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ARTICLE INFO ABSTRACT

Keywords: Seaweed is gaining attention as a possible alternative and sustainable source of proteins. This study investigates
Seaweed three protein extraction methods and their effect on protein yield and quality when applied to Ulva fenestrata.
Protein extraction Two of the methods included alkaline extractions (pH-shifts); one version solubilizing the proteins at pH 8.5 and
K/[};S}}:;Sical pressing one solubilizing them at pH 8.5 followed by pH 12 (pH 8.5 + 12). The third method was a mechanical pressing,
Digestibility using a double screw press. All extraction methods were followed by isoelectric precipitation to concentrate the

proteins. Extraction at pH 8.5 gave the significantly highest total protein yield after the isoelectric precipitation,
followed by extraction at pH 8.5 + 12 and lastly mechanical extraction gave the lowest yield. Proteins extracted
with both alkaline methods had a significantly higher solubility at pH 7 and pH 9, compared to proteins from the
mechanical pressing. There were no significant differences between the three methods in total D/L-amino acid
ratio. Amino acid cross-links measured as lysinoalanine (LAL) and lanthionine (LAN) where found in significantly
higher amounts in alkali-extracted proteins compared to mechanically extracted, however not to a degree that
expect to compromise functional or nutritional quality. Further, no significant difference in protein in vitro
digestibility was found between extraction methods. In conclusion, results indicated that protein extraction at
pH 8.5 can be recommended, especially regarding total protein yield and solubility of the final protein extract.

Process-induced modifications

commercially cultivated Ulva ohnoi in a land-based integrated aqua-
culture facility, Ulva spp. have been described as having a protein pro-

1. Introduction

There is a need for new and sustainable protein sources generated by
the increasing world population [1,2]. Seaweed is one of the potential
alternatives to land-based sources, particularly due to the ability of
seaweed to provide several ecosystem services, such as nutrient reme-
diation and carbon sequestration; improving water quality where it is
grown and harvested, and supporting climate change mitigation [3-7].
The high productivity as well as a relative high content of essential
amino acids (EAA) (36-42% of total amino acids) [8-10] makes e.g.
green seaweeds of the genus Ulva interesting for protein extraction.
Based on a biomass productivity of 70 t dry matter (DM) ha~! year! for

duction potential competitive to production of protein rich soybean
meal [11]. The protein content in Ulva depends on several factors, such
as season, nutrient availability and geographic location [12] and is often
between 10 and 26% (DM) [9,13], which is a relatively low protein
amount compared to e.g. soybean. Further, the high content of fibers
and phenolic compounds in seaweed negatively affect the protein di-
gestibility [8,14,15], as well as it impedes the protein extractability
[8,9,15,16]. However, Ulva is still interesting as a source of protein upon
concentration or extraction of the protein [17]. Extraction of protein
from Ulva spp. has been shown to increase in vitro protein digestibility

Abbreviations: CML, carboxymethylysine; DHA, dehydroalanine; FUR, furosine; LAN, lanthionine; LAL, lysinoalanine.
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compared with protein digestibility in the crude biomass [18,19].
Several different methods for protein extraction from seaweed have
been evaluated during the past years [20-24]. Harrysson et al. [20] and
Wong and Cheung [8] show some of the highest protein yields for Ulva
sp., using alkaline extraction followed by isoelectric or ammonium
sulfate-induced precipitation, respectively, the former referred to as the
pH-shift method. A total protein yield of 36% was shown by Wong and
Cheung [8], but the use of 2-mercaptoethanol to cleave disulfide bonds
makes the process non-suitable for food. Using the food-grade pH-shift
method on dry, grinded Ulva including an osmotic shock at start, fol-
lowed by two consecutive incubation steps at pH 8.5 and pH 12 for
protein solubilization, Harrysson et al. [20] showed a total protein yield
of 29% after precipitation. High pH during processing has, however,
earlier shown to induce cross-linking of aminoacyl residues and race-
mization of amino acids, especially in combination with heat, in protein
isolates from other biomasses, e.g. soybean and alfalfa [25,26]. When
protein is exposed to high pH and/or heat, s-elimination of cysteine and
serine can occur forming dehydroalanine (DHA), which can further react
with lysine and cysteine to form the aminoacyl cross-links lysinoalanine
(LAL) and lanthionine (LAN), respectively [27]. These types of cross-
links can, just like racemization of L-amino acids to D-amino acids,
decrease protein quality and digestibility [28,29]. Not all proteins are
equally susceptible towards racemization and crosslinking, and further
concentration and availability of the reactants play important roles
[25,27]. Furthermore, carboxymethyl lysine (CML) and furosine are
well-characterized markers in the Maillard reaction [30,31]. The aim of
this study was to investigate whether these alkaline-induced reactions
occur during protein extraction from Ulva fenestrata Postels & Ruprecht
1840, by testing different protein extraction methods and their effect on
the protein quality. It was hypothesized that protein exposed to pH 12
during extraction would generate an increased amount of D-amino acids
and a higher degree of cross-linked aminoacyl residues, and therefore
would lower the protein quality, compared to protein extracted at pH
8.5 or by mechanical pressing at native pH. By looking into both protein
yield and process-induced modification effects caused by the different
extraction methods, this study wish to contribute to an important dis-
cussion on the possible trade-off between protein yield and protein
quality, an important focus point in designing future seaweed protein
biorefineries.

2. Methods
2.1. Biomass

Ulva fenestrata was harvested from a long-term indoor tank culture at
the Tjarn6 Marine Laboratory (58°52'36.4” N, 11°6'42.84" E),
November 1% 2019. The seaweed was grown in 90 L cultivation tanks in
a flow-through system with filtered seawater (5 pm filter and UV filter)
(flow = 10-14 L h™!) under permanent aeration. Salinity and temper-
ature fluctuated depending on the surrounding weather and seasonal
conditions. The Ulva was grown in a green house with a 16:8 h light:dark
cycle at an irradiance of 140 pmol m~2 5! and light source INDY66 LED
60 W 4000 K 6000 Im. Detailed information on the molecular identifi-
cation of the biomass used in this study can be found in Toth et al. [32]
(GenBank accession numbers: MN240309-MN240311). After harvest-
ing, biomass was stored at —80 °C prior to extraction. The frozen
biomass was roughly chopped with a knife and then mixed before being
divided into batches for the different protein extraction techniques, to
secure homogeneity between batches. Biomass for pH-shift was grinded
with a Titracarne grinder C/E22N (Minerva Omega, Italy) with a 4.5 mm
hole plate.

2.2. Protein extraction techniques

Protein extraction was performed by three different processes, two of
the three being versions of the pH-shift technique, using alkaline pH for
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protein solubilization, and the third process comprising mechanical
pressing with a double screw press. Extractions were performed at 8 °C.
An overview of the protein extraction techniques is provided in Fig. 1.
Extractions were performed in duplicates.

2.2.1. Protein extractions using the pH-shift process

Following thawing under cold running water, protein was extracted
from wet, grinded biomass using a modified pH-shift process protocol
[20]. Biomass was mixed with de-ionized water in a ratio of 1:6 and
homogenized with a Silverson L5M mixer at 8000 rpm for 2 min on ice.
This homogenate was incubated 60 min at 8 °C with stirring to subject
the biomass to osmotic shock. Afterwards pH was adjusted to pH 8.5
with 1 M NaOH and incubated upon stirring at 8 °C for either 60 min
(process 1) or 80 min (process 2) (Fig. 1). For process 1, after incubation
at pH 8.5, the pH was adjusted to 12 with 1 M NaOH and incubated 20
min at 8 °C upon stirring. Hence, total incubation time was equal be-
tween the two pH-shift processes. These incubation steps were per-
formed to solubilize the proteins. After the solubilization of the proteins,
the homogenates were centrifuged at 8000 xg, 10 min, 8 °C. The su-
pernatant was adjusted to pH 3 with 1 M HCI and immediately frozen at
—20 °C over-night. The acidified supernatant was thawed in a bag in
cold water and centrifuged at 8000 xg, 20 min, 8 °C. The resulting pellet;
the protein extract, was recovered for freeze drying and further analyses.

Pre-studies (supplementary material), investigating optimal pH for
protein solubilization were made by incubating homogenate for 20 min
at different pH levels before centrifugation, calculating highest protein
solubility yield by Eq. (1). This showed the highest solubility being at
pH 12. Optimal pH for protein precipitation were made as well, deter-
mining pH 3 to give the highest isoelectric precipitation yield (Supple-
mentary data).

2.2.2. Protein extraction using mechanical pressing

In the third extraction process, protein was extracted using me-
chanical pressing at native pH; pH 4.6-4.8. Biomass was pressed with a
double screw press (Angel Juicer 8500S, Domotech, Denmark), sepa-
rating the biomass into juice (juice 1, Fig. 1) and pulp. A second pressing
was performed on the pulp, after mixing the pulp with deionized water
(1:1) for 10 min, resulting in a second press juice (juice 2, Fig. 1). Each
juice was centrifuged at 8000 xg, 10 min, 8 °C. The supernatant was
collected and adjusted to pH 3 with 1 M HCl and frozen immediately at
—20 °C over-night. The acidified supernatant was thawed in a bag in
cold water and centrifuged at 8000 xg, 20 min, 8 °C. Juice 1 and 2 were
processed separately, until a final step where the two protein extracts
(Fig. 1) were mixed and freeze dried for further analyses.

2.2.3. Calculations of protein yield

Samples were withdrawn from biomass, homogenates, juices and
supernatants (sup) for protein analysis. The following calculations (Egs.
(1)-(3)) were made to determine the protein yield, [protein] being the
protein concentration of the given matrix.

1 [protei ass (sup 1
Protein solubility yield (%) = 100 x > L [Protein] x mass (sup 1)

biomass [protein] X mass (biomass)

@

2 tei 2
Protein precipitation yield (%) = 100 x <1 _ sup 2 [protein] x mass (sup )>

supl [protein] x mass (supl)

(2

Total protein yield (%) = protein solubility yield x protein precipitation yield
3

2.3. Protein content

For solid samples; the raw biomass, pulp (mechanical pressing) and
protein extracts, protein content was determined by combustion using a
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Fig. 1. Flow chart of the protein extractions performed in this study. The numbers 1, 2 and 3 denote the three different extraction processes investigated.

LECO Trumac nitrogen analyzer, using EDTA as standard. A nitrogen-to-
protein conversion factor of 5 [33] was used for biomass and pulp,
whereas a factor 6.25 [34] was used for protein extracts, as it was ex-
pected that the nitrogen being acid-precipitated was primarily protein
nitrogen. For liquid samples, a modified Lowry method [35] was used.
Samples were diluted 20-100 times in 0.1 M NaOH. For homogenates,
900 pL homogenate was mixed with 100 pL 1 M NaOH before further
dilutions. One milliliter of the diluted sample was mixed with 3 mL of
freshly made reagent of 1 part 4% CuSO4-5H20 (Fluka, Switzerland) and
100 parts mixed 2.0% NasCOs, 0.40% NaOH, 0.16% Na-K-tartrate, and
1% SDS, and incubated 30 min at RT. Three hundred microliter freshly
made phenol reagent (1 part 2 N FC reagent (Sigma-Aldrich, Germany)
with 1 part distilled water) was added to the sample and incubated 45
min at RT in the dark. Absorbance was measured at 750 nm with a Cary
60 UV-Vis spectrophotometer (Agilent technologies). A bovine serum
albumin (BSA) standard curve (10-100 pg mL 1) was used for quanti-
fication. All protein determinations were carried out in minimum
triplicates.

2.4. Protein solubility of protein extracts

Protein solubility was determined by dissolving 0.5 mg mL™! of
freeze dried protein extract in 30 mL MilliQ water. The initial pH of the
protein suspensions were pH 4.1. The protein suspensions were divided
into five aliquots, four of the tubes being adjusted to pH 5, 7, 9 and 11,
respectively, with NaOH. After pH adjustment, samples were incubated
30 min on a magnetic stirrer before being centrifuged at 4000 xg for 10
min at RT. Protein concentrations of the resulting supernatants and the
initial protein suspensions were analyzed by the Lowry method. Protein
solubility was calculated according to Eq. (4).

supernatant [protein] x V (suspension + NaOH,qged)

Protei lubility (%) =
rotein solubility (%) suspension [protein] x V (suspension)

where V is volume and [protein] is the protein concentration of the
given solution, either being the suspension, which is the protein extract
mixed with the water, or the supernatant, being the resulting superna-
tant following centrifugation of the suspension.

2.5. Sodium dodecyl sulphate-polyacrylamid gel electrophoresis (SDS-
PAGE)

Proteins were analyzed by SDS-PAGE using Criterion TGX Stain-free
precast gels with 12% polyacrylamide (Bio-Rad Laboratories Inc., USA),
following the technique described by Laemmli [36] under reducing
conditions. Freeze dried protein extracts as the suspension made in the
solubility test at native pH, was mixed with sample buffer (20 mM Tris,
2% SDS, 20% glycerol, 0.1 mg mL™! bromophenol blue and 20 mM
dithioerythrito (DTE)) in ratio 1:1. Liquid samples were normalized with
deionized (18.2 MQ) filtered water (0.22 pm) (MilliQ) water (Millipore
SAS, France) to a protein content of 1.3 mg mL ™!, which was the lowest
protein concentration found among the supernatant 1 and juice samples,
and then mixed with sample buffer in a 1:1 ratio. Gels were stained with
colloidal Coomassie Brilliant Blue [37], or by silver staining following
the protocol according to Shevchenko et al. [38] with the use of ethanol
instead of methanol and formaldehyde instead of formalin. Coomassie
Brilliant Blue G-250 from Serva (Germany), PageRuler Plus Prestained
Protein Ladder and Spectra Multicolor Broad Range Protein Ladder was
from Thermo Scientific, and Criterion Tris-HCl gels from Bio-Rad (USA).

2.6. D/L-amino acids

The relative ratio of D- and L- amino acids was determined by liquid

% 100, @
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chromatography mass spectrometry (LC-MS) analysis of hydrolyzed
protein extracts according to Danielsen et al. [39]. In brief, 10 mg pro-
tein extract was hydrolyzed into amino acids using deuterated hydro-
chloric acid (DCI) (20 wt% solution in D20, Acros organics, New Jersey,
USA) in 1 mL Vacuum Hydrolysis Tubes (Thermo Scientific, IL, USA).
The use of DCI avoided a possible bias from hydrolysis-induced race-
mization occurring during sample preparation, ensuring that the results
represents the D- and L-amino acid ratio of the protein powder prior to
hydrolysis (see [39] for further details). Then, a chiral derivatization
with (S)-N-(4-nitrophenoxycarbonyl) phenylalanine methoxyethyl ester
(S-NIFE) (Santa Cruz Biotechnology, Dallas, TX, USA) of the hydrolyzed
samples allowed a subsequent separation of the D- and L-enantiomers on
reverse phase HPLC. LC-MS/MS analysis was performed on a triple
quadrupole tandem mass spectrometer (6460 TripleQuad LC/MS, Agi-
lent Technologies, Santa Clara, CA, USA) coupled to a 1290 Infinity LC
system (Agilent Technologies, Santa Clara, CA, USA). Chromatographic
separation was carried out on a Luna Omega C18 column (100 x 2.1
mm, 1.6 pm, 100 A (Phenomenex, Torrance, CA, USA). The relative
ratio of D-enantiomers was calculated based on the integration of the D-
and L-enantiomer peaks in the same MS spectrum. Standard solutions
and calibration standards were prepared as decribed in [39]. All solvents
for LC-MS analysis were hypergrade (Merch, Darmstadt, Germany). L-
and D-amino acid standards were obtained from Sigma-Aldrich (Darm-
stadt, Germany). An amino acid standard H (an 18 amino acid mix,
Thermo Fisher Scientific, Waltham, MA, USA), was used as QC sample.
Internal standards (IS) were purchased as a “cell-free” amino acid mix of
20 stable isotope-labelled amino acids (Cambridge Isotope Laboratories
Inc., Andover, MA, USA).

2.7. Process-induced modifications

Process-induced changes on amino acids, carboxymethyllysine
(CML), lanthionine (LAN), lysinoalanine (LAL) and furosine (FUR), were
analyzed after hydrolysis of 50 mg protein extract using 1 mL 1% (V/V)
mercaptoethanol, 3% (W/V) phenol in 6 M HCl in vacuum hydrolysis
tubes (Thermo Scientific prod. 29,570) at 110 °C for 20 h. The samples
were cooled at 4 °C and transferred to Eppendorf tubes, centrifuged for
5 min at 20800 xg (Eppendorf 5417 R centrifuge). The samples (500 pL)
were neutralized with 350 pL 6 M NaOH, filtered through Whatmann
Mini-UniPrep 0.2 filter vials and analyzed with LC-MS.

The quantitative analysis was performed on an 8050 triple quadru-
pole mass spectrometer (Shimadzu, Kyoto, Japan) coupled to a Nexera
X2 LC system (Shimadzu, Kyoto, Japan). The LC was equipped with an
Intrada column, Amino Acid, 150 x 3 mm, Imtakt (Prod. WAA35)
purchased from Biolab DK. Solvent A was 0.1% formic acid in acetoni-
trile. Solvent B was 100 mM ammonium formate. The compounds were
eluted from the column using a flow rate of 0.6 mL min ! with a linear
gradient 17% B at 0 min to 100% B at 16 min. To avoid carryover,
solvent B was at 100% until 23 min where after 17% B was reached at
25 min and equilibrated for 10 min (35 min) at 17% B before next in-
jection. The oven temperature was 35 °C. The electrospray ionization
was set as followed; heating gas flow 10 mL min~!, interface 300 °C,
desolvation line 125 °C, heat block 250 °C, and drying gas flow 10 L
min~!. The precursor ions were identified running standards and the

Table 1
m/z for precursor, quantifier and qualifier ions for analytes. IS: Internal
standard.

Component Precursor Quantifier ion Qualifier ion
CEL D4 IS 223.0500 88.0000 134.0000
LAN 209.1500 119.9000 74.1000
CML D2 IS 206.9500 84.0500 130.2500
CML 205.0000 84.1500 130.3000
FUR D4 IS 259.2000 88.3000 134.1000
FUR 255.1000 84.0500 130.3000
LAL 234.1500 84.0500 130.2000
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fragment ions were automatically generated in the LCMS solution 5.97
SP1 software. MRM transitions are presented in Table 1. The quantifi-
cation was obtained from external calibration curves (10-2500 ng mL !
for CML and LAN, 100-25,000 ng mL ™ for LAL, and 1-250 ng mL ™" for
FUR) containing the same internal standard (IS) mix as for the sample
preparation; carboxyethyllysine (CEL) D4 IS was used for LAN, CML D,
IS was used for CML, FUR D4 IS was used for FUR and LAL. IS, CML, FUR,
and LAL standards were from Iris Biotech GMBH (Marktredwitz, Ger-
many), and LAN was from Sigma Aldrich.

2.8. In vitro protein digestibility

In vitro digestibility was performed following the INFOGEST 2.0
protocol [40]. Enzymatic activity of amylase, pepsin and pancreatin
(trypsin activity) was determined according to Brodkorb et al. [40].
Simulated salivary fluid (SSF), simulated gastric fluid (SGF) and simu-
lated intestinal fluid (SIF) were also prepared following the protocol by
Brodkorb et al. [40]. Enzyme solutions were prepared just before use
and kept on ice. Upon preparation of the pancreatin solution, pancreatin
was mixed with SIF for 10 min and afterwards centrifuged at 3000 xg for
20 min at 4 °C and the supernatant was collected and used as the
pancreatin solution. The in vitro digestion included the oral, gastric and
intestinal phases. The dry protein extracts were mixed with MilliQ water
to a 3% protein solution.

For the oral phase, 800 pL SSF and 5 pL 0.3 M CaCl; was added to 1
mL of the 3% protein solution, afterwards adding 100 pL of salivary
a-amylase (A1031, Merck Millipore, Germany) solution to a concen-
tration of 75 U mL ™! in the final oral digest, adding water up to a sample
volume of 2 mL. The oral digestion was then performed for 2 min at
37 °C rotating samples at 40 rpm. To each sample, 1600 pL of SGF was
then added along with 1 pL 0.3 M CaCl, and 1 M HCI to reach pH 3.
Pepsin (from porcine gastric mucosa, P7000, Merck Millipore, Germany)
solution was added to a 2000 U mL™! concentration in the final gastric
digest. Water was added to reach a gastric digest volume of 4 mL. For the
gastric phase, samples were incubated at 37 °C for 2 h, rotating at 40
rpm. After the gastric phase, 1700 pL of SIF was added to the samples
and pH adjusted to pH 7 using 1 M NaOH. Eight pL 0.3 M CaCl, was
added along with bile solution to reach a bile concentration of 10 mM
and 100 U mL~! pancreatin (P7545, Merck Millipore, Germany) in the
final intestinal digest, and adding water to a final volume of 8 mL.
Samples were then incubated at 37 °C for 2 h, rotating at 40 rpm,
simulating the intestinal phase.

After digestion, enzymes were inactivated by placing samples at
100 °C in a heat block for 10 min. Samples were stored in smaller ali-
quots at —80 °C before analysis. Digestions were performed in duplicate
(n=2).

To test the effect of the enzymes on protein hydrolysis, a set of
control protein extract samples were going through the same procedure,
except MilliQ water was added instead of the different enzyme solutions
during the different digestion phases. Moreover, an enzyme control was
included, where MilliQ water was added instead of protein extract to
track enzyme self-digestion.

Before analysis of the extent of protein hydrolysis, 50 pL of the di-
gests was mixed with 80 pL 5% trichloroacetic acid (TCA) (Sigma-
Aldrich, Germany) incubating 30 min on ice and centrifuging 13,000 x g
for 10 min at 4 °C. Supernatant was collected and the extent of protein
hydrolysis of the samples during the in vitro digestion was analyzed by
determining the concentration of free N-terminals. This was done using
an o-phthaldialdehyde (OPA) spectrophotometric assay. Ten pL sample
was incubated with 200 pL OPA-buffer for 15 min at room temperature
in a 96-well plate before absorbance reading at 340 nm using a micro-
titer plate spectrophotometer (BioTek Instruments Inc., USA). OPA-
buffer consisted of 18 mL 0.1 M NayB407, 0.1%SDS, and 5.7 mM DTE
in MilliQ water added 2 mL 96% ethanol with 16 mg OPA (Merck,
Germany). L-leucin (Sigma-Aldrich, Germany) (0-20 mM) in 1 mM HCl
was used as a standard curve, expressing the extent of protein hydrolysis
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of samples in L-leucin equivalents. OPA spectrophotometric assay was
performed in triplicate for all digests, controls and standards (n = 3).
Calculations of extent of protein hydrolysis in terms of freed N-terminals
during digestion was done according to Eq. (5).

AN-terminals = n(sample) — n(sample control) — n(enzyme control), 5)

where n is the concentration of free N-terminals expressed in L-leucin
equivalents.

2.9. Statistics

The statistical analyses were performed in the software R, version
4.0.3 [41]. To study the effects of the different extraction methods,
generalized linear models [42] with an identity link function was used.
The Gaussian distribution was used for modelling all analytical data
except for data on process-induced LAL formation, protein precipitation
yield and total protein yield, which was defined with a gamma distri-
bution, as this data was not normally distributed. Moreover, a loga-
rithmic link function was used for the protein precipitation yield and
total protein yield. Adequacy of models was tested by residual analysis.
Post hoc analyses were performed using the R package postHoc [43]. p-
values were adjusted for multiple testing by the method of controlling
the false discovery rate [44] and significance level was set to p = 0.05.

3. Results
3.1. Protein yield

The Ulva fenestrata biomass had a DM content of 15.77 + 0.48% and
a protein content of 18.02 + 0.73% (of DM). Protein extraction using the
pH-shift method where proteins were solubilized at pH 8.5 gave the
statistically highest total protein yield of 8.95 + 0.79%. Mechanical
pressing gave a total protein yield of 5.30 + 0.59%, whereas the pH-shift
method comprising solubilizing at pH 8.5 + 12 gave a total yield of 6.85
+ 0.18% (Fig. 2). The main difference between pH-shift and mechanical
pressing was in the amount of protein coming out in solution during
alkalization vs. pressing, with the former solubilizing significantly more
protein (Fig. 2). The concentration of protein in the precipitated freeze
dried protein extracts differed significantly between the mechanical
pressing and pH-shift extracts. The concentration of protein in the pro-
tein extract from pressing was 48.1 + 1.7% (of DM), whereas it was 60.0
+ 0.5% and 62.3 + 2.5% (of DM) for the pH-shift extracts solubilizing at
pH 8.5 and pH 8.5 + 12, respectively.

Solubility and precipitation yield

Algal Research 60 (2021) 102496

3.2. Solubility of protein extracts

Testing the solubility at different pH levels of the freeze dried protein
extracts showed that protein extracted by mechanical pressing was
significantly (p < 0.02) less soluble at pH 7 and 9, than the protein
extracted by the pH-shift methods. At native pH, the protein extracted
by mechanical pressing had a very low solubility, ~6%. The solubility
increased with increasing pH, solubility being ~27% at pH 7, ~45% at
pH 9, and increasing even further to ~60% at pH 11. Solubility of
protein extracted by the two pH-shift methods did not differ significantly
whether extracted at pH 8.5 or at pH 8.5 + 12. At native pH, ~15% of
the protein was soluble, the solubility further increasing with increasing
pH, reaching 67-69% solubility already at pH 7, and as high as 73-82%
at pH 11 (Fig. 3).

3.3. SDS-PAGE polypeptide profile

The most visible bands for all protein extracts in the Coomassie
stained gel (Fig. 4A) were at ~20 kDa, where a double or triple band
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Fig. 3. Protein solubility of the freeze dried protein extracts from mechanical
pressing at native pH (4.6-4.8) and the pH-shift methods comprising protein
solubilization at either pH 8.5 or pH 8.5 + 12. The protein solubility was
determined at different pH levels by dispersing freeze dried protein extract in
MilliQ water in a concentration of 0.5 mg mL ! and adjusting pH with NaOH.
Data is represented as mean + SD, n = 2. * indicates significance of difference
(p < 0.05) between the protein extracts from mechanical pressing and the pH-
shift methods at the specific pH values.

50 == Sol.
= Prec.
° 40 B B
: Iod
S 30 A
> a a
=
9 20
o b
T I
0 \2)
%x\'l' K é&Q
®° Q &
Q> Q

Total yield
? 10
g =X
a ke
c 6 S
L £
[]
43
2 o
. 0
6"0 @ é\oQ
% ] &
xS ¢t

Fig. 2. Protein solubility yield (Eq. (1)), protein precipitation yield (Eq. (2)) and total protein yield (Eq. (3)). Data is represented as mean + SD, n = 2. Different
notations on bars indicate significance of difference between extraction methods (p < 0.05).
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Fig. 4. Polypeptides in the different process fractions evaluated by reduced SDS-PAGE on 12% polyacrylamide gels. A) Coomassie staining of protein extracts
(duplicate), B) Silver staining of protein extracts (duplicate), C) Liquid fractions from protein extractions. Pressing: J1 = juice from press 1, J2 = juice from press 2,
S1.1 = supernatant 1 from press 1, S1.2 = supernatant 1 from press 2, S2.1 = supernatant 2 from press 1, S2.2 = supernatant from press 2. pH-shift methods: Hom =

homogenate, S1 = supernatant 1, S2 = supernatant 2 (see Fig. 1).

appeared for all processes. Several bands were visible in the size from 25
to 50 kDa, being similar for the protein extracts from the different
methods, except for a band appearing at ~33 kDa in the pH-shift
extracted protein, which was less visible in the protein extract from
mechanical pressing, where another band appeared at ~25 kDa. Espe-
cially in the pH-shift extracted protein, several bands were also visible in
the low molecular weight range. For all samples, protein bands of >250
kDa appeared. Comparing samples between the Coomassie and silver
stained gel, higher molecular weight bands became visible at ~90 kDa
as well as a bands appeared at ~55 kDa upon silver staining. The band at
55 kDa seemed more pronounced in the protein extract from mechanical
pressing.

For liquid samples (Fig. 4C), the triple band of ~20 kDa appeared in
supernatant 1 from the pH-shift solubilizing only at pH 8.5, whereas
only a double band was visible when incubation was also done at pH 12.
A triple band also appeared in supernatants from mechanical pressing.
Another major band showed at ~30 kDa in homogenates from pH-shifts
and juice 1 and 2 from mechanical pressing, but seemed to be lost upon
centrifugation as it did not appear in supernatants, except for superna-
tant 1.1. from mechanical pressing.

3.4. Protein quality parameters

The total ratio of D- and L-amino acids did not differ significantly

between the extraction methods, the level of D-amino acids being
<0.3% in average for all samples. However, for one amino acid, alanine,
protein extract from mechanical pressing had a significantly higher (p <
0.001) D-alanine level, 0.44 + 0.02%, compared to the pH-shift protein
extracts with a level of ~0.33% (Fig. 5).

Process-induced changes on amino acids due to the different
extraction methods were analyzed measuring levels of LAN, LAL, CML
and FUR. Levels of LAN were significantly higher in protein extracts
from the pH-shift method using solubilization only at pH 8.5, having a
level of ~90 ng mg ™! protein, whereas for the other extraction methods
the LAN content was ~62 ng mg ™. Protein extract from the pH-shift
method comprising solubilization at pH 8.5 + 12 had a significantly
higher content of CML and LAL compared to the protein extracts from
the two other methods. The LAL content of pH 8.5 + 12 protein extract
was 44 + 6.9 ng mg~ !, whereas it was 1.0-3.2 ng mg ™! in the other
samples. Protein extract from mechanical pressing had a FUR content of
2.4 + 0.3 ng mg ™!, which was similar to the content in protein extract
from pH-shift extraction at pH 8.5 + 12 (2.0 + 0.1 ng mg™ 1), but
significantly higher than in protein extracted only at pH 8.5, having a
FUR content of 1.8 + 0.01 ng mg~! (Fig. 6).

Testing the protein digestibility with the INFOGEST method did not
show any significant differences between the different protein extraction
methods. The digestibility was measured by the occurrence of free N-
terminals in the TCA soluble phase of the digests. The concentration of
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Fig. 5. Ratio of D-enantiomers of 9 given amino acids. The Total AA shows the mean D-amino acid level across the 9 amino acids shown in the figure. Data is
represented as mean + SD, n = 2. * indicate significance of difference between the extraction methods.
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Fig. 7. Digestibility of proteins expressed as formation of free N-terminals in
the TCA soluble phase of the digests resulting from in vitro digestion of protein
extracts. Data is represented as mean + SD, n = 2.

free N-terminals was 5-6 mM glutamine equivalents (Fig. 7), being
similar to the digestibility of BSA, which was used as a control protein.

4. Discussion

The pH-shift method with protein solubilization only at pH 8.5 gave
the significantly highest total protein yield. However, the protein yields
using the two pH-shift methods (pH 8.5 and pH 8.5 + 12) were only a
third as high as has earlier been observed by Harrysson et al. [20] who
showed a total protein yield of 29% by using the same procedure (pH
8.5 + 12). Several factors might have influenced the large observed
difference between the two studies, even though the input material of
both studies originated from a long-term aquaculture of Ulva fenestrata
which was maintained by parthenogenetic proliferation (gametophytic
strain). It cannot be excluded that seasonal variation and stage of
maturation of the biomass affect the general extractability of proteins.
Such potential differences could result from the translocalization of
proteins within the cell, for example when the vegetative thallus un-
dergoes maturation and during formation of gametangia. It has been
observed, investigated for certain red and brown seaweed species
though, that the relative expression level of the photosynthetic protein
Rubisco was higher in gametophytes as compared to sporophytes [45].
Moreover, in the study by Harrysson et al. [20] the biomass was freeze
dried prior to extraction, which could allow milling of the biomass to
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finer particle size. According to Wijers et al. [46], the drying in itself
should not improve the extraction. Further, the protein content (% of
DM) of the biomasses differed between the two studies, 12.8 £+ 1.5%
(determined by Lowry assay) and 18.02 + 0.73% (determined by LECO)
in Harrysson et al. [20] and this study, respectively. Differences between
protein determination methods may also add to different results [47].
The total protein yield was, however, more similar to the yield observed
by Trigo et al. [19], who obtained a total protein yield of 11.1 + 3.7%
using the same extraction method (pH 8.5 + 12), pretreatment (freezing
at —80 °C) and biomass species as in this study.

The protein yield obtained by mechanical pressing agrees to previous
studies using mechanical extraction [21]. It was expected that the pro-
tein yield would be higher for the pH-shift method comprising protein
solubilization at pH 8.5 + 12 compared to only solubilizing at pH 8.5, as
pre-studies solubilizing at different pH levels showed a higher protein
solubility of the Ulva biomass with increasing pH (supplementary data).
This has also been shown by Harrysson et al. [48]. That there was no
significant difference in protein solubility yield between the two pH-
shift methods could be due to the relatively long incubation time of 1
h at pH 8.5 compared to a shorter solubilization time used in the pre-
study. Moreover, certain proteins being extracted at pH 8.5 might
have lost their solubility when increasing the pH to pH 12, which could
be an explanation for the incubation step at pH 12 not enhancing the
solubility yield further. This is supported by the SDS-PAGE analysis of
the liquid samples, where an extra band was visible at ~20 kDa in su-
pernatant 1 from the pH-shift extraction at pH 8.5, creating a triple
band, whereas only a double band was visible for the supernatant 1 from
pH-shift extraction at pH 8.5 + 12. This could be an indication of
different solubility of individual proteins at different pH values. Other-
wise, the polypeptide composition of the liquid samples looked similar
regardless of extraction method. The SDS-PAGE analysis of the protein
extracts also showed similar polypeptide composition regardless of
extraction method, except of a band of ~25 kDa which was only visible
in the protein extract from the mechanical pressing. Otherwise, it
seemed that the main polypeptides being precipitated had a size of ~20
kDa. However, bands of >250 kDa were also visible, which most likely
illustrated protein aggregates.

The protein extraction method did not seem to influence the ratio of
D/L-amino acids. Thus, contradictive to the hypothesis, the extraction at
pH 8.5 + 12 did not induce racemization from L- to D-amino acids
compared to mechanical pressing and extraction at pH 8.5. The level of
D-enantiomer amino acids was in general low, being <0.3% of total
analyzed amino acids. The highest amount of a D-amino acid was found
to be 0.44 + 0.02% of D-alanine in the protein extract from mechanical
pressing. This is, however, a lower amount than what can be found in
some often-consumed fruits and vegetables [49], why the D-amino acid
content in the seaweed-derived protein extracts in this study is not ex-
pected to compromise functional or nutritional quality. Extracting at pH
8.5 + 12 induced an increased (p < 0.05) amount of LAL, which is
formed by cross-linking between DHA (derived from cysteine or serine)
and lysine, whereas protein extracted at pH 8.5 alone showed a higher
(p < 0.03) content of LAN, which is DHA cross-linked with cysteine [27].
LAN formation has shown not to be as pH dependent as the s-elimination
forming DHA [50]. The higher concentration of LAL that was formed in
protein extracted at pH 8.5 + 12 was most likely due to the pH 12
exposure, deprotonating the amino group of the lysine, which has a pK,-
value around 10. This means that more reactive e-NHy groups are
available for reaction with DHA at pH 12 than at pH 8.5, increasing the
possibility of LAL formation [27]. Moreover, LAL formation is favoured
above LAN formation at higher pH levels [51]. The content of LAL, even
in the pH 8.5 + 12 protein extracts, can however be considered low, the
amount being less than what is observed in regularly consumed foods,
such as different milk and cereal products [27,52]. In the Ulva protein
extracts, CML, a compound formed from the Amadori product in the
glycation pathway of the Maillard reaction [53], is in the range of what
is found in vegetables and fruits [54], and the content of FUR is less than
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10% of what can be found in e.g. pasteurized milk [30]. FUR is often
used as a marker for Maillard reactions in thermally treated foods, as
well as CML also can be used as a marker of heat treatment [30,31], why
it makes sense that the content of these crosslinking products were very
low in the protein extracts in this study. Further, FUR and CML are
known to have toxic effects, e.g. liver and kidney toxicity and induced
development of diabetes have been proved in rodents, along with an
increased level of pro-inflammatory markers have been observed in
humans with increased intake [55-57]. In general, none of the protein
extraction methods seemed to induce amino acid racemization or cross-
linking to a level of concern for food safety or reduced nutritional
quality, and the produced protein extracts were not significantly
different regarding the level of in vitro protein digestibility. However,
the protein quality is not only determined by the protein digestibility,
but also factors such as the AA composition and the bioavailability. The
bioavailability, just as the protein digestibility, can be highly influenced
by anti-nutritional factors [28]. Furthermore, the AA composition is
important for the overall protein score, determined by the limiting AA. It
would be highly relevant to perform an AA analysis both of the initial
biomass and the protein extract, as well as conducting a proximal
analysis, to address the nutritional quality and how it may change
during extraction. Unfortunately, it was not possible in the current
setup, but such analyses should be included in future studies. Ulva spp.
are in general known to possess a relatively high amount of EAA [8-10].
The protein extracts from the pH-shift methods had a higher solubility in
water at pH 7-9 (adjusted with NaOH) than the protein extract from
mechanical pressing. Since the SDS-PAGE analysis showed similar
polypeptide composition regardless of extraction method used is this
study, the solubility difference must be due to something else than
protein composition. This could be related to the protein partially
unfolding and re-folding during the pH-shifts, creating a so-called
molten globule state, with other protein conformations and three-
dimensional structures [58-60]. Molten globule-like conformation has
also been observed for e.g. soy protein isolate upon alkali treatment at
pH 12 and re-adjustment to neutral pH, which showed to increase pro-
tein solubility 2.5-fold [61]. The same has been shown for e.g. barley
protein isolate, even treated at milder alkaline conditions; pH 9, and
readjusting to pH 7, increasing the protein solubility [62], and for pea
protein [63].

The Ulva protein extracted with the pH-shift methods performed best
regarding protein yield and protein solubility, otherwise the protein
quality seemed similar between the different extraction methods.
Therefore, based on especially the protein yield, the pH-shift methods,
and especially with protein solubilization at pH 8.5, can be recom-
mended for extraction of Ulva protein. However, it should be kept in
mind that temperature can affect racemization and cross-linking to a
high extent especially combined with high pH [25], when setting the
parameters for protein extraction methods. Thus, cold temperatures are
suggested if economically possible.

Statement of informed consent

No conflicts, informed consent, or human or animal rights are
applicable to this study.

CRediT authorship contribution statement

Louise Juul: Methodology, Investigation, Formal analysis, Visuali-
zation, Writing — Original Draft, Marianne Danielsen: Methodology,
Investigation, Caroline Nebel: Methodology, Investigation, Sophie
Steinhagen: Resources, Writing — Review and Editing, Annette Bruhn:
Supervision, Writing — Review and Editing, Seren Krogh Jensen: Su-
pervision, Writing — Review and Editing, Ingrid Undeland: Conceptu-
alization, Supervision, Writing — Review and Editing, Trine Kastrup
Dalsgaard: Conceptualization, Resources, Supervision, Writing — Re-
view and Editing.

Algal Research 60 (2021) 102496

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors would like to thank Joao Trigo for supporting the
experimental work by sharing tips and tricks on the pH-shift method.

The study was funded by Center for Circular Bioeconomy at Aarhus
University and GUDP, j. no 34009-19-1615, and also received support
from the Swedish Foundation for Strategic Research (project no.
2820005) and Formas (project 2018-01839).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.algal.2021.102496.

References

[1] M. Henchion, M. Hayes, A.M. Mullen, M. Fenelon, B. Tiwari, Future protein supply
and demand: strategies and factors influencing a sustainable equilibrium, Foods 6
(2017), https://doi.org/10.3390/foods6070053.

[2] H.C.J. Godfray, J.R. Beddington, L.R. Crute, L. Haddad, D. Lawrence, J.F. Muir,
J. Pretty, S. Robinson, S.M. Thomas, C. Toulmin, Food security: the challenge of
feeding 9 billion people, Science 327 (2010) 812-818, https://doi.org/10.1126/
science.1185383.

[3] C.M. Duarte, J. Wu, X. Xiao, A. Bruhn, D. Krause-Jensen, Can seaweed farming play
a role in climate change mitigation and adaptation? Front. Mar. Sci. 4 (2017)
https://doi.org/10.3389/fmars.2017.00100.

[4] X. Zhang, M. Thomsen, Biomolecular composition and revenue explained by
interactions between extrinsic factors and endogenous rhythms of Saccharina
latissima, Mar. Drugs 17 (2019) 107, https://doi.org/10.3390/md17020107.

[5] M. Seghetta, D. Tgrring, A. Bruhn, M. Thomsen, Bioextraction potential of seaweed
in Denmark—an instrument for circular nutrient management, Sci. Total Environ.
563 (2016) 513-529, https://doi.org/10.1016/].scitotenv.2016.04.010.

[6] R. Elizondo-Gonzalez, E. Quiroz-Guzman, C. Escobedo-Fregoso, P. Magallon-
Servin, A. Pena-Rodriguez, Use of seaweed Ulva lactuca for water bioremediation
and as feed additive for white shrimp Litopenaeus vannamei, PeerJ 6 (2018),
e4459, https://doi.org/10.7717/peerj.4459.

[7] N. Neveux, J.J. Bolton, A. Bruhn, D.A. Roberts, M. Ras, The bioremediation
potential of seaweeds: recycling nitrogen, phosphorus, and other waste products,
in: Blue Biotechnology: Production and Use of Marine Molecules, 2018,

Pp- 217-241, https://doi.org/10.1002/9783527801718.ch7.

[8] K. Wong, P.C. Cheung, Nutritional evaluation of some subtropical red and green
seaweeds part II. In vitro protein digestibility and amino acid profiles of protein
concentrates, Food Chem. 72 (2001) 11-17, https://doi.org/10.1016/S0308-8146
(00)00176-X.

[9] J. Fleurence, Seaweed proteins: biochemical, nutritional aspects and potential uses,
Trends Food Sci. Technol. 10 (1999) 25-28, https://doi.org/10.1016/50924-2244
(99)00015-1.

[10] R.P. Magdugo, N. Terme, M. Lang, H. Pliego-Cortés, C. Marty, A.Q. Hurtado,

G. Bedoux, N. Bourgougnon, An analysis of the nutritional and health values of
Caulerpa racemosa (Forsskél) and Ulva fasciata (Delile)—two Chlorophyta
collected from the Philippines, Molecules 25 (2020) 2901.

[11] M. Magnusson, C.R.K. Glasson, M.J. Vucko, A. Angell, T.L. Neoh, R. de Nys,
Enrichment processes for the production of high-protein feed from the green
seaweed Ulva ohnoi, Algal Res. 41 (2019), 101555, https://doi.org/10.1016/].
algal.2019.101555.

[12] L. Misurcova, Chemical composition of seaweeds, in: Handbook of Marine
Macroalgae: Biotechnology and Applied Phycology, 2012.

[13] L. Pereira, A review of the nutrient composition of selected edible seaweeds, in:
Seaweed: Ecology, Nutrient Composition and Medicinal Uses, 2011, pp. 15-47.

[14] Y. Horie, K. Sugase, K. Horie, Physiological differences of soluble and insoluble
dietary fibre fractions of brown algae and mushrooms in pepsin activity in vitro
and protein digestibility, Asia Pac. J. Clin. Nutr. 4 (1995) 251-255.

[15] P. Jordan, H. Vilter, Extraction of proteins from material rich in anionic mucilages:
Partition and fractionation of vanadate-dependent bromoperoxidases from the
brown algae Laminaria digitata and L. saccharina in aqueous polymer two-phase
systems, Biochim. Biophys. Acta Gen. Subj. 1073 (1991) 98-106, https://doi.org/
10.1016/0304-4165(91)90188-m.

[16] Y. Joubert, J. Fleurence, Simultaneous extraction of proteins and DNA by an
enzymatic treatment of the cell wall of Palmaria palmata (Rhodophyta), J. Appl.
Phycol. 20 (2008) 55-61.

[17] A.R. Angell, S.F. Angell, R. de Nys, N.A. Paul, Seaweed as a protein source for
mono-gastric livestock, Trends Food Sci. Technol. 54 (2016) 74-84, https://doi.
org/10.1016/j.tifs.2016.05.014.


https://doi.org/10.1016/j.algal.2021.102496
https://doi.org/10.1016/j.algal.2021.102496
https://doi.org/10.3390/foods6070053
https://doi.org/10.1126/science.1185383
https://doi.org/10.1126/science.1185383
https://doi.org/10.3389/fmars.2017.00100
https://doi.org/10.3390/md17020107
https://doi.org/10.1016/j.scitotenv.2016.04.010
https://doi.org/10.7717/peerj.4459
https://doi.org/10.1002/9783527801718.ch7
https://doi.org/10.1016/S0308-8146(00)00176-X
https://doi.org/10.1016/S0308-8146(00)00176-X
https://doi.org/10.1016/S0924-2244(99)00015-1
https://doi.org/10.1016/S0924-2244(99)00015-1
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0050
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0050
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0050
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0050
https://doi.org/10.1016/j.algal.2019.101555
https://doi.org/10.1016/j.algal.2019.101555
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0060
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0060
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0065
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0065
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0070
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0070
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0070
https://doi.org/10.1016/0304-4165(91)90188-m
https://doi.org/10.1016/0304-4165(91)90188-m
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0080
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0080
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0080
https://doi.org/10.1016/j.tifs.2016.05.014
https://doi.org/10.1016/j.tifs.2016.05.014

L. Juul et al.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

P. Bikker, M.M. van Krimpen, P. van Wikselaar, B. Houweling-Tan, N. Scaccia, J.W.
van Hal, W.J.J. Huijgen, J.W. Cone, A.M. Lopez-Contreras, Biorefinery of the green
seaweed Ulva lactuca to produce animal feed, chemicals and biofuels, J. Appl.
Phycol. 28 (2016) 3511-3525, https://doi.org/10.1007/s10811-016-0842-3.

J.P. Trigo, N. Engstrom, S. Steinhagen, L. Juul, H. Harrysson, G.B. Toth, H. Pavia,
N. Scheers, I. Undeland, In vitro digestibility and Caco-2 cell bioavailability of sea
lettuce (Ulva fenestrata) proteins extracted using pH-shift processing, Food Chem.
356 (2021), 129683, https://doi.org/10.1016/j.foodchem.2021.129683.

H. Harrysson, V.R. Konasani, G.B. Toth, H. Pavia, E. Albers, I. Undeland, Strategies
for improving the protein yield in pH-shift processing of Ulva lactuca Linnaeus-
effects of ulvan lyases, pH-exposure time and temperature, ACS Sustain. Chem.
Eng. (2019), https://doi.org/10.1021/acssuschemeng.9b02781.

L. Juul, A.H. Mgller, 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), https://doi.org/10.1007/s10811-
020-02285-z.

P. Postma, O. Cerezo-Chinarro, R. Akkerman, G. Olivieri, R.H. Wijffels,

W. Brandenburg, M.H. Eppink, Biorefinery of the macroalgae Ulva lactuca:
extraction of proteins and carbohydrates by mild disintegration, J. Appl. Phycol. 30
(2018) 1281-1293, https://doi.org/10.1007/s10811-017-1319-8.

M. Polikovsky, F. Fernand, M. Sack, W. Frey, G. Miiller, A. Golberg, Towards
marine biorefineries: selective proteins extractions from marine macroalgae Ulva
with pulsed electric fields, Innovative Food Sci. Emerg. Technol. 37 (2016)
194-200, https://doi.org/10.1016/j.ifset.2016.03.013.

M. Kazir, Y. Abuhassira, A. Robin, O. Nahor, J. Luo, A. Israel, A. Golberg, Y.

D. Livney, Extraction of proteins from two marine macroalgae, Ulva sp. and
Gracilaria sp., for food application, and evaluating digestibility, amino acid
composition and antioxidant properties of the protein concentrates, Food
Hydrocoll. 87 (2019) 194-203, https://doi.org/10.1016/j.foodhyd.2018.07.047.
D.E. Schwass, J.W. Finley, Heat and alkaline damage to proteins: racemization and
lysinoalanine formation, J. Agric. Food Chem. 32 (1984) 1377-1382, https://doi.
org/10.1021/jf00126a040.

M. Friedman, C.E. Levin, A.T. Noma, Factors governing lysinoalanine formation in
soy proteins, J. Food Sci. 49 (1984) 1282-1288, https://doi.org/10.1111/j.1365-
2621.1984.tb14970.x.

M. Friedman, Chemistry, biochemistry, nutrition, and microbiology of
lysinoalanine, lanthionine, and histidinoalanine in food and other proteins,

J. Agric. Food Chem. 47 (1999) 1295-1319, https://doi.org/10.1021/jf981000
G.S. Gilani, C.W. Xiao, K.A. Cockell, Impact of antinutritional factors in food
proteins on the digestibility of protein and the bioavailability of amino acids and
on protein quality, Br. J. Nutr. 108 (2012) S315-S332, https://doi.org/10.1017/
S0007114512002371.

P.A. Finot, Influence of processing on the nutritional value of proteins, Plant Foods
Hum. Nutr. 32 (1983) 439-453, https://doi.org/10.1007/BF01091200.

R. Van Renterghem, J. De Block, Furosine in consumption milk and milk powders,
Int. Dairy J. 6 (1996) 371-382, https://doi.org/10.1016/0958-6946(95)00060-7.
H.F. Erbersdobler, V. Somoza, Forty years of furosine - forty years of using Maillard
reaction products as indicators of the nutritional quality of foods, Mol. Nutr. Food
Res. 51 (2007) 423-430, https://doi.org/10.1002/mnfr.200600154.

G.B. Toth, H. Harrysson, N. Wahlstrom, J. Olsson, A. Oerbekke, S. Steinhagen,

A. Kinnby, J. White, E. Albers, U. Edlund, Effects of irradiance, temperature,
nutrients, and p CO 2 on the growth and biochemical composition of cultivated
Ulva fenestrata, J. Appl. Phycol. 32 (2020) 3243-3254, https://doi.org/10.1007/
s10811-020-02155-8.

AR. 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.

FAO, Food energy: methods of analysis and conversion factors, Report of a
Technical Workshop, in: Food and Agriculture Organization of the United Nations,
2003.

M.A.K. Markwell, S.M. Haas, L. Bieber, N. Tolbert, A modification of the Lowry
procedure to simplify protein determination in membrane and lipoprotein samples,
Anal. Biochem. 87 (1978) 206-210, https://doi.org/10.1016/0003-2697(78)
90586-9.

U.K. Laemmli, Cleavage of structural proteins during the assembly of the head of
bacteriophage T4, Nature 227 (1970) 680, https://doi.org/10.1038/227680a0.
D.-H. Kang, Y.-S. Gho, M.-K. Suh, C.-H. Kang, Highly sensitive and fast protein
detection with coomassie brilliant blue in sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, Bull. Kor. Chem. Soc. 23 (2002) 1511-1512, https://doi.org/
10.5012/BKCS.2002.23.11.1511.

A. Shevchenko, M. Wilm, O. Vorm, M. Mann, Mass spectrometric sequencing of
proteins from silver-stained polyacrylamide gels, Anal. Chem. 68 (1996) 850-858,
https://doi.org/10.1021/ac950914h.

M. Danielsen, C. Nebel, T.K. Dalsgaard, Simultaneous determination of L-and D-
amino acids in proteins: a sensitive method using hydrolysis in deuterated acid and
liquid chromatography-tandem mass spectrometry analysis, Foods 9 (2020) 309,
https://doi.org/10.3390/foods9030309.

[40]

[41]
[42]
[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Algal Research 60 (2021) 102496

A. Brodkorb, L. Egger, M. Alminger, P. Alvito, R. Assuncao, S. Ballance, T. Bohn,
C. Bourlieu-Lacanal, R. Boutrou, F. Carriére, INFOGEST static in vitro simulation of
gastrointestinal food digestion, Nat. Protoc. 14 (2019) 991-1014, https://doi.org/
10.1038/541596-018-0119-1.

R Core Team, The R Project for Statistical Computing. https://www.r-project.org/,
2020.

P. McCullagh, J. Nelder, Generalized linear models, in: Standard Book on
Generalized Linear Models, 2nd edn., Chapman and Hall, London, 1989.

R. Labouriau, postHoc: Tools for Post-Hoc Analysis. R-package version 0.1.1.
https://CRAN.R-project.org/package=postHoc, 2020.

Y. Benjamini, Y. Hochberg, Controlling the false discovery rate: a practical and
powerful approach to multiple testing, J. R. Stat. Soc. Ser. B Methodol. 57 (1995)
289-300.

C. Wang, X. Fan, G. Wang, J. Niu, B. Zhou, Differential expression of Rubisco in
sporophytes and gametophytes of some marine macroalgae, PLoS One 6 (2011),
el6351.

T. Wijers, A. Hylkema, T. Visser, K. Timmermans, Effects of preservation on protein
extraction in four seaweed species, J. Appl. Phycol. 32 (2020) 3401-3409, https://
doi.org/10.1007/s10811-020-02197-y.

E. Barbarino, S.O. Lourenco, An evaluation of methods for extraction and
quantification of protein from marine macro- and microalgae, J. Appl. Phycol. 17
(2005) 447-460, https://doi.org/10.1007/s10811-005-1641-4.

H. Harrysson, M. Hayes, F. Eimer, N.-G. Carlsson, G.B. Toth, I. Undeland,
Production of protein extracts from Swedish red, green, and brown seaweeds,
Porphyra umbilicalis Kiitzing, Ulva lactuca Linnaeus, and Saccharina latissima
(Linnaeus) JV Lamouroux using three different methods, J. Appl. Phycol. 30 (2018)
3565-3580, https://doi.org/10.1007/s10811-018-1481-7.

H. Briickner, T. Westhauser, Chromatographic determination of L-and D-amino
acids in plants, Amino Acids 24 (2003) 43-55, https://doi.org/10.1007/500726-
002-0322-8.

B. Lagrain, K. De Vleeschouwer, I. Rombouts, K. Brijs, M.E. Hendrickx, J.

A. Delcour, The kinetics of p-elimination of cystine and the formation of
lanthionine in gliadin, J. Agric. Food Chem. 58 (2010) 10761-10767, https://doi.
org/10.1021/jf102575r.

1. Rombouts, B. Lagrain, K. Brijs, J.A. Delcour, p-elimination reactions and
formation of covalent cross-links in gliadin during heating at alkaline pH, J. Cereal
Sci. 52 (2010) 362-367, https://doi.org/10.1016/].jcs.2010.06.006.

J.K.P. Weder, H.D. Belitz, PROTEIN | interactions and reactions involved in food
processing, in: B. Caballero (Ed.), Encyclopedia of Food Sciences and Nutrition,
Second edition, Academic Press, Oxford, 2003, pp. 4841-4847.

E.R. Stadtman, R.L. Levine, Protein oxidation, Ann. N. Y. Acad. Sci. 899 (2000)
191-208, https://doi.org/10.1111/j.1749-6632.2000.tb06187.x.

G.L.J. Hull, J.V. Woodside, J.M. Ames, G.J. Cuskelly, Ne-(carboxymethyl)lysine
content of foods commonly consumed in a Western style diet, Food Chem. 131
(2012) 170-174, https://doi.org/10.1016/j.foodchem.2011.08.055.

X. Liu, L. Zheng, R. Zhang, G. Liu, S. Xiao, X. Qiao, Y. Wu, Z. Gong, Toxicological
evaluation of advanced glycation end product Ne-(carboxymethyl)lysine: acute and
subacute oral toxicity studies, Regul. Toxicol. Pharmacol. 77 (2016) 65-74,
https://doi.org/10.1016/j.yrtph.2016.02.013.

H. Li, H. Yang, P. Li, M. Li, Q. Yao, L. Min, Y. Zhang, J. Wang, N. Zheng, Maillard
reaction products with furan ring, like furosine, cause kidney injury through
triggering ferroptosis pathway, Food Chem. 319 (2020), 126368, https://doi.org/
10.1016/j.foodchem.2020.126368.

K. Van Puyvelde, T. Mets, R. Njemini, I. Beyer, I. Bautmans, Effect of advanced
glycation end product intake on inflammation and aging: a systematic review,
Nutr. Rev. 72 (2014) 638-650, https://doi.org/10.1111/nure.12141.

H.G. Kristinsson, H.O. Hultin, Changes in conformation and subunit assembly of
cod myosin at low and high pH and after subsequent refolding, J. Agric. Food
Chem. 51 (2003) 7187-7196, https://doi.org/10.1021/jf026193m.

H.G. Kristinsson, H.O. Hultin, Effect of low and high pH treatment on the
functional properties of cod muscle proteins, J. Agric. Food Chem. 51 (2003)
5103-5110, https://doi.org/10.1021/jf026138d.

S.K. Marmon, A. Krona, M. Langton, I. Undeland, Changes in salt solubility and
microstructure of proteins from herring (Clupea harengus) after pH-shift
processing, J. Agric. Food Chem. 60 (2012) 7965-7972, https://doi.org/10.1021/
j£301352s.

J. Jiang, Y.L. Xiong, J. Chen, pH shifting alters solubility characteristics and
thermal stability of soy protein isolate and its globulin fractions in different pH, salt
concentration, and temperature conditions, J. Agric. Food Chem. 58 (2010)
8035-8042, https://doi.org/10.1021/jf101045b.

P. Silventoinen, N. Sozer, Impact of ultrasound treatment and pH-shifting on
physicochemical properties of protein-enriched barley fraction and barley protein
isolate, Foods (Basel, Switz.) 9 (2020) 1055, https://doi.org/10.3390/
foods9081055.

S. Jiang, J. Ding, J. Andrade, T.M. Rababah, A. Almajwal, M.M. Abulmeaty,

H. Feng, Modifying the physicochemical properties of pea protein by pH-shifting
and ultrasound combined treatments, Ultrason. Sonochem. 38 (2017) 835-842,
https://doi.org/10.1016/j.ultsonch.2017.03.046.


https://doi.org/10.1007/s10811-016-0842-3
https://doi.org/10.1016/j.foodchem.2021.129683
https://doi.org/10.1021/acssuschemeng.9b02781
https://doi.org/10.1007/s10811-020-02285-z
https://doi.org/10.1007/s10811-020-02285-z
https://doi.org/10.1007/s10811-017-1319-8
https://doi.org/10.1016/j.ifset.2016.03.013
https://doi.org/10.1016/j.foodhyd.2018.07.047
https://doi.org/10.1021/jf00126a040
https://doi.org/10.1021/jf00126a040
https://doi.org/10.1111/j.1365-2621.1984.tb14970.x
https://doi.org/10.1111/j.1365-2621.1984.tb14970.x
https://doi.org/10.1021/jf981000&plus;
https://doi.org/10.1017/S0007114512002371
https://doi.org/10.1017/S0007114512002371
https://doi.org/10.1007/BF01091200
https://doi.org/10.1016/0958-6946(95)00060-7
https://doi.org/10.1002/mnfr.200600154
https://doi.org/10.1007/s10811-020-02155-8
https://doi.org/10.1007/s10811-020-02155-8
https://doi.org/10.1007/s10811-015-0650-1
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0170
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0170
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0170
https://doi.org/10.1016/0003-2697(78)90586-9
https://doi.org/10.1016/0003-2697(78)90586-9
https://doi.org/10.1038/227680a0
https://doi.org/10.5012/BKCS.2002.23.11.1511
https://doi.org/10.5012/BKCS.2002.23.11.1511
https://doi.org/10.1021/ac950914h
https://doi.org/10.3390/foods9030309
https://doi.org/10.1038/s41596-018-0119-1
https://doi.org/10.1038/s41596-018-0119-1
https://www.r-project.org/
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0210
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0210
https://CRAN.R-project.org/package=postHoc
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0220
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0220
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0220
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0225
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0225
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0225
https://doi.org/10.1007/s10811-020-02197-y
https://doi.org/10.1007/s10811-020-02197-y
https://doi.org/10.1007/s10811-005-1641-4
https://doi.org/10.1007/s10811-018-1481-7
https://doi.org/10.1007/s00726-002-0322-8
https://doi.org/10.1007/s00726-002-0322-8
https://doi.org/10.1021/jf102575r
https://doi.org/10.1021/jf102575r
https://doi.org/10.1016/j.jcs.2010.06.006
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0260
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0260
http://refhub.elsevier.com/S2211-9264(21)00315-5/rf0260
https://doi.org/10.1111/j.1749-6632.2000.tb06187.x
https://doi.org/10.1016/j.foodchem.2011.08.055
https://doi.org/10.1016/j.yrtph.2016.02.013
https://doi.org/10.1016/j.foodchem.2020.126368
https://doi.org/10.1016/j.foodchem.2020.126368
https://doi.org/10.1111/nure.12141
https://doi.org/10.1021/jf026193m
https://doi.org/10.1021/jf026138d
https://doi.org/10.1021/jf301352s
https://doi.org/10.1021/jf301352s
https://doi.org/10.1021/jf101045b
https://doi.org/10.3390/foods9081055
https://doi.org/10.3390/foods9081055
https://doi.org/10.1016/j.ultsonch.2017.03.046

	Ulva fenestrata protein – Comparison of three extraction methods with respect to protein yield and protein quality
	1 Introduction
	2 Methods
	2.1 Biomass
	2.2 Protein extraction techniques
	2.2.1 Protein extractions using the pH-shift process
	2.2.2 Protein extraction using mechanical pressing
	2.2.3 Calculations of protein yield

	2.3 Protein content
	2.4 Protein solubility of protein extracts
	2.5 Sodium dodecyl sulphate-polyacrylamid gel electrophoresis (SDS-PAGE)
	2.6 D/L-amino acids
	2.7 Process-induced modifications
	2.8 In vitro protein digestibility
	2.9 Statistics

	3 Results
	3.1 Protein yield
	3.2 Solubility of protein extracts
	3.3 SDS-PAGE polypeptide profile
	3.4 Protein quality parameters

	4 Discussion
	Statement of informed consent
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


