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Abstract
Using either freshly pulped or preserved seaweed biomass for the extraction of protein can have a great effect on the amount of
protein that can be extracted. In this study, the effect of four preservation techniques (frozen, freeze-dried, and air-dried at 40 and
70 °C) on the protein extractability, measured as Kjeldahl nitrogen, of four seaweed species, Chondrus crispus (Rhodophyceae),
Ascophyllum nodosum, Saccharina latissima (both Phaeophyceae) and Ulva lactuca (Chlorophyceae), was tested and compared
with extracting freshly pulped biomass. The effect of preservation is species dependent: in all four seaweed species, a different
treatment resulted in the highest protein extractability. The pellet (i.e., the non-dissolved biomass after extraction) was also
analyzed as in most cases the largest part of the initial protein ended up in the pellet and not in the supernatant. Of the four species
tested, freeze-dried A. nodosum yielded the highest overall protein extractability of 59.6% with a significantly increased protein
content compared with the sample before extraction. For C. crispus extracting biomass air-dried at 40 °C gave the best results
with a protein extractability of 50.4%. Preservation had little effect on the protein extraction for S. latissima; only air-drying at 70
°C decreased the yield significantly. Over 70% of the initial protein ended up in the pellet for all U. lactuca extractions while
increasing the protein content significantly. Extracting freshly pulped U. lactuca resulted in a 78% increase in protein content in
the pellet while still containing 84.5% of the total initial total protein. These results show the importance of the right choice when
selecting a preservation method and seaweed species for protein extraction. Besides the extracted protein fraction, the remaining
pellet also has the potential as a source with an increased protein content.
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Introduction

The demand for high-quality protein in food and feed is bigger
than ever and is expected to increase in the future (Boland
et al. 2013; Henchion et al. 2017). In the 20th century, agri-
cultural intensification provided the incurring demand, but
due to increasing competition for land use between urban
development, agriculture, recreation, nature preservation,
and energy, traditional agriculture might no longer keep up
with this demand. Moreover, the need for a protein transition
from animal to plant sources is evident. It is therefore essential

that new sources of plant protein are explored and produced.
Seaweeds are a promising source, with no need for arable
land, fresh water, artificial fertilizer, and a high productivity
(Černá 2011; Angell et al. 2016a; Bikker et al. 2016; Øverland
et al. 2019). As protein content in seaweed varies per species,
season, and location, the extraction of protein is often sug-
gested to increase the consistency of the product and protein
content of the end product (Lourenço et al. 2002; Angell et al.
2016b; Biancarosa et al. 2017).

The amount of protein that can be extracted depends on
variables such as extraction method, seaweed species, and
preservation technique. Preservation is often necessary, as
the production of seaweed is very seasonal and the fresh bio-
mass will quickly deteriorate after harvest. Preservation of
biomass will also benefit large-scale application, as it ensures
year round availability of materials (Øverland et al. 2019).

Most extraction methods described in literature (Wong and
Cheung 2001a, b; Harnedy and FitzGerald 2013; Kadam et al.
2016) are based on Fleurence et al. (1995) who first extracted
seaweed biomass in deionized water separating supernatant
and pellet (i.e., the non-dissolved biomass after extraction)
and secondly re-suspended the pellet in an alkaline solution,
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separating the supernatant and pellet, and combining the two
supernatants as one final extract. However, the success of
protein extraction varies, depending on the preservation tech-
nique and species used. High protein yields can be found in
Phaeophyceae (brown algae), where Kadam et al. (2016) ex-
tracted 52% of the total protein from dried (at 40 °C)
Ascophyllum nodosum, and Vilg and Undeland (2017) were
able to extract 60% of the total protein from frozen Saccharina
latissima. Extraction from Chlorophyceae (green algae) re-
sults in lower protein yields, where Fleurence et al. (1995)
could extract 27% protein from freeze-dried Ulva rigida and
36% from Ulva rotundata. The variability in the amount of
protein that is extracted due to variation in species and pres-
ervation techniques makes it difficult to compare results.

Protein extraction from seaweed can be regarded success-
ful either by extracting as much protein as possible or by
leaving as much protein in the pellet and extracting mostly
non-protein substances leaving a protein enriched pellet.
Most literature focuses on extracting protein (Fleurence et al.
1995; Harnedy and FitzGerald 2013; Kadam et al. 2016; Vilg
and Undeland 2017; Harrysson et al. 2018; Kazir et al. 2019);
only a few researchers are able to extract more than 50% of the
protein present in the biomass (Kadam et al. 2016; Vilg and
Undeland 2017). This means that most protein remains in the
pellet after extraction, but this fraction receives little attention.

A comparative study testing the same biomass with differ-
ent preservation techniques, extraction techniques, and spe-
cies, while looking at the protein content of both the superna-
tant and pellet, is missing. Therefore, it is difficult to compare
results between different studies and impossible to determine
what type of preservation is most suitable for a specific spe-
cies. In this study, we extracted the biomass of four different
seaweed species Chondrus crispus (Rhodophyceae),
Ascophyllum nodosum, Saccharina latissima (both
Phaeophyceae) and Ulva lactuca (Chlorophyceae) treated
with four different preservation techniques (freezing, freeze
drying, and air-drying at 40 °C and 70 °C) and compared this
to the extraction of freshly pulped seaweed. The composition
(protein, ash content, remainder) of the obtained supernatants
and pellets is compared with the composition of the freshly
pulped samples before preservation and extraction.

Material and methods

Biomass origin, collection, and homogenization

Two brown seaweeds species (Phaeophyceae) were used:
Ascophyllum nodosum was harvested in March 2018 from
the wild in Breezanddijk, the Netherlands, and Saccharina
latissima was harvested from the wild in June 2018 in Oban,
Scotland. Ulva lactuca (Chlorophyceae) was harvested in
May 2018 from aerated incubation tanks at the NIOZ

Seaweed Centre, Texel, the Netherlands (https://www.nioz.
nl/en/research/expertise/seaweed-centre). Chondrus crispus
(Rhodophyceae) was harvested in May 2018 in the wild in
the Oosterschelde, the Netherlands. After harvesting, all bio-
mass was rinsed with tap water to remove excess minerals,
sand, and epiphytes and ground with a meat grinder to a ho-
mogenous pulp. For each species, a sample was frozen and
stored at − 20 °C to be analyzed at a later time for protein, dry
weight (DW), and ash content.

Treatments

Freshly pulped and homogenized seaweed of the four tested
species was divided in five subsamples of around 200 g. One
subsample was used for extraction within 24 h after harvesting
without any preservation. The other four treatment subsam-
ples were preserved within 24 h after harvesting using the
following techniques:Frozen at − 20 °C. Subsample was fro-
zen and stored at − 20 °C. Prior to extraction, frozen biomass
was defrosted by leaving it at room temperature until
defrosted.

Freeze-dried. Frozen seaweed biomass was freeze-dried
with a Martin Christ Alpha 2-4 LD plus freeze dryer for 72
h. Dried biomass was stored in a dry environment at room
temperature until being used for extraction.

Air-dried at 40 °C or 70 °C. Seaweed biomass was air-dried
at 40 °C for 72 h or at 70 °C for 48 h. Dried biomass was
stored in a dry environment at room temperature until being
used for extraction.

Extraction methods

For the standard extraction, a total of 3 g of seaweed were
dissolved in demineralized water to a final volume to seaweed
ratio of 30:1 (DW). For the freshly pulped samples, this was
already analyzed, and calculations could be made. To aid the
solubility of the seaweed protein (Fleurence et al. 1995), the
pH was elevated by adding a 1 M NaOH stock solution to a
final concentration of 0.1 M NaOH. Increasing the tempera-
ture of the extraction showed an increase in extractability in
preliminary extractions with the best results at 50 °C, so this
temperature was used for the standard extraction. The diluted
biomass was mixed with a T25 Ultra-Turrax Disperser at
24000 rpm for 5 min and subsequently shaken on a rotation
table at 140 rpm for 1 h at 50 °C after which the pH was
measured. This solution was then centrifuged at 4500×g for
30 min at 20 °C, resulting in a pellet and supernatant. The
pellet and the supernatant were analyzed for N, DW, and
ash. A subsample of the pellet was air-dried at 105 °C for
16 h prior to N analyses. Each extraction was performed in
triplicate (n = 3). This resulted in fresh (freshly pulped), frozen
(frozen at − 20 °C), freeze-dried (freeze-dried), air 40 °C, and
air 70 °C.
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To test if increasing the pH and temperature indeed in-
creases the protein extractability, a control extraction, further
referred to as Control, was performed on the freshly pulped
seaweed only. The extraction was performed as the standard
extraction described above but without the addition NaOH
and at room temperature.

A schematic overview of the extractions, measurements,
and resulting treatments is shown in Fig. 1.

Protein analyses

The total protein was measured as nitrogen, determined by the
Kjeldahl method (Kjeldahl 1883). A nitrogen to protein factor
of 5.0 was used to calculate the protein content according to
Angell et al. (2016b).

Data analysis

The percentage of total protein in both the supernatant and
pellet after extraction is calculated by dividing the amount of
protein in the supernatant or pellet by the total amount of
protein in the freshly pulped samples prior to extraction:

Protein %of totalð Þ

¼ Protein in supernatant or pellet gramð Þ
Total Protein in freshly pulped samples gramð Þ
� 100 ð1Þ

IBM SPSS Statistics software was used to performmultiple
one-way analysis of variance (ANOVAs) to test if preserva-
tion technique affects the pH, ash content, protein content, and
remainder of the supernatant and pellet, separate for each spe-
cies. If a significant effect was found, Tukey’s post-hoc tests
were used to test for significant differences (p < 0.05) among
treatments.

Seaweed biomass composition

The content of the freshly pulped samples of each species is
shown in Table 1. All non-protein, non-ash contents in the
DWwere not analyzed. This is expressed as remainder, main-
ly consisting of the carbohydrates and fatty acids.

Results

Total of protein in supernatant and pellet

Preservation treatment had a significant effect on the protein
extractability of all four seaweed species (Fig. 2). It differed
per species which treatment resulted in the highest extractabil-
ity. The standard extraction (increased pH at 50 °C) on freshly
pulped seaweed had a significantly higher extractability of
protein in all four species compared with the control extraction
(no increased pH at room temperature) showing that an in-
creased pH and temperature aid the extraction of protein from
seaweed biomass.

For C. crispus, air 40 and 70 °C resulted in a protein
extractability of 50.4 and 48.2%, respectively, which was
significantly higher than the extractability of all other
treatments (Fig. 2a). All other treatments resulted in
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Fig. 1 Preservation and protein extraction treatments followed by the
extraction sequence executed on all four seaweed species in triplicate.
The 6 resulting treatments are written in italic. Dashed boxes represent
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protein extractabilities lower than 50%, and most protein
remained in the pellet. Freeze drying resulted in 66.7% of
the protein in the pellet, which was significantly higher
than all other treatments, except the control extraction
with 63.9%.

For A. nodosum, almost inverse results are observed (Fig.
2b). For this species, freeze drying, freezing, and the fresh
standard extraction resulted in the highest protein extractabil-
ity, which were all between 55 and 60% and significantly
higher than all other treatments. The control extraction result-
ed in 67.5% of the protein in the pellet, which was significant-
ly higher than all other treatments. Air-drying A. nodosum

resulted in intermediate results, with equal amounts of protein
ending up in the pellet and the supernatant.

For S. latissima, all protein extractabilities are below 50%,
and most of the protein remain in the pellets (Fig. 2c). Most
treatments yielded similar results, although air 70 °C and the
control extraction resulted in significantly less protein in the
extract. Air 70 °C and control resulted in a remaining protein
in the pellet of 80.4 and 75.1%, respectively.

For U. lactuca, results are similar to the results of
C. crispus with the exception that air-drying the biomass re-
sulted in low protein extractability compared with the highest
values for C. crispus (Fig. 2d). Compared with the other
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Fig. 2 The total amount of protein in supernatant (light gray bars) and
pellet (dark gray bars), as a percentage of the total N in the freshly pulped
samples after extraction (Eq. 1), of six treatments per species (a)
C. crispus, (b) A. nodosum, (c) S. latissima, and (d) U. lactuca. Each

bar presents the averages ± SD and n = 3, similar letters indicate treat-
ments for either the pellet or supernatant were not significantly different,
tested with a one-way ANOVA (p < 0.05)

Table 1 Protein, ash, and remainder content of freshly pulped C. crispus, A. nodosum, S. latissima, and U. lactuca, expressed as gram per 100 gram
DW

Species Protein1 (g (100 g)−1 DW) Ash (g (100 g)−1 DW) Remainder2 (g (100 g)−1 DW)

C. crispus 18.1 ± 0.4 (n = 4) 20.5 ± 0.2 61.4

A. nodosum 14.1 ± 0.2 (n = 6) 18.9 ± 0.6 67.0

S. latissima 8.0 ± 0.6 23.8 ± 1.0 68.2

U. lactuca 9.1 ± 0.3 30.3 ± 2.6 60.6

1 Protein expressed as N times 5.0 according to Angell et al. (2016b). 2 Remainder expressed as all non-protein, non-ash in DW. Numbers are averages ±
standard deviation (n = 3 except for protein of C. crispus and A. nodosum)
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species tested, the protein extractability of U. lactuca was
lower. Using fresh biomass resulted in an N extractability of
37.9%, which was significantly higher than the extractability
of all other treatments. The biggest part of the protein
remained in the pellet for all treatments with values of more
than 70 % in all preservation treatments.

Protein content of supernatant and pellet

Most treatments had a significant effect on the protein content
of the pellet and supernatant, compared with the protein con-
tent of the freshly pulped samples, but the results were differ-
ent for each species (Fig. 3). For C. crispus, the protein con-
tent of all supernatants was significantly different from the
protein content of the freshly pulped samples (Fig. 3a). The
control supernatant ofC. crispus contained the most protein of
all supernatants, with 20.5 g protein (100 g)−1 DW, a small
increase compared with the 18.1 g protein (100 g)−1 DW in
freshly pulped C. crispus. All other supernatants decreased in
protein content with only 10.1 g protein (100 g)−1 DW in the
supernatant of freeze-dried. The protein content of the freeze-
dried pellet increased significantly to 21.9 g protein (100 g)−1

DW. This was the only pellet that showed a significant change
compared with the freshly pulped C. crispus and had the
highest overall protein content of all pellets and supernatants.

For A. nodosum, the protein content of the control, freeze-
dried, and frozen supernatant, 17.2, 16.0, and 15.7 g protein
(100 g)−1 DW, respectively (Fig. 3b), increase significantly
compared with the protein content of the freshly pulped

samples with 14.1 g protein (100 g)−1 DW. On the other hand,
the protein content of all pellets decreased significantly com-
pared with the protein content of the freshly pulped
A. nodosum with only 7.8 and 8.2 g protein (100 g)−1 DW
in the pellet of frozen and freeze-driedA. nodosum. Air-drying
at 70 °C resulted in a decrease in protein content for both the
supernatant and pellet, to 7.6 and 7.7 g protein (100 g)−1 DW,
respectively, compared with the freshly pulped A. nodosum,
seemingly loosing protein. This can be explained by the addi-
tion of NaOH to aid the standard extraction, which also adds
dry weight (about 10% of the total DW of the seaweed), de-
creasing the overall protein content in all extracted pellet and
supernatant combinations.

For S. latissima, the protein content of the control, air-dried
40 °C, and air-dried 70 °C supernatant, 5.1, 6.5, and 4.8 g
protein (100 g)−1 DW, respectively (Fig. 3c), decreased sig-
nificantly compared with the protein content of the freshly
pulped samples with 8.0 g protein (100 g)−1 DW. In contrast
to these supernatants, the pellets of control, air-dried 40 °C,
and air-dried 70 °C, 11.4, 9.0, and 9.6 g protein (100 g)−1 DW,
respectively, increased significantly compared with the pro-
tein content of the freshly pulped S. latissima. Fresh, frozen,
and freeze-dried pellets and supernatants did not change in
protein content compared with freshly pulped S. latissima.

For U. lactuca, the protein content of all supernatants de-
creased, and all pellets increased compared with the freshly
pulped samples. The supernatant of freeze-dried decreased the
most with 3.7 g protein (100 g)−1 DW compared with 9.1 g
protein (100 g)−1 DW of the freshly pulped U. lactuca. The
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protein content of the control pellet had the highest increase
compared with freshly pulped samples with 78% to 16.2 g
protein (100 g)−1 DW.

pH, ash, and remainder content of supernatant and
pellet

The pH of all the control extracts (solution after extraction,
before separating the supernatant and pellet) is significantly
lower compared with the extracts of standard extraction with
the addition of NaOH (Table 2). The average pH of the stan-
dard U. lactuca extracts (without the control extract), with
10.0, was low compared with A. nodosum, S. latissima, and
C. crispus, 11.5, 11.9, and 11.9, respectively, suggesting that
U. lactuca biomass contains more acid or is better capable of
buffering alkaline substances.For all species, except
C. crispus, the ash content of both the supernatant and pellet
of the control treatments was significantly lower compared
with the other treatments that were extracted with the standard
extraction method (with added NaOH to increase pH). All
control and all U. lactuca extractions had a high ash content
in the supernatants and a low ash content in the matching
pellets. These differences were most notable for U. lactuca
where the ash values in the standard extraction supernatants
ranged between 56.9 and 78.6 g ash (100 g)−1 DW, and the
matching pellets contained between 22.4 and 28.1 g ash (100
g)−1 DW. The protein increase in the pellet of the control
treatment was partly due to the removal of ash with only
13.7 g ash (100 g)−1 DW remaining in the pellet after extrac-
tion. In general, the remainder content in the supernatant
seemed lower compared with the matching pellet for all four
species, with the biggest differences found in U. lactuca. The
freeze-dried U. lactuca supernatant contained only contained
16.8 g remainder (100 g)−1, mainly due to the high ash content
of 78.6 g ash (100 g)−1 DW. This seems to be a direct effect of
the high ash content in the supernatant and the low ash content
in the pellets. This was not observed for the other species.

Discussion

There are big differences in protein extractability, depending
on the species and preservation technique used. In general, the
protein extractability of fresh biomass is good when compar-
ing with preserved biomass, but not always the best. A lower
drying temperature seems to be beneficial for the protein ex-
traction of seaweed as air-drying at 40 °C yieldedmore protein
in the supernatant of all four species tested compared with
dried at 70 °C. Besides the supernatant after extraction, some
of the pellets also have potential as a new source of protein as
most of the protein remained in these pellets, increasing the
protein content at the same time.Most of the extraction results
in this study can be compared well with extraction literature

using comparable preservation techniques and seaweed spe-
cies. The results of air-dried 40 °C A. nodosum with a protein
extractability of 48.2% found here are comparable with the
51.8% extracted by Kadam et al. (2016) also using air-dried
A. nodosum biomass at 40 °C. For frozen S. latissima, the
protein extractability of 42.9% was a little higher but still
comparable with the 34% of Vilg and Undeland (2017). The
protein extractability of freeze-dried U. lactuca biomass in
this study with 9.1% was comparable with the results of
Harrysson et al. (2018) who extracted roughly 10.9% of the
total amino acids. The 37.9% protein extracted in fresh
U. lactuca is slightly lower but comparable with the 43.1%
found by Angell et al. (2017) with Ulva ohnoi. Angell et al.
(2017) adjusted the pH to 12 when extracting protein; with the
0.1 M NaOH used in this study, the pH of our extracts
remained low compared with the other species. This might
also explain the lower values found here compared with
Angell et al. (2017). Even when comparing literature with
the same species, differences within species can have an effect
on the results.The composition of the four species tested did
not always correspond to the median macromolecular content
of 1117 observations from seaweeds found in the wild (Fiset
et al. 2019). The U. lactuca in this study with 9.1 g protein
(100 g)−1 DW had a relatively low protein content compared
with the median value for Chlorophyceae by Fiset et al. (2019)
with roughly 11.0 g protein (100 g)−1 DW, and the protein
content of C. crispus and A. nodosum found in this study was
high, compared with the median protein content of
Rhodophyceae and Phaeophyceae with roughly 11.0 and
8.0 g protein (100 g)−1 DW, respectively. The protein content
of S. latissima used in this study was comparable with the
median protein content of Phaeophyceae. The ash content
U. lactuca was in line with the median of around 34 g ash
(100 g)−1 DW for Chlorophyceae, but the other three species
had amuch lower content compared with the median results of
their phylum. These variations in both protein and ash content
might affect the amount of protein that is extracted and the
content of both the supernatant and pellet. Other studies on
Ulva species reported an even higher protein content values,
up to 26.2 g protein (100 g)−1 DW (Shuuluka et al. 2013;
Bikker et al. 2016; Harrysson et al. 2018; Magnusson et al.
2019). Also with the higher protein values un the Ulva bio-
mass, Bikker et al. (2016) and Magnusson et al. (2019), with
slightly different extraction methods, found a comparable in-
crease in protein content of the remaining pellet. Bikker et al.
(2016) increased the protein content of U. lactuca by dissolv-
ing the biomass in water of 150 °C followed by enzymatic
hydrolysis. The protein content measured as total amino acids
increased with 66% from 26.2 g protein (100 g)−1 DW to
40.1 g protein (100 g)−1 DW. A similar process was per-
formed by Magnusson et al. (2019) on U. ohnoi containing
16.0 g protein/100 g where the biomass was first rinsed with
Milli-Q to get rid of the salts. Subsequently they removed the
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Table 2 pH of the extracts, ash, protein, and remainder of the supernatant and pellet expressed as gram per 100 gram DW of the supernatant and pellet

Supernatant Pellet

Species Treatment pH2 Ash (g (100
g)−1 DW)

Protein3 (g (100
g)−1 DW)

Remainder4 (g (100
g)−1 DW)

Ash (g (100
g)−1 DW)

Protein3 (g (100
g)−1 DW)

Remainder4 (g (100
g)−1 DW)

C. crispus Control 6.7 ±
0.0a

29.9 ± 0.2a 20.5 ± 0.8a 49.7 ± 1.0a 18.7 ± 0.2a 16.4 ± 0.8a 64.9 ± 0.9a

Fresh1 11.9 ±
0.0bc

- - - 33.6 ± 0.3b 18.9 ± 0.8a 47.5 ± 0.8bc

Frozen 11.9 ±
0.1bc

34.1 ± 2.0ab 11.0 ± 0.6b 54.9 ± 2.5a 30.9 ± 0.2b 16.9 ± 0.7a 52.2 ± 0.5c

Freeze-dried 11.9 ±
0.0c

37.7 ± 0.4bc 10.1 ± 0.2b 52.3 ± 0.5a 33.7 ± 0.5b 21.9 ± 0.5b 44.5 ± 1.0b

Air 40 °C 11.8 ±
0.0b

39.4 ± 0.3c 14.4 ± 0.3c 46.1 ± 0.5a 30.9 ± 0.4b 18.5 ± 0.1a 50.6 ± 0.5c

Air 70 °C 11.8 ±
0.1bc

33.2 ± 3.5ab 13.6 ± 0.7c 53.3 ± 3.8a 18.8 ± 2.7a 18.5 ± 1.7a 62.7 ± 3.0a

A. nodosum Control 6.0 ±
0.1a

19.9 ± 2.2a 17.2 ± 1.5a 62.9 ± 3.6a 16.0 ± 0.0a 11.9 ± 0.7a 72.1 ± 0.7a

Fresh 11.6 ±
0.0b

40.2 ± 3.8b 15.6 ± 0.5ab 44.3 ± 3.8b 30.1 ± 1.3b 9.1 ± 0.1bc 60.8 ± 1.2b

Frozen 11.4 ±
0.1bc

41.5 ± 2.7b 15.7 ± 0.5a 42.9 ± 2.6b 34.7 ± 0.9bc 7.8 ± 0.1c 57.4 ± 1.0bc

Freeze-dried 11.5 ±
0.0bc

41.0 ± 3.0b 16.0 ± 0.3a 43.0 ± 3.2b 31.9 ± 2.6b 8.2 ± 0.4bc 59.9 ± 2.4b

Air 40 °C 11.4 ±
0.1c

46.0 ± 2.1b 13.6 ± 0.6b 40.4 ± 2.6b 40.5 ± 2.5c 10.8 ± 0.4d 48.7 ± 2.3d

Air 70 °C 11.4 ±
0.0bc

39.7 ± 3.1b 11.4 ± 0.3c 48.9 ± 2.8b 39.0 ± 3.5c 10.7 ± 0.4d 50.3 ± 3.2cd

S. latissima Control 6.3 ±
0.1a

31.5 ± 0.2a 5.1 ± 0.1a 63.4 ± 0.2a 19.0 ± 0.7a 11.4 ± 0.6a 69.7 ± 0.7a

Fresh 12.8 ±
0.1b

38.3 ± 1.0b 7.8 ± 0.1b 53.9 ± 1.1bd 33.9 ± 0.6bc 8.1 ± 0.1b 58.0 ± 0.7b

Frozen 11.7 ±
0.0c

39.2 ± 1.1b 7.7 ± 0.2b 53.1 ± 0.9bc 33.7 ± 0.7bc 7.4 ± 0.5b 58.9 ± 0.7b

Freeze-dried 11.7 ±
0.0c

36.8 ± 1.1b 7.6 ± 0.1b 55.6 ± 1.2d 33.3 ± 1.2c 7.7 ± 0.1b 59.0 ± 1.3b

Air 40 °C 11.7 ±
0.0c

42.3 ± 0.5c 6.5 ± 0.0c 51.3 ± 0.5c 28.8 ± 0.9d 9.0 ± 0.2c 62.2 ± 0.7c

Air 70 °C 11.7 ±
0.0c

42.9 ± 0.1c 4.8 ± 0.1a 52.3 ± 0.1bc 32.6 ± 0.4bc 9.6 ± 0.2c 57.7 ± 0.4b

U. lactuca Control 5.6 ±
0.1a

47.9 ± 1.3a 4.7 ± 0.2a 47.4 ± 1.4a 13.7 ± 0.4a 16.2 ± 1.0a 70.1 ± 0.9a

Fresh 10.8 ±
0.1b

56.9 ± 0.4b 6.3 ± 0.3b 36.8 ± 0.4b 22.6 ± 1.0b 13.2 ± 0.7b 64.2 ± 1.3b

Frozen 9.8 ±
0.1cd

57.6 ± 0.6b 5.1 ± 0.3a 37.3 ± 0.6b 22.4 ± 0.3b 13.3 ± 0.2b 64.3 ± 0.5b

Freeze-dried 10.0 ±
0.1d

78.6 ± 3.4c 3.8 ± 0.6c 16.8 ± 1.7c 28.1 ± 0.7c 10.7 ± 0.1c 61.2 ± 0.6cd

Air 40 °C 9.7 ±
0.0c

68.0 ± 2.1d 5.0 ± 0.2a 27.0 ± 2.3d 26.6 ± 1.1c 12.3 ± 0.4b 61.0 ± 1.4cd

Air 70 °C 9.7 ±
0.3c

65.9 ± 3.2d 3.9 ± 0.3c 30.2 ± 2.9d 24.2 ± 0.5b 12.9 ± 0.6b 62.8 ± 0.5bd

1 No DW samples of the fresh C. crispus supernatant were analyzed so ash%, N%, and remainder could not be determined.
2Measured in the extract after extraction and before separating the supernatant and pellet.
3 Protein expressed as N times 5.0 according to Angell et al. (2016b).
4 Remainder expressed as all non-ash, non-protein in DW.

Numbers are averages ± SD (n = 3), similar letters indicate treatments were not significantly different within each species, tested with a one-way
ANOVA (p < 0.05)
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ulvans, a sulfated polysaccharide commonly present in
Chlorophyceae, leaving an enriched pellet with a protein in-
crease of 95%with a final concentration of 31.5 g protein (100
g)−1 DW. Even thoughmethods were slightly different and the
protein content in the extractedUlva varied, both results are in
range with the 78% protein increase found in this study with
U. lactuca that only contained 9.1 g protein (100 g)−1 DW.
These results show that, for Ulva species, simply extracting
the biomass with water is a promising method for obtaining a
pellet with increased protein content. The amount of protein is
not always clear if the supernatant or the pellet is most suitable
as a protein product. Extracting protein from A. nodosum re-
sulted in the highest extractability and an increased protein
content in the supernatant compared with the freshly pulped
samples so this supernatant seems suitable. In contrast to pro-
tein in a solid pellet, protein in the liquid supernatant is still
relatively easy to process to further increase the protein con-
tent with techniques like membrane filtration (Kadam et al.
2016) or pH-assisted precipitation (Vilg and Undeland 2017).
The downsides of further processing are increasing costs and
less product. With each processing step, a portion of the
protein does not end up in the final product, decreasing
the overall yield. Most of the pellets after extraction, as
especially seen with U. lactuca, contain a large part of the
protein fraction while increasing the protein content mak-
ing them more usable as a protein product compared with
their corresponding supernatants. With fewer processing
steps, the costs of a pellet will stay low compared with the
extra processing steps of the supernatant, but it is harder
to increase the protein content of the product any further.
Either the supernatant or pellet can be more suitable, de-
pending on the extracted amount of protein, the protein
content, and specific demands of the product regarding
price and protein content.This study makes it easier to
compare protein extraction results with different preserva-
tion methods and species, but this is just one part of the
protein extraction process. Studies further optimizing and
standardizing either the extraction of protein or upgrading
the protein content of the pellet are needed. When
extracting protein from a species that is not tested in this
study, it is recommended to test the effect of preservation
first as each species in this study, even the two brown
seaweeds, had different optimal preservation techniques.
Industries and researchers should be aware that choosing
the proper preservation technique for a specific seaweed
species can make a big difference in the amount of protein
extracted to the supernatant or left in the pellet.
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