation:

Dt = BODS/TOD × 100

where Dt is the degree of biodegradation (%), BODS is the biochemical oxygen demand of
the sample (mg O2 g−1 film), and TOD is the theoretical oxygen demand (mg O2 g−1 film).

Biodegradation percentages were calculated following the principles of ISO 17556:2019.
Because complete mineralization cannot exceed the theoretical oxygen demand (TOD) of
the test material, calculated biodegradation values exceeding 100% were normalized to
100% for reporting purposes. Slightly elevated BOD values relative to TOD may result
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from microbial priming effects, background soil organic matter mineralization, or normal
experimental variability rather than biodegradation of the test material alone.

The theoretical oxygen demand (TOD) for each formulation was calculated from the
elemental composition of the films, determined based on their known chemical constituents
(hemicellulose, methylcellulose, pectin, pea protein isolate, glycerol, and carvacrol). TOD
was then calculated using the following equation:

TOD = 16[2C + 0.5H − O]/Mn

where TOD is the theoretical oxygen demand (mg O2 g−1 film), C, H, and O are the mass
fractions of carbon, hydrogen, and oxygen (g g−1, dimensionless), respectively, and Mn is
the molecular weight (g mol−1).

This methodology enabled a quantitative assessment of the film’s biodegradabil-
ity, providing insight into its environmental decomposition behavior under simulated
soil conditions.

2.9. Cytotoxicity Assessment

To evaluate the potential cytotoxicity of the coating materials, mouse embryonic fi-
broblast cells (NIH 3T3) were used in a standard 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) assay [40]. NIH 3T3 cells obtained from ATCC were main-
tained in Dulbecco’s Modified Eagle Medium (DMEM) (Fisher Scientific, Pittsburgh, PA,
USA) supplemented with 10% fetal bovine serum (FBS) (Fisher Scientific) and 1% Penicillin-
Streptomycin at 37 ◦C in a humidified incubator with 5% CO2 and passaged at a 1:5 ratio ac-
cording to the handling procedure for NIH 3T3 cells from ATCC. The MTT assay quantifies
metabolically active cells by determining mitochondrial reduction of MTT to the insoluble
purple formazan, which can be read spectrophotometrically at 492 nm. Higher absorbance
indicates lower cytotoxicity. Cytotoxicity testing was performed using the CyQUANT™
MTT and XTT Cell Viability Assay kit (Invitrogen, Inc., Carlsbad, CA, USA) according
to the manufacturer’s instructions. Briefly, NIH 3T3 cells were seeded at 5000 cells/well
in 96-well plates and allowed to adhere overnight. Then, the cells were exposed to the
various coating solutions listed in Table 1 for 24 h at 37 ◦C. After incubation, 100 µL of
MTT reagent was added to each well to achieve a concentration of 0.5 mg/mL, and the
plates were incubated for an additional 4 h to allow the formation of formazan crystals.
The supernatant was then carefully removed, and 100 µL of dimethyl sulfoxide (DMSO)
was added to solubilize the formazan crystals. Absorbance was measured at 492 nm using
a microplate reader (Anthos 2010, Biochrom Ltd., Cambridge, Cambridgeshire, UK). Cell
viability was determined using the following equation:

Cell Viability (%) = [ODs − ODb)/(ODc − ODb)] × 100

where ODs represent the absorbance of the sample (cells + sample), ODc represents the neg-
ative control consisting of cells cultured in complete medium only (DMEM supplemented
with 10% FBS and 1% penicillin–streptomycin), and ODb represents the absorbance of the
blank (medium without cells). All assays were performed in triplicate.

2.10. Statistical Analysis

Statistical significance was determined using one-way analysis of variance (ANOVA)
in GraphPad Prism version 7.0 (GraphPad Software, Boston, MA, USA). Experimental re-
sults were expressed as mean ± standard deviation (SD). Statistically significant difference
is defined as a p-value ≤ 0.05.
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3. Results and Discussion
Building upon the initial screening, the selected formulations were further evaluated

for their functional performance with respect to antimicrobial activity, biodegradability, and
cytotoxicity. These assessments aimed to determine the suitability of hemicellulose-based
systems, particularly those incorporating carvacrol and micro-emulsification techniques,
for active food packaging applications.

3.1. Antimicrobial Properties

This study assessed the antimicrobial performance of carvacrol-infused hemicellulose
formulations against a two-strain cocktail of Salmonella enterica serovar Typhimurium. Two
distinct application strategies were employed: (1) direct coating, where carvacrol-containing
hemicellulose solutions were brushed onto the eggshell surface, and (2) headspace release,
where carvacrol-infused films were placed inside sealed egg containers without direct
contact. Both approaches led to significant reductions in bacterial populations relative to
the corresponding untreated controls.

The direct-coating method yielded the most pronounced antimicrobial effects. Micro-
emulsified coatings containing 1% carvacrol reduced Salmonella populations by 3.52 log10

units on Day 1, with the reduction increasing to 7.21 log10 units by Day 7 relative to the
corresponding untreated control. At 2% carvacrol, the micro-emulsified coating achieved a
reduction of 8.35 log10 units by Day 7. In contrast, the coarse-emulsified coatings were less
effective, achieving reductions of only 1.60 and 2.10 log10 units at carvacrol concentrations
of 1% and 2%, respectively, by Day 7 (Figure 1A).

In the headspace release setup, M-films outperformed their coarse-emulsion counter-
parts, though overall reductions were lower than those observed with direct coating. At
2% carvacrol, M-films achieved reductions of 3.62 log10 units on Day 1 and 6.28 log10 units
by Day 7. C-films under the same conditions showed limited efficacy, with a maximum
reduction of only 1.6 log10 units by Day 7 (Figure 1B).

Under the tested application conditions (1 mL coating solution per egg versus ap-
proximately 13.1 cm2 film per egg in the headspace system), direct coating resulted
in greater bacterial reductions than headspace exposure; however, these outcomes re-
flect antimicrobial performance under the specified application formats rather than a
dose-normalized comparison.

M-films showed superior antimicrobial activity, which could be attributed to the
homogeneous distribution of carvacrol within the hemicellulose matrix. The dispersion of
the active compound was significantly enhanced by micro-emulsification, increasing its
availability for interaction with microbial cells [43,44]. This mechanism is supported by
previous investigations, demonstrating that micro-emulsified systems enable controlled
release and prolonged antimicrobial action [44,45].

It has been established [13,46,47] that the antibacterial properties of carvacrol depend
on its hydrophobicity, which enables it to penetrate bacterial cell walls. Research indi-
cates that carvacrol can traverse the lipid layers of bacterial cell walls, disrupt cytoplasmic
membrane integrity, inhibit the activity of specific enzymes, and affect cellular functions.
The hydroxyl group in carvacrol, along with its delocalized electrons, plays a crucial role
in its antimicrobial properties. Carvacrol functions as a transmembrane transporter for
monovalent cations by substituting its hydroxyl proton with another ion. The carvacrol-
ion complex traverses the cell membrane into the cytoplasm, where it releases its proton
into the intracellular environment [48]. Carvacrol disrupts and disorganizes the plasma
membrane’s molecular architecture, inducing proton exchange that lowers intracellular
pH. These actions lead to structural damage to proteins, DNA, and membranes, ultimately
causing cell death [45,49,50]. Similar effects have been observed in fungal pathogens,
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further supporting carvacrol’s broad-spectrum antimicrobial function [51]. Beyond direct
chemical activity, based on our previous characterization, the compact microstructure of
micro-emulsified (M) films markedly enhances their antimicrobial performance. SEM
observations reported in our previous study demonstrated that the micro-emulsified films
formed a dense, cohesive network that has previously been reported to reduce oxygen and
moisture permeation, thereby stabilizing the embedded antimicrobial compound [29,30,52].
Recent research [23,31,45,53] has demonstrated that uniform dispersion of bioactive agents
within polysaccharide–protein matrices significantly improve barrier integrity and mechan-
ical strength, thereby leading to greater microbial inactivation. In line with this, earlier
studies on allyl isothiocyanate-loaded biopolymer films reported [23,43–45] microbial
reductions exceeding 4–5 log10 units under similar conditions. Carvacrol-loaded micro-
emulsified formulations achieved reductions of up to 8.35 log10 units under direct-coating
conditions and 6.28 log10 units under headspace-release conditions by Day 7, while offering
a more moderate sensory profile, underscoring their suitability for active food packaging
applications. Although antimicrobial activity was maintained throughout the 7-day evalua-
tion period, the persistence of carvacrol beyond this period was not investigated. Based
on our previous characterization of these formulations [29,30], one possible explanation
for the greater microbial reduction observed on Day 7 is the gradual release of carvacrol
from the hemicellulose/methylcellulose matrix, which may have maintained inhibitory
concentrations during storage. Additionally, prolonged exposure of bacterial cells to car-
vacrol throughout the storage period may have resulted in cumulative antimicrobial effects,
thereby contributing to the greater reduction observed at Day 7 compared with Days 1
and 3. However, because carvacrol release kinetics, residual carvacrol concentrations, and
migration behavior were not measured in the present study, these proposed explanations
remain speculative and require further experimental validation.

High-pressure homogenization has been shown to reduce emulsion droplet sizes
from approximately 12 µm to below 3 µm, which correlates with 20–30% lower oxygen
and water vapor transmission rates and greater antimicrobial activity against multiple
pathogens in multi-strain assays [29]. Moreover, controlled-release evaluations indicated
that micro-emulsified films could sustain carvacrol release for 48–72 h, maintaining over
90% antimicrobial efficacy against Salmonella under ambient storage conditions [54]. In the
present study, sustained antimicrobial activity was observed over 3–7 days under refrig-
erated conditions; however, carvacrol release was not directly measured. This behavior
suggests strong potential to enhance short-term storage stability, improve microbial safety,
and reduce spoilage risks for coated or packaged produce during cold storage, transporta-
tion, and retail display. In summary, both application methods demonstrated antimicrobial
potential. Each method offers distinct advantages and limitations. Direct egg surface
coating provides a simple and effective operating method, but some coating constituents
may migrate to the egg surface, warranting further evaluation. For the film/headspace
method, films were not in direct contact with eggs, so there is less concern regarding
direct material transfer to the eggshell. For real-world applications, emulsion solutions can
be directly sprayed onto egg carton surfaces to form antimicrobial films in situ, thereby
eliminating the intermediate processing step from solution to film to carton. Our results
also showed that micro-emulsified carvacrol solutions consistently achieved greater reduc-
tions in bacterial counts. These results reinforce micro-emulsification as a highly effective
strategy for plant-based packaging materials with bioactive compounds. Future studies
will investigate additional natural antimicrobials and optimize emulsification conditions to
expand pathogen coverage and support commercial-scale implementation.
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Figure 1. (A) Antimicrobial efficacy of carvacrol-infused HB/MC coating formulations applied
directly to eggshell surfaces against a two-strain cocktail of Salmonella enterica during 7 days of
storage at 7 ◦C. Microbial reductions were calculated relative to untreated control at each sampling
time. Error bars represent the standard deviation. Asterisks indicate statistically significant differences
among treatments: * p < 0.05; ** p < 0.01; *** p < 0.001. (B) Antimicrobial efficacy of carvacrol-infused
hemicellulose films sample (headspace release) against a two-strain cocktail of Salmonella enterica
over 7 days at 7 ◦C. Microbial reductions were calculated relative to the corresponding untreated
control at each sampling time. Asterisks indicate statistically significant differences among treatments:
* p < 0.05; ** p < 0.01; *** p < 0.001.

3.2. Biodegradability Evaluation of Hemicellulose-Based Films

The biodegradability of hemicellulose-based films was assessed over an 180-day incu-
bation period; however, all formulations reached the biodegradation plateau (Dt ≈ 100%)
by Day 153, and therefore Day 153 was used as the reporting endpoint (Figure 2, Table 2).

Biodegradation percentages were calculated according to ISO 17556. Values exceeding
the theoretical maximum were normalized to 100%, as biodegradation cannot exceed
complete mineralization of the test material.

As shown in Table 2, during the 153-day aerobic incubation period, all formulations
exhibited BOD values exceeding their corresponding TOD values, resulting in BOD/TOD
ratios greater than 1.0 and confirming complete biodegradation under the test conditions.
BOD values higher than TOD have been reported in long-term soil respirometric assays
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and can arise from stimulation of microbial growth, co-metabolism of native soil organic
matter (priming effects), and microbial biomass formation, which collectively increase
measured oxygen consumption beyond the theoretical demand calculated solely from the
test material. Similar observations have been discussed in the context of soil biodegradation
standards, including ISO-based respirometric methods [55].

Figure 2. Biochemical oxygen demand (BOD) profiles of hemicellulose/methylcellulose-based film
formulations during aerobic soil incubation for 180 days at 25 ◦C. BOD was monitored using the
OxiTop® respirometric system in accordance with the principles of ISO 17556:2019.

Table 2. Biodegradability performance of hemicellulose-based film formulations based on biochemical
oxygen demand (BOD), theoretical oxygen demand (TOD), and calculated biodegradation degree
(Dt%). All samples were tested under controlled aerobic conditions for 153 days at 25 ◦C.

Sample
Attributes

HB/MC
(Control) HB/MC+Car-1%\C HB/MC+Car-1%\M HB/MC+Car-2%\C HB/MC+Car-2%\M

BOD153 (mg/L) 129.1 151.5 160.2 184.4 187.2
TOD (mg/L) 124.5 147.1 147.1 181.5 181.5

Dt (%) 100 100 100 100 100

Among the samples, HB/MC+Car-2%\M exhibited the highest BOD value (187.2 mg/L),
followed closely by HB/MC+Car-2%\C (184.4 mg/L), suggesting elevated microbial ac-
tivity and oxygen utilization at higher carvacrol concentrations. Interestingly, despite
identical TOD values (181.5 mg/L), the micro-emulsified film (M-film) showed slightly
higher oxygen demand, suggesting enhanced microbial accessibility due to its compact,
cohesive structure. The HB/MC+Car-1%\M sample also exhibited strong biodegradability,
with a BOD of 160.2 mg/L and a TOD of 147.1 mg/L. This formulation benefited from
micro-emulsification, which likely improved the dispersion of bioactive compounds and
facilitated microbial colonization. In contrast, the control film (HB/MC) showed the low-
est BOD value (129.1 mg/L), while still achieving complete biodegradation, confirming
the inherent degradability of the hemicellulose matrix. The lower BOD observed for the
control relative to carvacrol-containing films likely reflects differences in soil microbial
responses and co-metabolic activity, as antimicrobial efficacy against target pathogens does
not directly translate to suppressed respiration in complex soil microbial communities.
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Across all samples, BOD values were comparable to or slightly exceeded the corre-
sponding TOD values, indicating extensive microbial utilization of the hemicellulose-based
formulations under aerobic soil conditions. According to the principles of ISO 17556,
biodegradation cannot exceed the theoretical oxygen demand (TOD) of the test material.
Therefore, biodegradation values exceeding 100% were normalized to 100% for reporting
purposes, as complete mineralization represents the theoretical maximum. Slightly elevated
BOD values may reflect microbial priming effects, background soil organic matter mineral-
ization, or normal experimental variability rather than biodegradation of the test material
alone. The observed variations in oxygen demand highlight the influence of film composi-
tion and emulsification technique on biodegradation dynamics. In addition to chemical
composition, physicochemical characteristics such as film thickness, microstructure, density,
and structural stability may also influence biodegradation by affecting moisture penetra-
tion, oxygen diffusion, microbial colonization, and enzymatic degradation. Therefore, the
biodegradation behavior observed in the present study should not be attributed solely
to the presence of carvacrol but rather to the combined effects of material composition
and film structure. Although these physicochemical properties were not systematically
investigated in this study, previous studies have shown that they can substantially influence
degradation kinetics and should be evaluated in future work. While increased carvacrol
content appears to enhance microbial activity, the structural characteristics imparted by
micro-emulsification may further support oxygen transfer and enzymatic breakdown. Our
findings underscore the importance of optimizing film formulations to balance functional
performance with environmental sustainability. Overall, these results demonstrate that all
hemicellulose-based formulations are readily biodegradable under aerobic conditions.

3.3. Cytotoxicity Assessment

Ensuring the biological safety of packaging materials is critical, particularly for appli-
cations involving direct contact with food surfaces. The biocompatibility of hemicellulose-
based coating solutions (Table 1) was evaluated via the MTT assay, which measures mito-
chondrial activity as an indicator of cell viability.

All tested coating solutions exhibited high cell viability (>80%), confirming mini-
mal cytotoxicity across the formulations (Figure 3). The HB/MC control showed the
highest cell viability (~97%), indicating excellent baseline cytocompatibility of the hemi-
cellulose/methylcellulose matrix. Carvacrol incorporation resulted in a moderate but
acceptable reduction in cell viability, with coarse-emulsion formulations (C) showing
slightly lower viability than their corresponding micro-emulsified (M) counterparts. Specif-
ically, HB/MC+Car-1%/C exhibited the lowest viability (~80%), whereas micro-emulsified
formulations consistently improved cellular tolerance at the same carvacrol concentration.

Among the carvacrol-containing systems, HB/MC+Car-2%/M demonstrated the high-
est cell viability (~90%), followed by HB/MC+Car-1%/M (~85%), indicating that micro-
emulsification mitigates potential cytotoxic effects associated with higher carvacrol loading.
These results suggest that micro-emulsification improves the dispersion of carvacrol within
the polymer matrix, reducing localized high concentrations that could otherwise compro-
mise cell integrity. These observations are consistent with prior investigations [56,57].

Notably, all micro-emulsified coatings (M-formulations) maintained higher cell vi-
ability than their corresponding coarse-emulsion counterparts, while coarse-emulsion
formulations showed slightly reduced yet still acceptable viability levels, consistent with es-
tablished cytotoxicity benchmarks [58]. The enhanced biocompatibility of micro-emulsified
systems is likely attributable to a more homogeneous distribution of carvacrol and con-
trolled exposure at the cell interface, thereby minimizing membrane disruption. Similar
trends have been reported for other phenolic-loaded biopolymer systems [59].
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Figure 3. Assessment of NIH 3T3 cell viability following exposure to hemicellulose-derived coating
solutions, * p < 0.05 represents statistically significant differences between treatments.

Although this assessment focused on coating solutions, the formulations are iden-
tical to those used for film preparation; therefore, comparable biological responses are
expected for the corresponding films. Collectively, these results confirm that hemicellulose-
based coatings, particularly micro-emulsified carvacrol formulations, are non-toxic and
suitable for active food-packaging applications that require antimicrobial performance
and cytocompatibility.

Taken together, the findings of this study demonstrate the multifunctional potential of
carvacrol-infused hemicellulose-based formulations for active food-packaging applications.
Antimicrobial evaluation showed that micro-emulsified coatings (M-formulations) consis-
tently outperformed coarse emulsions in reducing Salmonella enterica populations, with
direct surface application providing greater efficacy than headspace release. Biodegradabil-
ity analysis confirmed that all formulations were fully degradable under aerobic conditions,
with observed differences in oxygen demand attributable to formulation composition and
emulsification strategy. Furthermore, cytotoxicity assessment demonstrated that all coat-
ing solutions were non-toxic and biocompatible, with carvacrol-containing formulations
maintaining acceptable cell viability while achieving enhanced antimicrobial performance.

Despite these promising results, the intervention was limited to in vitro evaluations
under controlled laboratory conditions. Real-world factors such as interactions between
packaging materials, food matrix effects, and environmental variability were not addressed.
Additionally, the scope was restricted to a single pathogen and one type of bioactive com-
pound. Future research should explore broader microbial targets, assess long-term stability
and migration behavior of active compounds, and validate performance under simulated
storage and handling conditions. Expanding the range of natural antimicrobials and re-
fining formulation strategies will be essential to optimize functionality while maintaining
environmental and biological safety for commercial-scale implementation.
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4. Conclusions
This study presents a comprehensive evaluation of hemicellulose-based formulations

enriched with carvacrol, highlighting their potential as multifunctional materials for active
food packaging. Through systematic investigation, the micro-emulsified coating solutions
demonstrated superior antimicrobial efficacy against Salmonella enterica, achieving reduc-
tions that meet industrial benchmarks. The enhanced performance of these formulations is
attributed to the uniform dispersion of carvacrol and the structural integrity imparted by
micro-emulsification. Biodegradability assessments confirmed that all tested samples were
fully degradable under aerobic conditions, with variations in oxygen demand reflecting
compositional influences. Importantly, cytotoxicity analysis showed no adverse effects on
cell viability, confirming the biocompatibility of the coating solutions and supporting their
safe application in food-contact applications.

Collectively, these findings underscore the value of micro-emulsification as a formula-
tion strategy that balances antimicrobial functionality, environmental sustainability, and
biological safety and demonstrate that plant by-products can be used as carriers for nano-
and microscale bioagents. However, the current investigation was limited to controlled lab-
oratory conditions and a single microbial target. Future research should expand the scope
to include broader pathogen profiles, assess long-term material stability, egg quality, and
simulate real-world packaging environments. Advancing these formulations toward com-
mercial viability will require interdisciplinary efforts to optimize performance, scalability,
and regulatory compliance.
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