
Microchemical Journal 205 (2024) 111275

Available online 25 July 2024
0026-265X/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Protein extraction from seaweed Saccharina latissima with deep
eutectic solvents

David Moldes a,b, Patricia F. Requejo a,b, Marisol Vega a,b, Silvia Bolado a,c, René H. Wijffels d,e,
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A B S T R A C T

Interest in seaweed as a sustainable source of protein is growing, and deep eutectic solvents (DESs) are a
promising green alternative with proven efficacy in protein extraction. This work studies the selective extraction
of protein towards carbohydrates from the brown algae Saccharina latissima using DESs. Eleven DESs based on
choline chloride (ChCl) and betaine were tested for freeze-dried biomass. The four DESs with the best perfor-
mance (ChCl:Oxalic acid, ChCl:2Urea, ChCl:2Levulinic acid and Betaine:2Urea:Water) were subsequently used to
investigate the effect of temperature (20, 30 and 40 ◦C) and the addition of water (0 and 47 %) on the extraction
process. Betaine:2Urea:Water at 1 h, 40 ◦C, and 47 % added water provided the highest protein recovery yield
(10.6 %) while minimizing carbohydrate extraction (1.3 %). These results demonstrated similar protein recovery
yields to a benchmark process using bead milling, but with better selectivity. Thus, this work provides a sus-
tainable extraction method for the recovery of proteins from seaweed and open new alternatives combining both
approaches.

1. Introduction

In the next decades, there will be a substantial demand for protein
[1], and due to environmental concerns associated with animal protein
production [2], new and more sustainable alternative sources will be
needed. In this sense, seaweed is a promising option to obtain proteins in
an environmentally friendly way [3] since it does not require fresh-
water, agricultural land, or fertilizers, it does not compete for resources
with land-based feed crops, and has a smaller environmental footprint
than animal protein production [4]. Although the Phaeophyceae class
generally has a lower protein concentration (5 to 13 % of dw) than
Rhodophyta (47 % of dw) or Chlorophyta (10 to 25 % of dw) [5], the
large brown kelp species (in the order Laminariales) are currently being
grown in large quantities in Europe, so they are more readily available
[6]. The brown algae that is the most widely cultivated in Europe is the
sugar kelp Saccharina latissima, due to its high productivity, well-
understood life cycle and the potential to produce different com-
pounds such as alginate or fermentable sugars [7].

Albeit in a lower proportion, these algae also contain proteins that
could be recovered by applying the concept of a multiproduct bio-
refinery. Nevertheless, one of the bottlenecks is that the proteins pro-
duced by seaweed are mainly interlinked with polysaccharides on the
cell wall and within their cells. Hence, the complex nature of seaweed
cell walls is the main challenge in recovering their proteins [8], where
alginate accounts for half the amount of carbohydrates [9]. The classical
approaches for protein extraction include aqueous, acid and alkaline
solution methods, followed by centrifugation, fractionation, and
enrichment steps (like ultrafiltration, precipitation or chromatography),
in combination with physical cell disruption methods (osmotic shock,
ultrasonication, shearing, grinding, etc.) [10]. In general, industrial
technologies employ physical methods, such as bead milling or mem-
brane filtration, as well as chemical approaches such as alkaline treat-
ments or organic solvents, which present several drawbacks: they are
expensive, time and energy consuming and, some of them, environ-
mentally harmful [11]. Consequently, it is crucial to develop a more
sustainable extracting solvent method.
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Deep eutectic solvents (DESs) are an emerging type of solvent, liquid
at room temperature, formed by the combination of two or more com-
pounds in a specific molar ratio. Generally, DESs are formed by two or
more components: a hydrogen bond donor (HBD) such as urea, glycerol,
water, or metal halide, and a hydrogen bond acceptor (HBA) like betaine
or choline chloride [12]. These components reach a very low eutectic
point as a result of the establishment of strong hydrogen-bond in-
teractions. DESs starting materials are generally cheap and easy to
produce and the individual compounds are usually apt for human con-
sumption, as they are metabolites naturally present in living organisms.
For example, choline chloride (ChCl), which is one of the most used
hydrogen bond acceptors, is a member of the B vitamin family [13].
Among the increasing applications of DESs, they have been successfully
used for the extraction of many macromolecules and proteins from
several matrices [14]. Yet, the application of DESs to the extraction of
seaweed protein is still scarce, and most of the research is focused on
polysaccharides and other related macromolecules such as alginate [15]
or biologically active metabolites like fucoxanthin [16].

This article discusses for the first time the suitability of using DESs to
disrupt the cell wall and extract Saccharina latissima proteins, studying
different extraction factors such as the DESs composition, temperature,
and the addition of water. Full factorial experimental designs were
implemented to elucidate the significant effects of the extraction factors
examined and their interactions. Furthermore, by adopting a biorefinery
perspective [17], the goal will be to achieve a process that maximizes
protein extraction while minimizing the carbohydrates coextraction,
since they are likely to be recovered in subsequent stages and to facili-
tate further protein purification stages. Lipids, the other major macro-
component, represent a small portion of the dry weight of biomass and
are generally not found in the same extraction fraction as proteins and
carbohydrates due to their hydrophobic nature [18]. Finally, to compare
the results gathered in this study with those obtained in an established
benchmark process, bead milling was applied. A bead mill is a milling
device designed for large-scale production that employs beads to facil-
itate the reduction in particle size and cell disruption [19], so it is
intended to facilitate the release of biocompounds from the cell and the
cell wall [20]. Still, bead milling has not been used for the extraction of
macroalgae proteins. The best results obtained with the DES method
were compared with those of the bead mill to test whether DESs
represent a suitable alternative in terms of cell disruption leading to
significant protein recovery yield and selectivity toward coextracted
carbohydrates, as well as with respect to the size of the proteins ob-
tained. Overall, the findings of this work will contribute to the growing
body of research on the use of DESs to selectively extract proteins from
seaweed.

2. Materials and methods

2.1. Seaweed material

Saccharina latissimawas collected from Kamperland in May 2023 and
provided by The Seaweed Company (Zeeland, The Netherlands). After
collection, the biomass was frozen using liquid nitrogen and stored in
plastic bags at − 80 ◦C. The moisture in the frozen biomass was 90.1 %.
To obtain dry biomass, frozen biomass was mechanically mixed using a
blender and then it was freeze-dried in a Sublimator 2× 3 × 3–5 (Zirbus
Technology, Germany) for 46 h, and the dry pellets obtained were
ground to a powder and kept in the refrigerator at 4 ◦C. The biomass was
lyophilized because it is more convenient in terms of sample homoge-
neity, stability during experimentation and ease of storage. Different
methods were used to determine the main components of the biomass:
water and ashes [22], proteins [23,24], and lipids [25]. The carbohy-
drate content was derived by subtracting the sum of all from the initial
results. The major components of Saccharina latissima (in dry mass
percentage) were as follows: 10.8 % of proteins, 8.7 % of lipids, 40.2 %
of ash, and 40.3 % of carbohydrates.

2.2. Chemicals

Betaine and bovine serum albumin (BSA) were purchased from
ThermoScientific. Choline chloride, 1,4-butanediol, D-glucose, levulinic
acid, oxalic acid, phenol, sulfuric acid and urea were obtained from
Sigma-Aldrich. DL-lactic acid and glycerol were purchased from VWR
International. A standard protein mix (product number 69385, 15–670
kDa) from Merck (Darmstadt, Germany) was used for calibration in size
exclusion chromatography. All chemicals were used without further
purification.

2.3. DES preparation

Eleven DESs were prepared by mixing the HBA with various HBDs in
different molar ratios. DESs mixtures were heated to 80 ◦C in a water
bath until a transparent liquid was obtained and then cooled to room
temperature [26]. The DESs prepared with choline chloride or betaine
(as HBAs) and one or two HBDs with their molar ratios and code are
shown in Table 1:

Some of the DESs prepared in this study had previously been used for
protein extraction (ChCl:Oxalic acid, ChCl:1,4-butanediol:water,
ChCl:2Levulinic acid, ChCl:2Urea, ChCl:2Glycerol, and Betaine:2Urea:
Water) in other matrices like oilseed cakes, lobster shell, bamboo shoot
tips, or oats [27–31]. To the best of current knowledge, the remaining
four DESs (ChCl combinations with lactic acid and Betaine:2Lactic acid)
have not been used for protein recovery, although they have been
applied to other extraction purposes, like the recovery of genipin from
unripe Genipa americana L. [32]. To assess the correct DES formation,
FTIR spectra of the eleven DES were recorded with a Bruker Tensor 27
spectrometer using attenuated total reflection sampling method (ATR-
FTIR) and a deuterated L-alanine doped triglycine sulfate detector with a
resolution of 1 cm− 1. The four best performing DES (see below) were
further characterized by measuring their viscosities with an Anton Paar
rotational viscometer (ViscoQC 300R), and the results were compared to
published values when available (see Supplementary Material).

2.4. Optimization of the extraction procedure

The goal of the process was to maximize the protein extraction while
achieving high selectivity towards carbohydrate coextraction, as they
are the main component of Saccharina latissima. For that, firstly a
screening of eleven DESs with different properties was carried out to
make a preselection of the four best-performing DESs. After that, with
those four DESs, an experimental design was implemented to study the
effect of the solvent, the temperature and the occurrence of water in the
biomass (if fresh biomass is used without prior drying) on the extraction
of proteins from the seaweed, and to identify the optimal conditions of
the factors assayed to maximize protein recovery and protein-
carbohydrate separation. Full factorial designs were employed to eval-
uate the significant effect of the extraction parameters and their in-
teractions. The experimental designs were completely randomized, and

Table 1
Composition and coding of the tested DESs.

DES code Composition Ratio

DES 1 Choline chloride:Lactic acid 1:1
DES 2 Choline chloride:Lactic acid 1:2
DES 3 Choline chloride:Lactic acid 1:3
DES 4 Choline chloride:Oxalic acid 1:1
DES 5 Choline chloride:1,4-butanediol:Water 1:1:1
DES 6 Choline chloride:Levulinic acid 1:2
DES 7 Choline chloride:Urea 1:2
DES 8 Choline chloride:Glycerol 1:2
DES 9 Betaine:Levulinic acid 1:2
DES 10 Betaine:Urea:Water 1:2:1
DES 11 Betaine:Lactic acid 1:2
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each treatment was performed in duplicate.

2.4.1. Screening of DESs
The extractions were carried out in 50 mL Falcon flasks, in which

adequate amounts of dry biomass and DES were mixed in a 9:1 DES:
biomass ratio (w/w), as reported in other published works [33]. The
mixtures were accurately weighted in an analytical balance with pre-
cision ± 0.01 mg and vortexed for 20 to 30 s to ensure homogenization.
The samples were then placed in a thermostatic water bath (±0.1 ◦C) at
30 ◦C for 1 h. After extraction, the tubes were cooled to room temper-
ature (~22 ◦C), centrifuged 5 min at 5000 rpm and the liquid phase was
transferred to a 20 mL volumetric flask. Finally, 2 mL aliquots were
filtered using cellulose acetate filters of 0.45 µm (Minisart® NML Plus)
and stored in the dark at 4 ◦C for protein and carbohydrate
quantification.

2.4.2. Effect of temperature and added water
Based on the screening results (Section 2.4.1), the four DESs that

maximized protein extraction while minimizing carbohydrate coex-
traction were selected for further testing. The impact of different tem-
peratures and water content levels on extraction efficiency was
analyzed. The experimental setup was analogue to the one described in
Section 2.4.1 but tuning the temperature and added water levels
accordingly. For the added water content, two levels were tested: 0 %
(no water addition) and 47% of added water referred to the total mass of
suspension. While the level 0 % water represents the extraction of dry
biomass with pure DES, the 47 % level was chosen to mimic the water
concentration present in the biomass-solvent mixture when using fresh
biomass (90 g of water per 100 g of fresh biomass). These two levels
were assayed to check if the process could be applied to fresh biomass
without compromising the extraction performance of the DES. This
concentration of water allows to keep the integrity of DESs, as they are
supposed to lose their hydrogen bond structure when the water content
exceeds 50 % [34]. The FTIR spectra of the four mixtures of DES with 47
% water were also registered to check whether hydrogen bonds are still
present in the solvent systems. Regarding temperature, three levels were
examined: 20 ◦C to determine if the recovery yield decreases at room
temperature, 40 ◦C to investigate if higher temperatures enhance
extraction without compromising protein integrity, and 30 ◦C to eval-
uate the existence of quadratic effects. Control experiments were also
conducted using only water as the solvent in the same 9:1 mass ratio,
resulting in five levels for the solvent factor. Extra water was added for
47 % added water experiments.

2.5. Bead milling as a benchmarked cell disruption step

To compare DES extractions with a benchmark process, bead milling
was used. From frozen biomass, a suspension in water of 25 g L− 1 was
prepared and subjected for 5 min to a high-speed blender, UltraTurrax®,
T 50 basic (IKA – LABORTECHNIK, Germany) at 8800 rpm. After that, a
portion was introduced into a horizontal stirred mill bead mill (Dyno-
Mill Research Lab, Willy A. Bachofen AF Maschinenfabrik, Switzerland)
operated in batch recirculation mode. The equipment comprises a 79.6
mL milling chamber filled with 70 % (v/v) and Yttrium-stabilized Ø 0.3
mm beads. A sieve plate of 0.13 at the milling chamber outlet separates
the macroalgal suspension. The heat from the collisions of beads was
dissipated by an integrated cooling jacket and coil, maintaining the
temperature below 30 ◦C to prevent protein denaturation [30]. The bead
milling of the liquid suspension was carried out during 30 min at 4000
rpm. Finally, the suspension was centrifuged and the supernatant
transferred to a volumetric flask for protein and carbohydrate
determination.

2.6. Determination of proteins and carbohydrates by UV spectrometry

Established spectrophotometric methods were employed to assess

the protein and carbohydrate content of the filtered extracts. To deter-
mine protein content, the Bradford method was followed using Merck’s
96 microplate well assay protocol [35]. The total carbohydrate content
was measured using the modified phenol–sulfuric acid method adapted
to 96-microplate wells [36]. The equipment used for the absorbance
measurements was a Tecan Infinite 200 PRO microplate reader. All
measurements were made in duplicate. The two response variables
monitored were expressed as protein recovery yield (PRY) and the car-
bohydrates recovery yield (CRY), both as a dry weight percentage and
calculated using Eq. (1) and (2):

PRY =
VT ⋅ cP
m0⋅P

⋅100 (1)

CRY =
VT ⋅ cC
m0⋅C

⋅100 (2)

where m0 is the initial amount of dry biomass (in mg), VT is the total
volume of the extracted solution (in L), cP and cC are the measured
concentrations in the liquid fraction of proteins and carbohydrates,
respectively (in mg L− 1) and P and C are the mass fraction of proteins
and carbohydrates in the initial biomass, respectively.

Due to the structure and chemical properties of DESs, it is known that
they interact with some spectrophotometric methods [37,38], so they
could be a source of systematic error. Thus, the matrix effect was
assessed for the 11 DESs adding glucose (650 mg L− 1) and BSA (450 mg
L− 1) to DESs solutions (90 mg of DES per mL of solution). The relative
bias in the estimation of carbohydrate and protein content was less than
10 % for both parameters in the 11 DESs tested.

2.7. Statistical analysis

The results of the experiments were evaluated using analysis of
variance (ANOVA) to identify factors with a significant effect on the
protein and carbohydrate recovery yields. Tukey’s HSD post hoc test was
used to find the optimum levels of the factors studied. The compact letter
display (cld) methodology was used for a simple presentation of the
results of multiple comparisons [39]. Data are presented as mean ±

standard deviation (SD). Experiments were carried out in duplicate,
since a good balance between the experimental cost and the number of
residual degrees of freedom is needed to have an adequate power test.
Software R (4.3.2 version) was used to perform the statistical analysis
and generate the graphs of this work. A significance level of 5 % was
used in all statistical calculations.

2.8. Molecular size profiles of extracted proteins

The protein extracts of the experimental design described in Section
2.4.2 and Section 2.5 were analyzed by size exclusion chromatography
(SEC), using HPLC (Infinity 1290, Agilent Technologies) equipped with
an Advance Bio SEC column, 300 pore size, 2.7 µm particles (300 mm x
7.8 mm). Injection volumes of 20 µL of each sample were analyzed with
UV detection at 280 nm. The isocratic elution mode was applied using a
mobile phase composed of 0.1 M sodium phosphate, 0.1 M sodium
sulfate and 0.05 % sodium azide, with the chromatographic column
thermostatted at 30 ◦C. The apparent molecular weights of the major
protein fractions were estimated by interpolation on a calibration curve
prepared from the standard protein mix described in Section 2.2. The
concentration (g L− 1), molecular weight (kDa), and retention times
(min) of the components of the standard solution were: thyroglobulin
bovine (0.5, 670, 6.499), γ-globulins from bovine blood (1, 150, 8.333),
ovalbumin (Albumin chicken egg grade V) (1.0, 44.3, 10.282); Ribo-
nuclease A type I-A from bovine pancreas (1, 13.7, 11.493); p-amino-
benzoic acid (pABA) (0.01, 0.137, 15.250). Calibration was established
by plotting the decimal logarithm of the molecular weight (MW) of a
standard solute against the respective retention time using the same
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conditions according to a third-order polynomial model [40]. From the
chromatograms, a mass percent of the protein range was estimated with
Eq. (3) by averaging the area of the peaks of independent injections (n =

2).

RAj(%) =

∑
Aij

∑
Ai

⋅100 (3)

where RAj is the relative abundance of the protein size category j, Aij are
the SEC peaks found in the j molecular weight range, and Ai are all the
SEC peaks within the calibration range. The three protein size categories
considered in this work were: large proteins (650–100 kDa), medium
proteins (99.9–10.0 kDa), and polypeptides (9.99–0.15 kDa).

3. Results and discussion

3.1. Screening of DESs

The recovery yields of proteins (PRY) and carbohydrates (CRY) for
each DES are shown in Fig. 1.

An ANOVA of the experimental results indicated that the DES factor
was significant for both responses (p − value < 0.05). The maximum
PRY value (8.76 ± 0.05 %) was achieved using DES 10 (Betaine:2Urea:
Water), although no significant differences were detected when
compared to DES 7 (ChCl:2Urea). The minimum value of CRY (3.57 ±

0.34 %) was found with DES 9 (Betaine:2Levulinic acid), but similar
yields were achieved with DES 4 (ChCl:Oxalic acid), DES 6 (ChCl:2Le-
vulinic acid), and DES 10. If the goal was to maximize the carbohydrates
recovery, DESs based on lactic acid (DES 1, DES 2, DES 3, and DES 11)
provided the highest CRY. Attending to the data, DES 4, DES 6, DES 7,
DES 9, and DES 10 (Betaine:2Urea:Water) were the ones that showed
higher PRY than CRY. However, the PRY for DES 9 was significantly
lower than for the others (letter d versus bc, c, ab and a).

Apparently, these DESs do not have much in common. For instance,
DES 4 and DES 6 are acidic, whereas DES 7 and DES 10 are alkaline.
Notably, although only two alkaline DESs were examined, both were
identified as among the most effective DESs, despite their distinct
hydrogen bond acceptors (one comprising choline chloride and the
other incorporating betaine). Contrary to claims in other studies that
high viscosity of DES hinders mass transfer, viscosity seems not to play a
significant role in our experiments. For example, DES 4 presents a
considerably higher viscosity than DES 6 [41,42] (see Supplementary

Material), yet its performance was significantly better. DES 4 and DES 6
were chosen not due to their high PRY, which was significantly lower
than DES 7 or DES 10, but because they exhibited a lower recovery of
carbohydrates compared to the other solvents studied. Thus, DES 4, DES
6, DES 7, and DES 10 were selected to evaluate the effect of temperature
and the presence of water if fresh instead dry seaweed is used as starting
biomass.

3.2. Effect of temperature and added water

The PRY and CRY values for the different levels of solvents (DES 4,
DES 6, DES 7, DES 10, and water) at three different temperatures and
two levels of added water (no added water simulating dry biomass-DES
mixtures; 47 % water simulating fresh biomass-DES mixtures) are pre-
sented in Fig. 2a and b, respectively. An ANOVA of the results from the
experimental design (see Supplementary Material) revealed that for PRY
and CRY the three assayed factors were statistically significant
(p − value < 0.05). Regarding the interactions, in the case of PRY only
the solvent:temperature interaction was weakly significant (p − value =

0.025), while for CRY all interactions were strongly significant
(p − value < 0.001). In terms of factor and interaction contribution, for
PRY, solvent and temperature contribution to total variance accounted
for 49.0 % and 35.3 %, respectively, indicating that the influence of
added water (3.64 %), although significant, is less important.

From the mean plot results and the Tukey HSD post hoc test (Fig. 3a
and 3b), it can be concluded that DES 10 yielded the highest PRY, while
the worst solvents for protein recovery were DES 6 and pure water,
without significant differences between them, indicating that these
solvents have a similar affinity and behavior toward proteins. Con-
cerning CRY, DES 4 and DES 10 provided the lowest values, while the
highest results were achieved using DES 6. Thus, DES 10 maximized the
selectivity towards proteins, but DES 6 and water presented the opposite
behavior. For its part, the use of temperature at 40 ◦C did also account
for higher PRY compared to 30 or 20 ◦C, but higher temperatures
reduced the carbohydrates yield. In both responses, the linear effect
prevails over the quadratic effect for the temperature factor (see Fig. 3).
This indicates that for PRY higher temperatures could lead to higher
yields. However, temperatures over 40 ◦C were not assayed to prevent
protein denaturation. Finally, the 47 % of added water gave slightly
larger PRY and CRY, although its effect was much less significant than
that of temperature and DES. Due to statistically significant interactions,

Fig. 1. Effect of DESs on the recovery yield of carbohydrates (yellow) and proteins (magenta). Experimental data are shown as mean ± SD (n = 2). The letters on top
of the error bars are displayed according to the compact letter display methodology using the Tukeýs post hoc test. Means with a common letter and the same color are
not significantly different. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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to clarify the influence of added water and temperature on each solvent,
two-factor ANOVAs were computed individually for each solvent (see
Supplementary Material). The Tukey HSD post hoc test demonstrated
that there were no significant differences in PRY between the levels of
added water when looking for each solvent. However, for CRY, signifi-
cant differences were observed with no clear pattern. No significant
differences were found among the three temperatures tested with DES 4,
DES 7 and DES 10, but water and DES 6 at 40 ◦C provided significantly
higher PRY.

The maximum observed PRY of 10.6 ± 0.9 % was achieved using
DES 10 without added water at 40 ◦C. This indicates that DES 10 is more
effective in extracting proteins than the other solvents tested under the
specific conditions studied. There were no significant differences in PRY
across different temperatures and water content levels, except at 20 ◦C
with 0 % added water, which resulted in a lower protein recovery. When
compared to other solvents used, DES 10 and DES 7 (both urea-based
DES) showed the highest PRY values, indicating that an alkaline pH
favors protein extraction. Proteins are generally more soluble under
alkaline conditions, which likely explains this observation [43]. The
relatively low PRY values (below 20 %) could be attributed to the
presence of alginate in Saccharina latissima, as alginate can bind water or
DES, rendering them unavailable to dissolve proteins [44].

Regarding CRY, the lowest value of 1.29 ± 0.06 % was obtained
using DES 10 at 40 ◦C with 47 % added water (fresh biomass). This
suggests that DES 10 is selective for protein extraction under these
conditions, achieving high selectivity with an eightfold higher protein
extraction compared to carbohydrate recovery. Additionally, the pres-
ence of added water improves the DEŚs handling by reducing notably its
viscosity (see Supplementary Material). When water alone was used as
solvent, the lowest PRY values were observed (5.05 ± 0.06 %), and
water coextracted more carbohydrates than DES 4 and DES 10, but less
than DES 6 and DES 7. In view of the results, it can be concluded that
water is less selective and efficient than DES 7 and DES 10. The behavior
of CRY is more complex due to significant interaction effects, with
overall interaction contribution exceeding 73 % compared to 24 % for
all factor contributions (see Supplementary Material). Consequently, no
clear trend or set of factor levels reliably predicts its low performance.
Nevertheless, DES 6 exhibited a higher affinity for carbohydrates than
other DESs, as also observed in Section 3.1, where lactic acid-based DESs
had the highest CRY (Fig. 1). Therefore, DES 6 would be the best option
from the ones studied to recover carbohydrates.

Overall, DES 10 emerged as the most effective solvent for selective
protein extraction under the tested conditions, particularly at 40 ◦C with
47 % added water (fresh biomass). Its high selectivity and handling
benefits make it a promising choice for protein extraction from Sac-
charina latissima. In contrast, DES 6 showed a higher carbohydrate af-
finity, indicating its potential use as extracting agent for this
biomolecules.

Since no studies have been published to date dealing with protein
extraction from seaweed using DES, the results of this work were
compared to other methodologies followed so far, such as enzyme-
assisted extraction or alkaline extraction (Table 2). For example, Kul-
shreshtha et al. extracted 2.9 % protein from Codium fragile through
enzyme-assisted extraction using neutrase, and 1.4 % using osmotic
shock [45]. Regarding the study of protein extraction from Saccharina
lattisima, Trigo et al. tried other extraction methods, such as blanching
and soaking after pH-shift, achieving a maximum protein recovery yield
of 20.6± 0.1 % using pH-shift with dialysis of supernatant at pH 12 with
freeze-thawing [46]. This result is higher than the maximum obtained in
this work, but the other combinations assayed by these authors provided
comparatively lower yields, such as when using a pH shift and no freeze-
thawing (7.7± 1.8 %). Moreover, the carbohydrates were not quantified
in the work by Trigo et al., so the selectivity of the process is unknown.

In case purification is required, separation of the carbohydrates from
the proteins could be done applying different approaches, such as
membrane separation methods [48,49], capillary electrophoresis [50],
solid-phase extraction [51], or chromatographic techniques [52–54].

3.3. Size of the extracted proteins

The molecular weight of the protein/peptides extracted using the
five assayed solvents (DES 4, DES 6, DES 7, DES 10 and water) were
estimated from HPLC-SEC measurements. The relative abundance of
each size category and its variation with temperature is shown in Fig. 4a.
Samples with different levels of added water were also measured, but no
significant differences between 0 and 47 % were found.

For DES 7, DES 10 and water, the protein size distribution was not
altered when temperature increased, being the small fraction (sizes
smaller than 9.9 kDa) the most abundant. However, for DES 4 and DES 6
a larger fraction of medium and large proteins was obtained for ex-
tractions at 30 ◦C. In the case of DES 6, the 650–100 kDa fraction
accounted for the 11 %, while for DES 4 it grew to 24 %, although a

Fig. 2. Effect of solvent (x-axis), temperature (different colors), and water (different patterns) on the recovery yield of (a) proteins and (b) carbohydrates. Exper-
imental data are shown as mean ± SD (n = 2).
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noticeable protein fraction was also detected in the range of 10–99.9
(17 %). This could be explained by the fact that temperature aids in the
formation of protein aggregates, as it promotes hydrophobic in-
teractions between proteins [55]. Nonetheless, higher temperatures
might also disrupt those interactions, as results were not obtained at
40 ◦C, indicating that 30 ◦C is the optimal temperature for the conditions

tested in this work.
These results suggest that DES could affect the protein structure,

thereby reducing its size. Nonetheless, this is not in agreement with
other authors who have pointed out the potential of DESs to stabilize
proteins, and in particular Betaine:Urea-based DESs [56]. Furthermore,
Trigo et al. studied the protein size of unprocessed Saccharina latissima,
consisting of 7 % proteins larger than 670 kDa, 5 % in the range of
670–100 kDa, 3 % in 10–100 kDa, the major fraction consisted in pro-
teins within the range of 5–10 kDa [46]. Thus, with DES extraction, only
small-medium protein/peptides are being recovered because large pro-
teins were not readily available from the beginning. This is in connection
with the fact that the cell wall of brown algae is generally composed of
sulfated fucans and alginates (≈ 45 % of dw), cellulose (1–8 % of dw),
but a small portion of proteins and phenolic compounds [57]. Therefore,
if the cell wall is not disrupted, it would be difficult to obtain large
proteins, which are generally interlinked within the cell wall with car-
bohydrates or lipids, providing a rigid structure to cells [58]. However,
obtaining polypeptides from seaweed could also be a source of interest.
For instance, carnosine and glutathione, two antioxidant peptides
commonly present in animals, have also been found in seaweed [59].

Fig. 3. Mean plots for the different levels of added water, solvent, and temperature for (a) proteins and (b) carbohydrates. The letters on top of each point are
displayed according to the compact letter display methodology using Tukey’s post hoc test. Means with a common letter within the same factor are not significantly
different. The horizontal dotted line indicates the great mean of the response.

Table 2
Protein recovery yields from different macroalgae using different methods.

Seaweed Extraction methodology Protein recovery
yield / %

Reference

Codium fragile Enzyme-assisted
extraction

2.9 [45]

Osmotic shock 1.4

Saccharina
latissima

pH shift with freeze-
thawing

20.6 [46]

pH shift without freeze-
thawing

7.7

DES 10 10.6 This work
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Still, more efforts must be made to analyze the peptides and bioactive
compounds that can be derived from Saccharina latissima.

3.4. Bead milling benchmark comparison

The bead milling results were compared to those of DESs extraction
using DES 10. As bead milling was used with a maximum operating
temperature of 30 ◦C, the DES results used for comparison were those
carried out at the same temperature of 30 ◦C. Interestingly, there were
no significant differences between their PRY values at the 0.05 signifi-
cance level (10.62 vs 9.47 %). However, the carbohydrates obtained by
bead milling were almost threefold the amount recovered with the DES
(6.38 vs 2.41 %). Thus, the benchmark process exhibited a lower
selectivity for protein extraction compared to DES extraction, and even a
lower compared to the optimal conditions found with DES 10 at 40 ◦C
(1.29 % carbohydrate extraction). No studies have been conducted
regarding seaweed protein extraction using bead milling, although Fir-
dayanti et al. studied the extraction of carrageenan from Kappaphycopsis
cottonii [60]. However, the bead mill has been widely applied in
microalgae protein recocovery, proving to be efficient with respect to
not only the quantity but also the size of the recovered proteins. For
example, Mear et al. recovered between 11 and 32 % of the initial
proteins from Traselmis chui [61]. For their part, Schwenzfeier et al.
reported a protein yield of 21 % using the green microalgae Tetraselmis
sp [62]. These values are considerably larger than those obtained in the
present work, although it is worth mentioning that the goal of those
papers was to find the best conditions to bead mill the biomass. More-
over, the cell wall composition of the microalgae is different from that of
seaweed. Regarding protein sizes when using bead milling, larger pro-
tein fractions were obtained compared to the use of DES 10 (Fig. 4b),
indicating that cell disruption was more efficient when using the bead
mill, as larger proteins were released (almost half of the proteins have
sizes greater than 100 kDa). This is supported by Alavijeh et al., who

found protein sizes greater than 10 kDa when applying bead milling to
Chlorella vulgaris [20].

When contrasting the bead milling with the steps of the DES
extraction process, which are schematized in Fig. 5, the DES approach
stands out as a much simpler alternative, because even though both
processes share the first and final stages (blending and centrifugation),
the bead milling requires an additional step. Moreover, the extraction
process using DES could be further simplified by removing step A.2,
when freshly collected biomass is directly extracted. In addition,
reducing the particle size using Ultra-Turrax is needed, and the bead
milling itself is more energy-consuming than simply using DESs, as the
biomass could be sun-dried without additional energetic costs [21].
Thus, the DES extraction methodology using freeze-dried biomass can
provide similar protein recovery yields while reducing the carbohy-
drates extracted, although the protein size is compromised. These
findings suggest that an interesting approach could be to use the bead
mill with an aqueous DES solution. This could have a cooperative effect
on the protein extraction process and could allow not only to obtain
higher protein recovery yields than the ones found in this work, but also
with a larger portion of medium and large proteins while maintaining
the selectivity of the process. Other alternatives for future work could be
studying the DES extraction under alkaline conditions (for example,
adding NaOH), as well as combining it with bead milling. Finally, since
this work has utilized freeze-dried biomass, it would be advisable to
verify whether similar results are obtained using sun-dried biomass as
well as directly employing fresh biomass, to reduce the energy con-
sumption associated to the drying step.

4. Conclusions

DES extraction was explored to recover proteins from lyophilized
biomass of Saccharina latissima. Different DESs, temperatures, and added
water levels were investigated to evaluate their influence on selective

Fig. 4. Relative abundance of proteins in liquid extracts according to their apparent molecular weight range for (a) the extracts with the five solvents assayed in the
optimization design at the three temperatures tested, and (b) bead milling versus DES 10 (at 30 ◦C). The three molecular size intervals are indicated by different
colors, while the different temperature values have distinct patterns.
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and efficient protein recovery. DES 10 (Betaine:2Urea:Water) at 40 ◦C
yielded the highest protein recovery (10.6 %) with minimal carbohy-
drate coextraction (1.29 %). Added water factor was not significant.
Compared to bead milling procedure, extraction with DES reduced
protein sizes and improved selectivity, while the protein recovery yields
were comparable. Therefore, the DES extraction method offers potential
for selective protein recovery under mild conditions, minimizing energy
consumption, and avoiding toxic chemicals. Future research should
explore combining DES with bead milling to improve yield and protein
sizes.
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