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A B S T R A C T

Protein extracted from Ulva spp., a green seaweed, is gaining attention for food applications due to its promising 
amino acid composition. However, limited information is available on the oxidative status of these extracts upon 
their production, and on their oxidative stability during storage. This study investigated the oxidative stability of 
three protein concentrates (PCs) from Ulva spp. stored under dark and light conditions for 120 days. PCs were 
produced in pilot-scale from wild Ulva spp. (PC Wild) and from the corresponding pulp (PC Wild pulp). Because 
these pilot-scale PCs were brown, indicating loss of chlorophyll and oxidation, lab-scale processing of cultivated 
Ulva sp. (PC Cultivated) was carried out for comparison. PC Wild and PC Wild pulp showed increased levels of 
volatile oxidation products compared to the primary biomass, whereas PC Cultivated showed values similar to its 
primary biomass, indicating that the lab-scale process was less harsh than the pilot-scale process. Differences in 
processing or in the balance between pro- and antioxidants in the primary materials could have contributed to 
these observations. Under light storage conditions, both PC Wild and PC Cultivated showed a greater loss of 
monounsaturated fatty acids and all PCs had increased levels of oxidation, indicating photooxidation. Lipid 
hydroperoxide values and volatile compounds reached higher levels on day 0 than on day 120, pointing to a 
turnover of both primary and secondary oxidation products and likely formation of cross-linked complexes.

1. Introduction

To meet future protein demands, numerous alternative protein 
sources are currently being investigated [1–3]. In this context, the green 
seaweed Ulva spp. is a promising and underexploited source due to its 
high protein production potential and bioremediation capacity, with no 
requirement for land or freshwater resources [4–7]. However, Ulva spp. 
can contain high levels of fiber and ash [8–10], which can impede 
protein digestibility [11,12]. Protein extraction has been found to 
improve protein digestibility – both in vitro [13] and in vivo [14], and to 
increase the content of essential amino acids (EAA), thereby meeting the 
Food and Agriculture Organization (FAO) recommendations for human 
consumption [15]. One approach for protein extraction is by mechanical 
fractionation of Ulva spp., producing juice and a pulp fraction. The 
proteins in the juice can then be precipitated, separated, and dried to 

obtain a protein concentrate (PC) [16,17]. The remaining pulp still 
contains a considerable amount of protein and extracting this with 
alkaline treatment can increase the total protein yield. However, this 
process results in a protein concentrate of lower quality [17,18].

The composition of resulting protein concentrates depends strongly 
on the biomass utilized and the extraction method applied, with protein 
contents ranging from 10 to 70% of DM [5,13,16,19–22]. In addition, 
protein concentrates are found to contain other components such as ash, 
lipids, and fiber [19,21]. Among these constituents, both the proteins 
and lipids are prone to oxidation [23,24]. The rate and extent, however, 
depends on the precise composition of the protein concentrate, as well as 
its extraction and storage conditions [25,26]. To our knowledge, these 
factors have not yet been investigated for Ulva spp. protein concentrates. 
Oxidation can alter the composition, color, functionality, and sensory 
properties of protein concentrates, thereby affecting their suitability for 
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food applications [26–28], and highlighting the importance to gain 
knowledge about oxidative development. Lipids are generally more 
susceptible to oxidation than proteins due to their chemical structure, 
especially unsaturated fatty acids containing reactive double bonds 
[29], but radical transfer between lipids and protein occurs [24]. The 
lipid content in Ulva spp. represents a small fraction of 0.5–8% of DM 
[10,30,31], consisting of storage lipids (e.g. glycerides) and structural 
lipids (e.g. glycolipids and phospholipids) [32,33]. Glycolipids are 
observed to dominate in Ulva spp. as these are found in the photosyn
thetic membranes [33], though the overall lipid composition changes 
with environmental factors such as irradiance, nitrogen availability, and 
CO2 supply [32,33]. Ulva spp. typically contains high proportions of 
saturated palmitic acid (C16:0) and polyunsaturated α-linolenic acid 
(C18:3n3) [10,33–35]. After protein extraction, similar or increased 
lipid contents have been found in the protein concentrates compared 
with the original biomass, ranging from 1.7 to 8.6% of DM [17,19,21]. 
Harrysson et al. [36] investigated the storage stability of dried Ulva spp. 
biomass and found high vulnerability for changes under light condi
tions, likely due to a high content of chlorophyll that acts as a photo
sensitizer and thereby initiates lipid oxidation. This resulted in losses of 
polyunsaturated fatty acids (PUFA) and monounsaturated fatty acids 
(MUFA), color changes and the formation of secondary oxidation 
products e.g. malondialdehyde (MDA). Trigo et al. [13] reported higher 
levels of volatile oxidation products in protein concentrates produced by 
pH-shift-based extraction than in the corresponding biomass (both 
analyzed as ingredients in emulsions). This was hypothesized to be a 
result of metal-catalyzed, enzymatic and photooxidation during the 
extraction. However, data is still lacking for other extraction principles 
and for storage-induced oxidation of Ulva spp. protein concentrates.

The aim of this study was to investigate the oxidative stability of 
protein concentrates derived from Ulva spp., after extraction and during 
storage under dark and light conditions. Protein extraction was carried 
out both in pilot- and lab-scale, as processing scale was hypothesized to 
influence the oxidative state. Two protein concentrates were produced 
in pilot-scale from wild harvested Ulva spp.: one from the primary 
biomass (PC Wild) and one from the pulp (PC Wild pulp) [17], as this 
can increase the protein yield. A third protein concentrate was produced 
in lab-scale from cultivated Ulva sp. (PC Cultivated). Protein concen
trates stored under light conditions were hypothesized to be more sus
ceptible to oxidation, due to the presence of photosensitizers e.g. 
chlorophyll. Moreover, extraction of protein from wild harvested Ulva 
spp. in pilot-scale was hypothesized to accelerate oxidation due to 
longer processing time. Oxidation was investigated by analyzing color (i. 
e., pigment oxidation), fatty acid losses, lipid hydroperoxide values and 
selected volatile secondary oxidation products such as alcohols and al
dehydes (e.g. 2-alkenals, 2,4-alkadienals). These analyses were chosen 
to evaluate the oxidation that had taken place during processing and 
storage. Through oxidation, unsaturated fatty acids are expected to 
convert into primary oxidation products e.g. lipid hydroperoxides and 
further into secondary oxidation products that cause off-flavor and 
reduce sensory acceptance.

2. Material and methods

2.1. Chemical and reagents

Milli-Q water was deionized (18.2 MΩ) filtered water (0.22 μM) from 
an in-house Milli-Q system, Millipore SAS (Molsheim, France). HCl 37% 
was obtained from Merck (Darmstadt, Germany) and petroleum ether 
from Fisher Scientific (Roskilde, Denmark). Methanol and isooctane 
with HPLC grade, and toluene and acetyl chloride with ACS reagent 
grade was provided from Sigma-Aldrich Sweden AB (Stockholm, 
Sweden).

2.2. Protein concentrates

Three different protein concentrates from Ulva spp. were used in this 
study (Table 1). Protein extraction was carried out both in pilot and lab 
scale to evaluate how processing conditions influence the oxidative 
state. Due to limited biomass availability at the time of processing, the 
lab-scale extraction was conducted on cultivated biomass, whereas the 
pilot-scale extraction used wild Ulva spp. PC Wild and PC Wild pulp were 
provided from a pilot-scale study [17] that processed approximately 3 
tons of wild Ulva spp. PC Cultivated was produced from approx. 10 kg of 
cultivated Ulva sp. provided by Pure Algae Denmark (Grenaa, Denmark). 
The cultivated Ulva sp. was grown in recirculated cultivation systems 
and harvested three times in January 2023 to obtain sufficient material. 
After harvest, biomass was stored at 4 ◦C and processed in lab-scale the 
following day of harvest. Protein extraction for PC Cultivated followed 
the same procedure as for PC Wild: mechanical fractionation (Angel 
Juicer 8500S, Domotech, Denmark) followed by decantation, 15 min at 
1700 x g, 4 ◦C (SL 40R Centrifuge, Thermo Scientific, USA), acid pre
cipitation (pH 2), separation at 4500 x g, 4 ◦C for 10 min (SL 40R 
Centrifuge, Thermo Scientific, USA) and freeze-drying. The three har
vests were pooled into one sample.

2.3. Biochemical composition

The protein concentrates provided (PC Wild and PC Wild pulp) were 
analyzed for biochemical composition by Nissen et al. [17]. The protein 
concentrate PC Cultivated was analyzed in terms of dry matter (DM), 
crude protein (CP), ash, and lipids in triplicates. The DM content was 
measured using a moisture analyzer (HR73 Halogen Moisture Analyzer, 
Mettler Toledo, USA). Total nitrogen was analyzed by DUMAS com
bustion (DUMATHERM®, Gerhart Analytical Systems, Königswinter, 
Germany) using 1.4 mg O2/mg sample and an O2 flowrate of 300 mL/ 
min. The CP content was calculated using a nitrogen-to-protein con
version factor of 5.0 for the primary biomass [37] and 5.5 for PC ac
cording to previous results [17,18]. Ash content was measured by 
heating 0.5 g of sample at 550 ◦C for 5 h using a Muffle Furnace 
(Nabertherm, Lilienthal, Germany). The lipid content was quantified by 
digesting 1 g of sample with boiling hydrochloric acid to break the lipo- 
protein bonds using a Hydrotherm (Gerhardt Analytical systems, 
Königswinter, Germany). The resulting solution was filtered, dried, and 
the lipid was subsequently extracted with petroleum ether using a 
Soxtherm (Gerhardt Analytical systems, Königswinter, Germany). The 
lipid content was calculated from the initial sample weight and the final 
weight obtained after drying.

2.4. Storage and sampling

As the protein concentrate from the pilot processing was more 
granulated than the fine powder from the lab scale processing of culti
vated Ulva sp., these protein concentrates were grinded to obtain similar 
surface area. Thus, protein concentrates from wild harvested Ulva spp. 
were grinded to 0.25 mm at 6000 rpm (Ultra Centrifugal Mill, Retsch). 
Since the powders were different, the smallest grinding mesh available 
was chosen to ensure equal conditions in terms of surface area. Three g 
of each protein concentrate was stored at − 70 ◦C until further analysis. 
These samples were referred to as day 0. Each protein concentrate was 
allocated into petri dishes (D: 8.5 cm) in portions of approx. 3 g with a 
height of approx. 0.1 cm for storage. Petri dishes were used to obtain a 
relatively thin layer of protein concentrates to ensure that oxygen and 
light (for samples stored under light conditions) would not be limiting 
factors during storage. Samples were stored under dark and light con
ditions at 21 ◦C for 120 days as ambient temperature reflects storage 
conditions in industry. Storage for 120 days was chosen as it leaves room 
for oxidation to take place and based on what was possible during the 
project As the Ulva spp. protein concentrates contain chlorophyll, which 
is an efficient photosensitizer, we wanted to investigate the effect of 
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light exposure as well. The light source was documented to generate 
wavelengths between 300 and 700 nm with the highest proportion at 
550 nm, followed by 425 and 610 nm. Light intensity was 1700–2000 
LUX to accelerate light oxidation, and the samples were rotated to 
ensure similar light exposure. Samples were taken after 7, 30, 60 and 
120 days, homogenized, allocated in Eppendorf tubes, and stored at 
− 70 ◦C until further analysis.

2.5. Color analysis

The color of the protein concentrates was determined using a 
handheld colorimeter (Konica-Minolta, Japan), measuring the color 
components L* (black-white), a* (green-red), and b* (blue-yellow). The 
samples were homogenized and placed in a petri-dish (D = 5.3 cm) to a 
height of 0.5 cm before measurement. All samples were analyzed in 
triplicates. ΔE indicates the total color changes based on the color 
components L*, a* and b* and was calculated using the following 
equation: 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
L*

2 − L*
1
)2

+ (a*
2 − a*

1)
2
+
(
b*

2 − b*
1
)2

√

L*2, a*2 and b*2 denote the values after storage for 7, 30, 60 and 120 
days and L*1, a*1 and b*1 denote the values at day 0.

2.6. Fatty acid composition

Fatty acid composition was analyzed based on the procedure 
described by Vall-llosera et al. [38] with a few modifications. Briefly, 25 
mg sample was weighed into a glass tube, and 50 μL methylated C19:0 
(1000 μg/mL in toluene) and 50 μL methylated C21:0 (1000 μg/mL in 
toluene) were added as internal standards (Larodan, Sweden), along 
with 0.9 mL toluene and 1 mL acetyl chloride-MeOH solution. Samples 
were vortexed for 5 min at 1600 rpm and heated at 70 ◦C for 120 min in 
a shaking water bath. Samples were cooled in cold water, followed by 
addition of 0.2 mL Milli-Q water and 5 mL petroleum ether:diethyl ether 
(4:1). For extraction, the samples were vortexed for 5 min at 1600 rpm, 
centrifuged at 2500 ×g for 3 min, after which the upper phase was 
transferred to a glass tube and evaporated under nitrogen gas. Samples 
were re-dissolved in 1 mL isooctane, vortexed (1600 rpm, 5 min) and 
transferred to gas chromatograph (GC) vials. Samples were analyzed as 
described by Vall-llosera et al. [38] using an Agilent 7890A GC system 
with an Agilent 5975C triple axis mass spectrometry detector (Santa 
Clara, CA, USA). Quantification of fatty acids was performed using the 
GLC-463 fatty acid methyl esters standard mixture (Nu-Check, Prep, 
Inc., Elysian, MN, USA) and the internal standard C21:0. Fatty acids not 
included in the standard mixture (C16:1, C16:2, C16:3, C16:4, C18:4 
and C20:4) were identified using the NIST08 library search and quan
tified using the internal standard C19:0.

2.7. Analysis of volatile oxidation products

The samples were analyzed for the dominating volatile oxidation 
products using solid-phase microextraction (SPME) coupled with a gas 
chromatography–mass spectrometry (GC–MS), an Agilent GC 7890A 

according to Dalsgaard et al. [23] with minor changes. Briefly, 10 mg of 
sample was transferred to a 10 mL SPME vial together with the internal 
standard (D-12 hexanal, 100 ng/sample) and 2 mL Milli-Q water. A 75 
μm Car/PDMS-coated SPME Fiber (57343-U, North Harrison road, Bel
lefonte USA) was incubated at 50 ◦C for 30 min in the headspace of each 
sample while stirring (500 rpm). The fiber was then introduced to the GC 
inlet at a temperature of 280 ◦C. The volatiles were separated on a HP5- 
MS column (30 m, 0.25 mm ID, 0.25 μm film thickness; Agilent, Folsom, 
CA, USA). The initial oven temperature was 35 ◦C and increased to 
120 ◦C at a rate of 7 ◦C/min, followed by an increase of 35 ◦C/min until 
325 ◦C, which was held for 10 min. Helium 6.0 was used as the carrier 
gas at a constant flow rate of 1.2 mL/min. Detection was performed 
using an Agilent 5975 with an interface temperature of 280 ◦C, quad
rupole at 150 ◦C, and the MS source at 230 ◦C. Fragmentation voltage 
was 70 eV. The data acquisition was performed in SIM mode over a mass 
range of 50–250 m/z. Quantification was performed using external 
standard curves (hexanal, 1-hexanol, heptanal, benzaldehyde, 2-pentyl
furan, 2,4-heptadienal, nonanal, 2-nonenal obtained from Merck 
(Darmstadt, Germany)) at concentrations of 1–1000 ng/mL, using D-12 
hexanal (100 ng/sample) as internal standard. These standards were 
selected based on initial scans, as they represented the dominant 
oxidation products observed.

2.8. Lipid hydroperoxide value

Folch extraction was performed to extract lipid hydroperoxides from 
protein concentrates. In brief, the Folch extraction was carried out by 
mixing ~300 mg of seaweed protein concentrates with 2 mL of water 
and 2 mL of MeOH. Then, 4 mL of chloroform was added, followed by 
30 s of mixing. The samples were centrifuged at 3000 rpm for 10 min at 
4 ◦C. After centrifugation, the chloroform phase was transferred to a GC- 
vial and stored in darkness at − 21 ◦C. Samples were analyzed for their 
hydroperoxide concentration using the thiocyanate assay [23]. To pre
pare the iron (II)/thiocyanate reagent, three solutions were prepared. 
Solution I was prepared by dissolving 0.4 g of barium chloride dihydrate 
in 50 mL of MilliQ-water, while 0.5 g of iron (II) sulfate heptahydrate 
was dissolved in 50 mL of MilliQ-water. The barium chloride solution 
was slowly added to the iron (II) sulfate heptahydrate solution, followed 
by the addition of 2 mL of 10 M HCl. The solution was filtered to remove 
precipitated barium sulfate. Solution II was prepared by dissolving 3 g of 
ammonium thiocyanate in 10 mL of MilliQ-water. Solution III consisted 
of a chloroform-methanol ratio (1:1). The iron (II)/thiocyanate reagent 
was prepared by mixing 250 μL of Solution I with 250 μL of Solution II, 
followed by dilution to 25 mL with Solution III. To measure the hy
droperoxide concentration, 1 mL of sample was mixed with 1 mL of the 
iron (II)/thiocyanate reagent. After 5 min of incubation at room tem
perature (21 ◦C), the absorbance was measured at 500 nm, with 700 nm 
used for background correction, using a UV-3100PC Spectrophotometer 
(VWR International, Pennsylvania, USA). A sample blank was included 
to correct for the intrinsic color of the sample. A hydrogen peroxide 
standard curve (1–60 μM) was prepared and used to calculate the hy
droperoxide concentration in the samples.

Table 1 
Overview of the three different protein concentrates (PC).

Name PC wild PC wild pulp PC cultivated

Extraction material Wild harvested Ulva spp. Ulva pulp (from the wild harvested Ulva spp.) Cultivated Ulva sp.
Extraction Mechanical fractionation and 

acid precipitation (pH 2)
Homogenization under mildly alkaline conditions (pH 8.5), 
mechanical fractionation and acid precipitation (pH 2)

Mechanical fractionation and 
acid precipitation (pH 2)

Decanting before precipitation − − +

Scale Pilot-scale Pilot-scale Lab-scale
Drying of protein concentrates Freeze-drying Freeze-drying Freeze-drying

S.H. Nissen et al.                                                                                                                                                                                                                                Algal Research 94 (2026) 104570 

3 



2.9. Statistical analysis

Results are presented as means ± SD. Data for the oxidation products 
were log10-transformed to obtain normal distribution and homogeneity 
of variance, confirmed by QQ-plot and Shapiro test (P > 0.05), and 
Bartlett test (P > 0.05), respectively. One-way analysis of variance 
(ANOVA) was carried out to test the significance of difference between 
the different protein concentrates. Differences were regarded as signif
icant at a minimum level at 95% (P < 0.05). A Duncan's Multiple Range 
test was used as a post-hoc test to designate significantly different av
erages. Statistical analysis was carried out using RStudio. For the prin
cipal component analysis (PCA), the dataset was log2-transformed to 
stabilize variance and minimize skewness.

3. Results

3.1. Biochemical composition

Three different protein concentrates (PC Wild, PC Wild pulp and PC 
Cultivated) were produced from three different starting materials (Wild 
harvested Ulva spp., pulp (obtained after the first protein extraction of 
wild harvested Ulva spp.), and cultivated Ulva sp., respectively), 
showing different compositions (Table 2). All three protein concentrates 
had increased contents of protein and decreased contents of ash 
compared to their respective primary starting material. Lipids were 
concentrated in the protein concentrates extracted from primary 
biomass for both wild (PC Wild) and cultivated Ulva sp. (PC Cultivated), 
whereas extraction from the pulp (PC Wild pulp) resulted in a similar 
lipid content compared to the starting material. Protein concentrates 
varied in protein (27.0–40.1% of DM) and lipid content (2.1–11.6% of 
DM) with the highest content of both observed in PC Cultivated and the 
lowest content of both observed in PC Wild pulp. The ash content varied 
from 24.3 to 37.7% of DM with PC Cultivated showing the lowest con
tent, whereas PC Wild and PC Wild pulp had similar contents.

3.2. Color

The color components L*, a* and b* of the three protein concentrates 
on day 0 and upon storage for 7, 30, 60 and 120 days in dark and light 
conditions, are shown in Fig. 1. In general, only minor changes were 
observed for PC Wild and PC Wild pulp, which is consistent with ΔE 
showing an increase of <1 for PC Wild pulp and around 2 for PC Wild, 
with slightly larger changes for protein concentrates stored under dark 
conditions. This was also observed visually, as protein concentrates 
appeared brown throughout storage (Fig. 2A and B). PC Cultivated 
increased in lightness (L*) under light storage conditions until day 60, 
after which it decreased. Under dark storage conditions, lightness 
increased until day 7, followed by a decline. An increase in a* was 
observed for PC Cultivated under both dark and light storage conditions, 
indicating a shift towards less green coloration. For b*, a decrease was 
observed after 120 days, most pronounced for samples stored under dark 
conditions, resulting in samples with a less yellow appearance. The total 
color change for PC Cultivated was highest for the samples stored under 
light conditions during the first 60 days, after which a decrease in ΔЕ 
was observed. By day 120, samples stored in dark conditions showed the 
largest overall changes (ΔЕ). Visually, PC Cultivated was greener than 

PC Wild and PC Wild pulp at day 0 and developed a darker color under 
dark conditions and a lighter color under light conditions (Fig. 2C).

3.3. Fatty acids

The fatty acid content and composition of the protein concentrates 
(PC Wild, PC Wild pulp and PC Cultivated) were analyzed at day 0 and 
after 120 days of storage under dark and light conditions (Table 3). In 
general, C16:0 constituted the highest fraction of fatty acids in all pro
tein concentrates at both day 0 and after 120 days of storage 
(3.77–29.23 mg/g DM). High levels of the unsaturated fatty acids C16:4, 
C18:1n7, C18:2n6 and C18:3n3 were also observed for PC Cultivated at 
day 0 (4.97–6.74 mg/g DM). For PC Wild and PC Wild pulp, SFA rep
resented the largest fraction at day 0, followed by MUFA, whereas PC 
Cultivated had a notable high PUFA content compared to PC Wild and 
none in PC Wild pulp. Upon storage, PC Wild showed a high loss of total 
fatty acids (20.8–21.6%) regardless of light or dark storage (Fig. 3) 
compared to the PC wild pulp (Fig. 3). This was explained by a higher 
content of PUFA in PC wild and therefore higher loss of PUFA, followed 
by MUFA. A greater loss of MUFA (50.3 ± 0.8%) was observed during 
storage in light conditions than storage in dark conditions (43.6 ± 1.3%) 
for PC Wild. PC Wild pulp showed a minor loss of total fatty acids 
(0.5–4.5%) after storage for 120 days, primarily due to a loss of MUFA 
(21.4–26.9%) in both storage conditions. PC Cultivated had the highest 
content of TFA at day 0 (76.06 mg/g DM) compared to the other protein 
concentrates, with high contents of PUFA and SFA, followed by MUFA. A 
total loss of 57.1–58.0% fatty acids was observed for both light and dark 
conditions after storage for 120 days, due to a significant loss of PUFA 
(98.1–98.2%) and MUFA (41.2–59.2%). PC Cultivated showed a higher 
loss of MUFA (59.2 ± 2.2%) under light conditions compared dark 
conditions (41.2 ± 7.1%). Loss of SFA was also observed for PC Culti
vated (17.2–21.2%), whereas the loss of SFA in PC Wild and PC Wild 
pulp was lower (≤ 4.8%).

3.4. Volatile oxidation products

The protein concentrates (PC Wild, PC Wild pulp and PC Cultivated) 
and their respective crude materials (biomass/pulp) were analyzed for 
their levels of dominant volatile oxidation products (hexanal, 1-hexanol, 
heptanal, benzaldehyde, 2-pentylfuran, 2,4-heptadienal, nonanal and 2- 
nonenal) at day 0 and after 120 days of storage under dark and light 
(Fig. 4).

PC Wild and PC Wild pulp showed significantly higher levels of 
oxidation products in the protein concentrates compared to the starting 
materials at day 0, except for hexanal and benzaldehyde in PC Wild 
pulp, which were similar or slightly lower. PC Wild pulp showed 
significantly higher levels of all oxidation products when stored under 
light conditions than dark conditions. A similar trend was observed for 
PC Wild, except for 2-pentylfuran, nonanal and 2-nonanal showing no 
significant differences between storage under light and dark conditions. 
PC Wild and PC Wild pulp showed higher values for all oxidation 
products on day 0 compared to samples stored for 120 days. Among the 
different oxidation products in PC Wild and PC Wild pulp, hexanal was 
the most abundant (65–537 μg/10 g DM), with the highest levels seen in 
PC Wild at day 0.

PC Cultivated showed significantly higher levels of hexanal and 2- 

Table 2 
Biochemical composition of the starting material (primary biomass/pulp) and the resulting protein concentrates. Protein is listed as crude. All values are based on dry 
matter. Data for Wild Ulva spp. and Wild pulp was provided by Nissen et al. [17]. Data is represented as means ± SD, n = 3.

% of DM Wild Ulva Wild pulp Cultivated Ulva

Starting material Protein concentrate Starting material Protein concentrate Starting material Protein concentrate

Protein 10.2 ± 1.2 31.6 ± 0.6 8.7 ± 0.7 27.0 ± 0.3 21.5 ± 0.1 40.1 ± 0.1
Lipid 0.7 ± 0.2 4.6 ± 0.1 2.2 ± 0.5 2.1 ± 0.3 3.3 ± 0.4 11.6 ± 0.6
Ash 57.9 ± 3.5 37.1 ± 0.5 60.0 ± 2.6 37.7 ± 0.1 30.2 ± 0.3 24.3 ± 0.2
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pentylfuran compared to the primary biomass, while 1-hexanol and 
benzaldehyde were lower, and the remaining compounds showed no 
significant differences. Compared to PC Wild samples, PC Cultivated 
showed lower total oxidation product levels both in the starting material 
and in the protein concentrate at day 0. During storage, higher levels of 
volatile oxidation products were observed for the PC Cultivated stored 
under light conditions compared to dark conditions, except for 2-pentyl
furan which showed no significant differences between the two storage 
conditions. After 120 days, PC Cultivated stored in the dark had 
oxidation product levels that were similar or lower than day 0, except for 
heptanal and 2-nonenal, which increased. In contrast, PC Cultivated 
stored under light conditions resulted in similar or significantly higher 

levels of oxidation products when compared to day 0. Lipid hydroper
oxide values followed the same pattern as the volatiles (data not shown).

To better assess initial oxidation, lipid hydroperoxide values were 
analyzed and visualized alongside the other analytes in a PCA-plot 
(Fig. 5A-B). Lipid hydroperoxides followed the same pattern as the 
volatiles and contributed to principal component 1, with PC Wild 
Biomass and PC Wild Pulp at day 0 positioned to the right and PC 
Cultivated at day 0 to the left, along with protein, lipids, TFA, SFA, 
MUFA, PUFA, and green color (Fig. 5A). This clearly indicates the higher 
fatty acid content, including MUFA and PUFA, in the PC cultivated than 
in the two Wild PC processed in pilot plant facilities (Fig. 5A). The PCA 
of PC Cultivated alone clearly indicated high content of volatiles and 

Fig. 1. Color changes (L*, a*, b* and ΔE) of the protein concentrates (PC Wild, PC Wild pulp and PC Cultivated) over storage time from day 0 to 120 when stored 
under dark and light conditions at 21 ◦C. ΔE shows the total changes based on the color components L* (lightness), a* (green to red) and b* (blue to yellow). Data is 
represented as means ± SD, n = 3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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lipid hydroperoxides on day 0 (Fig. 5B). However, 1-hexanol, heptanal, 
nonanal, and 1-nonenal all increased in samples stored in light (PC 
Cultivated, day 120) compared to day 0, following another pattern than 
the other volatiles.

4. Discussion

In this study, we compared protein concentrates from wild-harvested 
Ulva spp. obtained after one protein extraction (PC Wild) and a second 
alkaline (pH 8.5) protein extraction of the resulting pulp (PC Wild pulp). 
These two protein concentrates have previously shown notable differ
ences in protein content and overall chemical composition, as well as in 
the amino acid composition and protein digestibility [17]. Therefore, we 
aimed to assess process-induced oxidative changes and storage stability 
in relation to changes in the lipid composition as products high in un
saturated fatty acids always will play a role, also in the protein fraction 
due to potential radical transfer between the lipid and protein [24]. 
After pilot-scale processing, the protein products appeared very brown, 
which we have not observed previously in lab-scale processing. Hence, 
we decided to include lab-scale extracted protein concentrate. However, 
since wild-harvested Ulva spp. was no longer available, cultivated Ulva 
sp. was used instead, resulting in PC cultivated.

4.1. Effect of protein extraction

The cultivated Ulva sp. was significantly higher in protein than the 
wild-harvested Ulva spp., and higher than what previously have been 

observed for cultivated Ulva sp. [39]. It resulted in a higher protein 
content in PC Cultivated than in the PC Wild biomass. The lipid content 
was also significantly higher in the cultivated Ulva sp. compared to the 
wild Ulva spp., which resulted in a high content of lipids in PC Cultivated 
compared to the two PC Wilds. From this data, more oxidation might be 
expected to take place in the PC Cultivated than in the two PC Wild 
samples both during processing and storage. However, oxidative 
changes during processing showed otherwise.

Primary (lipid hydroperoxides) and secondary (volatiles) lipid 
oxidation products are often low in the beginning of storage experiments 
[23], but in the pilot processed protein concentrates, the lipid hydro
peroxide value and the secondary oxidation products were high, already 
after processing. Even though the lipid content was higher in PC Culti
vated, the content of unsaturated FAs was higher after processing 
compared to the two pilot processed protein concentrates, indicating 
less damage to the lipid fraction in the PC Cultivated protein samples. 
More oxidation taken place in the pilot processing was supported by a 
low percentage of unsaturated fatty acids and a low retention of the 
green color of the PC Wild and PC Wild pulp compared to the PC 
Cultivated sample.

The loss of green pigment was most likely caused by a conversion of 
chlorophyll to other forms. Chlorophyll, containing Mg2+, is green in 
color, whereas a loss of Mg2+ results in a green/brown color (pheo
phytin). Mg2+ can be lost upon exposure to heat or acidic conditions 
(pH < 6), where the latter could be the case as the protein was precip
itated at pH 2. Moreover, enzymatic activity of chlorophyllase or 
pheophytinase can degrade chlorophyll and pheophytin, respectively, 
resulting in loss of phytol. Loss of both Mg2+ and phytol results in a 
brown color (pheophorbide) [40], which resembles the color of PC Wild 
and PC Wild pulp. Other reactions could also have contributed to the 
color, including enzymatic and non-enzymatic browning. Enzymatic 
browning results from oxidation of polyphenols to quinones that poly
merize into dark pigments [41,42], which, previously, have been 
detected in protein extraction from Ulva spp. [43]. Non-enzymatic 
browning (Maillard reaction) can be promoted by alkaline conditions 
or catalyzed by e.g. iron and copper and is elevated at higher temper
atures [44]. Therefore, this reaction was more likely for PC Wild pulp 
where mildly alkaline conditions (pH 8.5) were included in the extrac
tion procedure. Another possible pathway leading to browning is via 
polymerization of Schiff-bases, which are derived from interactions 
between e.g., aldehydes and amino acids [45,46]. PC Cultivated was 
visually green on day 0 (Fig. 2C), indicating a higher content of chlo
rophyll still complexing Mg2+. In the lab-based extraction setup, enzy
matic browning might have been prevented due to shorter processing 
times, resulting in a faster addition of acid (down to pH 2), which can 
slow down or prevent the activity of the enzymes responsible [42,47].

All of the protein concentrates contained significant levels of ash 
(24.3–37.7%), where Nissen et al. [17] documented the presence of high 
concentrations of transition metals including iron, zinc and copper in PC 
Wild and PC Wild pulp. Hence, these could act as prooxidants in the lipid 
oxidation reaction [29].

Volatile oxidation products were detected in the primary materials 
(biomass/pulp) with the highest concentration of hexanal, followed by 
benzaldehyde. These compounds may have been generated during 
cultivation, harvest, sampling, or storage. Upon protein extraction, all 
the detected secondary oxidation products increased for PC Wild and PC 
Wild pulp, except for hexanal and benzaldehyde in PC Wild pulp 
showing similar or reduced content. Trigo et al. [48] observed increased 
levels of hexanal as well as pentanal and 2-ethylfuran upon protein 
extraction from Ulva fenestrata using a pH shift approach and analysis of 
the protein concentrates in emulsions with 5 or 10% lipids. Hexanal is a 
common lipid oxidation product, derived from n-6 PUFA such as linoleic 
acid (C18:2n6), generated upon transition metal induced oxidation or 
through enzymatic pathways [29]. Increased levels of hexanal were also 
observed for protein concentrates from peas compared to the pea flour 
[49], whereas Tanambell et al. [50] showed lower hexanal content in 

Fig. 2. Color changes of protein concentrates (PC) stored under light and dark 
conditions for 120 days for A) PC Wild, B) PC Wild pulp and C) PC Cultivated.
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acid precipitated pea concentrates than in pea flour and ultrafiltered 
protein concentrates. n-6 PUFAs are present in Ulva spp. biomass 
[36,38], where a minor decrease in concentration has been observed 
upon protein extraction using different extraction procedures in lab- 
scale [19,21]. In this study, PC Cultivated showed the highest content 
of n-6 PUFA, while it was barely present in PC Wild and none in PC Wild 
pulp. This is likely due to oxidation of n-6 PUFA upon protein extraction, 
explaining the high content of hexanal observed in PC Wild and PC Wild 
pulp on day 0. Disruption of cell membranes facilitated by the protein 
extraction could promote the exposure of structural lipids to proox
idants, thereby increasing the risk for oxidation [51]. In general, the 
highest content of MUFA and PUFA was observed in PC Cultivated, 
whereas PC Wild and PC Wild pulp consisted of 60–90% SFA. Differ
ences in processing conditions could contribute to this, where PC Wild 
and PC Wild pulp were extracted in pilot-scale. Longer processing times 
in pilot-scale (4–5 h processing in total) compared to lab-scale (2–3 h 
processing in total) are likely to facilitate oxidative stress for highly 
sensitive molecules such as MUFA and PUFA. Duque-Estrada et al. [25]
detected a higher content of protein-bound carbonyls as indices for 
protein oxidation for several commercial soy protein isolates and con
centrates compared to similar products generated in lab-scale. This was 
ascribed to the differences in processing conditions or differences in the 
composition of the starting material. Also in the present study, the 
higher degree of oxidation observed for the protein concentrates pro
duced in pilot-scale, supported by higher levels of volatile oxidation 
products and lower content of unsaturated fatty acids; could be a result 

of the different processing conditions or different compositions of the 
starting material, or both. Regarding raw material differences, potential 
differences in the balance between endogenous pro- and antioxidants in 
the biomasses will play a profound role [29,51,52].

4.2. Effect of storage in dark and light conditions

Under light conditions, the color changes were characterized by 
bleaching, while under dark conditions, the development of dark brown 
pigments dominated. PC Cultivated, stored under light, had a loss of 
green color, indicating loss of chlorophyll. Bleaching under light con
ditions was also observed in a study by Harrysson et al. [36] storing 
dried Ulva fenestrata. Our study used a light source with wavelengths 
between 300 and 700 nm with the highest proportion at 550, 425 and 
610 nm, respectively. Specific chlorophyll derivatives, e.g. chlorophyll 
a, methyl chlorophyllide a, zinc and copper pheophytin a have absorp
tion maxima close to 425 nm [40], which could have facilitated the 
bleaching.

To understand the photooxidation, PC Cultivated should be in focus 
as it still has green color after processing, indicating intact chlorophyll. 
Although all secondary oxidation products except 2-pentylfuran were 
higher in samples stored in light than in those stored in dark, the most 
pronounced increases from day 0 to day 120 were observed for heptanal 
and 2-nonenal. At the same time loss of both MUFA and PUFA were 
observed. The loss of PUFA was more pronounced than that of MUFA, 
likely due to their higher number of double bonds, which makes them 

Table 3 
Fatty acid content (mg/g DM) of the protein concentrates (PC Wild, PC Wild pulp and PC Cultivated) over storage time from day 0 to day 120 under dark and light 
conditions. Total fatty acids (TFA), saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA) are shown. Moreover, the 
loss of TFA is shown along with loss of SFA, MUFA, and PUFA for dark and light conditions, respectively. ND = Not detected/Below limit of quantification. Data is 
represented as means ± SD, n = 2.

Fatty acids (mg/g DM) PC Wild PC Wild pulp PC Cultivated

Start (0) Dark (120) Light (120) Start (0) Dark (120) Light (120) Start (0) Dark (120) Light (120)

C14:0 1.10 ± 0.02 1.00 ± ±0.02 1.04 ± 0.01 0.24 ± 0.00 0.25 ± 0.00 0.27 ± 0.00 0.74 ± 0.04 0.52 ± 0.04 0.63 ± 0.05
C15:0 0.29 ± 0.01 0.36 ± 0.01 0.38 ± 0.00 0.13 ± 0.00 0.17 ± 0.00 0.18 ± 0.00 0.14 ± 0.00 0.12 ± 0.01 0.17 ± 0.01
C16:0 7.84 ± 0.14 7.06 ± 0.36 7.54 ± 0.08 3.96 ± 0.07 3.77 ± 0.04 3.90 ± 0.02 29.23 ± 0.30 22.84 ± 1.88 24.06 ± 1.21
C16:1n7 1.69 ± 0.01 0.92 ± 0.00 0.79 ± 0.02 ND ND ND 2.39 ± 0.03 1.36 ± 0.13 0.95 ± 0.05
C16:1a 0.39 ± 0.00 0.35 ± 0.01 0.35 ± 0.01 0.16 ± 0.01 0.12 ± 0.00 0.12 ± 0.00 2.19 ± 0.11 1.18 ± 0.03 1.06 ± 0.07
C16:2a ND ND ND ND ND ND 0.19 ± 0.01 ND ND
C17:0 0.26 ± 0.00 0.47 ± 0.01 0.47 ± 0.00 0.10 ± 0.00 0.15 ± 0.00 0.16 ± 0.00 0.05 ± 0.00 0.05 ± 0.00 0.05 ± 0.00
C17:1n7 0.06 ± 0.00 0.10 ± 0.00 0.11 ± 0.00 0.03 ± 0.01 0.05 ± 0.00 0.05 ± 0.00 ND ND ND
C16:3a ND ND ND ND ND ND 1.93 ± 0.09 ND ND
C16:4a ND ND ND ND ND ND 6.74 ± 0.26 ND 0.14 ± 0.01
C18:0 1.20 ± 0.01 1.32 ± 0.01 1.28 ± 0.03 0.35 ± 0.00 0.35 ± 0.0 0.36 ± 0.00 0.09 ± 0.01 0.32 ± 0.25 0.08 ± 0.00
C18:1n9/12 0.96 ± 0.01 0.47 ± 0.02 0.38 ± 0.00 ND ND ND 0.62 ± 0.01 0.58 ± 0.27 0.21 ± 0.00
C18:1n7 1.66 ± 0.01 0.85 ± 0.05 0.72 ± 0.02 0.05 ± 0.00 0.04 ± 0.01 0.06 ± 0.02 5.80 ± 0.01 3.32 ± 0.39 2.11 ± 0.15
C18:2n6 0.25 ± 0.00 ND ND ND ND ND 4.97 ± 0.06 0.41 ± 0.02 0.25 ± 0.01
C18:3n6 ND ND ND ND ND ND 3.88 ± 0.08 0.10 ± 0.01 0.17 ± 0.01
C18:3n3 0.03 ± 0.00 ND ND ND ND ND 4.97 ± 0.06 0.07 ± 0.01 0.06 ± 0.00
C18:4a ND ND ND ND ND ND 3.17 ± 0.00 ND ND
C20:0 0.32 ± 0.00 0.28 ± 0.02 0.28 ± 0.00 0.28 ± 0.00 0.24 ± 0.00 0.26 ± 0.00 0.65 ± 0.01 0.57 ± 0.03 0.64 ± 0.04
C20:1 0.90 ± 0.02 0.49 ± 0.00 0.46 ± 0.00 ND ND ND 0.18 ± 0.01 0.14 ± 0.01 0.24 ± 0.00
C20:3n6 ND ND ND ND ND ND 0.59 ± 0.01 ND ND
C20:4a 0.15 ± 0.01 ND ND ND ND ND 1.62 ± 0.02 ND ND
C20:4n3 ND ND ND ND ND ND 0.19 ± 0.00 ND ND
C20:5n3 0.36 ± 0.02 0.05 ± 0.00 0.06 ± 0.01 ND ND ND 1.55 ± 0.04 ND ND
C22:0 0.16 ± 0.01 0.15 ± 0.00 0.15 ± 0.00 0.12 ± 0.00 0.11 ± 0.01 0.12 ± 0.00 1.44 ± 0.05 1.06 ± 0.04 1.12 ± 0.02
C22:4n6 ND ND ND ND ND ND 1.07 ± 0.03 ND ND
C22:5n3 ND ND ND ND ND ND 1.39 ± 0.05 ND ND
C22:6n3 0.09 ± 0.00 ND ND ND ND ND 0.28 ± 0.03 ND ND
C24:1n9 ND ND ND 0.16 ± 0.02 0.09 ± 0.01 0.09 ± 0.01 ND ND ND
SFA 11.17 ± 0.18 10.62 ± 0.37 11.13 ± 0.12 5.18 ± 0.07 5.04 ± 0.05 5.24 ± 0.02 32.33 ± 0.19 25.48 ± 2.25 26.77 ± 1.32
MUFA 5.65 ± 0.04 3.19 ± 0.05 2.81 ± 0.03 0.41 ± 0.02 0.30 ± 0.00 0.33 ± 0.03 11.18 ± 0.07 6.58 ± 0.84 4.57 ± 0.28
PUFA 0.86 ± 0.03 0.05 ± 0.00 0.06 ± 0.01 ND ND ND 32.54 ± 0.14 0.58 ± 0.03 0.62 ± 0.04
TFA 17.69 ± 0.24 13.86 ± 0.43 14.01 ± 0.14 5.59 ± 0.09 5.34 ± 0.05 5.57 ± 0.01 76.06 ± 0.40 32.63 ± 3.12 31.95 ± 1.63
% Loss SFA 4.8 ± 4.9 0.3 ± 2.7 2.7 ± 2.2 − 1.2 ± 1.7 21.2 ± 6.5 17.2 ± 3.6
% Loss MUFA 43.6 ± 1.3 50.3 ± 0.8 26.9 ± 4.9 21.4 ± 2.1 41.2 ± 7.1 59.2 ± 2.2
% Loss PUFA 94.4 ± 0.7 92.5 ± 0.5 0 ± 0 0 ± 0 98.2 ± 0.1 98.1 ± 0.1
% Total loss 21.6 ± 3.5 20.8 ± 1.9 4.5 ± 2.5 0.5 ± 1.5 57.1 ± 3.9 58.0 ± 1.9

a Identified using the NIST08 library search and quantified using internal standard.
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more susceptible to oxidation [29]. MUFA was lost to a lesser extent 
than PUFA, but the loss of PUFA under light and dark conditions was the 
same, whereas MUFA loss was lower in dark storage. Upon photooxi
dation of oleic acid with methyl blue as photosensitizer, Lee et al. [53]
previously showed increased levels of heptanal and 2-nonenal compared 
to dark storage, whereas no differences were observed for nonanal. 
Thus, oxidation of oleic acid might be part of the explanation for the 
different pattern observed for some of the secondary lipid oxidation 
products, suggesting chlorophyll and photooxidation being a part of the 
story. Chlorophyll acts as a type II photosensitizer, generating singlet 
oxygen [29]. The chlorophyll derivatives would contribute differently to 
this as they exhibit different absorption maxima [40].

Both n-3 and n-6 fatty acids made up a large fraction of the TFA in the 
PC Cultivated on day 0, but there was only a minor presence in PC Wild 
and none in PC Wild pulp. These fatty acids are important for human 
consumption in a well-balanced ratio to support overall health [29]. 
They are more susceptible to oxidation, illustrated by the greater loss 
both with autoxidation in dark and photooxidation in light. In storage 
they were completely lost for PC Wild, whereas PC Cultivated still had 
low amounts available. Losses of n-3 and n-6 fatty acids were also 
observed in other studies storing Ulva spp. biomass [36,38]. Harryson 
et al. [36] also encountered higher oxidation for Ulva fenestrata stored 
under light conditions, in particular increased levels of 4-hydroxy-trans- 
2-hexenal (HHE), which is an oxidation product deriving from n-3 PUFA 
[54].

Hexanal is probably the most common secondary oxidation product 
in literature, and it is an oxidation product derived from n-6 PUFA. 
However, it can also be a result of degradation of other volatile com
pounds such as 2,4-decadienal and 2-octenal [29,55]. This could explain 
why hexanal reached the highest values under light conditions in all 
three PCs, as no differences in PUFA content were observed under dark 
and light conditions. Linolenic acid (C18:3n3 or C18:3n6) can oxidize to 
form 2,4-heptadienal [56], whereas oxidation of oleic acid (C18:1n9) is 

suggested to form heptanal [57], and linoleic acid (C18:2n6), besides 
hexanal can oxidize into heptanal [58], nonanal and 1-hexanol [59]. 
The diene system of different hydroperoxides can decompose to form 
furanoids such as 2-pentylfuran [59], which was encountered in minor 
amounts for all concentrates. However, these compounds can also be 
formed upon degradation of 2-alkenals such as 2-nonenal in the pres
ence of transition metals such as iron [56,60]. The formation of benz
aldehyde can be formed during Strecker degradation of amino acids 
[60]. This could explain the higher values encountered in cultivated 
Ulva sp. biomass, as well as in its derived PC.

The majority of the secondary oxidation products detected in PC 
Cultivated were lower after 120 days of storage in darkness compared to 
day 0. This could be hypothesized to be due to decomposition and/or 
further reactions with other compounds present, such as proteins. 
Carbonyl compounds (e.g. aldehydes) can react with free amino groups 
via Schiff-base formation, resulting in a cross-linked complex that 
negatively affects the nutritional value of the protein and generate off- 
flavors as well as yellow-brown pigments [61]. Another suggestion 
could be aldol condensation (reaction between two carbonyl com
pounds, such as aldehydes or ketones), leading to a tertiary oxidation 
product such as 2-butyl-2-octenal, which is an indicator for strong 
oxidation and severe quality degradation [56]. A greater difference in 
oxidation product levels was observed for PC Wild and PC Wild pulp 
stored under dark and light conditions, which both revealed lower levels 
on day 120 compared to day 0. These concentrates had been subjected to 
higher formation of volatile oxidation products during their production, 
thereby facilitating a higher formation of cross-linked oxidation prod
ucts. However, further investigation is necessary to confirm this.

4.3. Future perspectives

In general, protein concentrates (protein <80%) were expected to 
encounter a lower storage stability as compared to protein isolates 

Fig. 3. Total fatty acids (TFA) (mg per g DM) in the protein concentrates: PC Biomass, PC Pulp and PC Cultivated over storage time from day 0 to 120 stored under 
dark and light conditions. Composition is shown as mg/g DM distributed between saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and poly
unsaturated fatty acids (PUFA) in the diagrams. Loss of TFA (%) is shown after storage for 120 days in dark and light. The color of the different protein concentrates is 
included as a picture. Data is represented as mean ± SD, n = 2. PC: Protein concentrate.
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Fig. 4. Concentration of different oxidation products (μg/10 g DM) for PC Wild, PC Wild pulp and PC Cultivated, including extraction material (primary biomass/ 
pulp), protein concentrate on day 0 and protein concentrates stored in dark and light conditions for 120 days. Different oxidations products include hexanal, 1-hex
anol, heptanal, benzaldehyde, furan 2-pentyl, 2,4-heptadienal, nonanal, and 2-nonenal. Data is represented as means ± SD, n = 3. Different letters within the same 
oxidation product indicate significance of difference (p < 0.05) compared by one-way ANOVA followed by a Duncan's Multiple Range test.
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(protein >80%) due to a higher content of lipids as well as ash (transi
tion metals) and other pro-oxidants. However, the higher presence of 
non-proteins may also imply a higher level of endogenous antioxidants, 
raised nutritional value and sometimes improved protein functionality 
[62], which is why protein isolates not necessarily is the golden route. 
Among ways to reduce tentative problems with oxidation could be to 
vacuum-pack the samples as observed in previous studies [23,36]. This 
study stored the samples in petri-dishes covered by lids for practical 
reasons (e.g., to keep an even layer of sample) and to slightly accelerate 
the oxidation by ensuring access to air and light. Although endogenous 
antioxidants have been detected in Ulva spp., such as ascorbic acid [36], 
tocopherol [63] and chlorophyll (antioxidative under dark conditions) 
[64], the extraction of protein induces oxidative stress, which might 
result in losses of these antioxidants and thereby initiating oxidation. 
Thus, incorporation of additional antioxidants is often carried out in 
processed foods [29], which could be a solution for Ulva spp. protein 
concentrates as well.

5. Conclusion

In conclusion, protein concentrates from Ulva spp. were highly sus
ceptible to oxidation, with processing conditions and light exposure 

strongly influencing quality during storage. Particularly, pilot-scale 
processing resulted in high oxidation. Color disorientation and oxida
tion during processing in pilot plant suggested a need for less harsh 
processing or a need for antioxidant addition during processing. The 
pronounced oxidation of MUFAs under light and substantial PUFA losses 
under all conditions highlighted the need for optimized extraction and 
storage strategies to preserve nutritional and sensory quality. Overall, 
the results emphasize the importance of controlling oxidation through 
processing optimization, light protection, and the use of antioxidants or 
modified packaging to enable stable Ulva protein ingredients.
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[32] F.J.L. Gordillo, C. Jiménez, M. Goutx, X. Niell, Effects of CO2 and nitrogen supply 
on the biochemical composition of Ulva rigida with especial emphasis on lipid class 
analysis, J. Plant Physiol. 158 (3) (2001) 367–373, https://doi.org/10.1078/0176- 
1617-00209.

[33] S.V. Khotimchenko, I.M. Yakovleva, Effect of solar irradiance on lipids of the green 
alga Ulva fenestrata Postels et Ruprecht, Bot. Mar. 47 (2004) 395–401, https://doi. 
org/10.1515/BOT.2004.050.

[34] S. Steinhagen, S. Enge, K. Larsson, J. Olsson, G.M. Nylund, E. Albers, H. Pavia, 
I. Undeland, G.B. Toth, Sustainable large-scale aquaculture of the northern 
hemisphere sea lettuce, ulva fenestrata, in an off-shore seafarm, J. Mar. Sci. Eng. 9 
(6) (2021) 615, https://doi.org/10.3390/jmse9060615.

[35] G.B. Toth, H. Harrysson, N. Wahlström, J. Olsson, A. Oerbekke, S. Steinhagen, 
A. Kinnby, J. White, E. Albers, U. Edlund, I. Undeland, H. Pavia, Effects of 
irradiance, temperature, nutrients, and pCO2 on the growth and biochemical 
composition of cultivated Ulva fenestrata, J. Appl. Phycol. 32 (5) (2020) 
3243–3254, https://doi.org/10.1007/S10811-020-02155-8.

[36] H. Harrysson, J.L. Krook, K. Larsson, C. Tullberg, A. Oerbekke, G. Toth, H. Pavia, 
I. Undeland, Effect of storage conditions on lipid oxidation, nutrient loss and colour 
of dried seaweeds, Porphyra umbilicalis and Ulva fenestrata, subjected to different 
pretreatments, Algal Res. 56 (2021) 102295, https://doi.org/10.1016/j. 
algal.2021.102295.

[37] A.R. Angell, L. Mata, R. de Nys, N.A. Paul, The protein content of seaweeds: a 
universal nitrogen-to-protein conversion factor of five, J. Appl. Phycol. 28 (2016) 
511–524, https://doi.org/10.1007/s10811-015-0650-1.

[38] M. Vall-llosera, S. Steinhagen, H. Pavia, I. Undeland, Brining as an effective 
method to stabilise sea lettuce (Ulva fenestrata) -impact on colour, texture, 
chemical characteristics and microbial dynamics, Algal Res. 83 (2024) 103700, 
https://doi.org/10.1016/j.algal.2024.103700.

[39] N. Juel, L. Juul, H. Tanambell, T.K. Dalsgaard, Extraction and purification of 
seaweed protein from Ulva sp. - challenges to overcome, LWT 198 (2024) 115944, 
https://doi.org/10.1016/J.LWT.2024.115944.

[40] S.J. Schwartz, J.L. Cooperstone, M.J. Cichon, J.H. von Elbe, M.M. Giusti, Colorants, 
in: Fennema’s Food Chemistry, 5th ed, CRC Press, 2017, pp. 92–166.

[41] M. Friedman, Food Browning and its prevention: an overview, J. Agric. Food 
Chem. 44 (1996) 631–653.

[42] K.L. Parkin, S. Damodaran, Enzymes, in: Fennema’s Food Chemistry, 5th ed, CRC 
Press, 2017, pp. 357–458.

[43] L. Juul, A.H. Møller, A. Bruhn, S.K. Jensen, T.K. Dalsgaard, Protein solubility is 
increased by antioxidant addition during protein extraction from the green 
macroalga, Ulva sp, J. Appl. Phycol. 33 (2020) 545–555, https://doi.org/10.1007/ 
S10811-020-02285-Z.

[44] K.C. Huber, J.N. BeMiller, Carbohydrates, in: Fennema’s food chemistry, 5th ed, 
2017, pp. 92–166.

[45] T.K. Dalsgaard, J.H. Nielsen, L.B. Larsen, Characterization of reaction products 
formed in a model reaction between pentanal and lysine-containing oligopeptides, 
J. Agric. Food Chem. 54 (2006) 6367–6373, https://doi.org/10.1021/jf060003g.

[46] G. Smith, M. Hole, Browning of salted sun-dried fish, J. Sci. Food Agric. 55 (1991) 
291–301, https://doi.org/10.1002/jsfa.2740550214.

[47] S. Zhang, Recent advances of polyphenol oxidases in plants, Molecules 28 (2023) 
28052158, https://doi.org/10.3390/molecules28052158.

[48] J.P. Trigo, K. Wendin, S. Steinhagen, K. Larsson, I. Undeland, Sensory quality of 
emulsions prepared with the seaweed Ulva spp. or a derived protein ingredient, 
Future Foods 9 (2024) 100370, https://doi.org/10.1016/j.fufo.2024.100370.

[49] M. Sajib, B. Forghani, N. Kumar Vate, M. Abdollahi, Combined effects of isolation 
temperature and pH on functionality and beany flavor of pea protein isolates for 
meat analogue applications, Food Chem. 412 (2023) 135585, https://doi.org/ 
10.1016/j.foodchem.2023.135585.

[50] H. Tanambell, M.R. Bramsen, M. Danielsen, C. Nebel, A.H. Møller, T.K. Dalsgaard, 
Saponin and hexanal in pea (Pisum sativum) protein isolates: a comparative study 
of isoelectric precipitation and ultrafiltration, LWT 223 (2025) 117772, https:// 
doi.org/10.1016/j.lwt.2025.117772.

[51] J. Zhang, M. Abdollahi, M. Alminger, I. Undeland, Cross-processing herring and 
salmon co-products with agricultural and marine side-streams or seaweeds 
produces protein isolates more stable towards lipid oxidation, Food Chem. 382 
(2022) 132314, https://doi.org/10.1016/j.foodchem.2022.132314.

[52] H. Wu, B. Forghani, M. Abdollahi, I. Undeland, Lipid oxidation in sorted herring 
(Clupea harengus) filleting co-products from two seasons and its relationship to 
composition, Food Chem. 373 (2022) 131523, https://doi.org/10.1016/j. 
foodchem.2021.131523.

[53] J.M. Lee, P.S. Chang, J.H. Lee, Effects of photosensitisation and autoxidation on the 
changes of volatile compounds and headspace oxygen in elaidic trans fatty acid and 
oleic cis fatty acid, Food Chem. 119 (2010) 88–94, https://doi.org/10.1016/J. 
FOODCHEM.2009.05.077.

[54] E.K. Long, M.J. Picklo, Trans-4-hydroxy-2-hexenal, a product of n-3 fatty acid 
peroxidation: make some room HNE, Free Radic. Biol. Med. 49 (2010) 1–8, https:// 
doi.org/10.1016/j.freeradbiomed.2010.03.015.

[55] D.B. Josephson, R.C. Lindsay, Retro-aldol related degradations of 2,4-decadienal in 
the development of staling flavors in fried foods, J. Food Sci. 52 (1987) 
1186–1190, https://doi.org/10.1111/j.1365-2621.1987.tb14040.x.

[56] S. Grebenteuch, L.W. Kroh, S. Drusch, S. Rohn, Formation of secondary and tertiary 
volatile compounds resulting from the lipid oxidation of rapeseed oil, Foods 10 
(2021) 2417, https://doi.org/10.3390/FOODS10102417/S1.

S.H. Nissen et al.                                                                                                                                                                                                                                Algal Research 94 (2026) 104570 

11 

https://doi.org/10.1016/j.anifeedsci.2020.114460
https://doi.org/10.1016/j.anifeedsci.2020.114460
https://doi.org/10.1016/j.biortech.2010.10.010
https://doi.org/10.1111/jpn.13509
https://doi.org/10.3390/md14110196
https://doi.org/10.1002/food.200390078
https://doi.org/10.1002/food.200390078
https://doi.org/10.1016/j.foodchem.2021.129683
https://doi.org/10.1016/j.algal.2022.102644
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0075
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0075
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0075
https://doi.org/10.1016/j.algal.2021.102496
https://doi.org/10.1016/j.fbp.2024.10.003
https://doi.org/10.1016/j.fbp.2024.10.003
https://doi.org/10.1016/j.fbp.2022.05.006
https://doi.org/10.1016/j.fbp.2022.05.006
https://doi.org/10.1007/s10811-016-0842-3
https://doi.org/10.1007/s10811-016-0842-3
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0100
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0100
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0100
https://doi.org/10.1007/s10811-018-1481-7
https://doi.org/10.1016/j.foodhyd.2018.07.047
https://doi.org/10.1051/DST/2010019
https://doi.org/10.1111/ARE.14012
https://doi.org/10.1111/ARE.14012
https://doi.org/10.1016/j.foodchem.2020.126499
https://doi.org/10.1016/j.foodchem.2020.126499
https://doi.org/10.3390/foods10010040
https://doi.org/10.3390/foods10010040
https://doi.org/10.1002/ange.201814144
https://doi.org/10.1016/J.FOODCHEM.2004.01.022
https://doi.org/10.1016/J.FOODCHEM.2004.01.022
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0145
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0145
https://doi.org/10.1093/nutrit/nuy066
https://doi.org/10.1093/nutrit/nuy066
https://doi.org/10.1007/s10811-024-03207-z
https://doi.org/10.1078/0176-1617-00209
https://doi.org/10.1078/0176-1617-00209
https://doi.org/10.1515/BOT.2004.050
https://doi.org/10.1515/BOT.2004.050
https://doi.org/10.3390/jmse9060615
https://doi.org/10.1007/S10811-020-02155-8
https://doi.org/10.1016/j.algal.2021.102295
https://doi.org/10.1016/j.algal.2021.102295
https://doi.org/10.1007/s10811-015-0650-1
https://doi.org/10.1016/j.algal.2024.103700
https://doi.org/10.1016/J.LWT.2024.115944
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0200
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0200
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0205
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0205
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0210
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0210
https://doi.org/10.1007/S10811-020-02285-Z
https://doi.org/10.1007/S10811-020-02285-Z
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0220
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0220
https://doi.org/10.1021/jf060003g
https://doi.org/10.1002/jsfa.2740550214
https://doi.org/10.3390/molecules28052158
https://doi.org/10.1016/j.fufo.2024.100370
https://doi.org/10.1016/j.foodchem.2023.135585
https://doi.org/10.1016/j.foodchem.2023.135585
https://doi.org/10.1016/j.lwt.2025.117772
https://doi.org/10.1016/j.lwt.2025.117772
https://doi.org/10.1016/j.foodchem.2022.132314
https://doi.org/10.1016/j.foodchem.2021.131523
https://doi.org/10.1016/j.foodchem.2021.131523
https://doi.org/10.1016/J.FOODCHEM.2009.05.077
https://doi.org/10.1016/J.FOODCHEM.2009.05.077
https://doi.org/10.1016/j.freeradbiomed.2010.03.015
https://doi.org/10.1016/j.freeradbiomed.2010.03.015
https://doi.org/10.1111/j.1365-2621.1987.tb14040.x
https://doi.org/10.3390/FOODS10102417/S1


[57] E.N. Frankel, Hydroperoxide decomposition, in: Lipid Oxidation, 2012, pp. 67–98, 
https://doi.org/10.1533/9780857097927.67.

[58] M.C. García-Martínez, G. Márquez-Ruiz, J. Fontecha, M.H. Gordon, Volatile 
oxidation compounds in a conjugated linoleic acid-rich oil, Food Chem. 113 (2009) 
926–931, https://doi.org/10.1016/j.foodchem.2008.08.020.

[59] M. Xu, Z. Jin, Y. Lan, J. Rao, B. Chen, HS-SPME-GC-MS/olfactometry combined 
with chemometrics to assess the impact of germination on flavor attributes of 
chickpea, lentil, and yellow pea flours, Food Chem. 280 (2019) 83–95, https://doi. 
org/10.1016/j.foodchem.2018.12.048.

[60] M. Sajib, I. Undeland, Towards valorization of herring filleting by-products to 
silage 2.0: effect of temperature and time on lipid oxidation and non-enzymatic 
browning reactions, LWT 127 (2020) 109441, https://doi.org/10.1016/j. 
lwt.2020.109441.

[61] S. Damodaran, Amino acids, peptides and proteins, in: Fennema’s Food Chemistry, 
5th ed., 2017, pp. 237–351.

[62] L. Juul, S.H. Nissen, A. Bruhn, N. Alexi, S.K. Jensen, M. Hammershøj, T. 
K. Dalsgaard, Ulva species: a critical review on the green seaweed as a source of 
food protein, Trends Food Sci. Technol. 2024 (149) (2024) 104534, https://doi. 
org/10.1016/j.tifs.2024.104534.

[63] J. Ortiz, N. Romero, P. Robert, J. Araya, J. Lopez-Hernández, C. Bozzo, 
E. Navarrete, A. Osorio, A. Rios, Dietary fiber, amino acid, fatty acid and 
tocopherol contents of the edible seaweeds Ulva lactuca and Durvillaea antarctica, 
Food Chem. 99 (2006) 98–104, https://doi.org/10.1016/j.foodchem.2005.07.027.

[64] Y. Endo, R. Usuki, T. Kaneda, Antioxidant effects of chlorophyll and pheophytin on 
the autoxidation of oils in the dark. I. Comparison of the inhibitory effects, J. Am. 
Oil Chem. Soc. 62 (9) (1985) 1375–1378.

S.H. Nissen et al.                                                                                                                                                                                                                                Algal Research 94 (2026) 104570 

12 

https://doi.org/10.1533/9780857097927.67
https://doi.org/10.1016/j.foodchem.2008.08.020
https://doi.org/10.1016/j.foodchem.2018.12.048
https://doi.org/10.1016/j.foodchem.2018.12.048
https://doi.org/10.1016/j.lwt.2020.109441
https://doi.org/10.1016/j.lwt.2020.109441
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0305
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0305
https://doi.org/10.1016/j.tifs.2024.104534
https://doi.org/10.1016/j.tifs.2024.104534
https://doi.org/10.1016/j.foodchem.2005.07.027
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0320
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0320
http://refhub.elsevier.com/S2211-9264(26)00055-X/rf0320

	Oxidative stability of protein concentrates from the green seaweed Ulva spp.
	1 Introduction
	2 Material and methods
	2.1 Chemical and reagents
	2.2 Protein concentrates
	2.3 Biochemical composition
	2.4 Storage and sampling
	2.5 Color analysis
	2.6 Fatty acid composition
	2.7 Analysis of volatile oxidation products
	2.8 Lipid hydroperoxide value
	2.9 Statistical analysis

	3 Results
	3.1 Biochemical composition
	3.2 Color
	3.3 Fatty acids
	3.4 Volatile oxidation products

	4 Discussion
	4.1 Effect of protein extraction
	4.2 Effect of storage in dark and light conditions
	4.3 Future perspectives

	5 Conclusion
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgement
	Data availability
	References


