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Evolution of the structure and rheology of
processed seaweed Ulva spp. during in
vitro digestion
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Marta Martínez-Sanz3,4 & Patricia Lopez-Sanchez5

Seaweed is a sustainable and nutrient-rich food source, but its complex cell wall architecture can
physically shield its components from digestion, potentially limiting their release and utilisation. This
study investigatedhowmechanical (blending) and thermal (40–100 °C) processingaffect the structure,
rheology, and digestive behaviour of Ulva spp. dispersions. Processing modulated particle size,
softness, andpolysaccharide solubilisation, influencing the viscosity andviscoelastic propertiesof the
dispersions. During in vitro digestion, gastric viscosity increased over time for all samples, driven by
particle swelling, while intestinal viscosity was lower and stable, except in the 100 °C-treated sample,
where it increased, suggesting greater release of soluble components. Small-angle X-ray scattering
(SAXS) indicated larger nanostructural disruption of the cell wall and release of cell wall components,
potentially ulvan, in the 100 °C-treated sample, which might lead to enhanced digestibility. Large
unheated particles (D[3, 2] ≈100 μm) showed limited breakdown, whereas thermally treated particles
exhibited greater degradation during simulated digestion. These findings demonstrate that
processing governs both physical structure and digestive performance, enabling the design of
seaweed-based foods with improved functionality.

In recent years, seaweeds have gained increasing attention in food science,
primarily due to their potential as a sustainable food source with beneficial
environmental implications. They can be classified into three types basedon
their pigments: brown (Phaeophyceae), red (Rhodophyta), and green
(Chlorophyta). Currently, the largest production comes fromredandbrown
seaweeds1, due to their content of hydrocolloids of industrial interest.
However, green seaweeds, such as Ulva spp., are present worldwide, are
eaten fresh in salads or boiled in soups and stews1 and standout for their ease
of cultivation and favourable nutritional profile, particularly their high
protein content (up to 30% dry weight)2, including essential amino acids
comparable to those found in terrestrial plant proteins. For this reason,
methods for obtaining Ulva protein extracts are being developed as a
potential protein source for human consumption1,3–5. Furthermore, Ulva
spp. contain significant amounts of polysaccharides (9–65% dry weight)1,4,6,
such as soluble ulvan. This polysaccharide has demonstrated potential
prebiotic effects that support gut health in animal studies7,8, and in vitro

researchhas also reported its potential anticoagulant, antibacterial, antiviral,
and immunoregulatory activities8.

The digestibility of Ulva spp. has been the focus of several studies,
particularly in relation to protein digestibility, which is very low in
whole raw seaweed, in comparison to other protein sources1,9,10. Pre-
vious research on the in vitro digestibility of different seaweed species11

showed that Ulva rigida had the lowest protein digestibility. This low
protein digestibility has been explained in relation to the large particle
size11 and to the thickness, rigidity1,11,12 and high content of cell wall
polysaccharides in this green seaweed, which can reduce the accessi-
bility and action of digestive enzymes1,11,12. Other factors influencing
protein digestibility are the interactions between proteins and
polysaccharides9,13; and the presence of other components in the sea-
weed, such as trypsin inhibitors, amylase inhibitors, tannins and phytic
acid1,14,15. Studies have indicated that the biomass digestibility of Ulva
spp., when it is added to animal feed, depends on several factors, such as
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the inclusion level and the biomass treatment, but in general, the
digestibility is low and only increases when protein is supplied as an
extract3,16. Those studies suggest that the cell wall of Ulva spp., with a
high fibre content, especially of the polysaccharide ulvan, is indiges-
tible to monogastric animals and can hinder the bioavailability of
nutrients if not properly processed16,17. Therefore, more research is
necessary to fully understand the changes in Ulva spp. cell wall
structure during human digestion.

Food processing modifies not only the particle size and rheological
properties of food but also its digestibility. Smaller particles offer greater
surface area for enzymatic action, while larger particles may slow digestion.
Viscosity is another critical factor; higher viscosities can reduce enzyme
efficiency and delay gastric emptying. This is especially relevant for fibre-
rich foods, such asUlva spp., as solublefibres can increase the viscosityof the
digestivefluids, potentially slowingnutrientdiffusionandabsorption.While
moderateviscositymayhelpmodulatedigestion, high viscosity couldhinder
nutrient bioavailability.

The critical viscosity threshold at which food viscosity begins to sig-
nificantly impede nutrient bioavailability is not uniformly established, as it
depends on factors such as nutrient type, food matrix, and digestive con-
ditions. Nevertheless, recent studies provide useful reference points. For
instance, in β-carotene nanoemulsions with oatmeal, high viscosities above
250mPa s were found to reduce fat digestibility and nutrient absorption18.
Computer simulations modelling starch and glucose digestion indicated
that nutrient absorption starts to become limited at around 100mPa s19. In
human MRI studies, meals containing dextrose, lipids, and carbohydrates
with viscosities of 60mPa s were sufficiently low to allow rapid mixing and
gastric emptying, whereas meals with much higher viscosities of
29,500mPa s were very thick, slowed gastric emptying, and likely restricted
nutrient absorption20.

Mechanical and thermal processing of red seaweeds has been shown to
permeabilise anddisrupt cell walls, enhancingprotein digestibility, although
the effects can vary depending on the seaweed species13. Methods used to
produce protein concentrates (acid hydrolysis, microwave digestion, alka-
line solubilisation and acidic precipitation) also improve in vitro protein
digestibility in red seaweeds21. For brown seaweed, it has been reported that
food processing (high-pressure homogenisation and heat treatment) can
influence the micro- and nanostructure of cell walls22,23, fermentation
increases the digestibility of the seaweeds24,25 and ultrasound treatment of

the seaweeds can also increase the digestibility of their proteins26. However,
studies on the effects of processing conditions on the cell wall structure and
digestibility ofUlva spp. are limited, withmost existing research focusing on
isolated protein extracts rather than whole biomass.

Despite significant advancements, several gaps remain in the research
on green algae Ulva spp. as a food source; in particular, the relationship
between processing and digestibility requires further investigation. The aim
of this work is to study the effect of blending and thermal treatments on
aqueous dispersions of the green seaweedUlva spp., focusing onparticle size
distribution, microstructure, cell wall nanostructure and rheological prop-
erties. Additionally, structural and rheological changes taking place during
digestionwere assessedusing the standardised in vitro INFOGESTprotocol.
Unlike many previous studies that have emphasised compositional aspects,
our work specifically addresses structural and rheological features. The
findings of this research can contribute to improving the exploitation of
whole green algae in human nutrition.

Results
Chemical composition of Ulva spp
The dry matter of the seaweed was 11.4 ± 0.7% (fresh weight), indicating a
water content of ca. 89%. The main component was carbohydrates,
accounting for 59.8% (dry weight), the total fibre content was 31.5% (dry
weight), thus non-fibre carbohydrates accounted for 28.3% (dry weight)
(Table 1). The protein content was 20.3% (dry weight), the ash content was
16.1% (dry weight), and the fat content was 3.8% (dry weight). The overall
composition agrees well with the previously reported composition of Ulva
spp.27. The main monosaccharides detected were Rham (36.6%), GlucA
(21%), IdoA (17.7%), Gluc (17%), Gal (5.5%) and Xyl (2.4%). Rhamnose,
xylose, glucuronic acid and iduronic acid are attributed toulvan28, a complex
sulphated polysaccharide present in the cell wall of green algae. Glucose is
related to cellulose, which in green algae could be 15–30% of the total
carbohydrates29,30. Similar monosaccharide content has been previously
reported for Ulva spp.5.

Design ofUlva spp. dispersions with controlled particle size and
morphology
Aqueous dispersions of Ulva spp. prepared by mechanical treatment
(blending) showed a bimodal particle size distribution (Fig. 1A), with a large
band at ca. 100–1000 μm and a smaller band at ca. 10–100 μm. As the
blending time increased, there was a shift toward smaller particle sizes for
both bands. The average particle sizeD[3, 2]was reducedwith the durationof
the treatment (Fig. 1B), going from 145 ± 10 μm at 30 s, 96 ± 3 μm at 60 s,
65 ± 2 μmat 90 s and 56.9 ± 0.3 μmat 120 s. As the reduction in particle size
beyond90 swas smaller, compared to shorter treatment times, amechanical
treatment durationof 90 swas selected for subsequent thermal processingof
the dispersions, since shorter processing times are preferred for environ-
mental and economic reasons.

Figure 1C shows the particle size distribution of thermally treated
samples. As it can be observed the temperature had a minor effect on the
average particle size D[3, 2] (Fig. 1D). The largest band observed is likely
associated with clusters of cells, while the smallest band may correspond to
single cells or cell fragments, as visualised in the micrographs (Fig. 2A, B).
Microscopy images further revealed that cell clusters had intact cells, con-
taining intracellularmaterial, and emptycells (Fig. 2C).Moreover, evenafter
a thermal treatment at 100 °C, single cells still retained internal content, as
indicated by the green to brownish coloration in the images (Fig. 2D). This
coloration is attributed to the presence of chlorophyll and chlorophyll-
related metabolites. Similar structures were observed in the dispersions
processed at lower temperatures (Supplementary Fig. S1). Thermal treat-
ments can alter cell wall porosity and compromise membrane integrity,
thereby influencing digestion; polysaccharide solubilisation reduces wall
density, while membrane denaturation above 60 °C enables leakage of cell
contents. The pH of all dispersions was between 6.2 and 6.9, and the ζ
potentialwasnegative,withvalues between−15and−19mV(Fig. 1D).The
ζ potential of the dispersions was similar regardless of the processing

Table 1 | Chemical composition of Ulva spp. Protein, fat,
carbohydrates, total fibre and ash are expressed in % of
dry matter

Chemical composition

Proteina 20.3 ± 0.20

Fat 3.8 ± 0.3

Carbohydrates 59.8 ± 0.0

Total Fibre 31.5 ± 1.4

Ash 16.1 ± 0.01

Monosaccharides composition (% of total
monosaccharides)

Gal 5.53 ± 3.5

Glu 17.0 ± 0.0

Xyl 2.37 ± 0.66

Rham 36.3 ± 0.74

GlcA 21.1 ± 10.6

IdoA 17.7 ± 10.0

Monosaccharide composition is presented as the relative composition of total monosaccharides
(%). Gal galactose, Glu glucose, Xyl xylose, Rham rhamnose, GlcA glucuronic acid, IdoA iduronic
acid. Mean ± standard deviation (n = 3).
aProtein values were calculated with a 5.13 conversion factor.
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temperature. These values could indicate moderate stability of the disper-
sions by electrostatic repulsion, but aggregation and sedimentation could
still occur over time.

Nanostructural changes inUlva cell walls induced by processing
To better understand the effects of heating, we used small-angle X-ray
scattering (SAXS) to examine the nanostructure of seaweed cell walls in the
dispersed phase and the soluble polymers present in the liquid phase of the
dispersions. The obtained scattering patterns were represented in Kratky
plots to better visualise scattering features. Regarding the dispersed (inso-
luble) phase (Fig. 3A), all samples showed pronounced scattering features in

the low to mid q range (0.01–0.2Å−1). In particular, a small sharp peak was
observed at 0.14Å−1, corresponding to a real distance of 4.5 nm, which can
be attributed to the interfibrillar distance between tightly packed cellulose
microfibrils, similarly to what has been previously reported in plant cell
walls31,32. This peakwas present in all samples, indicating thermal stability of
the cellulose microfibrils; however, the intensity of the peak increased
slightly in the samples treated at temperatures above 80 °C. This could be
explained by water losses, or solubilisation of cell wall components, which
led to a greater densification of the cell wall structure, i.e. a greater pro-
portion of cellulose microfibrils were closer to each other. Furthermore, a
shoulder-like feature was visible in all the samples.

Fig. 1 | Processing conditions determine particle
size distribution.AParticle size distribution ofUlva
spp. dispersions prepared by mechanical treatment
for 30 s (MT30), 60 s (MT60), 90 s (MT90) and 120 s
(MT120).BAverage particle size diameterD[3, 2] for
the same mechanically treated samples. C Particle
size distribution of Ulva spp. dispersions prepared
by mechanical treatment for 90 s at 25 °C (TT25),
and prepared by mechanical treatment for 90 s fol-
lowed by thermal treatment for 30 min at 40 °C
(TT40), 60 °C (TT60), 80 °C (TT80) and 100 °C
(TT100). D Average particle size diameter for the
same thermally treated samples. The total electrical
charge of the samples (ζ potential) is also repre-
sented (black diamond symbols in (D)). Values in
figures with different letters (a, b, c) are significantly
different.
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Fig. 2 | Particle morphologies in the dispersions.
Micrographs of Ulva spp. dispersions showing par-
ticle morphology of samples processed by mechan-
ical treatment for 90 s at 25 °C (TT25) (A, C) and
samples processed by mechanical treatment for 90 s
followed by thermal treatment for 30 min at 100 °C
(TT100) (B, D). Intracellular content was present
after both treatments, as indicated by black arrows.
Details of clusters in TT25 (C) and single cells in
TT100 (D).
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A similar feature has been previously reported in the SAXS patterns
from cellulose hydrogels synthesised in the presence of plant cell wall
polysaccharides such as xyloglucans33, and was attributed to cellulose-
xyloglucan interactions leading to increased interfibrillar distances in some
regions along the cellulosemicrofibrils. In the case ofUlva spp., this shoulder
might be indicative of interactions between cellulose and the xylose from
ulvans34. This shoulder was centred at ca. 0.07Å−1 in the unheated sample
(TT25), corresponding to a distance of ca. 9 nm, but the position shifted in
the thermally treated samples. We hypothesised that the weak scattering
feature detected at ca. 0.01Å−1 (corresponding to a size range ca. 60–65 nm)
in the samples treated at 40, 60 and 80 °C could reflect the presence of
aggregates, or phase-separated domains, within the polysaccharide matrix
of the cell wall. Such structures were not present at 100 °C, perhaps due to
degradation at that temperature. Nevertheless, further studies are required
to confirm this structural interpretation.

In the liquid (soluble) phase, the SAXSpatterns presented a shoulder at
q ≈ 0.012Å−1 (Fig. 3B), corresponding to a real distance of ca. 50 nm,
indicating the presence of mesoscale structures in the soluble phase of the
Ulva dispersions. This shoulder became more pronounced after thermal
treatment, likely due to the partial solubilisation of matrix polysaccharides,
such as ulvan, although their concentration in the liquid phase remained
very low. Ulvan extraction using hot water has been reported35 yielding
extracts with molecular weights in the hundreds of kDa. A measured
hydrodynamic diameter of approximately 50 nm, determined by SAXS,

may correspond to a molecular weight in the range of 200–1000 kDa or
higher, depending on the ulvan chain conformation in solution and the
ionic strength. Thus, thermal treatment promoted partial cell wall dis-
assembly and extraction ofwall polysaccharides, generating supramolecular
assemblies detectable in the SAXS patterns.

Flow behaviour and viscoelastic properties of Ulva spp.
dispersions
Figure 4A depicts the shear viscosity curves of thermally treated Ulva
spp. aqueous dispersions (3 wt%). The dispersions were shear thin-
ning, i.e. the viscosity decreased with shear rate. Up to 60 °C, heating
did not impact the viscosity of the dispersions, whilst at 80 °C, a sig-
nificant decrease was observed. At 100 °C, the viscosity was similar to
that at 80 °C. The consistency coefficient and flow behaviour index,
obtained from power law fitting of the shear stress versus shear rate
data, are presented in Table 2.

The non-thermally treated sample (TT25) exhibited a consistency
coefficient of 0.8 Pa s−n and a flow behaviour index of 0.5, indicating shear
thinning behaviour. The consistency remained similar up to 60 °C and
decreased to 0.2 Pa s−n at 80 °C and 100 °C. Simultaneously, the flow
behaviour index increased from 0.5 at 25 °C to 0.7 at 100 °C, indicating a
shift toward more Newtonian-like behaviour (n = 1). The rheology of a
dispersion is influenced by both the viscosity of the continuous liquid phase
and the volume fractionof thedispersedphase.Therefore, to understand the

Fig. 3 | Small angle X-ray scattering (SAXS) reveals differences in the nanos-
tructure of the insoluble and soluble fractionof the dispersions. (A) SAXS Kratky
plots of dispersed phase containing insoluble particles (iTT25, iTT40, iTT60, iTT80
and iTT100) and (B) liquid phase (sTT25, sTT40, sTT60, sTT80 and sTT100) of
Ulva dispersions prepared by mechanical treatment (25 °C) for 90 s followed by
thermal treatment during 30 min at 40 °C (TT40), 60 °C (TT60), 80 °C (TT80) and

100 °C (TT100). Dispersed and liquid phases were separated by centrifugation. The
black arrow points toward the interfibrillar cellulose peak. (C) Squematic repre-
sentation of the proposed cell wall structure for raw Ulva spp. and Ulva spp. pro-
cessed at temperatures above 60 °C. Figures were created using the IRENA macro
suite [28] within the Igor software package (Wavemetrics, Lake Oswego, Oregon).
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effect of thermal treatment, Ulva spp. dispersions were centrifuged to
separate the liquid and dispersed phases.

As shown in Fig. 4B, the liquid phases exhibited Newtonian behaviour
with low viscosity (less than one order of magnitude higher than water).
Samples treated at 60 °C and above exhibited an increase in the viscosity of
the liquid phase, suggesting solubilisation of cellular components. However,
this change was not accompanied by a significant variation in total
solids content, which remained relatively constant across treatments
(1.7–1.8 wt%). This is in agreement with SAXS results, where soluble
components could be detected in the liquid phase from thermally treated
samples, although the intensity of the shoulder was very weak, suggesting a
low concentration of soluble components (Fig. 3B).

This indicates that the increase in viscosity of the liquid phase at higher
temperatures is likely due to the solubilisation of higher molecular weight
compounds, rather than a greater overall quantity of solubilisedmaterial. At
80–100 °C, the viscosity of the dispersions decreased (Fig. 4A), although the
viscosity of the liquid phase was higher, indicating that the overall viscosity
was primarily governed by the dispersed phase, likely due to particle soft-
ening and reduced phase volume.

Regarding the viscoelastic properties (Fig. 4C), G0 was higher than G″

for all seaweed dispersions, and they exhibited a slight dependence on
frequency, indicating dominant elastic (solid-like) behaviour. Dispersions

treated at 40 °C and 60 °C exhibited the highest moduli, with G0 values
between 7.8–14 Pa for 40 °C and 13–22 Pa for 60 °C, suggesting the for-
mation of a stronger network. In contrast, samples treated at higher tem-
peratures (80 °C and 100 °C) showed a marked decrease in both G0 and G″,
with G0 values dropping to 1–3 Pa, suggesting weakening of the structure.
The sample treated at 25 °C displayed intermediatemoduli. This behaviour
is further supported by tanδ (Fig. 4D), whose value increased sharply at
80 °C and 100 °C. While samples treated at 25 °C, 40 °C, and 60 °C had
lower tanδ values (0.25–0.35), indicating predominantly elastic behaviour,
samples treated at 80 °C and 100 °C reached values above 0.65, reflecting a
transition toward more viscous-dominated behaviour.

Effect of processing on the viscosity of in vitro digestedUlva spp.
dispersions
For the in vitro gastrointestinal digestion experiments, three dispersions
were selected to represent different particle sizes and viscosity (Table 3):
MT60, TT25, and TT100. The largest average particle size of 96.1 μm cor-
responded to MT60, whilst TT25 and TT100, which were either non-
thermally treated (TT25) or thermally treated at 100 °C (TT100), had
similar D[3, 2] with values of 57–59 μm.

Based on the rheological characterisation, TT25 had higher viscosity
than TT100, 0.2 Pa s and 0.08 Pa s, respectively. MT60 sedimented quickly,

Fig. 4 | Rheological properties of the dispersions.
A Shear viscosity curves of thermally treated Ulva
spp. dispersions (3 wt%). B Shear viscosity of the
corresponding liquid phase containing soluble
solids (sTT25, sTT40, sTT60, sTT80 and sTT100)
obtained after centrifugation. C Storage modulus
(G0) and loss modulus (G″) as a function of the
angular frequency. D Average tanδ at 10 rad s−1 of
thermally treated Ulva spp. dispersions 3 wt%. Dis-
persions were first mechanically treated for 90s
(TT25) followed by thermal treatment for 30 min at
40 °C (TT40), 60 °C (TT60), 80 °C (TT80) and
100 °C (TT100). Values in figures with different
letters (a, b) are significantly different.
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Table 2 | Parameters obtained from the power law fitting
(R2 = 0.99) of the shear stress vs. shear rate data of Ulva spp.
dispersions

Consistency
coefficient (Pa s−n)

Flow behaviour (−)

TT25 1.28 ± 0.76a 0.50 ± 0.06b

TT40 0.82 ± 0.24ab 0.55 ± 0.03b

TT60 0.68 ± 0.05ab 0.59 ± 0.01b

TT80 0.17 ± 0.03b 0.71 ± 0.03a

TT100 0.18 ± 0.07b 0.71 ± 0.05a

Treatment at different temperatures 25 °C (TT25), 40 °C (TT40), 60 °C (TT60), 80 °C (TT80) and
100 °C (TT100). Measurements performed at 25 °C.Means in the same columnwith different letters
are significantly different. Fitting was done on 3 independent measurements.
Different letters in each column denote significant differences between the samples (confidence
interval 95%).

Table 3 | Characteristics of the dispersions selected for in vitro
gastrointestinal digestion

D[3, 2] (μm) Viscosity at 40
s−1, 25 °C (Pa s)

Gastric phase
(soluble
fraction wt%)

Intestinal
phase (soluble
fraction wt%)

MT60 96.1 ± 3. 1a Sedimentation 1.00 ± 0.04a 2.15 ± 0.03a

TT25 56.9 ± 0. 3b 0.18 ± 0.06a 0.97 ± 0.01a 2.15 ± 0.03a

TT100 59.1 ± 0. 2b 0.07 ± 0.01b 1.08 ± 0.08a 2.20 ± 0.03a

Particle size D[3, 2] of the dispersions and apparent viscosity (40 s−1) at 25 °C. Total solids (wt%)
present in the soluble fraction of the gastric and intestinal fluids after digestion. Dispersions were
processed by mechanical treatment for 60 s (MT60), mechanical treatment for 90 s at 25 °C (TT25),
or by mechanical treatment for 90 s followed by thermal treatment at 100 °C (TT100). SampleMT60
quickly sediments, and the viscosity was not measured. Means in the same column with different
letters are significantly different. Analysis was done on 3 independent measurements.
Different letters in each column denote significant differences between the samples (confidence
interval 95%).
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and it was not possible to measure its viscosity. Figure 5A shows that the
viscosity of the SGF alone (0.76mPa s) increased 2–3 fold upon addition of
the dispersions. When comparing dispersions with similar particle sizes,
TT25, characterised by higher viscosity, resulted in a greater increase in
gastric fluid viscosity than TT100, which had lower viscosity.

By the end of the gastric phase (2 h), the viscosity of all samples had
increased to 4–5mPa s and no significant differences were observed
between them. In the gastric phase, fruits and vegetables generally lead to an
increase in gastric viscosity, primarily due to the hydration and swelling of
soluble fibre (e.g., pectin and hemicelluloses) and the presence of insoluble
fibreparticles. These components can interactwith the gastricfluid, forming
viscous suspensions that may slow enzyme action and gastric emptying36.

Similarly, the presence of seaweed particles, rich in fibre, could lead to
an increase in gastric viscosity due to swelling, as indicated by the increase in
particle size of non-thermally treated samples (MT60andTT25) depicted in
Fig. 5B, likely due to swelling in the gastric environment. Furthermore,
polysaccharides such as alginate frombrown seaweeds37 and ulvan35 present
in Ulva spp., can form viscous or even gel-like structures under acidic
conditions, further enhancing this effect.

As previously discussed, particles in TT100 were already swollen and
softer; hence, no further increase in size was observed during the gastric
phase for this sample. Although MT60, TT25 and TT100 had different
particle sizes and viscosities, the results indicate that the initial differences in
viscosity, induced by processing conditions, diminished over time, resulting
in no significant differences at the end of the gastric phase.

After 2 h, the samples were mixed with simulated intestinal fluid (SIF)
to progress into the intestinal phase, and the viscosity immediately
decreased to 0.1–0.9 Pa s due to the dilution with SIF, bile and pancreatic
enzymes. ForMT60 andTT25, the viscosity remained rather stable until the
end (Fig. 5A). However, for TT100, the viscosity increased significantly
during the intestinal phase. This indicates that during the intestinal phase,

enzymatic activity and the increase in pH did not result in the solubilisation
of cell components that significantly increased viscosity inMT60 andTT25;
nevertheless, such an effect was observed in TT100.

Figure 5B showed that the particle size did not change during the
intestinal phase for the non-thermally treated samples; however, a decrease
in size was observed for the thermally treated TT100. This could be
explained by the presence of softer particles with cell walls that are more
accessible to enzymatic action in the thermally treated sample, enhancing
structural changes during digestion, which, on the one hand, increases the
viscosity of the digesta and, on the other hand, reduces particle size.

The solid fraction of the digesta, which contains the insoluble non-
digestible materials, and the liquid fraction containing soluble digestible
components, were separated by centrifugating the gastric and intestinal
phases. The viscosity of the soluble fraction after the intestinal phase was
lower than after the gastric phase (Fig. 5C); even so, it contained a higher
concentration of soluble solids (Table 3), from intestinal salts and enzymes
present in the SIF, as well as digestion products, whose contribution to the
viscosity is minor, likely due to their lower molecular weight.

After the gastric phase, the average particle size remained large
(50–100 μm) (Fig. 5B) and intracellular contents were still retained within
the cells. This was visualised in CLSM images before digestion (Fig. 6A, B),
and after the gastric phase (Fig. 6C, D), suggesting that the pH and enzy-
matic reactions in the stomachwere not enough to breakUlva spp. tissues or
permeabilised seaweed cells. Even after a thermal treatment at 100 °C, cell
content was still observed inside the cells (Fig. 6D). Similarly, after the
intestinal phase, the particle size was large (Fig. 5B).

Although no quantificationwas performed, CSLM images appeared to
show that thermally treated samples hadmore empty cells and that their cell
walls were thinner and more disrupted (Fig. 6F) compared to unheated
samples (Fig. 6E). This observation is relevant from a nutritional point of
view as only solubilised components would be absorbed in the stomach and
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Fig. 5 | Viscosity and particle size evolution during in vitro digestion. AEvolution
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for comparison. Average and standard deviation of 6 independent in vitro digestion
experiments.

https://doi.org/10.1038/s41538-025-00639-w Article

npj Science of Food |           (2025) 9:282 6

www.nature.com/npjscifood


small intestine, whilst undigested material would go all the way to the large
intestine where they will be fermented by gut microbiota.

Nanostructuralmodifications inUlva spp. cell walls inducedby in
vitro digestion
SAXS experiments were performed on both the soluble and insoluble
fractions of the digesta, which were separated by centrifugation. Although
the samples have added complexity, SAXS can provide reliable information
on insoluble material because it detects X-ray scattering from electron
density contrasts, regardless of whether the material is soluble32,38. SAXS
revealed significant nanostructural differences in the solid insoluble fraction
and the liquid soluble fraction of the digesta as function of processing
conditions (Fig. 7). In thedispersionwith the largest particle size (MT60) the
structure of the cell wall remained largely intact after the gastric phase (Gast.
iMT60), with the peak at 0.14Å−1, corresponding to cellulose microfibrils,

and the shoulder at 0.06Å−1, attributed to xylose domains interacting with
cellulose, still present at the end of the gastric phase. Even so, the shoulder
shifted towards higher q, suggesting that a fraction of ulvanmight have been
solubilised upon digestion.

A similar effect was observed for the TT25 sample, suggesting that no
major cell wall nanostructural changes occurred during the gastric phase. In
the case of the sample treated at the highest temperature (TT100), a more
evident change was observed in the shoulder feature after the gastric phase,
indicating that ulvan might have been solubilised to a greater extent in that
case. After the intestinal phase, the cellulose peak was not visible in the
scattering pattern from the insoluble fraction ofMT60 (Intest. iMT60), and
instead, a much more intense and defined peak located at 0.13Å−1 was
visible.

The same peak, although much less intense and defined, was also
observed in the intestinal soluble fraction (Intest. sMT60). This peak is

Fig. 6 | Structural features in Ulva tissue after
in vitro digestion. Confocal laser scanning micro-
scopy (CLSM) images of the dispersions before
in vitro simulated digestion (A, B), after the gastric
phase (C, D) and after the small intestinal phase
(E, F). Samples are stained with Congo red, showing
cell wall polysaccharides (in red), and an auto-
fluorescence signal coming from intracellular con-
tent was also recorded (in green).
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attributed to the formation of ordered micellar/lamellar structures by bile
salts. It should be noted that the appearance of this intense peak in the
insoluble fraction masks the weak peak from cellulose microfibrils, since
they overlap. Thus, it is not possible to draw conclusions from the effect of
the intestinal digestion phase on the structure of cellulose. The same peaks
attributed to bile salts were observed in the intestinal soluble and insoluble
fractions from the TT25 and TT100 samples, although interestingly, the
intensity of the peak in the insoluble fraction was decreased, especially in
TT100, while the peak became more intense in the soluble fractions. It has
been previously demonstrated that some soluble polysaccharides, as well as
peptides released upon digestion of proteins, can interact with bile salts,
affecting their structural arrangement, either disrupting or stabilising
them39,40.

The fact that a larger proportion of bile salt structures remained in the
insoluble fraction from MT60 might be related to a lower degree of
hydrolysis and release of components, such as soluble polysaccharides and
peptides, during digestion. In that case, very low concentrations of soluble
components are found in the digestion medium, and therefore, most of the
bile salt structures remain intact andprecipitate. In contrast, a greater degree
of hydrolysis and solubilisation of components in TT25, and especially in
TT100, favours the interactions of these components with bile salts,

destabilising their native micellar/lamellar structures and forming mixed
nanostructures in the soluble fraction. In addition to the bile salts peak, a
broad shoulderwas detected in the low q region of the soluble fractions from
all the samples. This shoulder feature was centred at ca. 0.011–0.016Å−1,
corresponding to a real distance of ca. 39 nm, hence suggesting that larger
structures were also generated upon digestion, which could most likely be
explained by the solubilisation of ulvan, as noted in the SAXS patterns from
thermally treated samples (Fig. 3B). These results suggest that samples
thermally treated (TT100) are easier to digest than non-thermally treated
samples. Similarly, samples with a smaller particle size (TT25) are easier to
digest than samples with a larger particle size (MT60).

Discussion
Processing conditions influenced the structural disruption ofUlva tissue
and the rheological properties of the resulting dispersions. Mechanical
treatment primarily affected particle size distribution (Fig. 1B), as shear
forces physically broke down the tissue and increased the surface area
available for further degradation. In contrast, thermal treatment
impacted cell wall integrity and promoted the solubilisation of intra-
cellular and cell wall components, increasing the viscosity of the liquid
phase (Fig. 4B).

Fig. 7 | Nanostructural features in the digesta detected by Small angle X-ray
scattering (SAXS). SAXS patterns of in vitro digestedUlva spp.MT60 (A), TT25 (B)
and TT100 (C) dispersions. The insoluble (i) and soluble fractions (s) obtained at the

end of the gastric and intestinal phase are shown. The insoluble fractionwas analysed
and dried. The SAXS pattern of the dispersion prior to in vitro digestion is shown for
comparison (MT60, TT25, TT100).
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Themolarmass of the solubilised polysaccharidesmay vary depending
on the processing conditions. Thermal treatment, in particular, can partially
degradeor breakdownpolysaccharide chains.Ulvans are typically extracted
at temperatures around 90 °C and remain stable up to approximately
180 °C41,42. From a nutritional point of view, thermal treatments may also
influence thermo-labile nutrients present inUlva, such as vitaminC, someB
vitamins, and proteinase inhibitors; however, these compositional aspects
were beyond the scope of the present study.

The effect of thermal and mechanical treatments was evident across
length scales. At the microscale, clusters of intact and partially intact cells
containing retained cellular material were observable via confocal scanning
laser microscopy (CSLM), regardless of treatment intensity (Fig. 2). How-
ever, SAXS analysis revealed nanoscale disruption of cell walls (Fig. 3A),
with evidence of ulvan being released into the continuous phase (Fig. 3B),
contributing to increased viscosity.

Rheologically, the viscosity of the dispersion depends on both the
volume fraction occupied by the dispersed phase and the viscosity of the
continuous phase. While ulvan solubilisation at 80 °C43,44 likely contributed
to increased liquid phase viscosity (Fig. 4B), this effect was insufficient to
fully offset the decrease in volume of the dispersed phase resulting from
thermal softening of particles. Notably, not all ulvan fully dissolved, but a
certain fraction remained partially associated with the cell wall (Fig. 3A),
swelling and forming softer particles, leading to an increased particle
deformability resulting in dispersions with lower viscosity (Fig. 4A) and
weaker network structure (Fig. 4C, D).

At higher processing temperatures (above 80 °C), SAXS suggested a
certain degree of phase separationwithin the cell wall, with denser cellulose-
rich domains coexisting alongside more swollen cellulose-xylose regions
(Fig. 3A). Given that cellulose comprises only ~15% of the Ulva cell wall
(Table 1), it is likely that ulvan, which accounts for over 50% of the poly-
saccharide content, plays a dominant role in promoting particle softening
and flexibility through hydration and gelation45. Elasticity in a dispersion of
soft particles (such as seaweed cellular structures) arises primarily from the
formationof apercolatednetworkof hydrated,flexible particles that interact
through physical entanglements, electrostatic interactions, and hydrogen
bonding46,47. In such systems, the dispersed seaweed particles, which are rich
in polysaccharides such as ulvan, can swell and form a soft, gel-like matrix.
When these particles are present at sufficient concentrations, they come into
close proximity, allowing for transient connections that resist deformation
under applied stress.

These interactions create a viscoelastic network capable of storing
mechanical energy, which is manifested as the storage modulus (G0), as
previously described for suspensions of plant material48,49. The degree of
elasticity depends on factors such as particle size and surface, degree of
swelling, and the nature of the solubilised biopolymers in the liquid phase.
Since the particle size, charge, and total solids concentration across the
samples was similar, and the viscosity of the liquid phase decreased only
slightly at 80 °C and 100 °C, we proposed that the reduced elasticity
observed at 80 °C and 100 °C can be attributedmainly to thermal effects on
the particle structure, i.e. softening of the seaweed particles, through higher
swelling of ulvan rich domains, collapse of cellulose microfibrils and phase
separation in their cell walls, as described above. Softer particles are more
prone to deformation, which compromises the integrity of the interparticle
network.

As a result, the ability of the dispersed phase to store elastic energy
(G0) is diminished, and the system transitions towardmore viscous, less
elastic behaviour. Thus, structural changes (Fig. 3) are consistent with
the observed reduction in G0 of the dispersions treated at 80 °C and
100 °C (Fig. 4C, D), which reflects a softer material. Together, our
results showed that moderate heating (40–60 °C) enhances network
strength, while intense heating (above 80 °C) compromises the struc-
tural integrity of Ulva spp. dispersions. This demonstrates that dis-
persion structure and rheology can be tailored through controlled
processing, allowing the design of seaweed-based materials with
diverse textural properties.

Importantly, such structural and rheological modifications also had
implications for digestion. Particle size and viscosity are both critical factors
in modulating digestive kinetics. Smaller particles present greater surface
area for enzymatic action, whereas increased viscosity can reduce enzyme
diffusion and delay gastric emptying. This is particularly relevant for fibre-
rich foods such as Ulva spp., in which soluble fibres, such as ulvan, could
contribute significantly to digesta viscosity.

During the gastric phase, swelling of seaweed particles was observed in
non-thermally treated samples MT60 and TT25, reflected by an increase in
particle size (Fig. 5B) and nanostructural changes measured by SAXS
(Fig. 7A, B). In contrast, TT100, which was thermally treated, showed no
change in particle size (Fig. 5B), but SAXS revealed that ulvans might have
been solubilised to a greater extent during the gastric phase. The swelling and
hydration of cell walls could contribute to the observed increase in digesta
viscosity (Fig. 5A) of MT60 and TT25, as observed for fruits and vegetables
due to pectins and hemicelluloses present in their cell walls36. Furthermore,
polysaccharides like alginate and ulvan have been reported to form viscous
or gel-like networks under acidic conditions35,37, reinforcing this viscosity
increase, as observed for TT100. Although initial gastric viscosities varied
across treatments andwere correlated to the initial dispersion viscosity, these
differences disappeared during digestion, with no significant viscosity dif-
ferences at the end of the gastric phase (Fig. 5A). At gastric pH, the carboxyl
and sulphate groups of ulvan might become protonated, reducing electro-
static repulsion and solubility, which promotes aggregation50. It is plausible
that dispersions with higher viscosities than the ones studied here could
exhibit different digestive behaviours51,more viscous systemsmight bemore
resistant to breakdown and mixing in the gastric environment.

These results indicate that the thermally treated dispersion TT100,
which had the lowest initial viscosity, contained softened seaweed particles
thatweremore susceptible to gastric changes, including solubilisation of cell
wall polysaccharides and enzymatic hydrolysis of starch and proteins. This
led to a greater increase in viscosity during gastric digestion compared to
dispersions with higher initial viscosity (Fig. 5A). The minor (or absent)
particle size reduction during the intestinal phase across treatments
(Fig. 5B), also visualised in CLSM images (Fig. 6), suggests that structural
changes at the nanoscale, rather than microscale breakdown, govern
digestion behaviour. Greater structural disruption is expected to correlate
with enhanced release of cellular contents. Among the tested samples, the
thermally treated sample TT100 exhibited the highest degree of structural
changes. This sample showed a viscosity (0.07mPa s), which lies very close
to the 0.1 mPa s threshold reported in the literature as the point at which
viscosity begins to hinder digestibility 19 Being just below this critical value
suggests that TT100 remains sufficiently fluid to allow efficient enzyme
mixing and substrate interaction, which may lead to higher bioaccessibility
and potentially greater bioavailability.

SAXS data (Fig. 7A)indicated that in MT60, limited solubilisation
during digestion resulted inmore intact bile saltmicellar/lamellar structures
accumulating in the insoluble fraction, likely due to insufficient release of
peptides and polysaccharides to interact with bile salts. In contrast, greater
solubilisation observed in TT100, also reflected by the increased viscosity
during the intestinal phase (Fig. 5A), suggests enhanced hydrolysis and
release of ulvan and other soluble components, e.g. protein and lipids. These
components likely disrupted bile salt assemblies, forming mixed nanos-
tructures detectable in the soluble fraction (Fig. 7C)52. The combination of
reduced particle size and thermal treatment in TT25, and especially TT100,
thus appears to promote the formation of digestion-relevant nanostructures
and improve matrix breakdown.

Whilewedid not directlymeasure the bioaccessibility or bioavailability
of nutrients, our analyses allow us to infer that the solid phase, which
consists of insoluble, recalcitrant seaweed material, remains structurally
resistant and is therefore expected to reach the large intestine for fermen-
tation, whereas thematerial in the liquid phase is likely absorbable and thus
potentially available for uptake. Seaweed-derived compounds, such as
dietary fibre, can interact directly with the gut microbiota, influencing both
its composition and bacterial diversity8,53. Through microbial fermentation
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and transformation, these components may give rise to bioactive metabo-
lites such as short-chain fatty acids (SCFAs), which exert systemic effects on
immunemodulation, metabolic regulation, and even gut–brain signalling54.
Therefore, the fibre present in the solid phase of the digesta may contribute
to health outcomes via microbiota-mediated mechanisms in the large
intestine, a hypothesis that warrants further investigation in both
mechanistic and clinical studies. Our study provides initial insights into
structural changes of Ulva seaweed during digestion, but does not capture
the full physiological context.Validation through in vivo studies is needed to
assess nutrient absorption across processing methods, and to complete the
digestive cycle with gut fermentation studies quantifying short-chain fatty
acids and microbiota profile.

This study demonstrates that conventional processing methods,
such as blending and heating in water, can effectively modulate the
structure and rheology of green seaweed Ulva spp. dispersions, with
potential implications for gastrointestinal digestion. Our findings
highlight how processing conditions affect both insoluble and soluble
phases, influencing digesta structure and flow behaviour during
digestion. Gastric and small intestinal digesta are complex fluids
containing undigested seaweed particles (cell clusters and single cells)
and dissolved cellular components. Despite similar final digesta
viscosities, small-angle X-ray (SAXS) experiments revealed clear
differences in structural degradation, i.e. samples with larger particle
sizes retained more intact cell walls, whereas heat-treated samples
were more extensively broken down, indicating higher digestibility.

These findings show the importance of combining structural and
rheological measurements to fully understand the digestive behaviour
of seaweed-based foods. Whilst SAXS provides information about cell
wall disassembly, viscosity data offer complementary insights into the
physical properties of the digesta. The low viscosity observed during
the gastric phase suggests that the studied Ulva spp. dispersions are
unlikely to hinder gastric emptying or mixing with digestive enzymes,
which are important factors for efficient digestion and nutrient
bioaccessibility. These results highlight the need for optimised pro-
cessing strategies to enhance both the structural breakdown and
favourable rheological properties of green seaweed, ultimately sup-
porting its application in the development of functional and nutri-
tious seaweed-based food products.

Methods
Rawmaterial
The green macroalgae Ulva spp. were provided by the company Porto-
Muiños (A Coruña, Spain). It was collected from the Atlantic Ocean off the
coast of A Coruña (Spain) during the autumn-winter season in 2022. After
collection, the seaweeds were frozen at −20 °C and transported frozen.
Upon arrival at the lab, the biomass was stored at −20 °C.

Preparation of seaweed dispersions
Seaweedwas thawed overnight andwashed under running water to remove
impurities prior to the experiments. Based on preliminary trials, to obtain
dispersions with a concentration of 3% w/w, the seaweed was mixed with
water in a ratio 1:3. First, the mechanical impact was evaluated by blending
the seaweed/watermixture in a food processor (Thermomix TM6,Vowerk,
Germany) at maximum speed (10,500 rpm) for 30, 60, 90 and 120 s. In a
second experiment, the impact of heat was assessed by preparing a large
batch (2 L) mixed for 90 s, which was then divided into four subsets. These
subsets were thermally treated in a water bath at 40, 60, 80 and 100 °C for
30minwith constant agitationandcovered to reduce evaporation.Acontrol
sample without thermal treatment (25 °C) was also included. The liquid
(continuous) and solid (dispersed) phases of the dispersions were separated
by centrifugation at 4600×g for 10min. Processing workflow and sample
codes are shown in Fig. 8.

In vitro simulated gastrointestinal digestion
In vitro simulated gastrointestinal digestion was carried out based on the
INFOGEST protocol55 with some modifications. We focus on dispersions
with different particle sizes (MT60, TT25) and, with or without thermal
treatment (TT25 and TT100).

The oral phase was omitted due to the low viscosity of the samples,
which would result in a very rapid oral transit, minimising dilution, adhe-
sion, and contact with saliva. This decision was supported by the INFO-
GEST protocol55,56 and by previous studies on seaweed-based systems that
also excluded this step57,58.

Samples (10mL) were diluted 1:1 (v/v) with simulated gastric fluid
(SGF) at pH 3 containing porcine pepsin (2000U/mL) (Sigma-Aldrich, St.
Louis, USA) and incubated with agitation for 2 h at 37 °C. The reaction was
stopped by adjusting the pH to 7 with 1M NaOH, obtaining the gastric

Fig. 8 | Overview of the processing workflow and
corresponding sample codes. Samples highlighted in
green were subjected to INFOGEST in vitro
digestion.

Ulva spp. (Aqueous dispersion 3% wt.)

Mechanical Treatment:
Blending (10500 rpm)

Mechanical Treatment:
Blending (10500 rpm, 90 s)

MT30 MT60 MT90 MT120

Thermal Treatment
(30 min)

TT100TT80TT60TT40TT25

Centrifugation (4600 ×g, 10 min)

Continuous phase
(sTT25, sTT40, sTT60, 

sTT80, sTT100

Dispersed phase 
(iTT25, iTT40, iTT60, 

iTT80, iTT100)
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digesta. For the intestinal phase, another set of samples was prepared as
described above, but after 2 h instead of adding NaOH they were further
diluted 1:1 (v/v) with simulated intestinal fluid at pH 7 containing pan-
creatin (100U/mL) (Sigma-Aldrich, St. Louis, USA) and bovine bile extract
(10mM) (Sigma-Aldrich, St. Louis,USA), followedby a 2 h incubationwith
agitation at 37 °C. Sampling was performed at four time points: initially
(time 0), at the end of the gastric phase (2 h), immediately aftermixing with
the simulated intestinal phase, and at the end of the intestinal phase (4 h).
After eachdigestion stage (gastric and gastric+ intestinal), algae dispersions
were separated into liquid and solid fractions by centrifugation at 4600×g for
10min. Liquid fractions are considered bioavailable and absorbable in the
intestine, while solid fractions represent non-digestible material. Controls
without seaweed dispersion (SGF, SGF+ SIF) underwent the same proce-
dure, and the viscosity was alsomeasured. Samples were stored at 4 °C until
further analysis. Each digestion was performed in triplicate.

Dry matter
The total solids content of the raw material, the dispersions and soluble
fractions of undigested and digested samples were measured by drying the
samples in an oven at 100 °C for 24 h, then they were cooled down in a
desiccator and weighed again. The difference in weight indicates the dry
matter. Samples were prepared in triplicate.

Total protein
The protein content was determined using the Kjeldahl method59. Each
sample (5 g) was prepared in duplicate. Samples were transferred to
digestion tubes, with each tube containing two glass beads and two copper
sulfate tablets (CuSO4–5H2O), and 10–15mL of 96% sulfuric acid was
added. The digestion unit (Kjeldatherm, Gerhardt, Königswinter, Ger-
many) was set at 420 °C for 2 h, then cooled for at least 1 h. During dis-
tillation, 50mL of distilled water and 50mL of NaOH (50%) solution were
added to each tube. The resulting distillate was collected in a flask with
30mL of boric acid (H3BO3) 4% w/w and a Kjeldahl indicator. The sample
was titrated with HCl (0.1 N). HCl volume was recorded to calculate N
content and converted to protein using a factor of 5.1360.

Total fat
The fat content was determined following the standard method
Schmid–Bondzynski–Ratzalff 61. Sample (1 g) was weighed and placed in
Mojonnier extraction tubes, and 8–10mL of HCl was added. The mixture
was gently heated with a Bunsen burner. Subsequently, 10mL of ethanol,
25mL of diethyl ether, and 15mL of petroleum ether were added. The
mixture was agitated, releasing gas as needed. After phase separation, the
upper fat-containing layer was decanted into beakers. This process was
repeated three times. Fat fractions were evaporated at 100 °C in an oven for
1 h, then cooled in a desiccator and weighed. A blank was also included.
Samples were measured in triplicate.

Total fibre
The Total Dietary Fibre Assay Kit (Megazyme) was used for the analysis of
Total Fibre. In brief, total dietary fibre (TDF) was determined on duplicate
samples of dried and defatted material based on the AOAC method 985.29.
Samples were cooked at 100 °C with heat-stable α-amylase to induce gela-
tinisation, hydrolysis and depolymerisation of starch; incubated at 60 °C with
protease (to solubilise and depolymerise proteins) and amyloglucosidase (to
hydrolyse starch fragments to glucose); and treated with four volumes of
ethanol to precipitate soluble fibre and remove depolymerised protein and
glucose. The residue is filtered, then washed with 78% ethanol, 95% ethanol,
and acetone; dried and weighed. One duplicate is analysed for protein, and
the other is incubated at 525 °C to determine ash. The TDF is the weight of
the filtered and dried residue minus the weight of the protein and ash.

Ash content
Samples were placed in pre-weighed, dried ceramic crucibles. Samples were
dried at 100 °C for 1 h, then incinerated in a furnace at 500 °C for 4 h. After

cooling in a desiccator, samples were weighed again and the ash content
calculated as the difference in weight. Samples were measured in triplicate.

Monosaccharide analysis
Themonosaccharide compositionwas determined in theUlva spp. seaweed
by two-step methanolysis using 50mg of the sample. Samples were treated
at 100 °C for 5 h with 5mL of 2M HCl, neutralised with pyridine, then
mixedwith 5mL of 2M trifluoroacetic acid (TFA) and autoclaved for 1 h at
120 °C. Duplicates of each sample were hydrolysed. The samples were fil-
tered using 0.2 μm nylon filters 23,62, diluted to a volume of 10mL, of which
20 μL were injected into an ionic chromatographer with pulsed ampero-
metric detection system (Metrohm 930 IC Flex, Metrohm Hispania,
Madrid, Spain), equipped with a Metrosep Carb 2 column (4 × 250mm,
Metrohm). The mobile phase was a mixture of NaOH (180 mM) and
sodium acetate (300mM) with a flow of 0.6mLmin−1 and a gra-
dient to 50%.

Themonosaccharide standards used were Gal (Galactose standard for
IC); Glu (Glucose standard for IC); Xyl (Xylose standard for IC); Man (D-
(+)-Mannose-analytical standard); Rham (Rhamnose standard for IC);
GlcA (D-glucuronic acid) and IdoA (Iduronic acid).All standardswere from
Supelco (Bellefonte, USA) except GlcA, which was from BLDPharm (BLD
Pharmatech Ltd., Shanghai, China) and IdoA (L-Iduronic acid sodium salt)
fromBiosynth (Staad, Switzerland). The standardmixtures (4 in total) were
prepared with concentrations of 1, 2, 5 and 10mg L−1 for all
monosaccharides.

Particle size characterisation
Particle size measurements were conducted using a particle size analyser
(Mastersizer Hydro 2000SM, Malvern Instruments, Worcestershire, UK).
Approximately 0.5 mL of seaweed aqueous dispersion was added into a
small sample volume dispersion unit (Malvern Instruments, Worcester-
shire, United Kingdom) filled with deionised water under continuous agi-
tation (3000 rpm). The refractive index was set at 1.46 with an absorption
value of 0.01, and water was used as the dispersant. The laser obscuration
range was set between 5% and 10%. Due to the heterogeneous morphology
of the particles, the “irregular shape” optionwas chosen in the software. The
particle size distribution was calculated using the instrument software
(Mastersizer 2000, Malvern Instruments, Worcestershire, UK) from the
dispersed light intensityprofile. Inhighlypolydisperse systems, suchas these
seaweed dispersions, the surface-based diameter D[3, 2] is chosen as the
indicator of the average particle size 63.

ζ potential measurements
The ζ potential of the dispersions (at their native pH) wasmeasured using a
Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK). A
0.1mg/mL dispersion was analysed. The cuvette used for the measurement
was a folded capillary zeta cell (Malvern Instruments Ltd., Worcestershire,
UK). All samples were done in triplicate with 1–100 subruns.

Microscopy
The microstructure of the processed seaweed dispersions was examined
using an optical microscope (Olympus BX50F4 Epifluorescence), equipped
with a CCD camera. Samples were diluted with Milli-Q water, and a few
drops were mounted on glass slides and covered with cover slips. Obser-
vations were carried out using 10× and 40× air objectives, with a minimum
of six images captured at each magnification.

Confocal laser scanningmicroscopy (CSLM)was also used to visualise
the microstructure of seaweed dispersions. Cell walls were stained with
Congo Red. A couple of drops of Congo red (1 wt%) were mixed with 2mL
of the dispersion, washed twice and placed on microscopic slides covered
with coverslips. Confocal images were acquired using an upright laser
scanning microscope SPE with a ACS-APO 20×/NA 0.6 objective (Leica
Microsystems, Wetzlar, Germany). Green fluorescence was acquired by
exciting samples with a 488 nm laser, and the emission signal was detected
between 491 and 573 nm. Red fluorescence from Congo Red was acquired
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by exciting samples with a 561 nm laser, and the emission signal was
detected between 583 and 681 nm. Sequential scanning mode was used to
avoid crosstalk between channels. All images shown correspond to a
maximal intensity projection of a confocal z-stack. Images were processed
with LasX and Adobe Photoshop CS.

Small angle X-ray scattering (SAXS)
SAXS experiments were carried out in the Non Crystalline Diffraction
beamline, BL-11, at the ALBA synchrotron light source in Spain64. The
seaweed powders and the aqueous dispersions obtained after the thermal
and mechanical treatments, as well as their respective serum phases, were
placed into sealed 2mm quartz capillaries (Hilgenberg GmbH, Germany)
and analysed. The energy of the incident photons was 12.4 keV or equiva-
lently a wavelength, λ, of 1. The SAXS scattering patterns were collected by
means of a photon counting detector, Pilatus 1M 3S, with an active area of
168.7 × 179.4mm2, an effective pixel size of 172 × 172 μm2 and a dynamic
range of 20 bits.

The sample-to-detector distance was set to 6695mm, resulting in a q
range with a maximum value of q = 0.2Å−1. An exposure time of 10 s was
selected based on preliminary trials. The data reduction was treated by the
pyFAIPythoncode (ESRF)65,modifiedbyALBAbeamline staff, todoonline
azimuthal integrations 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 suite66 within the Igor software package (Wavemetrics, Lake
Oswego, Oregon).

Rheological properties
To assess the rheological properties of the dispersions, a rheometer (Dis-
covery HR20, TA Instruments, Delaware, USA) was configured with a
solvent trap parallel plate stainless steel setup (40mm diameter). A gap of
1mm was selected. To evaluate rheological properties relevant for product
development and stability, measurements were conducted at 25 ± 0. 1 °C,
maintained with a Peltier system. To determine the viscoelastic behaviour,
an angular frequency sweep from 0.6 to 50 rad s−1 was applied at a constant
strain of 1%, selected within the linear viscoelastic region (LVR). The LVR
was determined by performing a strain sweep from 0.01 to 1000% with an
angular frequency of 10 rad s−1. Samples were analysed in triplicate, loading
a fresh sample for each measurement. Storage modulus (G0), loss modulus
(G″) and tanδ (Eq. (1)) were obtained.

Tanδ ¼ G00

G0 ð1Þ

For viscosity measurements, a steady state measurement with loga-
rithmically increasing shear rate from 0.1 to 100 s−1 was applied. Samples
were measured in triplicate. Flow curves were fitted to a power law model
(Eq. (2)) to determine consistency and flow behaviour index of the dis-
persions:

σ ¼ K _γn ð2Þ

With σ representing the shear stress (Pa), _γ is the shear rate (s−1),K the
consistency coefficient (Pa sn), and n the flow behaviour index.

The viscosity of the liquid phase was measured using a stainless steel
cone geometry (40mm) with a 2° angle. A shear rate sweep from 1 s−1 to
100 s−1 was applied at 25 °C.

To measure the viscosity of the in vitro digested samples, the parallel
plates were used, whereas for the gastrointestinal juices, the cone geometry
was selected. The same experimental conditions described above for dis-
persions and the liquid phase were used. Measurements were performed at
37 °C to simulate the biological temperature of the digestive process. All
measurements were performed in triplicate.

Statistical analysis
One-way ANOVA was employed to evaluate the effect of treatment on
particle size and on tanδ. Tukey’s test was used to compare variations
(confidence interval of 95%). Two-way ANOVAwas employed to evaluate
differences in digesta over time and as a function of processing conditions.
Tukey’s contrast test was used to compare differences in treatments and
timing. “R” was the open software used for all statistical analysis67.

Data availability
Data is provided within themanuscript or supplementary information files.
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