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Abstract

Purpose This study aimed to characterize brewers’ spent grain (BSG) and Sargassum fluitans 111 (SfIII) from the Beni-
nese coast and to evaluate their potential as sustainable feedstocks for multifunctional industrial applications. The research
addresses the lack of high-value valorization routes for these abundant biomasses in West Africa, aligning with circular-
economy principles.

Methods Both biomasses were collected during representative production and seasonal stranding periods and underwent
comprehensive profiling, including proximate composition analysis, fatty acid characterization by GC-FID, and second-
ary metabolite identification by UPLC-QTOF-MS. Antioxidant potential was assessed by measuring total phenolic content
(Folin-Ciocalteu), and safety was evaluated by quantifying heavy metals, specifically arsenic and mercury.

Results BSG showed high protein (27-34%) and carbohydrate (47-53%) contents, with lipids (up to 7%) dominated by
linoleic (C18:2), palmitic (C16:0), and oleic (C18:1) acids. SfIII was characterized by high mineral content (18—41%) and
12% carbohydrates. UPLC-QTOF-MS identified diverse phospholipids, phytosterols, and flavonoids, confirming significant
bioactive potential. Crucially, arsenic and mercury levels remained at trace concentrations, supporting the safety of these
materials for further processing.

Conclusion The results demonstrate that BSG and SFIII are viable candidates for nutrient—dense food ingredients, cosmetic
antioxidants, and bio-based materials. This study provides a scientific baseline to strengthen local value chains in Benin and
support sustainable economic development by valorizing underutilized biological resources.
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Introduction

The increasing awareness of the interconnections between
food production, global population growth, human health,
and climate change has intensified interest in the search for
alternative and sustainable sources of bioactive molecules.
In this context, particular attention is now being given to
the use of underexploited organic residues, including indus-
trial and agri-food by-products and algal biomass, as prom-
ising raw materials. These resources are of special interest
because they do not compete for arable land, are often
poorly valorized, and represent a largely untapped poten-
tial for innovation and sustainable value creation. Globally,
the pursuit of environmentally responsible technologies [1]
has led to an increasing recognition of such feedstocks as
valuable sources of bioactive compounds [2]. The recovery
of biomolecules (such as phytochemicals, vitamins, lip-
ids, and proteins) from these materials is now seen as an
economically viable and ecologically sound approach to
promoting circular bioeconomy principles [3]. In regions
such as Africa, where large quantities of organic residues
remain underutilized, these biomasses could offer unique
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opportunities to foster local value chains, enhance aware-
ness of circular economy concepts, and strengthen the
development of a sustainable bioeconomy.

This study focuses on Benin, where two underexploited
organic material streams are attracting growing interest,
namely beer production residues and seaweeds that prolif-
erate along the coastline. Both streams currently pose sig-
nificant management and sanitation challenges. Their local
availability at the point of generation also provides an oppor-
tunity to investigate biomass resources that can be recovered
and valorized within regional circular bioeconomy systems.
They are generally redirected toward low-value applica-
tions such as animal feed, composting, or construction
materials. Although these pathways contribute to biomass
recovery and waste reduction, their wider implementation
remains constrained by practical and compositional limita-
tions, including the high moisture content and perishability
of brewery spent grain [4, 5], as well as the high ash and
salt contents and the presence of potentially toxic elements
in stranded Sargassum [6, 7]. For instance, one ton of dried
brewery spent grains can provide approximately 600 kg of
livestock feed [5, 8]. Similarly, Speede et al. [9] reported
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that one ton of fresh Sargassum can provide enough sea-
weed supplement to sustain around one hundred sheep for
a week. In several African contexts, additional uses of sea-
weed have been reported, particularly in the construction
sector, where they may be incorporated into the fabrication
of building blocks for domestic purposes [10—12]. Unlock-
ing the potential of these materials for higher-value applica-
tions, particularly in fields related to human nutrition and
health, requires a thorough understanding of their chemical
composition. This study is therefore dedicated to the com-
prehensive characterization of these biomasses as a founda-
tion for their valorization within a sustainable and circular
bioeconomy framework.

When examining brewery residues, it is important to note
that beer is the fifth most consumed beverage in the world
[13]. In 2023, global beer production reached 1.89 billion
hectoliters (hL), representing a 1.3% increase compared
with the previous year, corresponding to an additional 25
million hL produced worldwide. Africa recorded the high-
est proportional growth among continents, with production
increasing by 6.6 million hL relative to previous years [14].
Beer production generates substantial residues, particularly
brewers’ spent grains (BSG), which account for approxi-
mately 85% of the total secondary flows generated [15].
Global BSG production amounts to 38—40 million tonnes
annually [16], equating to roughly 20 kg per hectoliter of
beer. In Benin, where annual beer production has remained
around 1.3 million hL since 2021, approximately 26,200
tonnes of BSG are produced each year. Due to its high mois-
ture content, preservation of BSG in Benin is challenging,
and surplus material is predominantly used as animal feed
or disposed of [17]. Landfill disposal is specifically con-
cerning, as each tonne of BSG releases an estimated 513 kg
of CO, equivalent, contributing to greenhouse gas emis-
sions [13].

Turning to algae, it is worth noting that since the early
2000s, blooms and invasions of marine macroalgae, par-
ticularly Sargassum spp., have intensified worldwide. These
events have had substantial ecological, social, and eco-
nomic repercussions, affecting marine ecosystems, fisher-
ies, tourism, and coastal communities [18-21]. Over the
past decade, about 29% of the world's coastlines have expe-
rienced stress from algal blooms, predominantly caused by
three morphotypes: Sargassum natans 1, Sargassum natans
VIII, and Sargassum fluitans 111, the latter being the most
widespread [22, 23]. In 2019, the area affected by Sar-
gassum blooms was estimated at 8850 km?, with over 20
million tonnes floating across the surface of the tropical
Atlantic, from Central America to West Africa [21, 22]. The
decomposition of Sargassum releases toxic gases, in par-
ticular hydrogen sulfide (H,S), which degrade air quality
and can induce acute toxicological effects on the nervous

and respiratory systems [19]. In Benin, recurrent influxes of
Sargassum fluitans along the southern coastline create seri-
ous challenges for fisheries and coastal communities. These
occurrences may be linked to shifts in ocean circulation pat-
terns, increased nutrient inputs from rivers and agricultural
runoff, and the effects of climate change, such as warming
sea surface temperatures that favor the proliferation and
transport of pelagic Sargassum across the Atlantic [24].

Although BSG and pelagic Sargassum have been widely
characterized in North and South America, the Americas,
and Asia, detailed data on their composition [6, 8, 25], inter-
annual variability, and safety constraints in African settings
remain scarce, despite rapidly growing brewing activities
and coastal biomass accumulations. In West Africa, sev-
eral studies have reported increasing quantities of organic
and agro-industrial residues resulting from urbanization,
agricultural intensification, and food-processing activities,
while also emphasizing their potential for agricultural and
energy recovery [26-31]. However, the available literature
remains limited concerning the physicochemical character-
ization of locally available biomass resources. As a result,
the assessment of their suitability for specific valorization
processes is often based on data generated under differ-
ent environmental and production conditions. This lack
of locally derived information also restricts the develop-
ment of waste management and biomass utilization strate-
gies adapted to regional realities. Within this context, the
characterization of Beninese BSG and Sargassum fluitans
IIT over two consecutive years (2023 and 2024) provides
new compositional data for two biomass resources that
remain poorly documented in West Africa. These sampling
periods were selected to encompass major seasonal Sargas-
sum influx events observed along the Beninese coast, while
repeated BSG collections during the same period allowed
the characterization of brewery residues generated under
local production conditions. Comparison of the obtained
results with those reported in the international literature also
allows an assessment of their compositional characteristics
and potential suitability for different valorization options,
while providing a scientific basis for future biomass man-
agement and bioresource utilization strategies adapted to
regional conditions.

Materials and Methods

Description of the Study Sites, Field Collection, and
Sample Preparation

BSG was collected at the local SOBEBRA brewery in Coto-

nou during several collection campaigns (between 2023 and
2024). BSG was dried at 40 °C for three days, followed by
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grinding to a particle size of 0.5 mm using a Fritsch Pul-
verisette 19 knife mill. The resulting spent grains were then
recovered and stored in polyethylene bags at room tempera-
ture for subsequent analyses.

The Sargassum biomass was manually collected from
three coastal sites near Cotonou and Ouidah (Benin) dur-
ing two major invasion events, in August—September
2023 and April 2024 (Fig. 1). These periods were selected
because they correspond to the two main seasonal Sargas-
sum influxes observed along the Beninese coast. Samples
from the three sites were pooled within each campaign to
obtain a representative biomass for valorization purposes
rather than to evaluate site-specific variability. After rins-
ing with tap water followed by distilled water, the biomass
was sorted into morphotypes according to published identi-
fication criteria [32, 33]. Sargassum fluitans 111 (SfIIl) was
visually identified as the dominant morphotype during both
campaigns. Its recurrent dominance over other morphotypes
in several areas of the Tropical Atlantic [22, 32, 34] supports
the selection of S. fluitans 111 as the target morphotype for
the present characterization. The biomass was then air—dried
at room temperature for approximately seven days, ground

into powder, and stored in airtight containers protected from
light and moisture until analysis.

Physicochemical Analysis of Raw Materials

Unless otherwise stated, all analytical standards were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Sol-
vents and analytical reagents, including ethanol, methanol,
Folin-Ciocalteu reagent, and Titrisol® sulfuric acid solu-
tions, were obtained from Merck (Darmstadt, Germany).
All chemicals were of analytical grade and used without
further purification.

The moisture content of the samples was determined
gravimetrically after treatment in a Memmert SNB100 fur-
nace at 105 °C, while ash content was measured gravimetri-
cally after treatment in a muffle furnace at 550 °C, following
the procedures outlined in AOAC (2000). Extractable com-
pounds were quantified using the Soxhlet method, following
the NREL protocol described by Sluiter et al. [35]. Extrac-
tions were performed in three successive stages, each last-
ing 6 h, using distilled water and ethanol (97%, v/v). Lipid
content was determined gravimetrically using the same pro-
cedure, with hexane employed as the extraction solvent.
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The cellulose and hemicellulose contents were deter-
mined by quantifying their respective monosaccharides,
namely glucose for cellulose, and arabinose, xylose, rham-
nose, mannose, and galactose for hemicellulose. Practically,
acid hydrolysis (1 M H,SO,) was performed on 25-50 mg
of each dried biomass sample. After hydrolysis (3 and 6 h,
respectively, for hemicellulose and cellulose), the reaction
medium was neutralized using 1 mL of 15 M NH,OH, and
1 mL of 98% 2-deoxy-D-glucose was added as internal
standard. The released sugars were reduced in the pres-
ence of sodium borohydride (NaBH4) and then derivatised
to alditol acetate using acetic anhydride, as described by
Blakenely et al. [36]. Quantification was performed by gas
chromatography using an Agilent chromatograph (7890B
series) equipped with a flame ionization detector. A high-
performance HP1 methylsiloxane capillary column (30 m,
0.32 mm, 0.25 um) was used to separate the components.
Data were analyzed using Lab ChemStation software [37].

The crude protein content was determined using a nitro-
gen conversion factor of 6.25, following the Kjeldahl method
described by Ortiz et al. [38]. In summary, 100 mg of the
ground and dried sample was mineralized with concentrated
H,SO, (95%) and a CTQ catalyst (1.5 g K,S0,+0.045 g
CuS0,0.5H,0+0.045 g TiO,) using a Tecator 105 heater at
360 °C for 2 h, supplied by FOSS Benelux. Subsequently,
the sample was titrated with a 0.01 M H,SO, solution using
a FOSS Benelux Kjeltec 2300. Amino acid assay and identi-
fication were conducted following the methodology of Siow
and Gan [39], with certain modifications. Briefly, a sample
was mixed with 10 mL of 6N HCI containing 0.1% (w/v)
phenol, purged with nitrogen, and hydrolyzed at 110 °C for
24 h. The hydrolysate was then adjusted to pH 2.2 using
IN NaOH, after which 1 mL of norleucine solution (50 uM)
prepared in citrate buffer at pH 2.2 was added as an internal
standard. Amino acid quantification was performed using
the Stein and Moore HPLC method, with 20 pL of the pre-
pared sample injected for analysis.

The lipid content and total fatty acids profile
(free+mono-, di-, triglycerides) were determined from
the hexane-extracted samples. Total lipids were measured
gravimetrically, while the total fatty acids profile was evalu-
ated after derivatization to fatty acid methyl esters using
boron trifluoride-methanol reagent (methanol/BFs/hexane,
55:25:20, v/v/v) by esterification/transesterification [40].
Quantification was conducted by GC-FID using heptadeca-
noic acid (C17:0) as the internal standard. The fatty acids
were identified by comparing their retention times to a refer-
ence standard (Supelco 37 Component FAME Mix), which
contains 37 fatty acid methyl esters (C4—C24). The internal
standard was employed to determine the response factor of
each FAME in the reference standard for quantification.

Metal concentrations (Cd, Cu, Pb, Zn, Hg, and As) were
quantified by atomic absorption spectrometry (AAS) fol-
lowing the AOAC Official Method 999.11 [41]. Analytical
measurements were performed using several PerkinElmer
instruments, including a PinAAcle 900T (Cd, Pb, As), an
FMS 400 Mercury Analysis System (Hg), and an Analyst
200 (Cu, Zn). Metal concentrations were expressed as mil-
ligrams per kilogram (mg/kg) of dry biomass.

Polyphenols were extracted from the biomass using 70%
ethanol (v/v) at a biomass—to—solvent ratio of 1:20 (w/v) at
50 °C for 3 h. The resulting extracts BSG and SfIII were
analysed using an ultra-high-performance liquid chroma-
tography system (UHPLC, Shimadzu Nexera) coupled with
a Q-ToF X-500R mass spectrometer (AB Sciex), following
the method of Man et al. [42]. Chromatographic separation
was performed on a Phenomenex Kinetex biphenyl column
(2.6 pm, 100x2.1 mm) maintained at 40 °C. The mobile
phase consisted of ULC-MS grade water with 0.1% (v/v)
formic acid (solvent A) and methanol (solvent B), delivered
at 0.3 mL min~' under the following gradient: 98% A to 2%
A over 0—14 min, held to 17.5 min, and returned to initial
conditions by 19.1 min. In negative ionization mode, sol-
vent A was modified to 2 mM ammonium acetate with 0.2%
(v/v) formic acid, and solvent B was replaced by acetoni-
trile. Samples (0.5 pL) were analyzed in both positive and
negative electrospray ionization (ESI) modes, with gas and
sheath gas temperatures of 320 °C and 325 °C, and capil-
lary voltages of 30 kV and 35 kV, respectively. Compound
identification was based on UPLC-Q-ToF MS/MS data pro-
cessed in MZmine and annotated via molecular networking
using the GNPS platform.

Total polyphenol (TPC), flavonoid (TFC), and condensed
tannin (CTC) contents in the ethanolic extracts were deter-
mined spectrophotometrically after dissolution of 10 mg of
each dry crude extract in 1 mL of water corresponding to
10 mg mL! (w/v).

TPC was determined using the Folin-Ciocalteu method,
following the methodology outlined by Singleton et al.
[43], with minor modifications. A volume of 125 pL of
each extract was combined with 625 pL of Folin-Ciocalteu
reagent and 4.75 mL of distilled water. Following a 5 min
incubation period, 500 pL of sodium carbonate (Na,CO;)
solution (75 mg/mL, W/v) was added. The absorbances
of the extracts were determined at a fixed wavelength of
760 nm using a spectrophotometer. Gallic acid was used as
an external standard. TPC was expressed in mg of gallic
acid equivalent (GAE) per g of extract (mg GAE/g).

TFC was measured according to a method adapted from
Kim et al. [44]. 500 puL of a 2% (W/v) aluminium trichloride
(AICl;) solution was combined with 500 pL of the extract
and 3 mL of distilled water. The absorbances were mea-
sured at 415 nm using a spectrophotometer. Quercetin was
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used as an external reference. The total flavonoid contents
were expressed in mg of quercetin equivalent (QE) per g of
extract (mg QE/g).

CTC was measured using the method described by Heim-
ler et al. [45]. A 50 pL volume of extract was mixed with
1.5 mL vanillin solution (4%, W/v) and 750 pL of fuming
hydrochloric acid. Subsequently, the absorbance was mea-
sured at 500 nm, using catechin as the reference standard.
CTC was expressed in mg of catechin equivalent (CE) per g
of extract (mg CE/g).

Determination of the Antioxidant Activity

The antioxidant activity of ethanolic extracts from BSG and
SfIII was evaluated using two complementary assays.

Ferric Reducing Antioxidant Power (FRAP) Assay

The ferric (Fe*") ion reducing capacity, which measured
the extracts’ electron-donating capacity, was assessed fol-
lowing the methodology proposed by Ouattara et al. [46],
with minor modifications. Briefly, an aliquot of 100 pL of
each extract was mixed with 2850 pL of freshly prepared
FRAP reagent. This reagent consisted of 1 mL of 10 mM
2,4,6-tripyridyl-5-triazine (TPTZ) dissolved in 40 mM HCl,
1.0 mL of 20 mM FeCl;-6H,0, and 10 mL of 300 mM
sodium acetate buffer adjusted to pH 3.6. The resulting reac-
tion mixture was kept at a temperature of 37 °C and incu-
bated in the dark for 30 min. Subsequently, the absorbance
of the Fe?*-TPTZ complex was measured spectrophotomet-
rically at 593 nm. The antioxidant capacity of each extract
was quantified based on a calibration curve made using Tro-
lox. FRAP values were expressed in pmol of Trolox equiva-
lent (TE) per g of dry extract (umol TE/g).

DPPH Radical Scavenging Assay

The capacity of various biomasses to scavenge the free radi-
cal 2,2-diphenyl-1-picrylhydrazyl (DPPH) was quantified
by the method published by Trigui et al. [47]. 50 puL of each
extract was added to 2 mL of 4% (m/v) methanolic DPPH
solution. After 30 min, the absorbance of the reaction mix-
ture was measured at 517 nm, and the antioxidant activity
was expressed as a percentage of the DPPH radical scav-
enging capacity (%DPPHsc), calculated using the following
formula:

DPPHsc(%) = ASA;;AC % 100

where A; is the absorbance of the sample at t=30 min, and
A, is the absorbance of the control, consisting of the DPPH
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solution with 50 pL of the solvent used for the extracts but
without any extract, to measure the maximum absorbance
of unreacted DPPH.

Data Treatment and Statistical Analyses

All experiments were performed in triplicate. A t-test was
conducted to compare groups with normally distributed
variables after a Shapiro—Wilk test. For variables that did
not follow a normal distribution, the Mann—Whitney U test
was applied. All statistical analyses were performed using R
software, and figures were made in GraphPad Prism 8.

Results and Discussion
Primary Metabolite Composition

The successful valorization of biomass depends on a detailed
understanding of its chemical composition [6]. Chemical
characterization of brewers’ spent grains (BSG) from Benin
revealed that they were predominantly composed of hemi-
cellulose (34-39%) and protein (27-34%), with significant
variability (p<0.005) in extractives, protein, and hemicellu-
lose content among samples. S. fluitans 111 (SfIII) exhibited a
lignocellulosic content ranging from 29 to 56%, ash content
between 15 and 42%, and a low lipid fraction (0.4%). The
overall composition varied significantly (»p<0.05) across
sampling periods, particularly in respect to the proportions
of extractives, hemicellulose, lignin, and ash (Fig. 2).

The polysaccharide fraction (hemicellulose and cel-
lulose) of BSG from Benin is consistent with the value
reported by McCarthy et al. [48], accounting for more than
50% of the dry matter. For SfIII, the polysaccharide content
measured was lower than that reported by Alzate-Gaviria
et al. [49] for algae collected in Puerto Morelos, Mexico
(34%), which reflects the influence of environmental con-
ditions and harvest periods on biomass composition. Such
non-standardized composition could affect the subsequent
valorization potential of these algae.

The measured lignin content ranged from 4 to 8% in BSG
and 8 to 22% in SfIII. The literature reports higher lignin
levels in BSG (14-20%), depending on the beer production
process and the type of grain used [5, 50, 51]. The lignin
content of SfIII from Benin is higher than the 3—4% reported
for S. fluitans collected in Puerto Morelos, Mexico [49].

The ash content of BSG was lower than previously
reported by Ajanaku et al. [52] but consistent with more
recent findings (3.6-4.7%) [50, 51, 53]. In contrast, SfIII
exhibited a substantially higher ash content (18.5-42%),
exceeding the values reported by Oyesiku and Egunyomi
[54] and was comparable to those documented by Machado
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et al. [23], Saldarriaga-Hernandez et al. [55], and Vazquez-
Delfin et al. [56], which ranged from 33.7 to 55.7%,
24-30%, and 18-24%, respectively. The high ash content of
algae provides essential trace elements and minerals, offer-
ing potential benefits for applications such as soil amend-
ment [57]. However, the combination of elevated ash levels
and the capacity of algae to actively and passively accumu-
late heavy metals [58] may limit the direct use of Sargassum
biomass in human or animal nutrition.

Extractives content varied significantly in BSG and SfIII,
ranging from 6 to 13% and 5-26% on a dry weight basis,
respectively, which reflects the presence of non-structural

compounds such as secondary metabolites and free sugars.
Mussatto et al. [5] reported that brewers’ grains can con-
tain up to 25% extractives, while successive Soxhlet extrac-
tions of Sargassum with ethyl acetate, acetone, and ethanol
yielded a total extractive content of 3.52%, highlighting the
influence of solvent polarity, species, origin, and growth
stage on extraction efficiency [59].

Lipid analysis revealed distinct profiles for BSG (up to
7%) and S. fluitans 111 (0.4%). The lipid content of BSG
is comparable to values reported by Faulds et al. [60] and
Khidzir et al. [61] although del Rio et al. [62], Forssell et
al. [63], and Robertson et al. [64] reported slightly higher
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levels (9-10%) in brewers’ grains. For S. fluitans 111, the
lipid content aligns with data from Dewinta et al. [65] and
Tulashie et al. [66] for Sargassum harvested in the Isle of
Pane and Ghana, respectively, and is consistent with the typ-
ical lipid range of brown algae species (0.5-3.9%) reported
by Hardouin et al. [67] and Milledge and Harvey [68].

The fatty acid profiles of BSG exhibited notable differ-
ences, with linoleic acid (C18:2), palmitic acid (C16:0), and
oleic acid (C18:1) as the predominant fatty acids (Fig. 3a).
Our results highlighted, however, that significant differences
in the content of both linoleic acid and palmitic acid could
be observed as a function of the beer process conditions and
year of production. Although the lignocellulosic composi-
tion remained relatively stable across batches, the fatty acid
profile appeared more susceptible to inter-batch variations.
Other fatty acids, including myristic (C14:0), palmitoleic
(C16:1), and y-linolenic (C18:3), were present at low lev-
els (<10%) but also showed inter-batch variations. Trace

Fig. 3 Fatty acid profile (per 100 g 60 -

amounts of very long-chain fatty acids (C22:0 and C24:0)
were also detected but remained negligible. These results
are consistent with previous studies reporting high levels of
linoleic, palmitic, and oleic acids in brewers’ grains [1, 69].

SfIIT samples collected in 2023 were dominated by
palmitic acid (C16:0) and oleic acid (C18:1). In contrast,
samples collected in 2024 exhibited substantially lower lev-
els of these fatty acids, approximately 1% and 4%, respec-
tively (Fig. 3b). Other fatty acids, including C8:0, C12:0,
and C18:2, were present at concentrations below 5% in both
harvest years, although significant variation was observed.
These results are consistent with Ganesan et al. [70], who
reported that algal lipids are predominantly composed of
saturated fatty acids, particularly palmitic acid. Several
studies have reported that palmitic, oleic, and arachidonic
acids are the predominant fatty acids in S. natans samples
from the central North Atlantic Ocean, as well as in S. flui-
tans and S. natans collected along the coasts of the Turks
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and Caicos Islands [23, 57, 71]. A similar fatty acid profile
has also been observed in benthic Sargassum species [72—
74]. These findings suggest a strong convergence in the lipid
composition of Sargassum species across different habitats
(benthic or pelagic), while also highlighting the influence of
ecological and environmental factors in driving inter- and
intraspecies compositional variability.

Regarding BSG, the crude protein content was high,
ranging from 27 to 34% on a dry matter basis. This range
corresponds to the upper limit of 18-30% reported by Qin
et al. [3] and exceeds the values commonly cited in earlier
studies, such as 15-26% reported by Connolly et al. [2], and
approximately 20% reported by Mussatto et al. [5]. Differ-
ences among studies may reflect variations in biomass ori-
gin, processing conditions, and methodological approaches
used for protein estimation, including the nitrogen-to-pro-
tein conversion factor applied. In contrast, the crude protein
content of SfIII was measured at 8%, which falls within the
typical range of 3—15% for brown seaweeds [75]. Neverthe-
less, this value is higher than those reported for Sargassum
species collected along the north-western Mediterranean
coast [76], and in Jamaica [23], indicating that the crude
protein content of Sargassum is strongly influenced by geo-
graphical and environmental factors. As highlighted by [77],
variations in protein content among algal species may result
from both interspecific differences and intraspecific factors,
including developmental stage, seasonal fluctuations, and
environmental conditions. It is also important to note that
protein content is generally estimated from total nitrogen
using a conversion factor (N factor), most commonly 6.25.
However, this universal factor may lead to an overestima-
tion of true protein levels, particularly in algae and other
non—conventional biomass sources [78].

To facilitate comparison with previous studies, the main
compositional characteristics of Beninese BSG and SfIII
are summarized alongside representative values reported
for similar biomasses from other geographical regions

Table 1 Comparison of the main compositional characteristics of
Beninese BSG and S. fluitans 111 with representative values reported
in the literature

Parameter (% DM BSG- Literature SfIlI- Literature
unless otherwise Benin (BSG) Benin (Sargas-
stated) sum spp.)
Crude protein 27-34 18-28[5,79] 8-12 4-12[55,
75]

Ash 3.64.7 3-5[5] 18.5- 20-35

42 [23, 56]
Lipids 4-7 6-10[5,62] 04 <41[67]
Acid-insoluble residue  4-8 1420 [5,51] 822 3-8[49]
Hemicellulose 34-39 26-30([5,8] - -
Cellulose 12-16 15-19[5,8] - -
Total phenolic content  1.13 0.35-0.66 0.80 1.2-2.5
(mg GAE g’1 extract) [80, 81] [46, 57]

(Table 1). This comparison highlights the compositional
features observed in the present study while placing them
within the range of variability reported in the literature.

Overall, both biomasses exhibited compositional charac-
teristics generally consistent with the ranges reported in the
literature, while several parameters, notably hemicellulose
content in BSG and ash content in SfIII, differed from com-
monly reported values, emphasizing the importance of local
feedstock characterization.

Amino Acid Profile

Amino acid profiling confirmed the presence of all essential
amino acids (EAAs) in both BSG and SfIII (Fig. 4). BSG
exhibited an amino acid profile dominated by glutamic
acid (Glu, 6.21%), leucine (Leu, 3.15%), and proline (Pro,
2.72%). This profile is consistent with previous findings by
Coclho et al. [82] and Mussatto et al. [5]. Such a composi-
tion is suitable for animal feed formulations but could also
offer attractive applications, particularly in the production
of bioactive peptides for functional foods.

The amino acid profile of S. fluitans III revealed the
presence of glutamic acid (Glu, 1%), aspartic acid (Asp,
0.8%), and glycine (Gly, 0.5%). The high contents of Asp
and Glu are characteristic features of most macroalgae [83].
All EAAs were detected in SfIII except tryptophan, collec-
tively accounting for approximately 36% of the total amino
acid content, consistent with previous reports indicating
that EAAs typically represent more than 30% of total amino
acids in algae [84]. This amino acid composition suggests
that SfIII exhibits an essential amino acid (EAA) profile
comparable to those reported for some leguminous crops
and soybean, where EAAs typically account for approxi-
mately 30-40% of total amino acids [70]. However, the
nutritional relevance of this profile should be considered
in light of the relatively low crude protein content of SIII
and the presence of inorganic elements that may affect its
suitability for food and feed applications. Thus, SfIIl may
be regarded as a biomass resource containing nutritionally
relevant compounds rather than as a primary protein source.

The amino acid score (AAS) evaluates the efficiency of
dietary nitrogen utilization by comparing the content of the
limiting essential amino acid (EAA) in a protein source with
a reference amino acid profile (Table 2). When the composi-
tion of Beninese BSG and SfIII is compared with the World
Health Organization (WHO) [85] reference pattern for
adults (0.66 g protein/kg/day), BSG generally aligns more
closely with the recommended profile than S. fluitans I11.

Both BSG and SfIII exhibited specific EAA deficien-
cies relative to the WHO reference pattern. The primary
limiting EAA in BSG was lysine (Lys, 2.5%), which was
found to be substantially lower than the recommended
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Table 2 Essential amino acid (EAA) composition of BSG and SfIII
compared with WHO (2007) adult reference pattern (per 100 g protein)

Amino acid WHO (g/100 g BSG (% of SHIIT
protein) total AA) (% of
total
AA)
Threonine 2.3 35 4.7
Methionine 1 n.d 1.6
Isoleucine 3 4.0 4.0
Leucine 5.9 10.5 6.5
Phenylalanine+Tyrosine 3 9.1 6.9
Histidine 1.5 5.6 1.2
Lysine 4.5 2.5 4.5
Valine 3.9 5.1 5.2

*n.d.: not detected

@ Springer
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4.5%. Conversely, SfIII met the lysine requirement but was
slightly deficient in histidine (His, 1.2% vs. 1.5% WHO
standard). These differences mainly reflect variations in
amino acid balance between the two biomass types rather
than the strict nutritional superiority of one over the other.

Secondary Metabolite Composition

The hydroethanolic extracts of BSG and SfIII were found
to contain a broad panel of distinct secondary metabo-
lites, including polyphenols (mostly phytosterols and fla-
vonoids), terpenoids (especially triterpenoids), and free
lipids (phospholipids and free polyunsaturated fatty acids
(PUFAs)) (see also Supplementary Information SI1 and
SI2). Both biomasses also contained some ethanol-soluble
phospholipids, namely phosphatidylinositols (PI) and phos-
phatidylethanolamines (PE), which play fundamental roles
in maintaining membrane structure, fluidity, and cellular
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signaling pathways [86]. Specific molecular species, includ-
ing PI (18:0/22:4) and PE (18:0/22:1), were detected in both
extracts. While these lipid classes are frequently reported
in the literature in relation to various bioactivities, includ-
ing anti-inflammatory and neuroprotective effects [87, 88],
the qualitative nature of the present LC—MS detection pre-
cludes any assessment of their recoverability or process-
ability. Both BSG and SfIII also contained cholesterol, the
polyunsaturated fatty acid linoleic acid, and the flavonoid
heptamethoxyflavone.

Interestingly, SfIII was found to contain ergosterol, a
compound widely investigated for its biological activities
and recognized as a precursor of vitamin D.. Moreover, it
represents a valuable platform molecule for the synthesis
of various steroid-based drugs [89, 90]. Benzofuranone was
also identified in SfIII, a structural class previously associ-
ated in the literature with anti-inflammatory and hepatopro-
tective properties, although such properties remain strongly
dependent on compound isolation and structural context
[91, 92].

Analysis of the hydroethanolic extracts of both BSG and
SAIII revealed that polyphenols are among the major con-
stituents. In BSG, they accounted for approximately 12%
of the total extract weight, whereas their levels were com-
paratively lower in SfIIT (1%). The total polyphenol content
(TPC) of BSG reached up to 1.13 mg GAE/g, exceeding
values reported by Bonifacio-Lopes et al. [81] (0.66 mg
GAE/g), Horn et al. [93] (0.57 mg GAE/g), and Spinelli et
al. [80] (0.35+0.01 mg GAE/g). Flavonoid contents were
notably high (11.4 mg QE/g), surpassing previously pub-
lished data [69, 94]. These variations can be largely attrib-
uted to differences in extraction conditions, solvent polarity,
and the initial composition of the raw material [95]. The
condensed tannin content in BSG (0.71 mg CE/g) was
slightly lower than previously reported values [93], which
may be explained by thermal degradation occurring during
industrial processing. Such differences in polyphenol and
tannin content are likely to influence the biological activi-
ties of the extracts, including their antioxidant and poten-
tial health-promoting properties, thereby highlighting the
importance of optimizing extraction parameters for func-
tional applications.

The TPC of SfIII (0.8 mg GAE/g) fell within the typi-
cal 0.2-2.5% range reported for Sargassum species [96],
although those values were lower than the ones published by
Davis et al. [6] (1.20+0.43 mg GAE/g) and Ouattara et al.
[46] (1.8 mg GAE/g). Flavonoid levels (2.1 mg QE/g) were
comparatively higher than some reports [46] and consistent
with Oyesiku and Egunyomi [54]. The composition and
concentration of phenolic compounds in SfIIl were found
to be influenced by environmental factors, including salin-
ity, temperature, UV exposure, seasonality, and geographic

Table 3 Comparative assessment of antioxidant activities for both
BSG and SFIIT

ID FRAP (umol TE/g) % Inhibition (DPPH)  IC;, (mg/g)*
BSG  30.0+£0.04 34.0+2 17.4+2.5
SAIII 3.0+0.001 6.0+0.2 91.9+£5.5

Milligrams of sample per gram required to achieve 50% inhibition
(ICs0) in the DPPH (2,2—diphenyl-1-picrylhydrazyl) radical scav-
enging assay.+ Standard deviation (3 =replicates)

origin [97]. Moreover, extraction efficiency and the result-
ing profile of bioactive compounds were strongly affected
by solvent polarity and extraction temperature, which gov-
ern the solubility and stability of phenolics [95].

Antioxidant Activity

The antioxidant activity of BSG and SfIIl was evalu-
ated through FRAP, DPPH % inhibition, and ICs, assays
(Table 3).

Logically, BSG displayed substantially higher antioxi-
dant activity than SfIII across all assays. In the FRAP assay,
BSG exhibited a reducing power of 30+0.04 umol TE/g,
approximately tenfold greater than SfIIl (3+£0.001 pmol
TE/g). This elevated reducing capacity reflects the abun-
dance of electron-donating compounds, primarily poly-
phenols and reducing sugars, which is consistent with our
compositional analyses presented above [55].

The DPPH assay confirmed this trend, with BSG achiev-
ing 34+2% inhibition, consistent with moderate-to-high
activity reported for barley and wheat byproducts (22-46%
inhibition) [80, 98]. In contrast, SfIIl demonstrated mini-
mal radical scavenging (6+£0.2% inhibition) and a high
ICso (91.9£5.5 mg/g), aligning with previous reports on S.
Sfluitans extracts [96]. The observed variability in Sargas-
sum antioxidant activity, including reports of extracts reach-
ing 63% inhibition, underscores the influence of seasonal
metabolite fluctuations and extraction protocols on bioactiv-
ity [55, 96].

The DPPH assay confirmed this trend, with BSG achiev-
ing 34+2% inhibition, consistent with moderate-to-high
activity reported for barley and wheat byproducts (22-46%
inhibition) [82, 87]. In contrast, SfIIl demonstrated mini-
mal radical scavenging (6+£0.2% inhibition) and a high
ICs, (91.9+5.5 mg/g), aligning with previous reports on S.
Sfluitans extracts [85]. The observed variability in Sargas-
sum antioxidant activity, including reports of extracts reach-
ing 63% inhibition, underscores the influence of seasonal
metabolite fluctuations and extraction protocols on bioactiv-
ity [45, 85].

FRAP and DPPH assays provide complementary infor-
mation on the antioxidant response of complex biomass
extracts, mainly through electron transfer-based mecha-
nisms. Therefore, the antioxidant properties observed here
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should be considered as indicators of potential activity,
while additional assays based on complementary mecha-
nisms would further contribute to a more complete char-
acterization. Within this methodological framework, the
higher antioxidant response observed for BSG highlights
the presence of antioxidant compounds of interest that could
be further investigated for functional applications, includ-
ing natural preservative development [99, 100]. In contrast,
although SfIII displayed limited radical scavenging activity,
its high polysaccharide content and metal-binding proper-
ties indicate promising applications in heavy metal biosorp-
tion and the development of biodegradable UV-protective
materials [6]. To fully exploit the antioxidant potential of
these biomasses found in Benin, complementary assays
such as ORAC and ABTS" are recommended. Furthermore,
optimizing extraction parameters could improve both the
yield and bioactivity of key compounds, thereby expanding
their potential for industrial applications.

Heavy Metal Analysis and Contamination Risk

Although these BGS and SfIII appear promising for estab-
lishing local value chains in Benin, it is essential to assess
a final critical parameter, namely the potential presence of
heavy metals, which could compromise certain high-value
or sensitive applications. BSG samples exhibited low con-
centrations of toxic heavy metals, including cadmium
(Cd<0.01 mg/kg), lead (Pb<0.22 mg/kg), mercury (Hg:
0.02-0.14 mg/kg), and arsenic (As<0.1 mg/kg). Essential
trace metals, copper (Cu: 18-18.5 mg/kg) and zinc (Zn:
79.6-86 mg/kg), were within the typical range for cereal
by-products [5]. Although the highest Pb level detected
(0.22 mg/kg) approached the European Commission [101]
Maximum Limits (MLs) for certain foodstuffs (0.1-0.2 mg/
kg), the overall heavy metal content in BSG remained
within safe margins for food and feed applications. The
slight observed variation in Pb suggests that factors such as
malt origin, water quality, or equipment maintenance may
influence metal uptake.

In contrast, SfIIl exhibited significantly higher levels
of arsenic contamination, ranging from 29.5 to 41.1 mg/
kg, consistent with reports on Caribbean Sargassum [57].
Cd (0.4-0.73 mg/kg) and Pb (0.96—1.35 mg/kg) frequently
exceeded EU regulatory limits, whereas Cu, Zn, and Hg
remained within acceptable levels. The elevated arsenic
content, predominantly in toxic inorganic forms [102],
renders the direct use of SfIII in food or feed unsafe with-
out pretreatment strategies such as washing, blanching, or
extraction. These findings highlight the necessity for rig-
orous monitoring to account for seasonal and inter-annual
variability in contamination levels [57, 103].

@ Springer

Future Opportunities

Both BSG and SfIIl exhibit compositional profiles that
support a range of potential valorization pathways. Once
dried, these materials may be integrated into biorefinery
and material recovery schemes similar to those reported
for other agro-industrial and macroalgal biomasses. How-
ever, these approaches should still be considered emerging
opportunities rather than established industrial processes,
as their implementation requires further techno-economic
validation, process optimization, and site-specific feasibility
assessments. A major consideration for both feedstocks is
the observed interannual variability in composition, particu-
larly in primary metabolites, which may limit their direct use
in standardized applications requiring consistent feedstock
quality. For SfIII, this variability is likely associated with
natural fluctuations in environmental conditions, including
seasonal changes, nutrient availability, and oceanographic
processes influencing biomass growth and accumulation.
Therefore, the use of SfIII for valorization should account
for temporal variability and require systematic characteriza-
tion of each harvested batch. In addition, SfIIT also presents
a constraint due to the presence of heavy metals such as
arsenic, which limits its suitability for food-related applica-
tions without prior detoxification steps and comprehensive
chemical characterization.

BSG has been widely investigated for food-related
applications due to its protein and fibre content and favour-
able amino acid profile [5, 79]. Its incorporation into food
products, particularly bakery and pasta formulations, has
been shown to improve nutritional quality, with signifi-
cant increases in dietary fibre and protein content while
maintaining acceptable functional properties [104—-106].
Beyond direct incorporation into foods, BSG has also been
investigated within integrated biorefinery concepts that
aim to fractionate proteins, phenolic compounds, and car-
bohydrate-rich residues into multiple value-added streams.
Comparative studies illustrate that enzymatic hydrolysis
preserves protein functionality, whereas subcritical water
extraction favors phenolic recovery at the expense of pro-
tein techno-functional properties [107, 108]. These con-
trasting outcomes indicate that process selection should
primarily depend on the targeted end-use application. In
addition to protein recovery, the phenolic fraction repre-
sents another promising target for applications in cosmetics,
nutraceuticals, and functional foods. A biorefinery approach
combining selective phenolic extraction with controlled
processing of the protein—enriched residue could gener-
ate multiple value-added streams, thereby linking waste
valorization to potential nutritional and economic benefits,
particularly in local contexts where such approaches could
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contribute to improving resource efficiency and food ingre-
dient availability.

In contrast, SfIII is less suitable for direct food appli-
cations due to compositional variability and heavy metal
content, but it remains a promising feedstock for non-food
valorization routes. Its lignocellulosic fraction supports
potential conversion into platform chemicals such as furan
derivatives, ethanol, or xylose [109]. Different pretreat-
ment strategies have been explored, each presenting distinct
advantages and limitations. Dilute-acid pretreatment favors
fermentable sugar production but generates inhibitory com-
pounds, whereas hydrothermal pretreatment reduces chemi-
cal consumption and facilitates hemicellulose recovery,
although with lower furanic compound production [109,
110]. These contrasting outcomes highlight that the choice
of pretreatment must be aligned with the targeted product
portfolio and downstream processing requirements. For
energy recovery, anaerobic digestion has been investigated
as a valorization route, yet its overall performance remains
highly dependent on digestate management and operational
conditions, which may limit its economic viability in con-
texts lacking adequate infrastructure [57, 111]. Beyond
biofuel production, SfIII has also been explored for tech-
nical material applications, including the fabrication of
cellulose-based filtration membranes [112]. Finally, given
its pronounced metal-chelating properties, SfIII represents a
biomass resource of interest for exploring biosorption-based
wastewater treatment systems. Leveraging this biomass in
filtration or adsorption processes could substantially support
national water purification efforts, contributing to improved
water quality and potability.

Overall, the available literature indicates that the most
appropriate valorization pathway depends on both the tar-
geted end product and the compositional characteristics of
the feedstock rather than on a universally optimal process.
For BSG, food-oriented biorefinery strategies appear par-
ticularly promising due to the complementary recovery of
proteins and phenolic compounds. Conversely, the compo-
sitional constraints of SfIII, notably its heavy metal content,
make environmental and material applications more suit-
able than direct food uses. Future studies should therefore
focus on validating these pathways by combining pilot-scale
demonstrations with site-specific techno-economic and life
cycle assessments under local conditions.

Conclusion and Perspectives

Brewers' Spent Grain (BSG) and Sargassum fluitans 111
(SAIII) from Benin represent underutilized biomasses with
substantial potential to support sustainable local value
chains. BSG is particularly notable for its high content of

polyphenols, condensed tannins, and electron-donating
metabolites, which confer significant antioxidant and bioac-
tive properties. These characteristics render BSG a compel-
ling candidate for applications in nutraceuticals, functional
foods, and natural preservative systems, offering avenues
to integrate bioactive chemistry with industrial and health-
oriented objectives. SfIII, while exhibiting comparatively
lower radical scavenging capacity, is enriched in polysac-
charides and metal-binding constituents, positioning it as a
versatile feedstock for environmental and material science
applications, including heavy metal biosorption and the
development of biodegradable components. The detection
of heavy metals and inorganic arsenic, however, under-
scores the necessity for rigorous pretreatment and quality
monitoring to ensure safety in any food or feed-related uses.

Collectively, these findings highlight the capacity of
BSG and SfIII to support local bioeconomy initiatives in
Benin. Strategic valorization, through the optimization of
extraction protocols, targeted functional applications, and
integration into circular economy frameworks, could unlock
substantial ecological, industrial, and socio-economic
value, demonstrating the transformative potential of chem-
ico-biological innovation in organic waste management in
Benin. Future developments should also consider process
requirements, including water consumption during biomass
washing and other processing steps, to ensure that these val-
orization pathways remain environmentally sustainable and
fully aligned with circular bioeconomy principles.
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