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A B S T R A C T   

Seaweeds represent a potential source of new food products with enhanced sustainability. However, in order to 
use seaweeds as ingredients more knowledge is needed regarding the impact of processing on their structuring 
ability and functionality. We report on the structure and rheology of aqueous dispersions of two species of brown 
seaweed, namely: Laminaria digitata and Saccharina latissima, prepared by different food processing techniques. 
High pressure homogenisation disrupted seaweed cell walls, leading to stable weak gels characterised by smaller 
particle size compared to untreated samples. Thermal treatment (70 ◦C 1 h), applied prior or during shear 
treatment, did not impact the particle size, however, it led to serum phases with higher viscosities. This was 
related to an increased solubilisation of polysaccharides from the cell walls into the serum, as reflected by 
chemical analysis and small angle X-ray scattering (SAXS). Furthermore, although in terms of rheological 
behaviour and particle size, both species showed similar response to food processing conditions, the cell wall 
nanostructure of L. digitata was modified to a larger extent compared to S. latissima, which was linked to a higher 
solubilisation of polysaccharides. These insights regarding functionalisation of brown seaweed dispersions 
provide the scientific knowledge to use whole seaweed as natural structurants for future food and other tech
nological applications.   

1. Introduction 

Exploring new food sources is required to create a more sustainable 
and resilient food system, within the current societal challenges asso
ciated to food security. Among the new food sources, marine macroalgae 
have emerged as an alternative source rich in bioactive compounds, 
including polysaccharides, proteins, and minerals [1]. Seaweeds may 
offer not only unique nutritional profiles, alternative flavours, and di
etary diversity but also contribute to human health [2,3]. Regarding 
alternative proteins, seaweeds have gained particular interest and, 
current investigations focus on extraction processes and digestibility of 
protein from different species [4]. In the case of brown seaweed, protein 
content and extraction yields are low compared to other species [5]. This 
is due to the recalcitrant nature of their cell walls and, also the in
teractions taking place between proteins and other seaweed components 

such, as polysaccharides and polyphenols [6]. 
Therefore, brown seaweed have the potential to be used as a whole 

ingredient, rather than as a source of protein extracts. From a biological 
point of view, phylogenetic studies indicate that the cell walls of brown 
seaweed have evolved independently of other algae and land plants [7]. 
Brown seaweed cell wall possess a unique polysaccharide composition, 
primarily consisting of alginate, laminarin, and fucoidan [6] and a low 
content (approximately 10 % dry weight) of cellulose [8]. In particular, 
alginate extracted from brown seaweeds is widely used in food and 
pharmaceutical industry as a gelling agent [9,10]. However, the inte
gration of brown seaweed as a whole ingredient into mainstream diets is 
hindered by challenges related to texture, taste, and limited knowledge 
regarding nutrients bioaccessibility. 

To address these challenges, innovative processing technologies are 
being explored to retain the nutritional value of seaweeds [11], as well 
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as to investigate their impact on flavour [12,13] and textural properties 
[14,15]. A possible route to optimise the techno and bio-functional 
properties of seaweeds is to modify their cell wall structure and phys
ical properties by thermal and/or non- thermal food processes, which 
disrupt cell wall structures by modifying and solubilising wall compo
nents. High pressure homogenisation (HPH), a mechanical process 
involving the application of high pressures and shear forces, has been 
successfully employed to disrupt cellular structures, modifying rheo
logical properties of vegetables [16] and microalgae dispersions [17]. 
Our own research [18] has shown that HPH modified the microstructure 
and rheological properties of dispersions of the brown seaweed Lami
naria digitata; however, the impact on the cell wall nanostructure and 
optimisation of high shear conditions remained elusive. Cell wall 
nanostructures are relevant from a food science and nutrition perspec
tive as they are the barrier that enzymes and micronutrients have to 
overcome to reach the substrates and absorption sites, respectively. 
Thus, modification on cell wall nanostructures during processing could 
have a positive impact on bioaccessibility. 

Seaweed dispersions typically consist of insoluble particles dispersed 
in a liquid continuous phase. Thermal and non-thermal processing of 
these dispersions may lead to changes in the nature of the particles i.e 
size, shape, surface charge and composition, and in the interactions and 
arrangement of the dispersed components, along with the continuous 
phase. Such changes affect their ability to flow and deform under 
applied stresses giving rise to their rheological properties. Understand
ing and controlling these structural and rheological parameters is highly 
relevant in designing food formulations with the desirable texture, sta
bility, and sensory attributes. 

In this work, we investigated the impact of the combination of 
thermal and mechanical food processing techniques, on the micro and 
nanostructure of aqueous dispersions of two brown seaweed species, 
Laminaria digitata and Saccharina latissima. Flow behaviour and visco
elasticity, characterised by small amplitude oscillatory shear measure
ments, were evaluated and related to particle size distribution and 
solubility of cell wall polysaccharides. Furthermore, small angle X-ray 
scattering (SAXS) was applied for the first time to investigate seaweed 
cell walls, rather than individual cell wall components, to elucidate the 
impact of processing on the nanostructure of cell walls. The findings 
from this research could contribute to the development of innovative 
seaweed-based products with improved texture, functionality, and 
nutritional benefits. 

2. Materials and methods 

2.1. Raw materials 

Brown seaweed Laminaria digitata (LD) and Saccharina latissima (SL) 
were acquired from a seaweed grower (KosterAlg, Sweden). Seaweeds 
were grown and dried following food grade conditions. Seaweed pow
ders were prepared by first blending the seaweed blades in a food pro
cessor (Thermomix TM6, Vorwerk, Germany) for 30 s, followed by 
grinding (Super junior “S”, Moulinex, France) for 30 s. The obtained 
materials were sieved (Cisa, Barcelona, Spain) to standardise their par
ticle size. The fraction with the highest yield consisted of particles be
tween 125 and 425 μm, therefore this fraction was utilised in this study. 

2.2. Sample preparation 

Seaweed dispersions (5 % w/v) were prepared by mixing seaweed 
powder with water and allowing it to rehydrate overnight at 5 ◦C. Each 
sample was divided into 3 batches of 1 kg. Two of the batches were 
thermally treated at 70 ◦C for 1 h in a Thermomix (TM6, Vorwerk, 
Germany). All samples underwent a mechanical treatment in an Omni 
Mixer (Homogeniser, Silverson, East Longmeadow, USA) at maximum 
speed (approximately 18,000 rpm) for 3 min followed by high pressure 
homogenisation HPH (APV Lab 2000, SPXFlow, Mecklenburg, USA) 

either at room temperature or at 70 ◦C. In the high pressure homoge
niser, the samples were processed using two-stage homogenisation and 
3 cycles with the following whole pressure (P1) to back pressure (P2), 
ratio P1/P2: in cycle 1 the ratio was 15/1 MPa, in cycle 2 and 3 were 50/ 
5 MPa. Samples codes are described below:  

• LD HPH: Laminaria digitata. No thermal treatment, HPH at room 
temperature.  

• LD 70 ◦C HPH: Laminaria digitata. Thermal treatment 70 ◦C for 1 h +
HPH at room temperature.  

• LD 70 ◦C HPH 70 ◦C: Laminaria digitata. Thermal treatment 70 ◦C for 
1 h + HPH at 70 ◦C.  

• SL HPH: Saccharina latissima. No thermal treatment, HPH at room 
temperature.  

• SL 70 ◦C HPH: Saccharina latissima. Thermal treatment 70 ◦C for 1 h 
+ HPH at room temperature.  

• SL 70 ◦C HPH 70 ◦C: Saccharina latissima. Thermal treatment 70 ◦C 
for 1 h + HPH at 70 ◦C. 

Samples were taken before and after each proccessing step. Samples 
were vacuum packed in polyethylene bags after adding 100 μL of 0.02 % 
sodium azide (NaN3) to prevent microbial growth during storage prior 
to analysis. Processing conditions are summarised in Fig. 1. The serum 
phase (supernatant) and the dispersed phase (pellet) of the dispersions 
before and after treatment were separated by centrifugation (Digicen 
21R, Orto Alresa, Spain) at 4600 g for 15 min at 25 ◦C. Part of the serum 
was used for viscosity measurements and SAXS, the remaining amount 
was freeze-dried for subsequent monosaccharide analysis. 

2.3. Chemical composition 

Dry matter: Seaweed powders were measured using a moisture 
analyser (Dab 100-3, Kern & Sohn, Ebingen, Germany). For the ther
mogravimetric analysis, 8 g of sample were weighed and evenly 
distributed on a plate and dried at 100 ◦C using a standard heating 
profile. For the dispersions and sera, the solid content was measured by 
drying in an oven at 115 ◦C for 12 h. Samples were measured in 
duplicates. 

Protein content: The determination of the total protein was per
formed by the Kjeldahl method [19]. Samples (1 g) were weighed and 
measured in duplicates. A nitrogen protein factor of 5.6 was used to 
calculate the total protein content for seaweed [20]. 

Fat content: For the determination of total fat, the Röse-Gottlieb 
method was used [21] adapted to seaweed. Samples were weighed (0.6 
g) and the fat extraction was carried out with petroleum ether or diethyl 
ether a total of three times. Once the fat was collected, samples were 
dried in a oven at 100 ◦C for 1 h. They were introduced into a desiccator 

Seaweed Mechanical grinding Sieving

5% seaweed dispersion
(5 ºC overnight)

3 batches
(1 Kg)

HPH

70 ºC HPH 70ºC
(HPH at 70 ºC)

70 ºC HPH
( HPH at room 
temperature)

Thermal 
Treatment
(70°C 1h)

Fig. 1. Schematic overview of the processing of brown seaweed dispersions. 
HPH = high pressure homogenisation. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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to cool down and weighed. 
Ash content: Ash was measured as the difference in weight between 

the sample before and after drying in a muffle furnace at 550 ◦C for 3 h 
[22]. 

Total phenols: the phenol content was measured by the Folin- 
Ciocalteu method applied to seaweed [23]. Gallic acid solutions were 
prepared in water with concentrations of 100, 80, 60, 40, 20, 10, 5 and 1 
mg/L as calibration standards. For the preparation of the seaweed 
samples (duplicates), 0.5 g was weighed and mixed with 50 mL of 80 % 
methanol [24], ultrasonicated and centrifuged at 4600 ×g for 12 min. 1 
mL of sample (or standard solution) was mixed with 9 mL of deionised 
water and 1 mL of the Folin-Ciocalteu reagent and, the mixture was left 
to stand for 5 min. Once the time had elapsed, 10 mL of Na2CO3 (7 % w/ 
v) was added and the volume was adjusted to 25 mL with deionised 
water. The mixtures were left to stand at room temperature for 90 min 
[24]. The absorbance of the samples was measured at 750 nm (V630 
Spectrophotometer, Jasco, Tokyo, Japan). 

2.4. Calcium analysis by inductively coupled plasma (ICP-MS) 

Seaweed powders were subjected to microwave assisted extraction in 
combination with acid digestion. In brief, the powders were mixed with 
2 mL of MilliQ water and 3 mL of nitric acid (70 % w/w). Samples were 
microwaved (ultraWAVE microwave laboratory station, Milestona, 
Sorisole, Italy) three times, one sample blank was also prepared. Mi
crowave irradiation consisted of a time ramp of 40 min to increase the 
temperature from 20 to 260 ◦C at 1500 W and 4 MPa. The digested 
sample was brought to a final volume of 10 mL with MilliQ water. 
Calcium was determined in an inductively coupled plasma mass spec
trometer (Agilent 7900, Agilent Technologies, California, United States). 
Measurements were performed in triplicate. 

2.5. Monosaccharides analysis 

The monosaccharide composition of the seaweed powders, the dis
persions and the supernatants separated after centrifugation was 
determined after two-step methanolysis [18]. 1 mg of dry sample was 
hydrolysed using 1 mL of 2 M HCl in dry methanol at 100 ◦C for 5 h. 
Samples were then neutralised with pyridine and dried under nitrogen 
flow. Hydrolysis was carried out using 2 M trifluoro acetic acid (TFA) at 
120 ◦C for 1 h in an autoclave [25]. Samples were dried again under air, 
resuspended in water and filtered through 0.2 μm nylon filter (Branchia, 
Labbox, España) before injection onto a ionic cromatographer with 
pulsed amperometric detection system (Metrohm 930 IC Flex, Metrohm 
Hispania, Madrid, Spain) equipped with a Metrosep Carb 2 column (4 ×
250 mm, Metrohm). The temperature of the column was 30 ◦C, injection 
volume was 20 μL and flow rate 0.6 mL/min. The eluent program was 
applied as described by [18]. Neutral and uronic sugar standards at 
concentrations between 1 and 25 mg/L were used for the quantification 
of monosaccharides. 

2.6. Particle size measurements 

The particle size distribution was measured by light scattering in a 
Mastersizer (Hydro 2000SM, Malvern Instruments, Worcestershire, UK). 
Approximately 0.5 mL of aqueous dispersion of seaweed were added 
into a small sample volume dispersion unit (Malvern Instruments, 
Worcestershire, United Kingdom) filled with deionised water under 
continuous agitation (3000 rpm). For the measurement of the particle 
size, the software was configured with a refractive index of 1.47 and an 
absorption of 0.01 [18]. The model applied was the “general purpose” 
with a normal sensitivity. Due to the irregularity in the shape of the 
particles, the “irregular shape” option was chosen. An obscuration be
tween 5 % and 10 % was selected for all measurements, which were 
performed in triplicate. The particle size distribution was calculated by 
the instrument software (Mastersizer 2000, Malvern Instruments, 

Worcestershire, UK) from the dispersed light intensity profile. In highly 
polydisperse systems, such as these seaweed dispersions, the surface 
base diameter D[3,2] is selected as the indicator of the average particle 
size [16]. 

2.7. Confocal laser scanning microscopy (CLSM) 

Confocal laser scanning microscopy was used to observe the 
morphology of the seaweed particles. Samples were placed on a glass 
slide and covered by a cover glass. Imaging was performed using a Leica 
TCS SPE confocal system (Leica Microsystems GmbH, Wetzlar, Ger
many). The microstructure was studied using a ×20 air objective lense. 
A solid-state laser emitting at 488 nm was used for excitation. Auto
fluorescence from chlorophyll was detected in the range from 645 to 
715 nm. 

2.8. Small angle X-ray scattering (SAXS) 

SAXS experiments were carried out in the Non Crystalline Diffraction 
beamline, BL-11, at ALBA synchrotron light source [26]. The seaweeds 
powders and the aqueous dispersions obtained after the thermal and 
mechanical treatments, as well as their respective serum phases, were 
placed into sealed 2 mm quartz capillaries (Hilgenberg GmbH, Ger
many) and analysed. The energy of the incident photons was 12.4 keV or 
equivalently a wavelength, λ, of 1. The SAXS scattering patterns were 
collected by means of a photon counting detector, Pilatus 1 M, with an 
active area of 168.7× 179.4 mm2, an effective pixel size of 172 ×

172 μm2 and a dynamic range of 20 bits. 
The sample-to-detector distance was set to 6530 mm, resulting in a q 

range with a maximum value of q = 0.2 Å− 1. An exposure time of 10 s 
was selected based on preliminary trials. The data reduction was treated 
by pyFAI python code (ESRF) [27], modified by ALBA beamline staff, to 
do on-line azimuthal integration’s from a previously calibrated file. The 
calibration files were created from a silver behenate (AgBh) standard. 
The intensity profiles were then represented as a function of q using the 
IRENA macro suite [28] within the Igor software package (Wavemetrics, 
Lake Oswego, Oregon). The scattering patterns from the serum samples 
were properly described using a unified model: 

I(q) =
∑N

i=1
Giexp

(

− q2⋅
R2

g,1

3

)

+
Bi

[
erf
(

qRg,1

/ ̅̅̅
6

√ ) ]3Pi

qPi
+ bkg (1) 

This model considers that, for each individual level, the scattering 
intensity is the sum of a Guinier term and a power-law function [29] 
Gi = ciViΔSLD2

i is the exponential prefactor (where Vi is the volume of 
the particle and ΔSLDi is the scattering length density (SLD) contrast 
existing between the ith structural feature and the surrounding solvent), 
Rg,i is the radius of gyration describing the average size of the ith level 
structural feature and Bi is a q-independent prefactor specific to the type 
of power-law scattering with power-law exponent, Pi. 

The obtained values from the fitting coefficients are those that 
minimize the value of Chi-squared, which is defined as: 

X2 =
∑

(
y − yi

σi

)2

(2)  

where y is a fitted value for a given point, yi is the measured data value 
for the point and σi is an estimate of the standard deviation for yi. The 
curve fitting operation is carried out iteratively and for each iteration, 
the fitting coefficients are refined to minimize X2. 

2.9. Rheological measurements 

Rheological measurements were performed on a stress-controlled 
rheometer (Discovery HR 20, TA Instruments, USA). The plate-plate 
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was used as the measurement system (upper plate 40 mm diameter with 
solvent trap), and a gap of 1 mm was set, to account for the size of the 
largest particles. The measurements were performed at 25 ◦C. Disper
sions were loaded onto the rheometer and, kept for 60 s at 25 ◦C prior to 
the measurements. The linear viscoelastic region (LVR) was determined 
by performing a strain sweep from 0.01 to 1000 % at a constant angular 
frequency of 10 rad⋅s− 1. The viscoelastic behaviour was measured by 
small amplitude oscillatory shear at a constant shear strain of 1 % 
selected from the LVR and using a frequency sweep from 0.6 to 
62 rad⋅s− 1. From these measurements, the elastic modulus Gʹ and the 
viscous modulus Gʹ́  were obtained. All measurements were performed in 
duplicate. A fresh sample was loaded onto the rheometer for each 
measurement. Data obtained from the frequency sweep were fitted by a 
power law model to determine the frequency dependence of Gʹ (Eq. (3)) 
and Gʹ́  (Eq. (4)): 

Gʹ = aωc (3)  

Gʹ́ = bωd (4)  

where ω is the angular frequency (rad/s) and a, b, c and d are model 
parameters. 

Shear viscosity was obtained by using a steady state measurement 
with logarithmically increasing shear rate from 0.1 to 100 s− 1. The 
shear viscosity of the serum phase was measured with the same protocol 
using a cone geometry (40 mm diameter and 1.59◦ truncation, gap 52 
μm). Samples were measured in duplicates. Flow curves were fitted to a 
power law model (Eq. 5) to determine consistency and flow behaviour 
index of the dispersions: 

σ = Kγ̇n (5) 

With σ representing the shear stress (Pa), γ̇ is the shear rate (s1), K the 
consistency coefficient (Pa⋅sn), and n the flow behaviour index. 

The applicability of the Cox-Merz rule (6) was evaluated to deter
mine the nature of the systems [30]. 

η(γ̇) = |η*(ω) |ω=γ̇ (6)  

where η(̇γ) is the shear viscosity and η*(ω) is the complex viscosity 
measured at a small oscillatory strain. 

2.10. Statistical analysis 

Two-way ANOVA was employed to evaluate the effect of treatment, 
kind of seaweed and their interaction. t-Test for independent variables 
was used to detect differences between seaweed. One-way ANOVA test 
was used with Tukey test to compare variations in particle size as 
function of processing for each seaweed (confidence interval of 95 %). 
“R” was the open software used for all statistical analysis [31]. 

3. Results and discussion 

3.1. Chemical composition of Laminaria digitata and Saccharina 
latissima 

Table 1 presents the overall chemical composition of the seaweeds. 
The average content of protein was 7.75 % and 9.17 % (% dry weight) 
for LD and SL, respectively. These values agree with previous values 
reported for these species of seaweed, which were between 4.9–8.2 % 
for LD and 5.1–9.9 % for SL, depending on the season of the year 
[32,33], and between 1.1 % and 7.5 % for both LD and SD depending on 
water salinity [34]. 

The total fat was <2 % for both species, previous studies showed 
values between 1 and 3 % fat for these seaweeds [33,35–37]. The main 
components, ca. 60–70 %, of the seaweeds were carbohydrates (calcu
lated by the difference between the total weight and all other non- 

carbohydrate components), in agreement with data previously pub
lished for these seaweeds, with values of 70.7 ± 11.6 % for LD and 63.1 
± 11.4 % for SL [32]. Ash content was 21 % and 28 % for LD and SL, 
respectively in the range of previously assessed values [34]. 

The content of total phenols was 100 mg/100 g and 127 mg/100 g 
for LD and SL respectively. For LD, values were similar to those reported 
by Schiener et al. [32], of approximately 150 mg/100 g. However, for SL 
the values were lower than those previously measured (ca. 450 mg/100 
g). Variability in total phenols could be due to biological differences 
between the seaweeds used in the studies. 

3.2. Monosaccharide composition of Laminaria digitata and Saccharina 
latissima 

The monosaccharide analysis (Fig. 2) indicated that the main neutral 
sugars in the LD and SL powders were glucose (ca. 52–61 %) and fucose 
(ca. 7.6–11 %) representing mainly laminarins ((1–3-)-β-D-glucan) and 
fucoidans. The main uronic acids were mannuronic acid (ManA) and 
guluronic acid (GulA), accounting for 18.4 % of the LD and 28.4 % of the 
SL, attributed to alginate. Galactose (Gal) was also ascribed to fucoidan 
with branches of xylose (Xyl) and mannose (Man) [38]. Glucuronic acid 
(GluA) was below 1 mg/g. The monosaccharide profile of the seaweed 
powders agrees with previous studies [18,39]. All dispersions showed 
similar monosaccharide profile to the seaweed powders, indicating no 
losses during processing (Supplementary Material Fig. S1). 

3.3. Effect of processing on the solubilisation of polysaccharides 

In order to understand the impact of processing on polysaccharides 
solubilisation, the serum of each dispersion was separated by centrifu
gation and, the monosaccharides composition was analysed (Fig. 2). The 
main components in the serum phase are polysaccharides, as protein 
content in these seaweed species is relatively low (<10 % wt.) as shown 
in Table 1. Furthermore, it has been reported that extraction of proteins 
from these brown seaweed species is challenging because they are 
strongly interacting with cell wall polysaccharides [5]. Some minerals 
and vitamins could be also solubilised in the water; however, in com
parison to the polysaccharides their contribution to the structuring 
ability and rheological properties would be negligible. 

The serum of untreated samples showed the presence of Fuc, Gal, 
Glu, Man, ManA and GulA, attributed to solubilisation of fucoidan, 
laminarin and alginate in the water. Whilst the Glu content in the 
powders and dispersions would be related to laminarin and cellulose, in 
the sera it would be only from laminarin, as cellulose would remain in 
the pellet after centrifugation. In sera from SL, Glu was lower compared 
to LD, suggesting a lower solubilisation of laminarin. The thermal 
treatment seemed to induce further solubilisation of laminarin in SL. 

The addition of a high pressure homogenisation step led to sera with 
similar monosaccharide profile than prior to homogenisation, indepen
dently of homogenisation temperature. Thus, considering the relative 
composition of monosaccharides, the sera of LD samples which were 
thermally treated contained 28 % fucoidan, 2.3 % alginate and 69 % 

Table 1 
Dry matter (g/100 g), protein, fat, carbohydrates, ash and phenols content of 
Laminaria digitata (LD) and Saccharina latissima (SL), expressed as percentage of 
dry matter (%), except for total phenols (mg/100 g). Mean ± standard deviation 
(n = 3).   

LD SL 

Dry matter  91.12 ± 0.07  89.94 ± 0.03 
Proteina  7.75 ± 0.26  9.17 ± 0.02 
Fat  1.95 ± 0.11  1.39 ± 0.11 
Carbohydrates  69.07 ± 0.13  60.68 ± 0.07 
Ash  21.23 ± 0.01  28.76 ± 0.09 
Phenols  100.97 ± 6.49  127.2 ± 3.21  

a Protein values are calculated using a conversion factor of 5.6. 
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laminarin (Fig. 3). Addition of a HPH step led to sera with 38–41 % 
fucoidan, 2 % alginate and 56–59 % laminarin, indicating that the HPH 
led to sera enriched in fucoidan. In the case of SL, the composition of 
thermally treated sera was 29 % fucoidan, 7 % alginate and 63 % 
laminarin. The addition of the HPH step exhibited sera with composition 
percentages of 34–37 % fucoidan, 18–19 % alginate and 44–47 % 
laminarin, showing that the sera were enriched in fucoidan and alginate. 

3.4. Effect of processing on the microstructure of seaweed dispersions 

Fig. 4A represents the effect of processing on the particle size dis
tribution of the seaweed dispersions, showing a statistically significant 
reduction in particle size as result of high pressure homogenisation 
(Table 2). HPH led to a reduction in surface base diameter (D[3,2]) of 
approximately twelve times for both species, from approximately 
300–400 μm to 20–30 μm. Similar particle size was obtained indepen
dently of the application of a thermal treatment (prior to HPH or during 
HPH). Furthermore, both species showed similar behaviour. This 
reduction in particle size is greater than that reported by Malafronte 
et al. [18] for LD, with a reduction of only 2.5 times using equally 
intense shear treatment. The differences were attributed to the initial 
sieving process applied in the current study, which reduced the initial 
particle size and, thus, the energy input required for particle breakage by 
the HPH process [40]. The morphology of the particles was visualised by 
confocal laser scanning microscopy (Fig. 4B), a change in particle shape 
was clearly observed, being large irregular clusters of cells before HPH 
and, single cells and broken cell fragments after HPH. 

3.5. Effect of processing on the nanostructure of seaweed dispersions 

To understand the structural changes taking place at the nanoscale, 
the seaweed powders and the dispersions obtained after the thermal and 
mechanical treatments were characterised by small angle X-ray scat
tering (SAXS) and, the obtained scattering patterns are shown in Fig. 5. 
From the scattering patterns of the seaweed dispersions (Fig. 5A and B), 
it is evident that the applied treatments had a much stronger effect on LD 
than on SL. While in the case of SL procesing only had a minor effect on 
the scattering intensity of the samples (Fig. 5B), major changes in the 
intensity and shape of the scattering patterns were observed in the LD 
processed samples. As evidenced by the scattering patterns from the 
dispersions after being freeze-dried, the HPH treatment led to a reduc
tion in the intensity from LD, which may be indicative of a decrease in 
the packing density of the cell wall structures found at the nanoscale 
level (Fig. 5A). This effect was stronger when a thermal treatment was 
applied prior to HPH. In the case of SL, only the combination of thermal 
and HPH treatments seemed to have a significant effect on the nanoscale 
structure of the cell walls (Fig. 5B). 

Interestingly, the scattering patterns of the serum phase from the SL 
samples after the application of HPH show a very weak shoulder, indi
cating that some compounds from the seaweed cell walls were solubi
lised in the aqueous phase (Fig. 5D). These shoulder features were much 
more evident in the case of the LD serum samples, suggesting a greater 
solubilisation of cell wall components in that case (Fig. 5C). Further
more, while the intensity of the curves from all the serum samples from 
SL was very similar, differences were evident among the serum samples 

Fig. 2. Relative composition of monosaccharides (%) in the seaweed powders 
and serum phases obtained after centrifugation of processed dispersions. LD =
Laminaria digitata, SL = Saccharina latissima; Fuc = fucose; Gal = galactose, Glu 
= glucose; Xyl = xylose; Man = mannose; GulA = guluronic acid; ManA =
mannuronic acid. 70 ◦C HPH = thermal treatment at 70 ◦C followed by high 
pressure homogenisation at room temperature; 70 ◦C HPH70 ◦C = thermal 
treatment at 70 ◦C followed by high pressure homogenisation at 70 ◦C. 
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Fig. 3. Relative composition of polysaccharides (%) in serum phases. LD =
Laminaria digitata, SL = Saccharina latissima. 70 ◦C HPH = thermal treatment at 
70 ◦C followed by high pressure homogenisation at room temperature; 70 ◦C 
HPH70 ◦C = thermal treatment at 70 ◦C followed by high pressure homoge
nisation at 70 ◦C. Polysaccharides are calculated as: alginate = ManA + GulA; 
laminarin = Glu; fucoidan = Fuc + Gal + Xyl + Man + GlcA. 
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obtained from LD after different treatments. This suggests that the cell 
walls from LD are more labile and cell wall components can be solubi
lised more easily than in the case of SL. Previous work reported the 
appearance of similar, although more intense, shoulder-like features in 
sodium alginate solutions extracted from SL through the application of a 
high hydrostatic pressure pretreatment [41]. In line with that work, the 
data from the present study were fitted using an empirical Beaucage 
model (also known as unified model) and the obtained fitting parame
ters are summarised in Table 3. As observed, very small differences were 
noted in the fitting parameters for the serum samples from SL. Within 
the high q region, all the samples showed power-law exponents close to 
1, which is indicative of the existence of rod-like structures at the cor
responding size range, and the associated radii of gyration were 4–6 nm. 

Thus, the molecular chains of the solubilised polysaccharides seemed 
to be in an extended rod-like conformation in all the serum samples. At 
the next structural level, the samples presented power-law exponents 

indicative of fractal structures. In the case of the SL samples, the power- 
law exponents increased from 3 to 4 after the thermal treatment, but in 
general the associated radii of gyration were very similar (14–16 nm). 
This structural level may be related to the intermolecular association of 
the individual polysaccharide chains, which were arranged forming an 
intertwined network of clusters. In the case of the LD samples, the 
power-law exponents also increased after the thermal treatment, and the 
radii of gyration increased from 17 nm to 30–31 nm for the samples 
subjected to either HPH or thermal treatment, while it decreased down 
to 15 nm for the sample combining the thermal and HPH treatments. In 
the low q region, the SL samples presented power-law exponents close to 
3, indicating the existence of highly clustered networks, and the asso
ciated radii of gyration were 77–83 nm. This structural level may be 
associated to the arrangement of polysaccharide clusters into an inter
twined network, similar to that found in gel-like structures. This could 
be explained by the greater proportion of alginate in the serum phases 
from this seaweed (Fig. 2). In the case of the LD samples, the radii of 
gyration were 71–77 nm and the power-law exponents decreased from 3 
to 1 for the HPH or thermally treated samples, while it increased back to 
3 for the sample combining both treatments. This indicates that a 
structural conformation was obviously taking place in the LD HPH and 
thermally treated samples, probably because a greater amount of poly
saccharides was being released towards the serum phase. 

3.6. Effect of processing on the viscoelastic behaviour of the seaweed 
dispersions 

Rheological behaviour of the seaweed dispersions was evaluated via 
strain and frequency sweeps. Only high pressure homogenised disper
sions could be measured, as non-homogenised samples quickly sedi
mented. This observation already indicated the potential of HPH to 
functionalise seaweed dispersions. Fig. 6A and B represent the elastic 
and viscous moduli as function of the applied strain. This experiment 
revealed the linear viscoelastic region of the dispersions, represented by 
a plateau up to approximately 10 % oscillation strain for both types of 
seaweed. 

Results showed that all dispersions presented similar viscoelastic 
properties independently of the application of a thermal treatment at 
70 ◦C, prior or during the high-pressure homogenisation step. The value 
of G′ provides information on the stiffness of the structure, for LD the Gʹ 

at 1 % strain was 145 ± 0.8 Pa, 145 ± 20 Pa and 191 ± 6.8 Pa for LD 
HPH, LD 70 ◦C HPH and LD 70 ◦C HPH 70 ◦C respectively, indicating 
that all networks had similar stiffness. The viscoelastic behaviour is 
determined by the phase angle δ (given by tanδ = Gʹ́/Gʹ) and had values 
of < 45◦ for all LD dispersions indicating a predominant elastic behav
iour. For SL the Gʹ at 1 % strain was 173 ± 16 Pa, 206 ± 5 Pa and 159 ±
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Fig. 4. A) Volume density vs particle size curves of brown seaweed dispersions. 
Laminaria digitata (LD) and Saccharina latissima (SL), before and after high 
pressure homogenisation (HPH); after thermal treatment at 70 ◦C followed by 
homogenisation at room temperature (70 ◦C HPH) and, after thermal treatment 
at 70 ◦C followed by homogenisation at 70 ◦C (70 ◦C HPH 70 ◦C). B) Micro
graphs illustrating particle morphology before and after high pressure ho
mogenisation, obtained by confocal scanning laser microscopy. 

Table 2 
Surface base diameter (D[3,2]) for each process (95 % confidence). LD (Laminaria 
digitata); SL (Saccharina latissima); HPH (High Pressure Homogenisation). NS 
(not significant); (p>0.05); *p≤0.05; **p≤0.01; ***p≤0.001. Significant dif
ferences in a column are indicated with different superscript letters.   

LD D[3,2](μm) SL D[3,2](μm)

Treatment Before HPH 344.22 ± 65.79a 396.68 ± 47.30a 

HPH 27.16 ± 0.47b 23.33 ± 0.84b 

70 ◦C HPH 29.17 ± 1.64b 26.65 ± 0.15b 

70 ◦C HPH 70 ◦C 28.41 ± 0.97b 27.42 ± 1.47b  

LD vs SL 
ANOVA two-way Seaweed NS 

Treatment *** 
Interaction NS 

T-test Before HPH NS 
HPH ** 
70 ◦C HPH NS 
70 ◦C HPH 70 ◦C NS 

ANOVA one-way p-Value *** ***  
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12 Pa for SL HPH, SL 70 ◦C HPH and SL 70 ◦C HPH 70 ◦C respectively, 
indicating that all networks had similar stiffness between them and 
similar to LD. The phase angle had values of <45◦ for all SL dispersions. 
The gel- like behaviour of LD and SL dispersions after HPH was thus 
indicated by the values of Gʹ and phase angle. 

The network structure was further characterised by frequency sweep 
measurements (Fig. 6C and D), to study the dependence of Gʹ and Gʹ́  on 
the angular frequency. The frequency sweeps were fitted by a power law 
model. Table 4 summarises the parameters obtained from the power law 
fitting. The dispersions showed similar values of c and d, with values 

ranging between 0.12 and 0.16 for c, and between 0.20 and 0.25 for d, 
indicating similar frequency dependence for all samples. Furthermore, 
Gʹ was larger than Gʹ́  over the whole range of frequencies, this rheo
logical behaviour is typical of weak gels [42]. Parameters a and b were 
also of the same magnitude for all dispersions, indicating that the 
formed networks were of similar strength. The presence of alginate and 
divalent cations (in particular Ca2+) in the seaweed could contribute to 
the strength of the network, as alginate is able to gel in the presence of 
cations. The content of Ca2+ in LD was measured to be ca. 19,700 mg/kg 
and in SL was ca. 18,000 mg/kg. 

3.7. Effect of processing on the flow behaviour of the seaweed dispersions 

Fig. 7 shows that aqueous dispersions after high-pressure homoge
nisation had shear thinning behaviour (i.e. viscosity decreased with 
shear rate). The shear stress vs. shear rate curves were fitted using a 
power-law model, as no evidence for the existence of yield stress was 
observed. All the dispersions showed n <1, with values between 0.13 
and 0.34 (Table 5). The lowest values corresponded to the samples 
without thermal treatment, with n = 0.21 ± 0.01 for LD and n = 0.13 ±
0.00 for SL. Furthermore, the goodness of the fitting was poor for SL 
(R2 = 0.82), indicating that phase separation or sedimentation could be 
interfering with the viscosity measurements. All samples showed similar 
consistency with values between 15.38 and 22.6 Pa⋅s− n. Since all dis
persions had similar particle size distribution (Fig. 4A) and composition 
(Supplementary Material Fig. S1), the results suggests that the contri
bution of hydrodynamic forces was similar in all the samples. Thus the 
flow behaviour of the dispersions was driven by the homogenisation 
process, whilst the type of seaweed species and the thermal treatment 
were less determinant of their flow behaviour. 

3.8. Effect of processing on the serum viscosity 

One of the parameters influencing the rheological properties of a 
dispersion is the viscosity of the continuous phase. Fig. 8 depicts the 
shear viscosity of the sera separated by centrifugation. The samples 
which were not thermally treated (serum LD HPH and SL HPH) had a 
sera with a Newtonian behaviour and viscosity of approximately 
0.002 Pa⋅s at 10 s− 1, close to water. The thermal treatment prior to 
HPH led to an increase in viscosity for both seaweed however, SL 
(0.02 Pa⋅s at 10 s− 1) showed a larger increase in viscosity compared to 
LD (0.009 Pa⋅s at 10 s− 1), and also a change in behaviour from New
tonian to shear thinning. Increasing the temperature at which the high 
pressure homogenisation was performed did not impact the viscosity of 
the serum. The total solids content of the sera was ca. 2–2.5 % for LD and 
3 % for SL. Furthermore, the sera of SL were richer in alginate, compared 
to LD (Fig. 2), this could explain the shear thinning behaviour and 
higher viscosity of the sera from SL. These results indicate that the 
combination of heating and high shear increase solubilisation of cell 
components, which contribute to the rheology of the serum phase, 
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Fig. 5. SAXS patterns of whole dispersions (A and B) and of the serum phase 
obtained after centrifugation (C and D) for Laminaria digitata (LD) and Sac
charina latissima (SL) samples. 

Table 3 
Parameters obtained from the fits of the SAXS data (Rgi: radius of gyration for the 
structural level i; Pi: power-law exponent for the structural level i. LD = Lami
naria digitata, SL = Saccharina latissima, HPH = High pressure homogenisation).  

Sample Treatment P1 Rg1(nm) P2 Rg2(nm) P3 Rg3(nm) 

Serum 
LD 

Untreated  2.8  71.5  2.8  17.2  1.0  4.0 
HPH  1.3  71.0  2.4  29.9  1.0  5.6 
Thermally 
treated  

1.0  75.9  3.8  31.1  1.0  5.2 

70 ◦C HPH  2.9  76.7  3.6  14.5  1.3  4.7 
Serum 

SL 
Untreated  2.7  77.7  2.6  16.3  1.0  4.5 
HPH  2.8  77.0  3.2  14.0  1.0  5.1 
Thermally 
treated  

2.7  80.0  4.0  16.2  1.1  5.8 

70 ◦C HPH  3.2  82.6  4.0  14.9  1.0  5.3  
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furthermore this effect seemed to be larger in SL compared to LD. 
Nevertheless, the differences observed in sera viscosity were not re
flected in changes in the overall viscosity of the dispersions (Fig. 7), 
indicating that at the concentrations studied, the flow behaviour was 
determined by the phase volume occupied by the particles. 

3.9. Applicability of the Cox Merz rule 

The dispersions were further studied by application of the Cox–Merz 
rule [30]. The Cox-Merz rule in rheology suggests that dynamic viscosity 
is equivalent to steady-state viscosity for certain materials under specific 
conditions, reflecting a stable microstructure. In polymer systems, this 
equivalence implies well-aligned chains and consistent interactions. The 
shear viscosity was lower than complex viscosity for all dispersions 
(Fig. 9), indicating that they did not follow the Cox–Merz rule, allowing 
the conclusion that the systems did not behave as macromolecules in 
solution but rather as suspensions of soft “seaweed” particles. Whilst 
weak gels could be the result of covalent and non-covalent molecular 
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Table 4 
Parameters a, b, c and d of the power law models (Gʹ = a⋅ωc and Gʹ́ = b⋅ωd) fitted to the storage modulus (Gʹ) and loss modulus (Gʹ́ ) as a function of the angular 
frequency (ω) (R2 = 0.99). LD (Laminaria digitata), SL (Saccharina latissima). HPH (high pressure homogenisation), 70 ◦C HPH (thermal treatment at 70 ◦C followed by 
HPH at room temperature) and, 70 ◦C HPH 70 ◦C (thermal treatment at 70 ◦C followed by HPH at 70 ◦C).   

Treatment a b c d 

LD HPH  115.92 ± 16.0  25.56 ± 4.30  0.15 ± 0.00  0.25 ± 0.01 
70 ◦C HPH  109.62 ± 8.00  27.30 ± 2.29  0.16 ± 0.00  0.20 ± 0.01 
70 ◦C HPH 70 ◦C  138.87 ± 3.73  34.21 ± 0.58  0.16 ± 0.00  0.20 ± 0.00 

SL HPH  140.55 ± 13.32  25.56 ± 2.36  0.12 ± 0.00  0.25 ± 0.01 
70 ◦C HPH  146.66 ± 0.900  36.08 ± 0.09  0.16 ± 0.00  0.24 ± 0.00 
70 ◦C HPH 70 ◦C  114.70 ± 3.500  28.36 ± 0.41  0.16 ± 0.00  0.25 ± 0.00  
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Fig. 7. Shear viscosity curves of aqueous dispersions (5 % w/v) of LD (Lami
naria digitata) and SL (Saccharina latissima). HPH (high pressure homogenisa
tion), 70 ◦C HPH (thermal treatment at 70 ◦C followed by HPH at room 
temperature) and, 70 ◦C HPH 70 ◦C (thermal treatment at 70 ◦C followed by 
HPH at 70 ◦C). 

Table 5 
Parameters obtained from the power law fitting of the shear stress vs shear rate 
data. n represents the flow index and k consistency. LD (Laminaria digitata), SL 
(Saccharina latissima). HPH (high pressure homogenisation), 70 ◦C HPH (ther
mal treatment at 70 ◦C followed by HPH at room temperature) and, 70 ◦C HPH 
70 ◦C (thermal treatment at 70 ◦C followed by HPH at 70 ◦C).  

Seaweed Treatment Consistency coefficient 
(Pa⋅s− n) 

Flow behaviour 
(− ) 

R2 

LD HPH  15.48 ± 1.66  0.21 ± 0.00  0.97 
70 ◦C HPH  15.38 ± 2.77  0.31 ± 0.03  0.98 
70 ◦C HPH 
70 ◦C  

17.25 ± 0.72  0.34 ± 0.01  0.99 

SL HPH  16.51 ± 2.32  0.13 ± 0.00  0.82 
70 ◦C HPH  17.53 ± 0.00  0.28 ± 0.01  0.99 
70 ◦C HPH 
70 ◦C  

22.6 ± 1.61  0.28 ± 0.00  0.99  
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crosslinks [43], it is clear than in these dispersions the gel like nature 
arises from the interactions between seaweed particles. 

4. Conclusions 

We concluded that aqueous dispersions of whole Laminaria digitata 
and Saccharina latissima hold the potential to be used as natural tex
turisers in semiliquid food products, by applying high shear treatments 
such as high pressure homogenisation. Processed Laminaria digitata cell 
walls were less dense than prior to processing, which was linked to the 
release of greater amounts of structural polysaccharides, such as fucoi
dan and alginate. The nanostructure of Saccharina latissima cell walls 
was less affected by processing conditions, despite larger amounts of 
alginate being released, suggesting that these two species might present 
different structural organisation in their cell walls. The dispersions 
exhibited complex flow behaviour, with characteristics such as shear- 
thinning, attributed mainly to interactions between soft seaweed 

particles. Solubilisation of cell wall polysaccharides increased the vis
cosity of the serum phase, this effect seemed to be larger in Saccharina 
latissima compared to Laminaria digitata, due to a higher content of 
alginate in the serum of the Saccharina latissima. However, such differ
ences in sera viscosity were not reflected in the rheology of the disper
sions, which were mainly dominated by the dispersed phase. Although 
other organoleptic factors such as colour and flavour profile must be 
investigated, from a rheological point of view our results support the 
utilisation of these marine biomass as natural structurants in food 
products. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.algal.2024.103548. 
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