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An integrated response surface methodology (RSM) approach for optimizing subcritical water extraction (SWE)
of biopolymers and bioactive compounds from Laminaria hyperborea side-streams has been comprehensively
developed. Temperature (110-140 °C), solid-to-liquid ratio (1:20-1:35 g:mL), and time (10-20 min) were
evaluated on four key responses: yield, soluble protein, phenolic content, and molar mass. Temperature emerged
as the most influential factor followed by extraction time and quadratic temperature effects. Building upon these
findings, a multi-response optimization identified the targeted optimal conditions, achieving a desirability score
of 0.802 under 130.2 °C, 1:28.5 g:ml, and 15.9 min. These conditions recovered up to 22% of the original
biomass as an extract rich in fucose and uronic acids, indicative of fucoidan and alginate enrichment. Com-
plementary downstream strategies demonstrated non-cytotoxicity, antioxidant and anti-inflammatory capacities
in HaCaT keratinocytes. Findings encourage SWE adoption as a green technology in sustainable algal biorefinery

and circular bioeconomy implementation.

1. Introduction

Constant and growing exploitation of natural resources on our planet
leads to the imperative need to make all possible efforts in the transition
towards circular bioeconomy systems (Gottinger et al., 2020; Schipfer
et al., 2024). In this way, society must seek greener alternatives, aim-
ing to provide solutions by efficiently upcycling biomass and side-
streams into valuable products, ranging from biofuels, materials, and
even bioactive compounds. These approaches reduce reliance on fossil-
based resources, while minimizing undervalorized side-stream genera-
tion, all supporting sustainable development (Ait-Kaddour et al., 2024;
Espro et al., 2021; Liu et al., 2023).

Brown algae (Phaeophyceae) are widely available marine biomasses
that have acquired significant attention due to their rich composition of
structural polysaccharides as well as bioactive compounds to be used as
functional and bioactive constituents in the food, pharmaceutical, and
cosmetic sectors (Blunden, 1993; Li et al., 2021; Remya et al., 2022). The
relatively low economic resources and human efforts regarding the
cultivation of some of these biomasses present significant appeal as
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sustainable feedstocks (Eger et al., 2023; Smale et al., 2020; Stacey et al.,
2021).

Laminaria hyperborea is one of the main brown seaweeds exploited in
Europe for alginate extraction, with estimations of around 200.000 tons
per year, yielding approximately up to 6000 tons of alginates (Greenhill
et al., 2021; Harmsen, 2014). The side-streams generated during the
industrial processing activities of brown algae can entail from 25 to 80%
of the original biomass, depending on extraction yield and process ef-
ficiency (Cebrian-Lloret et al., 2022; Savi¢ Gaji¢ et al., 2024; Wekre
et al., 2023).

In the case of L. hyperborea, the residual fractions derived from
alginate extractions are rich in structural polysaccharides and other
valuable metabolites such as mannitol, laminarin and fucoidans
(Bojorges et al., 2022; Carvalho et al., 2023). Currently, this fraction
remains largely undervalued despite being rich in valuable compounds
which represents both an environmental burden but also a lost oppor-
tunity for circular-based and high-value valorization applications.

Although traditional extraction methods (e.g., acid, alkaline, or
enzymatic treatments) have been applied to algae residues, they often
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involve high chemical usage, limited selectivity and the potential loss of
original structure and function of the targeted compounds (Bojorges
et al.,, 2022; Cebrian-Lloret et al., 2022; Moloeznik Paniagua et al.,
2024). Due to the intrinsic recalcitrant characteristics of these side-
streams, improved extraction techniques need to be explored. In this
sense, subcritical water extraction (SWE) is a promising technology to
address this issue. This technique uses water in liquid state as a solvent
at above 100 °C to solubilize valuable compounds, reducing the need for
traditional solvents, ensuring easier downstream processes for the
development of the targeted products. The unique properties of water in
this subcritical state, including its lower polarity while enhanced
diffusion coefficient, may selectively extract bioactive components from
agrifood products like polysaccharides, proteins or other functional
compounds (Ali et al., 2025; Cheng et al., 2021a; Costa et al., 2023;
Majeed et al., 2024; Mohd Thani et al., 2020; Zhu et al., 2011). In
addition, and narrowing to the algae side-stream topic, this technique
has shown recent promising results on red algae side-streams (Trigueros
et al., 2024, 2023), yet, the application of SWE to brown algae side-
streams remains largely unexplored.

As aresult of this under exploitation, systematic optimization of SWE
conditions for these underutilized biomasses is scarce, and the available
literature lacks integrated experimental designs to understand the
behavior of these technique characteristics regarding compounds re-
covery and integrity. As such, there is a clear knowledge gap in how to
effectively tailor SWE processes for algae side-stream valorization.
Addressing this requires exploratory but methodically robust ap-
proaches that pave the way for future research and scale-up efforts.

In this context, the present study applies RSM as an optimization and
modeling tool to refine SWE conditions for brown algae side-streams. By
systematically evaluating the interactions between multiple variables
and subsequently fine-tuning the process parameters, the identification
of optimal conditions that enhance yield and purity of the targeted
compounds are uncovered (Leyva-Jiménez et al., 2022; Myers et al.,
2016b; Weremfo et al., 2023). To our knowledge, this is the first study
integrating RSM to optimize SWE for brown algal industrial residues,
aiming to provide quantitative insight into the behavior of this green
technology. The optimized and downstream-processed extracts further
revealed notable antioxidant, biocompatible and anti-inflammatory
properties, underscoring their potential for value-added applications.
This approach supports the circular bioeconomy by promoting waste
minimization and the generation of diversified bio-based materials with
potential applications in food, pharmaceutical, and cosmetic sectors.

2. Material and methods
2.1. Sample material and treatment

Laminaria hyperborea side-streams were kindly provided by Alginor
ASA (Hagaesund, Norway), which were derived from the industrial
extraction of fucoidan and alginate. The original algae material was
harvested in Haugesund, Norway. The side-stream produced were kept
under refrigeration (88.4 + 1.2% of water content) and then freeze-
dried for 72 h in a Labonco Freezone 6 (Labonco Corporation, Mis-
souri, USA) at —48 °C condenser temperature until this water content
was reduced to 8.6 + 0.5%. The sample was milled using an IKA Mul-
tidrive (IKA-Werke GmbH & Co. KG, Satufen, Germany) and sieved
trough a 2 mm mesh obtaining a homogeneous powder that was stored
in a hermetically sealed at room temperature until extraction and
analysis.

2.2. RSM-based optimization of SWE

The subcritical extractions from L. hyperborea side streams were
performed in an Accelerated Solvent Extractor (Thermo Scientific™
EXTREVA™ ASE™, Thermo Fisher Scientific, Sunnyvale, CA, USA). The
freeze-dried algal side stream material (0.5 g) was introduced into a
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stainless-steel cell (10 mL) with both top and bottom cellulose filters and
submitted to the extraction process. The physicochemical conditions of
the extractions were described in the following paragraphs: a two-step
optimization approach was considered as follows: a first stage to
determine the temperature working range based on the estimation of the
polymerization degree. The second step was performed by RSM to es-
timate the best combination of temperature, solvent ratio, and extrac-
tion time for the responses considered.

2.2.1. Temperature working range

In this case, 13 extracts coming from extraction temperatures
ranging from 80° to 200 °C with ten degrees of difference between the
extractions were obtained. MilliQ H,O was used as solvent, and N5 as
pressurizer gas. Solid-to-Liquid ratio (SLR; dry matter biomass grams to
solvent milliliters), extraction time (time) and pressure (P) remained
static for all the extractions, being SLR = 1:28, t = 15 min and P = 2000
psi. The extractions were performed in duplicate and the extracts were
freeze-dried and stored in refrigeration conditions, hermetically sealed
and protected from light until characterization.

2.2.2. Extraction optimization by a RSM approach

The extraction conditions were determined by means of an RSM
based on a Central Composite Design 2% model with a star and four
central points (Table 1). The set ranges for the operational variables
were selected based on literature, previous experiences of similar
extraction procedures, preliminary screening tests, and operational
limitations of the equipment (Alboofetileh et al., 2019; Cheng et al.,
2021; Costa et al., 2023; Saravana et al., 2018; Trigueros et al., 2024).
In this sense, the selected conditions for the response surface method-
ology were the following: temperature, 110 to 140 °C; SLR, 1:20-1:35
(g:ml) and time, 10-20 min. The response variables studied were total
yield, expressed as percentage of recovered freeze-dried extract relative
to the dry weight of the original algal side-stream material (w/w %),
soluble protein expressed as milligrams of protein per gram of dry
extract on a dry matter basis (mg/gpm), Total phenolic content
expressed as milligrams of gallic acid equivalents per gram of dry extract
on a dry matter basis (mg GAE/gpy), and molar mass reported as
weight-average molar mass (Mw) in kilodaltons (kDa). The rest of the
operational parameters, such as the number of static extraction cycles: 1;
pressure: 2000 psi; pressurizer gas: nitrogen and purging time: 90 s;
remained constant for all the extractions. A total of 18 runs including 4
center and star points were proposed to evaluate the effects of the three
aforementioned factors (independent variables). The order of the ex-
periments has been fully randomized, sheltering versus the impact of
potential lurking variables. Statgraphics centurion version 19 (Statpoint
Technologies, Warrenton, VA, USA) was used to create and analyze the
model proposed. The o values were determined according to the four
center points of the design. A quadratic polynomial model used in the
response surface analysis was fitted for each response using Eq. (1):

k k Kk
Y=+ Z X + Zaiixiz + Z Z ;i XiX; @
i1

i1 =1 j=itl

where Y represents the predicted response; ag is the constant coefficient
fixing the response at the central point of the experiments (intercept); «;,
aj;and o are the regression coefficients of the model representing linear,
quadratic, and interaction terms, respectively; X; and X; represent the
independent variable functions, and k corresponds to the number of
variables (k = 3). The statistical parameters used to evaluate the ade-
quacy of the model, and the adjustment of data collected, were the co-
efficient of determination (Rz), lack-of-fit test, and coefficient of
variation (CV).
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Table 1
Independent factors defining the experimental conditions of the Central Composite Design 2% and their corresponding response values.
Experimental Temperature SLR (g: Time Total yield (w/w Soluble protein material (mg/ Total phenolic content (mggag/ Molar mass
run g9 ml) (min) %) gom) gom) (kDa)
1 103 27.5 15 18.52 1.07 1.38 130.10
2 110 35 20 19.26 2.18 1.39 97.50
3 110 20 20 18.16 2.25 1.52 74.10
4 110 20 10 16.14 1.08 1.29 79.10
5 110 35 10 17.9 2.30 1.20 103.70
6 125 17 15 19.4 2.49 1.92 78.90
7 125 27.5 8 18.24 1.44 1.47 113.50
8 125 27.5 15 20.14 2.50 2.06 131.20
9 125 27.5 15 19.66 2.60 1.77 134.00
10 125 27.5 15 20.54 2.42 1.89 147.00
11 125 27.5 15 20.08 1.24 1.91 134.00
12 125 27.5 22 21.46 3.62 2.25 87.10
13 125 38.5 15 20.66 1.56 1.75 98.70
14 140 35 10 23.2 3.91 2.22 71.40
15 140 35 20 26.46 3.23 2.70 70.40
16 140 20 10 19.6 3.22 2.11 72.20
17 140 20 20 26.84 2.95 2.81 70.50
18 146 27.5 15 28.72 4.20 2.86 67.00

Experimental runs were originally performed in randomized order to minimize bias, as required by Response Surface Methodology. However, they are presented sorted

by ascending temperature for clarity of interpretation.
Molar mass expressed as weight-average molar mass (mw) in kilodaltons (kDa).

2.3. Compositional and structural characterization

2.3.1. Depolymerization estimation by dinitrosalicylic acid assay

The dinitrosalicylic acid (DNS) assay, based on Wood et al. (2012)
was used to estimate the concentration of reducing sugars in the
extracted material. In a 96 well-plate, 10 pl of sample or standard was
mixed with 190 DNS pl reagent in each well. The plate was sealed with
adhesive tape and heated in a Bio-Rad T100™ Thermal Cycle (Bio-Rad,
Segrate, Italy) thermocycler (ensuring 100 °C for 1 min and 25 °C for 30
s). Reading was performed in a microplate reader at 540 nm after 20s of
1000 rpm stirring. The results were obtained by interpolating the ab-
sorbances of the samples with the fucose calibration curve and were
expressed as g/L of fucose equivalents.

2.3.2. Extraction yield

The original side-stream sample and the derived aqueous extracts
were freeze-dried. The samples were first frozen at —80 °C and then
introduced into the freeze-dryer vacuum chamber until the pressure
reached stable values around 40 x 10~° mbar. The room temperature
and condenser temperature were 25 °C and —48 °C, respectively. The
process was considered finished when the weight of the samples showed
less than 0.001 g of difference with respect to the previous measure.
Extraction yield was calculated as the ratio between the mass of the
recovered freeze-dried extract and the mass of the original dry algal side-
stream material.

2.3.3. Soluble protein material

Quantification of soluble proteins was performed using and adapted
version of the well-documented Bradford assay (Bradford, 1976). Bovine
serum albumin (BSA, fraction V, Sigma-Aldrich, SE) was used as stan-
dard to prepare a calibration curve (50-250 pg/mL). Extracts were
dispersed with Milli-Q water, followed by continuous rotary mixing at
30 °C, 800 rpm, for 30 min, to ensure adequate dispersion of the soluble
protein. Once added Bradford reagent, absorbance was measured at 595
nm using a FLUOstar Omega microplate reader (BMG Labtech, Orten-
berg, Germany). Protein content was calculated by interpolation on the
BSA curve and expressed as mg/gpy extract.

2.3.4. Total phenolic content

The total phenolic content was estimated by the Folin—Ciocalteu
method (Johnson et al., 2022; Singleton et al., 1999). Gallic acid (GA;
Sigma-Aldrich, SE) was used as the standard for the preparation of the

calibration curve (0.5-200 pg/mL). Once completed the reagents addi-
tion step, absorbance was measured at 750 nm using FLUOstar Omega
microplate reader, and the total phenolic concentration was determined
by interpolation on the GA calibration curve, expressing the result as
mgGAE/gpm extract.

2.3.5. Molar mass determination

Size exclusion chromatography combined with multi-angle light
scattering (SEC-MALS) was employed to determine the molar mass (Mn
and Mw) and dispersity (PM) of the samples. An aqueous solvent with
20 mM of NaNOg and 0.002% w/w NaNs was used as a mobile phase.
The eluent was filtered (0.22 pm MCE membrane filters, MF-Milli-
pore™, Merk) and degassed through sonication prior use. The freeze-
dried samples were dispersed in the eluent at a concentration of 1
mg/ml and left stirring overnight. The samples were filtered through a
syringe filter (Acrodisc 13 mm minispike with 0.45 pm water-wettable
PTFE) and injected in a TSKgel GMPWXL 7.8 x 300 mm column with
a particle size of 13 pm. The flow rate used was 0.5 mL/min and the total
injection volume was 100 pL.

The HPLC system consists of a degasser (1260 Infinity II Degasser,
Agilent), a pump system (1260 Infinity II Quaternary Pump, Agilent),
and an autoinjector (1260 Infinity II Vialsampler, Agilent,). Inline filter
(Millipore VM 0.05 pm filter) and a ITSKgel guard column PWXL 6.0 x
40 mm with a particle size of 12 pm were placed before the column. The
detectors used for the analysis were: a DAWN HELEOS-II multiangle
laser light scattering detector and an Optilab rEX refractive index de-
tector. The data was analyzed using the ASTRA software (version 7.3.2).
Three replicates per sample were run at a temperature of 50 °C. The dn/
dc used was 0.1550 for all the samples.

2.3.6. Monosaccharide composition by High-Performance Anion-Exchange
Chromatography with Pulsed Amperometric Detection (HPAEC-PAD)
analysis

The carbohydrate composition of the samples was determined after
acidic methanolysis and sulfuric acid hydrolysis (Martinez-Abad et al.,
2020). The monosaccharides resulting from the hydrolysis were
analyzed using HPAEC-PAD with an ICS-6000 equipment (Dionex)
equipped with a CarboPac™ PA20 Guard (3 x 30 mm) and an Analytical
column (3 x 150 mm). The analytical method conditions were adapted
from Thermo Fisher Scientific Application Note 1091 by Basumallick
and Rohrer. Analytical standards of fucose, rhamnose, galactose,
glucose, xylose, mannose, galacturonic acid, and glucuronic acid
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(Sigma-Aldrich, SE) were used for detection and calibration curves
(Supplementary material). The cellulose content was estimated by
subtracting the glucose obtained by methanolysis from the total glucose
content arising from sulfuric hydrolysis (Biermann, 1988).

2.4. Downstream processing

For the dialysis-based methods, a 50 kDa cut-off membrane (Spec-
trum™ Spectra/Por™ 6, purchased from Fisher Scientific) and ethyl-
enediaminetetraacetic acid (EDTA) was added to chelate multivalent
cations present in the sample. For the ethanol precipitation process,
equal volumes of cold (—18 °C) 90% ethanol were added to the extract,
followed by 5 min centrifugation at 8000 rpm at 4 °C. This step was
repeated three times to maximize carbohydrate precipitation. All treated
samples were freeze-dried and weighed to calculate yields relative to the
original extract.

2.5. Bioactive capacities
2.5.1. Antioxidant capacity

2.5.1.1. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay. DPPH methodol-
ogy was adapted from Sandoval-Gallardo et al. (2020) 0.15 mM DPPH
solution in methanol and Trolox standards (20-300 pM) were used to
generate a calibration curve (Sigma-Aldrich, NO). Extracts were mixed
with the DPPH solution at a 1:9 sample-to-reagent ratio and incubated
for 30 min in the dark at room temperature. Absorbance was measured
at 540 nm using a Synergy HTX S1LFA microplate reader (BioTek In-
struments, USA). The radical scavenging activity was expressed as
Trolox Equivalents per dry matter content of each sample.

2.5.1.2. 2,2-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
assay. The ABTS radical cation decolorization assay was performed
following (Re et al., 1999) with minor modifications. The ABTS radical
was generated by reacting 7 mM ABTS salt with 2.44 mM potassium
persulfate (Sigma-Aldrich, NO) in 0.01 M phosphate-buffered saline
(PBS) and kept in the dark for 16-24 h. The radical solution was diluted
in PBS to an absorbance of 0.70 + 0.03 at 734 nm. Trolox (Sigma-
Aldrich, NO) standards (20-300 pM) were used for calibration. Extracts
were mixed with the ABTS solution at a 1:19 sample-to-reagent ratio and
incubated for 30 min in the dark. Absorbance was measured at 734 nm
using a Synergy HTX S1LFA microplate reader, and the results were
expressed as Trolox Equivalents (TE) per dry matter (DM).

2.5.1.3. Oxygen radical antioxidant capacity (ORAC) assay. ORAC assay
was performed following a BioTek Instruments, Inc. Application Note by
Brescia (2021). The reaction used Trolox® standards (3.125-50 pM),
sodium fluorescein (SoF, 0.04 uM), and 2,2"-azobis(2-amidinopropane)
dihydrochloride (AAPH (100 mM) (all Sigma-Aldrich). Samples and
standards were mixed with SoF (1:6 ratio), incubated 30 min at 37 °C,
and initiated with AAPH. Fluorescence (Ex 485 nm, Em 528 nm) was
monitored every minute for 60 min using a Synergy HTX S1LFA reader.
Antioxidant activity was expressed as Trolox Equivalents per dry matter
from the area under the curve.

2.5.2. Biocompatibility & anti-inflammatory potential

The cell-promoting bioactivity of the extracts was evaluated using
HaCaT human keratinocytes, a widely accepted model of the epidermal
barrier for studying cytotoxicity and inflammation-related responses in
pharmaceutical and cosmetic applications. Cells were cultured in RPMI-
1640 medium (Gibco, USA) supplemented with 10% (v/v) fetal bovine
serum (FBS), 1% (v/v) penicillin-streptomycin, 100 mM sodium pyru-
vate, L-glutamine, and glucose, and maintained at 37 °C in a humidified
incubator with 5% CO.. For stimulation, 1 x 10* cells/well were seeded
in 96-well plates containing 100 pL complete medium. After 24 h, the

Bioresource Technology Reports 35 (2026) 102928

medium was replaced, and the cells were pre-treated for 24 h with the
algal extracts at 800, 400, 200, or 50 ppm, followed by stimulation with
TNF-a (10 ng/mL) and IFN-y (10 ng/mL) (PeproTech EC Ltd., UK) for
another 24 h. Supernatants were collected and stored at —20 °C for
cytokine analysis. Cell viability was assessed using the PrestoBlue Cell
Viability Reagent (Thermo Fisher Scientific, USA) and the results were
expressed as a percentage of untreated HaCaT cells. The interleukin-6
(IL-6) concentration in conditioned media was quantified by ELISA kit
(Thermo Fisher Scientific, USA). Briefly, plates were coated overnight
with capture antibodies, washed with PBS + 0.05% Tween-20, blocked
with 1% BSA in PBS, and incubated with standards and samples in
duplicate. After sequential addition of streptavidin-HRP, substrate, and
2 N H2SOu4 stop solution, absorbance was read at 450 nm using a Synergy
HTX S1LFA reader (BioTek Instruments, Agilent, USA).

3. Results and discussion
3.1. Temperature selection range

With the objective of extracting the highest quantity of biopolymers
as less depolymerized as possible, a preliminary screening was con-
ducted to identify the adequate working temperature range.
L. hyperborea is well known as a source of fucoidans and alginate,
beyond others. However, at atmosphere pressure, temperatures
exceeding 120 °C can promote significant hydrolysis, leading to the
potential loss of their biological activities (Alvarez-Vinas et al., 2020;
Kopplin et al., 2018). The degree of hydrolysis was estimated by quan-
tification of reducing sugars using the DNS assay (expressed as fucose
equivalents). Since alginate degradation products are non-reducing and
undetectable by this method, SEC-MALS-RI analysis was additionally
performed to determine the average molar mass of the biopolymers or
the extracts.

The tested extraction temperature range (80-200° C) revealed sig-
nificant differences in the degree of biopolymer hydrolysis (Fig. 1a). The
total extraction yield increased linearly when rising extraction temper-
ature, with the highest extraction yields at 190 °C (supplementary ma-
terial), following the trends observed in other species of raw brown
algae (Getachew et al., 2022). However, the highest temperatures
exhibited the highest concentrations (180-200 °C) of reducing sugars
equivalents (82.97-95.86 mg/mL), indicating substantial depolymer-
ization of the extracted polysaccharides containing reducing ends.
Conversely, temperatures below 140 °C showed lower reducing sugar
concentrations (29.37-49.94 mg/mL). Molar mass distribution data
(Fig. 1b) support these trends, showing that both number-average (Mn)
and weight-average (Mw) molar mass reach their peak values at 130 °C.
At lower temperatures (<110 °C), although hydrolysis seems controlled,
the molar mass remains moderate (Mn ~ 70 kDa; Mw ~ 80 kDa),
potentially indicating incomplete solubilization of the polymers from in
the biomass. To achieve the goal of maximizing biopolymer recovery
while maintaining under control depolymerization events due to ther-
mal hydrolysis, the working temperature range identified as optimal was
110-140 °C. Studies in similar algae material also determined that
temperatures around 130 °C are found to be the optimal ones when
targeting algae biopolymer extractions (Saravana et al., 2018).

3.2. RSM analysis of SWE extraction conditions

3.2.1. Model fitting

The experimental results from the SWE trials are summarized in
Table 1, serving as an overview of how the responses results varied
across the tested variables. In addition, Table 2 presents the statistical
evaluation of the fitted quadratic models, including the regression co-
efficients, p-values, and ANOVA results for the main effects but also the
interactions among the extraction variables. To assess the model's suit-
ability, the R? was utilized as the primary indicator. The R? measures the
model's effectiveness in predicting the behavior of the response variable.
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Fig. 1. Effect of extraction temperature on fucose release and molecular weight of the extracts. (a) Reducing sugar content expressed as fucose equivalents (g/L)
across a temperature gradient from 80 °C to 200 °C, estimated using the DNS assay. Different letters denote significant differences based on Student-Newman-Keuls
post hoc analysis (p < 0.05). (b) Number-average (Mn) and weight-average (Mw) molecular weights (kDa) of the extracted polysaccharides, showing a peak at 130 °C
before declining due to thermal depolymerization. Data are shown as mean + SD (n = 3).

Table 2
Multiple linear regression and ANOVA results of the parameters and interactions of the analyzed responses, from the SWE of Laminaria hyperborea side-stream.
Parameters & Total yield Soluble protein material Total phenolic content Molar mass
interactions R R
Mean F-ratio P-value Mean F- P-value Mean F-ratio P-value Mean F- P-value
square square ratio square square ratio
Temperature (A) 127.1730 980.51 0.0001*  8.2010 20.04 0.0208 % 3.5708 264.60 0.0005% 2110.3700 41.98 0.0075%
SLR (B) 5.1618 39.80 0.0080%  0.0569 0.14 0.7340 0.0183 1.36 0.3279 469.6340 9.34 0.0552
Time (C) 28.3170 218.33 0.0007%  0.8465 2.07 0.2459 0.6039 44.75 0.0068 218.7510 4.35 0.1283
AA 18.2070 140.38 0.0013*  0.5826 1.42 0.3185 0.0668 4.95 0.1125 2425.0500 48.23 0.0061°
AB 0.0162 0.12 0.7472 0.0038 0.01 0.9290 0.0070 0.52 0.5232 298.9010 5.95 0.0926
AC 6.3368 48.86 0.0060*  0.4955 1.21 0.3515 0.0700 5.19 0.1072 9.0313 0.18 0.7002
BB 0.6808 5.25 0.1059 0.0095 0.02 0.8885 0.0218 1.62 0.2931 4020.1600 79.96 0.0030 *
BC 2.6912 20.75 0.0198 0.3608 0.88 0.4170 0.0088 0.65 0.4793 0.0313 0.00 0.9817
CC 1.1332 8.74 0.0597 0.3797 0.93 0.4064 0.0120 0.89 0.4156 2187.4000 43.51 0.0071%

R-squared = 97.5829%
Standard Error of Est. = 0.3601
Mean absolute error = 0.4086
Lack of fit = 4.3093 (p-val =
0.0750)

Highest CV < 3.69

Lack of fit =
0.3916)
Highest CV < 38.37

R-squared = 71.766%

Standard Error of Est. = 0.73333
Mean absolute error = 0.4083
3.0744 (p-val =

R-squared = 98.4421%
Standard Error of Est. = 0.0931
Mean absolute error = 0.0454
Lack of fit = 0.0288 (p-val =
0.8099)

Highest CV < 5.50

R-squared = 93.3629%
Standard Error of Est. = 7.0906
Mean absolute error = 5.50853
Lack of fit = 689.6030 (p-val =
0.2178)

Highest CV < 14.15

Parameters and interactions marked with superscript 2 are statistically significant at the p < 0.01 level for Total Yield, Total Phenolic Content and Molar mass and p <

0.05 for Soluble Protein Material.

Coefficients of Variation (CV) full dataset can be found in the Supplementary Material.

Molar mass expressed as weight-average molar mass (mw) in kilodaltons (kDa).

A strong correlation was observed for this parameter in the case of the
response variables analyzed using the experimental model. Addition-
ally, the CV was considered, where a value below 10% is known to be
regarded as an acceptable and reproducible system (Liyanapathirana
and Shahidi, 2005). The lack-of-fit metric highlights the alignment be-
tween the central composite design (CCD) and the response variables:
how well the model fits the experimental data by comparing the vari-
ability of the residuals to the pure error from replicated data. In addi-
tion, multiple linear regression (MLR) was employed to develop
regression equations and generate response surface plots (Fig. 2) which

visually illustrate the behavior of the variables on each studied response
(Myers et al., 2016a).

3.2.2. Analysis of the studied model responses

3.2.2.1. Total yield. The yields obtained ranged from 16.14 to 28.72%
and the variable temperature (A) was the factor exhibiting the most
significative impact regarding this response, as shown by its high sig-
nificant p-value (p < 0.0001) and large F-ratio (980.51) (Table 2). This
means that SWE can recover almost one-third of the original side-stream
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Fig. 2. Response surface plots for individual responses at fixed levels of each variable. Three-dimensional response surface plots showing the effects of temperature,
time, and solid-to-liquid ratio (SLR) on: total yield (w/w %), soluble protein material (mg/gDM), total phenolic content (mgGAE/gDM), and particle size (kDa). Each
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gradients indicate predicted values based on RSM models.
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material, depending on temperature used for extraction. This response
shows the linear role of temperature in enhancing extractability, thus
the recovery of algae compounds. These values align with results from
other agricultural side-streams (Cheng et al., 2021; Getachew et al.,
2022; Yilmaz-Turan et al., 2023). Regarding the model performance
and reliability, the statistical analysis results indicate that the studied
model can effectively explain the variability of the total yield, as proven
by both R? and adjusted R? values of 97.57% and 94.83%, respectively.
It can confirm that for the total yield, this model is robust and accounts
for nearly all the observed variation in this response, observing minimal
overfitting (as can be seen in the low differences found with the adjusted
R?). Furthermore, the lack-of-fit test was non-significant (p = 0.075), the
highest CV derived from the predicted and the experimental runs was
3.69%. In addition, the low values displayed by both the mean absolute
error (0.4086) and standard error of estimate (0.3601) support the
model's overall reliability. The predicted R? of 79.42%, though lower,
shows that the model maintains a good predictive capability, indicating
its utility for practical applications (Myers et al., 2016b). Time (C) was
also a significant factor (p < 0.001) but SLR (B) though significant,
presents a weaker impact on the yield response, potentially due to
enhanced diffusion of the targeted compounds at higher SLR. In addi-
tion, the quadratic effect of temperature (AA, p < 0.05) suggests that the
yield response cannot be considered linear as a plateau can be observed
at intermediate temperatures. Interactions between the rest of the fac-
tors were less impactful in general terms, but the interaction between
temperature and time (AC) was significant (p < 0.05), indicating a
synergistic relationship that should be carefully considered. Fitting
experimental data to a reduced model while keeping only the significant
factors provided the following model equation (Eq. (2)):

Yield = 100.774 — 1.648A + 0.551B — 0.297C + 0.007AA + 0.0119AC
(2)

3.2.2.2. Soluble protein material. The soluble protein material content
among the runs accounted from 1.07 to 4.20 mg/gpy confirming the low
protein abundance in the starting material. The model explains a mod-
erate portion of the observed variability, with an R? and adjusted R?
values of 71.77% and 40.0% respectively. In addition, the rest of the
statistical parameters indicate moderate predictive reliability and
robustness of studied model.

Among the evaluated factors, temperature (A) was the only statisti-
cally significant variable (p = 0.0208). Overall, soluble protein recovery
had low responsiveness to the tested SWE parameters, which may reflect
a low initial protein content of the side-stream and the potential influ-
ence of factors not captured within the proposed model. Due to this,
soluble protein material was not considered a key response variable in
subsequent analyses.

3.2.2.3. Total phenolic content (TPC). The total phenolic content ob-
tained from the experimental run varied from 1.68 to 3.19 mggar/gpm
extract. The statistical analysis for TPC indicates a highly reliable model,
as evidenced by the R? of 98.44% and an adjusted R? of 96.69%. These
values demonstrate that the model is highly robust, accounting for
nearly all of the observed variation with minimal overfitting. Addi-
tionally, the lack-of-fit test was non-significant (p = 0.8099), and the CV
was low at 5.49%, which further supports the model's consistency. The
mean absolute error (0.0454) and standard error of estimate (0.0931)
were also low, reinforcing the model's overall reliability.

When analyzing the effect of individual factors, temperature (A) was
by far the most influential, as demonstrated by its highly significant p-
value (0.0005) and time (C) also had a statistically significant impact,
though it was less pronounced. For the rest of the studied factors, SLR (B)
and all interaction and quadratic terms, those were statistically non-
significant. These results support a predominantly linear trend in
phenolic content variation (Fig. 2), where increased temperature and
prolonged extraction time favor compound release and/or formation
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(Getachew et al., 2022; Ko et al., 2020; Plaza et al., 2010a, 2010b; Yu
et al., 2014). Fitting the experimental data to a reduced model while
retaining only the significant variables resulted in the following pre-
dictive equation (Eq. (3)):

TPC = 5.007 —0.091A — 0.04C 3)

3.2.2.4. Molar mass. The average molar mass distribution ranged from
50 to 90 kDa. Statistical results show that the model can reliably explain
the variation in molar mass, as evidenced by a high R of 93.36% and an
adjusted R? of 85.90%. The lack-of-fit test was non-significant (p =
0.2178) and the highest coefficient of variation accounted for an
acceptable 14.15% confirming that the model adequately describes the
experimental data.

In terms of the effects of individual factors, temperature (A) was
again statistically significant (p = 0.0075), confirming its leading role in
driving molar mass variation. Additionally, the quadratic effects of
temperature (AA), SLR (BB) and time (CC) were all significant, sug-
gesting that molar mass does not respond linearly to the variables range,
instead, it showcases an optimum region rather than a simple increase or
decrease across the tested range. These results reflect the interplay be-
tween thermal and mass transfer effects on the extracted particles: in-
termediate extraction conditions favored the recovery of larger
macromolecules (optimal region), whereas conditions at the lower end
tended to yield lower molar masses due to incomplete extraction, and
conditions at the higher end promoted degradation and consequently
reduced molar mass (Shao et al., 2011; Yang et al., 2013) as illustrated in
Fig. 2. Therefore, for this response, fitting the experimental data to a
reduced model while retaining only the significant terms provided the
following equation (Eq. (4)):

Molar mass = —1588.5 +19.743A + 0.0774AA — 0.404BB — 0.661CC
4

3.2.3. Multiple response optimization

To identify the optimal SWE conditions that simultaneously balance
all target responses, a multiple response optimization was performed
using a desirability-based approach based on the process objectives and
statistical significance, thanks to the previously analyzed parameters
that demonstrated robustness, reliability, and low residual error across
the individual models (Myers et al., 2016a). In this sense, the optimi-
zation aimed to maximize total yield, total phenolic content, and molar
mass (impact value = 3), while minimizing soluble protein material
(impact value = 1), in line with the process objectives and the reliability
of the individual model responses. Among these, molar mass carried the
highest weighting (1.0), followed by yield (0.5), and the remaining re-
sponses (0.1 each).

The optimal process conditions were identified as follows: temper-
ature = 130 °C, SLR = 1:28.55 g:ml, and extraction time = 15.88 min,
achieving a desirability score of 0.802. This score reflects how the
selected conditions satisfy all response goals simultaneously on a scale
from O (completely undesirable) to 1 (fully desirable) Under these
optimal conditions, the predicted values were: Yield = 21.98%, Soluble
Protein = 2.52 mg/g, Total Phenolic Content = 2.16 mg GAE/g, and
molar mass = 170 kDa (Fig. 3).

To validate the model, an additional extraction was conducted under
these optimal conditions in triplicate to assess the coefficients of varia-
tion (CV) between predicted and experimental values (Supplementary
material). The CV values for the responses after performing the optimal
extraction were below 5% (except for soluble protein, confirming the
weaker model fit and sensitivity, as previously discussed), supporting
the predictive reliability of the proposed conditions and highlighting the
effectiveness of the multiple optimization approach.
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Fig. 3. Desirability plots for multi-response optimization of subcritical water extraction. Three-dimensional (top) and contour (bottom) plots of overall desirability
function combining four responses: yield, soluble protein, total phenolic content, and particle size. Each plot shows the effect of two variables while the third is fixed
at optimal conditions: (left) time = 15.88 min, (middle) temperature = 130.22 °C, (right) SLR = 28.05 g:ml. Maximum desirability (orange area) is observed around

the optimal point.
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3.3. Integrated characterization of the biomass, residue and downstream
fractions

This section describes the composition of the starting biomass, the
residue remaining after SWE, the optimized extract, and the fractions
obtained by the proposed downstream strategies. Together, these results
provide an integrated view of how the biomass is distributed across the
different biorefinery streams.

3.3.1. Characterization of the original biomass and residue after extraction

Fig. 4a illustrates the proximate composition of the raw L. hyperborea
side-stream (SIDE-STREAM) and its corresponding residue after the
optimal subcritical water extraction (SWE RESIDUE). The original
biomass is notably rich in carbohydrates (glucose, fucose and uronic
acids), which account for 74.5% of its dry matter, with minor contri-
butions from soluble protein (0.8%), ashes (12.5%), and other compo-
nents (12.2%). This remaining 12.2% comprises mainly non-protein
nitrogen (NPN) since it corresponds to 2.53% nitrogen content deter-
mined by elemental microanalysis when 4.75 is used as conversion
factor (Angell et al., 2016). Total lipid content was analyzed but the
results were shown below detection limits, likely due to their low
abundance in the original biomass (Garcia-Vaquero et al., 2021;
Schiener et al., 2015) together with its removal during prior industrial
processing.

Monosaccharide profiling was performed by acidic methanolysis and
sulfuric acid hydrolysis, as shown in Fig. 4b. Methanolysis hydrolyzes
only soluble polysaccharides, while sulfuric acid hydrolysis enables the
quantification of both soluble and structural carbohydrates. Both
methods were analyzed complementarily to obtain a complete view of
the carbohydrate composition. In this sense, acidic methanolysis showed
fucose (97.4 + 4.0 ng/mgpwm), guluronic acid (66.6 + 7.1 pg/mgpm) and
mannuronic acid (55.2 + 7.7 pg/mgpm) as the dominant mono-
saccharides in the composition, exerting a total carbohydrate content of
275.5 ug/mgpm (Fig. 4b). These results are in line with those found in
the literature in which reports the presence of soluble polysaccharides
such as fucoidans and alginate fragments in similar biomasses (Bojorges
et al., 2022; Mohd Fauziee et al., 2021). After SWE, these values sharply
decreased in the residual fraction, and the total carbohydrate content
fell to 83.6 pg/mgpy;, indicating that most of the targeted soluble
polysaccharides were effectively depleted during SWE. Sulfuric acid
hydrolysis provided further information regarding the monosaccharides
derived from the structural carbohydrates. The high glucose content
(495.2 + 5.9 pg/mgpy) indicated the important presence of cellulose
compositing this seaweed cell wall (Onyianta et al., 2020; Schiener
et al., 2015). As expected, this value increased after the SWE up to
798.3 + 6.4 ug/mgpy demonstrating that SWE efficiently recovers sol-
uble polysaccharides from the L hyperborea side-stream biomass while
enriching the residual material in cellulose, which may serve as a pu-
rified feedstock for further applications (Baghel et al., 2021).

3.3.2. Characterization of the optimal extract and study of the downstream
process

The optimized extract was characterized by Size-Exclusion Chro-
matography coupled with Multi-Angle Light Scattering and Refractive
Index detection (SEC-MALS-RI), revealing three distinct populations:
Population 1 (Mn = 273 + 6 kDa, Mw = 497 + 26 kDa), respectively;
Population 2 (Mn = 122 + 3 kDa, Mw = 127 + 6 kDa) and Population 3
(<50 kDa). Population 2 showed the strongest in both the Refractive
Index RI and Multi-Angle Light Scattering (MALS) detectors. In contrast,
Populations 1 and 3 exhibited almost nonexistent light scattering and
reduced Rl signals. For the population 1 this can be attributed to the high
hydration level of these polymerized molecules, which limits their ca-
pacity to scatter light effectively in solution or show any refractive
index. Whereas for the population 3, the average-molecular-weight was
not big enough to scatter the light, and the reduced refractive index
showed the reduced content of the components present in this fraction.
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These individual populations were analyzed by acid methanolysis-
HPAEC-PAD to screen their monosaccharide composition (Fig. 5a).
Fucose, glucuronic, guluronic and mannuronic acid were primarily
found in Populations 1 and 2, indicating that the extracted poly-
saccharides predominantly formed fucoidan and alginate macromole-
cules of at least ~120 kDa. Population 3 contained only trace levels of
these sugars, suggesting the presence of oligosaccharides or degradation
products.

To further purify the extract and remove soluble contaminants, two
alternative strategies were explored: EDTA-assisted dialysis (50 kDa cut-
off) and ethanol precipitation. EDTA chelates multivalent cations that
promote alginate crosslinking, avoiding aggregated polymer networks
(Draget et al., 1997; Pan et al., 2022; SMIDSROD and SKJAKBRK, 1990).
Ethanol precipitation recovers high-molecular-weight polysaccharides,
while low-molecular-weight ones and other solubilized components and
contaminants may disappear with the supernatant (Hahn et al., 2012).

In this sense, recovery yields were 57.5 + 1.4% (EDTA-dialyzed) and
75.2 + 4.5% (ethanol-precipitated). Both explored downstream pro-
cesses purified the extract by eliminating Population 3 (<50 kDa). The
EDTA-dialyzed fraction exhibited the highest Mw for Population 1 (672
=+ 18 kDa), suggesting that disrupting ionic associations may favor re-
covery of larger alginate and/or fucoidan assemblies. In contrast,
ethanol-precipitated showed the largest values for Population 2 (Mn =
187 + 37 kDa; Mw = 196 + 48 kDa. Total carbohydrates content
reached 675 + 67 pg/mgpy (EDTA-dialyzed), and 857 + 16 pg/mgpm
(ethanol-precipitated). Fig. 5b shows how EDTA-dialysis enriched the
downstreamed extract in fucose and uronic acids while ethanol-
precipitation displayed a monosaccharide composition closer to the
original SWE extract (control).

In summary, the two alternative routes may serve as downstream
processes to purify and maximize the valorization of high-molecular-
weight polysaccharides: EDTA-assisted dialysis provides greater selec-
tivity for high-molecular-weight fucoidan/alginate enrichment, whereas
ethanol precipitation affords greater mass recovery with a reduced
compositional selectivity (Table 3).

4. Bioactivity potential

A wide array of assays measuring in vitro antioxidant potential were
performed, including DPPH, ABTS, ORAC as well as an estimation of the
Total Polyphenolic Content (TPC) by the Folin-Ciocalteu method. Each
method relies on a different mechanism of antioxidant activity (e.g.,
hydrogen atom transfer, single-electron transfer, radical scavenging) for
comprehensive assessment of antioxidant performance on the control
extract and the two downstreamed versions. As summarized in Table 4,
all samples exhibited measurable antioxidant activity with EDTA-
dialyzed sample outperforming in electron-transfer-based assay.

In-vitro cellular assays were conducted to determine whether the
downstream strategies could preserve or improve the revalorized ex-
tract's potential anti-inflammatory properties. The keratinocyte cell line
HaCaT was pretreated with the different samples and exposed inflam-
matory stimuli. Any of the of the tested samples significantly affected
cell viability compared to untreated controls, confirming their non-
cytotoxic behavior across the tested concentration range (50-800
ppm) as shown in Fig. 6a. To evaluate the cellular response to inflam-
mation, IL-6 secretion was measured. IL-6 is a proinflammatory cyto-
kine, where prolonged secretion can contribute to chronic inflammation
(Hunter and Jones, 2015). As shown in Fig. 6b, the control extract and
both downstreamed ones reduced IL-6 secretion in a dose-dependent
manner, outstanding ethanol-precipitated extract since this sample
exhibited inhibition levels comparable to those of the commercial
fucoidan used as the reference. Compositional-bioactivity correlation
analysis reveals fucose-rich fractions (SEC-MALS/HPAEC-PAD) as pri-
mary drivers of observed activities since fucoidan polysaccharides are
well documented for both antioxidant and anti-inflamatory effects in
various cellular models (Ahmad et al., 2021; Apostolova et al., 2020).
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Table 3

Average molar mass distributions (Mn;Mw) and dispersity (PM) of the pop-
ulations found in the control and the proposed downstream processes deter-
mined by SEC-MALS-RI.

Population 1 Population 2

Mn Mw bM Mn Mw bM

CONTROL 273 + 497 + 2+0 122 + 127 + 1+
6b 26 b 3¢ 6b 0

EDTA-DYALIZED 323 + 672 + 24+0 130 + 137 + 1+
8a 18a 2b 3b 0

ETOH- 127 + 256 + 2.0+ 187 £ 196 + 1+
PRECIPITATED 2¢ lc 0.0 37 a 48 a 0

Different letters indicate statistically significant differences between the down-
stream processes as determined by the Student-Newmals-Keuls (SNK) post hoc
test (p < 0.05).

Overall, these findings validate SWE-RSM as a feasible strategy for
L. hyperborea side-stream valorization, with EDTA-dialysis and ethanol
precipitation emerging as complementary downstream routes yielding
efficient and non-cytotoxic fractions suitable for bioactive-oriented
application developments.

5. Conclusions

Subcritical water extraction (SWE) proved to be an effective green
strategy for the valorization of L. hyperborea side-streams, enabling re-
covery of nearly " of the original biomass maximizing the extracted

Table 4
Radical scavenging (DPPH, ABTS, ORAC) and total phenolic content (TPC) of
control and the proposed downstream processes.

DPPH (umol  ABTS (pmol ORAC (pmol TPC (mg
TE/g) TE/g) TE/g) GAE/g)
CONTROL 181.44 + 1055.25 + 1369.30 + 48.61 +
19.51 b 79.98 a 19.60 a 1.24b
EDTA-DYALIZED 292.31 + 1210.34 + 795.80 + 79.96 +
12.85a 86.23 a 50.70 b 1.65 a
ETOH- 100.39 + 578.98 + 479.00 + 34.41 £+
PRECIPITATED 4.09 ¢ 2.15b 47.10 ¢ 1.00 ¢

Different letters indicate statistically significant differences between the down-
stream processes as determined by the Student-Newmals-Keuls (SNK) post hoc
test (p < 0.05).

polymers molar mass. Temperature was identified as the most influen-
tial parameter, and the proposed models successfully predicted all re-
sponses except protein extraction. Optimal conditions (130.2 °C, 1:28.5
g:mL, 15.9 min) yielded ~22% extract rich in polysaccharides selec-
tively solubilizing fucoidan- and alginate-rich fractions. SEC-MALS-RI
revealed three molecular-weight populations, with dominant fucoi-
dan/alginate macromolecules above ~120 kDa. EDTA-assisted dialysis
and ethanol precipitation efficiently removed low-molecular-weight
fractions, offering complementary downstream routes with distinct
selectivity and recovery. Both non-cytotoxic purified extracts showed in
vitro antioxidant and anti-inflammatory activities, revealing that
bioactivity is mainly driven by the revalorized polysaccharides. This
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exploratory study lays a solid foundation for integrating SWE into sus-
tainable algal biorefinery schemes. These insights motivate further
structural/functional characterization of the revalorized material
alongside the techno-economic scale-up towards commercial
implementation.
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