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ABSTRACT

Post-harvest losses of fruits due to decay and concerns regarding microbial food safety are significant within the
produce processing industry. Additionally, maintaining the quality of exported commodities to distant countries
continues to pose a challenge. To address these issues, the application of bioactive compounds, such as essential
oils, has gained recognition as a means to extend shelf life by acting as antimicrobials. Herein, we have un-
dertaken an innovative approach by nano-encapsulating cinnamon-bark essential oil using whey protein
concentrate and imbibing nano-encapsulates into food-grade wax commonly applied on produce surfaces. We
have comprehensively examined the physical, chemical, and antimicrobial properties of this hybrid wax to
evaluate its efficacy in combatting the various foodborne pathogens that frequently trouble producers and
handlers in the post-harvest processing industry. The coatings as applied demonstrated a static contact angle of
85 =+ 1.6°, and advancing and receding contact angles of 90 + 1.1° and 53.0 + 1.6°, respectively, resembling the
wetting properties of natural waxes on apples. Nanoencapsulation significantly delayed the release of essential
oil, increasing the half-life by 61 h compared to its unencapsulated counterparts. This delay correlated with
statistically significant reductions (p = 0.05) in bacterial populations providing both immediate and delayed (up
to 72 h) antibacterial effects as well as expanded fungal growth inhibition zones compared to existing wax
technologies, demonstrating promising applicability for high-quality fruit storage and export. The utilization of
this advanced produce wax coating technology offers considerable potential for bolstering food safety and
providing enhanced protection against bacteria and fungi for produce commodities.

1. Introduction

exists a potential risk of foodborne illnesses. This risk stems from fruits
and vegetables that are primarily consumed raw or only minimally

In 2022, the global fruit and vegetable market, valued at $144 billion
and growing annually at 5%, stands as a significant and robust industry
with substantial economic impact worldwide (Global Fresh Fruits and
Vegetables Market Segmented, 2023). Over 50% of agricultural fruit
production is lost during various stages of produce handling and
post-harvest treatments (Carmona-Hernandez et al., 2019). In addition
to the reduced shelf life of these raw agricultural commodities, there

processed, serving as vehicles for human microbial pathogens following
pre-and/or post-harvest contamination (Bhardwaj et al., 2023; Mosta-
fidi et al., 2020; National Food and Agriculture Incident Annex to the
Response and Recovery Federal Interagency Operations Plans, 2019).
Many innovative treatment and storage techniques have been
employed in recent years to extend the shelf life of fruits and vegetables
(Adainoo et al., 2023; Banu A et al., 2020; S. Yang et al., 2012). To
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counter the short lifespan of fruits and vegetables, one approach during
post-harvest processing is the application of artificial wax coatings. This
approach aims to decrease water loss through their skin, enhance pro-
tection against water and air-borne pathogens, and improve their
external texture and appearance, making the fruits and vegetables glossy
and more appealing to consumers (Fernandez-Munoz et al., 2022; Md
Nor and Ding, 2020; Pashova, 2023). The use of paraffin wax to enhance
the epicuticular surface waxes on fruits with smooth topography such as
apples, cucumber, and pear has several advantages (Maringgal et al.,
2020). With the Generally Recognized as Safe (GRAS) status provided to
paraffin waxes by the U.S. Food and Drug Administration (FDA), safety
is ensured, and confidence is imparted to consumers and industry pro-
fessionals regarding its use in fruit coatings and other food-allied ap-
plications (Food and Drug Administration, CFR - Code of Federal
Regulations Title 21, Section-175.250, 2023). Additionally, paraffin
waxes are inexpensive and have relatively low melting points (typically
ranging between 48 and 66 °C), facilitating its application to fruits,
ensuring a uniform coating without damaging the fruits (Joshi et al.,
2021). The use of hot-melt paraffin waxes to dip coat apples and pears is
a straightforward industrial practice to provide a protective barrier
around the fruits and aid in improving their shelf life and preventing
water loss (Muthuselvi et al., 2020).

Despite the presence of protective wax coverings, fruits and vege-
tables remain susceptible to pathogenic microbes throughout different
post-processing stages before they reach consumers. Most of the artifi-
cial epicuticular wax coatings achieved by dip-coating lack roughness at
the micrometer/nanometer scale, promoting a Wenzel state of wetting
(Aguilar-Morales et al., 2019; Gennes et al., 2004). In addition, these
wax coatings exhibit water contact angles typically ranging between 90°
and 100° (Bohinc et al., 2022; Hall, 1966; Oliveira Filho et al., 2022).
This property invites a higher concentration of bacterial attachment and
biofilm formation, attributable to hydrophobic-hydrophobic in-
teractions between the bacterial cell wall and the substrate, along with
physiochemical adsorption facilitated by the elimination of the inter-
facial water layer (Cai et al., 2019; Fernandes et al., 2014; Oh et al.,
2018; Rosenberg and Kjelleberg, 1986; Sheng and Zhu, 2021; Yuan
et al., 2017). Moreover, imperfections, injuries, and blemishes on the
wax surface, which can occur during storage and transport, can serve as
entry points for pathogens, thereby increasing fruit vulnerability to
contamination.

To overcome these challenges, researchers have proposed the use of
composite wax structures with chitosan derivatives (El-Sakhawy et al.,
2023; Ruan et al., 2022; Tang et al., 2022), chemical fungicides (Fei
et al., 2021; Palou and Pérez-Gago, 2021) and essential oils (Bashir
et al., 2023; Yaashikaa et al., 2023). Essential oils with GRAS status are
excellent ability to combat bacterial and fungal contaminants and/or
infections (Reyes-Jurado et al., 2022; Rosol et al., 2023). With the
presence of bioactive terpenes, alcohols, and aldehydes, essential oils
contribute to enhancing cell wall permeability, inducing cell wall
degradation, leading to the leakage of cellular components, and ulti-
mately resulting in the mortality of pathogenic species (Chouhan et al.,
2017; Ju et al., 2022). In recent years, numerous researchers have uti-
lized essential oil-based food sanitization techniques to enhance shelf
life and provide superior protection (Gao et al., 2024; Ju et al., 2023; B.
Li et al., 2023).

Essential oils, with their inherent volatility and strong aroma, as well
as the less stable nature of some phytochemicals, cannot be used directly
on fruits by themselves (Phosanam et al., 2023). Hence, researchers
have suggested the use of innovative techniques of harnessing them onto
the fruits. Recently, many researchers have explored the integration of
essential oil-based nanotechnology into wax coatings on fruits (Chi
et al., 2019; Miranda et al., 2022; Oliveira Filho et al., 2022; Rux et al.,
2023). This innovative approach aims to enhance the shelf life of fruits,
while also mitigating the risk of cross-contamination throughout the
various stages of production and processing, ensuring optimal fruit
quality for the end consumer.
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Despite the effectiveness of these novel composites, no previous
studies have focused on the nanoencapsulation of essential oils to ach-
ieve delayed release, decreasing aroma intensity and mitigating micro-
bial cross-contamination during industry-typical conditions of post-
harvest processing and storage. Additionally, the exploration of novel
strategies, such as incorporating encapsulated essential oils into com-
mercial waxes, to effectively control the proliferation and cross-
contamination of these foodborne pathogens, which can be trans-
mitted through air and water during post-harvest and storage processes,
remains largely unexplored.

In present research, we propose a novel, facile and industrially
scalable paraffin wax-based dip coating technique to decrease bacterial
foodborne pathogen proliferation on produce surfaces by extended
release of antimicrobial agents on red apples. For bench scale coating
and characterization convenience, we used a filter paper, quantitative
grade as a proxy surface to the fruit’s skin to estimate the physical
characteristics and efficacy of the hybrid coating formulations. To confer
antimicrobial characteristics to the wax coatings, we utilized cinnamon
bark essential oil (CEO; purchased from Viva Doria, Monroe, Washing-
ton, USA), known for its antibacterial and antifungal properties (X. Chen
et al., 2021; Lucas-Gonzalez et al., 2023; Purkait et al., 2020). In our
research whey protein concentrate was used as nanocarrier for CEO.
Whey protein is known to offer higher colloidal and chemical protection
to the encapsulated active ingredients and excellent barrier character-
istics for the aroma of CEO (H. Chen et al., 2019; Livney, 2010). The
effectiveness of these hybrid coating technologies was studied through
various physical and chemical surface characterization methods, release
profile analysis in aqueous medium, and several microbiological assays.

2. Materials and methods
2.1. Cinnamon essential oil characterization

To obtain a comprehensive understanding of the chemical compo-
sition within the commercially procured CEO, Gas Chromatography-
Mass Spectroscopy (GC-MS) was employed. This analysis involved the
utilization of a Trace GC Ultra (Thermo Scientific, Waltham, MA, USA)
integrated with an MS (DSQ II, Thermo Scientific, Waltham, MA, USA),
employing a DB-5MS capillary column (30 m x 0.25 mm x 0.25 pm,
containing the stationary phase). Helium gas functioned as the mobile
phase, facilitating the transport of volatile constituents. The initial col-
umn temperature was set at 50 °C (held constant for 2 min to eliminate
the solvent), followed by a consistent increase at a rate of 6 °C/minute
up to 250 °C.

2.2. Preparation of nano-encapsulated essential oils

We optimized the formulation by experimenting with various ratios
of whey protein concentrate used for encapsulation and the bioactive
CEO. Ultimately, we selected the formulation that resulted in the highest
entrapped CEO yield at the conclusion of the freeze-drying process. The
nanoparticle synthesis procedure involved the dissolution of 0.075 g
whey protein concentrate (Natural Force, Jacksonville, FL, USA) into a
glass vial containing 10 mL deionized (DI) water. To ensure the com-
plete dissolution of the whey protein in deionized (DI) water, the
mixture was agitated vigorously. Subsequently, 0.075 g of CEO was
added dropwise to the protein solution under constant agitation. To
homogenize the resulting mixture, probe sonication was employed at a
frequency of 24.8 Hz and a power intensity of 40%, maintained for a
duration of 2 min. Following this, the colloidal suspension was set aside
to equilibrate to room temperature on the laboratory bench. Once
cooled, the suspensions were transferred to 15 mL Falcon tubes and
immediately subjected to lyophilization (freeze-drying) for 48 h using a
Labconco 4.5 L freeze dryer (Labconco Corp., Kasnsas City, MO, USA).
The prepared particles (EO-NE particles) were stored at 25 °C on a lab-
bench.
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2.3. Preparation of specimens used for coating procedure

All coating procedures were conducted using pristine filter papers
(quantitative grade, Fp 494, Avantor, Radnor, PA, USA). For release
kinetics studies, circular filter paper was cut into four parts, forming four
quarter circles with a surface area measuring 5 cm? To evaluate bac-
terial growth kinetics in various media, the filter papers were cut into
rectangular strips of 6 cm x 2 cm instead of quarter circles. These strips
were then rolled, and the ends of the strips were securely fastened to
form a hollow cylindrical structure. For performing the disc diffusion
assay (Kirby-Bauer method), the filter papers were cut into 6 mm pellets
using a punching machine. These pristine filter paper pieces were coated
with different formulations and utilized in various assays as described
below.

2.3.1. Wax coated samples

To prepare these coatings 40 g of paraffin wax (Sigma-Aldrich,
Burlington, MA, USA) was taken in a 100 mL beaker and heated to 70 °C.
Once the wax was completely melted, the filter paper piece was sub-
merged into the melted wax and removed immediately. The wax-coated
pieces (PW) were allowed to dry at room temperature.

2.3.2. Unencapsulated cinnamon-essential oil embedded wax coated
samples

These samples were developed by melting 40 g wax (in 100 mL glass
beaker) at 70 °C to which 0.2 g CEO (Naturevibe Botanicals, Rahway,
NJ, USA) was added dropwise under continuous stirring using a glass
rod. Pristine filter paper pieces were immersed into the unencapsulated
CEO dispersed wax mixture, promptly removed, and subsequently air-
dried at room temperature. These samples are identified as EO-PW
substrates.

2.3.3. Encapsulated cinnamon-essential oil embedded wax coated samples

These samples involved CEO-encapsulated wax coatings (termed EO-
NE-PW). Like the aforementioned procedure, 40 g of paraffin wax was
heated to 70 °C to create a molten wax phase. Subsequently, 0.8 g of
finely powder (by mechanically breaking the lumps using a spatula) EO-
NE particles were gradually introduced to the wax melt with continuous
stirring using a magnetic stirrer. The pristine filter paper pieces were
dipped, immediately removed, and dried at 25 °C. Note that to prepare
each batch of EO-NE-PW samples, fresh mixtures of EO-NE and paraffin
wax were utilized, as the integrity of the nanoparticles was destroyed
with time in wax melts.

2.4. Physical and chemical characterization of freeze-dried cinnamon
essential oil embedded nanoparticles

2.4.1. Nanoparticles size and surface charge

To characterize the hydrodynamic diameters of nano-encapsulates as
prepared and after freeze-drying followed by redispersing in DI water at
same concentration levels, and to understand the stability of the
colloidal suspension, {-potential and dynamic light scattering (DLS) was
performed at 25 °C. The prepared samples were diluted 100 times using
DI water before performing the DLS (using a Zetasizer ZS90 analyzer;
Malvern Instruments, Ltd., Westborough, MA, USA) to ensure the pas-
sage of light through the sample and to avoid multiple light scattering.

2.4.2. Visual characterization of nanoparticles

High-resolution transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM) images were acquired to ascertain the
shape and dimensions of the nanoparticles in their solution state (before
freeze-drying) and following the freeze-drying process. TEM images
were captured using a FE-TEM (G2 F20 ST, FEI Tecnai, Hillsboro, OR,
USA). Prior to TEM analysis, the nanoparticle solutions were appropri-
ately diluted by a factor of ten using deionized (DI) water at ambient
temperature. Subsequently, 5 pL of the suspension and a staining
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solution (1% uranyl acetate) were individually deposited onto a 300-
mesh copper grid for a duration of 45 s each. Following this, the grid
was allowed to air-dry at room temperature over the course of a night
prior to conducting TEM observation (Lin et al., 2023; Mu et al., 2023).
The freeze-dried nanoparticle powder was characterized using SEM
(Tescan LYRA-3 Model GMH) under high-resolution mode at 93.3 k x .
Prior to image characterization, the nanoparticle powders were coated
with Pt/Pd (5 nm thickness) using a sputter coater (Cressington 208HR,
Cressington Scientific Instruments, Watford, UK) to enhance the con-
ductivity of the samples and reduce charging (Arcot et al., 2021; Liu
et al., 2021).

2.4.3. Chemical characterization of nanoparticles

To validate the successful encapsulation of CEO within the whey
protein matrix, Attenuated Total Reflectance Fourier Transform Infrared
(ATR-FTIR) spectroscopy was conducted using an IRPrestige-21 instru-
ment (Shimadzu Corp., Kyoto, Japan) within the wavenumber range of
400 cm™! to 4000 cm™!. Three distinct samples were analyzed: liquid
essential oil, whey protein concentrate powder, and freeze-dried EO-NE
powders. The collected spectral data were plotted using OriginPro 2021
software and functional group analysis was performed to elucidate the
encapsulation process.

2.5. Physical characterization of the coated filter-paper samples

2.5.1. Wetting behavior and contact angle

To compare the wetting behaviors of PW, EO-PW and EO-NE-PW,
static-contact angles (SCA) and dynamic contact angles: advancing
and receding contact angles were characterized. The images were
captured using an OCA11l goniometer/tensiometer (DataPhysics In-
struments, Charlotte, NC, USA). SCA was measured utilizing the sessile
drop technique employing 5 pL deionized (DI) water droplets. To facil-
itate real-time video recording of advancing and receding contact an-
gles, 5 pL DI water pendant droplets were brought into firm contact with
the surface of the substrate. An additional 15 pL was incrementally
added to the droplet, ensuring continuous contact with the substrate at a
controlled rate of 0.5 pL/s, followed by withdrawal at the same rate until
the final droplet volume reached 5 pL. A lag time of 30 s was consistently
maintained between the addition and withdrawal of the DI water. This
systematic approach allows for precise determination of contact angles
and facilitates the observation of dynamic wetting behaviors (DeFlorio
et al., 2023). The measurement procedure was replicated at least six
times before reporting the contact angle values.

2.5.2. Surface characterization

To comprehend the surface morphology and internal structure var-
iations among wax coatings with distinct formulations, SEM was
employed. The samples were subjected to sputter coating followed by
image capture. To obtain cross-sectional insights into the wax coatings,
the wax-coated filter papers (different formulations), were precisely
sectioned into 1 mm wide strips. These strips were subjected to freeze-
drying prior to sputter coating and both surface and cross-sectional
imaging was conducted. Furthermore, for a comprehensive under-
standing of the elemental distribution across the surface of the wax
coatings, Energy-dispersive X-ray spectroscopy (EDX) was employed
using an Oxford instrument (NanoAnalysis, Concord, MA, USA).
Following the capture of low-magnification SEM images, EDX elemental
mapping was performed at an accelerating voltage of 10 kV. This
technique enabled a detailed analysis of the elemental composition
within the regions of interest. The data were reported after replicating
the respective characterizations three times.

2.6. Quantitative analysis of cinnamon essential oil

2.6.1. Calibrating cinnamon essential oil via UV-visible absorbance
To comprehend the relationship between concentration and
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absorbance values, CEO was dispersed in 10% ethanol solutions across
varying concentrations. Following this, the solutions were subjected to
UV-visible spectroscopic analysis employing a UV-Vis spectrophotom-
eter (UV-1800, Shimadzu Corp., Columbia, MD, USA). A quantity of 3
mL of each solution was placed within a quartz cuvette for the analysis.
The UV-Vis instrument facilitated scanning within the wavelength
range of 800 to 200 nm (before this step, a background scan was con-
ducted using a pristine 10% ethanol solution without any essential oil).
The peak intensity at 294 nm, predominantly occurring due to = to n*
transitions in of cinnamaldehyde was recorded for analysis (Cox et al.,
2021). This procedure was replicated three times at each concentration
level. Using the collected data, a calibration scatter plot was con-
structed, correlating the concentration of CEO against the respective
absorbance values.

2.6.2. Calculating the encapsulation efficiency and percent recovery after
freeze-drying

10 mL of the prepared nanoparticle suspension underwent vigorous
centrifugation using the AccuSpin 400 Benchtop Centrifuge (Fisher
Scientific, Waltham, MA, USA) at 15 000 xg for 45 min. This ensured the
settling of all essential oil encapsulated by whey protein, resembling a
distinct pellet at the bottom of the centrifuge tube. 1 mL of supernatant
liquid was obtained, and subsequently diluted by a factor of 100. The
absorbance was measured using the UV-Visible spectrophotometer,
allowing the calculation of the concentration of unencapsulated CEO
after adjusting for proper decimal placement. The encapsulation effi-
ciency was determined using the provided formula (1a).

Encapsulation efficiency (EE)%= (1-(CEO in supernatant /Initial CEO used
for EO-NE preparation)) x 100 (1a)

In addition, the EO-NE-PW particles were dispersed in deionized (DI)
water and diluted by a factor of 1000. Subsequent absorbance mea-
surements were obtained using the UV-Visible spectrophotometer.
Calculations of CEO concentration encapsulated post freeze-drying were
then obtained; percentage recovery of CEO following freeze-drying was
calculated using the given formula (1b).

Percentage recovery %= (CEO in EO-NE-PW/ Initial CEO used for nano-
particle preparation) x 100 (1b)

2.6.3. Studying the release kinetics of cinnamon essential oils

Two filter papers with a surface area of 5 cm?, were coated with wax-
dispersed cinnamon essential oils (EO-PW) and EO-NE nanoparticles-
dispersed wax (EO-NE-PW), respectively. These coated filter papers
were then carefully enclosed within dialysis bags (pore size of 12-14 kD;
Spectrum, Spectra/Por, St. Louis, MO, USA) and supplemented with 10
mL of deionized (DI) water. The dialysis pouches were sealed using
sealer clips on both ends. 990 mL of DI water was introduced into a glass
beaker, serving as the immersion medium for the dialysis pouches. The
pouches were submersed in each beaker containing the DI water. To
prevent evaporation of DI water and dissolved essential oil, the beaker
was covered with aluminum foil.

To facilitate a quantitative comparison, a control experiment aimed
at demonstrating release kinetics of CEO from EO-NE via the dialysis
pouch (12-14 kD), a separate experiment was conducted. 0.16 g of EO-
NE particles were dispersed in 10 mL deionized (DI) water and intro-
duced into a dialysis pouch. Both the ends of the pouch were securely
sealed using bag sealer clips. The dialysis bag was then carefully
immersed into a beaker containing 990 mL DI water.

UV-visible absorption spectrograms were recorded by introducing 3
mL of liquid from the quartz cuvette. The cuvette contents were then
returned to their original state after the measurement was completed.
The readings were systematically captured at predetermined time in-
tervals of 1, 2, 8, 16, 24, 48, 96, 168, 216, and 336 h. This experimental
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protocol was repeated three times before reporting.

2.7. Microbial assessment of essential oil-based nanoparticle embedded
wax coatings

2.7.1. Preparation of bacterial cultures: inoculation procedures

All abiotic reagents employed for bacterial culturing, inoculation,
and experimentation underwent autoclaving at 121 °C for 45 min to
ensure complete sterility and eliminate any potential bacterial
contamination. The study focused on two bacterial foodborne patho-
gens: the gram-negative facultatively anaerobic regularly shaped rod
Escherichia coli O157:H7 (American Type Culture Collection [ATCC]
700 728, Manassas, VA, USA) and the gram-positive facultative anaer-
obic coccoid Staphylococcus aureus (ATCC 13565).

Bacterial colonies were extracted from the prepared trypticase soy
agar (TSA) slants using method outlined previously (DeFlorio et al.,
2023). These colonies were then suspended in 9 mL of sterile trypticase
soy broth (TSB) and incubated at 37 °C with the cap of the Falcon tube
(15 mL) slightly loosened to allow for proper air exchange. After 24 h of
incubation, a loop (10 pL) of these cultures were transferred into a fresh
TSB solution. After a further 24 h of incubation, cultures were subjected
to centrifugation (for 15 min at 15 000xg). The resulting supernatant
was carefully removed, and fresh TSB was introduced. This process was
repeated thrice to facilitate the removal of cellular waste, enzymes, and
debris from the bacterial suspensions. These washed bacterial pellets
were subsequently referred to as second transfer bacterial pellets in
subsequent discussions. The second transfer bacterial pellets were
dispersed in ultra-pure grade phosphate-buffered saline (PBS) with a
concentration of 10 mM and a pH of 7.4. Subsequently, they underwent
decimal dilution, followed by plating on tryptic soy agar (TSA; Becton,
Dickinson and Company (Franklin Lakes, NJ, USA)-loaded Petri dishes.
Upon plating, the bacterial populations were quantified after a 24-h
incubation at 37 °C, revealing counts of 9.0 + 0.04 log;o CFU/mL and
9.0 + 0.03 log;o CFU/mL for E. coli and S. aureus, respectively.

2.7.2. Effectiveness and endurance of encapsulated cinnamon-essential oil
embedded wax coatings

All the substrates utilized were in the form of hollow cylindrical
strips with identical dimensions. Two distinct protocols were imple-
mented in this study. Initially, to assess the anti-bacterial efficacy of
hybrid coatings when exposed to bacterial suspensions, we conducted a
comparison of the growth kinetics between EO-NE-PW substrates and
pristine PW substrates. Subsequently, to evaluate the endurance of the
coatings over extended periods, we compared EO-NE-PW with EO-PW
coatings. Hence, two individual control benchmarks were utilized
namely PW and EO-PW coatings in comprehending the effectiveness of
EO-NE-PW coatings.

When evaluating the endurance of the EO-NE-PW coatings, the two
substrates, namely EO-PW and EO-NE-PW, were immersed in sterile DI
water solutions for 72 h. Subsequently, they were removed and gently
washed to eliminate any loosely attached essential oils to the outer
layers of the wax substrates before monitoring the growth kinetics.

2.7.3. Bacterial growth monitoring

The growth kinetics of the bacterial cultures were monitored by
assessing the optical density (OD) at 600 nm using a BioTek Cytation 5
(BioTek Instruments, Inc., VT, USA). All measurements were conducted
within 12-well plates (ThermoFisher Scientific). Hourly readings were
taken after subjecting the well plate to a 15 s of orbital shaking.

The second transfer suspensions of both E. coli and S. aureus under-
went 1000-fold dilution and subsequently dispersed in both sterile TSB
and PBS and subjected to OD measurements to obtain control growth
curves.

The assessment of growth kinetics in the presence of various coatings
involved positioning three replicates of hollow cylindrical filter paper
strips coated with these materials into separate well columns. These
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hollow cylindrical strips were positioned within the wells longitudinally
and unobstructed light passage was ensured. Subsequently, 3 mL of
these diluted suspensions (in TSB and PBS) were introduced into the
wells that contained the aforementioned paper strips. This approach
aimed to facilitate maximum interaction between the bacterial suspen-
sion and the coatings, thereby enabling a comprehensive investigation
into the influence of the released EO on bacterial growth dynamics. After
the subtraction of the corresponding background values, the OD mea-
surements were documented, and the growth kinetics were compre-
hensively studied.

To precisely quantify bacterial populations within the well plates
both before and after conducting OD measurements, a decimal dilution
technique followed by plating on Petri-films (3 M, St. Paul, MN, USA)
was executed. The plating procedure was carried out for several distinct
bacterial suspension samples including, the initial concentration at t = 0
h (prior to commencing the OD experiment), the concentration at the 24
h time point following bacterial inoculation in PBS and TSB, as well as
the bacterial inoculums in PBS and TSB with the presence of various
coating substrates, all aliquoted from the 12-well plate. The bacterial
quantifications were repeated three times before reporting.

2.7.4. Quantification of bacterial attachment through shaker plate assay

The second transfer bacterial pellets were resuspended in 10 mL of
PBS. These suspensions were subsequently subjected to a 10-fold dilu-
tion process. To prepare the experimental samples, 30 mL of these
diluted suspensions were transferred into 50 mL Falcon tubes. In one set
of Falcon tubes, PW was introduced, while in another set EO-NE-PW (of
the same size) was used. The Falcon tubes containing the suspensions
and filter papers underwent agitation on a shaker plate operating at
1000 rpm for a duration of 1 h. Following agitation, the samples were
carefully retrieved, gradually immersed in sterilized DI water multiple
times to eliminate any bacteria that were loosely bound or unbound.
Subsequently, these samples were immersed in 10 mL PBS solution and
subjected to vigorous agitation for a period of 5 min, ensuring complete
removal of all bound bacteria. The bacterial suspensions, now contain-
ing the detached bacteria, underwent a series of dilutions. These diluted
suspensions were then plated on TSA for the purpose of quantifying the
bacterial populations. This comprehensive procedure was consistently
replicated three times for both S. aureus and E. coli isolates.

2.7.5. Disc diffusion assay for monitoring fungal proliferation

To record the zone of inhibitions imparted by hybrid wax coatings,
an assay like the Kirby-Bauer disk diffusion assay was used (Gautam
et al., 2013; Tao et al., 2020; Ugur Tutar, 2020). Fungal mycelia were
collected from refrigerated agar stocks of Aspergillus flavus (A. flavus)
and dispersed in malt extract broth (MEB, 15 g/L), which was sterilized
by autoclaving. After 4 h of incubation at 37 °C, mycelia-laden cotton
swabs were gently applied to the solid surface of malt extract agar
(MEA) with the depth of the agar being maintained at 4 mm. Filter paper
substrates, namely PW and EO-NE-PW, were sectioned into 6 mm discs
and positioned on separate halves of the MEA plates, ensuring optimal
contact with the agar surface. Plates were then incubated for 10 days at
37 °C, and images were captured using a Panasonic H-HAS12035 digital
camera on days 2, 3, 4, 6, 7, 8, and 10.

2.8. Observation of visual appearance of hybrid wax coatings on produce

To perform a comprehensive visual analysis of PW, EO-PW, and EO-
NE-PW coatings, red apples were selected as the substrate of interest.
The concentrations of CEO within the wax coatings were maintained
consistent with the fabrication technique outlined above. Prior to
application of these coatings, the apples (purchased from the local
grocery store, Bryan, TX) were washed with chloroform to remove the
pre-existing wax on the fruits. The paraffin wax formulations (both
pristine paraffin wax and paraffin wax dispersed with CEO), were heated
to 70 °C. Apples, stripped of their natural waxes, were dipped into the
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formulations and promptly removed. EO-NE particles were dispersed in
paraffin wax formulations by vigorous agitation using magnetic stirring.
The red apples were subsequently dipped and immediately removed.
Additionally, precautions were taken to prevent any dripping of molten
wax droplets by thoroughly shaking the apples after the coating appli-
cation. The coatings were subsequently subjected to visual assessment
using a Panasonic H-HAS12035 digital camera.

2.9. Statistical analysis

Statistical analysis was employed to assess the significance of the
developed technology in each assay and characterization within the
study versus an appropriate control. When both static and dynamic
water contact angles were quantified for each substrate, an analytical
framework encompassing One-way Analysis of Variance (ANOVA) was
implemented. Tukey’s post-hoc test was carried out, with the indepen-
dent variable in these analyses being the substrate type. For the cali-
bration of the concentration of CEO against absorbance, linear fitting
was performed using the Origin 2021 software. The resulting linear
fitting parameters were then compared to Beer’s Lambert law to derive
the relevant constants (Bouaziz et al., 2021).

The assessment of release kinetics was completed by adopting the
mathematical equations employed by Bae et al., and the resultant fitting
parameters were obtained (Bae et al., 2022). To assess bacterial growth
kinetic parameters, a 3-parameter sigmoidal fitting model, utilizing
re-parametrized Gompertz equation was executed (Science, 1990;
Tjorve and Tjgrve, 2017). The fitting process was carried out by defining
the fitting model and executing the fitting using the software tool Origin
2021. For the statistical quantification of the bacteria in the media,
one-way ANOVA was employed with the contact substrate being the
quantity of interest in the Tukey’s post-hoc test.

In addition, while conducting the shaker plate assay, a comprehen-
sive analytical approach was embraced. Through the application of two-
way ANOVA, the interaction of factors was systematically analyzed.
Tukey’s post-hoc test was carried out with the independent variables
defined as the substrate type used and the genus of the bacterium.

Finally, statistical significance of the zones of inhibition measure-
ments was calculated when PW and EO-NE-PW were in contact with
agar petri plates laden with A. flavus. This assessment was conducted
using a one-way ANOVA, with the zone of inhibition as the independent
variable in the Tukey’s post-hoc test.

3. Results and discussion
3.1. Chemical constitution of cinnamon essential oils

Several volatile bioactive constituents found in cinnamon essential
oils, such as cinnamaldehyde and eugenol, contribute significantly to
their antibacterial and antifungal properties (Ali et al., 2005; S. S. Cheng
et al., 2008). Therefore, characterizing the composition of CEO is crucial
to determine the presence and concentration of these phenolic com-
pounds. Analysis revealed that the commercially purchased cinnamon
essential oil contained 67.18% trans-cinnamaldehyde and 3.22%
eugenol. Supplementary Material Table S1 provides details of other
constituents along with their percent relative abundance and retention
time. This data aligns consistently with previously reported literature on
the constituents of cinnamon essential oil (Alizadeh Behbahani et al.,
2020).

3.2. Characterization of structural and interfacial properties of nano-
encapsulated essential oils

Studying the morphology, size, and size distribution of nano-
encapsulated essential oils is crucial in formulation development as
these characteristics significantly influence the release behavior, sta-
bility, and bioavailability of the encapsulated oils (DeFlorio et al., 2021).
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Fig. 1. The comparison of visual, morphological, and size characteristics of nano-encapsulates involving cinnamon-bark oil and whey protein before and after freeze-
drying: Digital images of (a) nano-encapsulate suspension and (b) freeze-dried nano-encapsulated powder, (¢) A TEM micrograph showing spherical morphology of
nanoparticles, (d) A SEM micrograph of freeze-dried nano-encapsulates, and the particle size/intensity distribution of the nano-encapsulate suspension (e) before
freeze-drying and (f) after freeze-drying and resuspending in DI water (three replicates, shown in different line colors). (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

In addition, such information aids in predicting and analyzing the
interaction and behavior of nano-encapsulates within different envi-
ronments and applications, enabling the enhancement of product safety,
efficacy, and quality. The colloidal suspension of nano-encapsulates,
comprising cinnamon-bark essential oil and whey protein, exhibited a
uniform color with yellowish hues throughout, with minimal to no
visible phase separation, indicative of the successful encapsulation of
essential oil within whey protein (containing both hydrophilic and hy-
drophobic domains) (Fig. 1a). The spherical morphology of
nano-encapsulates was clearly seen from the TEM micrograph (Fig. 1b).
Dynamic light scattering characterization revealed a relatively narrow
particle size/intensity distribution with diameter of 335 + 60 nm (the
intensity-averaged diameter) and a polydispersity index (PDI) of 0.21 +
0.01 (Fig. 1c).

Considering the aqueous nature of the nano-encapsulate suspension
and the lipophilic characteristic of paraffin wax, water elimination from
the freshly prepared nano-encapsulate suspension is imperative. This
objective was accomplished through freeze-drying, enabling the effec-
tive integration of nano-encapsulates and wax. Consequently, the freeze-
dried nano-encapsulates were also extensively investigated (Fig. 1d). It
was found that the nano-encapsulates retained their structural integrity
and shape even after freeze-drying process (Fig. 1e). In light scattering
studies, to ensure a direct comparison, the freeze-dried nano-encapsu-
lates were resuspended in water. The particle size characteristics indi-
cated a minor shift to a particle size of 270 + 46 nm (the intensity-
averaged diameter) and a PDI of 0.18 + 0.01 (Fig. 1f). To gain insight
into the surface charge and dissociate state of whey protein nanocarriers
before and after freeze-drying, the zeta ({) potential of the nano-
encapsulates was characterized. The (-potential was found to be
—20.7 £ 0.13 mV and —19.7 + 0.41 mV for samples before and after
freeze-drying, respectively, indicating a statistically insignificant dif-
ference in values of the {-potential before and after freeze-drying (p >
0.05). The zeta potential of whey protein nanocarriers is negative pri-
marily because of the ionizable amino acid residues (such as leucine and

glutamic acid) on its surface (et al., 2021; Hamarsland et al., 2017).
Their carboxyl terminal groups tend to dissociate in water, releasing
protons and giving rise to the whey protein surface with a net negative
charge (Ravindran et al., 2018). Also, the {-potential values obtained
agree with the literature that used the same encapsulant (Bae et al.,
2022).

To chemically affirm the encapsulation of CEO within the whey
protein matrix, ATR-FTIR analysis was conducted on CEO, whey protein
concentrates, and freeze-dried EO-NE powders. Upon examination of the
spectrogram (Supplementary Material Fig. S1) within the wave number
range of 1600 cm ! to 1800 cm ™! (IR fingerprint range for cinnamon), a
prominent peak at 1639 cm ™! was observed. This peak corresponds to
the C=0 stretching characteristic of aldehydes present, notably cinna-
maldehyde, the major compound in cinnamon essential oil (Y. Q. Li
et al., 2013).

Analysis of the ATR-FTIR spectra of whey protein (blue curve in
Fig. S1) revealed two distinct peaks of relatively equal intensity at 1535
em™! and 1640 cm™'. These peaks correspond to the Amide I (C-N
stretching and N-H bending) and Amide II (C=O stretching and C-N
bending) vibrations, respectively (Andrade et al., 2019). Notably, the
sharp peak at 1535 cm ™! observed in the whey protein spectrogram was
absent in the FTIR spectra of CEO.

Moreover, in the ATR-FTIR spectra of EO-NE powders, an overlap
between the C=0 vibrational stretching peak at 1639 cm™! and the
characteristic Amide I peak at 1640 cm™! was observed. The discrep-
ancy in relative intensities between the peaks at 1535 cm™! and 1640
em ™! in the EO-NE spectra is due to this reason.

3.3. Encapsulation efficiency and percent recovery of cinnamon essential
oil

Encapsulation efficiency (EE) is crucial as it directly influences the
delivery and release of the encapsulated active agents, impacting the
antibacterial efficacy and stability of formulations. Encapsulation
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Fig. 2. (a—d) Digital images of specimens cut into square coupons of 1 cm? in area with their corresponding surface (e-h), cross-sectional (i-1) SEM micrographs and
magnified surface SEM micrographs (m-p). PW indicates paraffin wax, EO-PW indicates paraffin wax mixed with essential oils, and EO-NE-PW indicates paraffin wax

mixed with nanoencapsulated essential oil.

efficiency was ascertained utilizing UV-Visible spectroscopy at a
wavelength of 294 nm (see supplementary material, Fig. S2). The
analysis was conducted based on our calibration data for CEO, which
was fitted with an equation in accordance with the Beer-Lambert Law to
yield:

A= (2654 4+ 238.8) x ¢ £ 0.1 2

By employing equations 1a and 1b, the EE was determined to be 75
+ 2.9%. On the other hand, the percentage recovery was found to be 49
+ 3.5%. About 25% reduction in encapsulated CEO could be due to
leakage of a portion of the CEO due to the rupture of some of the whey

PW

EO-PW

protein encapsulating matrices. This could be observed by the cavity-
like structures in the SEM images of the freeze-dried nano-encapsu-
lates (shown in Fig. 1e). This decrease in the encapsulated CEO encap-
sulation might also be an influential factor in the reduction in
nanoparticle size, shown in DLS data presented in Fig. 1f.

3.4. Surface characteristics and wetting parameters of the wax coatings
The nano structural characteristics were analyzed because they are

fundamental to optimizing the formulation for enhanced performance,
ensuring the homogeneity and stability of the composite system, and

EO-NE-PW

a 97+2.7%) | b

88+3.5%) | C 85+1.6%

Fig. 3. Static water contact angles measured on the wax coated substrates. The letters A, B show the statistical significance obtained by performing one-way ANOVA

(p = 0.05).
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modulating the sustained release profiles of CEO. To this end, regular
and cross-section SEM was utilized (Fig. 2). Notably, spherical features
were identified in the EO-NE-PW substrates that were absent in the other
three substrates (pristine filter paper, PW and, EO-PW), evident from
both surface and cross-sectional SEM images (depicted in Fig. 2h and 1
[highlighted by red rectangular block]). To further elucidate the
appearance of nanoparticles in the EO-NE-PW substrates magnified
cross-sectional SEM images were captured (shown in Fig. 2p [circled in
blue]). This observation highlights that most nanoparticles maintained
their structural integrity within the wax matrix.

Additionally, to gain insights into the extent of dispersion of the EO-
NE particles, elemental mapping using energy dispersive EDX was
executed on PW and EO-NE-PW substrates, targeting carbon (C), nitro-
gen (N), and sulfur (S) as key elements (shown in Supplementary Ma-
terial Fig. S3). The outcomes showed that there was a 0.2%
enhancement in sulfur content across the substrate, with whey protein
being the predominant source of sulfur (Cox et al., 2021; Lai et al., 2022)
(comparing the table embedded in the Supplementary Material Fig. S3b
&d). This outcome substantiated that vigorous agitation of the wax
melts during the incorporation of EO-NE particles led to the homoge-
neous distribution of nanoparticles on the substrates.

Furthermore, a comparative analysis of the wetting behaviors of PW,
EO-PW, and EO-NE-PW was conducted. The contact angle exhibited by
PW measured 97 + 2.7° (shown in Fig. 3a). This value aligns consis-
tently with previous reports on paraffin wax-based coatings (Mujika
Garai et al., 2005). Moreover, it’s noteworthy that a significant number
of natural waxes follow to the Wenzel wetting model, resulting in
complete surface wetting attributable to their relatively smooth topog-
raphies and contact angles ranging between 90 and 100° (Papadopoulos
et al., 2013; Varughese and Bhandaru, 2020). Observations revealed
that the contact angles on EO-PW and EO-NE-PW substrates demon-
strated values of 88 + 3.5° and 85 + 1.6°, respectively, with no statis-
tical differences between the measured values (Fig. 3b &c).

When comparing the contact angles on PW and EO-NE-PW sub-
strates, we observed a reduction in values by 13°. This reduction can be
attributed to the dispersion of whey protein (hydrophilic encapsulating
material) within the wax matrix. In addition, to understand the changes
in the wetting behavior over time and to comprehend the water
spreading on the coatings dynamic contact angle measurements were
performed (shown in Supplementary Material Table S2). The contact
angle measurements on PW substrates yielded advancing and receding
contact angles of 102.0 + 0.5° and 61.0 + 0.6°, respectively, resulting in
a contact angle hysteresis of 41.0 & 0.6°. These results are similar to the
previously reported values (Gomes et al., 2013). Comparatively, when
we examined EO-PW and EO-NE-PW substrates, we observed statisti-
cally significant differences in both the advancing and receding contact
angles. For EO-PW, the advancing contact angle was 98.0 + 1.3°, and
the receding contact angle was 68.0 + 1.1°, resulting in a hysteresis of
30 + 1.3°. In the case of EO-NE-PW coatings, the advancing contact
angle measured 90 + 1.1°, while the receding contact angle was 53.0 +
1.6°, resulting in a hysteresis of 37 + 1.6°. Thus, in comparison to
EO-PW substrates the EO-NE-PW coatings showed higher contact angle
hysteresis indicating a higher degree of water spreading on the coating.
This phenomenon ensures better contact between water droplets con-
taining bacteria and the embedded antibacterial bioactive compounds
(CEO), thereby amplifying their efficacy. Furthermore, the static contact
angles exhibited by EO-NE-PW coatings were found to be analogous to
the contact angles observed on natural apple waxes (Hall, 1966).

Within the fruit processing industries, a prevalent practice involves
the application of artificial cuticular waxes through the dip coating
technique, followed by refinement using wax polishing brushes and
rollers (Ruiz-Llacsahuanga et al., 2022; Sanchez-Tamayo et al., 2024).
These polishing methods introduce additional variables, including al-
terations in surface roughness, wetting properties, and the potential
disruption of certain infused EO-NE nanoparticles closer to the surface.
These factors are subject to variation. In the context of this manuscript,
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Fig. 4. Release kinetics of embedded cinnamon-bark essential oil through the
dialysis pouch. Comparison of release through paraffin wax substrates with
their corresponding fitting lines.

we intend to discuss the characteristics of the coatings as prepared to
have a universal comparison.

3.5. Release kinetics of cinnamon essential oil

To assess the advantages of infusing encapsulated CEO as opposed to
merely dispersing CEO within paraffin wax, a release kinetics study was
conducted. This study aimed to evaluate the extent of slow and sustained
release of CEO. From a standpoint of relevance, it is critical to
acknowledge that in the food processing industries, a significant pro-
portion of bacterial contaminants on surfaces stem from waterborne
sources (Gallo et al., 2020). Consequently, water serves as the primary
medium through which bacteria contact surfaces playing a critical role
in the transmission of bacteria. Hence, understanding the release dy-
namics of the active ingredient, in this instance, CEO, in aqueous me-
dium becomes relevant.

The release kinetics investigation spanned a duration of 336 h,
equivalent to 14 days. It was observed that, well before the conclusion of
this 14-day period, each specimen exhibited plateauing of the CEO
release profile. To facilitate a comparative analysis, each release profile
was appropriately normalized (with reference to the 14-day release
duration). It is important to note that our study did not allow for the
complete 100% release of CEO from the paraffin wax into the bulk DI
water solution. Several factors contributed to this incomplete release,
including the preferential adhesion of CEO to the paraffin wax due to
hydrophobic interactions and the absorption of some CEO into the filter
paper substrates during the coating procedures. Our study was designed
with a primary objective of comparing the release behavior of CEO in the
context of encapsulation versus the conventional approach of utilizing
CEO in commercial wax coatings, where it is typically dispersed in bulk
within the paraffin matrix (Kouassi et al., 2012; Orafidiya et al., 2001).
Therefore, a quantitative assessment of the extent of CEO adsorption to
the paraffin wax, as well as the portion that remains within the paraffin
wax due to stronger hydrophobic interactions, is a topic of investigation
in our further studies.

The release kinetics study, conducted by dispersing EO-NE particles
within a dialysis membrane submerged in DI water, is presented in
Supplementary Material Fig. S4 and release kinetics study through EO-
PW and EO-NE-PW substrates is shown in Fig. 4. The outcomes of the
fitting and the interpretation of each of the terms obtained from the
utilized fitting equation are described in Supplementary Material
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Fig. 5. a. Graphical representation of kinetic growth studies of Staphylococcus aureus (using OD measurements) with the re-parametrized Gompertz fitting lines
shown by lines of thickness 0.5. b. Bacterial enumerations (in the media) calculated before (t = 0 h) and after (t = 24 h) the OD experiment on each of the specimen.
The letters (A-D) represent statistical analysis with a significance level set at p = 0.05.

Table S3.

Notably, our observations revealed a significant difference in the
half-lives: the time required for 50% of the releasable CEO, calculated
through first-order kinetic fitting of release profiles for the EO-NE, EO-
PW, and EO-NE-PW specimens. The calculated mean half-life values for
these specimens were found to be 5.34 h, 11.49 h, and 72.45 h,
respectively.

These findings illuminate a significant observation. The encapsula-
tion of CEO using whey protein has the potential to extend the half-life
by approximately 61 h when compared to non-encapsulated counter-
parts, ensuring a slow and sustained release of the bioactive compounds.
Additionally, the whey protein, which has been proven to be an effective
odor-masking agent, prevents the strong smells encountered by con-
sumers (through their application on fruits) facilitated by delayed
release (S. Yang et al., 2012).
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3.6. Influence of essential oil-based nanoparticle-embedded hybrid wax
coatings on bacterial growth

In the context of the fruit and vegetable processing industries, bac-
terial contamination and cross-contamination arises from a multitude of
factors, including non-hygienic operational practices, human interven-
tion, and insufficient sanitization measures (Balali et al., 2020; Kouassi
et al., 2012). To avert such an undesirable scenario, it becomes impor-
tant for coatings to suppress bacterial growth.

To comprehend the growth kinetics of the gram-positive and gram-
negative bacterial organisms when exposed to PW and EO-NE-PW sub-
strates, OD measurements in growth media were conducted. To gain a
deeper understanding of the insights derived from the OD curves, a
three-parameter sigmoidal fitting approach was employed, involving
the re-parametrized Gompertz model (Carrascosa et al., 2021; Lo Grasso
et al., 2023). Generalized equations and descriptions of the model pa-
rameters along with the terms obtained post fitting can be found in the
Supplementary Material Table S4.

When the growth of S. aureus in TSB was compared with its growth in
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Fig. 6. a. Graphical representation of kinetic growth studies of Escherichia coli 0157:H7 (using OD measurements) with the re-parametrized Gompertz fitting lines
(shown by corresponding lines with thickness of 0.5) and equations. b. E. coli enumerations calculated before (t = 0 h) and after (t = 24 h) the OD experiment on each

of the specimen. The letters (A-E) indicate the statistical significance (p = 0.05).
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Fig. 7. a. Kinetic growth studies of Staphylococcus aureus (72 h after essential oil release in DI water) with fitting lines (marked by line thickness 0.5) and corre-
sponding equations, and b. Its enumerations after 24 h of the OD experiment, where letters A-D indicate statistical distinctions (at p = 0.05).

the presence of PW substrates (Fig. 5a), a significant increase in the lag
time (A) was observed, extending from 6.06 + 0.02 h to 12.74 + 0.01 h.
Furthermore, a reduction in the maximum specific growth-rate () was
evident, transitioning from 0.12 + 0.01 in the case of the control
S. aureus inoculum to 0.09 + 0.01 in the presence of PW substrates
(Supplementary Material Table S4). These phenomena appear attribut-
able to the adhesion of certain bacterial colonies onto the paraffin wax
coatings and cannot be recorded by the spectrophotometer. The mech-
anism underlying this bacterial adhesion can be primarily ascribed to
hydrophobic-hydrophobic interactions between the bacterial cell wall
and the substrate (Grimaud, 2010). Enhanced adhesion is also likely
facilitated by the release of extracellular binding substances (EBS) (Oh
et al., 2018). Importantly, it is worth mentioning that no discernible
alteration in optical density was observed in S. aureus suspensions in PBS
(10 mM) solutions that were exposed to PW and EO-NE-PW substrates,
as well as when S. aureus cultures at the same concentrations suspended
in TSB exposed to EO-NE-PW substrates. The release of the CEO from the
EO-NE-PW substrates has proven to be successful in inhibiting the
growth of S. aureus, even in highly growth-promoting media like TSB. To
obtain the exact populations of bacteria in the well plates, quantification
was performed.

Initial enumeration (t = 0 h) of S. aureus suspensions subjected to a
1000-fold dilution revealed a population of 4.7 &+ 0.13 log;o CFU/mL.
Following a 24-h incubation period at a temperature of 25 °C, bacterial
enumeration was carried out. The bacterial populations exhibited a
slight increase in PBS (10 mM), recording values of 5.1 + 0.08 logig
CFU/mL (statistically insignificant p > 0.05), while a more pronounced
elevation was observed in TSB, reaching 8.7 + 0.04 log;o CFU/mL. In
the presence of PW, bacterial counts exhibited values of 5.3 + 0.30
log1o CFU/mL in PBS and 7.7 + 0.31 log; o CFU/mL in TSB, respectively.
Similarly, in EO-NE-PW, S. aureus counts averaged 3.5 + 0.23 logio
CFU/mL in PBS and 5.2 + 0.22 log;o CFU/mL in TSB (Fig. 5b).

When comparing the growth curves of E. coli, the fitting of the OD
data revealed A values of 13.85 + 0.07, 14.98 & 0.13, and 16.68 + 1.25
h for the control inoculum, PW, and EO-NE-PW in TSB, respectively
(Fig. 6a, with values shown in Supplementary Material Table S4). A 1.5
h delay in the bacterial growth (lag phase) in the presence of EO-NE-PW
substrates in comparison to the PW substrates shows the anti-bacterial
effect of the released CEO into the growth media.

Similar to the enumeration outcomes attained for S. aureus, a mean
count of 4.9 + 0.05 log; o CFU/mL was obtained following the 1000-fold
dilution of the second transfers of E. coli suspensions. Following an in-
cubation of 24 h at 25 °C, a substantial increase in E. coli numbers was

10

evident both in PBS and TSB: 6.4 + 0.05 and 9.5 + 0.05 log;o CFU/mL,
respectively. In the presence of PW, the enumeration of E. coli produced
means of 6.5 + 0.16 log;o CFU/mL in PBS and 8.6 + 0.42 log;y CFU/mL
in TSB. Similarly, when EO-NE-PW was introduced, bacterial enumer-
ation yielded 5.3 + 0.09 log;o CFU/mL in PBS and 7.2 + 0.08 logio
CFU/mL in TSB media (refer Fig. 6b).

Following a 24-h exposure period of the contaminated solutions in
PBS and TSB, a discernible reduction in the S. aureus bacterial pop-
ulations was observed, measuring at 1.8 & 0.4 log;o CFU/mL and 3.5 +
0.3 logig CFU/mL, respectively. Similarly, the E. coli bacterial pop-
ulations demonstrated a decrease, with values of 1.2 + 0.2 log;¢o CFU/
mL in PBS and 1.4 + 0.4 log;p CFU/mL in TSB. In comparison to the
control inocula, the lag times were notably higher in the presence of PW
substrates for S. aureus as compared to the E. coli. This phenomenon
could be attributed to the enhanced adhesion of macromolecules on the
surface of the cell wall of S. aureus to the wax coatings (binding in-
teractions). These interactions play a crucial role not only in the primary
adhesion phase but also in subsequent processes of biofilm formation
(Maikranz et al., 2020).

In alignment with established literature, it is noteworthy that E. coli
exhibited heightened resilience to dissolved CEO compared to S. aureus
(Byung Hong Kim, 2008; Clemente et al., 2016; Ju et al., 2023). This
discrepancy can be ascribed to inherent structural disparities between
the bacterial species. Specifically, owing to the presence of an outer
membrane, E. coli demonstrates augmented resistance against the
adverse effects induced by CEO. This support arises from the obstructive
nature of the outer membrane, which hinders the passage of hydro-
phobic components. The lipopolysaccharides present in the
gram-negative bacteria provide resistance against the hydrophobic
compounds attempting to enter the bacteria (Byung Hong Kim, 2008).

3.7. Superiority of encapsulated-essential oil dispersion in wax coatings

To assess the sustained antibacterial effect achieved by dispersing
EO-NE particles within the paraffin wax matrix, an endurance evalua-
tion of the coatings was conducted. EO-PW and EO-NE-PW strips were
immersed in DI water for 72 h, which corresponds to the half-life of EO-
NE-PW coatings before the bacterial growth was monitored using OD
measurements.

Non-linear fitting of the OD values was performed using the Gom-
pertz model (shown in Fig. 7a). The analysis revealed A values of 10.23
+ 0.04 and 10.65 =+ 0.06 h for the growth of S. aureus in the presence of
EO-PW and EO-NE-PW substrates, respectively, in TSB growth media
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Fig. 8. a. Kinetic growth studies of Escherichia coli (72 h after essential oil release in DI water) with fitting lines (marked by line thickness 0.5), and corresponding
enumerations after 24 h of the OD experiment, where letters A-D indicate statistical distinctions (at p = 0.05).

(shown in Supplementary Material Table S4) and no discernible change
in the OD values in PBS media in the presence of the two coated sub-
strates. Similarly, the maximum achievable OD value (A) decreased
from 0.89 £ 0.02 to 0.79 £ 0.01 when transitioning from EO-PW to EO-
NE-PW substrates. This extension of the lag phase and reduction in the
maximum achievable OD values demonstrate the significant antibacte-
rial activity of EO-NE-PW over EO-PW substrates (post three-day release
in DI water) primarily attributable to encapsulation.

In addition, the logarithmic-scale enumeration of S. aureus in-
oculums from well plates after completion of the OD measurements (t =
24 h) revealed populations of 4.0 + 0.05 and 3.4 + 0.08 log;o CFU/mL
in PBS media in the presence of EO-PW and EO-NE-PW respectively and
in TSB growth media the populations were calculated to be 8.14 + 0.35
and 7.13 + 0.25 log;9 CFU/mL when contacted with EO-PW and EO-NE-
PW substrates respectively (shown in Fig. 7b). Hence, a statistically
significant (p < 0.05) difference in the log-scale S. aureus population (a
reduction of 0.6 + 0.08 log;p CFU/mL in PBS and 1.01 + 0.35 logio
CFU/mL in TSB) underscores the importance of employing nano-
encapsulated essential oil particles within the wax matrix.

After fitting the growth curves of E. coli (in TSB), the A values in the
presence of EO-PW and EO-NE-PW substrates were obtained as 14.29 +
0.13 and 15.10 + 1.67 h respectively while, the ‘A’ values were 1.09 +
0.08 and 1.00 + 0.64 respectively while the growth was flat-lined in PBS
media. As mentioned earlier, the extension of the lag phase was also
observed in the case of E. coli growth which marks the pronounced
antibacterial after even after 72-h release (attributable to
encapsulation).

It is interesting to note that the lag phase for the growth of E. coli in
TSB in the presence of EO-NE-PW which was 16.68 + 1.25 h in our
previous assay (monitoring bacterial growth in TSB immediately after
samples were prepared) decreased to 15.10 + 1.67 h when growth was
monitored following immersion into DI water for 72 h (refer Supple-
mentary Material Table S4). This further substantiates the plateauing
nature of the release of CEO (decreasing rate of CEO release) through
EO-NE-PW.

The log-scale bacterial populations (of E. coli) were evaluated as 5.5
+ 0.09 and 4.5 + 0.04 log;o CFU/mL in PBS media and of 8.32 + 0.08
and 7.46 + 0.14 log;¢o CFU/mL in TSB growth media when the bacterial
cultures were contacted with EO-PW and EO-NE-PW respectively
(shown in Fig. 8b). Therefore, encapsulation of essential oil signified (p
< 0.05) the difference in the number of viable bacterial colonies (E. coli),
demonstrating reductions of 1.00 + 0.10 log;o CFU/mL and 0.90 + 0.10
log1p CFU/mL in PBS and TSB media respectively compared to its un-
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Fig. 9. Enumeration of bacterial populations on the two wax coated substrates
in comparison to the control inoculums. The letters (A-D) represent statistical
distinction (p = 0.05) between the values.

encapsulated counterparts.

Thus, controlled bacterial growth in a growth media, combined with
a substantial reduction in the bacterial population when exposed to EO-
NE-PW substrates compared to EO-PW substrates, demonstrates the
advantages of utilizing nano-encapsulated particles in wax formulations.
This is particularly advantageous for fruits with extended storage times
that undergo transportation to other countries, often involving shipping
durations of 3-5 days.

3.8. Shaker plate assay

To emulate waterborne cross-contamination on the wax coatings of
fruits, we designed a shaker plate assay to quantify the transfer of bac-
teria from bacteria-laden DI water to the wax-coated substrate. This
assay is relevant from an industrial standpoint as cross-contamination
resulting from unhygienic food contact surfaces, inadequate sanitiza-
tion of harvested fruits and vegetables, and potential contamination
during handling by animals and humans is common in the food pro-
cessing industries (Carrasco et al., 2012; Stand, 2020). It is of high sig-
nificance for the novel technologies to not only suppress bacterial
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Fig. 10. a. Graphical representation of zone of inhibitions in the presence of the wax substrates in Aspergillus flavus mycelium. (b, ¢). Images of agar plates (with
circular discs of coated substrates) after b. 2-Day and c. 10-day of incubation at 37 °C.

growth but also decrease their adhesion during these relatively brief
contact intervals. 10-fold dilutions of second transfer-suspensions,
dispersed in DI water, were exposed to filter papers with equal surface
areas coated with PW and EO-NE-PW. After a 1-h exposure to bacterial
inoculum, observations revealed the level of bacterial transfer onto PW
substrates averaged 4.8 + 0.25 log;o CFU/mL for S. aureus and 5.1 +
0.21 logip CFU/mL for E. coli. Similarly, bacterial transfer onto
EO-NE-PW substrates was found to be 3.5 + 0.26 log;y CFU/mL for
S. aureus and 2.6 + 0.22 logyo CFU/mL for E. coli (Fig. 9).

Interaction among planktonic bacteria and their interactions with
surfaces is studied using Derjaguin Landau-Verwey-Overbeek interac-
tive theory (Y. Cheng et al., 2019; DeFlorio et al., 2023; Hermansson,
1999). In short, the interaction between the colloidal particles (plank-
tonic bacterium in our case) and the hydrophobic wax substrates is
governed by two vital components, namely van der Waals attractions
and repulsions due to the formation of electrostatic double layer around
the negatively charged bacteria. There was a significant difference in the
bacterial adhesion to the two wax substrates for both S. aureus and
E. coli. This distinction is observed even though EO-NE-PW substrates
(compared to the PW substrates) exhibit higher water wetting charac-
teristics (indicated by lower contact angles, as shown in Fig. 3c), which
leads to increased proximity of the bacteria to the substrates, where van
der Waals attractions emerge as the dominant mode of interaction be-
tween the bacteria and the wax coatings.

This phenomenon of 1.3 + 0.2 log;y CFU/mL and 2.5 + 0.3 logio
CFU/mL reduction in bacteria populations of S. aureus and E. coli
adhering on to the EO-NE-PW substrates in comparison to PW substrates
is due to the timely release of bioactive compounds from the EO-NE-PW
substrates that prevent the bacteria to adhere to the EO-NE-PW sub-
strates. Furthermore, the notable statistically significant difference in
the populations of E. coli and S. aureus on EO-NE-PW substrates can be
explained by considering the elevated electrostatic repulsions between
S. aureus (with a ¢ potential of —39 + 0.17 mV) and the hydroxyl and
carbonyl functional groups present in the paraffin wax. This contrast is
evident when compared to the ¢ potential of E. coli, which is marginally
lower (in magnitude) at —30 + 1.9 mV.

3.9. Growth inhibition of fungus by cinnamon essential oil embedded wax
substrates: disc diffusion assay

During the marketing of fruits, extended periods of storage within
warehouses often occur, either as they await sale or during export to
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other countries. In certain instances, the storage conditions, encom-
passing humidity, temperature, and ambient contaminants, can provide
a favorable environment for the proliferation of fungi (Barkai-golan,
2007; Yadav and Heitman, 2022). Furthermore, fruits affected with
fungi are prone to foodborne pathogens when they have pre-residing
fungal spores on them (Graca et al., 2017). Therefore, it is crucial for
the innovative fruit coatings to effectively prevent fungal growth.

For the comparative analysis of inhibitory effects resulting from
fungal contaminations on both EO-NE-PW and PW substrates, the Kirby-
Bauer assay was employed, and the pre-sterilized samples (in the agar)
were monitored for fungal growth over a 10-day period. For this assay
we use A. flavus, one of the common species in the saprophytic fila-
mentous fungal genus Aspergillus known to cause black molds in red
apples (Alegbeleye et al., 2022; Hatmaker et al., 2022; Keykhosravi,
2018). It is an accepted phenomenon that the clear zone (zone of inhi-
bition) formed around the filter paper is attributable to the presence of
antifungal materials within the filter paper. The diffusion of CEO
through the agar to observe distinct inhibition zones required 48 h (2
days) of incubation. Following this, the zone of inhibition surrounding
EO-NE-PW substrates measured 13.5 4 0.15 mm, whereas for PW sub-
strates, it was 6.2 4 0.18 mm, indicating an absence of inhibition around
the circular wax pellet. Subsequently, under incubatory conditions at
37 °C, the agar plates were observed over a 10-day period. By the third
day, a few strands of hyphae and conidiophores commenced extending
onto the PW substrates. In contrast, no such phenomenon was evident on
the EO-NE-PW substrates, even upon reaching the 10-day incubation
period (Fig. 10c). To detect the statistical differences in sizes of the
observed zone of inhibitions as indicative of an antifungal effect of
treatment, a one-way ANOVA was conducted for mean zone diameters
for data from 2 to 10 days of incubation. A clear distinction was
observed in the zone of inhibitions calculated after 2-day and 10-day
incubation of the inoculated agar plates (represented by letters A, B, C
in Fig. 10a).

3.10. Visual appearance of hybrid wax coatings on produce

In addition to extending shelf life through superior antimicrobial
properties, it is essential that fruit coatings also possess cosmetic appeal
to attract consumers (Lv et al., 2022; Massaglia et al., 2019; Rahman
et al., 2021). Recent research has reported a direct correlation between
fruit attractiveness, consumer preference, and overall profitability
(Wang et al., 2022; Wunsch, 2023). Furthermore, in the context of
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Fig. 11. Digital images of red apples a. As purchased from local grocery store b. After washing with chloroform to remove the natural and applied wax (in the
processing industry) c. Coated with paraffin wax, d. Coated with cinnamon essential oil dispersed wax formulations e. Coated with freeze dried cinnamon essential
oil nanoparticles dispersed paraffin wax formulations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

global fruit export, meeting international cosmetic standards is an
important factor that empowers producers to secure higher returns for
their products, consequently enhancing the overall profitability of fruit
production (Bhat et al., 2015; S. H. Yang and Panjaitan, 2021).

In the pursuit of evaluating the cosmetic impact of different coatings
on red apples, including pristine wax, CEO-dispersed wax, and EO-NE
particles in wax (shown in Fig. 11), an observational study was con-
ducted. To assess the visual attributes of these coated apples, apples
sourced from local grocery stores, initially treated with wax during fruit
processing, were subjected to a chloroform washing process to eliminate
the existing wax coating. It was observed when the wax from the surface
of the apples was removed, the fruits looked dull and devoid of luster
(shown in Fig. 11b). Remarkably, the results revealed no discernible
differences in the appearance of apples treated with these three distinct
wax formulations: pristine wax, CEO-dispersed wax, and EO-NE parti-
cles in wax (as illustrated in Fig. 11a-c, d).

4. Conclusion

In this comprehensive investigation, we have pioneered the devel-
opment of novel nanoparticle-infused wax coatings suitable for appli-
cation on red apples. The rate of release of CEO substantially decreased,
resulting in a 61-h delay in achieving a 50% release of the embedded
bioactive compounds compared to non-encapsulated coatings.

The novel coatings produced a significant reduction in viable bac-
terial counts in PSB and TSB compared to controls coated with paraffin
wax after 24 h of exposure, with reductions of 1.8 + 0.4 log;o CFU/mL
(PBS) and 3.5 + 0.3 logy9 CFU/mL (TSB) for S. aureus, and 1.2 + 0.2
log19 CFU/mL (PBS) and 1.4 + 0.4 log;o CFU/mL (TSB) for E. coli. The
anti-bacterial effect of the coatings was prevalent even after 72 h im-
mersion in aqueous media followed by bacterial exposure providing log-
scale reductions of 0.6 + 0.08 log;y CFU/mL (PBS) and 1.01 + 0.35
log1o CFU/mL (TSB) for S. aureus, and 1.0 + 0.10 log;o CFU/mL (PBS)
and 0.9 + 0.10 log;o CFU/mL (TSB) for E. coli in comparison to their
unencapsulated wax formulation counterparts. Furthermore, our novel
coatings exhibited significantly reduced bacterial attachment compared
to pristine wax-coated substrates. The coatings also showed a great
aversion toward A. flavus with the initial zone of inhibition measuring
13.5 + 0.15 mm and no hyphae and conidiophores growth on the sub-
strates (with coatings) even after 10 days. Herein, we have developed an
innovative hybrid edible wax coating formulation with potential appli-
cation on red apples. Our focus was on investigating its prolonged anti-
bacterial and anti-fungal properties, achieved through the sustained
release of nano encapsulated cinnamon essential oil. Notably, these
coatings also effectively preserved the apples’ aesthetic appeal and vi-
sual allure. Moving forward, our future studies aim to explore the
extension of shelf life by conducting comprehensive chemical and
physical analyses, along with sensory evaluations, of the red apples
treated with our wax formulations.
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