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A B S T R A C T

This research explores the impact of structural variations in laminarins derived from seaweed on their immu-
nomodulatory properties. Laminarins from Laminaria digitata, L. hyperborea, and Saccharina latissima, were ob-
tained using a two-step water extraction protocol, followed by structural characterization by FT-IR spectroscopy,
1H NMR, and MALDI-TOF MS. The laminarin backbones were confirmed as β–1,3-linked glucans with species-
specific percentages of β–1,6-linkages (~10 %, ~4 %, and ~21 %, respectively). Each polymer chain consists
of approximately 24 to 25 monomer units, while oligosaccharide fractions, produced using the enzyme LPHase,
displayed distinct DP-ranges, degrees of β–1,6-branching and intrachain linkages. Laminarin from L. hyperborea
and specific oligosaccharide fractions from L. hyperborea and S. latissima influenced cytokine secretion by den-
dritic cells (DCs). L. hyperborea laminarin and the fraction LhF5 (DP5–DP8) stimulated increased IL-6 and IL-10
secretion by DCs, suggesting a dual role in promoting inflammation and regulating the immune response. In
contrast, LhF5, LhF4 (DP6–DP10), and S. latissima laminari-oligosaccharide fraction SlF3 (DP6–DP9) caused
decreased TNFα secretion, reflecting anti-inflammatory potential. Co-culturing of treated DCs and CD4+ T-cells
showed that L. hyperborea laminarin caused increased IL-17 and IL-10 secretion, whereas SlF3 caused reduced IL-
12p40 and IFN-γ secretion. These findings show that DC maturation and T-cell activation are affected by lam-
inarins of certain size-distribution and branching, implying therapeutic potential for the treatment of inflam-
matory diseases or vaccine enhancement.

1. Introduction

Brown seaweed, encompassing around 2000 different species, is a
potentially rich source of health promoting compounds [1]. This has
raised significant interest in studying their potential for medical pur-
poses or as functional foods. One of the compounds of interest is lami-
narin, a low-molecular-weight storage polysaccharide (2–7 kDa), with a
degree of polymerization (DP) in the range of 25–40 [2–4]. Laminarin is
a water-soluble β-glucan, consisting of a β–1,3–D-glucose backbone,

interspersed with β–1,6-linked glucose moieties [5]. The content and
positioning of β–1,6 linkages in laminarins varies depending on the
species, season, and environmental conditions [6]. The β–1,6-linkages
can be internal in the linear β–1,3-backbone (intrachain) or form
branch-points (branched β-glucan oligosaccharides) [3,7]. Furthermore,
the laminarin glucan chains are capped at the reducing end with either
mannitol or glucose moieties, referred to as M-chains and G-chains,
respectively. The content and distribution of these two variants also
varies among species [7,8].
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Laminarin polysaccharides have been associated with a range of
bioactive properties including: antioxidant, anti-inflammatory, anti-
apoptotic, immunomodulation, and potential anti-cancer properties
[4,9–13]. Due to their bioactivities, they are promising candidates for
nutraceutical and pharmaceutical applications. However, the relation
between structural features and biological functions of laminarin is not
yet fully understood. Addressing this knowledge gap is critical for
developing laminarin-based interventions, particularly for functional
foods or therapies targeting immune-related disorders, such as inflam-
matory diseases, or enhancing vaccine efficacy. The bioactive properties
of laminarin polysaccharides have been proposed to be associated with
their structural features, such as DP, degree of branching (DB), and the
ratio of β–1,3 to β–1,6-glycosidic linkages, but also affected by purity
[4,5,11,14]. Conventional extraction methods for laminarin have often
used acidic conditions, which can alter the compound's structure and
potentially lead to inconsistent bioactivity results [15]. For example,
treatment with 0.1 M hydrochloric acid has been shown to lower the DP
of oat-derived β-glucan by breaking 1,3– and 1,4–β-linkages, thereby
increasing the amounts of glucose and smaller oligosaccharides [16].
Additionally, mildly acidic conditions have been intentionally used to
produce high-value oligosaccharides from L. digitata, leading to lami-
narin oligosaccharides with modified antioxidant and prebiotic prop-
erties [17]. Methods that introduce structural changes, also introduce
challenges in relating structure to function, making it essential to
determine detailed structures in the same batch as used for the docu-
mentation of the bioactivity. Further knowledge on the native lami-
narins, is also essential for rational choices of raw-material, to improve
our understanding of which species produce relevant laminarins for
specific applications. Moreover, existence of impurities and high ash
content can result in misleading conclusions regarding bioactivities.
This was documented in a study by Smith and colleagues (2018), where
a laminarin sample was initially acting as a Dectin-1 antagonist, but
after removing low molecular weight impurities it became a Dectin-1
agonist [4,5,11,14].

Recently, enzymatic digestion methods, using laminaripentaose-
producing β–1,3-glucanases suitable for hydrolyzing laminarin into ol-
igosaccharides, have been employed to elucidate more structural details
in biomacromolecules like laminarin [5]. Liu and colleagues [5] applied
this method combined with HPAEC-PAD-MS/MS analysis to, e.g., reveal
the presence of β–1,6-linkages in laminarins from L. digitata and Eisenia
bicyclis. This method can not only provide insight into the structural
intricacies of laminarin but can also help to explore structure-function
relationships of the produced oligosaccharides. Laminarin-degrading
enzymes have, therefore been used to generate laminari-
oligosaccharides to study bioactivities, including antioxidant, antidia-
betic, and to a certain extent, immuno-modulating effects [7,12,18].
However, the relation between oligosaccharide structures and immuno-
modulating activities is still underexplored, and thus far no definite
conclusions are drawn.

DCs are the key initiators of the adaptive immune response, by
activating and polarizing naïve T-cell responses. In their immature state,
they reside in tissues, functioning as sentinels scanning for danger sig-
nals [19,20]. When encountering foreign antigens, such as pathogen- or
damage-associated molecular patterns (PAMPs or DAMPs), DCs activate
and undergo phenotypic and functional changes transforming them into
their mature stage. This maturation involves the up-regulation of surface
molecules vital for antigen presentation, such as major histocompati-
bility complex (MHC) molecules, as well as the co-stimulatory molecules
CD80 and CD86 [20]. Subsequently, mature DCs migrate to draining
lymph nodes where they prime naïve T-cells, steering them toward
becoming effector cells, including T-helper (Th)1, Th2, and Th17 sub-
sets, or cytotoxic T-cells [21,22]. The repertoire of cytokines secreted by
the mature DCs during this process depends on the PAMPs or DAMPs
encountered [19,20].

Notably, the cytokines secreted by DCs orchestrate the downstream
immune responses, such as IL-12 and IL-6, which direct the polarization

of naïve CD4+ T-cells into Th1 or Th17 effector cells, respectively
[23,24]. However, IL-6 has a complex role in immune modulation, as
reviewed in [25]. It is a pro-inflammatory cytokine critical for activating
Th17 responses against extracellular pathogens and initiating acute
inflammation, whereas it can also promote production of IL-10 by T
cells, thus restricting inflammatory processes [25]. Simultaneous upre-
gulation of IL-6 and IL-10 cytokine secretion can, therefore, be linked to
anti-inflammatory responses. TNFα, is a potent pro-inflammatory cyto-
kine, which plays a pivotal role in driving inflammation and the acti-
vation of immune cells [26,27]. However, its sustained production can
contribute to chronic inflammation and tissue damage. This is observed
in numerous autoimmune disorders, such as rheumatoid arthritis, in-
flammatory bowel disease, psoriatic arthritis and multiple sclerosis
(reviewed [28], which respond well to anti-TNF therapy. IL-10 acts as a
potent anti-inflammatory cytokine that suppresses the production of
pro-inflammatory mediators (e.g., TNFα, IL-1β, IL-6) and reduces the
expression of MHC and co-stimulatory molecules on DCs [29]. While
extended production of IL-6 and TNFα initiates the recruitment and
activation of immune effector cells, IL-10 counter-regulates these pro-
cesses to mitigate excessive immune activation and restore homeostasis
[29,30]. These mechanisms are in line with the complex effects of
laminarin and its oligosaccharides on cytokine secretion observed in this
study, reflecting both pro-inflammatory and regulatory capacities. Such
immunomodulatory properties highlight their multiple potential in
therapeutic applications, including the treatment of inflammatory dis-
eases and immune-mediated disorders.

In this study, a mild two-step water extraction protocol was used for
laminarin extraction. A temperature escalation approach was applied for
effective isolation of laminarin. This method was chosen for its
simplicity, eco-friendliness, and ability to avoid the use of residual sol-
vents or chemical modifications, which is critical for applications in
functional foods, pharmaceuticals, or nutraceuticals, where regulatory
compliance and consumer safety are paramount. This approach not only
preserves the structural integrity of laminarin but also simplifies the
purification process, avoiding the need for additional reagents or com-
plex downstream procedures. As mentioned, mildly acidic extraction
conditions can alter laminarin's structure by breaking β-linkages,
reducing the DP, resulting in production of altered structures with
smaller oligosaccharides. In contrast, our protocol avoids such extremes,
ensuring that the laminarin's structural and functional characteristics
remain intact. Although alternative methods, such as enzymatic hy-
drolysis or ultrasound-assisted extraction, may offer higher yields or
efficiency, these techniques often require additional reagents or
specialized equipment, increasing both complexity and cost. High purity
of the laminarins was ensured by including precipitation, filtration, and
dialysis of the extracts from L. digitata, L. hyperborea, and S. latissima.
The output, purity, DP and DB of the extracted laminarins were subse-
quently evaluated by high-performance anion exchange chromatog-
raphy with pulsed amperometric detection (HPAEC-PAD), Fourier-
transform infrared spectroscopy (FT-IR), proton nuclear magnetic
resonance (1H NMR), and Matrix-Assisted Laser Desorption/Ionization
Time-of-Flight Mass Spectrometry (MALDI-TOF MS). Furthermore, the
laminarins extracted from the aforementioned species were subjected to
enzymatic hydrolysis to produce laminari-oligosaccharides of different
sizes and DB. The hydrolysis process was executed using the
laminaripentaose-producing endo-1,3–β-glucanase (LPHase) from
Streptomyces matensis DIC-108 [31], in an attempt to create laminari-
oligosaccharides with varied immunomodulating effect and facilitating
a systematic exploration of their structure-function relationships. Given
laminarin's structural complexity and species-specific variations, we
hypothesize that its immunomodulatory effects are associated with
distinct structural features, including DP, branching patterns, and β–1,6-
linkage content, which may influence its interactions with immune cells.
By utilizing a mild, non-degradative extraction method and precise
enzymatic hydrolysis to produce laminari-oligosaccharides, this study
aims to correlate these structural characteristics systematically with
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immunomodulatory activities by exploring their impact on the matu-
ration and activation of human monocyte-derived DCs, as well as the
ability of laminarin- or laminari-oligosaccharide treated monocyte-
derived DCs to activate and differentiate allogeneic CD4+ T-cells. This
is an innovative approach to bridging the existing knowledge gap con-
cerning the structure-function relationships in laminarins, offering po-
tential applications in developing laminarin-based nutraceuticals or
therapeutic agents, for the context of treating inflammatory diseases or
enhancing vaccine efficacy.

2. Material and method

2.1. Materials

Dried S. latissima was kindly provided by Annette Bruhn (Department
of Bioscience at Aarhus University, AlgeCenter, Denmark). Similarly,
dried L. hyperborea and L. digitata were provided by Íslensk Bláskel og
Sjávargróður, Iceland. The samples were harvested during summer
(2018) to assure high laminarin yields. Voucher specimens for
L. hyperborea and L. digitata were deposited and are available for refer-
ence. Unfortunately, it was not possible to deposit a voucher specimen
for S. latissima. The dried raw materials were stored in sealed bags, at
room temperature, in the dark. Purified laminarin from L. digitata
(harvested in Iceland) was also obtained from Merck (Darmstadt, Ger-
many, Lot #SLCG6449), and was stored according to the manufacturer's
instructions. The S. latissima, L. hyperborea, and the commercial
L. digitata biomasses were used to generate the laminari-
oligosaccharides fractions described in Section 2.4.2.

2.2. Laminarin extractions and purification

2.2.1. Extractions and filtration
Dried L. hyperborea and S. latissima were ground to a fine powder

(~1 mm particle size) using an IKA® A10 mill. Crude laminarin was
extracted with a two-step water protocol: 100 g of seaweed powder was
mixed with 1.5 L distilled water, initially extracted at 30 ◦C for 2 h with
continuous shaking (75 rpm), followed by extraction at 70 ◦C for 3 h.
The cooled extracts (4 ◦C overnight) were centrifuged (~12,000g for 20
min) to separate pellets and supernatants. The pellets were recentrifuged
to maximize yield.

Calcium chloride (CaCl₂) of 1 % was used at 4 ◦C overnight to pre-
cipitate alginate, a well-established method for isolating poly-
saccharides [32], followed by centrifugation (~12,000g for 20 min) to
separate and discard the precipitated alginate pellet from the extract.
For further purification, the clear laminarin extracts underwent filtra-
tion using the Cogent®10 M1 tangential flow filtration (TFF) system
(Merck Millipore) equipped with 10 kDa filters. Subsequently, the ex-
tracts were further purified by dialysis on the TFF-system using 1 kDa
filters. The extracts were lyophilized and stored at − 20 ◦C until further
use.

2.2.2. Separation of L. hyperborea-derived laminarin from fucoidan
polysaccharides by anion-exchange chromatography

The extract from L. hyperborea (extracted as described in Section
2.2.1) required further purification to separate laminarin from fucoidan.
A 10 mg dried extract sample was dissolved in 1 mL of distilled water
and loaded onto a DEAE-cellulose column (1 × 20 cm; Sigma-Aldrich, St.
Louis, MO, USA), equilibrated with distilled water. Laminarin fractions
were eluted with water and lyophilized. The remaining material in the
column was fucoidan (containing sulfate as anionic functional group),
which was eluted with 1 M ammonium bicarbonate buffer.

2.3. Composition analyses and profiling of the laminarin polysaccharides

2.3.1. Total phenolic content (TPC)
Portions (100 mg) of lyophilized laminarin extracts were dissolved in

10 mL ultrapure water (Milli-Q grade) and vortexed until all the powder
was dissolved. The total phenolic content was determined using the
method published by Singleton and Rossi [33], adapted to a microplate
format with some modifications. Briefly, 20 μL of the sample was mixed
with 100 μL of 0.2 N Folin& Ciocalteu’s phenol reagent (Sigma-Aldrich)
and incubated at room temperature for 5 min. Then, 80 μL of 7.5 %
Na2CO3 (Sigma-Aldrich) were added, and the mixture was heated for 10
s in microwave oven at 550 W. After heating, the mixture was incubated
at room temperature for 30 min under constant agitation. Absorbance
was read at 730 nm using a microplate reader (Thermo Scientific Mul-
tiSkan Sky with SkanIt software 6.0.1). A standard curve with seven
concentrations of phloroglucinol was used, and results were expressed
as mg of phloroglucinol equivalents (PGE) per 100 g of lyophilized
laminarin extract, obtained through interpolation from regression
analysis.

2.3.2. Ash content
Ash content was measured after combusting the moisture free pow-

der at 550 ◦C for 10 h in a furnace [34]. All measurements were carried
out in duplicates, and quantification was done gravimetrically.

2.3.3. Carbohydrate composition quantification and laminarin profiling
The carbohydrate composition of the water-extracted laminarin

samples and the commercial sample was quantified using a two-step
sulfuric acid hydrolysis, adjusted for algal biomass [35]. An amount of
25 mg of freeze-dried extracts was mixed with 250 μL of 72 % sulfuric
acid in Pyrex tubes, and the samples were incubated at 30 ◦C for 1 h with
shaking (150 rpm). Then, the acid was diluted to 4 % (w/w) by adding 7
mL of distilled water to the tubes and then the samples were autoclaved
for 1 h at 121 ◦C (1 atm). The hydrolysates were cooled to room tem-
perature and centrifuged at 3000 ×g for 5 min (Sigma 3–16PK centri-
fuge, Sigma), followed by neutralization of the supernatants with Ba
(OH)2⋅H2O (0.1 M). Removal of precipitated residues was done by
centrifugation at 3000 ×g for 5 min (Sigma 3–16PK centrifuge, Sigma).
The neutralized hydrolysates were diluted and filtered through 0.2 μm
PTFE syringe filters (Pall) and analyzed using HPAEC-PAD (Thermo
Fisher Scientific), with a Dionex CarboPac PA-20 analytical column and
a corresponding guard column (Thermo Fisher Scientific) for mono-
saccharide separation. The separation of monosaccharides and uronic
acid was performed under isocratic conditions at a flow rate of 0.5 mL/
min. Eluents for separation of monosaccharides and mannitol were (A)
milliQ-water, (B) 2 mM NaOH, and (C) 200 mM NaOH. Separation was
done using an eluent mixture of 62.5 % (A) and 37.5 % (B) for 30 min.
For separation of uronic acids, eluent (B) was 1 M sodium acetate in 200
mM NaOH while eluents (A) and (C) were the same as for mono-
saccharide separation. The uronic acids were eluted by an eluent
mixture of 55 % (A), 15 % (B) and 30 % (C) for 18 min. The column and
the compartment temperature were kept at 30 ◦C. All the experiments
were performed in duplicate, and the mean value and standard deviation
were calculated. Total carbohydrates were estimated as the sum of all
individual monomeric sugars.

2.4. Enzymatic generation of laminari-oligosaccharides

2.4.1. Expression of the lph gene and production of recombinant LPHase in
Escherichia coli

The sequence for LPHase (encoding 376 amino acids) was obtained
from Streptomyces matensis DIC-108, as previously described [31], and
was extended with a maltose-binding protein domain (MalE) in the
cloning design to enhance solubility. The gene was amplified using the
forward primer f(CCATCGTGAACAGATTGGTGGCGCCGCCGTTCCAG
CGACCATTC) and the reverse primer, r(TTAATGATGATGATGAT-
GATGGGATCCATCGAACGGGTCCAGAGTCAG). The expression vector
pHWG1106 [36] was linearized with KasI and BamHI and subsequently,
the gene was inserted into the vector using the NEBuilder® HiFi DNA
Assembly Cloning Kit (New England Biolabs Inc.). The resulting plasmid,
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pHG247, was introduced into E. coli NEB10 beta competent cells by
transformation. Expression was achieved by cultivating pHG247/NEB10
in 30 mL LB broth supplemented with ampicillin (100 μg/mL) at 37 ◦C
until reaching an OD600 0.7. The culture was then moved to room
temperature and allowed to grow until reaching an OD600 of approxi-
mately 0.9. Gene expression was induced by adding 10 % (w/v) L-
rhamnose, resulting in a final concentration of 0.15 %. The culture was
incubated overnight at room temperature. Cells were harvested by
centrifugation at 3,400g for 10 min at 4 ◦C (~0.3 g) and resuspended in
four times the volume of lysis buffer (~1.2 mL; 50 mM sodium citrate,
pH 6, 150 mM NaCl, 15 % glycerol). Cell disruption was achieved by
sonication on ice. The cell lysate was centrifuged at 16,000g for 30 min
at 4 ◦C to separate the supernatant from the insoluble debris. Expression
of LPHase was confirmed by sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), using Mini-PROTEAN® TGX Stain-Free™
Precast Gels (4–20 %, 15-well), in Tris-glycine-SDS (TGS) running
buffer. The supernatant was stored as a crude extract at − 80 ◦C until use
in laminarin hydrolysis experiments.

2.4.2. Enzymatic laminarin hydrolysis and purification of laminari-
oligosaccharide extracts

The enzymatic hydrolysis was conducted at 50 ◦C and pH 5.7, as
optimized for LPHase activity. Simultaneously, dialysis was performed
to separate the laminari-oligosaccharides from the substrate. The pro-
cedure was as follows: A 50 mL 4 % solution of lyophilized laminarin
from L. digitata, L. hyperborea and S. latissima was prepared by mixing it
with 20 mM sodium citrate buffer (pH 5.7). LPHase crude extract was
added to the laminarin solutions at a volume of 200 μL, corresponding to
approximately 1.2 mg per reaction. The mixtures were transferred into
Slide-A-Lyzer® 3.5 K Dialysis cassettes G2 (Thermo Scientific) and
placed in 1 L beakers. The beakers were filled to the 550 mL mark with
20 mM sodium citrate buffer (pH 5.7) and securely covered with plastic
wrap and aluminum foil to prevent evaporation. The sealed beakers
were incubated in a 50 ◦C in a heating cabinet for two days, with manual
shaking 4 to 5 times daily throughout the incubation period. Upon
completion, the surrounding buffer, containing the produced oligosac-
charides, was collected for each reaction, frozen, and subsequently
lyophilized to yield the desired product.

For the purification of the laminari-oligosaccharide mixtures, a 12 %
(w/v) solution of lyophilized laminari-oligosaccharides from each spe-
cies was prepared by mixing the extracted laminarins with milli-Q
water. The solutions were filtered through non-sterile Phenex RC
membrane (0.45 μm, 26 mm syringe filters; Phenomenex). Purification
of the laminari-oligosaccharide mixtures was executed using an ÄKTA
system with a size-exclusion Superdex™ 30 HiLoad 26/600 column
(Cytiva). The column was equilibrated with a low ionic strength buffer
(50 mM NaCl), and the running buffer was degassed milli-Q water. A
total of 12 mL of the 12 % oligosaccharides solution, plus additional 5
mL of milli-Q water, was loaded onto the column. Separation was
initiated by allowing 0.37 column volumes to flow into 50 mL tubes,
utilizing the running buffer at a flow rate at 2 mL/min. Subsequently,
1.7 mL fractions of laminari-oligosaccharide mixtures were collected in
a 2.2 mL V-shaped, 96 squared deep well microplate (4titude, Azenta
Life Science) using a flow rate at 2 mL/min. The sizes of the laminari-
oligosaccharides were analyzed with thin-layer chromatography
(TLC). Distinct oligosaccharide fractions were carefully collected,
lyophilized and stored at − 20 ◦C for future utilization. The fractions
were named according to their source species as follows: L. digitata (Ld),
L. hyperborea (Lh) or S. latissima (Sl), with fraction indicated by a “F” and
a number (e.g., LdF1).

2.4.3. Thin-layer chromatography (TLC)
For a comprehensive assessment of laminari-oligosaccharides dis-

tribution and approximate sizes, 0.8 μL samples from wells 1, 4, 7, and
10 of the rows A-H of each 96 square deep well microplate containing
the laminari-oligosaccharide fractions of one of three seaweed species

(Figs. S1 and S2) were spotted near the bottom of the TLC silica gel (10
× 20; Merck). Close-up views were generated by spotting 2 μL on the
TLC plate from the end wells in row C to E12. As a mobile phase, a
mixture of 1-butanol, acetic acid, and Milli-Q water (2:1:1) was run for
1.5 h. Thereafter, the TLC plates were dried and developed using 100 mg
orcinol in 95 mL methanol and 5 mL sulfuric acid. Then, the plates were
dried and heated at 120 ◦C using the TLC Plate Heater III (CAMAG®)
until bands became visible.

2.5. Structural analyses of laminarin and laminari-oligosaccharide
fractions

2.5.1. Nuclear magnetic resonance (NMR) spectroscopy
1D and 2D NMR spectra were recorded on a 600 MHz Bruker Avance

Neo NMR spectrometer equipped with a 5 mm TCI Prodigy CryoProbe
(Bruker). Samples were dissolved in D2O (0.5 mL, 99.9 %; Cambridge
Isotope Laboratories, Tewksbury, MA, USA) and transferred to 5 mm
NMR tubes. All spectra were obtained using standard Bruker pulse
programs with water suppression. The 2D TOCSY spectra were recorded
using an MLEV-17 mixing sequence with spin-lock times of 150 ms. The
2D NOESY spectra were recorded with a mixing time of 300 ms. Natural
abundance 2D 13C–1H HSQC experiments were recorded without
decoupling during the acquisition of the 1H free induction decay.
Chemical shifts were expressed in parts per million (ppm) relative to
solvent HOD signal (4.84 ppm for 1H NMR, 292 K). Data were processed
using TopSpin™ software (Bruker). Line fitting (deconvolution) was
used to estimate the average degree of polymerization, branching and G:
M ratio. The expanded region (5.3–4.0 ppm) with selected peaks on the
1D 1H NMR spectrum was fitted with Lorentz/Gaussian functions, to
obtain the position of overlapping peaks, line widths, and integrals.

2.5.2. Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF/TOF MS)

MALDI-TOF/TOF MS experiments were performed using a Bruker
ultrafleXtreme (Bruker Daltonics) mass spectrometer. All spectra were
recorded in reflector positive-ion mode, and the acquisition mass range
was 200–6000 Da. Samples were prepared by mixing on the target 0.5 μL
sample solutions with 0.5 μL aqueous 10 % 2,5-dihydroxybenzoic acid
as matrix solution.

2.5.3. Fourier transform infrared spectroscopy (FT-IR) analysis
Freeze-dried laminarin was analyzed to identify its functional groups

using an FT-IR spectrometer (Nicolet iS5, Thermo Scientific) with a
spectral range of 400–4000 cm− 1.

2.6. Laminarin and laminari-oligosaccharides effect on dendritic cells and
T-cell activation

2.6.1. Sample preparation for DC-model
Lyophilized laminarin and the laminari-oligosaccharide fractions

were diluted in RPMI cell culture medium (Gibco, Invitrogen, Paisley,
UK), supplemented with 10 % (v/v) fetal calf serum (FCS; Gibco) and 1
% (v/v) penicillin/streptomycin (Gibco) to a stock concentration at 5
mg/mL.

2.6.2. Maturation and activation of monocyte-derived DCs
Peripheral blood mononuclear cells (PBMCs) were isolated from

buffy coats of healthy donors by Ficoll Histopaque density-gradient
(Sigma-Aldrich). CD14+ monocytes were isolated using CD14
Microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). The CD14+

monocytes were cultured in 48-well plates (Nunc) at concentration of
0.5 × 106 cells/mL for seven days in RPMI medium supplemented with
FCS and antibiotics. The differentiation into immature DCs was induced
with IL-4 at 12.5 ng/mL, and GM-CSF at 25 ng/mL (both from R&D
Systems, Bio-Techne, Abingdon, England). Maturation of the immature
DCs into mature DCs was achieved by culturing the immature DCs for 24
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h in RPMI medium supplemented with FCS and antibiotics in 48-well
plates at concentration of 2.5 × 105 cells/mL in the presence of IL-1β
(10 ng/mL), TNFα (50 ng/mL; both from R&D Systems) and lipopoly-
saccharide (LPS) from E. coli, serotype 055:B5 (0.5 μg/mL, Sigma-
Aldrich). The stock solution of 5 mg/mL of each laminarin sample was
diluted in RPMI medium and added to the maturing DCs at a concen-
tration of 100 μg/mL together with cytokines and LPS. Cells cultured
with cytokines and LPS but in the absence of sample were used as
negative control (Neg-DCs). After 24 h, the matured DCs were harvested
and the effect of laminarin and the laminari-oligosaccharide fractions on
their maturation was evaluated by measuring cytokine secretion by
ELISA and expression of surface molecules by flow cytometry.

2.6.3. Co-culture of DCs and allogeneic CD4+ T-cells
Allogeneic CD4+ T cells were obtained from PBMCs using CD4

microbeads (Miltenyi Biotec) following the same procedure as for the
isolation of CD14+ monocytes described above. DCs which were
matured and activated with LPS, TNFα, and IL-1β [in presence or
absence of either laminarin from L. hyperborea, L. hyperborea oligosac-
charide fraction LhF5 or S. latissima oligosaccharide fraction SlF3 (all at
100 μg/mL)] were co-cultured at 2 × 105 cell/mL with allogeneic CD4+

T-cells at 2 × 106 cells/mL in 96-well round bottom culture plates for six
days. The effects of the fractions on the ability of DCs to activate and
differentiate the CD4+ T-cells were determined by measuring cytokine
concentrations in the co-cultures by ELISA.

2.6.4. Determination of cytokine concentrations by ELISA
The concentrations of TNFα, IL-6, IL-12p40 and IL-10 in culture su-

pernatants from DCs and IFNγ, IL-17, IL-12p40, and IL-10 in culture
supernatants from co-cultured DCs and CD4+ T-cells were measured by
sandwich ELISA using DuoSets from R&D Systems according to the
manufacturer's protocols. To minimize the effect of variance between
individuals in cytokine secretion by cultured DCs and by DCs and CD4+

T-cells in co-cultures, the results are expressed as secretion index (SI).
The calculations were performed by dividing the cytokine concentration
(pg/mL) in the supernatant from DCs matured in the presence of a
laminarin sample or in co-cultures of these DCs with CD4+ T-cells, by the
cytokine concentration (pg/mL) in supernatants from Neg-DCs or in co-
cultures of the Neg-DCs with CD4+ T-cells. Proportional index (PI) was
used to evaluate the overall effect of the samples on the IL-12p40 and IL-
10 cytokine secretion, calculated by dividing the SI for IL-12p40 with SI
for IL-10, where PI > 1 was indicative of a pro-inflammatory effect and
PI<1 of an anti-inflammatory effect.

2.6.5. Expression of surface molecules by flow cytometry
To investigate whether laminarin and the laminari-oligosaccharide

had an impact on the activation status and functional capacity of the
DCs, DCs were stained with mouse monoclonal antibodies against
Human Leukocyte Antigen-DR (HLA-DR; clone L243), Cluster of Dif-
ferentiation (CD)40 (clone 5C3), CD14 (clone M5E2), programmed
death-ligand 1 (PD-L1; CD274) (clone 5C3), and CD1c (clone L161) (all
from BioLegend, Nordic Biosite, Sweden), CD141 (clone 501733; from
R&D Systems), and CD86 (clone Bu63; from Bio-Rad, Watford, United
Kingdom). Approximately 10,000 events gated as DCs were collected
using a Sony SH800S flow cytometer (Sony Biotechnologies, UK), and
the data were analyzed using Kaluza analysis software (Beckman
Coulter, California, USA). Appropriate isotypic antibodies were used to
evaluate background staining and set positive gates. The results are
presented as percentage positive cells.

2.6.6. Viability assessment of dendritic cells
The viability of DCs exposed and not exposed to laminarin samples

was analyzed by Trypan blue staining and counted by C-Chip Neubauer
improved counting chamber. The percentage of viable cells was calcu-
lated by the formula provided in Eq. (1)

Cellviability(%)=(Numberof viablecells)/(Totalnumberof cells)×100
(1)

2.7. Statistical analysis

Data were expressed as mean ± standard error of the mean (SEM),
and statistical analysis was performed using GraphPad Prism version
10.2.1 (395) (GraphPad Software, San Diego, California, USA, www.gra
phpad.com). One-way ANOVA was used to compare the treated DCs
with DC-Neg (n ≥ 3) and unpaired t-test was used to compare co-culture
experiments (n = 6). An asterisk indicates p ≤ 0.033 (*), p ≤ 0.002 (**),
and p < 0.001 (***).

3. Results and discussion

3.1. Extraction, purification, composition analysis and capping

Laminarins from S. latissima and L. hyperborea were successfully
extracted by a two-step water extraction protocol and were subsequently
purified to apparent homogeneity. Firstly, the extract was treated with
CaCl2 to precipitate traces of alginate, then filtered through a 10 kDa
membrane to remove larger molecules like fucoidan, and finally passed
through a 1 kDa filter to remove smaller (degradation) products and
minerals (Table 1). The laminarin % yield was 10 % and 12 % of the
L. hyperborea and S. latissima biomass, respectively. In contrast, lami-
narin extracted from a locally sourced L. digitata, resulted in a low yield,
likely due to a low laminarin-content present in the raw material
(Table S1), while mannitol and ash content remained high after purifi-
cation. To obtain L. digitata laminarin of good purity, commercially
available laminarin (Merck) was used instead for structural analyses and

Table 1
Composition analyses of pure laminarin from L. digitata, L. hyperborea and
S. latissima.

L. digitata L. hyperborea S. latissima

Ash [% dwa] 3.90 ±

0.60
15.33 ± 0.18 15.45 ±

0.55*
TPCb [mg PGE/100 g lyophilized

laminarin extract]
–
ndc with
NMR

–
nd with
NMR

1.03 ± 0.50
nd with
NMR

Monosaccharide composition [% dw]
Mannitol 0.42 ±

0.06
2.25 ± 0.20 4.68 ± 0.26

Fucose 0.24 ±

0.02
2.51 ± 0.02 nd

Arabinose nd nd nd
Galactose nd 0.95 ± 0.02 nd
Glucose 78.36 ±

2.17
52.86 ± 0.11 74.63 ±

4.29
Xylose 0.88 ±

0.02
0.54 nd

Mannose 1.73 ±

0.03
0.33 ± 0.07 nd

Mannuronic acid nd 5.57 ± 0.57 nd
Guluronic acid nd 2.19 ± 0.25 nd
Glucuronic acid nd 0.63 ± 0.08 nd
Total uronic acids nd 8.39 ± 0.90 nd
Total carbohydratesd 81.63 ±

2.30
67.83 ± 2.22 79.31 ±

4.55

The data are presented as mean value ± standard deviation (for TPC, n = 3 for
ash, n = 2, and for monosaccharides, n = 2).

* The sample size of S. latissima was very low causing high standard deviation.
a dw means dry weight.
b TPC means Total Polyphenol Content.
c nd means not detected.
d Total carbohydrate is the combined amounts of neutral sugars and uronic

acids.
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immunomodulation tests. This laminarin product from L. digitata con-
tained 78 % glucose (w/dw), and low levels of mannitol and ash
(Table 1).

Monosugar analysis of the extracted L. hyperborea and S. latissima
laminarins showed that both extracts primarily contained glucose and
mannitol (Table 1). In the S. latissima extract, glucose constituted 75 %
of the dry weight (dw), and mannitol made up 5 % of the dw, resulting in
a total carbohydrate content of 80 %, with a high purity of the extracted
laminarin. The extract from L. hyperborea was also predominantly
composed of glucose (53 % w/dw) and mannitol (2 % w/dw), with minor
amounts of fucose, galactose, and xylose (Table 1), implying fucoidan
contamination, which was confirmed by 1H NMR analysis (Fig. S3).
Fucoidan was successfully removed from this sample using DEAE-
cellulose anion-exchange chromatography (Fig. S3), facilitating
further characterization by 1H NMR and enzymatic preparation of
laminari-oligosaccharides (Section 3.3).

1H NMR characterization of the three chosen laminarin samples
revealed coexistence of M- and G-type laminarin, with variations in the
M:G ratio between the seaweed species (Fig. 1 and Table 2), consistent
with existing literature [8,37]. This was observed as a chemical shift at
4.18 ppm for mannitol connected to glucose or as glucose in its α or β
configuration at the reducing end (Gα/β) [(1 → 3) –β–D–Glcp] at δ 5.22/
4.67 ppm (Fig. 1). The ratio was estimated to be 2.5:1 for the laminarins
from both L. digitata and S. latissima and to be 1:1 for laminarin from
L. hyperborea (Table 2). The M:G ratio, along with the observed mannitol
content, harmonizes with literature data [8,38,39]. Comparison with
the composition analysis (above) indicates that free mannitol is present
in the S. latissima sample. Such coexistence of free mannitol has been
previously reported [3,7,8], and cannot be ruled out for this study.

The total phenolic content was quantified using the TPC-assay.
Phenolic content in the L. digitata and the L. hyperborea laminarin ex-
tracts was below detection levels, while S. latissima laminarin extract
had a phenolic content of 1.03 ± 0.05 mg PGE/100 g lyophilized extract
(Table 1). Although detectable, the quantity of phenolic compounds in
the S. latissima sample was low compared to findings in other studies
(5–8 g PGE/100 g lyophilized extract) [4,40].

3.2. Degree of polymerization, linkage types and branching

3.2.1. FT-IR spectroscopy for estimation of components and bond-types
FT-IR spectra of laminarin extracted from each of the three species

(Fig. 2) consistently displayed characteristic absorption peaks associated
with the stretching vibration of –OH groups, appearing at 3347 cm− 1

for L. digitata, 3361 cm− 1 for L. hyperborea, and 3314 cm− 1 for
S. latissima, respectively. The C–H stretching vibrations in –CH3 or
–CH2 groups, characteristic of sugars, were observed at 2917 cm− 1 for
L. digitata and L. hyperborea, and at 2887 cm− 1 for S. latissima, probably a
result of variations in the laminarin structure across the species (as
further described below). The pyranose absorption peak, associated with
the C–H weak scissor vibration around 890 cm− 1, confirmed the exis-
tence of β-type glycosidic bonds for all three species. The peaks observed
between 1000 and 1200 cm− 1 were attributed to the stretching vibra-
tions of C–C and C–O bonds in the pyranose rings, indicating poly-
saccharides as dominant components in the extracts. These observations
agree with previously reported data [13,41].

3.2.2. Estimation of the degree of polymerization
MALDI-TOF MS analysis of the laminarins from L. digitata,

L. hyperborea and S. latissima showed that the extracts constituted a
mixture of poly- and oligosaccharides of varying sizes (Fig. 3 and
Table 2). The laminarin from L. digitata displayed a range from DP10 to
DP36, with DP25 being the dominant signal (Fig. 3). Laminarin from
L. hyperborea exhibited a size range from DP8 to DP33, with DP24 being
the dominant signal (Fig. 3), and S. latissima laminarin had a DP range
from DP7 to DP36, with DP24 being the dominant signal (Fig. 3). This
suggests an average molecular weight of approximately 5 kDa, in line
with previous reported data [2–4].

3.2.3. Structural analysis of the laminarins by 1D/2D 1H NMR
spectroscopy

In the 1D 1H NMR spectra of laminarin from L. digitata, L. hyperborea,
and S. latissima (Fig. 1), the anomeric signals are detected at positions
that correspond to the occurrence of β–1,3 and β–1,6 linkages. For the
assignment of the various signals, our previously developed library of

Fig. 1. 1H NMR spectra of laminarin from L. digitata, L. hyperborea, and S. latissima highlighting possible linkages. The spectra were recorded in D2O at 292 K. The
possible linkages are shown as Gt [β-D-Glcp-(1 → 3)-]; Gi [− (1 → 3)-β-D-Glcp-(1 → 3)-]; GD [− (1 → 3,6)-β-D-Glcp-(1 → 3)-]; GB [− (1 → 6)-β-D-Glcp-(1 → 3)-]; GC
[− (1 → 3)-β-D-Glcp-(1 → 6)-]; GA [β-D-Glcp-(1 → 6)-]; Gα/β (reducing end) [− (1 → 3)-β-D-Glcp] and M-ol [− (1 → 1)-M-ol].
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NMR data for laminari-oligosaccharides was used (Table 3) [42,43].
Additionally, 2D 13C − 1H HSQC spectra were recorded confirming the
assignment of chemical shifts, particularly in the bulk region, where
significant overlap of signals was observed in the 1D spectrum (Fig. S4).
In the 1D 1H NMR spectrum, terminal β-D-Glcp-(1 → 3)-units are re-
flected by Gt H-1 at δ 4.75, internal -(1 → 3)-β-D-Glcp-(1 → 3)- units by
Gi H-1 at δ 4.79, branching -(1 → 3,6)-β-D-Glcp-(1 → 3)- units by GD H-1
at δ 4.77, − (1 → 6)-β-D-Glcp-(1 → 3)- units by GB at δ 4.72, − (1 → 3)-
β-D-Glcp-(1 → 6)- units by GC H-1 at δ 4.55, terminal β-D-Glcp-(1 → 6)-
units by GA H-1 at δ 4.52, Gα/β (reducing end) [− (1 → 3)-β-D-Glcp] at δ
5.22/4.67, respectively, and mannitol itself, which gives a M-ol H-1a
signal outside the bulk region at δ 4.18 (Fig. 1). Due to strong overlap of
the signals, line fitting (deconvolution) was used to estimate the average
DP, branching and mannitol to glucose (M:G) ratio (Table 3). The

percentage of the β–1,6-intrachain/branching in laminarin samples was
estimated after integration of the GB/GD H-6a at δ 4.21; reducing ends:
Gα/β H-1 at δ 5.22/4.67, respectively, M-ol H-1a at δ 4.18 and remaining
overlapping anomeric signals: Gt, Gi, GD, GC, GB, GA, respectively. The
peak area of well-resolved GB H-1 signal was subtracted from the GB/GD
H-6a signal, giving the percentage of GB:GD ratio. Average DP was
determined by comparing the integrals of reducing ends: Gα/β, M-ol
signals and the integrals of overlapping anomeric signals: Gt, Gi, GD, GC,
GB, GA, respectively.

The analysis highlighted distinct structural features in the laminarins
from the three species. Specifically, laminarin from S. latissima exhibited
a notable degree of branching, constituting 21 % of β–1,6-linkages, of
which 15 % was assigned to branching and 6 % formed intrachain links,
including a 1,6-branch point on the non-reducing glucose forming a
kinked-linear structure (Fig. 1 and Table 2). In contrast, laminarin from
L. digitata displayed fewer β–1,6-linkages compared with laminarin from
S. latissima, with 6.5 % allocated to branching, and 3.5 % to intrachain
links (Fig. 1 and Table 2). Importantly, both types of laminarin con-
tained both longer and shorter sidechains of glucose. In contrast, lami-
narin from L. hyperborea predominantly featured a linear β–1,3–linked
backbone with minimal branching, approximately 4 %, and lacked
intrachain links (Fig. 1 and Table 2). The existing branches in
L. hyperborea laminarin consisted solely of single glucose units, a feature
that may also be influenced by various factors such as the habitats and
environmental factors of the seaweed species. These results collectively
affirm structural distinctions of laminarins from different brown
seaweed species.

3.3. Enzymatically produced laminari-oligosaccharides

3.3.1. Structural analysis of laminari-oligosaccharides generated by
LPHase

The relatively diverse bioactivities previously reported for laminarin
may, partially, be attributed to distinct structural differences across
brown seaweed species. These differences include elements such as
branch points, intrachain links, and the distribution of β–1,6-linkages
[44]. However, the specific structural elements responsible driving
specific activities remain unclear. To address this knowledge gap,
several laminari-oligosaccharide fractions from the three laminarin
types, extracted and characterized above, were produced using the
laminaripentaose-producing endo–1,3–β-glucanase, LPHase, a glycoside
hydrolase family 64 enzyme. This approach enabled the creation of
laminari-oligosaccharides with similar DP but with varying branching
and intrachain linkage content. MALDI-TOF MS was used to determine
the DP range of the laminari-oligosaccharides (Table 2), while 1D/2D
1H-13C NMR analyses were used to explore structural differences
(Tables 2 and 3).

Laminari-oligosaccharide fractions derived from L. hyperborea
showed an increase in β–1,6-branching compared to the laminarin
polymer. Specifically, the oligosaccharide fraction LhF1, eluting with a
retention time corresponding to a higher apparent molecular weight and
lower mobility on TLC (Fig. S2), contained 11 % β–1,6-branching,
compared to 4 % in undigested laminarin. Fraction LhF2 contained ol-
igosaccharides with a somewhat lower apparent molecular weight, and
showed 7 % β–1,6-branching (Table 2). Unfortunately, both LhF1 and
LhF2 were contaminated with fucoidan, leading to their exclusion from
immunological analysis. The two fractions, which, based on mobility,
comprised intermediate-sized (LhF3) and intermediate to small-sized
oligosaccharides (LhF4), exhibited 3 % β–1,6-branching, while the
apparent smaller oligosaccharide fraction (LhF5) contained 7 % β–1,6-
branching, indicating an uneven distribution of the branches (Table 2).
No intrachain links were observed in any of the above fractions, nor
were they present in the laminarin polymer (above). The increase in
branching in the oligosaccharides indicates that the short single-residue
branches in L. hyperborea laminarin may be well accommodated in the
active site of the LPHase. The enzyme is shown to have an unusually

Table 2
Sample overview of laminarin and laminari-oligosaccharide samples including
degree of polymerization range determined by MALDI-TOF-MS, branching
content, and mannitol:glucose (M:G) ratio determined with 1H NMR.

Sample Degree of
polymerization

Branching M:G
chains

L. digitata
laminarin

DP10–DP36, highest
signal DP25

~10 % β–1,6-linkages
(6.5 % branching, 3.5
% intrachain)
Residues ratio GD:GB*
~2:1

~2.5:1

LdF1 (well: C10-
D2)a

DP-12–DP15 10 % β–1,6-linkage
Residues ratio GD:GB
2:1

LdF2 (well: D3-
D8)

DP9–DP12 7 % β–1,6-linkage
Residues ratio GD:GB
2:1

LdF3 (well: D9-
E1)

DP8–DP10 3 % β–1,6-branching
GB residue not detected

LdF4 (well: E2-
E5)

DP6–DP8 3 % β–1,6-branching
GB residue not detected

L. hyperborea
laminarin

DP8–DP33, highest
signal at DP24

~4 % β–1,6-branching,
GB traces

~1:1

LhF1 (well: C10-
C12)

DP12–DP15 11 % β–1,6-branching

NB: contamination
with fucoidan

LhF2 (well: D1-
D5)

DP10–DP13 7 % β–1,6-branching

NB: contamination
with fucoidan

LhF3 (well: D6-
D10)

DP8–DP11 3 % β–1,6-branching

LhF4 (well: D11-
E5)

DP6–DP10 3 % β–1,6-branching

LhF5 (well: E6-
E7)

DP5–DP8 7 % β–1,6-branching

S. latissima
laminarin

DP7–DP36
highest signal
detected at DP24

~21 % β–1,6-linkages
(~15 % branching, ~6
% intrachain)
Residues ratio
GD:GB ~ 2:1

~2.5:1

SlF1 (well: C10-
D2)

DP10–DP14 20 % β–1,6-linkages
(~15 % branching, ~5
% interchain)
Residues ratio
GD:GB ~2:1

SlF2 (well: D9-
E1)

DP9–DP11 16 % β–1,6-linkages
(~11 % branching, ~5
% interchain)
Residues ratio
GD:GB ~2:1

SlF3 (well: E2-
E5)

DP6–DP9 11 % β–1,6-linkages
(~7 % branching, ~4
% interchain)
Residues ratio
GD:GB ~2:1

a Wells merged in Fig. S2.
* The GD:GB ratio reflects the β1,6-branch to β1,6-intrachain ratio.
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wide groove around the active site [45], a feature that may allow ac-
commodation of substrates with a certain degree of branching.

In contrast, the laminarin fractions from L. digitata and S. latissima
showed a gradual reduction in the percentage of β–1,6-linkages as the
oligosaccharide mixtures decreased in their DP range (Table 2). This
could suggest that the branching points occur irregularly in the polymer
and that the longer branches in the polymers from these species are less
accessible for substrate binding by the enzyme. For L. digitata laminarin,
the larger oligosaccharide fractions (LdF1 and LdF2) contained 10 % and
7 % of the β–1,6-linkages, including both intrachain links and branched
structures. In contrast, the intermediate and smaller oligosaccharide
fractions (LdF3 and LdF4) each contained 3 % β–1,6-linkages with short
side chains but without the intrachain links, indicating that these may
have been hydrolyzed during the enzymatic treatment.

The S. latissima oligosaccharide fractions (SlF1, SlF2 and SlF3) dis-
played a higher percentage of β–1,6-linkages (20 %, 16 %, and 11 %,
respectively), reflecting the greater branching and intrachain links (21
%) of the S. latissima laminarin, and in SlF1, maintaining the proportion
found in the laminarin polymer (Table 2). Interestingly, all fractions
derived from S. latissima contained intrachain links, indicating a higher
abundance in this species [this feature was not found in the smaller
oligosaccharide fractions of similar DP from L. digitata (LdF3 and LdF4)].
This indicates that the intrachain links are located closer to each other in
S. latissima, prohibiting cleavage in the active site of LPHase.

Notably, similar to the 1H NMR data from the laminarin polymer
sample of L. digitata, citric acid was observed in all fractions from the
three different species, originating from the hydrolysis with LPHase
carried out using a sodium citrate buffer (data not shown). However,
only traces were observed in the laminari-oligosaccharide fractions
derived from L. hyperborea, likely due to the less branched structure of its
laminarin, which results in reduced interaction with the sodium citrate
buffer and the laminarin, leading to more efficient purification on the
size-exclusion Superdex™ 30 HiLoad 26/600 column.

3.4. Effect of laminarin and laminari-oligosaccharide fractions on
immunomodulation

3.4.1. Effect on DC maturation, cell viability and cytokine secretion
No impact on the appearance or viability of the DCs treated with

laminarin or laminari-oligosaccharides for 24 h was observed compared
to the non-treated control (Neg-DCs), as evidenced by their unchanged
appearance under a light microscope (Fig. 4a) and viability counts
exceeding 80 % in most cases (Table S2).

Maturation of the immature DCs into mature DCs was confirmed by
the absence of expression of the CD14 monocyte marker and by the
higher percentage of DCs expressing the antigen-presenting molecule
HLA-DR, along with the co-stimulatory molecules CD40 and CD86. The
expression of these molecules was not affected by treatment with any of
the laminarins (Fig. 4b). In addition, laminarin treatment did not affect
the expression of CD1c and CD141 on the DCs, molecules commonly
used to distinguish between the DC1 and DC2 subsets [46,47], with a
higher percentage of DCs expressing CD1c than CD141 (Fig. 4b).
Moreover, a high percentage of DCs that expressed PD-L1 was observed,
a ligand known to be upregulated upon activation (e.g., by LPS) to
prevent excessive inflammation [48] (Fig. 4b), but this was not different
from Neg-DCs. In summary, these results demonstrate that none of the
laminarin extracts affected the maturation of the immature DCs into
mature DCs.

No impact on the secretion of any of the investigated cytokines was
observed when the DCs were treated with samples derived from
L. digitata (Fig. 5a–e, light grey graphs), implying that laminarin and
laminari-oligosaccharides from L. digitata do not promote pro- or anti-
inflammatory responses in this model.

The L. hyperborea laminarin polymer did not affect the TNFα secre-
tion by DCs compared to Neg-DCs, whereas DCs treated with the
laminari-oligosaccharide fractions LhF4 and LhF5 secreted decreased
levels of TNFα (35 % and 32 %, respectively; Fig. 5a, middle grey). This
suggests size-dependent effect on decrease in TNFα secretion by the
L. hyperborea laminari-oligosaccharide fractions. DCs treated with

Fig. 2. FT-IR spectra of purified laminarin from L. digitata, L. hyperborea and S. latissima. The infrared spectra were recorded in the 400–4000 cm− 1 region using a FT-
IR system. The spectra for laminarin from L. digitata, L. hyperborea and S. latissima are highlighted in black, red and blue, respectively.
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laminarin from L. hyperborea secreted higher levels of IL-6 compared to
Neg-DCs (24 %) and this was also observed for DCs treated with LhF5
(34 %) (Fig. 5b, middle grey). Laminarin and laminari-oligosaccharides
from L. hyperborea did not affect secretion of IL-12p40 (Fig. 5c, middle
grey), while DCs treated with the L. hyperborea laminarin polymer
secreted significantly higher levels of the anti-inflammatory cytokine IL-
10 as compared to Neg-DCs (Fig. 5d, middle grey), resulting in a non-
significant decrease in the PI by 26 % (PI < 1; Fig. 5e middle grey).
Although IL-6 can induce inflammatory responses, it can, in combina-
tion with IL-10 secretion, induce anti-inflammatory response, suggest-
ing an overall anti-inflammatory effect associated with L. hyperborea
laminarin polymer treatment of DCs.

An 18 % decrease in TNFα secretion was observed when the DCs
were treated with SlF3, the smallest laminari-oligosaccharide fraction
from S. latissima (Fig. 5a, dark grey). Treatment of DCs with laminarin
and laminari-oligosaccharides from S. latissima did not affect the
secretion of other cytokines analyzed, i.e. IL-6, IL-12p40, and IL-10, by
the DCs (Fig. 5a, c and d, dark grey).

The decreased TNFα secretion by DCs is associated with the smaller
fractions of laminari-oligosaccharides derived from L. hyperborea (LhF4
and LhF5) and S. latissima (SlF3). However, it is evident that factors
beyond size (DP range) may also play a role in down-regulating TNFα
secretion by the DCs. This is highlighted by the observation that neither
of the small laminari-oligosaccharide fractions derived from L. digitata
(LdF3 and LdF4) exhibited any effect on the TNFα secretion by the DCs
compared to Neg-DCs.

Results from 1H NMR (Table 2) provided more detailed insights into
the structural composition of the laminari-oligosaccharides.

Specifically, the SlF3 oligosaccharide displayed a mixture of branched
and linear structures, including linear intrachain links located at the
non-reducing end (Fig. S5), exhibiting a total of 11 % β–1,6-linkages.
Conversely, the LhF5 oligosaccharide primarily had linear structures
with short side chains and lacked intrachain links, with an overall β–1,6-
linkage content of 7 %. Structures similar to LhF5 were found in LdF3
and LdF4; however, only LhF5 affected TNFα secretion by the DCs. A
plausible explanation for this difference in secretion is that a specific
percentage of β–1,6-linkages may be necessary to influence TNFα
secretion by the DCs, as the laminari-oligosaccharide fractions LdF3 and
LdF4, which had no effect, only contained 3 % β–1,6-linkages. Both SlF3
and LhF5 affected TNFα secretion by the DCs, but while SlF3 included
both branches and intrachain links, LhF5 was lacking the latter, poten-
tially linking the effect on TNFα secretion to the β–1,6-branching rather
than intrachain links in the laminari-oligosaccharides.

The absence of intrachain links, combined with the presence of small
branches may also affect the IL-10 secretion by DCs. The L. hyperborea
laminarin polymer, characterized by approximately 4 % β–1,6-linkages
(Table 2), is devoid of intrachain links, but caused an increase in IL-10
secretion by the DCs, a phenomenon not observed with the other two
laminarin polymers that contain the intrachain structures (Fig. S5).
Thus, the simple branching pattern, primarily consisting of short side
chains, of laminarin from L. hyperborea may play a significant role in its
effect on IL-10 secretion by DCs.

The 1H NMR data revealed the presence of citric acid in all fraction
samples, likely originating from the LPHase digestion method. There-
fore, the effect of sodium citrate buffer on cytokine secretion by DCs was
assessed. No significant effects were observed on TNFα, IL-6, IL-12p40,

Fig. 3. MALDI-TOF MS spectra of laminarin from L. digitata, L. hyperborea and S. latissima. The MALDI-TOF MS spectra display the degree of polymerization
composition of each extract. The dominant peaks correspond to DP25 for L. digitata, and DP24 for L. hyperborea and S. latissima are highlighted. These findings are
consistent with the reported ranges of DP25–DP40, corresponding to molecular weights of 4.2–7.2 kDa.
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or IL-10 (Fig. S6), confirming that the alterations in cytokine secretion
by DCs treated with laminarins can be attributed to the polymer or
oligomers of the laminarins rather than by the buffer.

As TNFα is a key pro-inflammatory cytokine involved in the initia-
tion and progression of acute inflammatory responses, important in
protecting the body against harmful effects of pathogens and damaged
tissues [26]. However, in autoimmune diseases, such as inflammatory
bowel disease, rheumatoid arthritis, and psoriasis [49,50], dysregulated
TNFα production becomes a hallmark of pathogenesis, driving chronic
inflammation and exacerbating tissue injury [27,51]. Thus, treatments
that decrease TNFα secretion by DCs, such as by LhF5 and SlF3, could
potentially ameliorate inflammatory conditions and autoimmune dis-
eases by reducing TNFα secretion, minimizing tissue damage and
inflammation [53]. Similarly, the increase in IL-10 secretion by DCs
treated with the laminarin polymer from L. hyperborea indicates anti-
inflammatory properties, as IL-10 plays an important role in limiting
excessive immune responses [52]. In summary, these data suggest that
the laminarin polymer from L. hyperborea and the small oligosaccharide
fractions LhF5 and SlF3 may be beneficial as treatment of excessive
inflammation as observed in many chronic inflammatory diseases.

3.4.2. Effect on DCs and T-cell crosstalk
Given the key role of DCs in not only activating naïve T cells but also

in directing their differentiation, the impact of DCs matured for 24 h in
the presence of laminarin from L. hyperborea, and the laminari-
oligosaccharides LhF5 or SlF3 on cytokine secretion when co-cultured
with allogeneic CD4+ T-cells was investigated. Secretion of IFN-γ and

IL-17 was examined as indicators of Th1 and Th17 responses, respec-
tively, while IL-10 can be secreted by both the DCs, to stimulate T-reg-
ulatory (Treg) cells [52,53], or by the CD4+ T-cells themselves,
suggesting a Treg cell response (as reviewed [54,55]). IL-12p40 is re-
ported to be secreted only by DCs in the co-culture [56].

When DCs were matured in the presence of laminarin from
L. hyperborea and subsequently co-cultured with allogeneic CD4+ T-
cells, a significant increase in both IL-17 and IL-10 secretion was
observed (Fig. 6a). This indicates a complex interplay between
L. hyperborea laminarin-treated DCs and allogeneic CD4+ T-cells in
modulating the immune response. The increased IL-17 concentration in
the co-culture supernatant may result from the increased IL-6 secretion
by laminarin-treated DCs (Fig. 5b), as IL-6 is one of the main cytokines
inducing Th17 differentiation of naïve T cells [57]. This suggests that
laminarin from L. hyperborea may play a role in type 3 immune response,
which is characteristic of immunity against extracellular bacteria and
fungi [58,59]. The increase in IL-10 was similar to what was observed
when DCs were cultured in the presence of laminarin from L. hyperborea
(Fig. 5d, middle grey). The increase in IL-10 secretion in the co-culture
supernatant might result from DC secretion, as DCs treated with lami-
narin from L. hyperborea secreted elevated levels of IL-10; however, it
can also be derived from the CD4+ T-cells. In either case, the high levels
of IL-10 secretion suggest a regulatory role of laminarin, most likely
within the adaptive immune system.

When LhF5-treated DCs were co-cultured with allogeneic CD4+ T-
cells, a non-significant decrease in IFN-γ secretion and IL-12p40 secre-
tion was observed compared to untreated DCs co-cultured with alloge-
neic CD4+ T-cells (Fig. 6b). In contrast, when DCs matured in the
presence of SlF3 were co-cultured with allogeneic CD4+ T-cells, a sig-
nificant decrease in IFN-γ, IL-12p40, and IL-10 secretions by 26 %, 16 %,
and 38 %, respectively, was observed (Fig. 6c). The decrease in IL-12p40
and IFN-γ secretion observed in response to SlF3 treatment suggests a
decrease in type 1 immune response, as IL-12 is the main cytokine
inducing Th1 differentiation of naïve T cells [60], which is characteristic
of immunity against intracellular bacteria [58,59]. Although decreased
IL-10 secretion on its own may point toward a pro-inflammatory
response, the data was in line with previous results that have shown
that reduction in IL-10 secretion in combination with decreased IL-
12p40 secretion leads to lower IFN-γ secretion [61,62].

4. Conclusions

In this study, laminarins were isolated and purified from two species
of brown seaweed, L. hyperborea and S. latissima, using a two-step water
extraction process, while laminarin from L. digitata was sourced
commercially. Laminari-oligosaccharides were generated from the pu-
rified laminarins through digestion with LPHase, enabling structural
analysis that revealed differences and similarities among the laminarins
and their laminari-oligosaccharide fractions in β–1,3(1,6)-linkages and
DP.

Treating DCs with laminarin from L. hyperborea increased IL-6
secretion and resulted in elevated IL-17 secretion when the treated
DCs were co-cultured with allogeneic CD4+ T-cells, suggesting a pro-
motion of type 3 immune responses, which may be beneficial against
extracellular pathogens. Furthermore, DCs treated with small, simply
branched oligosaccharides without intrachain links from L. hyperborea
(LhF4 and LhF5) and the more complex-structured small oligosaccha-
rides fraction from S. latissima (SlF3) secreted reduced levels of TNFα
without affecting their IL-12p40 secretion. When the DCs treated with
LhF5 or SlF3 were co-cultured with allogeneic CD4+ T-cells effects were
observed on type 1 immune response. The effects were marked for SlF3.
As type 1 immune response is linked to chronic inflammation, these data
suggest that the small oligosaccharides fractions from L. hyperborea
(LhF5) and S. latissima (SlF3) might be useful as therapeutics against
chronic inflammatory diseases.

However, these promising data also highlight challenges to be

Table 3
1H and 13C NMR chemical shifts (δ) of L. digitata, L. hyperborea, S. latissima,
recorded in D2O at 292 K.

Residue H-1a/
1b
C-1

H-2
C-2

H-3
C-3

H-4
C-4

H-5
C-5

H-6a/
6b
C-6

Gα -(1 → 3)-α-D-Glcp 5.22
93.0

3.73
72.0

3.92
83.3

3.52
70.0

3.86
72.2

3.83/
3.79
61.6

Gβ -(1 → 3)-β-D-Glcp 4.67
96.6

3.44
74.9

3.74
85.7

3.52
69.2

3.49
76.6

3.90/
3.74
61.6

G2α -(1 → 3)-β-D-Glcp-
(1 → 3)-
α-D-Glcp

4.76
103.7

3.56
74.3

3.78
85.3

3.54
69.1

3.52
76.7

3.93/
3.74
61.7

G2β -(1 → 3)-β-D-Glcp-
(1 → 3)-
β-D-Glcp

4.77
103.7

3.56
74.3

3.78
85.3

3.53
69.1

3.53
76.7

3.93/
3.74
61.7

G2 -(1 → 3)-β-D-Glcp-
(1 → 1)-
D-Man-ol

4.54
103.6

3.56
73.9

3.74
85.3

3.54
69.1

3.52
76.6

3.92/
3.76
61.7

Gi -(1 → 3)-β-D-Glcp-
(1 → 3)-

4.79
103.4

3.56
73.9

3.77
85.5

3.54
69.1

3.52
76.6

3.92/
3.76
61.7

Gt β-D-Glcp-(1 → 3)- 4.75
103.7

3.37
74.4

3.53
76.6

3.42
70.6

3.48
76.8

3.92/
3.72
61.7

GA β-D-Glcp-(1 → 6)- 4.52
103.7

3.32
74.0

3.51
76.0

3.41
70.6

3.46
76.7

3.92/
3.74
61.6

GB -(1 → 6)-β-D-Glcp-
(1 → 3)-

4.72
103.8

3.38
74.4

3.53
76.5

3.48
70.5

3.67
75.6

4.21/
3.87
69.7

GC -(1 → 3)-β-D-Glcp-
(1 → 6)-

4.55
103.6

3.52
73.6

3.74
85.6

3.51
69.1

3.50
76.6

3.92/
3.75
61.6

GD -(1 → 3,6)-β-D-
Glcp-(1 → 3)-

4.77
103.8

3.60
74.0

3.79
85.4

3.58
69.1

3.69
75.4

4.21/
3.89
69.7

M-
ol

-(1 → 1)-D-Man-ol 4.18/
3.84
72.6

3.87
70.6

3.85
n.d.

3.75
71.7

3.79
70.0

3.86/
3.67
64.0

n.d. = not determine.
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Fig. 4. The impact of laminarin on dendritic cell (DC) maturation and activation. The maturation and activation of DCs were assessed through light microscopy and
flow cytometry analysis. (a) Representative images of mature DCs in the absence (Neg Ctr) or presence of laminarin from L. digitata, L. hyperborea or S. latissima after
24 h incubation. Arrows indicate mature DCs. Images were captured using a Leica DMLS light microscope equipped with a Cplan 10×/0.22 objective. (b) Expression
of surface molecules crucial for mature DC function following laminarin supplementation is displayed. Results are presented as mean ± SEM of percentage positive
cells, with individual data points shown (n = 4). The DCs were treated for 24 h without (Neg-DCs) or with laminarin from L. digitata, L. hyperborea and S. latissimi.
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Fig. 5. Effect of laminarin and laminari-oligosaccharides on cytokine secretion by mature dendritic cells (DCs). Cytokine secretion indexes (SI) of TNFα (a), IL-6 (b),
IL-12p40 (c), and IL-10 (d), as well as the proportional indexes (PI) between IL-12p40 and IL-10 (e), are shown for mature DCs treated with of laminarin or laminari-
oligosaccharides fractions from L. digitata (Light grey), L. hyperborea (middle grey) and S. latissima (dark grey), respectively, compared to the mature DCs without
experimental treatment (Neg-DCs). In each graph, treatments labeled as “laminarin” represent laminarin derived from the species specified on top of the images,
while the respective oligosaccharide fractions are marked with an “F” followed by a number. All samples were given in a concentration at 100 μg/mL. Experimental
treatments were compared to the Neg-DCs using one-way ANOVA with Dunnett's post hoc test in GraphPad Prism version 10.2.1 (395) Significance markers in the
results are denoted as follows: * for p ≤ 0.033, ** for p ≤ 0.002, and *** for p < 0.001. Sample sizes ranged from n = 3–8.
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addressed in future research. The variability in laminarin yield and
purity from different seaweed species underscores the need for stan-
dardized extraction and purification protocols, as the structural features
resulting in biological activity may need fine-tuning, as was found for
S. latissima laminarin, where only certain oligosaccharides resulted in
bioactivity. This calls for further work, to fully elucidate the bioactivity
mechanisms. This study also provided detailed data on structural anal-
ysis and immunomodulatory effects of laminarins and their oligosac-
charides, with the observed effects on DCs and T-cell interactions
assessed in a controlled in vitro environment. This may, however, not
completely reflect the complexities of in vivo immune responses, or the
influence of other biological factors present in a living organism. Thus,
investigations of the bioavailability, metabolism, and safety of lami-
narins and their oligosaccharide derivatives in animal models are also
necessary to confirm their therapeutic potential and address possible
adverse effects.

This work shows that laminarins from brown seaweeds have poten-
tial as immune-modulating compounds, both in fighting infections and
treating chronic inflammation but that detailed selection of the structure
is necessary to obtain the desired effect.

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.ijbiomac.2025.141287.
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