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Comparison of spray-dryingand freeze—-drying methods for lutein/zeaxanthin-enriched egg yolk powder andtheir
application in mayonnaise formulation
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Abstract

The absence of carotenoids in the diet leads to ocular issues, such as cataracts, which may be mitigated by supplementing
foods with lutein and zeaxanthin (L/Z), the macular pigments. This study investigated the impact of spray-drying (SD) and
freeze-drying (FD) on the physicochemical properties of L/Z-enriched egg yolk (SDE, FDE). The results revealed that FDE
contained a significantly higher concentration of L/Z (33.05t1.62 pg/g) compared to SDE (2559£0.09 pg/g). Although SDE
exhibitedsuperior solubility than that in FDE, the latter demonstrated higher oil holding capacity (OHC, 3.34 o 023 g/mL) and
emulsifying stability index (ESI, 493.92+6846 min) across all samples. Additionally, sensory evaluation indicated that mayonnaise
prepared with L/Z-enriched yolk powder (SDE, FDE) was more acceptable to panelists than those made with control yolk powder
(SD, FD), suggesting that L/Z-enriched yolk powders could be effectively used as emulsifying agents in food products.
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[ . Introduction dietary sources of L/Z (Abdel-Aal et al, 2017). Although egg

Lutein and zeaxanthin (L/Z) are carotenoids commonly yolks contain relatively lower concentrations of MPs compared
to some plant sources, they are considered superior due to
their enhanced bioavailability of L/Z. The high-fat content and

lipid matrix of egg vyolks facilitate the absorption of

referred to as macular pigments (MPs). These pigments
selectively accumulated in the macula of the human retina

(Landrum & Bone, 2001), where they provide protective effects
(Roberts & Dennison. carotenoids, making them an optimal medium for delivering L/Z

in the human diet (Tsiaka et al, 2018). Regular consumption of

against light-induced retina damage
2015). MPs function as natural filters of blue light, reducing

phototoxicity caused by high-energy blue light (Junghans et eggs has been shown to significantly elevate serum L/Z labels,

al, 2001). Zeaxanthin is concentrated in the central macula suggesting that eggs could play a role in preventing cataracts

while lutein is distributed more broadly across the retina and age-related macular - degeneration  (AMD)~the  leading

cause of irreversible blindness in adults (Kishimoto et al., 2017,

endogenously in humans, they must be obtained through Ma et al, 2016).
dietary intake (Kim & Shin, 2022 Xu et al, 2022). MP-enriched eggs can be produced by supplementing

(Bernstein et al, 2016). However, as L/Z cannot be synthesized

Green lealy vegetables, including kale, spinach, the diet of the laying birds with natural carotenoids sources,

such as alfalfa concentrate, tomato powder and marigold
extracts (Karadas et al,, 2006) (Jeon et al., 2012). Among these,

* Corresponding Author ; Weon-Sun Shin microalgae offer distinct advantages, including rapid growth
el 1 82-2-2220-4204, E-mail : hime@hanyang.ac.kr

broccoli, peas and lettuce as well as egg yolks, are significant
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rates, year-round availability, and reduced labor intensity,
making them a  cost-effective  source  of lutein
(Fernandez-Sevilla et al, 2010). For instance, supplementing
hen diets with a small amount (0.3%) of dried Chlamydomonas
reinhardtii mutant has been reported to double the MP
concentration in egg yolks (Baek et al, 2018). Additionally,
Dunaliella species characterized by the absence of indigestible
cell walls, are promising feed sources for carotenoid enrichment
(Ben-Amotz, 1980). Mutants of Dunaliella tertiolectagenerated
by ethyl methanesulfonate (EMS) treatment have demonstrated
enhanced zeaxanthin content, offering potential for both egg
enrichment and commercial zeaxanthin production (Kim et al,
2017).

Egg yolks are widely used in food industries for their
functional ~ properties, including  foaming,  coagulation,
emulsification, and coloring. However, the fresh egg yolks are
perishable and challenging to transport. To address these
issues, the food industry increasingly favors dried egg products
over liquid eggs due to their extended shelf life, reduced
microbial risks, and elimination of refrigeration requirements
(Miranda et al., 2015, Jestis et al, 2013). Egg yolk powder is
particularly valued in bakery products, mayonnaise, salad
dressings, ice cream, pasta, and various convenient foods due
to its stability, emulsifying capacity, and ability to enhance
product texture (Asghar & Abbas, 2012). Mayonnaise, a
semi-solid oil-in-water emulsion typically prepared with eggs,
vinegar, and mustard, is among the most widely consumed
products incorporating egg vyolks (Kishk & Elsheshetawy,
2013).  While

formulations have often focused on reducing fat content, limited

efforts to develop healthier —mayonnaise
research has explored the enrichment of L/Z in egg yolks to
enhance the nutritional value of mayonnaise and potentially
mitigate AMD risk (Motta-Romero et al., 2017).

Among various food preservation techniques, drying is
one of the most widely accepted methods due to its ability to
extend shelf life, reduce weight, and enhance convenience
(Chhabra et al, 2024). Spray-drying and freeze-drying are two
commonly employed drying methods, each with distinct
mechanisms and outcomes. Spray-drying involves atomizing a
liquid feed into a hot drying medium, where rapid moisture
evaporation produces a free-flowing powder (Marante et al,
2020). However, this method often causes degradation of
volatile and heat-sensitive compounds (Samborska et al., 2019).

To address these limitations, freeze-drying has emerged as an

advanced alternative. This method freezes the material and
removes water through sublimation (primary drying) and
desorption  (secondary  drying), preserving heat-sensitive
compounds more effectively while maintaining the structural
integrity of the product (Meera et al., 2016).

Despite significant advancements in understanding the
effects of pasteurization, drying, and storage on xanthophyll
content in egg yolks (Wenzel et al, 2010, Franke & Kiefling,
2002), limited research has focused on the comparative impact
of different drying methods on lutein and zeaxanthin (L/Z)
retention. Additionally, the influence of these drying methods
on the physicochemical properties of egg yolk powder, such as
solubility, water/oil holding capacity, and emulsion stahility
upon reconstitution, remains underexplored.

Given the rising interest in MP-enriched foods, this
study aimed to evaluate the effects of spray-drying and
freeze-drying on the L/Z content and physicochemical
properties of MP-enriched egg yolk powder. Furthermore, our
study investigated the application of these powders in
mayonnaise, to assess how drying methods influence functional
performance and sensory attributes. Our research seeks to
and functional properties of

optimize both nutritional

MP-enriched  yolk powder for broader food industry

applications.

Il. Materials and Methods

2.1 Materials and reagents

Laying hens (Hy-line Brown, aged 29 weeks) were
sourced from a local farm in Seoul, Korea. The hens were
randomly divided into two groups: a control group fed a
standard commercial diet and an experimental group fed a diet
supplemented with 0.2% Dunaliella tertiolecta mp3 powder. The
feeding experiment was conducted over a period of three
weeks, and eggs were collected daily from both groups. All
eggs used for the four experimental sample groups were
obtained within the same period to ensure consistency across

treatments.

The Dunaliella tertiolecta mp3 powder used in this
study was provided by Prof. Eon-Seon Jin of Hanyang
University. This microalga is an ethyl methanesulfonate
(EMS)-induced mutant strain with enhanced zeaxanthin
content, as reported by Kim et al. (2017). The strain was
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cultivated, harvested, and freeze-dried into powder form before
use. The supplementation level of 0.2% was determined based
on prior studies (Baek et al, 2018), which demonstrated its
efficacy in enriching egg yolks with lutein and zeaxanthin
while maintaining the health and productivity of the hens.
Safety assessments for the use of this microalga as a feed
supplement have been reported in previous research. The
safety of this algae for animal consumption has been
previously evaluated in accordance with established guidelines,
and the resulting eggs were processed under pasteurization
conditions (60 °C, 3.5-5 min) before any sensory evaluation to

ensure food safety.

Because the study involved only dietary changes under
standard farming conditions and did not involve animal testing
procedures or drug administration, it did not require ethical
approval from an Institutional Animal Care and Use Committee
(IACUC). In addition, the use of these egg yolk samples in
sensory evaluation was approved by the Institutional Review
Board (IRB) of Hanyang University, confirming their safety for

human consumption.

2.2 Egg yolk drying
2.2.1 Freeze-drying

Freeze-drying was performed using a laboratory
freeze dryer (ILSHIN BIOBASE, freeze dryer-FD 830). Eggs
from both the control and L/Z-enriched groups were washed
with water, cracked open, and the yolks were manually
separated from the egg whites. The egg yolks were
homogenized using an Ultra-Turrax T25 (IKA, Staufen,
Germany) at 3,000 rpm for 30 s and transferred into sterilized
bottles. The homogenized samples were pasteurized in a water
bath at 60 °C for 3.5 min, rapidly cooled in an ice-water bath,
and subsequently transferred into sterilized containers. The
samples were then frozen at -80°C for 24 h and freeze-dried
under conditions of approximatively -80°C and 5.33 Pa. The
freeze~dried control group (FD) and enriched group (FDE)
were ground to a fine powder using a mortar, packed in sealed
plastic bags, and stored under refrigerated until further

analysis.

2.2.2 Spray-drying

For spray-drying, the control and enriched egg yolks
were processed to prepare spray-dried enriched egg samples
(SDE). In the SDE preparation, gelatin (2.27% w/w), lactose,
Arabic (12 DE) at

concentrations of 181% (w/w) were added as carrier

distarch  phosphate, gum, dextrin
substances. In contrast, no carrier substances were added to
the control sample (SD). Each sample was homogenized at
3000 rpm and 60 °C for 5 min (Ultra-Turrax T25, IKA,
Staufen, Germany) and subsequently sterilized in a water bath
for 15 min. Prior to drying, the sample temperatures were kept
at 40 °C. The powder was obtained using a spray dryer
(Ohkawara L-8 Ohkawara Kakohki Co., Ltd, Yokohama,
Japan) with inlet and outlet air temperatures set to 155-170 °C
and 90-105 °C, respectively. The resulting powders were
packed into commercial bags (approximately 200 g) and stored
under refrigerated until further utilization.

Four yolk powders were prepared using different drying
methods and enrichment conditions. SD (spray-dried yolk
(non-enriched)), FD
(non-enriched)), SDE (Spray-dried lutein/zeaxanthin-enriched

powder (Freeze-dried yolk powder
yolk powder), FDE (Freeze-dried lutein/zeaxanthin-enriched

yolk powder).

2.3 Extraction of lutein/zeaxanthin

To extract the pigments, fresh egg yolks (0.5 g) were
mixed in 10 mL acetone (90% v/v) and mixed adequately with
continuous stirring. The solution was then centrifuged at 2,500
x g for 2 min, and the supernatants were filtered with 0.2 ym
nylon filters (Sigma Aldrich Inc, St. Louis, Missouri, USA) and
subjected to high-performance liquid chromatography (HPLC)
analysis. Aliquots (05 g) of egg yolk powder were placed
directly into falcon centrifuge tubes (50 mL), then 13 mL of
methanol was added and covered to avoid solvent evaporation.
The solution was immediately treated with ultrasound for 60 s
to 1improve extraction. Subsequently, the samples were
homogenized using an Ultra-Turrax T25 (IKA, Staufen,
Germany) at 4,000 rpm for 2 min. After an incubation of 20
min, the samples were centrifuged (Combi R-514, Hanil
Scientific Inc., Incheon, Korea) at 2500 x g at 20 °C for 5 min.
Then the aliquots of the supernatants were directly placed in
HPLC vials using a plastic syringe (1 mL) and a nylon filter
(02 um) (Wenzel et al, 2010). The mobile phase for HPLC
consisted of 01 M Tris-HCl (pH

analysis  system
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8.0)-acetonitrile-methanol (14:84:2, v/v/v) for the first 15 min

and acetonitrile-methanol (32:64, v/v) for the last 5 min. The

injection volume was 20 yL and the flow rate was 1.2 mL/min.

The column oven temperature was set to 40 °C, and L/Z were

detected at 445 nm.

2.4 Solubility

Twenty—five milliliters of distilled water was added to
the egg yolk powder sample (025 g) and transferred into a
centrifuge tube. The solution was homogenized at 5000 rpm
for 5 min followed by centrifugation at 3,000 x g for 5 min.
An aliquot of 5 mL of the supernatant was then transferred to
a pre-weighed beaker and immediately oven-dried at 105 °C
for 5 h. The solubility (%) was calculated as the weight
difference using Eq. (1).

Solubility(%) = % x100 (1)

WI1: Weight of powder in the supernatant (g)
W2: Weight of podwer in the solution (g)

2.5 Determination of water holding capacity and oil
holding capacity (WHC/OHC)

The WHC/OHC was measured using a method
described in a previous study with a slight modification (Zhang
& Li, 2009). Briefly, 05 g (M;) sample was transferred to a
pre-weighed centrifuge tube (M), and 7 mL of distilled water
was added. The sample containing centrifuge tubes were then
placed in a water bath at 60 °C and held for 10 min, followed
by centrifugation at 2500 x g for 15 min. The supernatant
was removed, and the centrifuge tubes with the wet powders
were weighed (My). WHC was calculated using Eq. (2).

M2—(M1+M)

WHC(g/g) = Vil

(2)

To measure OHC, 1 g sample (M) was mixed with
10 mL rapeseed oil (Vi) in a 50 mL centrifuge tube. The
solution was stirred with a vortex mixer (Vortex-Genie 2) for
30 s every 5 min and continued for 30 min. Subsequently, the
solution was centrifuged at 3,000 x g for 25 min. The free oil
(V2) in the centrifuge tube was removed, and the absorbed oil
was determined by the difference between Vi and Vs The oil

holding capacity was calculated using Eq. (3).

OHC(mL/g) = % 3)

2.6 Preparation of mayonnaise

Mayonnaise was prepared based on the recipe
described by Jeong et al. (2021) with a slight modification. The
formulation consisted of the following ingredients (in
percentages): corn oil (70%, w/v), egg yolk powder (SD, FD,
SDE, FDE) (5%, w/w), water (15%, w/v), sugar (5%, w/w),
vinegar (35 %, w/v), and salt (15%, w/w). SD and FD are
egg yolk powders from non-enriched yolks (spray-dried and
freeze-dried, respectively) and were used to prepare control
Dunaliella

prepare

mayonnaise. SDE and FDE are from
tertiolecta—enriched yolks and were used to
L/Z-enriched mayonnaise. All ingredients, except for com ol
were mixed and homogenized at 3000 rpm for 60 s.
Subsequently, corn oil was gradually incorporated into the
mixture while homogenizing was continued at 4,000 rpm for 5
min. After the complete addition of the oil, the emulsion was
further homogenized at 5000 rpm for additional 2 min to

ensure uniformity.

2.7 Emulsifying activity index (EAI) and emulsion
stability index (ESI)

EAI and ESI were determined according to the
method of Herndndez-Garcia et al. (2016) and Jeong et al
(2021)with a slight modification. Briefly, the emulsion was
prepared by mixing 1 g yolk powder with 10 mL distilled
water and 10 mL corn oil in a calibrated centrifugal tube. The
emulsion was homogenized at 13600 rpm for 2 min using a
homogenizer (Ultra-Turrax T25 IKA, Staufen, Germany). An
aliquot of the emulsion (20 iL) was pipetted from the bottom
of the tube at 0 and 10 min after homogenization and diluted
to 2 mL with 01% SDS solution (1:100 dilution). The
absorbance of the diluted solution was read at 500 nm using a
spectrophotometer (Thermo Scientific Genesys 10S UV-Vis
Spectrophotometer, Berryville, Virginia), and 0.19% SDS solution
was used as the blank. The EAI and ESI were calculated by
Eq. (4) and Eq. (5), respectively.

_2*2.303*dil* A0

EAI(mZ/g) = W (4)
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Where ‘dil’ is the dilution factor (100); ‘A’ is the absorbance
at 500 nm; ‘¢’ is the egg powder concentration (g/mL), 0.01;
and ¢ is the dispersed phase volume fraction (0.5).

At
1 *
ESI(min) = A0 A (5)

where AA = Ay — Ap and At = 10 min, Ay and Ay
represent the absorbance after 10 min and time zero,

respectively, at 500 nm.
2.8 Color measurement

Color values (L*, a", b") of freeze-dried yolk powder,
spray-dried yolk powder and mayonnaise prepared with
powdered yolk were measured in triplicate by a colorimeter
(Konica Minolta Chroma Meter CR-400, Minolta Italia S.p.A.
Milano, Italy) using illuminant source C. The equipment was
calibrated using a white standard ceramic tile (Reference No.
1353123, Y=92.7, x=0.3133, and y=0.3193).

2.9 Sensory analysis

The sensory acceptability of the formulated
mayonnaise was evaluated by a panel of 20 participants (10
males and 10 females) aged from 20 to 50 years. To ensure
the reliability of the data, the panelists received a brief
orientation and training session prior to the sensory evaluation.
The sensory attributes assessed included color, aroma, taste,
stickiness, flavor and overall acceptability. Mayonnaise samples
were served in disposable cups, each containing a standardized
amount of 5 g. The samples were coded with three-digit
random numbers to ensure anonymity, and mineral water was
offered for cleaning the palate between the evaluations.
Sensory evaluation was conducted using a 9-point hedonic
scale, where 1 represented dislike extremely, and 9 represented

like extremely.

2.10 Statistical analysis

Each experiment was performed in triplicate, and data are
presented as mean tstandard deviation (SD). The mean values
from the three separate experiments or replicate analysis were

reported. Statistical comparisons of the means were performed

using Duncan’s post-hoc test (p < 0.05) with SPSS software
23.0 (IBM SPSS Statistics, USA).

II. Results and discussion

3.1 Quantification of L/Z in fresh and processed egg
yolk samples

The concentrations of L/Z in yolk powder from the control
and L/Z-enriched groups are shown in <Table 1>. To better
assess the enhancement effect of Dunaliella tertiolecta mp3
powder supplementation, reference values from non-enriched
fresh egg volks were considered. According to Chung et al
(2004), control fresh yolk typically contains approximately 0.7
pg/g of lutein and 04 ug/g of zeaxanthin, which are
significantly lower than those found in the enriched fresh yolk
used in this study (1253 £ 040 pg/g for lutein and 12.87 +0.67
ug/g for zeaxanthin). This clearly demonstrates that dietary
supplementation with 0.2% Dunaliella tertiolecta mp3 powder
substantially enhances yolk carotenoid levels, consistent with
previous studies (Baek et al., 2018; Jeon et al., 2012).

Enrich Control dried Enriched dried
ed fresh powder powder
yolk SD FD SDE FDE
Lutein 1253 1812 1951 2559 3305
(ug/g) +0A0° £0.33 £0.45° 0,09 +1.62°
Zeaxa
. 12.87 1539 1851 2397 31.25
nthin
+067° +0.8%° +1.03° +0.09° +1.60°
(ug/g)

<Table 1> Lutein and zeaxanthin concentrations in fresh enriched egg

yolk, control dried samples and enriched dried samples

The loss of L/Z during freeze-drying (FDE) was lower
compared to spray-drying (SDE) in both the control and
L/Z-enriched groups. The recovery rate, defined as the yield of
(%), was
higher in FDE (46.8%)than in SDE (435%). Theoretical 1/Z

contents per gram of dried powder were estimated based on

egg yolk powder from the weight of fresh liquid yolk

the L/Z contents in fresh enriched egg yolk and the recovery
rates of each drying method. When compared to these
theoretical values, the actual L/Z contents in SDE were
reduced by 11.16% and 1898%, respectively. Conversely, the
actual L/Z contents in FDE exceeded the theoretical values by
23.39% and 13.59%, respectively.



xs@el

7
H 443 pp.14-25 (2024)

Lutein and zeaxanthin naturally occur as all-trans isomers

g e

=)

<Figure 1>; however, under thermal processing and storage
conditions, trans-isomers are prone to isomerization into
cis-forms, resulting in reduced bioactivity (Sui et al, 2014).
The observed losses in SDE can be attributed to thermal
degradation and  volatilization  during  high-temperature
spray-drying. These changes not only lower L/Z content but

also reduce pigment intensity, as reflected in the color analysis.

Interestingly, the L/Z contents in FDE exceeded theoretical
estimates. This may be due to improved retention and
stabilization of carotenoids during freeze-drying, which
minimizes degradation by avoiding high temperatures. In
addition, the structural disintegration of yolk components during
freezing may enhance pigment extractability during analysis,
leading to higher measured concentrations (Franke & KieBling,
2002; Wenzel et al.,, 2010). The porous structure of freeze-dried
powders may also promote the preservation and recovery of
hydrophobic compounds like lutein and zeaxanthin (Sogi et al,
2015).  Taken

freeze-drying is not only effective at preserving thermolabile

together, these findings suggest that

compounds but may also improve carotenoid recovery during
subsequent extraction and quantification. However, its practical
application may be limited by long processing times and high

operational costs (Sagar & Kumar, 2010).

OH

B N N N N e

HO Lutein

OH

N N N N e N N

HO Zeaxanthin

<Figure. 1> Chemical structures of lutein and zeaxanthin (L/Z)

3.2 Physicochemical characteristics analysis
3.2.1 Solubility

Solubility is a critical property of food powders, as
poor solubility can lead to processing challenges and economic
losses (Sharma et al, 2012). As shown in <Table 2>, the
solubility of spray-dried powder in water (0.17 o 0.00 %) is

significantly higher than that of freeze-dried powder (0.09 ©
0.00 %). This difference could be attributed to variations in
beads size produced by the spray-drying process and the
porous microstructure of the resulting powders. The enhanced
solubility of spray-dried powder is likely due to its increased
specific surface area, which facilitates improved interaction
with water compared to freeze-dried powder (Nandiyanto et
al,2019). Conversely, the lower solubility of freeze-dried
samples may be explained by the prolonged processing time
required for freeze-drying, during which moisture removal
occurs at a markedly slower rate than in the rapid evaporation
process of spray-drying (Jadhav et al, 2024). In addition, Cai
and Croke (20000 demonstrated that freeze-dried powders
exhibit higher hygroscopicity than spray-dried powders. As a
result, freeze-dried powders readily absorb moisture from the
surrounding environment, leading to surface wetting and lump

formation, which further reduces their solubility.

<Table 2> Comparison of solubility, WHC/OHC, EAI, and ESI among
different egg yolk powders

Solubi WHC OHC EAI ESI
lity (%) (g/g) (g/mL) (m’/g) (min)
sp 017 = 132 + 166 = 3.8 £ 167.34
0.00°* 0.09% 0.21¢ 0.05" + 2549
D 0.09 = 140 + 203 £ 400 + 49764
0.00° 0.07 0.07¢ 0.07* + 30.02*
SDE 018 + 099 + 226 + 372 £ 321.81
003" 003" 093 oot £ 1136
FDE 011 = 111 + 334 + 360 + 493.92
0.05° 0.03° 0.23 0.10° + 68.46°

3.2.2 Water/Oil holding capacity (WHC/OHC)

The WHC and OHC values of all egg yolk powder
are presented in <Table 2>. Among the four groups, the SD
and FD samples exhibited significantly higher WHC than the
L/Z enriched FDE and SDE. However, no direct correlation
was observed was observed across the individual samples (p>
0.05), indicating that the drying method does not influence the
WHC of the powder. The lower WHC observed in the
L/Z-enriched group compared to the unenriched group can be
attributed to the lipophilic nature of lutein, a carotenoid that
has limited affinity for water, thereby reducing water-binding
capacity (Kim & Shin, 2022).

OHC is a critical factor influencing emulsification
ability, a desirable attribute for proteins and protein-based
products such as mayonnaise (Sai-Ut et al, 2009). The OHC
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of freeze-dried samples was significantly higher than that of
spray-dried samples (p < 0.05). Among the control groups, FD
showed significantly greater OHC compared to SD. In the
L/Z-enriched groups, FDE demonstrated the highest OHC,
followed by SDE. This trend could be attributed to the loose
of freeze-dried which

protein-lipid interaction and the facilitates the incorporation of

structure samples, enhances the
hydrophobic fractions, resulting in improved oil retention

(Mirhosseini & Amid, 2013).

323 Emulsifying activity index (EAI) and emulsion
stability index (ESI)

As shown in <Table 2>, <Figuer 3>, EAI for SD
and FD were 385+0.05 m*/g and 4.00:0.07 m*/g, respectively,
indicating that the drying methods had no significant on the
EAI of egg yolk powder. L/Z as fat-soluble carotenoids with
low water compatibility, are typically incorporated into
water-based systems through emulsions. The slightly lower
EAI observed in FDE compared to FD can be attributed to the
high L/Z content, which is challenging to emulsify and prone
to instability post-emulsification. Similarly, the EAI of SD and
SDE did not differ significantly (385 and 372 mg,
respectively) even with the added wall material glucose. Egg
yolk is widely used as an emulsifying agent in a variety of
food products, such as mayonnaise, salad dressings and sauces
(Ma & Boye, 2013). Our findings demonstrate that enriching of
egg yolk with L/Z does not affect its emulsification properties,
indicating that L/Z-enriched egg yolk can be effectively used

in the food and pharmaceutical industries.

(spray—dried), FD
(freeze-dried), SDE (spary-drying-enriched), and FDE (freeze-drying-enriched
egg yolk powders) egg yolk powders

On the contrary, the drying methods revealed a
significant impact on the ESI. Freeze-dried samples exhibited
significantly higher ESI compared to spray-dried samples (p <

0.05), indicating greater interfacial stability and the ability to
form strong interfacial membranes, thereby enhancing emulsion
stability (Mundi & Aluko, 2012). These differences can be
attributed to variations in water removal efficiencies and
induced by the

Spray-drying involves rapid water removal through continuous

chemical alterations drying processes.
spraying, mixing, and drying, leading to structural shrinkage
and potential intermolecular interactions such as hydrogen
bonding (Anwar & Kunz, 2011). In contrast, freeze-drying
removes water under frozen conditions, facilitating the
formation of thermally stable protein conjugates that improve
oil emulsification and enhance emulsion interfacial area
formation (Ratti, 2008).

In L/Z-enriched spray-dried powders, the ESI of SDE
was significantly higher than that of SD, which could be due
to differences in the carriers used. Arabic gum is widely used
in spray-drying due to its excellent emulsifying capacity,
which are attributed to its negatively charged molecular
structure, abundant hydroxyl and carboxyl groups, and its
ability to stabilize active substances and improve particle flow
properties (Golkar et al., 2018). Arabic gum, has been reported
allowing hydrophobic polypeptide chains to adsorb onto oil
droplet surfaces while hydrophilic carbohydrate blocks extend
outward, creating a steric barrier that prevents droplet
agglomeration and coalescence (Guadarrama-Lezama et al,
2012). Additionally, maltodextrin, another commonly used
carrier in spray-drying, offers benefits such as low
hygroscopicity, minimal agglomeration, high solubility in cold
water and low cost-effectiveness (Matioli & Rodriguez-Amaya,
2002).  Maltodextrin  also

depending on its dextrose equivalent. Overall, it can be inferred

provides oxidative protection,
that despite the low emulsifying ability of SDE, it can be
effectively used in the food industries by combining it with
Arabic gum or other carriers that possess superior emulsifying

properties (Costa et al., 2015).

3.3  Color

mayonnaise

determinations of yolk powder and

The representative samples of SD, FD, SDE, and
FDE powders are shown in <Figure 2> Color values were
measured using the L'ab’, where L indicates lightness, &

represents red-green intensity = (positive values indicate
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redness), and b’ corresponds to yellow-blue intensity (positive

values indicate yellowness) (Pathare et al., 2013).

<Figure 2> Visual appearance of SD (spray-dried), FD
(freeze-dried), SDE (spary-drying-enriched), and FDE (freeze-drying-enriched)
egg volk powders

The L, &, b" values of the samples are presented in
<Table 3>. Between the two control groups of yolk powder,
SD showed higher L' values as well as lower a* and b* values,
indicating a lighter colorcompared to FD. This difference is
likely due to the high temperatures
spray-drying, which may degrade pigments and result in

employed  during

reduced color intensity (Jiménez-Gonzalez & Guerrero-Beltran,
2021).These findings are further supported by the increased
color values observed in SDE samples compared toSD samples.
Similarly, FDE samples displayed lower Lxand a*values but
higher b#values than FD. These results suggest that the
enhanced yolk color intensity in SDE and FDE samples can be
attributable to the increased L/Z content achieved through

dietary supplementation of hens with microalgae.

<Table 3> Chroma values of different egg yolk powder and

mayonnaise samples

L a’ b’
D 5205 + a2+ 17.00 £
062 0.16° 0.45°
- SL08 088 + 1794 +
06 006" 064"
Powder 5111 + -
SDE 091 + 1853 +
012 009 0.25°
FDE 4837 013 + 198 +
o 003 057
- 5312 = 094 + 832 +
1.01° 0.06° 007"
- 5234 930 + 864 +
041:11) 0.011)C 006C
Mayonna 5124 +
ise SpE 24t 186 + 1580 +
L 038 147
FDE 4920 157 + 1582 +
068 014 053

A similar trend was observed in the mayonnaise
samples. The L* values of SD- and FD-based mayonnaise

were higher than those of L/Z-enriched formulations. The

darker appearance of enriched samples is expected due to the
presence of lutein and zeaxanthin, which contribute to a more
intense yellow-orange hue (Xu et al, 2022). Similarly, enriched
samples exhibit higher b* values (SDE: 1580, FDE: 15.82)
compared to unenriched ones (SD: 832, FD: 864). The
significant increase in b* values in the enriched mayonnaise
formulations suggests that the pigments are well incorporated
into the emulsion system, resulting in intensified yellow
coloration.

Color is an important attribute in food products,
significantly influencing consumer preferences as it serves as
an indicator of freshness, quality and overall appeal. Moreover,
it is also a key contributor to decide the taste acceptability of
a product (Maskan, 2001). The color intensity of egg yolk, in
particular, plays a critical role in consumer perception of
freshness and quality. Deeper, more intense yolk color is
generally preferred, as it is associated with better nutrition and
(Karadas et al, 2006). Color

acceptability has also been shown to influence overall liking

natural feeding practices

and purchase intent in mayonnaise and other egg-based
products (Berkhoff et al, 2020). Consequently, producing egg
yolk powders with consistent quality and intensified coloration
i1s a priority for mayonnaise manufacturers to meet consumer

demands and preferences.

3.4 Sensory evaluation

To ensure the reliability of the data, panelists were given
brief training prior to evaluation, including clear definitions and
evaluation guidance for each attribute. Aroma was assessed
based on the intensity and pleasantness of the smell, flavor
referred to the perceived taste and aftertaste, and stickiness
was defined as the degree of tackiness felt on the tongue and
palate. A 9-point hedonic scale was used <Table 4>.

Given the high fat content of mayonnaise samples,
panelists were instructed to cleanse their palate not only with
water but also with plain unsalted crackers between samples
to eliminate residual oil and minimize carryover effects.
Samples were presented in randomized order to reduce bias.
Among the four sample groups, SDE and FDE (L/Z-enriched
powders) exhibited the highest color scores, indicating that
lutein and zeaxanthin contribute to a more intense
yellow-orange hue, enhancing the visual appeal of mayonnaise.

These samples also received the highest taste scores,
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suggesting that enrichment improves the overall flavor profile.
Additionally, their flavor scores (SDE: 6.00, FDE: 5.65) were

higher than those of the unenriched samples, confirming the

g e

=)

positive impact of carotenoid enrichment on flavor perception.
In terms of stickiness, SDE (6.10) and FDE (4.80) exhibited
higher scores than their unenriched counterparts, implying that
lutein and zeaxanthin may influence textural properties,
potentially by enhancing emulsion stability (Jeong et al., 2021).
The overall acceptability scores were also the highest for SDE
(6.30) and FDE (5.85), indicating that L/Z enrichment improves
the sensory quality of mayonnaise.

These results are consistent with the instrumental color
measurements presented in Table 3. SDE and FDE mayonnaise
exhibited significantly higher b* values (SDE: 1580, FDE:
1582), indicating greater yellowness. The higher b* values of
SDE and FDE confirm the deeper yellow hue observed by the
panelists, aligning with their higher color and acceptability
scores. These findings are also in line with previous studies
reporting that consumers tend to prefer egg-based products
with a deeper yellow color, perceiving them as more natural
and nutritious (Karadas et al, 2006, Amagloh et al, 2024).
Therefore, L/Z-enriched mayonnaise developed in this study
may offer enhanced appeal and potential for consumer
acceptance in the market. FD samples received a higher color
score than SD (spray-dried yolk powder), suggesting that
freeze-drying Dbetter preserves natural yolk pigments, as
demonstrated in Table 1. The flavor score of FD (5.20) was
also higher than that of SD (4.10), implying that freeze-drying
helps retain desirable flavor compounds more effectively than
spray-drying. The stickiness score of FD (4.40) was slightly
higher than SD (4.05), further supporting the idea that
freeze-drying maintains better textural properties. SD samples
exhibited the lowest scores in most sensory attributes,
particularly in color, flavor, and overall acceptability. The lower
flavor score (4.10) suggests that spray-drying may degrade
flavor compounds to a greater extent than freeze-drying.
However, aroma scores were relatively similar across all
samples, indicating that neither drying method nor L/Z
enrichment had a significant impact on aroma perception
(Wang et al,, 2023).

(SDE, FDE)

demonstrated superior sensory qualities in color, taste, and

Overall, L/Z-enriched yolk powders

overall acceptability, making them preferable choices for food

formulations.  Additionally, freeze-drying emerged as the
superior drying method for preserving the sensory attributes of
egg yolk. These findings suggest that incorporating enriched
egg yolk powders could enhance consumer acceptance and

marketability of mayonnaise products.

<Table 4> Sensory evaluation of mayonnaise made with yolk powder

Colo Aro Tast Stic Flav Over
r ma e kiness or all

4.9% 5.00 4.35 405 410

» 0L 8
£ 031" £024%  £04%  £12F  +137° o+ 024
D 6.00 4.9 510 440 .20 515
0130 £052°  £026™® +01F 136 +076°
SDE 6.45 6.05 6.30 6.10 6.00 6.30
£ 1760 176 + 176" =176 + 176" £ 176
FDE 6.40 6.00 565 4.80 2.60 2.85

1760 £ 1760 £ 1760 £ 176 + 176+ L7

All values are expressed as a mean = SD of triplicate estimations.

“N\eans within columns with different letters are significantly different (p <
0.05).

IV. Conclusion
This study demonstrated the efficacy of Dunaliella

tertiolecta mp3 in enriching egg yolks with lutein and
zeaxanthin (L/Z), thereby enhancing the color intensity of egg
yolk powders and mayonnaise. The L/Z content in yolk was
well-preserved during the freeze-drying but showed a notable
reduction in spary-drying due to the high-temperature
involved. Overall, the findings suggest that L/Z-enriched dried
egg yolk powder could be used as an emulsifying agent in
food products such as mayonnaise, offering both functional and
sensory benefits. However, the inherent instability of L/Z
warrants further research to develop strategies for improving

their chemical stability during storage.
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