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ABSTRACT

This study investigates the effects of three brown seaweed species (Alaria esculenta, Saccharina latissima, and Laminaria digitata),

their pre-processing treatments, and incorporation percentages on the physical and sensory properties of crackers. Significant

(p<0.001) two-way and three-way interactions were observed for moisture content, with seaweed addition generally resulting in

drier crackers. Shrinkage was primarily influenced by sample thermal treatment, while hardness was significantly affected by

seaweed species, treatment, and their interactions. The freeze-thaw treatment produced harder crackers compared to other treat-

ments. Sensory analysis using temporal dominance of sensations (TDS) revealed variations in dominant attributes across different

seaweed species and treatments, with retorted and freeze-thaw treatments enhancing crunchiness and reducing fishy flavors. The

study demonstrates the potential of seaweed as a functional ingredient in cracker formulations, affecting both textural properties

and sensory experiences. It also highlights the importance of pre-processing treatments in modulating these effects, providing val-

uable insights for the development of seaweed-fortified food products with enhanced nutritional value and consumer acceptability.

1 | Introduction

As the world's population is increasing, there is a demand for
food to feed the human population. To meet the increasing food
requirements, alternative solutions need to be sought. Seaweeds
are a useful ingredient for sustainability and globally 145 species
of seaweed are consumed as food (Buckley et al. 2023). Seaweeds
or edible algae are rich in micronutrients, found on the coast
of many countries, are valued as marine plants (Keyimu 2013),
and according to Bequette and France (1997) there are ~45,000
species of marine macroalgae or seaweed belonging to three dis-
tinct groups: Brown (Phaeophyceae), Green (Chloropgyceae), and
Red (Rhodophyceae).

In Europe, seaweeds have been consumed for decades, but
their flavors and textures often carry a negative percep-
tion among consumers (Mendis and Kim 2011). Seaweeds
are rich in a wide variety of bioactive components, contrib-
uting to many health benefits, and accordingly can be clas-
sified as a source of functional food ingredients (Cox and
Abu-Ghannam 2013). Nevertheless, seaweeds remain largely
unexploited as a food source in the Western diet and are prin-
cipally used to provide extracts such as agar, carrageenan,
and alginate. Seaweeds have potential as a food source, as
it contains a source of nutrients, including many essential
vitamins (vitamin K, B vitamins) and minerals (Zinc and
Iron) (Roohinejad et al. 2017; Cox and Abu-Ghannam 2013;
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Amorim, Lage-Yusty, and Lépez-Herndndez 2012; Kadam and
Prabhasankar 2010; Tibbetts, Milley, and Lall 2016) and a sig-
nificant source of fiber, carbohydrates, protein, and essential
fatty acids (MacArtain et al. 2007).

Considering the functional attributes of seaweeds, they have
extensive uses and potential incorporation into many food
products (Roohinejad et al. 2017). With the application of sea-
weeds and seaweed extracts added to food products (fortifi-
cation), it could increase the nutritional value, and improve
the texture and sensory profiles of foods. The processing of
seaweeds, particularly through heat treatments, has emerged
as a promising avenue to extract and enhance the bioactive
compounds.

Enzymatic hydrolysis and thermal treatments including steam
blanching and microwave-assisted extraction have been ex-
plored to release bioactive compounds from seaweed matrices
(Dumay and Morancais 2015) aiming to improve the extraction
efficiency of valuable compounds, such as proteins, polysaccha-
rides, and polyphenols. The processing of seaweeds through
techniques such as pasteurization and blanching plays a crucial
role in enhancing their safety, shelf life, and overall palatability.
Pasteurization is particularly relevant for seaweeds destined for
consumption in raw or minimally processed forms. Studies have
shown that pasteurization effectively reduces the microbial load
in seaweeds, ensuring the safety of the final products (Munir
et al. 2019). The nutritional impact of pasteurization on seaweeds
is a critical aspect to consider. While these heat treatments can
result in minimal losses of certain heat-sensitive nutrients, such
asvitamins and antioxidants, the overall nutritional profile of sea-
weeds remains robust (Rajauria, Foley, and Abu-Ghannam 2016).

The incorporation of heat-processed seaweeds into food prod-
ucts has gained momentum, driven by consumer demand for
novel, nutritious, and sustainable alternatives. Studies have ex-
plored the addition of seaweed extracts to enhance the physico-
chemical and sensory characteristics of meat products. This not
only showcases the versatility of seaweeds in various culinary
applications but also underscores their potential as functional
ingredients.

Sensory analysis and palatability were investigated in a study
by Blouin et al. (2006), in which children and adults were the
participants in a trial comparing Porphyra species in crackers
and popcorn. Children found the popcorn samples higher in
acceptability although the adults also found it palatable with
marginally rating the crackers of higher acceptability. A notice-
able flavor was detected and accepted on both Porphyra species
and food products. This could explain the consumer's previous
experience with a similar product to be texturally accepted. In
a different study, Wilkin et al. (2021) optimized the concentra-
tion of two brown seaweeds in crackers and assessed consumer
acceptability using temporal dominance of sensation (TDS),
finding that at low concentrations both species expressed simi-
lar attributes but at higher concentrations less desirable seaweed
attributes overpowered the crackers.

The nutritional profile and potential health benefits of a new
food are insufficient alone to improve nutritional outcomes. The

consumer experience needs to be positive, especially the sen-
sory experience including texture, taste, smell, flavor, and ap-
pearance attributes contributing to the overall palatability of the
food. More recently the application of technology has allowed
the use of technology through check-all that apply (CATA)
and TDS.

2 | Materials and Methods
2.1 | Materials

Seaweed species Laminaria digitata (oarweed), Alaria esculenta
(winged kelp), and Saccharina latissima (sugar kelp) were sup-
plied by Biomara Ltd. (Edinburgh, UK). Seaweeds were dried
using indirect heating, temperatures varied between 35°C and
55°C depending on the stage in the drying cycle, before milling.
The seaweeds were milled using a centrifugal mill fitted with
a stainless-steel ring sieve with 1.0mm trapezoid holes (Ultra
Centrifugal Mill ZM 200, Retsch, Germany). The samples were
stored in a cool, dark place before use.

Plain flour, rapeseed oil, white granulated sugar, and cooking
salt were purchased from a local supermarket.

High-performance chromatography (HPLC) grade meth-
anol was purchased from Thermo Fisher Scientific (UK),
cycloleucine (97%) was purchased from Sigma Aldrich
(Gillingham, UK). N-methyl-N-(trimethylsilyl) trifluoroac-
etamide (MSTFA) (100%) was purchased from Fluorochem
(Hadfield, UK).

2.2 | Seaweed Treatments

Seaweed was rehydrated at a ratio of 1:2 w/w (seaweed:water)
and sealed in heat-sealed bags. Samples were subjected to retort,
a freeze-thaw cycle, or no treatment (control). Retorted samples
were heated to 121°C for 30min (FT19-A Portable autoclave,
Dixons). Freeze-thaw samples were frozen for 24h at —18°C,
samples were then thawed at ambient temperature and refrozen
until required.

2.3 | Cracker Production

The base cracker recipe used the following ingredients: flour
(65.0g), water (42.75g), rapeseed oil (5.0g), and sugar (2.5g).
Seaweed was incorporated into a standardized cracker dough at
concentrations of 0%, 5%, 10%, and 15% dw, substituted for flour.
The water added to the dough was reduced accounting for the
“rehydrated” water added with seaweed. The control had 5% less
water than the seaweed substituted crackers to allow manipula-
tion of the dough.

The cracker dough was mixed by hand, rolled out using a pasta
maker to a thickness of 2mm. The dough was cut into 28 mm
squares using a grid cutter, placed on a baking sheet in the cen-
ter of the oven at 180°C for 8 min. Once cooked the crackers
were transferred to a dehydrator (4900B 9 tray, Excalibur) set
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at 74°C for 16 h. Crackers were then cooled and placed in heat-
sealed bags.

2.4 | Moisture Content

The moisture content of the crackers was determined by oven
drying at 110°C for 24h in triplicate. The moisture content was
calculated using equation (Equation 1).

Mo — M,
% Moisture = <M> X 100 )
My

where m,, and my,, were the weight of the sample before and
after the oven drying.

2.5 | Bake Loss and Shrinkage

The mass of crackers was weighed pre and post-cooking/dehy-
drating to calculate bake loss. The size of the crackers was mea-
sured using a standard ruler measuring xXy in mm, pre, and
post-cooking/dehydrating to calculate shrinkage.

2.6 | TDS Analysis

Previous studies suggest that the concentration of seaweed has
an overpowering effect on cracker TDS (Wilkin et al. 2021),
therefore only 15% samples were used in this analysis. Panelists
were recruited from within Abertay University. In total, 12 semi-
trained panelists (six females; six males) participated. The fol-
lowing inclusion criteria were used: an interest in healthy eating,
aged between 20 and 60years old, had good general health, non-
smokers, could distinguish between sensory attributes from a
questionnaire, fluent in English and used computers frequently.
TDS analysis was conducted at Abertay University's Food
Sensory Consumer Labs (ISO8589:2007) using Compusense
(Ontario, Canada). To help guide the panelists in understand-
ing the testing phase a decoy sample was prepared to provide
them with experience of a TDS sample, these results were not re-
corded. Panelists were then provided with a maximum of eight
crackers per sitting (with a gap in testing after four samples),
samples were run in triplicate, each Panelist came back for re-
peated sessions four times, with a total of 30 crackers tested by
each participant.

2.7 | Textural Analysis

Cracker samples underwent texture analysis using the
TA.XTX2 texture analyzer (Stable Microsystems, Surrey, UK).
All analyses were carried out at room temperature, within 1h
of removal from the dehydrator. The sample was analyzed
(n=6), using “a ¥4” ball probe, with the sample placed on the
support rig before being compressed using a 5kg load cell.
Breakpoint (N) was recorded using the force-in compression
tests. The analyzer was set to a return-to-start cycle with cal-
ibrated probe height, a pre-test speed of 10mm/s and a test
speed of 20mm/s, and a post-test speed of 10 mm/s was used.

Trigger force was 5g, and the probe distance was set at 50 mm
(Abdel-Samie et al. 2010).

2.8 | Statistical Analysis

All experiments were conducted in triplicate (unless specified),
and the results were analyzed with a three-way analysis of vari-
ance (ANOVA) test at the 95% significant level (p <0.05) using
SPSS (version 29). Potential statistical outliers were investigated
using both Grubbs' test and Dixon's test, with the critical values
for p=0.05 used.

3 | Results and Discussion
3.1 | Cracker Physical Properties

Crackers were assessed for moisture content, shrinkage,
and bake loss before baking and following both baking and
dehydrating.

Results show that cracker moisture content was predominantly
affected by the seaweed thermal treatment (Figure 1). A univar-
iant between subjects’ effects test was conducted and identified
two-way interactions of seaweed versus treatment, seaweed ver-
sus incorporation, and treatment versus incorporation as all being
significant (n=84, F=18.836, p<0.001, F=5.799, p<0.001 and
F=5.221, p=0.001, respectively). When combining seaweed spe-
cies, treatment and incorporation rate, an increased significance
compared to two-way interactions was observed (n =84, F=38.739,
p<0.001). A post hoc Tukey test showed that retort treatments
and freeze-thaw treatments had a significantly different moisture
content compared to untreated seaweed crackers. In this study the
incorporation rate had no significant effect (p =0.05) on the mois-
ture content except the control (0%), indicating once the product
was fortified, the effect on moisture loss was minimal. The addi-
tion of seaweed resulted in a drier cracker (lower moisture con-
tent), this could be caused by the addition of seaweed weakening
the glutenous bond allowing moisture to escape the product more
easily on cooking, however, this was contrary to the review find-
ings of Kumar et al. (2018) and Ainsa et al. (2022).

Cracker shrinkage (Figure 2) was predominantly affected by the
sample treatment (n==84, F=3.448, p=0.039), a slight increase
in significance was found for the two-way interaction for sea-
weed species and treatment (n=84, F=3.642, p=0.010). There
were no statistically significant two-way or three-way interac-
tions within shrinkage and thermal treatments or incorporation
rates (p>0.05). Although the seaweed crackers showed a differ-
ence in moisture content, shrinkage was not affected, this could
be attributed to the seaweed alginates acting similarly to gluten.
The gluten network in the control cracker provided structure
for the cracker, and thus very little shrinkage occurs, whereas
gluten was reduced in the crackers via the substitution of flour
with milled seaweed. During the production of the crackers, the
dough was kneaded, and this action alongside the wetting of the
dough mixture allowed for the alginates to come into suspension
within the food matrix. Once baked and moisture removed, the
alginates solidified and provided a similar structure to gluten in
this trial. Previous studies have shown that potato starch depleted
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FIGURE1 | Moisture content (%) of crackers is shown against the species of seaweed on the x-axis, with the different treatments represented by
colors: Light blue for retort, red for freeze-thaw, and light green for no treatment. The control is indicated in dark blue.
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FIGURE 2 | Shrinkage (%) of crackers is shown against the species of seaweed on the x-axis, with the different treatments represented by colors:
Light blue for retort, red for freeze-thaw, and light green for no treatment. The control is indicated in dark blue.

the height and structure of breads when substituted with wheat
flour, however, the addition of sodium alginate helped keep the
structure of these breads (Liu 2017).

For bake loss (Figure 3) the single factor of seaweed species was
significant (n =84, F=10.799, p<0.001), there are no significant
two-way interactions, but considering three-way interactions of
species, treatment, and incorporation rate were significant (n =84,
F=2.667,p=0.015). S. latissima was significantly different in bake
loss compared to both L. digitata and A. esculenta and the con-
trol (absence of seaweed). Interestingly the addition of seaweed to
crackers resulted in a lower bake loss (contrary to moisture con-
tent), S. latissimi had a higher bake loss compared to the other spe-
cies (L. digitata and A. esculenta). Previous reports show that L.
digitata when compared with S. latissima showed higher density

in cellular walls before processing and showed a greater release of
structural polysaccharides (Souto-Prieto et al. 2024). The authors
suggested that these two seaweeds' cellular structural organiza-
tion might be different and that this affected their flow during
rheological trials. More work is required to fully understand how
seaweeds affect the physical properties of food products when
used to fortify and how these can alter the food products, and once
understood optimized to match consumer needs.

3.2 | Texture Analysis
For hardness, individual factors of both seaweed species

and the treatment (Figure 4), all two-way interactions sea-
weed versus treatment, seaweed versus incorporation, and
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FIGURE 3 | Bake loss (%) of crackers is shown against the species of seaweed on the x-axis, with the different treatments represented by colors:
Light blue for retort, red for freeze—-thaw, and light green for no treatment. The control is indicated in dark blue.
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FIGURE 4 | Hardness (N) of crackers is shown against the species of seaweed on the x-axis, with the different treatments represented by colors:
Light blue for retort, red for freeze-thaw, and light green for no treatment. The control is indicated in dark blue.

treatment versus incorporation (n=139, F=2.549, p=0.043,
F=3.346, p=0.013, F=8.777, p<0.001 respectively) and the
three-way interaction of seaweed, treatment, and incorpo-
ration were significant (n =139, F=2.257, p=0.028). A post
hoc Tukey analysis identified S. latissima as significantly dif-
ferent from both L. digitata, A. esculenta and the control (no
seaweed added). Freeze-thaw treatment was significantly dif-
ferent than no treatment and the control (no seaweed added),
producing crackers that were significantly harder for all spe-
cies of seaweed. The increased hardness observed for crackers
fortified with seaweed was likely due to the increased fiber
in the cracker. However, the freeze-thaw process changed

the structure of the polysaccharides attached to the cellular
structure of the milled seaweed and allowing it to seep out
during cracker production, thus making this a harder cracker.
Recent studies have correlated well with our study, where
observed differences were seen with the addition of seaweed
powders to cracker mixes (Aganduk 2023). The texture analy-
sis showed that seaweed species was a controlling factor, but
thermal treatments affected the overall texture of the prod-
uct. Therefore when the food industry is looking to extend the
shelf life of seaweeds through thermal treatments better care
should be taken to fully understand the role of the thermal
process on the ingredient interactions.
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3.3 | TDS

Figure 5 shows the TDS for each of the 15% species or treatment of
crackers. The control cracker (Figure 5J) was made using no sea-
weed and the most dominant attribute was the crunchy attribute
within the first 12s of eating, followed by an overpowering sweet-
ness for the rest of the eating process. L. digitata species crackers
showed the most dominant sensation as crunchy within the first
15s of eating. Within the No treatment L. digitata (Figure 5A)
cracker, a small 5s of sweetness was most dominant, which was
not seen within the other treatments for this species. Freeze-thaw
treatment for L. digitata (Figure 5C) showed mainly a gritty sensa-
tion which lingered well after the swallow of the product (around
20s) of chewing. Retorted L. digitata (Figure 5B) showed similar
trends to Freeze Thraw L. digitata, but more pronounced in terms
of dominance, combined with the salty flavor. However, the re-
torted cracker (Figure 5B) had a longer crunch in terms of time
being dominant than freeze-thawed (Figure 5C). S. latissima 15%
no treatment (Figure 5D) cracker had a dominant sensation of
crunchiness for the first 10s of the product which was taken over
by a high saltness. Whereas the retorted S. latissima (Figure 5E)
had a slight increase in crunchy attribute from 10 to 12.5s from
no treatment. Interestingly unlike the overpowering attribute of
saltness for the No Treatment (Figure 5D), the retorted cracker
(Figure 5E) had an overriding fishy flavor coming through. The
Freeze-thaw S. latissima (Figure 5F) had a longer and more
pronounced crunchy dominance when compared with the No

Saccharrina latissima

Laminaria digitata

"A J— D r———

1UaWID3I) ON

2032y

Moy 32334

Treatment (Figure 5D) but correlated well with the No Treatment
in terms of salty flavor.

A. esculenta 15% No treatment (Figure 5G) cracker had a dissim-
ilar TDS profile than L. digitata and S. latissima (Figure 5A,D),
where crunchy was not the first dominant attribute, but hard-
ness was. The hard attribute was then replaced as most dom-
inant by the crunchy attribute, briefly, before the fishy flavor
became the most dominant attribute for the rest of the eating
process. Interestingly the Retort A. esculenta (Figure 5H) cracker
reduced the hard attribute through increasing the crunchy at-
tribute. Then sweetness took over from 15s through to 27.5s,
where the fishy back notes were detected. Retorted seemed to
have made the A. esculenta cracker more crunchy and less fishy.
Freeze-thaw (Figure 5I) also reduced the hard attribute and
crunchy was the most dominant attribute for the first 15s, where
fishy and sweet alternated between being the most dominant at-
tribute through the rest of the eating process.

Seaweed species had a real difference in their eating processes
in terms of most dominant attributes, and the retorted sea-
weeds showed in each species a difference in the texture of the
product, by prolonging the crunchiness within the first 20s of
eating. Retort and Freeze-thaw both showed that some of the
more unpleasant flavors (fishy) could be reduced through this
type of processing before incorporating into a food product.
This TDS data correlated nicely with the texture analysis data,
where the treatments of retorting and Freeze-thaw increased

Alaria esculenta Control

em— Salty e Crunchy Bitter
Sweet e Sticky e Fishy

— Chewy m— Hard — Gritty

— SOft — RESPONSE e sm—Ps

FIGURE 5 | Temporal dominance of sensations (TDS) is presented for each species of seaweed (Laminaria digitata (A-C), Saccharina latissima
(D-F), and Alaria esculenta (G-1)) under the no treatment condition (A, D, G), retort (B, E, H), and freeze-thaw (C, F, I), as well as the control (J),
which contained no seaweed. The y-axis represents the dominance of the attribute, while the x-axis shows time in seconds. The response rate indi-

cates the number of times an attribute was selected by the cohort of consumers. The Ps line represents statistical significance, and attributes crossing

this line are reported.
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the hardness of the products compared to no treatments. The
change of a few Newtons in terms of hardness could be in-
creasing the bite of the crackers and therefore when masti-
cation occurred and the product was being rolled around the
mouth forming a bolus, the crunchy attribute was deemed
higher for the consumer.

Another reason could be that the crackers made with the re-
torted and freeze-thawed seaweeds had lower moisture content
and a higher bake loss than those with seaweeds of other treat-
ment, where the seaweed structure was being destroyed during
these processes and was reducing the water holding capacity of
the seaweed inclusions within the product. Ge et al. (2002) sug-
gested that heat treatments above 118°C caused damage to the
cellular structure of these marine crops (Mateluna et al. 2020).
The damage in microstructure of the retorted seaweeds could
explain a higher bake loss and a lower moisture content of the
crackers which in turns leading to the crunchy attribute in the
TDS and the harder values for texture.

4 | Conclusion

Thermal treatments on the seaweeds had an impact on the
overall texture and consumer appeal on the seaweed cracker.
Interestingly both retorting and freeze-thaw processes affected
the texture of crackers, compared with no treatments, but the
inclusion of seaweed still dominated this. Further work is re-
quired to understand the mechanisms involved in the seaweed
products, which could explain the changes in structure as well
as the changes to the cracker consumption. The interplay be-
tween species of seaweeds, thermal treatments and inclusion
rates still requires further development to fully understand the
changes each of these have in terms of product development.
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