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Abstract: Salmonella enterica serovar Enteritidis (S. Enteritidis) is a pathogen that poses a health risk.
Blue light (BL), an emerging sanitization technology, was employed for the first time in the present
study to inactivate S. Enteritidis on eggshell surfaces and its influence on maintaining eggshell
freshness was investigated systematically. The results showed that 415 nm-BL irradiation at a dose
of 360 J/cm2 reduced 5.19 log CFU/mL of S. Enteritidis in vitro. The test on eggshells inoculated
with S. Enteritidis showed that a BL dose at 54.6 J/cm2 caused a 3.73 log CFU reduction per eggshell
surface and the impact of BL inactivation could be sustained in post-5-week storage. The quality of
the tested eggs (weight loss, yolk index, Haugh unit (HU) and albumen pH) demonstrated that BL
treatments had negligible effects on the albumen pH of eggs. However, compared to the control,
BL-treated eggs showed lower weight loss and higher HU after 5 weeks of storage at 25 ◦C and
65% humidity and yolk index in the control group could not be determined after 5 weeks of storage.
Besides, the total amino acid content of the BL-treated egg was higher than the control, exhibiting an
advantage of BL irradiation in maintaining the nutrient quality of whole eggs. The current study
determined the efficacy of BL against S. Enteritidis on eggshell and suggested that BL could be an
effective application in maintaining the freshness and quality of eggs.

Keywords: Salmonella enteritidis; blue light; inactivation; eggshell; freshness

1. Introduction

Chicken eggs are popular foodstuff worldwide due to their valuable nutrients, such
as complete protein, including all essential amino acids, easily digestible fats, vitamins (A,
B2, B6, B9 and B12) and minerals (iron, calcium and potassium) [1]. According to the data
provided by FAOSTAT, the production of eggs hen in shell, in 2019, was 83,483,675 tons
and, according to a report from the Food and Agriculture Organization of the United
Nations, global egg production will reach 89 million tons by 2030 [2]. However, poultry-
borne pathogens lead to food poisoning in consumers and considerable egg loss and waste.
Especially, Salmonella-contaminated eggs and egg-derived products contribute to many
salmonellosis cases [3]. Salmonella strains have been frequently isolated from eggshell pieces
and different serovars have been linked with egg contamination [4]. Among the Salmonella
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strains, Salmonella enterica serovar Enteritidis (S. Enteritidis) is frequently recovered from
contaminated grade A eggs.

Shell eggs have been reported as one of the principal vehicles for the transmission
of bacterial pathogens [5]. The cuticle on eggshells (the organic layer of freshly laid egg)
is damaged during extended storage of the egg, leading to the penetration of pathogens
attached to the eggshell surface and in the surrounding environment. Therefore, effective
disinfection on eggshells is urgently required to maintain good quality egg products by
preventing bacterial contaminants from entering eggs.

Nowadays, several antimicrobial approaches have been reported to disinfect S. En-
teritidis in eggshells, including ultraviolet C (200–280 nm) [3,6,7], H2O2 [8], ozone [9]
and slightly acidic electrolyzed water (SAEW) [10], but their applications are limited by
disadvantages such as photoreactivation, decolorization in certain products at high doses
and harmful effects on human [11]. Blue light (BL), especially in the wavelength range of
405–470 nm, has attracted increasing interest because of its intrinsic antimicrobial prop-
erty [11]. BL excited the endogenous intracellular porphyrins, leading to the production of
highly cytotoxic reactive oxygen species and the following cell damage of bacteria [11,12].
BL is considered to be less detrimental to mammalian cells and human skin cells than
ultraviolet irradiation [11]. Moreover, it can penetrate deeper than ultraviolet C [11]. Up to
now, BL had been successfully applied in disinfection of some food, including cantaloupe
rinds [13], fresh-cut papaya [14], milk [15], cucumbers, processed meat products [16] and
packaged sliced cheese [17]. Our previous study demonstrated that methicillin-resistant
Staphylococcus aureus and Cronobacter sakazakii were decreased by 6 log CFU/mL and 8 log
CFU/mL under 415-nm BL illumination of 80 and 240.48 J/cm2, respectively and the outer-
membrane damage and lipid oxidation were induced by BL irradiation [12,18]. However,
up to now, the efficacy of BL on shell egg disinfection has not been studied. Therefore, the
purpose of this research was to verify the effectiveness of BL in inactivating S. Enteritidis
on eggshells and to explore the effect of BL inactivating S. Enteritidis in maintaining the
freshness and quality of eggs.

2. Materials and Methods
2.1. Bacterial Strain and Growth Conditions

S. Enteritidis CMCC50041 purchased from National Center for Medical Culture Col-
lections of China was streaked on a Luria–Bertani (LB) agar plate (10 g/L tryptone, 10 g/L
NaCl, 5 g/L yeast extract and 20 g/L agar powder) and incubated at 37 ◦C for 12 h [12].
A single colony was inoculated into 5 mL of LB broth and cultured for 8–10 h, until the
optical density at 600 nm (OD600) reached 1.0. The cell density of the S. Enteritidis culture
was at approximately 8.0 log CFU/mL.

2.2. In Vitro Bactericidal Test on S. Enteritidis

BL irradiation on S. Enteritidis was carried out according to previous studies [12,18],
with minor modifications as follows. Firstly, S. Enteritidis cells were harvested by cen-
trifugation at 25 ± 2 ◦C for 1 min at 13,600× g and washed three times with a sodium
phosphate buffer solution (PBS, 0.2 mol/L, pH 7.4). The washed cell pellet was suspended
in PBS at OD600 at 0.1. Secondly, 6 mL of bacterial suspension was transferred to a Petri
dish (35 mm bottom outer diameter × 16.5 mm height), which was placed directly below
the BL source at a distance of 10 cm. BL was delivered with a central wavelength of 415 nm
and the BL panel contained 20 LEDs. With the distance between the BL and the sample, the
power density of irradiance was kept at 30.4 mW/cm2 and the irradiance dose per minute
was 1.82 J/cm2. During the illumination process, the Petri dish was placed on a magnetic
stirring device and the bacterial suspension was gently stirred at a speed of 30 rpm with
a micro-magnetic rod (Norcross, Georgia). To calculate the survival rate, 20 µL of the
suspension was withdrawn at 0, 5.5, 11, 16.5, 33, 66, 132 and 198 min (at irradiation doses
of 0, 10, 20, 30, 60, 120, 240 and 360 J/cm2, respectively). Later, the suspension was diluted
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and plated on LB agar. The viable cells were enumerated and the bactericidal efficiency
was calculated. The experiments were conducted in triplicate.

2.3. Preparation and Inoculation of S. Enteritidis onto Eggshells

S. Enteritidis cells were inoculated onto eggshells according to the reported method [8],
with minor modifications as follows. The fresh shell eggs were purchased from local
supermarkets and stored in a refrigerator at 4 ◦C for less than 2 days. The weight range of
each egg was 55–60 g. The eggs were equilibrated to 25 ± 2 ◦C and each egg was wiped
clean with sterile water and allowed to be air dried prior to inoculation. Later, the top
surfaces and bottom surfaces, except the equator, were sponged by a sterile cotton ball
saturated with an S. Enteritidis suspension at 7.8 × 107 CFU/mL [8]. Based on the method
reported by Al-Ajeeli et al. [8], the range of cell density on each eggshell was 106 CFU/egg.
Sponged eggs were finally dried in biological safety cabinet at 25 ◦C for 30 min prior to
BL treatment.

2.4. BL Irradiation on Eggshell

Light-emitting diodes (LEDs) at 415 nm were applied to illuminate the eggshells in a
biosafety cabinet (Figure 1). Before irradiation was started, the egg holder and iron stand
were disinfected with 75% alcohol solution and the bacteria-free work bench was sterilized
by ultraviolet light for 60 min. The temperature of the aseptic workbench was maintained
between 20 and 25 ◦C, while that of the egg holder was kept at 3–7 ◦C by placing it close to
ice. The top of the egg was about 10 cm under the BL source. The top surface of the eggs
was irradiated, at first, for 30 min (irradiation dose at 54.6 J/cm2); then, the egg was turned
over and the bottom surface was irradiated later for 30 min. The total irradiation dose was
kept at 54.6 J/cm2 and the eggs without BL irradiation were the control group.
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Figure 1. Schematic of the BL irradiation apparatus for the eggs.

2.5. Enumeration of S. Enteritidis

To determine the viable population of S. Enteritidis, the surface of the inoculated egg
was fully swabbed with a sterile cotton swab moistened with 1 mL of 0.9% saline under
aseptic conditions. The swab was immersed in 1 mL of 0.9% saline and shaken for 1 min
to evenly disperse the bacteria in the saline. The cells suspension was diluted with 0.9%
saline. The original cells suspension and its diluents were spread on LB agar plates. The
number of viable cells was determined after 48 h of incubation 37 ◦C. The plates containing
20–200 colonies were chosen for determining cell counts. This method resulted in average
S. Enteritidis counts of 6.42 log CFU/eggshell for the 10 replicate trials performed in this
study. The S. Enteritidis cells infiltrated from eggshell into the albumen were also counted
according to the method reported by Chen et al. [19].

Ten parallel experiments were conducted in each group during the 5-week-storage
study and the eggs were stored at 65% RH and 25 ◦C for 5 weeks. The S. Enteritidis cells
were enumerated first; then, the shell eggs were weighed and broken for the Haugh unit
(HU), yolk index, albumen pH measurements and amino acid analysis as follows.
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2.6. Weight Loss

The eggs were weighed weekly using a digital precision scale (±0.01 g). Weight
loss (%) of the irradiated and non-irradiated eggs during storage was calculated with the
following formula [20]:

{[initial whole egg weight (g) before inoculation—whole egg weight (g) of each week
during storage]/initial whole egg weight (g) before inoculation} × 100%

2.7. Yolk Index, HU and Albumen pH

Broken-out egg measurements were performed using a digital vernier caliper (0.01 mm)
(Tsingtao, Shandong, China). The yolk index was calculated as [yolk height (mm)/yolk
width (mm)]. The HU was calculated as [100 log (H—1.7 W0.37 + 7.57)], where H = thick
albumen height (mm) and W = weight of the egg (g) [21]. The pH of the albumen was
measured with a pH meter (Shanghai, China) after both thick and thin albumen were
thoroughly mixed.

2.8. Amino Acid Analysis of the Albumen

The protein hydrolysis was evaluated with the previous method [20], with minor
modifications as follows. Firstly, 10 eggs with the same parallel treatment were broken;
then, the egg albumen was collected, mixed and freeze-dried in a vacuum freeze-dryer
(Beckman, Kansas City, MO, USA). Later, 0.1 g freeze-dried albumen was hydrolyzed with
8 mL of 6 M HCl for 22 h at 120 ◦C in sealed tubes. After hydrolysates were cooled to 25 ◦C,
4.8 mL of 10 M NaOH and some deionized water were added to obtain the total volume at
25 mL. Finally, the hydrolysates were filtered with double-layer filter paper and 1 mL of
filtrate was centrifuged at 15,000 rpm for 10 min. The supernatant, at about 400 µL, was
collected for amino acid analysis by high-performance liquid chromatography (Agilent
1260, Santa Clara, CA, USA) [22]. The amino acid content was expressed as g/100 g eggs.

2.9. Statistical Analysis

Two-way ANOVA (analysis of variance) was employed to compare the statistical
significance between the control and the BL-treated eggs. p < 0.05 was considered as
statistically significant. For the bacterial survival study, BL experiments were carried out
in triplicate to obtain average and standard deviation (SD). For the egg quality study
(weight loss, yolk index, HU and albumen pH), the mean ± SD values were based on ten
measurements per treatment.

3. Results and Discussion
3.1. In Vitro Bactericidal Test on S. Enteritidis

As shown in Figure 2, the killing curve of BL in the PBS suspension showed in a
BL-dose-dependent manner. The significant inactivation was obtained when the BL dose
was above 20 J/cm2 (p < 0.05) and a dose up to 360 J/cm2 caused a 5.19 log CFU/mL
reduction of S. Enteritidis. Kim et al. [23] reported the antimicrobial effect of a 405 ± 5
nm LED at 4 ◦C against S. Enteritidis ATCC 13076 (CDC) and S. Saintpaul cells. The cell
populations of S. Enteritidis and S. Saintpaul ATCC 9712 were reduced by 2.0 and 1.0 log
CFU/mL at 288 J/cm2 and reduced by 5.6 and 1.7 log CFU/mL at 576 J/cm2, respectively.
In this study, 415 nm-BL LEDs were employed and the distance to the surface of cell
suspension was kept to 10 cm to obtain an irradiance at 30.4 mW/cm2. The bactericidal
efficiencies of BL between these experiments were determined by different parameters (e.g.,
temperature), formats of light application (e.g., treatment distance, time and matrix) and
sensitivities of the tested bacteria (e.g., strain or serotypes).
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Figure 2. Light dose-dependent photodynamic inactivation of S. Enteritidis in vitro. Error bars
represent the standard deviation of three separate experiments.

3.2. Bactericidal Effect on Eggshells

Figure 3 shows the antimicrobial effect of BL on S. Enteritidis on eggshells during
storage for 5 weeks. The initial population of S. Enteritidis on the egg was 6.42 log
CFU/eggshell. For the control group, the colonies of S. Enteritidis on the eggshell surface
decreased to 4.20 log CFU/eggshell after 1 week and, thereafter, remained stable, at about
4.00 log CFU/eggshell.
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Figure 3. Inactivation of S. Enteritidis on polluted eggshells and microorganism count on eggshells
after storage for 5 weeks. Asterisk (*) indicates significant (p < 0.05) difference between BL-treated
and control. Error bars represent the standard deviation of three separate experiments.

Unlike the control, BL treatment achieved a 3.73 log CFU/eggshell decrease after
30 min of irradiation (at the beginning of week 1). For the BL-treated group, the cell density
of S. Enteritidis was about 2.70 log CFU/eggshell at the beginning of the storage period
and changed slightly from week 1 to week 5. The numbers of survivors per eggshell
insignificantly changed (p > 0.05). These data showed that the obvious inactivation efficacy
of BL on eggshells could be sustained during the 5-week storage.

The studies of Salmonella inactivation on eggshells are mainly reported in UV and
SAEW technologies. The individual ultraviolet showed efficient bactericidal efficiency
against Salmonella, such as reductions at 1.6–3.8 log under UVC light at fluences from
0.05 to 3.0 J/cm2 (10 mW/cm2, for 5–300 s) and pulsed UV light at fluences from 1.25 to
18.0 J/cm2 [6] and 5.3 CFU/cm2 was obtained after a 20 s treatment at a total dose of
23.6 ± 0.1 J/cm2 [7]; however, minor sensory changes occurred at the same time [6] and
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the possible oxidative hazard of ozone generated by ultraviolet had not been investigated.
Al-Ajeeli et al. [8] reported that combination of H2O2 (3.5% solution) and UV (254 nm)
treatment for 5 s reduced the aerobic plate count in eggshell by 1.87 log CFU/egg. In
addition, the research of Gottselig et al. [24] has shown that the H2O2/UV process reduced
Salmonella by more than 5 log CFU/egg on the surface of experimentally contaminated eggs.
However, its influence on the quality of shell eggs has not been evaluated. Another method
is SAEW, while the chemical sanitizer chlorine is known to lead to the formation of toxic
chemical by-products harmful to the human health [25]. When the eggs were immersed in
SAEW liquid at 26 mg/L for 3 min, S. Enteritidis was decreased by 6.45 log CFU/g [10];
however, the potential toxic by-products were not investigated [10]. Other freshness
maintaining methods include individual H2O2 [8] and ozone [9]; their shortcomings were
obvious, such as chemical residues [26].

It was notable that, for the control, the population of S. Enteritidis on the eggshell was
decreased after 1 week and kept stable thereafter, maybe due to the infiltration of bacteria
into the eggs during the first week [27]. In the preliminary tests, different doses of BL,
including 27.3, 54.6 and 109.2 J/cm2, were investigated; however, 27.3 J/cm2 led to a low
bactericidal rate and almost negligible freshness protection. On the other hand, 109.2 J/cm2

achieved a good sterilization effect, but produced an unpleasant odor. Therefore, the
optimal dose was chosen herein at 54.6 J/cm2 in the present study.

Kim et al. [14] disinfected fresh cut papaya contaminated by Salmonella spp. Using
405 ± 5 nm LED illumination at 4 ◦C for 36–48 h (1.3–1.7 kJ/cm2), they significantly
reduced Salmonella on the papaya surface by 0.3–1.3 log CFU/cm2. For other cantaloupe
fruit rinds, the number of Listeria monocytogenes and Salmonella spp. were decreased
by 2.4 log CFU/cm2 and 2.3 log CFU/cm2, respectively [13]. The effects of BL on the
physicochemical qualities of egg are further investigated in the following section.

3.3. Weight Loss

As shown in Table 1, it was inevitable that all the eggs lost weight during the 5-week
storage. Along the storage time, the weight loss of both BL-treated and non-treated eggs
increased. In the present study, the weight reduction for BL-treated eggs at the end of
storage (week 5) was 3.09%, whereas that of control was 3.88%. The applied BL caused less
weight loss of tested eggs than that in the control group in post-treatment storage (p < 0.05).

Table 1. Effect of blue light irradiation on weight loss (%), yolk index, Haugh unit and albumen pH of eggs during 5 weeks
of storage.

Catalogue Samples Week 0 Week 1 Week 2 Week 3 1 Week 4 1 Week 5 2

Weight loss Control NA 0.84 ± 0.09eA 1.29 ± 0.09dA 1.88 ± 0.12cA 2.32 ± 0.34bA 3.88 ± 0.13aA
BL-treated NA 0.87 ± 0.08dA 1.26 ± 0.16dA 1.75 ± 0.19cA 2.24 ± 0.26bA 3.09 ± 0.23aB

Yolk index
Control 0.36 ± 0.04aA 0.26 ± 0.01bA 0.20 ± 0.01cA 0.21 ± 0.01bcA 0.19 ± 0.03cA ND

BL-treated 0.36 ± 0.04aA 0.26 ± 0.01bA 0.19 ± 0.01cA 0.21 ± 0.02cA 0.20 ± 0.02cA 0.19 ± 0.01c

Haugh unit Control 86.27 ± 5.89aA 74.22 ± 1.43bB 52.13 ± 0.51cB 47.72 ± 1.14cB 33.54 ± 2.82dB ND
BL-treated 86.27 ± 5.89aA 79.00 ± 0.16aA 58.57 ± 1.59bA 55.21 ± 1.17bcA 49.28 ± 3.28cdA 45.66 ± 2.64d

Albumen pH Control 8.92 ± 0.04cA 9.54 ± 0.02aA 9.34 ± 0.02bA 9.04 ± 0.77cA 9.28 ± 0.04bA 8.95 ± 0.17cA
BL-treated 8.92 ± 0.04eA 9.48 ± 0.05aA 9.32 ± 0.22abA 9.04 ± 0.16deA 9.26 ± 0.02bcA 9.11 ± 0.01cdA

Data are expressed as mean ± SD (n = 3). 1 One third of the control samples yolk were dispersed into the albumen. 2 All the yolks of the
control samples were dispersed in the egg whites. NA, not applicable; ND, not detected. a,b Different lowercase letters in the same row
indicate significant differences by Duncan’s multiple range test (p < 0.05). A,B Different capital letters of the same index in the same period
indicate significant differences by ANOVA and Fisher’s least significant difference test (p < 0.05).

Poultry eggs are prone to lose their weight because of loss of moisture and carbon
dioxide through pores in the eggshell [28]. Bhale et al. [29], Caner et al. [30], Kim et al. [20],
Zang et al. [10] and Yuceer et al. [31] also reported that the weight of eggs decreased
significantly during storage. In general, the weight loss of eggs during storage was mainly
resulted from the evaporation of water and the loss of carbon dioxide from the protein
through the porous shells [29]. Other evidence showed that weight loss of SAEW-processed
eggs increased by 5.52% after 30 days storage at 25 ◦C [10]. Pires et al. [28] coated eggs with
rice protein and stored them at 20 ◦C for 8 weeks; the uncoated eggs showed the highest
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weight loss (8.28%) and the weight loss reduction was 5.60%, 5.45% and 5.54% at 5%, 10%
and 15% rice protein concentration, respectively. This suggested that the conditions (such
as temperature) during storage could influence weight/moisture loss. In the present study,
the lesser weight loss of eggs at the 5th week indicated that the BL treatment possibly
reduced the generation of carbon dioxide by bacteria, which could be beneficial for keeping
the freshness of shell egg at 25 ± 2 ◦C for a long time.

3.4. Yolk Index

The yolk index, depending on the yolk height and width, is an indirect measure of the
strength of the yolk vitelline membrane and the spherical shape of the yolk and is therefore
frequently used to indicate freshness [20,31]. The higher the yolk index, the fresher the egg.
As shown in Table 1, both control and BL-treated eggs showed similar yolk indexes during
the 4 weeks of storage, which were approximately 0.36 (week 0), 0.26 (week 1) and 0.20
(weeks 2–4). However, the control had no morphogenetic yolk at week 5 (Figure 4) and
BL-treated eggs showed a yolk index comparable to that at week 4, exhibiting a relatively
higher freshness (p < 0.05) after 5-week storage.
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The decrease in the yolk index is possibly due to the diffusion of water from the
albumen to the yolk and the following weakening of the yolk membrane and liquefaction
of the yolk [31]. Zang et al. [10] showed that SAEW could inhibit bacteria from entering
the albumen and yolk. Therefore, the yolk index of eggs treated with 30 mg/L SAEW
for 3 min was higher than that of the control group. The present results also indicate
that BL irradiation effectively preserved yolk quality. The higher the degree of bacterial
contamination, the more bacterial infiltration of the egg occurs [27]. S. Enteritidis could
penetrate the vitelline membrane into the yolk and proliferate rapidly in the yolk [32],
leading to the rupture of the vitelline membrane and the mixing of yolk and albumen.
In the current study, after storage for 4 weeks, S. Enteritidis cells that infiltrated into the
albumen in BL-irradiated eggs kept at about 12 CFU/mL, while those of untreated eggs
was detected at the 220-fold greater level of 2640 CFU/mL, supporting the disappearance
of yolk after 5 weeks.

3.5. HU

HU, another key indicator reflecting albumen quality of the egg [29,31], was measured
according to the height of the albumen and the weight of the eggs. As shown in Table 1, the
HU decreased in both BL-irradiated and non-irradiated eggs. The result was in agreement
with those of previous reports [10,26,29]. After 4 weeks, the HU of BL-irradiated egg
decreased from the initial 86.27 ± 5.89 to 49.28 ± 3.28; however, the HU of the control
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group dropped faster, from 86.27 ± 5.89 to 33.54 ± 2.82. At the end of storage (5 weeks),
the yolk of the control was disrupted and dispersed into the albumen (HU value at zero),
while the BL-treated egg displayed a complete yolk with a HU value of 45.66 ± 2.64. It
demonstrated that the bacterial inactivation with BL significantly maintained the stability
of egg yolk and albumen (p < 0.05). In addition, we observed that the albumen of the
control sample became thinner and the yolk collapsed because of more contamination
with S. Enteritidis. In comparison, BL-irradiated eggs maintained good integrity of both
albumen and yolk. Yuceer et al. [31] reported similar results, showing that ozone treatment
of eggs slowed the decrease in HU (p < 0.05). Another study showed that S. Enteritidis
could penetrate the egg in 4–5 days [27] and grow in the egg, causing deterioration of
the gel structure of thick albumen [33]. In the control, more S. Enteritidis from the shell
likely infiltrated albumen and yolk, resulting in proteolysis and lipolysis. Consequently,
the albumen and yolk were broken down and mixed together. The results indicated that
BL treatment could preserve albumen quality by inactivating S. Enteritidis.

3.6. Albumen pH

The albumen pH is mainly defined by the dissolved CO2, bicarbonate ions, carbonate
ions and proteins [34]. As shown in Table 1, a similar trend of albumen pH change during
storage period was observed in both control and BL-treated eggs (p < 0.05). The albumen
pH of BL-treated eggs was increased from an initial 8.92 ± 0.04 to 9.48 ± 0.05 after 1 week
of storage, then stayed between 9.04 ± 0.16 and 9.32 ± 0.22. Similar changes occurred in
eggs of the control group. After 1 week of storage, the albumen pH reached 9.54 ± 0.02,
then stayed between 8.95 ± 0.17 and 9.34 ± 0.02, which was also higher than the value
at the beginning of storage (8.92 ± 0.04). The current work showed that BL irradiation or
application did not have a significant impact on albumen pH change (p > 0.05).

In our experiment, one-third of the non-irradiated eggs were rotten and smelly after
3 weeks of storage. The odor most likely came from H2S [35], which did not result in
significant difference between BL-treated eggs and the controls.

3.7. Amino Acid Profiles

As far as we know, the amino acid profiles of egg albumen were rarely reported and
were therefore evaluated in the present study. As shown in Table 2, with the extension
of storage time, all groups showed reduction in amino acid contents, which is a normal
phenomenon for egg storage. However, the total contents of amino acid in BL illuminated
eggs were higher than those in the control group, similar to the trend of weight loss and
HU values. The amino acid content of untreated eggs was 84.58 ± 0.35 g/100 g at week 0
and gradually decreased to 72.9 ± 0.27 g/100 g after 5 weeks. However, the amino acid
level of BL-treated eggs was maintained at a 4.80% higher level, at 76.4 ± 0.32 g/100 g. Es-
pecially, the content of essential amino acids (threonine, lysine, phenylalanine, methionine,
isoleucine, leucine and valine) of BL-treated eggs after 5 weeks was 4.62% greater than
the control, showing a higher protein nutrient value. BL slowed down the loss of amino
acid content in eggs probably because of the disinfection of bacteria consuming amino
acids. The current data demonstrated herein, for the first time, that BL could have a role to
maintain the amino acid content of eggs.

Based on the results mentioned above, it is showed, for the first time, that 415-nm BL
could efficiently inactivate S. Enteritidis on eggshell and maintain the freshness of shell
eggs. As far as we know, 415-nm BL is a freshness-maintaining approach for shell eggs,
since it showed high bactericidal efficiency and less adverse effects. Therefore, BL displayed
good potential for field application in keeping the freshness of the egg and its feasibility
was preliminarily confirmed by the tests on several batches of eggs purchased from local
supermarkets (data not shown). Future work will be carried out on a broader scale and it
is worth noting that the irradiation dose should be adjusted dependent on the type and
contamination density of pathogenic bacteria on eggshell.
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Table 2. Effects of BL-treated eggs on amino acid composition (g/100 g) of freeze-dried albumen during 5 weeks of storage.

Amino Acid
Week 0 Week 1 Week 2 Week 3 Week 4 Week 5

BL-Treated Control BL-Treated Control BL-Treated Control BL-Treated Control BL-Treated Control

Aspartic acid 8.68 ± 0.28a 8.61 ± 0.07a 8.07 ± 0.02cd 8.36 ± 0.03b 8.01 ± 0.02cde 8.16 ± 0.01bc 7.95 ± 0.02cde 8.09 ± 0.01c 7.82 ± 0.02e 7.87 ± 0.02de 7.44 ± 0.03f
Glutamine 12.35 ± 0.43a 12.09 ± 0.09ab 11.38 ± 0.02de 11.83 ± 0.02bc 11.18 ± 0.01def 11.51 ± 0.02cd 11.19 ± 0.01def 11.29 ± 0.01de 11.04 ± 0.01ef 11.10 ± 0.15ef 10.84 ± 0.04f

Serine 4.57 ± 0.25a 4.64 ± 0.06a 4.24 ± 0.02de 4.52 ± 0.01ab 4.29 ± 0.02cde 4.46 ± 0.02abc 4.15 ± 0.01e 4.36 ± 0.01bcd 4.18 ± 0.02de 4.29 ± 0.03bcde 4.16 ± 0.03e
Histidine 2.00 ± 0.09b 2.13 ± 0.01a 2.00 ± 0.01b 1.94 ± 0.01bc 1.89 ± 0.02cd 1.88 ± 0.04cd 1.94 ± 0.01bc 1.87 ± 0.02cd 1.89 ± 0.01cd 1.91 ± 0.03c 1.82 ± 0.02d
Glycine 3.08 ± 0.22a 3.02 ± 0.04ab 2.84 ± 0.02cde 2.96 ± 0.01abc 2.71 ± 0.02e 2.89 ± 0.01bcd 2.78 ± 0.03de 2.86 ± 0.01bcde 2.69 ± 0.01e 2.77 ± 0.05de 2.76 ± 0.04de

Threonine 3.51 ± 0.09a 3.56 ± 0.05a 3.28 ± 0.01a 3.51 ± 0.02a 3.19 ± 0.01a 3.39 ± 0.02a 3.21 ± 0.02a 3.28 ± 0.04a 3.17 ± 0.01a 3.26 ± 0.04a 3.19 ± 0.03a
Arginine 4.97 ± 0.06a 4.86 ± 0.04ab 4.58 ± 0.02cd 4.86 ± 0.02ab 4.51 ± 0.02cde 4.62 ± 0.01bc 4.42 ± 0.02cde 4.55 ± 0.02cd 4.26 ± 0.01e 4.44 ± 0.04cde 4.33 ± 0.04de
Alanine 5.21 ± 0.09a 5.11 ± 0.03b 4.76 ± 0.03ef 4.93 ± 0.02c 4.73 ± 0.01ef 4.87 ± 0.02cd 4.67 ± 0.01f 4.81 ± 0.02de 4.52 ± 0.01f 4.69 ± 0.03f 4.49 ± 0.03f
Tyrosine 2.82 ± 0.08bc 3.04 ± 0.04a 2.87 ± 0.02bc 2.93 ± 0.02ab 2.57 ± 0.01f 2.77 ± 0.11cd 2.79 ± 0.01cd 2.69 ± 0.01de 2.58 ± 0.02ef 2.78 ± 0.06cd 2.54 ± 0.03f
Cysteine 1.05 ± 0.07a 0.98 ± 0.01ab 0.86 ± 0.04c 0.98 ± 0.01ab 0.87 ± 0.01c 0.97 ± 0.01b 0.85 ± 0.01c 0.95 ± 0.01b 0.83 ± 0.01c 0.87 ± 0.02c 0.85 ± 0.04c

Valine 6.26 ± 0.05a 6.10 ± 0.02b 5.75 ± 0.02de 5.95 ± 0.01c 5.69 ± 0.01f 5.82 ± 0.02d 5.61 ± 0.07f 5.77 ± 0.02de 5.53 ± 0.01f 5.60 ± 0.05f 5.44 ± 0.04f
Methionine 3.38 ± 0.04a 3.29 ± 0.01ab 3.09 ± 0.08c 3.22 ± 0.01b 3.02 ± 0.01cd 3.11 ± 0.01c 2.98 ± 0.07de 3.09 ± 0.01c 2.88 ± 0.02e 2.96 ± 0.04de 2.56 ± 0.05f

Phenylalanine 5.20 ± 0.05a 5.05 ± 0.02b 4.74 ± 0.01de 4.85 ± 0.02c 4.69 ± 0.01ef 4.81 ± 0.04cd 4.66 ± 0.11ef 4.83 ± 0.02cd 4.52 ± 0.01f 4.61 ± 0.03f 4.32 ± 0.02f
Isoleucine 4.91 ± 0.04a 4.76 ± 0.01b 4.49 ± 0.04d 4.67 ± 0.01c 4.38 ± 0.02e 4.53 ± 0.02d 4.39 ± 0.02e 4.42 ± 0.01e 4.23 ± 0.02f 4.38 ± 0.02e 4.14 ± 0.03f
Leucine 7.25 ± 0.07a 7.09 ± 0.02b 6.66 ± 0.06e 6.91 ± 0.02c 6.55 ± 0.0f 6.77 ± 0.02d 6.50 ± 0.03f 6.63 ± 0.02ef 6.35 ± 0.01f 6.49 ± 0.04f 6.33 ± 0.03f
Lysine 5.92 ± 0.06a 5.53 ± 0.01b 5.45 ± 0.03b 5.48 ± 0.02c 5.21 ± 0.02f 5.39 ± 0.01c 5.06 ± 0.04f 5.29 ± 0.0d 5.01 ± 0.01f 5.26 ± 0.06de 5.14 ± 0.03f
Proline 3.39 ± 0.07a 3.26 ± 0.02b 2.89 ± 0.01d 3.22 ± 0.01b 3.11 ± 0.02c 3.18 ± 0.02bc 2.61 ± 0.04e 3.10 ± 0.01c 2.59 ± 0.01ef 3.07 ± 0.06c 2.51 ± 0.02f

Total amino acid 84.58 ± 0.35a 82.19 ± 0.16b 77.71 ± 0.1de 81.12 ± 0.1b 76.61 ± 0.13def 79.13 ± 0.08c 75.76 ± 0.31f 77.88 ± 0.06cd 74.09 ± 0.08f 76.40 ± 0.32ef 72.90 ± 0.27f

Data are expressed as mean ± SD (n = 3). a–f Different lowercase letters in the same row indicate significant differences by Duncan’s multiple range test (p < 0.05).
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4. Conclusions

The current study evaluated the efficiency of 415-nm BL in egg disinfection and
systematically evaluated its influence on egg freshness during 5-week storage. It showed
that a BL dose of 360 J/cm2 led to a 5.19 log CFU/mL reduction in S. Enteritidis in vitro
and 54.6 J/cm2 of BL illumination led to a reduction of 3.73 log CFU/eggshell on shell eggs.
The remaining S. Enteritidis population on eggshells after BL treatment had no significant
growth during the 5-week storage. The investigation also showed that 54.6 J/cm2 of BL
illumination with applied dose did not have significant detrimental impact on the quality
of whole eggs. The dynamic changes of albumen pH were similar in BL-treated and control
group. The decreases in egg weight, yolk index, HU and total amino acid contents were
slowed down by BL illumination. The current findings suggested that the 415 nm BL could
be an effective application of S. Enteritidis decontamination on eggshell with potential of
maintaining the quality of egg albumen.
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