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Seaweed is gaining interest as a sustainable source of protein. An often-used method for
protein extraction from seaweed is alkaline extraction. In this study, the robustness of
alkaline protein extraction was tested against protein extraction at neutral pH for sugar
kelp (S. latissima) harvested at different time points and at different cultivation sites. The
harvest time and place significantly influenced the total nitrogen (N) content of the bio-
mass, the N extraction yield as % of biomass N, and the protein solubility. However, there
was no specific pattern regarding harvest season and biomass age. The N extraction yield
as % of biomass dry matter content was more similar between biomasses. The N ex-
traction yield (% of biomass N) varied from 1.59 % to 25.22 % (mean: 6.61 %) for the control
extraction, whereas it was 5.32-52.96 % (mean: 16.03 %) for the alkaline extraction. Hence,
the alkaline extraction increased the N yield, and gave a higher N concentration in the
protein extracts and improved the solubility of the protein extracts across the different
biomass batches compared to the control method at neutral pH. This states the robust-
ness of the alkaline protein extraction for sugar kelp and suggests improved suitability in
foods compared to the extraction at neutral pH.
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Engineers. This is an open access article under the CC BY license (http://creative-
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1. Introduction

Saccharina latissima (Linnaeus) C.E.Lane, C.Mayes, Druehl &
G.W.Saunders is the most produced seaweed species in
Europe (Aratjo et al. 2021), with commercial cultivation in
several European countries, e.g., Denmark, Norway, Sweden
and Faroe Islands (Bak et al. 2019, Boderskov et al. 2021).
However, the production is limited compared to seaweed
production in other parts of the world, mainly Asia (FAO,
2018), where there is a tradition for seaweed production and

0960-3085/© 2023 The Author(s). Published by Elsevier Ltd on behalf of Institution of Chemical Engineers. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://www.sciencedirect.com/science/journal/09603085
https://www.elsevier.com/locate/fbp
https://doi.org/10.1016/j.fbp.2023.05.008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.fbp.2023.05.008
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fbp.2023.05.008&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fbp.2023.05.008&domain=pdf
mailto:trine.dalsgaard@food.au.dk
https://doi.org/10.1016/j.fbp.2023.05.008

FOOD AND BIOPRODUGTS PROCESSING 140 (2023) I144-150 145

consumption. There is an increasing interest in seaweed
production in Europe, as part of the movement towards a
future with sustainable food production systems (Gephart
et al. 2021). Among various applications, seaweed is gaining
interest as a source of protein, due to the high biomass
productivity, bioremediation potential and an amino acid
profile containing all the essential amino acids (Marinho
et al. 2015a, Bak et al. 2019). However, the protein needs to be
extracted as the high content of fibers in the biomass im-
pedes the digestibility of the protein (Horie et al. 1995, Dégen
et al. 2007). Extraction/concentration of the protein has
shown to increase protein digestibility of several seaweed
species, e.g., Ulva spp. (Bikker et al. 2016, Trigo et al. 2021, Juul
et al. 2022), S. latissima and Palmaria palmata (Krogdahl
et al. 2021).

Protein extraction from S. latissima is often performed
using alkaline extraction, solubilizing the proteins at high
pH, and afterwards concentrating the protein through pre-
cipitation (Vilg and Undeland, 2017, Harrysson et al. 2018,
Abdollahi et al. 2019). Biomass stabilization methods (e.g.,
sun-drying and freeze-drying) affect the extractability of the
protein, the protein profile, and the protein functionality,
such as the solubility of the final protein extracts (Abdollahi
et al. 2019). The protein extract solubility in general increases
with increasing pH and the biomass stability method mainly
affects the solubility in the acidic pH range. Further, a freeze/
thaw-step during acid precipitation increases the protein
precipitation yield (Abdollahi et al. 2019). Regarding protein
functionality, shifting the pH to alkaline conditions and back
to neutral pH has shown to increase the solubility of alfalfa
protein concentrate (Nissen et al. 2021), barley protein isolate
(Silventoinen and Sozer, 2020), and pea protein (Jiang et al.
2017). Alkaline extraction, as opposed to screw press ex-
traction, of Ulva fenestrata protein also showed to increase
the protein solubility (Juul et al. 2021). This suggests that
subjecting either the biomass during protein extraction or
the resulting protein extract to an alkaline environment will
increase the protein solubility of the final protein extract.
The increased solubility is due to a partial unfolding of the
tertiary protein structure known as the “molten globule”
structure. This is caused by increased repulsion in the pro-
tein side chains during extreme pH conditions (Kristinsson
and Hultin, 2003).

The aim of this study was to investigate the solubility of
protein from S. latissima extracting the protein at neutral and
alkaline pH, respectively. The protein extracted at alkaline
pH was hypothesized to have a higher solubility in water at

different pH values. Moreover, the alkaline extraction was
hypothesized to give a higher protein extraction yield. The
extractions were performed on a range of S. latissima bio-
masses harvested at different time points and at different
cultivation sites to test whether biomass age and composi-
tion/quality affected the extraction yields and solubility of
the protein extracts.

2. Methods
2.1. Chemicals

Deionized (18.2 MQ) filtered water (0.22 pm) (MilliQ-water)
was from a Milli-Q system, Millipore SAS (Molsheim, France).
Sodium dodecyl sulfate (SDS), bovine serum albumin (BSA),
and Folin-Ciocalteu (2 N) reagent was purchased from Serva
(Heidelberg, Germany). CuSO4-5H20 was from Fluka
(Switzerland) and HCl 37 %, NaOH, EDTA and Na-K-tartrate
was purchased from Merck (Darmstadt, Germany).

2.2. Biomass

S. latissima was cultivated and harvested at three different
cultivation sites, two in Denmark (Hjarng and Grenaa) and
one in Norway (Bergen). The biomass from Denmark was
cultivated using a long-line cultivation system with lines
suspended in the upper water column (1-4 m depth). The age
and biomass quality varied as the biomass was deployed and
harvested at different time points. Biomass harvested in June
2020 was fouled with bryozoans, and biomass harvested in
November 2020 mainly with hydroids and bryozoans. The
harvested biomass was drained and frozen at - 18 °C until
processing. The biomass harvested in Norway was kindly
donated by Nordisk Tang. Harvest sites and dates of the
different biomass batches is found in Table 1 along with the
age of the biomass (unknown for biomass harvested in
Norway), and dry matter (DM) and nitrogen (N) content.

Prior to extraction and analysis, the frozen biomass was
chopped roughly with a knife to ease processing and thawed
at room temperature (RT). Run-off seawater was removed
after thawing, and not included in the processing.

2.3.  Biomass fermentation
A fraction of the biomass harvested in Norway was fer-

mented by Nordisk Tang prior to protein extraction. The
biomass was fermented with a solution of lactobacillus at

Table 1 - Biomass data. The sample name reflects the month and year of harvest and the location (H: Hjarng, G: Grena, B:

Bergen, BF: Bergen fermented biomass). Age is defined as the number of days from deployment until harvest. Data is
represented as mean+ SD (n = 3). DM: dry matter, N: Nitrogen.

Sample name Harvest site Deployment date Harvest date Age Dry matter (%) N Comments
(days) (% of DM)

Jun18H Hjarng 21-09-2017 07-06-2018 259 271 + 1.4 0.50 + 0.01

Feb20H Hjarng 03-10-2019 27-02-2020 147 17.4 + 0.9 4.90 + 0.58

Mar20H Hjarng 03-10-2019 26-03-2020 175 12.6 = 0.3 3.34 + 0.51

Jun20H Hjarng 08-11-2018 03-06-2020 573 241 £ 0.7 0.52 + 0.02 Epiphytes®”

Nov20H Hjarng 08-11-2018 26-11-2020 749 22.7 + 0.2 2.27 + 0.35 Epiphytes®

Jun19G Grena 14-11-2018 26-06-2019 224 20.2 + 2.8 0.54 + 0.00

May17B Bergen 22-05-2017 11.5 + 0.8 1.56 = 0.00

May17BF Bergen 22-05-2017 11.1 = 0.7 291 = 0.12 Fermented

@ Bryozoans,
® Hydroids
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28 °C until reaching a pH of 4 (24 h). The fermentation was
carried out in open vessels. The fermented biomass was
stored at - 18 °C until processing.

2.4. Protein extraction

Protein extraction was initiated by homogenizing the thawed
biomass with MilliQ-water in a ratio of 1:38 (dry weight
seaweed:water (w:w)). The biomass to water ratio was based
on the DM of the biomass, as this differed between the bio-
mass batches. High shear homogenization was carried out
with a Silverson L5M mixer at 8000 rpm for 3 min on ice. The
homogenate was incubated for one h (osmotic shock) on a
magnetic stirrer at RT. For the alkaline extraction, the pH of
the homogenate was increased to pH 12 using 1 M NaOH and
incubated for 20 min at RT while stirring. A control extraction
was performed leaving out the alkaline extraction step
(Fig. 1). The native pH of the homogenate was pH 6.5. After
the incubation steps to solubilize proteins from the biomass,
the homogenate was centrifuged at 4800x g for 20 min at 4 °C
to remove insoluble fibers. Soluble protein in the resulting
supernatant fraction (supernatant 1, Fig. 1) was concentrated
by acid precipitation, adjusting to pH 2 with 1 M HCIL The
acidified supernatant was incubated for 20 min and after-
wards frozen at — 18 °C over night to increase precipitation
yield (Abdollahi et al. 2019). The day after, the acidified su-
pernatant was thawed and centrifuged at 4800x g for 20 min
at 4 °C to precipitate the protein. The resulting protein pellets
were freeze dried. Extractions were performed in duplicates
for each biomass batch.

Highest yielding pH levels for protein solubilization from
biomass (pH 12) and protein precipitation (pH 2) was de-
termined in preliminary experiments, confirming results
from Vilg and Undeland (2017).

Control

Homogenization
Biomass:water (1:38), 8000 rpm. 3 min

v

Osmotic shock
1h

Centrifugation

4800 x g, 20 min
Pellet

Supernatant 1

Acid precipitation
pH 2. 20 min at RT, freezing ON

v

Centrifugation

4800 x g, 20 min
Protein pellet

The nitrogen (N) yield was calculated as the amount of N
in the final protein pellet as % of N in the biomass or as % of
biomass DM:

Nprotein pellet

N yield (% of biomass N) =100 x

biomass (1)

Npmtein pellet

N yield
7! DMbiomass (2)

(% of biomass DM) = 100 x

2.5. Dry matter content

The DM content of the different biomass batches was de-
termined using a moisture analyzer HR73 Halogen Moisture
Analyzer (Mettler Toledo, USA). The measurement was per-
formed in triplicate and 1 g of fresh weight (thawed) biomass
was used for each run. Due to practicalities the DM was de-
termined after storage at — 20 °C of the biomass, which could
lead to water loss prior to the DM determination.

2.6. Total nitrogen content

The total N content was determined of the freeze-dried bio-
mass and protein pellets with a DUMATHERM instrument
(Gerhardt Analytical Systems, Kénigswinter, Germany) using
1.4mgO0,/mg sample and an O, flowrate of 300 mL/min.
EDTA was used as a standard. The analysis was performed in
triplicate.

2.7. Protein determination by Lowry

Soluble protein in liquid fractions was measured by a mod-
ified Lowry assay (Markwell et al. 1978). A bovine serum al-
bumin (BSA) standard curve (10-100 pg protein/mL) was used

AlKkaline extraction

Homogenization
Biomass:water (1:38). 8000 rpm, 3 min

.

Osmotic shock
1h

v

Alkaline treatment
pH 12, 20 min

v

Centrifugation

4800 x g. 20 min
N Pellet

Acid precipitation
pH 2. 20 min at RT, freezing ON

Centrifugation
4800 x g, 20 min
Protein pellet

Fig. 1 - Flow-chart of protein extraction processes. The biomass:water ratio is based on the dry matter content of the

biomass.
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for quantification. 330 pL sample was mixed with one mL
reagent C (consisting of 100 parts reagent A (2.0 % Na,COs,
0.40 % NaOH, 0.16 % Na-K-tartrate and 1 % SDS) and one part
reagent B (4 % CuSO,4-5 H,0)) and left for 30 min at RT. 0.1 mL
1N Folin-Ciocalteu reagent was added, and samples were
incubated for 45min in the dark. After incubation, 200 pL
sample mix was added to a 96 micro-well plate and absor-
bance was measured at 750 nm. The analysis was performed
in triplicate.

2.8. Protein solubility

The protein solubility of the freeze-dried protein pellets was
determined by dispersing protein pellets in 30 mL MilliQ-
water to a final concentration of 0.5 mg protein/mL. Protein
dispersions were thoroughly mixed before aliquoting into
5mL fractions in separate beakers. The pH of the separated
fractions was either non-adjusted (pH 3) or adjusted to pH 5,
7,9 or 11 using 1M NaOH, respectively. The volume of added
NaOH was noted. Samples were left for stirring for 30 min at
RT prior to centrifugation at 6000x g for 10 min at RT. The
protein solubility was then determined by measuring the
protein content in the dispersions before and after cen-
trifugation, quantifying protein using the modified Lowry
assay (2.7). The analysis was performed once for each of the
extraction duplicates.

2.9. Re-soluble nitrogen yield

The re-soluble nitrogen (N) yield was calculated as the so-
luble amount of N in the final protein pellet as % of N in the
biomass:

Nprotein pe
Resoluble N yield = Protein solubility (%) x (100 X M)

biomass
€)
The relative amount of soluble N in the protein extract

was assumed to be equal to relative amount of soluble pro-
tein (2.8).

2.10. Statistical analysis

The statistical analysis was carried out in the software R,
version 4.0.3 (R Core Team, 2020). Data on yield was In-
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transformed and tested for interaction between biomass
samples and extraction method using ANOVA. Adequacy of
models was tested by residual analysis. Multiple comparison
was performed using the postHoc package (Labouriau, 2020)
and p-values were adjusted for multiple testing by the
method of controlling the false discovery rate (Benjamini and
Hochberg, 1995). The N concentration of extracts between
extraction methods was tested within each biomass batch
with a t-test. Data that was not normally distributed was
analyzed with the Kruskal-Wallis test using the postHoc
package. The significance level was set to p < 0.05. Data is
presented as mean + SD.

3. Results and discussion

In general, the nitrogen (N) content in the S. latissima biomass
was lowest when the biomass was harvested in June, re-
gardless of biomass age and harvest location. The highest N
content observed was in the biomass harvested in February.
Fermentation further seemed to increase the N concentra-
tion from 1.56 + 0.00 % to 2.91 + 0.12 % of DM. The DM
content also differed between biomass batches. The biomass
from Bergen had the lowest DM (11-12 %) regardless of fer-
mentation. Otherwise, the biomass DM was observed to
differ from 12.6 + 0.3 % (March 2020, Hjarng) to 27.1 + 1.4 %
(June 2018, Hjarng) (Table 1). The high DM contents could be
due to water loss during freezing/thawing prior to the DM
determination, leading to an increased DM content upon
analysis.

As hypothesized, the alkaline extraction gave significantly
(p < 0.01) higher N extraction yields than the control method
across all biomass samples. The incubation step at pH 12
increased the solubilization of protein from the biomass, as
has also been observed by Vilg and Undeland (2017). This led
to an increased N yield. There were significant differences in
N extraction yields between biomasses harvested at different
times, but not within a specific pattern regarding harvest
season and biomass age (Fig. 2). The highest N extraction
yield as % of biomass N was observed for the Jun20H biomass
(52.96 + 8.35 %), even though it had a similar N content to the
other biomass batches harvested in June (Junl18H and
Jun19G) (Table 1). This suggests a different N composition
between the biomass batches, possibly the Jun20H batch
having a higher proportion of protein-N as opposed to non-
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Fig. 2 - Nitrogen (N) extraction yield for different biomasses of S. latissima, using the control and the alkaline extraction,
calculated as amount of N in protein extracts as a percentage of A) biomass N and B) biomass dry matter (DM). The sample
names reflect the harvest time (month and year) of the biomass and the letter in the end signifies the cultivation site (H:
Hjarng, G: Grena, B: Bergen, BF: Bergen fermented biomass) (Table 1). Data is represented as mean = SD. Different notations

among bars indicate significance of difference (p < 0.05).
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Fig. 3 - A) Nitrogen (N) concentration in extracts and B) the N concentration factor from biomass to extract. The dotted line is
marking a concentration factor of one, which means the N concentration was increased from biomass to extract if the
concentration factor is above the dotted line. In A) * marks a significant difference (p < 0.05) in N concentration between the
treatments within the single biomass batches. Data in A) is visualized as mean =+ SD, n=2.

protein-N. The Jun20H sample was more than twice the age
of the other June samples but was fouled with bryozoans
upon harvest. Fouling has previously been shown to sig-
nificantly increase the content of N in S. latissima, however,
not altering the protein content significantly (Marinho et al.
2015a,b). For the control extraction, the N yield varied from
1.59 % to 25.22 % (mean: 6.61 %), whereas it varied from 5.32
% t0 52.96 % (mean: 16.03 %) for the alkaline extraction. The N
extraction yield differed to a higher extent between harvest
times when the N extraction yield was calculated as % of
biomass N as opposed to as % of biomass DM. This suggests a
general variation in the amount of non-protein N between
the biomass batches, as previously shown for biomass from
Danish waters, characterized by a high seasonal variation in
available N (Marinho and Holdt, 2017). Contrary, in an area
such as the Faroe Islands where there is a low variation in N-
availability, the N-to-protein conversion factor does not
differ significantly with season (Bak et al. 2019). Another
explanation for the differences in N yields as % of biomass N
is that the protein profile, amount of free amino acids and
protein extractability are different between batches. Looking
into the N yield as % of biomass DM, only the samples from
Jun18H and Junl9G significantly differed from the other
batches. Fermentation did not change the N extraction yield
for the alkaline condition, whereas the yield was significantly
lower upon the control extraction, even though the N content
of the biomass was almost twice the amount in the fer-
mented biomass (Fig. 2). For comparison, Abdollahi et al.
(2019) shows a protein yield as percentage of biomass protein
of 19.3 % with the same biomass storage method and ex-
traction method as in this current study. By freeze drying the
biomass prior to protein extraction they increase the protein
yield to 26.4 %. Vilg and Undeland (2017) show a protein yield
of 16.01 %. It is important to note that the two mentioned
studies calculate the protein yield, whereas this current
study show the N yield. However, both studies fall within the
range of the results in this current study if it is assumed that
protein yield and N yield can be used as similar expressions -
this will, however, be dependent on the N-to-protein factor,
which can vary between biomasses. Further, as this study
show, the biomass age and harvest time and place can in-
fluence the biochemical composition and extraction yield to
a high degree.

The extracts from pH-shift processing had significantly
(p < 0.05) higher N concentration than those from the control
processing across biomass batches. Looking into the separate
batches, the difference was significant for samples Jun19G,
May17B and Mayl7BF, whereas a tendency towards in-
creased N concentration upon alkaline extraction was seen
for the remaining samples (Fig. 3). This might be due to the
improved extraction yield of the protein upon the alkaline
condition. The concentration further differed significantly
(p < 0.001) between extracts from the different biomass bat-
ches. However, looking into Fig. 3B it is visible that the N
content was not concentrated from biomass to protein ex-
tract for all batches, such as for Feb20H, Mar20H and
May17BF, which were the batches with the highest biomass
N content. This may suggest a relatively high content of non-
protein N, e.g,, in form of chlorophyll, inorganic nitrogen or
free amino acids (Angell et al. 2016). Non-protein N is not
precipitated to the same extent as the protein bound N. The
highest extract N concentration and N concentration factor
was found for the Jun20H sample, which was the sample
fouled with bryozoans.

The solubility of the extracted protein across biomass
batches was significantly higher (p < 0.02) for extracts from
pH-shift than from control, following the hypothesis.
Alkaline treatment has also proved to increase the solubility
of protein from other biomasses such as Ulva fenestrata (Juul
et al. 2021) and alfalfa (Nissen et al. 2021). However, looking
into the single biomass batches, the protein solubility was
higher for the control extract than for the pH-shift extract in
Mar20H, suggesting a different distribution of proteins com-
pared to the other biomass samples. The solubility between
treatments did not seem to vary much in samples Jun20H,
May17B, and May17BF. Solubility across treatments was de-
pendent on biomass batch (p < 0.0001) (Fig. 4).

The N extraction yield and the protein solubility is re-
flected together in the re-soluble N yield (Fig. 5). The pattern
of the re-soluble N yield did not differ significantly from the
pattern of the N extraction yield but showed to be between 43
% and 87 % of the N extraction yield depending on the bio-
mass sample. The re-soluble N yield is an indication of the
functional N yield and resembles the proportion of N that is
bound in soluble protein.

The increased N yield and N concentration of extracts
across the different biomass batches proves the robustness
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indicates significance of difference (p < 0.05) in protein solubility between biomass batches across treatments (control and

pH-shift). Data is presented as mean+ SD, n=2.

of the alkaline extraction compared to neutral pH. Further,
thinking in a perspective of protein from S. latissima as a food
ingredient, the ability of the alkaline extraction to increase
the solubility of the extracted protein is an advantage. It is
important, however, to keep in mind that alkaline extraction
may lead to aminoacyl cross-linking as seen for other bio-
masses such as Ulva fenestrata (Juul et al. 2021). In the study
by Juul et al. on Ulva fenestrata, the high pH condition induced
lysinoalanine and lanthionine amino acid cross-links. The
induced cross-links were however not expected to influence
the nutritional quality of the protein significantly and no
significant difference was seen for the in vitro protein di-
gestibility compared to the other investigated extraction
methods (mechanical screw press extraction and alkaline
extraction at pH 8.5). Further, the alkaline conditions did not
induce L/p-amino acid racemization (Juul et al. 2021). It
would be beneficial to test whether the alkaline extraction

70

mmmm N cxtraction
— Re-soluble N
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Yield
(% of biomass N)

20 +

10 +

0 JﬁM
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Fig. 5 - Yield of re-soluble N in extracts and N extraction
yield (same as the N extraction yield from alkaline
extraction in Fig. 2 A) as percentage of biomass N. The re-
soluble N yield was calculated as the re-soluble fraction
(Fig. 4) of the N extraction yield (Eq. 3). Only the highest
yield for each sample as a function of extraction method
and pH-dependent solubility is visualized in the figure. For
all samples, the highest re-soluble N yield was obtained by
the alkaline extraction method. Optimal pH for protein
solubilization was pH 7 for May17BF, pH 9 for Feb20H,
Mar20H, Jun20H, Nov20H, Jun19G, and May17B, and pH 11
for Jun18H.

induce such modifications during the extraction of S. la-
tissima protein, as well as looking into the amino acid com-
position and ratio of essential amino acids. Unfortunately, it
was not possible during the current study due to limited
sample amount.

4, Conclusion

Protein was extracted from Saccharina latissima of different
age, harvest time and cultivation sites. Alkaline extraction
proved to increase the protein yield more than twice in terms
of amount of extracted N compared to the neutral pH con-
dition (pH 6.5). The alkaline extraction further resulted in a
higher N concentration in the final protein extract as well as
it in general increased the solubility of the extracted protein.
Nitrogen extraction yield and protein solubility differed be-
tween the different biomass batches, but no specific pattern
was observed as a function of biomass age, harvest time and
cultivation site. The re-soluble N yield was between 43 % and
87 % of the total N extraction yield depending on the biomass
sample. The N extraction yield as % of biomass N content
differed from 1.59 % to 25.22 % (mean: 6.61 %, median: 4.26 %)
for the control extraction, whereas it was 5.32-52.96 % (mean:
16.03 %, median: 10.53 %) for the alkaline extraction. The N
extraction yield differed to a higher extent between harvest
times when the N extraction yield was calculated as % of
biomass N as opposed to as % of biomass DM.
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