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Among the animal derived food products, contamination of poultry eggs, and

egg shell surface is one of the major causes for foodborne salmonellosis

in the United States. As a means of reducing the pathogen transfer to the

internal egg contents, polysaccharide-based coatings containing antimicrobial

phytochemicals could potentially serve as a biocontrol strategy for shelled

egg products. The current study investigated the e�cacy of four GRAS

(Generally Recognized as Safe)-status plant-derived compounds, namely,

caproic acid (CAO), caprylic acid (CAY), linalool (LIN) and cuminaldehyde

(CUM), as pectin-based coating treatments, individually or in combination,

for reducing Salmonella Heidelberg (SH) on shell eggs. A three-strain mixture

of SH (∼8.0 log CFU in 50 µL inoculum) was spot-inoculated on surface

sterilized white-shelled eggs. Eggs were evenly coated with either pectin-

based treatments of CAO (1%), CAY (1%), LIN (1%) and CUM (1%), individually,

or a combination of 4 phytochemicals (COMB- each phytochemical at 0.5%

v/v level of inclusion). The treated eggs were stored at 4◦C and SH counts

were enumerated on days 0, 1, 3, 5, 7, 14, and 21 of storage. The study

was replicated thrice, 3 eggs/treatment/day time point, and the data were

analyzed using two-way ANOVA with significance tested at p < 0.05. On day

0, pectin-coated control eggs had ∼7.6 log CFU of SH/egg. At the end of

refrigerated storage (day 21), pectin-based coating of CAO and CAY at 1% level

reduced SH by 2.0–2.5 log CFU/egg (P < 0.05) when compared to controls.

In addition, the CUM and LIN based coatings produced 3.0 log and 3.9 log

reduction, respectively, in SH counts on eggs by day 21 of storage. Among the

treatments with phytochemical combinations, COMB1 [pectin (2%) + Caprylic

acid, caproic acid and cuminaldehyde (each at 0.5% level)] was found to be

most e�ective, reducing SH counts to 2.5–3.3 log CFU/egg from day 0 through

day 14, and by the end of storage period (day 21), a 3.5 log CFU reduction/egg

(p < 0.05) compared to untreated controls. Morphological studies of treated
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eggs using atomic force microscopy (AFM) have shown that the roughness

of eggs can be influenced by a combination of various compounds. Results

indicate the potential e�cacy of the aforesaid phytochemicals in reducing SH

on shell eggs; however, further studies investigating their industrial feasibility

and e�ects on sensory attributes of eggs are warranted.
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Introduction

Eggs constitute a nutrient-dense commodity with high

biological value that provides consumers with a high quality

protein source along with essential minerals, vitamins, and trace

elements (Ahnen and Slavin, 2019). In the US, the annual

consumption of eggs is ∼293 eggs per capita in 2019 and the

demand has grown over the last several years (Trejo-Pech and

White, 2020). However, for nearly more than three decades,

there has been an increase in human salmonellosis outbreaks

through consumption of shell egg and its products (Chemaly

and Salvat, 2011; Musgrove, 2011; Hessel et al., 2019). Globally,

serovars of Salmonella enterica continue to be the single largest

egg safety threat resulting in recalls of commercial egg and egg

products (Paramithiotis et al., 2017). Non-typhoidal Salmonella

enterica serovars derived from poultry products, especially

Enteritidis, Heidelberg, and Typhimurium have been implicated

in ∼50% of the foodborne salmonellosis in the United States

(Schoeni et al., 1995; Foley et al., 2011; Chousalkar et al.,

2017). Although Salmonella Enteritidis is a predominant serovar

isolated from eggshell and egg contents and has been commonly

associated with foodborne outbreaks in the US (Martelli and

Davies, 2012), more recent egg-associated outbreaks have

implicated Salmonella Heidelberg as an emerging concern

by virtue of being associated with highly invasive infections

and mortality in humans (Park et al., 2012; Kaldhone et al.,

2017; Dewi et al., 2021). Recent inferences from quantitative

foodborne relatedness (FBR) measures also indicated that of

the 20 serotypes of non-typhoidal Salmonella in the US,

Salmonella Heidelberg is one among the top three serovars

(amongst serovars Saintpaul and Berta) involved in foodborne

outbreak-associated Salmonella illnesses (Luvsansharav et al.,

2020). In addition, Heidelberg serovar has emerged as a leading

cause of documented outbreaks originating form eggs and egg

production system. Certain isolates of Salmonella Heidelberg

with antibiotic resistance phenotypes are known to cause a

highly invasive disease in humans (Kaldhone et al., 2017).

The US-Food and Drug Administration requires shell egg

producers to practice washing and refrigeration of poultry

eggs to reduce the risk of Salmonella-associated illness and

deaths (U.S. Food and Drug Administration, HHS, 2009).

Several disinfectants such as chlorine, iodine-based sanitizer,

hydrogen peroxide, quaternary compounds, electrolyzed water

and ozone, have been used for reducing the microbial load

on eggs, however, most of these strategies compounds have

limited antimicrobial activity and do not render shell eggs

pathogen-free (Upadhyaya et al., 2016). Moreover, there is a

discordant purview between the US and the European Union

(EU) countries regarding egg washing (Kulshreshtha et al.,

2018). Countries such as US, Australia and Japan promote egg

washing procedures for commercial egg production, whereas

the washing of eggs is currently forbidden within the EU

[Regulation (EC) No 589/2008; Kulshreshtha et al., 2018]. On

the one hand, egg sanitation through washing with disinfectants

may help reduce the microbial load, but on the other hand

it is also known to alter egg shell surface and allow greater

microbial penetration into the eggs (Gabriela da Silva Pires

et al., 2020). Antimicrobial incorporated coatings made from

edible, biodegradable polymers for food products are a potential

strategy for reducing pathogens on foods and reduce foodborne

related outbreaks. Several categories of natural coating agents

containing antimicrobials have been applied in various food

products such as fruits, vegetables, fish, and poultry products

(Jin et al., 2013; Morsy et al., 2015; Xing et al., 2016; Al-

Tayyar et al., 2020; Fu et al., 2022; Shahidi and Hossain,

2022). Clean label approaches that utilize antimicrobial coatings

composed of natural and environmentally friendly compounds

could potentially serve as a biocontrol strategy for controlling

foodborne Salmonella on shell egg products by reducing

pathogen transfer to the internal egg contents. Additionally,

application of coating agents can aid to maintain and preserve

the internal egg quality and improve the shelf life of refrigerated

eggs (de Almeida et al., 2016).

Phytochemicals represent a group of compounds that have

traditionally been used as antimicrobials, flavor enhancers

and food preservatives (Wollenweber, 1988). As a natural

and environmentally friendly option for a biocontrol agent,

phytochemicals have gained acceptance and are preferred for

use over chemical disinfectants that raise toxicity concerns

and resistance development (Mir et al., 1997; Zhang et al.,

2015; Martínez-Suárez et al., 2016; Yang et al., 2016; Wang

et al., 2020). A significant amount of research work has been

conducted in developing edible composite coatings incorporated

with antimicrobial agents as a postharvest food safety measure
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on a variety of food products such as shelled eggs, dry pet food,

and poultry meat products (De Leo et al., 2018; Chen et al.,

2019; Shrestha et al., 2019; Wagle et al., 2019; Pires et al., 2020).

In the past decade, researchers have identified the potential of

using natural and biodegradable antimicrobial coating agents for

various food products (Leleu et al., 2011; Jin et al., 2013; Hromiš

et al., 2015; Gabriela da Silva Pires et al., 2020). Phytochemicals

are secondary metabolites produced by plants and many of

them serve as a defense against predation by microorganisms

and insects (Upadhyay et al., 2014; Reichling, 2018; Hiruma,

2019). They are chemically categorized as alkaloids, phenolic

derivatives, flavonoids, and medium to long chain fatty acids,

and possess wide applicability in the food industry and animal

agriculture (Desbois, 2012; Ullah et al., 2015; Reichling, 2018).

In the current study, we investigated the potential application

of GRAS-status, medium chain fatty acids (caprylic acid

and caproic acid), a benzaldehyde (cuminaldehyde), and a

monoterpenoid (linalool) as pectin-based coating for reducing

S.Heidelberg on shell eggs.

Materials and methods

Bacterial strains and culture conditions

Three isolates of Salmonella Heidelberg (SH) (SH-V6FA,

SH-1, and SH – poultry origin) were used for this study.

Each SH strain was cultured separately in 10mL of tryptic soy

broth (Difco, Becton Dickinson, Sparks, MD) and incubated

at 37◦C for 24 h. Lawn cultures of the SH isolates were

prepared by spread plating one milliliter of overnight culture on

Xylose Lysine Desoxycholate agar plates (XLD) (Difco, Becton

Dickinson, Sparks, MD) (3 plates per isolate) and incubated at

37◦C for 24 h. The lawn cultures from all the XLD plates were

collected using sterile disposable inoculation loops, pooled, and

resuspended into 20mL of phosphate buffered saline (PBS; pH

7.0) and sedimented by centrifugation at 2,758 g for 15min at

4◦C. The centrifugation step was repeated twice for obtaining

washed bacterial pellets which was finally resuspended again

in 20mL of PBS and used as the inoculum. The three-strain

bacterial mix thus derived contained ∼10 log CFU/mL as

confirmed by plating on XLD agar with incubation at 37◦C

for 24 h (Upadhyaya et al., 2016). Inoculum preparation using

lawn cultures with higher log inoculation levels per egg (∼8 log

CFU/mL) has enabled for the persistence of Salmonella over the

21 day trial without drastically reducing the bacterial counts to

negligible levels.

Preparation of pectin coating solutions

Pectin coating solution was prepared based on previously

established protocol in our laboratory with slight modifications

(Ayala-Zavala et al., 2013). Pectin powder from citrus peel

TABLE 1 Egg coating treatments used in this study.

Treatments Coating

CON Pectin (2%) [untreated control]

CAY Pectin (2%)+ Caprylic acid (1%)

CAO Pectin (2%)+ Caproic acid (1%)

CUM Pectin (2%)+ Cuminaldehyde (1%)

LIN Pectin (2%)+ Linalool (1%)

COMB1 Pectin (2%)+ Caprylic acid, caproic acid and

cuminaldehyde (each at 0.5% level)

COMB2 Pectin (2%)+ Caprylic acid, caproic acid and linalool (each

at 0.5% level)

COMB3 Pectin (2%)+ Caprylic acid, caproic acid, linalool and

cuminaldehyde (each at 0.5% level)

was purchased from Sigma Aldrich (St. Louis, MO). The

phytochemicals with purity of ≥98% were used in this

study; the compounds used for this study were caprylic

acid (MP Biomedicals, Solon, OH), caproic acid (MP

Biomedicals), cuminaldehyde (Acros Organics, NJ), and linalool

(Sigma Aldrich). Two percent pectin coating solutions (in

autoclaved deionized water) were prepared with the following

phytochemical treatments individually or in combination, i.e.,

1% caprylic acid (CAY), 1% caproic acid (CAO), 1% linalool

(LIN), 1% cuminaldehyde (CUM), a combination of 0.5% each

of caprylic acid, caproic acid and cuminaldehyde (COMB1),

a combination of 0.5% each of caprylic acid, caproic acid and

linalool (COMB2), and a combination of 0.5% each of caprylic

acid, caproic acid, cuminaldehyde and linalool (COMB3). Two

percent pectin coating solution without the phytochemicals

served as the control for the experiment. The details of the

various treatments are provided in Table 1.

Preparation and inoculation of eggs

Refrigerated, medium sized eggs were surface sterilized

using 70% ethanol and air dried in a BSL-2 cabinet under UV

light for 1 h. Subsequently, 50 µL of the 3-strain SH mixture

was spot inoculated (∼8.0 log CFU/egg) at the air sac end of the

eggs and allowed to dry for 2 h before subjecting the eggs for the

coating treatments.

Pectin-based phytochemical coating and
microbiological analysis of eggs

For bacterial enumeration, based on our preliminary

experiments, we observed that tryptic soy agar and XLD

yielded similar Salmonella populations on shell eggs after

treatments. Moreover, similar findings observed in from our

Frontiers in Sustainable FoodSystems 03 frontiersin.org

https://doi.org/10.3389/fsufs.2022.874219
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Pellissery et al. 10.3389/fsufs.2022.874219

previous publications (Upadhyaya et al., 2013, 2016) related to

phytochemical based inactivation of Salmonella on egg shell

surface. Therefore, the current experimental study resorted

to using only XLD agar plates to enumerate the Salmonella

population from eggs treated with the respective pectin-based

coating agents.

The dipping-based coating method used in this study was

based on previously published protocol with slightmodifications

(Kim et al., 2008). Inoculated eggs were dip treated in a sterile

Whirl-Pak bag (Fisher Scientific, Pittsburgh, PA) containing

80mL of the prepared coating solution and allowed to stand in

the treatment bag for 1min. The coated eggs were transferred

to a sterile rack in the laminar hood and maintained for 2 h

at 25◦C, followed by transferring the eggs into a new sterile

Whirl-Pak bag and stored at 4◦C for 21 days. Viable populations

of SH on eggs were enumerated on days 0, 1, 3, 5, 7, 14,

and 21 of storage. Each bag containing the egg was filled with

50mL of Dey-Engley neutralizing broth (Remel, Inc., San Diego,

CA) and placed on a shaker for 15min at 250 rpm. Thereafter

the broth from sample bags was serially diluted and plated on

XLD agar plates (Upadhyaya et al., 2013, 2016). The plates

were incubated for 24–48 h before counting the colonies. In

addition, 10mL aliquots of the neutralizing broth from each

bag were separately transferred to 100mL of selenite cysteine

broth (Sigma Aldrich) and enriched at 37◦C for 48 h. Selenite

cysteine broth media favors the growth of Salmonella that was

not detectable in the zeroth dilution of the neutralizing broth

of each treatment egg. Enrichment negative samples for SH

were assigned a value of 0, whereas enrichment positive samples

were assigned a value of 1.0 log CFU/egg. The resulting cultures

were streaked on XLD agar plates, incubated for 24–48 h and

the resultant colonies (representative samples) were confirmed

as Salmonella Heidelberg using Salmonella rapid detection kit

(Microgen Bioproducts Ltd, Camberley, UK).

Measurement of egg shell surface
roughness using atomic force
microscopy

Atomic force microscopy has been used to study three-

dimensional surface characteristics of a variety of food surfaces

(Yang et al., 2005; Athanasiadou et al., 2018; Arzate-Vázquez

et al., 2019; Khodabakhshian and Baghbani, 2021). In the current

study, the impact of pectin-based phytochemical coatings on

egg shell surface roughness was measured using an atomic

force microscope (AFM) imaging technique (Tosca 200, Anton

Paar, Graz, Austria). In a separate experiment, eggs coated with

respective pectin coating treatments (one egg per treatment per

day time point) was prepared and stored for day time points

of 0 and 7 as previously mentioned. Prior to imaging, the egg

shell surface was washed with sterile distilled water in order

to wash off the pectin-based coating treatment and to facilitate

the imaging of the raw egg shell surface. The washed eggs were

dried up using Kimtech wipes (Kimberly-Clark, Irving, TX)

and egg shells were cracked to retrieve 2 × 2mm sized egg

shell samples for AFM imaging. The samples were placed on an

AFM sample holder and the images were obtained using tapping

mode using an AP-ARROW_NCR silicon cantilever with a force

constant of 42 N/m and a tip radius <10 nm. For root mean

squared (RMS) surface roughness measurement (Rq), the root

mean squares of surfacemeasuredmicroscopic peaks and valleys

of five equidistant horizontal and vertical directional planes

of the amplitude trace AFM images (n = 10) were measured

and averaged per egg sample. The RMS surface roughness (Rq)

was analyzed using Gwyddion modular program for scanning

probe microscopy (SPM) data visualization and analysis (v.

1.87; http://gwyddion.net/ - accessed 16th June, 2022) and the

measurements were expressed in micrometers.

Statistical analysis

Three eggs per treatment at every sampling time point

during the 3-week trial were included in all three independent

replicated experiments (N = 504, n = 24). The experiment

was a completely randomized design have 8 treatments (CON,

CAY, CAO, CUM, LIN, COMB1, COMB2, and COMB3) and

7 time points (days 0, 1, 3, 5, 7, 14, 21). In the AFM studies,

one egg per pectin-based coating treatment per day time point

(day 0 and 7) was used to measure surface roughness of the egg

shell surface using atomic forcemicroscopy. From the amplitude

trace AFM images, surface roughness measurements of five

horizontal and five vertical directional planes per treatment (n

= 10) were selected and averaged to quantitate the Root Mean

Squared roughness (Rq). The mean difference comparison of the

bacterial counts and Rq was performed between the untreated

pectin coating group and respective pectin-based phytochemical

coating treatments within the respective day time points. The

data were analyzed by two-way mixed ANOVA analysis using

GraphPad Prism 9.3.1. The level of significance was tested at p<

0.05 with Šídák’s multiple comparisons test.

Results

The efficacy of various phytochemical incorporated pectin-

based coating treatments in reducing SH counts is shown in

Figures 1A–G. Data table underneath each graph represents

the mean differences between pectin-coated eggs without

phytochemicals (control) and the respective pectin-based

phytochemical treatments (CAY, CAO, LIN, CUM, COMB1,

COMB2, and COMB3) and the p values for the corresponding

day time point. On day 0, eggs having the pectin only coating

without phytochemicals (CON) yielded an average of 7.6 log
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FIGURE 1

E�ect of (A) 1% caprylic acid, (B) 1% caproic acid, (C) 1% cuminaldehyde, (D) 1% linalool, (E) combination of 0.5% each of caprylic acid, caproic

acid, and cuminaldehyde, (F) combination of 0.5% each of caprylic acid, caproic acid and linalool, and (G) combination of 0.5% each of caprylic

acid, caproic acid, cuminaldehyde and linalool as pectin (2%) based coating in reducing Salmonella Heidelberg on shelled eggs. Pectin

(Continued)
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FIGURE 1

(2%) only coated eggs were also included. Three eggs per treatment per sampling point (0, 1, 3, 5, 7, 14, 21 days) were included, and the

experiment was replicated three times. Enrichment negative samples for SH were assigned a value of 0. Enrichment positive samples were

assigned a value of 1.0 log CFU/egg. The di�erences between the means were compared at a significance level of 5%. Error bars represent SEM.

Data tables below each graph indicate the mean di�erences in log counts between control and the respective treatment application and the

associated p values for each time point.

CFU of SH/egg. However, the phytochemical treatments (CAY,

CAO, CUM, LIN, COMB1, COMB2, and COMB3) significantly

reduced the SH counts on eggs by ∼3.5–4.5 log on day 0 when

compared to control group (p ≤ 0.05).

Until day 3 of storage, the CON eggs had SH counts ranging

between 7.3 and 7.6 log CFU/egg, and from day 5 the bacterial

counts steadily decreased reaching an average of 5 log CFU/egg

by the last day of storage. The phytochemical-coated eggs,

however, maintained the reduced bacterial counts per egg from

day 0 through the end of storage (p ≤ 0.05). Although the

coating treatments did not reduce SH counts to undetectable

levels, the percent reduction of SH counts on eggs treated

with the various phytochemical treatments equates to ≥99.99%

compared to the untreated control eggs across all time points.

Of the individual phytochemical coating treatments, CAY and

CAO coatings reduced the SH load by ∼2.0–2.5 log compared

to the control by the last day of storage. However, CUM and

LIN coating treatments resulted in ∼3.0 and 3.9 log reduction

in SH counts, respectively, by the last day of storage. Among the

coating treatments having the phytochemical combinations, by

day 21, COMB1 brought about the greatest log reduction in SH

counts (∼3.5 log) followed by COMB2 and COMB3 treatments,

both of which produced ∼3.0 log reduction (p < 0.05). All

eggs with phytochemical coating treatments that yielded no SH

colonies through serial dilution and plating were enrichment

positive and were assigned a value of 1 log CFU/egg.

The morphology and surface roughness measurements

of the eggs examined using AFM are presented in

Supplementary Figures 1, 2, and Figure 2, respectively. The

images in Supplementary Figures 1, 2 represent the amplitude

trace of the egg shell surface morphology. Using these images,

the surface roughness was measured and expressed as root

mean squared surface roughness (Rq) and the data is provided

in Figure 2. On day 0, the surface roughness pectin-based

phytochemical treated eggs was not significantly different when

compared to the pectin alone coated eggs. However, on day

7, the surface roughness parameters of the CAY and COMB1

treatment groups reduced by 1.76 and 1.85µm, respectively,

when compared to the control (p < 0.05).

Discussion

Cleaning and disinfection protocols in commercial egg

production are pivotal in controlling outbreaks of non-typhoidal

Salmonella, especially S. Heidelberg (Kaldhone et al., 2017).

Although washing and rinsing practices are recommended

primarily to improve hygiene and bacterial load reduction, these

steps can compromise the integrity of the egg shell cuticle.

In particular, chemical agents used for shell egg sanitation

such as sodium carbonate, cetylpridinium chloride, and sodium

hypochlorite, are known to elicit cuticle damage on egg

shell (Kulshreshtha et al., 2018). The negative effect produced

on the cuticle by these sanitizers potentially provides easy

access for pathogens such as non-typhoidal Salmonella strains,

thereby leading to the contamination of internal egg contents.

Chemicals used to wash eggs are considered potential food

additives which should be cost effective, potentially safe to the

workers and the environment and be easily incorporated in a

HACCP plan (Scott and Swetnam, 1993). Therefore, naturally

derived, environmentally friendly coating agents incorporated

with antimicrobials represent a viable and sustainable approach

for egg disinfection during storage and transport. Moreover,

such naturally derived agents outweigh the negative impacts

that chemical disinfectants may have on the egg shell cuticle as

well as their potential health hazards (Dunnick and Melnick,

1993; Yuan et al., 2022). This study investigated the efficacy of

pectin-based coating incorporating caprylic acid (CAY), caproic

acid (CAO), cuminaldehyde (CUM), and linalool (LIN), either

individually or in combination for reducing S. Heidelberg on

refrigerated shell eggs.

Our previous investigations for standardizing egg coating

experiments used an inoculation level of 6.0 log CFU of S.

Enteritidis per egg (Upadhyaya et al., 2016). However, when SH

was inoculated on egg surface at 6.0 log CFU, its population

drastically reduced below 4.0 log level even on day 0, and the

counts decreased further to undetectable levels by plating by

day 3 of refrigerated storage. Therefore, the current study was

standardized with an 8.0 log CFU inoculum level per egg to

ascertain the inhibitory effect of the coating agents over a 3-

week period. The storage time for the current study was set

for a period of 21 days since the recommended period of

refrigerated storage of raw shelled eggs by the USDA ranges

from 3 to 5 weeks (USDA FSIS, 2011). Pectin, a plant derived

heteropolysaccharide, is a GRAS status ingredient used in the

food industry. It is commonly used as a gelling, stabilizing

or thickening agent, and as edible coatings infused with

antimicrobials (Espitia et al., 2014). Prior investigations in our

laboratory have confirmed that pectin itself as a coating agent on

eggs is not inhibitory to the growth of Salmonella (Upadhyaya

et al., 2016). Moreover, before enumerating SH load on eggs, the

eggs were rinsed in Dey-Engley neutralizing broth to neutralize
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FIGURE 2

Root mean square surface roughness (Rq) measures from amplitude trace images captured from chicken eggshell by means of AFM. The

di�erences between the means were compared at a significance level of 5%. Error bars represent SEM. The * symbol indicates values of p < 0.05

which are statistically significant di�erence.

and help prevent any residual carryover of the antimicrobials to

the enumerating agar medium (Singh et al., 2002).

Among the coating treatments containing a single

phytochemical, 1% linalool and 1% cuminaldehyde

demonstrated greatest reduction in SH populations after

day 3 of refrigerated storage, of which linalool showed a

greater efficacy than cuminaldehyde (Figures 1C,D). CAY

and CAO coating treatments resulted in ∼2.0–2.5 log

reduction in SH counts by the last day of storage. Among

the combination coating treatments, COMB1 and COMB3

showed a significant downward trend in SH counts from day

7 of storage (Figures 1E,G). By day 21 of storage, COMB1 and

COMB3 treatments resulted in ∼3.50 and 3.0 log reduction in

SH counts, respectively (p < 0.05), in comparison to untreated

pectin control group. Although the magnitude of SH reduction

by the various phytochemical coatings differed, results indicate

that all the treatments were able to decrease the pathogen counts

at least by 2.0 log CFU/egg during storage (p< 0.5). This level of

pathogen reduction is of practical significance since apparently

“clean” shell eggs generally have been reported to contain low

levels of Salmonella enterica (∼2 log CFU/egg) (De Reu et al.,

2008). Moreover, the ability of lipid soluble phytochemicals

to cause damage to bacterial membrane proteins, depletion of

proton motive force, cell leakage and disruption of cytoplasmic

constituents (Burt, 2004) along with increased contact time

of compounds on the pathogen may have augmented to

consistently lower SH population across time points when

compared to the untreated control.

The AFM based surface roughness measurement

was performed to assess the impact of the pectin-based

phytochemical treatments on the egg shell surface. From the

pectin coating treatment containing single phytochemical

treatments (CAY, CAO, CUM, and LIN) on day 7, the CAY

coating reduced the surface roughness parameters when

compared to the control. This reduction could possibly be

attributed to the interaction of caprylic acid with the calcite

present in egg shells that could have resulted in the mild

reduction of the microscopic peaks and valleys of the egg shell

surface. From the phytochemical combination-based pectin

coating treatments, the COMB1 coating also produced a similar

reduction in surface roughness. The tandem interactions of

caprylic acid, caproic acid, and cuminaldehyde on the egg

shell surface may also have contributed to potentiating the

reduction of the egg shell surface roughness. Apart from these

findings, one beneficial aspect that we were able to observe

from this study was that the CAY and COMB1 coatings

maintained a surface roughness measure comparable to the

mean surface roughness value for the CON eggs on day 0.

Moreover, except for the CAY and COMB1 treatments, the

rest of the pectin coating treatments seems to have a higher

roughness measure. The formation of coating film produced by

the pectin-based treatments could have attributed to the surface

roughness parameters. Our current observations are in partially

in agreement with the research work by Yuan and coworkers.

They identified that pectin and chitosan-based coating films

of shelled eggs help to construct a better barrier against the
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negative effect of damaged cuticle subsequent to chicken

egg sanitation. In addition, their studies also proved that a

combination of sanitation and polysaccharide-based coating

films helped reduced the invasion of Salmonella Enteritidis

through the chicken egg shell (Yuan et al., 2022). However, with

regards to the current study, further investigation related to egg

shell stability and quality is required to fully assess the impact of

the pectin-based phytochemical coatings.

Conclusion

To conclude, results of this study indicate that the

phytochemical treatments, especially, LIN, COMB1 and

COMB3, when applied as a pectin-based coating are effective

in reducing SH populations on chicken eggs (p < 0.05). The

surface roughness increased except for CAY and COMB1, which

decreased after 7-day storage. Follow up studies on the shell

cuticle stability, egg shell thickness, strength, structural changes,

and sensorial quality characteristics of treated eggs are required

before recommending their use. In future studies, the potential

of nanoemulsions of phytochemicals applied as coating on eggs

for enhanced efficacy will also be investigated.
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