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Abstract: This study aimed to evaluate the potential of the marine microalgae Nannochloropsis oceanica
as a sustainable source of n-3 polyunsaturated fatty acids (n-3 PUFA) for hen eggs enrichment. During
4 weeks, hens were fed with 3% (w/w) of Nannochloropsis oceanica supplemented diet. Throughout
the assay, eggs were analyzed according to several nutritional and physical parameters, namely:
(i) protein, fat, and ash content; (ii) fatty acid profile; (iii) thickness and colour of the shell; (iv) total
egg weight; (v) protein quality (HU) and (vi) yolk colour. A remarkable increase in eicosapentaenoic
(EPA), from 2.1 £ 0.1 to 5.2 + 1.2 mg/100 g, and docosahexaenoic (DHA), from 50.3 + 4.0 to
105 + 18 mg/100 g, fatty acids was observed. Yolk colour also changed significantly according to the
La Roche scale, from 9.6 + 0.8 to 11.4 £ 0.8 (more orange). Feed supplementation did not lead to
changes in the remaining analyzed parameters. A shelf life study, carried out for 28 days at room
temperature, showed a decrease in eggs protein quality. In conclusion, eggs from hens fed with
Nannochloropsis oceanica had a yolk colour more appealing to consumers and higher levels of EPA
and DHA, allowing its classification as high in n-3 PUFA (CE n° 1924 /2006).

Keywords: docosahexaenoic acid (DHA); eicosapentaenoic acid (EPA); hen eggs enrichment; hen
feed supplementation; n-3 polyunsaturated fatty acids; Nannochloropsis oceanica; shelf life; yolk colour

1. Introduction

The consumption of n-3 polyunsaturated fatty acids, namely of docosahexaenoic
(DHA, C22:6 n-3) and eicosapentaenoic (EPA, C20:5 n-3) fatty acids, provides several
benefits for cardiovascular health by reducing arrhythmia risk, decreasing blood pressure,
improving the atherogenic lipid profile and reducing platelet aggregation [1,2]. Moreover,
protective effects of these fatty acids against metabolic syndrome [3], obesity [4], type 2
diabetes mellitus [5], depression [6], and eye degenerative disorders [7] have been reported.
Despite the health-benefits of EPA and DHA, its intake is low in most Western countries,
far below the recommended daily dosage of 140 to 600 mg/day [8]. These levels may be
achieved by consuming fatty fish on a regular basis or, alternatively, by taking supplements
rich in EPA and DHA [9]. Nevertheless, these sources of n-3 are expensive which limits
its consumption. In this regard, eggs stand out as an interesting food product to enrich
with n-3 PUFA, mostly due to their wide intake and high-nutritional value as a source of
protein, essential fatty acids, vitamins, and minerals [10,11]. Also, feeding hens with n-3
PUFA enriched diet is a feasible way of modifying the fatty acid profile of eggs, providing
higher levels of EPA, DHA and «-linolenic acid (ALA, C18:3 n-3). Several sources of
n-3 PUFA have been used for eggs supplementation, namely (i) flaxseed, highly rich
in ALA; (ii) fatty fish oils, with abundant levels of EPA and DHA and, more recently
(iii) autotrophic microalgae rich in EPA and DHA [11,12]. Flaxseed has been extensively
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studied as a concentrated source of the essential fatty acid ALA for hen diets, resulting in
eggs enriched with ALA and, to a much lesser extent, with DHA [11-13]. In humans, the
metabolic pathway for n-3 PUFA synthesis comprises the conversion of ALA firstly into
EPA and, at a later stage, to DHA, catalyzed by desaturases and elongases. Unfortunately,
limited yields of EPA and DHA are obtained through their in vivo synthesis from ALA,
making indispensable their consumption to meet the recommend dietary intakes [12].
Therefore, adding EPA and DHA to hen diet is a much more profitable way to enrich eggs
in n-3 PUFA in comparison with flaxseed supplementation. In this sense, fatty fish oil,
namely from sardine and menhaden, has been used as DHA and EPA sources for eggs
enrichment [14-16]. Several studies reported higher levels of DHA in eggs from hens fed
with fish oil, suggesting a large conversion of EPA into DHA [14,16-19]. One of the main
constraints to the supplementation of the hen diet with fish oils is the appearance of off-
flavors, identified as “fishy taste”, at fish oil concentration of about 1.5%, which results in
yolk DHA levels below 100 mg/egg [17,20]. Higher levels of n-3 PUFA have been reached
with microalgal feed supplementation. Microalgae are unicellular organisms, mainly found
in oceans and in fresh or brackish water, that can be cultured either autotrophically or
heterotrophically [21]. Autotrophic microalgae stand out as a more sustainable source of
n-3 PUFA, since the heterotrophic production requires the intake of organic carbon sources
provided from terrestrial crops [21,22]. Moreover, microalgae are an interesting source of
bioactive compounds, such as polyphenols and carotenoids, for food and feed purposes [23].
Nannochloropsis is a marine microalgae genus highly efficient in the conversion of carbon
dioxide into neutral lipids, with high content of EPA ranging from 1.1% to 12% DW
across species [24]. EPA content of ca 3 to 5.5. (% DW) was reported for Nannochloropsis
oceanica [25-27].

In this study, N. oceanica was used as source of n-3 PUFA for hen feed supplementation
during 4 weeks. Several parameters were analyzed aiming at evaluating the nutritional
profile (protein, lipids, ash, and n-3 PUFA content), physical characteristics (yolk colour,
shell thickness and shell colour, egg protein quality (HU) and egg total weight) and shelf
life for 28 days at room temperature.

2. Materials and Methods
2.1. Chemicals

Kjeldahl Catalyst with Se was obtained from PanReac AppliChem, Barcelona, Spain;
Supelco 37 Component FAME Mix, was acquired from Sigma-Aldrich (St. Louis, MO,
USA). Other reagents used were p.a. and obtained from various sources.

2.2. Diet Formulation and Experimental Design

Powder biomass of the autotrophic cultured microalgae Nannochloropsis oceanica was
supplied by Allmicroalgae, Natural Products S.A., Pataias, Portugal. A supplemented diet
for hens was prepared by adding spray-dried Nannochloropsis oceanica, in a proportion of 3%
(w/w), to a standard feed provided by Alimave, S.A, Leiria, Portugal. The composition of
standard and supplemented feeds as well as of the microalgae biomass was characterized
concerning fatty acid profile, total protein, ash, and lipid content.

During 28 days (4 weeks), hens (about 3000 birds) from an outdoor farming system
(Gameirovo, Caldas da Rainha, Portugal) were fed ad libitum with diet supplemented with
N. oceanica. A group with the same size (3000 hens), fed with a standard diet, was used as
control. The zootechnical performance of hens was monitored based on feed intake and
eggs production. In each week (identified as W1, W2, W3, and W4) eggs were randomly
collected and analyzed. In the harvest day, eggs (N = 12) were evaluated for (i) shell
thickness and colour; (ii) total weight; (iii) egg quality and (iv) yolk colour. The eggs (N = 5)
for chemical analysis (protein, lipids, ash, moisture, and fatty acid profile) were shelled,
freeze-dried, ground to powder, and preserved at 4 °C until use. The weight ratio between
fresh and freeze-dried eggs was used to express the parameters values as fresh weight.
Eggs collected at day zero were used as control.
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To evaluate the shelf life during 28 days of storage (legal expiration time), control eggs
and eggs from hens fed with supplemented diet for 4 weeks (W4), were stored in paper
boxes, protected from heat and light. Every week, eggs were evaluated for the parameters
previously mentioned.

2.3. Nutritional Composition and Fatty Acid Profile of N. oceanica, Hen Diets, and Eggs
2.3.1. Total Protein

Crude protein was quantified by the Kjeldahl method [28] using the value 6.25 as
nitrogen-protein conversion factor. Briefly, samples (0.25 g) were digested (Digestor 2006,
Foss, Hilleread, Denmark), at 400 °C for 90 min, with 25 mL of 95% sulfuric acid and
one catalyst tablet. Digested samples were then distillated (Kjeltec 2100, Foss, Hillerad,
Denmark) under alkaline conditions and collected in a 4% boric acid solution. Finally,
the resulting solution was titrated with standard chloride acid 0.1 mol/L. A blank assay
was similarly prepared, without sample addition. Protein content was expressed as a
percentage of fresh weight (% FW).

2.3.2. Total Lipids

The quantification of total lipids was based on the Folch method [29]. Samples (1 g)
were hydrated with 0.8 mL of distilled water and homogenized with 10 mL of a methanol-
chloroform (1:2) solution, under vortex stirring for 5 min. After addition of 1.2 mL of 0.8%
NaCl solution, the mixture was vortexed (2 min) and centrifuged (Eppendorf, Centrifuge
5810 R, Hamburg, Germany) at 11,200x g during 5 min. The lower organic phase was
filtered through a column of anhydrous sodium sulphate and collected to a round-bottom
flask previously weighed. The extraction procedure was repeated with 5 mL of chloroform.
Finally, solvent was removed in a rotary evaporator (Heidolph 2, LAB1ST, Shanghai, China)
and the lipid extract was dried at 40 °C until constant weight. Total lipid content was
expressed as % FW.

2.3.3. Ash Content

Ash quantification was performed by samples (1 g) incineration in an oven (Nabertherm,
Liliemthal /Bermen, Germany) at 500 °C for 24 h. Results were expressed as % FW.

2.3.4. Fatty Acid Profile

Fatty acid methyl esters (FAME) of eggs, microalgae, standard and supplemented
feeds were obtained by direct acid transmethylation of samples [30]. Briefly, samples
(50 mg) were mixed with 2 mL of HyS04 (2%, v/v) in methanol and heated during 2 h at
80 °C. After the addition of 1 mL of MilliQ water and 2 mL of hexane, mixtures were vortex
(1 min) and centrifuged (Eppendorf, Centrifuge 5810 R) at 123 x ¢ during 5 min. Finally,
the hexane layer was collected and analyzed by gas chromatography (GC). GC analysis
were carried out in a Finnigan Ultra Trace gas chromatograph, equipped with a Thermo
Tr-FAME capillary column (60 m x 0.25 mm ID, 0.25 um film thickness); an auto sampler
AS 3000 from Thermo Electron Corporation and a flame ionization detector (FID). The tem-
peratures of the detector and injector (splitless) were 280 °C and 250 °C, respectively. Oven
temperature was set at 100 °C for 1 min, followed by an increase at 10 °C/min to 160 °C
(maintaining for 10 min) and a second increase at 4 °C/min to 235 °C (during 10 min).
Helium was used as carrier gas at a constant flow of 1.2 mL/min. Air and hydrogen were
supplied to the detector at flow rates of 350 mL/min and 35 mL/min, respectively.

Fatty acids were identified by comparison of its retention time with those of Supelco
37 standard mixture. Eicosapentaenoic (EPA), alpha-linolenic (ALA) and docosahexaenoic
(DHA) fatty acids were quantified by the external standard method, using a calibration
curve (linear regression) constructed with a serial dilution of Supelco 37 mix: Area =4
x 10% x [EPA] (ug/mL)-8 x 108, R = 0.990; Area = 2 x 108 x [ALA] (ug/mL)-7 x 108,
R =0.989; Area =4 x 108 x [DHA] (ug/mL)-9 x 108, R = 0.981. Results were expressed
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Efficiency (%) = (

as mg of FA per 100 g of sample (mg/100 g), taking into account the FAME concentration,
the volume of hexane used to extract the FAME and the samples mass.

Aiming to evaluate if eggs could be labeled as a source of n-3 (40 mg EPA + DHA per
100 Kcal) or as high in n-3 (80 mg EPA + DHA per 100 Kcal) (CE n°® 1924/2006), Equation
(1) was applied, based in the amount of Kcal supplied per gram of protein, lipids, and
carbohydrates. The maximum value of carbohydrate content (1%) was considered for the
calculation [31].

(EPA + DHA)

EPA+ DHA =
+ (4 x protein +9 x lipids + 4 x carbohydrates)

M

where EPA + DHA is expressed as mg/100 g; protein, lipids and carbohydrates content
expressed as %.
The efficiency of n-3 PUFA incorporation in eggs, was estimated by Equation (2) as
described by [32]:
(ALAwy + EPAwy + DHAw,) — (ALAc + EPAc + DHA()
ALAgspr + EPAspr + DHASDF) — (ALASPF + EPAgspr + DHASPF>

x 100 @)

where fatty acids content is expressed as mg/100 g; Wx—eggs from hens fed with supple-
mented diet for x weeks; C—control eggs; SDF—standard feed; SPF—supplemented feed.

2.4. Physical Parameters of Eggs

All the instruments used to measure the physical parameters were connected to a
QCM microprocessor unit equipped with a Eggware software [33].

Yolk colour was measured with a QCC yolk colourimeter. Results were expressed as
values of the Roche scale from 1 (light yellow) to 15 (dark orange). The determination of
shell colour was performed with a QCR—shell colour reflectometer. Results were expressed
as percentage (0%—black and 100%—pure white). Shell thickness (ium) was measured with
a QCT—shell thickness micrometres (TSS-York, 2018). The albumen height was measured
with a QCH albumen height gauge micrometre. Egg protein quality was expressed as
Haugh units (HU), and was calculated from the values of albumen height (H, mm) and egg
weight (W, g), by applying Equation (3):

HU = 100 x log(H — 1.7 x W x 0.37 4 7.57) ®)

2.5. Statistical Analysis

In order to compare nutritional profile and fatty acids content between eggs from hens
fed with standard and supplemented diet, a ¢-test was conducted [34]. All requirements
for its execution (namely, normality of data and homogeneity of variances) were validated.
Additionally, in order to compare physical parameters, nutritional profile and EPA, DHA
and ALA content between control eggs and eggs from hens fed with supplemented diet
with 3% of Nannochloropsis oceanica, during 4 weeks of trial, a one-way analysis of variance
(ANOVA) was performed. Also, the same analysis was used to compare physical parame-
ters, nutritional profile and fatty acids contents between control eggs and eggs from hens
fed with supplemented diet (W4), at zero (S1-0) and 28 days (S1-28) of storage. Whenever
the assumptions for performing the ANOVA were not met (namely, normality of data and
homogeneity of variances), the non-parametric Kruskal-Wallis test was performed [34].
Whenever applicable, multiple comparisons between samples and the control group were
performed using the Dunnett test [34]. For the remaining comparisons, Tukey’s honestly
significant difference (HSD) or least significant difference (LSD) and Games-Howell multi-
ple comparison tests were performed, according to the fulfillment (or not) of the ANOVA
requirements (respectively) [34]. The results were considered statistically significant with a
significance level of 5%. Where applicable, all results are presented as mean =+ standard
deviation (SD). Finally, principal components analysis (PCA), based on correlation matrices,
was applied to identify the main associations among physical parameters, nutritional pro-



Appl. Sci. 2021, 11, 8747

50f13

file, and fatty acids of egg samples along the shelf life. The PCA provides information on
the most meaningful parameters, which describe a whole data set, affording data reduction
with minimum loss of original information. Although the results concerning the first
two components (PC1 and PC2) were presented, the others were also analyzed. When
applicable, data were standardized, and log (x + 1) transformed [35]. All calculations were
performed with the CANOCO version 4.5 package.

3. Results and Discussion
3.1. Nutritional Characterization of N. oceanica, Standard and Supplemented Diets

The nutritional composition of microalgae and diets comprised the evaluation of total
protein, lipids, and ash, as well as the fatty acid profile (Table 1). N. oceanica showed
high protein (44.0 & 0.7%) and lipids (20.9 £ 2.6%) content, being palmitoleic (C16:1 n-7),
palmitic (16:0), and eicosapentaenoic (EPA, C20:5 n-3) the major fatty acids.

Table 1. Nutritional composition and fatty acid profile of hen feed (standard and supplemented) and of the microalgae

N. oceanica.
Standard Feed Supplemented Feed N. oceanica
Protein (%) 147 £ 2.6 16.6 +£1.9 440£0.7
Lipids (%) 3.96 £ 0.37 3.96 £+ 0.39 209 +£27
Ash (%) 11.44 +0.89 10.70 + 0.32 8.77 £0.20
Fatty acids (ug/mg)
C16:0 410 £0.34 4.89 £+ 0.15 22.38 £0.53
C18:0 0.74 £+ 0.08 0.63 £ 0.07 * n. d.
Cl6:1n-7 n. d. 1.67 +£0.32 37.15 £ 0.99
C18:1n-9 11.99 + 0.65 10.06 +0.10 * n. d.
C18:2n-6 292 +1.1 261+1.1* n. d.
C18:3 n-3 (ALA) 1.21 +0.05 1.15+ 043 n. d.
C20:4 n-6 n. d. n. d. 10.35 + 0.58
C20:5 n-3 (EPA) n. d. 0.95 £ 0.21 21.40 £+ 0.64

For each parameter (same row), * means statistically significant differences (p < 0.05) between feeds (N = 5). ALA—«-linolenic acid;

EPA—eicosapentaenoic acid

The amount of EPA (21.40 + 0.64 ug/mg) attained for N. oceanica biomass is in
agreement with the value reported by [36]. Although the nutritional profile of N. oceanica
depends on the strain and growth conditions [37], these results are in line with other studies
attesting that this microalga is a rich source of lipids, particularly of EPA [38—40].

Concerning feed composition, no statistically significant differences (p > 0.05) in the
amounts of protein (from 15% to 17%), lipids (around 4%) and ash (around 11%) were
observed for both diets. However, a distinct fatty acid profile was observed, noticing the
presence of palmitoleic (1.67 £ 0.32) and EPA (0.95 £ 0.21 ug/mg) fatty acids only in the
supplemented feed. Linoleic (C18:2 n-6) and oleic (C18:1 n-9) were the major fatty acids,
regardless of diet, with higher values in the standard (29.2 + 1.1 and 11.99 + 0.65 ug/mg,
respectively). The amounts of palmitic acid and alfa-linolenic (C18:3 n-3) were similar in
both feeds, whereas stearic (C18:0) acid was more abundant in the standard. In a broadly
sense, the supplemented diet provides more 89 mg/100 g of n-3 PUFA in comparison with
the standard.

3.2. Influence of Hen Diet on Nutritional Profile and Physical Characteristics of EQgs

Hens fed with supplemented diet adapted well to the new feed, as proved by the
zootechnical performance evaluation. Eggs were analyzed every week along the 28 days
trial and compared with control samples (eggs from hens fed with standard diet). No
significant differences were observed in the nutritional composition between samples
throughout the assay (p > 0.05), with about 12% of protein, 10% of lipids and less than 1%
of ash (Table 2), in agreement with the composition usually reported for whole eggs [31].
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Table 2. Physical parameters and nutritional profile of eggs from hens fed with supplemented diet with 3% of Nannochloropsis

oceanica during 4 weeks of trial.

Control Week 1 Week 2 Week 3 Week 4
B3 EPA + DHA (mg/100 g) 524+ 4% 116 + 7 120 + 13 109 + 33 110 + 19
&g EPA + DHA (mg/100 Kcal) 374+3* 84+ 4 85+ 9 77 4+ 22 80 + 12
E . Lipids (%) 9.90 + 0.26 9.64 + 0.27 9.78 + 0.12 9.73 + 0.46 9.63 + 0.39
S =
g % Protein (%) 11.9 + 0.50 12.0 £ 0.11 12.1 + 0.36 12.2 + 0.69 11.8 + 0.30
> Ash (%) 0.83 £+ 0.01 0.85 + 0.06 0.86 + 0.05 0.88 + 0.04 0.84 + 0.02
- & Egg weight (g) 65.2 + 4.0 64.8 + 4.1 61.5+2.1 66.0 + 5.2 63.1+5.3
29 Shell colour (%) 284472 262 +85 28.1+5.0 264 + 4.1 31.7 + 4.4
2 g Quality (UH) 80.8+7.9* 84.7 + 8.9 *# 88.3 + 6.3 *# 888 +55% 82.1 4 8.6**
o Shell thickness (um) 372 +19 372 + 10 378 + 29 361 + 24 371 +27

For each parameter (same row), distinct symbols (*, *) mean statistically significant differences (p < 0.05) between groups (N =5 for fatty
acids and nutritional profile data; N = 12 for physical parameters data). DHA—docosahexaenoic acid

However, a remarkable increase in DHA and EPA content was observed at the end of
week 1, reaching values two-fold higher than the control, which allowed eggs classification
as high in n-3 PUFA (Figure 1). These values remained constant throughout the experiment,
attaining values of 5.2 & 1.2 for EPA and 105 £ 18 mg/100 g for DHA at the end of week 4.
Conversely, no significant differences were observed in ALA content (p > 0.05) which was
slightly higher than 50 mg/100 g in all samples.

140.0 20.00

. ——ALA
o 18.00
o 1200 DHA T
S 1 16.00
S --o--EPA 1 |
i 4000 J 14.00 =
w
o

= 12.00
€ 800 o <
g | e
g g w x B
O 60.0 I/ J\ *I' 4100 _E,
< o <
T *¢ J J <
2 400 e
: S UG S
P2 e 49 G Aiateteiee bl D LT TP SEEL Loy
c 4.00
< 200 * -
< .4 2.00

0.0 0.00

Control (Week0) Week 1 Week 2 Week 3 Week 4

Feed period with supplemented diet

Figure 1. ALA, EPA and DHA contents (mg/100 g) in eggs from hens fed with Nannochloropsis
oceanica supplemented diet during the 4 weeks of trial. For the same FA, * means statistically
significant differences (p < 0.05) (N = 5).

A similar accumulation pattern was described in other studies that used microalgae
as a source of n-3 PUFA for eggs enrichment. Bruneel et al. [41] reported an increase in
the values of EPA (to 2.3 & 0.6) and DHA (to 44.9 &+ 6.6 mg/egg) while ALA content
remained constant (15.9 & 2.0 mg/egg) after a 28-day trial, using 5.0% of N. gaditana in the
supplemented feed. Moreover, the use of twice the concentration of microalgae in feed
did not result in a proportional increase of n-3 PUFA in eggs. Fredriksson et al. [42] also
observed a consistently increase in EPA and DHA when 20% of N. oculata was added to
different standard diets. Feed supplemented with 5% N. oceanica had high efficiency for
n-3 PUFA eggs enrichment, ranging from 85% to 60% at the end of week 1 and week 4,
respectively (Figure 2).
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Figure 2. Efficiency of n-3 polyunsaturated fatty acid (PUFA) migration from Nannochloropsis oceanica
supplemented feed to hen eggs, along the feeding period.

Lemahieu et al. [32] compared four distinct microalgae and observed an increase in
DHA and EPA, regardless of the species supplied to hen feed. Higher efficiency of n-3
PUFA enrichment was attained with Phaeodactylum tricornutum and Isochrysis galbana in
comparison to Nannochloropsis oculata. An increase in ALA content was only observed
with Chlorella fusca supplemented feed, which reflects the high amount of this fatty acid
in its composition. Another study focused on the supplementation of hens feed with the
microalga Isochrysis galbana in comparison with other sources of n-3 PUFA (flaxseed, fish
oil, and DHA gold) for eggs enrichment. This microalga shown to be more efficient in the
increase of EPA and DHA levels than flaxseed, which was mainly responsible for ALA
improvement. Comparatively to fish oil and DHA Gold, I. galbana was less efficient for eggs
supplementation, due to differences in both bio-accessibility and n-3 PUFA profile [43].
Concerning the physical parameters, statistically significant differences were observed in
yolk colour that became more orange right at the end of week 1 (ANOVA, Dunnett’s test,
F(4.55) = 6.237, p-value < 0.001; Figure 3). The shift towards higher values of Roche scale,
as result of microalgae feed supplementation, was also reported by other authors [32,41,42].
The yolk colour intensification is associated to carotenes and xanthophyll migration from
feed to eggs [10,32,42,44]. Nannochloropsis species are rich in carotenoids, flavonoids, and
other phenolic compounds which have well-documented antioxidant activity [23,45]. The
migration of these compounds from supplemented feed also improves the nutritional
composition of eggs and its oxidative stability [10,46].

Regarding egg protein quality (HU), a slight increase was observed along feed sup-
plementation, reaching a maximum value of 88.8 & 5.5 at the end of week 3 (Table 2).
Conversely, [46] did not observe changes in HU values when marigold extracts were used
for hens feed supplementation. No significant differences were observed in the remaining
physical parameters. At the end of the trial, egg weight, shell colour, and shell thickness
achieved values of 63.17 & 5.5 g, 31.7 & 4.4% and 371 4 27 pum, respectively. The shell
thickness compromises egg integrity while its colour influences consumer choices. Weaker
shelled eggs are more susceptible to cracks and more prone to microbial contamination,
with a consequent decrease in sales [47]. Brown eggs (with values of 25-40%) are perceived
by consumers as being more natural and healthier than white counterparts. However, no
relation between shell colour and nutritional content of the egg has been proved [48].
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Figure 3. Yolk colour of eggs from hens fed with 3% of Nannochloropsis oceanica supplemented diet
during the 4 weeks of the trial. * means statistically significant differences (p < 0.05) (N = 12).

3.3. Assessment of Shelf Life of Eggs from Hens Fed with Supplemented Diet

Control eggs and those from hens fed with a supplemented diet for four weeks (W4)
were kept in paper boxes along 28 days, at room temperature, aiming at mimicking the
storage conditions in the supermarket. Every 7 days, samples were collected and analyzed
as previously described (cf 2.2). Egg protein quality (HU) was the only parameter that
significantly decreased along time for both control and W4 eggs, although in a more pro-
nounced way in control eggs (Figure 4). Nevertheless, no statistically significant differences
(p > 0.05) were observed for control and supplemented eggs with the same storage time.
Several authors state that albumen height, a parameter used for HU calculation (cf 2.4),
decreases with storage time as pH of egg white increases [46,48].

95
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N
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Figure 4. Comparison of protein quality (Haugh units, HU) of control eggs and W4 eggs (from hens
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fed with 3% of Nannochloropsis oceanica supplemented diet during the 4 weeks) along the storage
time. * means statistically significant differences (p < 0.05) between samples with different storage
time (N = 12).
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The remaining physical parameters were constant during storage. Also, the amount of
the fatty acids ALA, EPA and DHA did not significantly change during the storage period
(p > 0.05), demonstrating that eggs from hens fed with supplemented diet still preserve
high levels of n-3 PUFA after 28 days (Table 3). The same pattern was observed for protein
and lipids content conversely to the amount of ash that slightly increased throughout
the storage.

Table 3. Comparison of fatty acids contents, nutritional profile and physical parameters of control eggs those from hens fed

with a supplemented diet (W4), at zero (0) and 28 days of storage.

Control-0 Control-28 W4-0 W4-28

- ALA (mg/100 g) 57.7 £ 6.9 58.2 + 8.0 51.9 +£9.4 493 £33
=73 EPA (mg/100 g) 21401 22+0.1 52+12* 47 +£07*
il DHA (mg/100 g) 50.3 + 4.0 51.7 + 6.5 105.2 +18.2* 87.14+9.0*
E o Lipids (%) 9.90 + 0.26 9.79 + 0.40 9.62 %+ 0.39 9.63 £ 0.12
S =
iz g Protein (%) 11.95 + 0.50 12.28 + 0.48 11.81 + 0.30 11.73 £ 0.36
> Ash (%) 0.83 £0.01* 0.86 + 0.04 ** 0.84 £ 0.02 ** 0.89 £0.02%

" Eggs weight (g) 65.2 + 4.0 615+ 6.0 63.1+53 61.8 +2.1
R Yolk colour (Roche scale) 9.6 +0.8 85+ 1.0 11.4+0.8* 11.7+1.0*
g g Shell colour (%) 284472 30.0 £ 4.6 31.7 £ 44 30.0 & 4.6
£ g Protein quality (UH) 80.8 + 7.9 402+9.0* 82.1+86 423 +£52%

a Shell thickness (um) 372+ 19 349 4 25 371 + 27 387 424

For each parameter (same row), distinct symbols (*,*) mean statistically significant differences (p < 0.05) between groups (N = 5 for fatty
acids and nutritional profile data; N = 12 for physical parameters data).

Several studies concerning the evaluation of eggs shelf life highlight distinct observa-
tions in nutritional and quality parameters. Gréevic¢ et al. [46] reported an increase in shell
thickness, yolk colour intensity as well as in lipid oxidation, assessed by thiobarbituric
acid reactive substance (TBARS) assay, in control and supplemented eggs with marigold
extract. A decrease of carotenoids content in yolk eggs throughout storage time, both at
room temperature and under refrigeration, was observed by Barbosa et al. [49]. Another
study showed a decrease of egg weight, HU value, and yolk colour in eggs stored for
3 weeks in refrigerator [50]. According to these authors, eggshell firmness does not change
with storage period but depends on factors such as hen’s age, genotype, and diet.

In this study, a PCA was carried out aiming at providing an integrative approach of
the influence of storage time on the nutritional composition and physical parameters of the
control and of eggs from hens fed with the supplemented diet for 4 weeks (W4) (Figure 5).

The first principal component PC1, representing 37.9% of sample variability, is mainly
defined by the values of EPA, DHA, yolk colour and protein. Also representative of the
variance explained by PC1 appears the total weight and the shell thickness, although
with less weight to explain the observed pattern (shorter vectors). The second principal
component PC2 explains 23.2% of the total variability and is more related to the egg protein
quality (HU), lipids, ALA, ash contents and shell colour. The results obtained by the PCA
allowed three groups to be distinguished (identified as I, II and IIT). Group I comprised
W4 eggs and was mainly characterized by the higher levels of EPA, DHA and yolk colour.
Comparing with control samples (groups II and III), W4 eggs were more homogeneous,
suggesting higher stability of these samples during shelf life. Control samples distinguished
from W4, by higher values of protein and of egg weight. Group II corresponded to 0 and
7 days of storage, whereas group III (shifted towards lower values of HU) contained the
eggs with higher self-life (from 14 to 28 days). It should be noted that eggs with higher
shelf life were shifted towards lower values of egg protein quality, although this trend was
more pronounced in control samples.
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Figure 5. Principal component analysis (PCA) biplot of egg samples along the shelf-life, concerning
11 parameters: amounts of the fatty acids EPA, DHA and ALA; protein (Prt), lipids (Lips) and ash
(Ash); Yolk colour (yC); Shell colour (sC); shell thickness (sT); egg weight (eW) and egg protein
quality (HU). C-0; C-7; C-14; C-21 and C-28—Eggs from hens fed with standard diet, after zero
(0), 7, 14; 21 and 28 days of storage. W4-0; W4-7; W4-14; W4-21 and W4-28—eggs from hens fed
with N. oceanica supplemented diet, after 0, 7, 14; 21 and 28 days of storage. PC-1 and PC-2 explain,
respectively, 37.9% and 23.2% of data variability.

4. Conclusions

An efficient and sustainable approach for increasing n-3 PUFA content in eggs was
presented in this study. A robust sample of about 3000 hens were fed with a 3% N. oceanica
supplemented diet. After 1 week of the trial, a remarkable increase in DHA and EPA fatty
acid was observed, allowing eggs classification as high in n-3 (CE n° 1924/2006). It is worth
mentioning that the supplemented diet gave rise to yolks with more intense orange colour.
This characteristic is highly appreciated by consumers, who associate orange yolk with
healthy and nutrient-rich eggs. In conclusion, N. oceanica was shown to be a reliable source
of n-3 PUFA for eggs enrichment, while preserving its quality and nutritional patterns
during storage time.
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