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ARTICLE INFO ABSTRACT

Keywords: The sensory quality of seaweed, whether as a whole biomass or as a protein ingredient, plays a crucial role in its

Macroalgae successful commercialization. This study explored the effect of different Ulva species, biomass washing, and pH-

}S:a lettuce shift-based protein extraction on the sensory quality of emulsions with 0, 5, and 10 % oil. A trained panel
insing

assessed the sensory profile, complemented by analyses of volatile compounds, total ash, and amino acids.
Saltiness emerged as the primary distinction between emulsions with unwashed U. linza and U. fenestrata, due to
higher ash in the former. Washing U. fenestrata retained sensory qualities despite reduced ash and increased
content of the lipid oxidation-marker pentanal. Protein extraction up-concentrated total amino acids 2.9-fold,
and yielded emulsions with reduced particle sensation and grassy flavor, while bitterness, sourness, dark
color, pentanal, hexanal, and 2-ethylfuran increased. Increased oil content of emulsions lowered their grassy
odor which correlated with reduced hexanal content. Overall, these findings can contribute to the development

Protein isolation
Quantitative descriptive analysis
Volatile organic compound

of food products containing seaweed or protein ingredients thereof that match consumer preferences.

1. Introduction

Seaweed can offer macro and micronutrients together with new
sensory experiences, particularly in Western society where it has not
been traditionally consumed (Jacobsen et al., 2023; Vellinga et al.,
2022), although a recent consumer survey in Sweden showed an overall
positive attitude towards seaweed as food (Wendin & Undeland, 2020).
Moreover, seaweed is a sustainable food commodity since its cultivation
has a near-zero carbon footprint, does not require arable land, irrigation,
or pesticides/insecticides, and can counteract eutrophication (Gephart
et al., 2021). However, since the taste of seaweed differs from what
consumers are accustomed to, it is crucial to systematically investigate
its sensory properties - either as a whole biomass or an ingredient - and
ultimately match them to the preferences of Western consumers.

Among the different seaweeds cultivated in Europe, Ulva stands out
as the most cultivated green genus (Aratijo et al., 2021). It can exhibit an
odor resembling lemon and fresh grass, distinguishing it from red and
brown seaweeds, the latter of which are described as less salty and more
crispy than Ulva spp. (Jonsson et al., 2023). Before processing seaweed
for various applications, including food, it is common to wash it in fresh
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water to remove epiphytes and impurities e.g., sand (Poeloengasih et al.,
2019). This treatment has been shown to induce compositional changes
in Ulva spp., particularly due to the leaching of minerals to the washing
waters (Harrysson et al., 2021; Poeloengasih et al., 2019). However, as
far as we know, it remains unknown how washing influences the sensory
quality of Ulva.

Besides being a source of whole food, seaweed has also been regar-
ded as a potential source of food protein to complement terrestrial
protein currently being limited by land and water supply (Celente et al.,
2023). While it holds promise, most seaweeds, including Ulva spp., have
arelatively low to medium protein content (4-35 % on a dry weight, dw,
basis) when compared to e.g., beef (65 % protein on a dw basis), which
calls for up-concentration processes as already done for pulses such as
soybean (Holdt & Kraan, 2011; Rajpurohit & Li, 2023; USDA, 2018).
Moreover, proteins in crude seaweed are moderately digestible due to e.
g., the abundance of dietary fiber. We have recently shown that both the
protein content and digestibility can be improved by extraction using
the pH-shift method i.e., wet fractionation (Juul et al., 2022; Trigo et al.,
2021). To date, no studies have examined the sensory quality of protein
extracts recovered from seaweed, but their lower levels of dietary fiber
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(Trigo et al., 2023) and ash (Harrysson et al., 2018; Trigo et al., 2023)
imply that their sensory properties would differ from the original
biomass. Protein extraction could also induce a risk for lipid oxidation
due to tissue disruption and extreme pH-shifts (Zhang et al., 2022).

Studies adding seaweed to bakery, meat, and dairy products often
examine sensory quality as a function of seaweed incorporation level
(Gullon et al., 2021; Quitral et al., 2022; Scieszka & Klewicka, 2019).
However, there is currently a limited understanding of how different
food components per se interfere with the sensory quality and profile of
seaweed-containing products. In the case of lipids, they influence both
flavor and odor perception by affecting the viscosity of the food and
modulating the partition of hydrophobic volatile compounds between
the food and the air phases (Bayarri et al., 2006). For instance,
increasing lipid levels above 50 % in a meat product reduced the di-
versity and concentration of furans and pyrazines - two compound
volatile classes providing the characteristic roasted meat odor (Zhang
et al., 2023).

This work aimed to investigate how the sensory quality of emulsions
made with Ulva spp. was affected by species, biomass washing, protein
extraction, and different emulsion oil levels. The hypotheses were the
following: (i) biomass washing would decrease the perceived saltiness
and allow other sensory attributes to become more pronounced and
noticeable; (ii) protein extraction would affect mouthfeel, saltiness, and
odor/flavor due to the removal of insoluble fibers, ash, and formation of
lipid-oxidation products; (iii) increasing oil levels would influence the
distinct organoleptic properties of Ulva spp. due to higher retention of
hydrophobic volatile compounds in the emulsion oil-phase. The edible
tested species were Ulva fenestrata Postels & Ruprecht and Ulva linza
Linnaeus, both ubiquitous on the Swedish West Coast. The sensory
quality of emulsions with 0, 5, and 10 % rapeseed oil was evaluated by a
selected and trained panel and complemented with quantification of
volatile compounds. Additionally, the total amino acids and ash content
of the biomasses, as well as the protein extract, were determined to
calculate protein up-concentration and explore potential links between
ash content and saltiness.

2. Materials and methods
2.1. Seaweed biomasses and post-harvest biomass washing

The species U. fenestrata and U. linza were cultivated in tanks (90 L)
in a seaweed greenhouse at the Tjarno Marine Laboratory in a 16:8 h (L:
D) light cycle and at an irradiance of 140 pmol photons m~2 s~1. The
light source was an INDY66 LED 60 W 4000 K 6000 Im. To ensure the
seaweeds were suitable for the sensory tests, they continuously received
filtered (5 pm) and UV-treated natural seawater without additional
medium or chemicals in a flow-through system (flow = 10-14 L h’l).
Water motion was provided by permanent aeration. The salinity and
temperature fluctuated depending on the prevailing weather and sea-
sonal conditions. Seaweeds were harvested in July 2020. The molecular
identification of both Ulva strains followed the description in Toth et al.
(2020) and sequences of the tufa marker gene are publicly available in
GenBank (U. fenestrata: MN240309-11; U. linza: OP267728). After har-
vesting, a portion of U. fenestrata was washed in cold tap water (~12 °C)
for 2 min in a water-to-seaweed ratio of 1:20 after which excessive water
was drained off using a salad spinner. The biomasses were then
oven-dried at 40 °C and milled into a powder using a miller (Retsch ZM
200, Germany) with a 0.5 mm sieve and stored at -80 °C until further
use. The U. fenestrata biomass used for protein extraction was cultured
under the abovementioned cultivation method and harvested in indi-
vidual batches during 9 months. This was needed due to the high
amounts of biomass required to obtain enough quantities of protein
extract for sensory analysis. After harvesting each batch, the fresh
biomass was stored at -80 °C until further use.
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2.2. Production of seaweed protein extracts

The production of protein extracts from U. fenestrata using the pH-
shift method followed the protocol reported by Trigo et al. (2023).
Before protein extraction, each batch was thawed and ground (Model
C-E22N, la Minerva, Italy) with a 4 mm hole plate, followed by mixing it
with cold distilled water in a 1:6 (w/w) ratio. Homogenization was done
for 4 min at 8000 rpm (Silverson LM5, USA), followed by an osmotic
shock incubation step for 1 h at 8 °C with stirring. After the incubation
step, the pH of the homogenate was adjusted to 12 with NaOH (2 M) and
left to incubate for 20 min while stirring. This was followed by centri-
fugation at 8500 x g for 20 min at 8 °C (Sorvall LYNX 6000, Thermo
Scientific, USA). The resulting supernatant containing the solubilized
proteins was decanted through a sieve (~0.5 mm) and its pH was
adjusted to 2.0 with HCl (2 M) and incubated for 20 min with stirring.
Subsequently, the supernatant was frozen overnight at — 20 °C and, on
the following day, it was thawed in cold water before centrifugation at
8500 x g for 20 min at 8 °C. The resulting pellet, here referred to as
protein extract, was freeze-dried. Lastly, the protein extracts produced
from all batches were combined and stored at -80 °C before analysis.

2.3. Preparation of emulsions

Emulsions with 0 %, 5 %, and 10 % oil (w/w) were prepared with
U. fenestrata (unwashed or washed), U. linza (unwashed), protein extract
from unwashed U. fenestrata, or soy protein isolate (Engelhardt AB,
Sweden). Although, by definition, the sample with 0 % oil is not an
emulsion but rather a suspension or solution, it is henceforth referred to
as an emulsion to simplify the terminology. The preparation of the
emulsions started by manually mixing 2.5 g of dried test sample with 2.0
g of dried soy lecithin (Sosa Ingredients, Spain) in a 500 mL dispersing
vessel (Kinematica GS40, Switzerland). This was followed by adding
water and rapeseed oil (Martin & Servera, Sweden) to a final water+oil
volume of 150 mL with oil contents of 0, 5, and 10 %. The solutions were
then homogenized at 11 000 rpm for four minutes (Kinematica Polytron
PT 2500 E homogenizer). During the first minute of homogenization, 2.3
g of xanthan gum (Guzman Gastronomia SL, Spain) was gradually added
to facilitate full dispersion. The emulsion production was performed at
room temperature and a total of 15 different emulsions were produced,
which were then coded with three-digit codes.

2.4. Sensory analysis

The emulsion samples were evaluated using a trained analytical
sensory panel at Kristianstad University using Quantitative Descriptive
Analysis. The six panelists were selected and trained according to ISO
8586:2012 and ISO 6658:2017. The panel generated attributes to be
used in the descriptive analysis (Table 1) by training with a selection of
the emulsion samples from the test design (Fig. 1). The samples used for
attribute generation were selected to represent the extremes among the
samples in order to include all aspects of the test design. Moreover, the
panelists formulated a definition for each attribute and underwent
training on utilizing the line scale, requiring consensus in evaluating the
training samples. This evaluation encompassed both attribute formula-
tion and understanding how to apply the scale. The line scale spanned
from 0 to 100 mm and was anchored at 10 and 90 mm. The anchor at 10
mm was marked “a little”, whereas the anchor at 90 mm was marked
“much”. The Quantitative Descriptive Analysis (QDA) was performed in
a sensory laboratory equipped according to ISO 8589:2010 and using
EyeQuestion (version 4.11.68, logic8) software for data collection. The
evaluation was performed in two 2-hour sessions during two consecutive
days. Each panelist evaluated all samples in duplicate. The panelists
were served a single sample at a time in a randomized order with in-
dividual orders for each panelist to prevent bias from any overlapping
effects within the test design. Water and neutral wafers were used to
rinse and clean the mouth and palate between samples.
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Table 1
Sensory attributes and their definitions.
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Scale anchors

Definition

Attribute Label
Appearance (A)

Green A-green

Shiny A-shiny

Odour (0)

Total O-total

Fresh cut grass O-fresh cut grass

Nutty O-nutty
Taste (T)

Salty T-salty
Sourness T-sour
Sweetness T-sweet
Umami T-umami
Bitterness T-bitter
Flavour (F)

Fishliveroil F-fish liver oil
Grass F-grass

Nutty F-nutty
Texture (Tex)

Adherence Tex-adherence
Oily Tex-oily
Particles Tex-particles

Little // Much Scale running from no green at all to intense green
Little // Much Surface shininess

Little // Much Total intensity of all odors

Little // Much Freshly cut grass

Little // Much

Nutty odor with hints of mushroom

Little // Much Basic taste
Little // Much Basic taste
Little // Much Basic taste
Little // Much Basic taste

Little // Much

Basic taste

Little // Much Fish liver oil

Little // Much Freshly cut grass

Little // Much Nutty flavor with hints of mushroom
Little // Much Adhesive to spoon

Little // Much Fatty feeling in the mouth

Little // Much Particles felt in mouth after swallowing

2.5. Total ash and amino acids of seaweed biomasses and the protein
extract

Ash content was determined gravimetrically by combusting 50 mg of
freeze-dried seaweed biomasses and protein extracts. The combustion
consisted of gradual heating to 550 °C at a rate of 200 °C/h, then
maintenance at 550 °C for 6 h, followed by cooling to 200 °C. Samples
were analyzed in triplicate unless stated otherwise.

Total amino acids were quantified according to our earlier protocol
(Trigo et al., 2021). Briefly, 50 mg of freeze-dried seaweed biomasses
and the protein extract were hydrolyzed in 6 M HCI (4 mL) at 110 °C for
24 hours. The hydrolyzed samples were diluted with 0.2 M acetic acid
and filtered (0.22 pm) before LC-MS analysis (Agilent 1100 HPLC +
Agilent 6120 quadrupole). A Phenomenex column (C18 (2) 250 pm X
4.6 pm x 3 pm) was used and the obtained data was compared against a
set of 17 amino acid standards (Thermo Scientific). Samples were
analyzed in triplicate unless stated otherwise. Due to the acid hydrolysis,
tryptophane and cysteine were degraded and therefore not quantified.

2.6. Analysis of volatile compounds in the produced emulsions

Volatile compounds were determined using headspace solid-phase
microextraction (HS-SPME) coupled to GC-MS based on the method
reported by Sajib & Undeland (2020) with some modifications. Briefly, 8
mL of each emulsion was transferred to a 20 mL SPME vial that was
pre-incubated for 5 min at 30 °C with stirring (500 rpm). Then, volatiles
were extracted for 20 min at 30 °C with stirring (500 rpm) using a 75 pm
Carbonxen/polydimethylsiloxane (CAR-PDMS)-coated SPME fiber
(Supelco, Bellefonte, USA). Thereafter, the fiber was automatically
inserted into the GC injection port at a depth of 38 mm. The separation
and detection were carried out in a GC-MS system (GC-2010 Plus and
GCMS-TQ8030, Shimadzu). The GC inlet temperature was maintained at
280 °C and helium was the carrier gas at a constant flow rate of 1.5
mL/min. The volatiles were separated using a fused silica ZB-1701
(Phenomenex, 30 mx0.32 mm, 1.00 um). The MS was operated in the
electron ionization mode and data acquisition was performed in scan
mode in the mass range of 30-500 m/z with a scan rate of 0.224 s/scan.
Compounds were pre-identified based on the linear retention index of a
C8-C20 alkanes mixture and the NIST 11 library (Supplementary ma-
terial: Table S1). Their identity was further confirmed with external
standards acquired at Sigma-Alrich.

2.7. Statistical analysis

Principal components analysis (PCA) was performed in RStudio
(v2023.06.2) to assess data obtained from sensorial analysis. Initially,
the data was standardized using the scale function and the PCA was
executed using the prcomp function. The factoextra package (Kassam-
bara & Mundt, 2020) was used to visualize the outcomes of the PCA and
the kmeans function was utilized to cluster its results. Sensory data were
analysed by calculating mean values and standard deviations. Further,
to analyse significant differences between samples a two-way ANOVA
(samples x assessors) followed by Tukey’s post-hoc test was performed
and a regression analysis was also performed to analyse impact from the
design variables, in which these were independent and the measure-
ments were dependent factors. To measure statistical differences in the
compositional data, the one-way ANOVA was used together with
Tukey’s post hoc test for pairwise comparisons. The non-parametric
Kruskal-Wallis test was used if data was not normally distributed. Sta-
tistical tests were carried out using SPSS Statistics (IBM SPSS, version
26), unless otherwise specified. Differences were considered significant
at p<0.05.

3. Results and discussion

3.1. Sensory analysis

Table 2 presents the average sensory scores for emulsions with 0, 5,
and 10 % oil made with unwashed and washed U. fenestrata, unwashed
U. linza, pH-shift protein extract from unwashed U. fenestrata, and soy
protein isolate. A regression analysis of the scores of all samples revealed
that sample type significantly influenced fresh cut grass and nutty odor,
green appearance, particle texture as well as salty, sour, and bitter taste
and grass flavor. Moreover, the oil content of the emulsions significantly
affected total odor, green appearance, adherence, sweet taste, and grass
and nutty flavor (Table 2).

The PCA analysis of the average scores explained 73.8 % of the total
data variation (Fig. 2); it also identified three clusters - seaweed bio-
masses, protein extract from U. fenestrata, and soy protein isolate. The
main differences between the first two clusters were attributed to fresh
cut grass odor, green appearance, particle texture, bitter and sour taste,
and grass flavor. More specifically, emulsions with seaweed biomasses
were characterized by a lighter green color and increased particle
sensation after swallowing. Conversely, the protein extracts exhibited
higher bitterness and sourness as well as a less intense grassy flavor.
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U. fenestrata,
unwashed

U. linza,
unwashed

Washing
(freshwater. 1:20 ratio,
2 min, 12 °C)

l

pH-shift processing

(i.e.. wet fractionation)

U. fenestrata, Protein Soy protein
washed extract isolate
_____________ Total amino acids (LC-MS)
Total ash
v

Preparation of emulsions
* 0% oil (i.e., suspension)

5% oil
10% oil

|

Quantitative descriptive analysis

Complemented with

\

Analysis of volatile compounds

(SPME

-GC-MS)

Fig. 1. Experimental design of the study.

Pictures of the three different biomasses and the protein extract are
provided in Supplementary material: Fig. S1, where the latter sample
exhibited green-brown tones compared to deeper green colors of the
unwashed U. fenestrata and U. linza. The observed changes in mouthfeel
agreed with the original hypothesis, which can be elucidated by the
removal of non-soluble material such as fibers during protein extraction.
The higher bitterness is likely a result of the co-extraction of phenolic
compounds during pH-shift processing of U. fenestrata, a phenomenon
we earlier documented in the form of a 40 % increase in total phenolic
content, reaching around 0.1 % of the total dry weight, in the protein
extract (Trigo et al., 2021). Among the different classes of phenolic
compounds, the main ones present in Ulva spp. are phenolic acids,

flavonoids, and tannins (Elmosallamy et al., 2021), all of which can be
bitter-tasting (Karolkowski et al., 2023). Regarding sourness, which is
closely related to acidity (Fischer & Noble, 1994), the average pH of
emulsions containing unwashed U. fenestrata or the protein extract was
6.80+0.09 and 4.18+0.04, respectively. This pH difference likely led to
the distinct sourness scores observed in protein extract-based emulsions,
reflecting the low pH used for isoelectric protein precipitation. Adjusting
the pH of protein extracts before their use is a simple strategy for miti-
gating this characteristic. Nevertheless, sourness characterizes fer-
mented food products such as sour cream and many cheeses where crude
seaweed protein extracts could be incorporated. The lower average
scores in grassy flavor in the protein extracts compared to the unwashed



Table 2

Average sensory scores-=tstandard deviation (on a scale from 1 to 100, N=6) from a quantitative descriptive analysis (QDA) of emulsions with increasing oil levels containing unwashed and washed U. fenestrata, unwashed

U. linza, a pH-shift protein extract from unwashed U. fenestrata, or soy protein isolate.

Sensory U. fenestrata, unwashed U. fenestrata, washed U. linza, unwashed Protein extract from unwashed Soy protein isolate p-value of
descriptor Ulva fenestrata regression
0 % oil 5 % oil 10 % oil 0 % oil 5 % oil 10 % oil 0 % oil 5 % oil 10 % oil 0 % oil 5 % oil 10 % oil 0 % oil 5 % oil 10 % oil 0il Sample
type
O-total 62.4 56.7 45.4 54.5 51.8 54.6 52.4 64.8 50.3 69.0 66.9 55.3 29.2 22.1 25.9 0.05 n.s
+11.4° +19.6°° +21.1° +19.3¢ +16.0¢ +18.8¢ +13.98 +12.9° +18.8¢ +14.0% +11.24 +13.9! +11.2° +7.0° +13.8°
O-fresh cut 58.4 49.4 42,5 55.5 48.8 49.3 51.8 58.9 45.2 36.8 34.4 36.9 8.4 8.1 7.747.1°  ns <0.01
grass +20.6° +16.7°° +22.5° +24.0¢ +20.7¢ +16.7¢ +21.88" +18.38 +16.7" +31.1% +25.6 +32.1% +5.3° +7.0°
O-nutty 13.0 13.2 20.9 17.4 17.8 20.2 14.6 13.7 21.3 10.6 12.6 16.6 39.9 45.4 37.4 n.s 0.04
+7.6% +8.5" +10.9° +10.0¢ +8.84 +9.54 +6.68 +10.38 +9.5" +10.0% +14.0F +11.6% +25.3° +26.0° +24.9°
A-green 80.4 57.4 45.3 78.0 62.1 51.2 77.6 66.6 55.2 21.5 26.3 26.2 5.8 5.8 6.3+4.1°  <0.01  <0.01
+9.27 +16.6° +17.2¢ +12.5¢ +17.7¢ +17.0° +9.88 +14.20 +17.0' +13.8% +18.0% +16.55 +4.3° +4.9°
A-shiny 64.0 60.8 60.4 64.5 59.8 60.8 65.5 60.2 58.2 57.5 54.9 53.0 63.8 56.4 60.5 n.s n.s
+16.4° +18.8° +19.2° +16.44 +17.74 +19.64 +15.38" +18.4M +19.6 +21.5% +24.4% +22,5% +22.2° +23.8P +23.8°P
Tex- 22.3 32.1 34.5 22.7 32.4 36.0 26.3 34.0 37.7 27.6 37.1 37.8 17.3 26.3 28.8 <0.01 ns
adherance +4.5% +9.7° +9.9%¢ +6.69 +10.3¢ +13.0° +6.58 +8.2ht +13.0' +11.4% +11.6! +7.3! +4.5° +7.3P +5.6P
Tex-oily 61.0 61.0 60.0 53.5 58.1 56.2 55.7 65.5 60.3 64.9 61.2 58.3 39.0 39.9 48.2 n.s n.s
+23.4° +20.7° +16.5° +21.8¢ +16.1¢ +16.8¢ +24.58 +11.08 +16.88 +20.8% +20.5% +17.4% +25.1° +29.2° +26.1P
Tex-particles 43.7 53.2 52.1 53.4 54.3 57.6 37.9 36.4 38.9 11.0 10.6 18.2 6.6 7.1 6.7+4.9°  ns <0.01
+20.6% +26.8" +27.1b¢ +23.54 +22.94 +21.74 +22.68 +20.08 +21.78 +2.7% +5.68 +12.5 +4.3° +5.5°
T-salty 15.3 13.2 23.2 14.5 17.4 18.8 45.1 38.8 42.9 22.9 23.5 33.8 10.8 11.2 10.8 n.s <0.01
+6.2%P +8.8" +6.0° +6.8¢ +5.24 +5.04 +21.78 +18.18 +5.08 +10.3% +12.1% +18.3! +4.8° +4.7° +5.0°
T-sourness 22.4 19.1 23.7 24.5 23.5 20.9 33.1 26.6 29.5 43.4 39.6 44,5 18.7 22.8 18.7 n.s 0.02
+12.9% +10.1% +15.6% +15.84 +13.14 +9.8¢ +21.48 +13.78 +9.88 +26.5% +26.94 +28.4% +8.6° +18.2° +7.6°
T-sweetness 16.4 17.0 22.3 18.1 18.5 22.3 18.4 18.9 20.3 13.2 16.3 21.0 20.1 19.7 23.0 0.02 n.s
+8.72 +11.9° +13.2¢ +8.7¢ +7.04 +11.4¢ +9.88 +8.38 +11.48 +5.8% +10.0 +13.6' +11.0° +8.7° +12.7°
T-umami 27.8 33.0 29.3 31.3 38.6 30.3 29.7 34.8 36.9 25.2 23.2 36.3 30.2 40.4 34.9 n.s n.s
+12.0° +14.5° +12.2° +15.14 +14.8¢ +12.9¢ +10.88 +12.88" +12.9" +14.1% +11.2 +17.7! +14.0° +18.2P +18.2°P
T-bitterness 26.0 23.1 28.2 26.0 26.0 25.3 26.9 20.9 21.4 41.3 39.9 41.8 22.1 27.2 21.6 n.s <0.01
+11.5% +13.9% +21.6% +7.0¢ +11.24 +12.69 +8.08 +11.78 +12.68 +19.1% +20.2% +23.1k +14.1° +13.3° +14.4°
F-fish liver oil ~ 37.8 42.2 30.5 39.5 30.5 35.1 36.3 31.1 30.4 39.0 40.8 45.4 11.3 12,5 11.8 n.s n.s
+20.8%° +17.2° +14.9° +24.14 +13.0¢ +20.5¢ +21.88 +16.48 +20.58 +11.7% +13.7% +22.55 +8.6° +12.3° +8.6°
F-grass 50.9 48.6 39.5 52.8 43.0 40.6 48.5 44.0 39.4 28.4 25.4 22.5 10.7 10.6 10.4 0.04 <0.01
+22.5% +21.3% +17.9° +23.19 +19.84 +17.1¢ +24,38 +15.08" +17.1h +25.8% +24.2% +17.5% +7.5° +11.5° +10.2°
F-nutty 14.8 18.9 24.9 20.2 22.2 27.9 16.9 19.0 21.9 11.7 10.5 19.6 43.8 52.6 49.5 0.05 n.s
+9.7% +16.0°° +15.4° +13.7¢ +13.2¢ +19.1¢ +9.58 +13.68 +19.18 +9.9% +9.4% +16.0% +23.0° +25.1P +26.7°P

Values are given as mean-tstandard deviation. Different lowercase letters (a-p) mean significant differences between samples differing in oil content and within the same sample type and descriptor (Tukey’s post hoc test,

p<0.05).

n.s not significant (p>0.05)
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@ Seaweed biomasses
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Fig. 2. Principal component analysis (PCA) of the average sensory scores of emulsions with 0, 5, and 10 % oil containing unwashed and washed U. fenestrata (UFU
and UFR, respectively), unwashed U. linza (ULU), a pH-shift protein extract from unwashed U. fenestrata (PUF), or soy protein isolate (SIS).

U. fenestrata can enable the incorporation of Ulva protein extracts into a
broader range of food formulations without overshadowing other fla-
vors and odors. This result is further discussed in Section 3.3 alongside
data from volatile analysis.

Several sensorial attributes were found to be important in dis-
tinguishing the U. fenestrata protein extract from soy protein isolate
(Fig. 2). Specifically, nutty odor and flavor scores were higher in the soy
protein isolate. On the other hand, total odor, bitter and sour taste, as
well as fish liver oil flavor were more pronounced in the seaweed protein
extract. The latter characteristic indicates that the potential food ap-
plications of protein extracts from U. fenestrata are narrower when
compared to soy-based protein extracts, making them particularly
suitable for products where a “marine” sensory profile is desired
(Mouritsen et al., 2019). Such vehicles could be convenient crunchy
snack products or powders to be used as a supplement or condiment
(Figueroa et al., 2023). Hence, these extracts could serve as flavoring
agents, while also providing dietary protein, polyunsaturated fatty acids
(PUFA), bioactive polysaccharides, and essential elements (Harrysson
et al., 2018; Trigo et al., 2023). Regarding bitterness, further research
shall explore potential changes in bitterness in the presence of acids and
salts from other food matrix components, as their concentration can
either enhance or suppress the perceived bitterness (Breslin, 1996). As
for sourness, emulsions containing the commercial soy protein isolate
had an average pH of 7.17+0.19, which was approximately 3 pH units
higher than the average pH observed in emulsions with seaweed protein
extract. As discussed above, this pH difference was likely the main
responsible for the differences in sourness scores and can be attributed to
the industrial practice of neutralizing precipitated soy proteins prior to
their use (Endres, 2001).

Emulsions with seaweed biomasses can be sub-categorized based on
their oil content (Fig. 2). Those with a 10 % oil differed from the oil-free
variants (i.e., suspensions) primarily in terms of a lighter green color.
This sub-categorization is even more evident when performing the PCA
without the emulsions containing soy protein isolate (Supplementary
material: Fig. S2). The presence of oil droplets in emulsions with 5 or 10
% oil results in scattering and refraction of light, distinct from a
continuous phase of either water or oil. Consequently, this scattering
effect shapes how the emulsion interacts with light, ultimately influ-
encing its appearance (Hohler et al., 2014). Other descriptors affected by

increasing the oil level in the emulsions containing seaweed included a
reduction in grassy flavor and odor (Fig. 2) accompanied by higher
adhesiveness scores (Table 2). The changes in grass flavor and odor are
discussed in Section 3.3, whereas the higher adherence texture scores
are probably related to increased viscosity.

The washing of U. fenestrata retained scores for all sensory de-
scriptors, including salty taste, contrary to the initial hypothesis. It is
also worth mentioning that emulsions containing U. linza showed the
highest scores in salty taste, thereby explaining why sample type had a
significant effect on this sensory descriptor (Table 2).

3.2. Total ash content and amino acid analysis of Ulva biomass and
protein ingredients

Ash determination was carried out to mainly relate it to saltiness
since sodium is one of the most abundant minerals in Ulva spp. (Jonsson
et al., 2023). Total ash in U. linza was 57 % higher than that in
U. fenestrata (Table 3), thus explaining the relatively higher salty taste
scores for U. linza. Additionally, the ash content in both species was
above that reported elsewhere, particularly for U. linza where values
ranged from 24 % to 36 % (dw), whereas for U. fenestrata they spanned
from 16 % to 25 % (dw) (Gao et al., 2022; Hamouda et al., 2022; Har-
rysson et al., 2018; Steinhagen et al., 2022). Based on the cited studies
for U. intestinalis, differences in ash content could be related to the effect
of harvest location (Yellow and Mediterranean Seas vs. water collected
from the North Sea in our study) and cultivation type (wild vs.
tank-cultivated). Another potential effect relates to the morphology of
U. linza since the biomass is composed of hollow compartments, making
it difficult to drain seawater after harvesting.In contrast, U. fenestrata,
with its leafy morphology, does not face this issue.

Washing U. fenestrata resulted in a biomass with 28 % less ash on a
dw basis (Table 3). Despite this reduction, no clear differences in salty
taste were found between unwashed and washed biomasses (Section
3.1). A study conducted on Saccharina latissima (Linnaeus) C.E.Lane, C.
Mayes, Druehl & G.W.Saunders revealed that washing the kelp in
freshwater at 45 °C for 2 min with a seaweed-to-water ratio of 1:4,
reduced ash content by 52 %. The same study reported lower scores of
salty taste in the washed biomass, when compared to S. latissima sub-
jected to a similar washing process with seawater (Krook et al., 2023).
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Table 3
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Total ash and amino acids contents of the seaweed biomasses and protein ingredients used to prepare the emulsions (N=3, unless stated otherwise).

Sample Total ash content (g/100 g Amino acids
d
w) Total content (g/100 g TEAA (g/100 g Limiting amino acid N-to-protein conversion
dw) protein) (8)*** factor

U. fenestrata 27.240.6° 13.240.3* 40.340.3% Lysine 4.91

U. fenestrata, washed 19.6+0.3" 18.2+0.8" 39.4+0.9° None 4.97

U. linza 42.6+<0.1¢ 9.5+0.1% 41.540.3° None 4.79

Protein extract 15.2%% 41.1+0.1°¢ 43.9+0.2° None na

U. fenestrata*
Soy protein isolate 3.6+0.5¢ 78.54+2.74 39.7+0.6% None n.a

Within each column, different letters (a-d) mean statistical differences between the samples (Kruskal-Wallis test, p<0.05); TEAA total essential amino acids; n.a not

analyzed

*The total ash content, total amino acid content, TEAA, and limiting amino acid(s) of the original biomass were 24.8+1.1 %, 14.4+0.8 %, 40.6+0.6 %, and none,

respectively; **N=1 due to limitation on sample amounts; *
FAO/UNU (2007).

Thus, if one had selected higher water temperatures in our study, it
could have facilitated more ash leaching, potentially contributing to
lower saltiness scores. However, cold tap water is often enough to
remove e.g., sand and epiphytes. In the present work, saltiness scores
also remained similar between the protein extract and its original
biomass albeit the former contained 38 % less ash. Additional factors
contributing to saltiness may be associated with the up-concentration of
peptides during biomass washing or pH-shift processing.. For instance,
glutamate/glutamine-containing peptides have been identified to
exhibit a pronounced salt taste enhancement effect in soy sauces (Le
et al., 2022).

Total amino acids (TAA) were up-concentrated 2.85-fold after pH-
shift processing (Table 3)and the TAA yield (i.e., the amount of TAA
in the protein extract relative to the amount of TAA of the input mate-
rial) was 1.62 %. The TAA up-concentration in this work falls within the
mid-range of what is reported elsewhere for pH-shift-based protein
extraction of Ulva spp. — up-concentration between 2.0 and 3.5-fold
(Harrysson et al., 2018; Magnusson et al., 2019; Trigo et al., 2021). In
contrast, TAA yield was lower than those reported in the earlier Ulva
studies, where yields typically ranged from 8 to 20 %. One possible
reason for this could be attributed to the non-optimized scale used to do
the pH-shift processing. More specifically, this study utilized around 1.2
kg fw of starting material, a scale significantly larger than the 0.07-0.6
kg fw range employed in the aforementioned Ulya studies. As expected,
subjecting U. fenestrata to tap water washing significantly increased
TAA. This can be attributed to the leaching of ash, thereby increasing the
relative contribution of TAA to the total dw. We observed a similar
phenomenon when washing S. latissima (Trigo et al., 2023). Between
Ulva species, U. fenestrata had a higher TAA content than U. linza
(p<0.05). The contents for both species were slightly below those found
in literature. For U. fenestrata, TAA content ranged from 16.5 to 29.5 %
dw (Harrysson et al., 2018; Steinhagen et al., 2024; Trigo et al., 2021),

Table 4

*Limiting amino acids according to the amino acid scoring pattern recommended for an adult by WHO/

while for U. linza it spanned from 12.5 to 20.0 % dw (Ganesan et al.,
2014; Gao et al., 2022).

Concerning protein nutritional quality, the protein extract derived
from U. fenestrata had the highest ratio of total essential amino acids
(TEAA) to TAA, which was significantly higher (p<0.05) compared to
the TEAA-level of the soy protein isolate (Table 3). Washing U. fenestrata
retained the TEAA and no differences in this parameter were found
between unwashed U. fenestrata and U. linza. According to the amino
acid scoring pattern recommended for an adult by WHO/FAO/UNU
(2007), all seaweed biomass and protein extracts, apart from unwashed
U. fenestrata, exhibited no limiting amino acids (Table 3). Moreover, all
seaweed biomasses were close to the N-to-protein conversion factor of 5
proposed by Angell et al. (2016).

3.3. Analysis of volatile compounds in the produced emulsions

Table 4 shows the content of 2-ethylfuran, pentanal, hexanal, and
cyclohexyl isothiocyanate in emulsions containing seaweed or the pH-
shift-based protein extract from U. fenestrata.

In terms of species-related effects, the contents of pentanal and
hexanal, two common lipid oxidation products, were similar between
U. fenestrata and U. linza (p>0.05). On the other hand, 2-ethylfuran,
which can be generated by the reaction of unsaturated aldehydes and
proteinaceous material (Adams et al., 2011), was only detected in
U. linza. This furan is characterized by having chemical and malty
aromas (Urlass et al., 2023) and it has been detected during storage of
Ulva lactuca Linnaeus (Lopez-Pérez et al., 2021) as well as in fresh
Undaria pinnatifida (Harvey) Suringar (Ferraces-Casais et al., 2013).
Moreover, 2-ethylfuran was likely odor-active in the emulsion with 0 %
oil since its content exceeded by almost 2-fold its odor threshold in water
(0.23 pg/100 mL as reported by Giri et al., 2010).

As shown in Table 4, washing the biomass resulted in emulsions with

Content of selected volatile compounds present in emulsions containing seaweed and protein extracts thereof (N=3, unless otherwise specified).

0il content ( %) Sample Volatile compound (upg/100 mL emulsion)
2-ethylfuran Pentanal Hexanal Cyclohexyl isothiocyanate
0 U. fenestrata n.d 2.10+0.35% 4.23+0.22%° < LoQ
U. fenestrata, washed n.d 4.00+2.15% 6.23+1.58° < LoQ
U. linza 0.39+0.03° 3.33+0.76% 4.66+0.50°" < LoQ
Protein extract U. fenestrata* 0.32 10.3 10.3 < LoQ
5 U. fenestrata nd 1.93+0.50%° 2.74+0.17 < LoQ
U. fenestrata, washed n.d 4.81+1.01° 2.63+0.37> < LoQ
U. linza 0.07+0.02° 2.87+0.88% 2.55-+0.42 < LoQ
10 U. fenestrata n.d 1.42+0.19° 1.9740.03¢ < LoQ
U. fenestrata, washed n.d 3.31+1.44% 2.63+0.37%¢ < LoQ
U. linza 0.09+0.02° 1.95+0.31%° 1.84+0.35¢ < LoQ

Within each column, different letters (a-d) mean statistical differences between the samples (Kruskal-Wallis test, p<0.05);*N=1 due to limitations in sample amounts;

n.d not detected; LoQ limit of quantification (0.07 pg/100 mL)
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increased content in pentanal (t=6.10, df=1, p=0.014); although an
increase in hexanal content was also observed, it did not reach statistical
significance (t=2.88, df=1, p=0.09). The higher pentanal content might
be attributed to the leaching of ash into the washing waters (Section
3.2), hence increasing its relative content. Alternatively, the osmotic
shock induced by washing with tap water could have facilitated in-
teractions between lipoxygenase (LOX)- present in Ulva spp. (Kuo et al.,
1996, 1997; Tsai et al., 2008) - and n-6 PUFAs, which account for about
12.9 % of the total fatty acids in U. fenestrata (Harrysson et al., 2018).
The detected aldehydes, including pentanal, were thus likely a partial
result of LOX-mediated lipid oxidation (Iglesias & Medina, 2008). Given
the wide range in odor threshold reported elsewhere for pentanal (1.2 to
4.2 pg/100 mL water, Urlass et al., 2023), it is difficult to conclude
whether its fermented notes, as described by Urlass et al. (2023),
actively contributed to the odor of the 0 % oil emulsions.

Protein extraction from U. fenestrata increased pentanal and hexanal
content 4.9 and 2.4-fold, respectively, and 2-ethylfuran was above the
quantification limit (Table 4). Hexanal has a grassy odor and shares a
similar formation pathway to pentanal; it can however also be produced
via the degradation of preformed volatiles such as 2,4-decadienal or 2-
octenal (Iglesias & Medina, 2008; Urlass et al., 2023). As introduced
above, 2-ethylfuran can be generated when unsaturated aldehydes
derived from e.g., LOX activity react with amino acid-
s/peptides/proteins (Adams et al., 2011). Although we did not explore
the relationship between LOX activity in the different sample categories
and their concentration of the measured volatiles, it is reported that LOX
isolated from Ulva spp. has an optimal pH of 7.5 while its activity de-
creases up to 50 and 80 % at pH 4 and pH 9, respectively (Kuo et al.,
1996). Thus, we hypothesize that LOX-mediated lipid oxidation
occurred during protein extraction, particularly during the 1 h osmotic
shock step where the pH ranged from 6.1 to 6.9 — the exact pH value
being dependent on the seaweed batch. We also expect non-enzymatic
oxidation routes, involving the breakdown of hydrogen and lipid per-
oxides, to occur given the high levels of trace elements in Ulva spp.
Moreover, chlorophyll in the presence of light can become excited and
initiate lipid oxidation (Hu & Jacobsen, 2016). In pea protein extraction
using the pH-shift method, hexanal was also found in significantly
higher amounts in the protein isolate, whereas pentanal was not
detectable either in the pea biomass or protein isolate (Sajib et al.,
2023). Interestingly, Sajib et al. (2023) also reported a significant in-
crease in 2-pentylfuran, a different furan from the one we found.
Hexanal derives primarily from n-6 PUFA (Nogueira et al., 2019),
whereas pentanal has been reported to develop to a greater extent in
oxidized oils containing n-3 PUFA (Medina et al., 1999). Developments
of hexanal and other saturated lipid oxidation-derived aldehydes such as
octanal and heptanal during pH-shift processing have also been found
when using fish biomass. However, their formation could be mitigated,
for example, by cross-processing the fish with antioxidant-rich materials
(Zhang et al., 2022).

Odor is a key component in flavor perception (Fanali et al., 2020).
Therefore, one might expect a strong grassy/green flavor and odor in
emulsions with protein extract since hexanal content was 43 times above
its odor threshold in water (0.24 pg/100 mL as reported by Urlass et al.,
2023) versus only 5.7-8.4 times in emulsions with unwashed
U. fenestrata. However, this was not what was observed. Instead, the
former emulsions had a lower intensity of grass notes, particularly in
terms of flavor (Table 2). This suggests that 2-ethylfuran, which was
above its odor threshold in the emulsion with protein extract, partially
masked the perception of grassy odor/flavor and, (ii) the lower pH of the
emulsions containing protein extract affected the adsorption capacity of
proteins to seaweed volatiles with grassy notes and with odor thresholds
below our method’s detection limit, such as (Z, E)-3,5-octadien-2-one
(Urlass et al., 2023; Yang et al., 2017). Regarding the first point, the
scientific understanding of how the human brain translates volatile
compounds into odor perception is still in its early stages. Nevertheless,
it is known that for a specific odor receptor in the brain, a volatile can be
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an antagonist or agonist of another volatile (Xu et al., 2023). Thus, in our
study, 2-ethylfuran might have acted as an antagonist of hexanal.

Increasing oil levels resulted in a significant reduction in the detec-
tion of hexanal (t=20.4, df=2, p<0.001), the differences being most
evident between emulsions with 0 and 10 % oil (Table 4). This obser-
vation confirmed our initial hypothesis that oil would influence odor,
mainly due to entrapment of e.g., hexanal within the emulsion oil phase,
hence limiting its partition into the air phase. Ultimately, this likely
contributed to the lower intensity of grassy odor in emulsions with 10 %
oil compared to those with 0 % oil (Section 3.1).

To our knowledge, this is one of the first works on seaweed aiming at
getting an in-depth understanding of how post-harvest techniques and
downstream protein extraction influence sensory quality. Future trials
shall evaluate how neutralizing the protein extract affects sourness and
how bitterness could be controlled in the presence of acids and salts from
other food matrix components. Furthermore, it would be relevant to
relate saltiness to saltiness-providing ions such as sodium and potassium
as well as to glutamate-containing peptides via peptidomics (Tanambell
et al., 2024). Changes in mouthfeel caused by protein extraction could
be complemented with tribology (Paul et al., 2022), while the occur-
rence of lipid oxidation due to washing and protein extraction could be
confirmed by relating to key pro-oxidants in seaweed. To facilitate all
these future studies, we consider that more efficient protein extraction
methods for U. fenestrata are needed; the low total protein yield is
currently one of the main hurdles to viable economic production of these
protein extracts. On this matter, we have recently developed a new
extraction method for U. fenestrata that delivers protein yields >300 %
higher than conventional wet fractionation methods such as the one
used in the present study (Trigo et al. under review).

Conclusion

This study aimed to study the sensory quality of emulsions made with
Ulva spp. by focusing on effects from species, biomass washing, protein
extraction, and increasing emulsion oil content. Saltiness was the main
sensory difference between emulsions with unwashed U. linza and
U. fenestrata, due to higher ash content in the former species. Washing of
U. fenestrata retained sensory qualities, including salty taste, despite a
decrease in ash content and an increase in pentanal content. The other
dominating volatiles, hexanal and 2-ethylfuran, remained unchanged.
Protein extraction resulted in emulsions with lower particle sensation
and grassy flavor as well as enhanced darker green color, bitterness, and
sourness. The three mentioned volatiles were present in higher con-
centrations in emulsions containing protein extract, indicating lipid
oxidation development during protein extraction. Increasing the oil
content of the emulsions affected the sensory quality of the seaweed
biomasses, particularly by lowering grassy odor and hexanal content.
Overall, this study offers new insights into the impact of seaweed species
selection, post-harvest treatments, downstream processing, and oil
content on sensory quality. Ultimately, these findings can contribute to
the development of food products containing seaweed or protein in-
gredients thereof that match the preferences of Western consumers.
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