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Abstract
The application of macroalgae for food and feed has been increasing continuously due to their nutritional and health-
promoting properties. Efficient post-harvest drying is needed to remove moisture content from macroalgal biomass without 
negatively affecting its nutritional value. We hypothesized that low-temperature oven drying would preserve most of the 
nutrients and polyphenols in macroalgae. The polyphenol-rich brown macroalga, Fucus vesiculosus, was exposed to one 
of the following treatments: freeze-drying (FD; for 72 h), oven drying at 40 ℃ (OD40; for 24 h), and oven drying at 80 ℃ 
(OD80; for 24 h). The concentration of total fatty acids and the sum of saturated, mono-, and polyunsaturated fatty acids 
exhibited a decreasing trend with higher drying temperatures (FD > OD40 > OD80), indicating the sensitivity of fatty acids 
to a high drying temperature. However, the sum of total or essential amino acids was significantly higher (p < 0.05) in OD80 
compared to OD40 and FD biomass. In this study, the average N-protein-conversion factor for dried F. vesiculosus remained 
relatively stable (~ 4.64) across drying treatments. The total polyphenol content remained unaffected by the drying treatment, 
although it tended to decrease with increasing drying temperature. Targeted metabolomics revealed three classes of phenolic 
compounds: phenylpropanoids, flavones, and flavonols. A low-temperature oven drying appears to be a suitable method to 
preserve nutrients and polyphenols in brown macroalgae. Future studies are needed to evaluate the impact of drying methods 
on other bioactive compounds and to understand the economic sustainability of oven drying.
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Introduction

The global cultivation of macroalgae, also called seaweeds, 
is consistently increasing, driven by its diverse applications 
such as food, animal feed, fertilizer, biogas, and cosmet-
ics (Araújo et al. 2021). Macroalgae are perceived as a 

valuable resource for human and animal nutrition due to 
the presence of basic nutrients and other health-promoting 
ingredients such as dietary fiber, polyunsaturated fatty acids 
(PUFAs), vitamins and minerals, and secondary bioactive 
metabolites, including polyphenols (Holdt and Kraan 2011; 
Morais et al. 2020). Moreover, macroalgae do not require 
freshwater to grow and can be cultivated sustainably with a 
low carbon footprint (Duarte et al. 2022). Hence, the use of 
macroalgae as food and feed may improve food security and 
enhance environmental sustainability in the future. How-
ever, the fresh macroalgae biomass contains high levels of 
moisture making it highly perishable and quick to deterio-
rate after harvesting. Thus, fresh biomass needs stabilizing 
before further application of macroalgae. Drying is the most 
widely used post-harvest method for stabilizing macroalgae, 
as it removes moisture, reduces the weight and volume of 
biomass, thereby minimizing storage space and transpor-
tation costs and also effectively inhibits microbial growth, 
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(Tello-Ireland et al. 2011). It is thus important to evaluate 
how post-harvest stabilization, particularly different drying 
methods, influences the concentration or properties of key 
nutritional components and bioactive compounds in mac-
roalgae biomass (Stévant et al. 2018).

Various drying methods, such as sun-drying, oven-drying, 
freeze-drying, vacuum-drying, etc., can be used to remove 
moisture from harvested macroalgae (Kadam et al. 2015; 
Ling et al. 2015). Each drying method possesses unique 
advantages and bottlenecks regarding cost, duration, and 
effects on the nutritional and physiochemical attributes of 
dried biomass, necessitating careful evaluation when select-
ing a particular drying method (Cruces et al. 2016; Stra-
markou et al. 2017). For example, sun drying is the cheap-
est and least energy-intensive method. However, macroalgal 
biomass dried using this method is highly susceptible to air-
borne contamination, UV radiation, oxidation, and unpre-
dicted weather conditions (Fudholi et al. 2014; Ringeisen 
et al. 2014) that could affect the quality of the final product. 
On the other hand, freeze-drying can protect against the deg-
radation of heat-sensitive essential nutrients and secondary 
bioactive compounds in the dried products (Kandasamy 
and Naveen 2022). Unlike other drying methods that rely 
on heat, freeze-drying works with the principle of subli-
mation, a way of dehydrating frozen biomass via a process 
that transforms ice into vapor. For example, the freeze-dried 
brown macroalga, Sargassum hemiphyllum, exhibited higher 
levels of total amino acids, total polyunsaturated fatty acids, 
and total vitamin C compared to sun-dried and oven-dried 
samples (Chan et al. 1997). However, freeze-drying has 
higher production costs than other methods due to higher 
energy consumption and longer processing time (Ratti 2001; 
Hsu et al. 2003;, limiting its industrial application. Post-
harvest drying of macroalgal biomass, particularly through 
freeze-drying followed by oven drying, has also been identi-
fied as the primary contributor to the carbon footprint that 
could reduce the sustainability of the seaweed supply chain 
(van Oirschot et al. 2017; Koesling et al. 2021; Thomas 
et al. 2021), highlighting the need for low-temperature oven 
drying.

Oven drying is one of the most common drying tech-
niques that can efficiently and quickly remove moisture 
content from macroalgae. However, it is crucial to use the 
appropriate oven drying temperature to dry macroalgal bio-
mass, considering both the quality of the dried biomass and 
energy consumption. The use of high temperatures over 
extended durations during oven drying can adversely affect 
the content and activity of heat-sensitive bioactive com-
pounds and nutrients (Kadam et al. 2015). Drying seaweed 
at low temperatures (< 45 °C) has been shown to preserve 
bioactive compounds (Moreira et al. 2016). For instance, the 
total polyphenol content (TPC) and its antioxidant activity in 
Fucus vesiculosus extracts decreased with increasing drying 

temperatures (35 > 40 > 60 > 75 °C) (Moreira et al. 2016). In 
contrast, Gupta et al. (2011) found that drying edible Irish 
brown macroalga, Himanthalia elongata, for 24 h at 25 °C 
resulted in a 49% reduction in TPC and a 51% reduction in 
total flavonoid content, however, the reduction declined at 
the drying temperature of 40 °C. Fucus vesiculosus, one of 
the brown macroalgae species that is commonly available 
on the Norwegian sea coast, is rich in various nutritional 
and phenolic compounds (Catarino et al. 2018; Obluchin-
skaya et al. 2022). While a few studies have examined the 
impact of oven-drying temperatures on the product qual-
ity (coloration and pigmentation) of F. vesiculosus (Silva 
et al. 2019), there has been limited research on how differ-
ent oven-drying temperatures affect both the nutritional and 
phenolic compounds of whole F. vesiculosus biomass, as 
well as the potential consequences on nutrient digestibil-
ity. This knowledge is important because previous studies 
show that post-harvesting processing can influence the nutri-
tional composition, in vitro organic matter, and crude pro-
tein digestibility of brown macroalgae (Pandey et al. 2023). 
Thus, we hypothesized that a low-temperature oven-drying 
would preserve most of the nutrients and polyphenols in the 
brown macroalga, F. vesiculosus.

Materials and methods

Seaweed sampling

The fresh macroalga, F. vesiculosus, used in this study 
was harvested manually during low tides from the upper 
intertidal zone near Hoøya, Steinkjer, Trøndelag, Norway 
(coordinates 64°01′12.4" N 11°22′16.7" E) on 23 September 
2021. After harvesting, the fresh biomass was first washed 
with seawater to remove any possible phytoplankton, mol-
lusks, and sand. Then, the algal samples were transported to 
the laboratory of Nord University, Steinkjer, Norway (within 
an hour) and washed thoroughly three times with fresh water 
to remove the remaining impurities. Then, the washed bio-
mass samples were subjected to three different drying treat-
ments, as described below.

Drying treatments

After draining the excess water, F. vesiculosus biomass was 
exposed to three different drying treatments: freeze drying 
(FD), oven-drying at 40 ℃ for 24 h (OD40), and oven-drying 
at 80 ℃ for 24 h (OD80). Freeze drying of F. vesiculosus 
biomass was performed using a laboratory freeze dryer 
(Labconco, USA) at -50 ℃ (< 0.4 mbar vacuum pressure) 
for 72 h. For oven drying, ~ 300 g of the algal biomass was 
placed in a perforated aluminum tray and dried in a labora-
tory drying oven for 24 h by setting the speed of the air valve 
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fan to 10 (Termaks AS, Norway). Then, all dried samples 
were ground to a particle size of 2 mm using a cutter mill 
(CT Cyclotex TM 193 TM, FOSS, Denmark), which were 
later subjected to chemical analyses. Drying and further 
chemical analyses of F. vesiculosus biomass were carried 
out in triplicates (n = 3).

Chemical analysis

The dry matter (DM), organic matter (OM), ash, and protein 
contents of the samples were analyzed through gravimetric 
methods following the guidelines of the Association of Offi-
cial Analytical Chemists (AOAC), with adjustments based 
on Horwitz (2010). Dry matter was calculated by desiccating 
the ground algal powder (2 to 3 g) from each drying treat-
ment at 105 °C for 24 h. The ash content was determined by 
weighing the residual material post-incineration of samples 
at 530 °C overnight, while the organic matter was calculated 
as the dry matter weight minus the ash weight in the dry 
matter. Nitrogen content (N) was quantified using the Kjel-
dahl method (Kjeltec 8400, FOSS, Denmark), crude protein 
(CP) content was calculated using a conversion factor of 
the common Jone’s factor 6.25, and true protein (TP) was 
calculated using a specific N-protein conversion factor (Kp) 
based on the amino acid. Average Kp values were calcu-
lated from the ratio of the sum of AA residue (anhydrous or 
water-corrected AA) to total nitrogen content as calculated 
by Janssen et al. (2017). Neutral detergent fiber (NDF) was 
analyzed using the filter bag technique (Ankom200 Fiber 
Analyzer, USA) with a neutral detergent solution, heat-sta-
ble alpha-amylase (Ankom Technology, USA), and sodium 
sulfite (Ankom Technology). Crude fat content was assessed 
through extraction with a mixture of 80% petroleum ether 
and 20% acetone using an Accelerated Solvent Extractor 
(ASE200; Dionex, USA) as described previously (Pandey 
et al. 2023). The gross energy content of the samples was 
determined using a PARR 6400 Bomb Calorimeter (Parr 
Instruments, USA).

In vitro organic matter digestibility 
in monogastric animals

In vitro fecal digestibility of the organic matter (OM) was 
analyzed following a procedure described by Boisen and 
Fernández (1997). Briefly, a three-step incubation pro-
cedure was followed, where samples were incubated at 
39 °C with pepsin (porcine, 2000 FIP U g−1) for 75 min 
and subsequently with pancreatin solution containing 50 
mg pancreatin (Porcine, grade IV, Sigma -1750) for 3.5 
h. Then, samples were mixed with EDTA solution fol-
lowed by a mixed multi-enzymatic complex comprised 

of arabinase, cellulase, β-glucanase, hemicellulase, xyla-
nase, and pectinase (Viscozyme L, Sigma-Aldrich V2010). 
After washing with ethanol and acetone, the undigested 
materials were dried at 105 °C overnight and weighed for 
DM. Finally, dried samples were incinerated in a muffle 
furnace at 500 °C for 3 h and OM content was calculated. 
The in vitro total tract digestibility of OM was calculated 
by the difference between the OM of the initial samples 
and the undigested residue after correction for the blank.

Fatty acids composition

The modified method for analyzing fatty acid (FA) compo-
sition was used as described by O'Fallon et al. (2007). Ini-
tially, 0.3 g dry alga sample was weighed directly into test 
tubes and then methanol (MeOH) was added in a scaled 
volume of 4.25 mL. The next step involved the addition of 
the internal standard (C13:0) with a concentration of 0.5 
mL. Following this, 10 N KOH was introduced (0.56 mL) 
and the tubes were vigorously shaken on a vortex mixer for 
1 min before being placed in a water bath at 55 °C for 1.5 
h. Throughout the incubation, the tubes underwent peri-
odic vigorous shaking 5 times every 20 min. Subsequently, 
the tubes were cooled, and 24 N H2SO4 (0.465 mL) was 
added. The final steps involve cooling, the addition of hep-
tane (2.4 mL), shaking for at least 1.5 min on a vortex 
mixer, and centrifugation for 5 min at room temperature at 
1600 × g. Then about 1.5 mL of the heptane layer was care-
fully transferred to 2 mL gas chromatography (GC) vials 
with lids. Finally, the fatty acid composition was analyzed 
in a Trace GC Ultra system with an auto-injector (Thermo 
Scientific) using an Rt-2560 GC Capillary Column, 100 
m, 0.25 mm ID, 0.20 um df (RESTEK, Cat # 13,198), and 
the Chromeleon Chromatography Management Software 
(Dionex Ltd, UK).

Amino acids composition

The amino acids (AA) contents were analyzed according to 
Commission Regulation (EC) No 152/2009 (Commission 
2009). The concentrations of AA in dried macroalga sam-
ples were analyzed by ion-exchange chromatography on a 
lithium high-performance column (Biochrom Ltd, UK) in 
an automated AA analyzer (Biochrom 30, Biochrom Ltd), 
using lithium-based eluents and post-column derivatiza-
tion with ninhydrin (Physiological Fluid Chemical Kit, 
Biochrom Ltd). Quantification of eighteen standard amino 
acids was performed based on standard curves established 
using amino acid standard (Pickering Laboratories, USA) 
and the Chromeleon Chromatography Management Soft-
ware (Dionex Ltd).
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Total polyphenol extraction and quantification

Total polyphenol was determined following the method 
by Pandey et al. (2022). Initially, 1 g of dried macroalga 
was mixed with a 1:1 (v/v) mixture of methanol and water 
(MeOH–water) in a 50 mL tube. The pH of the mixture 
was adjusted to ∼ 2, and the tube was shaken (VWR 
Advanced Digital Shaker, VWR International LLC, USA) 
for 2 h at 200 rpm at room temperature. After this, the 
tube was centrifuged at 12,000 × g for 10 min and the 
liquid portion (supernatant) was collected. The residue 
was further treated with a 7:3 mixture of acetone and 
water, followed by another round of shaking and centrifu-
gation with the same configuration. Then, supernatants 
were pooled, and filtered (Whatman TM Grade 597 ½ 
Qualitative Folded Filter Paper, cytiva, Europe GmbH, 
Germany), and the extract was stored overnight at -20 °C 
for quantification.

For quantification of TPC in the pooled extract, 50 mg phlo-
roglucinol (calculated as anhydrous) was dissolved in 100 mL 
distilled water and used as a stock solution (500 μg mL−1) to 
make serial dilutions and obtain the standard solution at the 
concentration of 500, 250, 125, 62.5, 31.25, 15.625 and 0 μg 
mL−1. The algal extract was then diluted 10 times (1:10) in dis-
tilled water. In the analysis, both sample solutions and standard 
solutions were loaded into a 96-well microplate in triplicates. 
Subsequently, 100 µL of Folin-Ciocalteu reagent was added to 
each well, followed by the addition of 80 µL of a 7.5% sodium 
carbonate solution. The microplate was covered and kept in 
a dark room for 2 h to allow the reactions to occur. After this 
incubation period, the absorbance of the mixture was meas-
ured at a wavelength of 750 nm using a spectrophotometric 
microplate reader (BIO-RAD, iMark Microplate Reader, USA). 
The mean TPC was calculated in milligram of phloroglucinol 
equivalents (mg PGE) per g of DM using the provided formula.

Formula to calculate the TPC:

where, Mean TPC = average of the total polyphenol con-
centrations of triplicate samples obtained from the calibra-
tion curve, SV = volume of solvent used for extraction, and 
DF = dilution factor of the original extract during the quan-
tification assay.

Polyphenols profiling using targeted metabolomics

The quantification of the multiple classes of phenolics in 
the dried F. vesiculosus samples was analyzed using the 
method described by Vrhovsek et al. (2012). Briefly, 2 g 

TPC
(

mg PGE g−1 DM
)

=
(Mean TPC of sample

(

μg mL−1) × SV × DF
)

DM weight of the sample (g) × 1000
× 100

of dried alga powder was mixed with 5 mL of a water/
methanol/chloroform mixture (20:40:40), followed by 
vortexing for 1 min. The samples were then subjected to 
orbital shaking for 15 min at room temperature. Subse-
quently, centrifugation at 1000 × g and 4 °C for 10 min 
separated the upper phase, constituting the aqueous meth-
anol extract. This extract was filtered through a 0.2 μm 
PTFE (polytetrafluoroethylene) membrane filter before 
analysis using ultraperformance liquid chromatography 
coupled with mass spectrometry (UPLC/QqQ-MS). For 
setting up the UPLC/QqQ-MS instrument, method valida-
tion, and preparation of internal standard stock solutions, 
the specifications and protocol outlined by Vrhovsek et al. 
(2012) were used.

Statistical analysis

One-way Analysis of Variance (ANOVA) and Tukey’s 
Honestly Significant Difference (HSD) tests were per-
formed using R Statistical Software (The R Foundation 
for Statistical Computing, v4.3.3; R Core Team 2021) to 
investigate potential differences in measured parameters 
across three distinct drying treatments. The chosen level 
of significance was established at p < 0.05. All data are 
presented as mean ± standard deviation (n = 3) unless oth-
erwise stated. Principal Component Analysis (PCA) was 
conducted to explore patterns in amino acid and fatty acid 
concentrations under three drying treatments using the 
PCA function from the FactoMineR package (Lê et al. 
2008). Data were centered and scaled to unit variance. The 
variance explained by the first two principal components 
(PC1 and PC2) was calculated using the get_eigenvalue 
function from the factoextra package (Kassambara 2016). 
A PCA biplot, displaying both the measured variables and 
individual observations, was generated with the fviz_pca_
biplot function from the factoextra package. To evaluate the 
relationship between the studied parameters (of all treat-
ments) of major nutrients (Ash, Total FA, Total AA, TPC, 
CF, CP) and in vitro total tract organic matter digestibility, 
a Pearson correlation matrix was created using Corrplot 
package in R.

Results

Proximate composition

To identify the effects of different drying methods on 
basic macroalgal nutrients, we performed the proximate 
composition analyses of F. vesiculosus biomass exposed 
to three different drying treatments (Table 1). Oven dry-
ing at 80 °C (OD80) and FD demonstrated significantly 
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higher concentrations of DM (p < 0.05), CP, and TP (% 
DM, p < 0.05) compared to the biomass exposed to OD40. 
A slight but significant lower in the N content (p < 0.05) was 
observed, with the N content being lower in OD40 samples 
compared to FD and OD80 samples. CP and TP were found 
to be lower (p < 0.05) in samples that dried at OD40 com-
pared to those samples dried at OD80 and FD. The calcu-
lated average Kp was approximately 4.64 in F. vesiculosus, 
regardless of the drying treatments. An approximately 26 to 
27% lower true protein content compared to CP, using a con-
version factor of 6.25, was noted for all drying techniques. 
Crude fat content was reduced by twofold in samples exposed 
to OD40 (~ 2.1% DM) and OD80 (~ 2.3% DM) compared 
to the samples exposed to FD (~ 4.6% DM). OD40 led to 
a significantly lower concentration (~ 33% DM) of neutral 
detergent fiber (NDF) compared to FD (~ 42.2% DM). Nei-
ther the ash and the OM content nor the gross energy value 
of F. vesiculosus was significantly affected by any of the dry-
ing treatments, although ash and OM content tended to be 
slightly higher in OD80 compared to the other drying meth-
ods. The in vitro total tract organic matter digestibility of the 
dried F. vesiculosus was not affected by the drying treatments 
(p = 0.305; Fig. 1).

Fatty acid composition

A total of 23 fatty acids were identified in F. vesiculosus: 
eight saturated fatty acids (SFA), six monounsaturated 
fatty acids (MUFA), and nine polyunsaturated fatty acids 
(PUFA) (Table 2). The total fatty acid content tended to be 
lower (p = 0.063) with an increase in the drying tempera-
ture. Myristic acid (C14:0), palmitic acid (C16:0), behenic 
acid (C22:0), cis-oleic acid (C18:1n9c), and linoleic acid 
(C18:2n6c) were the main fatty acids found, regardless of 

the method employed. The PCA-biplot showed the distri-
bution of fatty acids among the three drying treatments 
(Fig. 2), with FD and OD40 showing similar fatty acid pro-
files, while OD80 exhibits a distinct pattern. The first two 
principal components PC1 and PC2 explained 71.35% and 
28.65% of the total variance, respectively (Fig. 2).

Saturated fatty acids (SFA): Regardless of the drying 
treatment, the concentration of total SFA remained unaf-
fected but a decreasing trend (p = 0.084) was observed with 
higher temperatures, resulting in a lower concentration of 
total SFA in OD80 (~ 27.6 g kg−1 DM) compared to OD40 
(~ 29.4 g kg−1 DM) and FD (~ 31.6 g kg−1 DM). However, 

Table 1   Effect of different 
drying methods on the 
proximate composition of F. 
vesiculosus 

FD: freeze drying (-50 ℃, 72 h, < 0.4 mbar); OD40: oven drying at 40 ℃ for 24 h; OD80: oven drying at 
80 ℃ for 24 h; DM: dry matter; OM: organic matter; N: nitrogen; CP: crude protein; Kp: conversion factor; 
TP: true protein; NDF: neutral detergent fiber. Different alphabetical notations indicate the significant dif-
ference (p < 0.05) between treatments. All values are presented as mean ± standard deviation (n = 3) and are 
expressed on a dry matter basis
1 Average calculated conversion factor (Kp) of three different drying methods: 4.64 ± 0.08 (mean ± pooled 
standard deviation)

Parameters FD OD40 OD80 p-value

DM, % 97.2 ± 0.10a 92.8 ± 0.15b 97.1 ± 0.05a  < 0.001
Ash, % DM 14.3 ± 0.63 14.2 ± 0.28 15.2 ± 0.50 0.082
OM, % DM 85.7 ± 0.63 85.8 ± 0.28 84.8 ± 0.50 0.082
N, % DM 0.9 ± 0.01a 0.8 ± 0.02b 0.9 ± 0.02a 0.005
CP (N * 6.25), % DM 5.4 ± 0.11a 4.9 ± 0.19b 5.6 ± 0.16a 0.007
TP (N * Kp1), % DM 4.0 ± 0.07a 3.7 ± 0.13b 4.1 ± 0.12a 0.005
Crude fat, % DM 4.6 ± 0.45a 2.1 ± 0.46b 2.3 ± 0.52b 0.001
NDF, % DM 42.2 ± 1.44a 33.0 ± 1.10b 36.9 ± 3.36ab 0.006
Gross energy, MJ kg−1 DM 16.8 ± 0.17 16.9 ± 0.05 16.7 ± 0.20 0.468

Fig. 1   Effect of different drying treatments on the in vitro total tract 
organic matter digestibility of F. vesiculosus. Data are presented as 
mean ± standard deviation. FD, freeze drying (-50 ℃, 72 h, < 0.4 
mbar); OD40, oven drying at 40 ℃ for 24 h; OD80, oven drying at 
80 ℃ for 24 h; DM, dry matter; OM, organic matter; OMD, organic 
matter digestibility
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the composition of saturated fatty acids (SFA) was not sig-
nificantly affected by the heat treatments except for behenic 
acid (C22:0). The concentration of behenic acid was sig-
nificantly lower in OD80 (~ 6.9 g kg−1 DM) compared to 
FD (~ 8.2 g kg−1 DM) (p = 0.030) however no significant 
difference (p > 0.05) was observed between OD40 and FD.

Monosaturated fatty acids (MUFA): Except for cis-
oleic acid (C18:1n9c), the composition of MUFA was also 
not altered by drying treatments. A significant difference was 
evident in the concentration of cis-oleic acid (C18:1n9c), 
with a 20% lower concentration observed after OD80 
(~ 24.3 g kg−1 DM) compared to FD (~ 30.0 g kg−1 DM), 
while no significant differences were noted between OD40 
and FD. Similarly, a comparable decrease in total MUFA 

concentration was noted. Specifically, the concentration after 
OD80 (~ 25.4 g kg−1 DM) was significantly lower (p = 0.046) 
than after FD (~ 31.2 g kg−1 DM), furthermore, no statistical 
difference was observed between OD40 and FD.

Polyunsaturated fatty acids (PUFA): Although the dry-
ing treatments did not significantly impact the concentra-
tion of total PUFA, a declining trend (p = 0.076) was evident 
with increasing temperature compared to FD. Compared to 
SFA and MUFA, more pronounced effects of drying treat-
ments were observed in PUFA, where the concentration 
of four out of nine PUFAs was significantly influenced by 
the drying treatments. Oven drying at 80 ℃ (OD80) exhib-
ited significantly lower concentrations of arachidonic acid 
(C20:4n6) and eicosapentaenoic acid (C20:5n3) compared 

Table 2   Effect of different drying methods on the fatty acid composition of F. vesiculosus (g kg−1 DM)

FD: freeze drying (-50 ℃, 72 h, < 0.4 mbar); OD40: oven drying at 40 ℃ for 24 h; OD80: oven drying at 80 ℃ for 24 h; FA: fatty acids; SFA: 
saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; TFA: total fatty acids. Different alphabetical 
notations indicate the significant difference (p < 0.05) between treatments. All values are presented as mean ± standard deviation (n = 3) and are 
expressed on a dry matter basis
*  Only one detectable value for this treatment (OD80)

Short name Fatty acids FD OD40 OD80 p-value

Saturated fatty acids
C14:0 Myristic 8.3 ± 0.47 7.8 ± 0.28 7.2 ± 0.67 0.105
C15:0 Pentadecanoic acid 0.1 ± 0.004 0.1 ± 0.007 0.1 ± 0.008 0.357
C16:0 Palmitic acid 8.1 ± 0.47 7.6 ± 0.23 7.1 ± 0.60 0.122
C17:0 Heptadecanoic acid 0.1 ± 0.009 0.08 ± 0.005 0.1 ± 0.002 0.118
C18:0 Stearic acid 0.5 ± 0.03 0.6 ± 0.02 0.5 ± 0.06 0.160
C20:0 Eicosanoic acid 3.3 ± 0.21 3.1 ± 0.10 2.9 ± 0.21 0.103
C22:0 Behenic acid 8.2 ± 0.59a 7.4 ± 0.26ab 6.9 ± 0.41b 0.030
C24:0 Lignoceric acid 3.0 ± 0.10 2.8 ± 0.13 2.8 ± 0.19 0.163
∑SFA 31.6 ± 1.86 29.4 ± 1.00 27.6 ± 2.16 0.084
Monounsaturated fatty acids
C14:1n7 cis-9-Tetradecenoic acid 0.1 ± 0.01 0.1 ± 0.007 0.1 ± 0.01 0.222
C16:1n7 Palmitoleic acid 0.7 ± 0.05 0.7 ± 0.03 0.6 ± 0.06 0.118
C17:1 cis-Heptadecenoic acid 0.2 ± 0.01 0.2 ± 0.006 0.1 ± 0.02 0.287
C18:1n9t trans-oleic acid 0.1 ± 0.003 0.04 ± 0.004 0.1 ± 0.01 0.640
C18:1n9c cis-oleic acid 30.0 ± 1.99a 28.0 ± 1.43ab 24.3 ± 2.68b 0.043
C22:1n11 Cetoleic acid 0.23 ± 0.01 0.2 ± 0.02 0.2 ± 0.01 0.058
∑MUFA 31.2 ± 2.09a 29.2 ± 1.49ab 25.4 ± 2.81b 0.046
Polyunsaturated fatty acids
C18:2n6c Linoleic acid 8.9 ± 0.65 8.8 ± 0.44 7.7 ± 0.84 0.146
C18:3n3 a-Linolenic acid 0.3 ± 0.01 0.2 ± 0.007 0.2 ± 0.02 0.157
C18:3n6 g-Linolenic acid 0.4 ± 0.04 0.4 ± 0.01 0.3* 0.083
C20:2 cis-11,14-Eicosadienoic acid 0.86 ± 0.06ab 0.76 ± 0.03b 0.89 ± 0.03a 0.048
C20:3n3 Eicosatrienoic acid 0.1 ± 0.003 0.1 ± 0.002 0.1 ± 0.009 0.141
C20:3n6 Eicostrienoic acid 0.9 ± 0.09 0.9 ± 0.06 0.7 ± 0.06 0.050
C20:4n6 Arachidonic acid 0.4 ± 0.02a 0.3 ± 0.02ab 0.3 ± 0.02b 0.030
C20:5n3 Eicosapentaenoic acid 0.2 ± 0.02a 0.2 ± 0.01ab 0.1 ± 0.01b 0.015
C22:2 cis-13,16-Docasadienoic acid 0.07 ± 0.0009a 0.060 ± 0.002b 0.063 ± 0.006ab 0.012
∑PUFA 12.0 ± 0.92 11.7 ± 0.58 10.3 ± 0.87 0.076
∑TFA 74.8 ± 4.86 70.3 ± 3.05 63.3 ± 5.83 0.063
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to FD. In contrast, cis-11,14-eicosadienoic acid (C20:2) and 
cis-13,16-docasadienoic acid (C22:2) remained unaffected 
by either OD80 or FD. When comparing OD40 with FD, 
the concentration of cis-13,16-docasadienoic acid (C22:2) 
was significantly diminished in OD40 (~ 0.060 g kg−1 DM) 
compared to FD (~ 0.070 g kg−1 DM), despite being neg-
ligible in both cases. No differences were noted between 
OD40 and OD80.

Amino acid composition

The composition of amino acids analysis is displayed in 
Table 3. Aspartic acid, glutamic acid, and leucine were 
the major amino acids that were abundant in F. vesicu-
losus regardless of the drying methods. The sum of all 
amino acids analyzed ranged from ~ 36.5 to ~ 41.6 g kg−1 
DM and was affected by the drying treatments where the 

total concentration was higher (p = 0.017) for OD80 than at 
OD40, however, no significant differences were observed 
when compared with FD. The PCA-biplot showed the dis-
tribution of amino acids among the three drying treatments 
(Fig. 3), with FD and OD80 showing similar amino acid 
profiles, while OD40 exhibits a distinct pattern. The first two 
principal components PC1 and PC2 explained 85.87% and 
14.13% of the total variance, respectively (Fig. 3). None of 
the drying treatments affected the ratio of essential amino 
acid (EAA) to non-essential amino acid (NEAA) (p > 0.05).

Essential amino acid (EAA): Out of the nine EAAs stud-
ied, six showed significant changes due to the drying treat-
ments. Overall, there were no noticeable differences between 
oven-dried samples (both OD40 and OD80) and freeze-dried 
(FD) samples. However, the concentration of EAAs was 
significantly higher in OD80 compared to OD40 for all the 
EAAs affected. This trend was consistent for total EAAs, 

Fig. 2   PCA-biplot showing the fatty acids composition of F. vesicu-
losus exposed to three different drying methods. Data were centered 
and scaled to unit variance. The variance explained by the first two 
principal components (PC1 and PC2) was calculated using the get_

eigenvalue function from the factoextra package. A PCA biplot, dis-
playing both fatty acid variables and individual observations (FD, 
OD40, and OD80), was generated with the fviz_pca_biplot function 
from the factoextra package
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with higher sums observed in OD80 (~ 17.3 g kg−1, DM) 
compared to OD40 (~ 15.1 g kg−1, DM), while no significant 
difference was observed compared to FD (~ 16.3 g kg−1 DM).

Non-essential amino acid (NEAA): The drying treat-
ments affected four out of nine NEAAs. Briefly, aspartic 
acid and cystine levels were significantly lower in samples 
subjected to OD40 compared to FD samples and OD80. 
Moreover, the concentration of aspartic acid, glutamic acid, 
cysteine, and tyrosine levels subjected to OD40 was signifi-
cantly lower than those subjected to OD80. No significant 
differences were observed in the levels of glutamic acid 
and tyrosine between oven-dried (OD40 and OD80) and 
freeze-dried samples. Similar to EAAs, the concentrations 
of NEAAs were significantly higher in OD80 compared to 
those dried at OD40, while no significant difference was 
observed between samples subjected to OD80 and FD.

Polyphenol and phenolic compounds

The concentration of the TPC and different phenolic com-
pounds is displayed in Table 4. No significant difference 
was observed in TPC, but the tendency (p = 0.084) showed 

that its concentration decreases with an increase in dry-
ing temperature (~ 79.8 mg PGE g−1 DM, ~ 77.8 mg PGE 
g−1 DM, and ~ 69.9 mg PGE g−1 DM, respectively for FD, 
OD40, and OD80). Targeted metabolomics revealed phe-
nolic compounds that fall into three different classes, i.e. 
phenylpropanoids, flavones, and flavonoles. Most of these 
phenolic compounds were retained when drying the mac-
roalga using a freeze dryer. The caftaric acid was found 
to be significantly lower in OD40 (~ 0.24 mg kg−1) and 
OD80 (~ 0.17 mg kg−1) samples compared to FD (~ 0.40 
mg kg−1) samples.

Correlation between the chemical composition 
and in vitro OM digestibility

The Pearson correlation matrix showed that the in vitro 
total tract organic matter digestibility (OMD) was 
negatively correlated with the TPC content (r =-0.78, 
p = 0.014) (Fig.  4). Although the crude fat content 
(r =-0.4, p > 0.05) and NDF (r =-0.15, p > 0.05) were 
inversely correlated with the organic matter digestibil-
ity, the effect was found to be insignificant. The OMD 

Table 3   Effect of different 
drying methods on the 
amino acid composition of F. 
vesiculosus (g kg−1 DM)

FD: freeze drying (-50 ℃, 72 h, < 0.4 mbar); OD40: oven drying at 40 ℃ for 24 h; OD80: oven drying at 
80 ℃ for 24 h; TAA: total amino acids; EAA: essential amino acids; NEAA: non-essential acids. Different 
alphabetical notations indicate the significant difference (p < 0.05) between treatments. All values are pre-
sented as mean ± standard deviation (n = 3) and are expressed on a dry matter basis

Amino acids FD OD40 OD80 p-value

Essential amino acids (EAA)
Leucine 3.1 ± 0.09ab 2.9 ± 0.14b 3.3 ± 0.12a 0.020
Isoleucine 1.9 ± 0.04ab 1.7 ± 0.10b 2.0 ± 0.06a 0.021
Lysine 2.5 ± 0.06ab 2.3 ± 0.11b 2.6 ± 0.12a 0.023
Phenylalanine 1.8 ± 0.07ab 1.7 ± 0.16b 2.1 ± 0.09a 0.024
Valine 2.0 ± 0.02ab 1.8 ± 0.14b 2.1 ± 0.02a 0.018
Tryptophan 0.6 ± 0.01ab 0.5 ± 0.07b 0.7 ± 0.01a 0.011
Threonine 2.3 ± 0.09 2.1 ± 0.09 2.4 ± 0.23 0.205
Histidine 1.0 ± 0.03 0.9 ± 0.03 1.0 ± 0.05 0.056
Methionine 1.1 ± 0.02 1.05 ± 0.17 1.1 ± 0.10 0.655
∑EAA 16.3 ± 0.18ab 15.1 ± 0.87b 17.3 ± 0.60a 0.014
Non-essential amino acids (NEAA)
Aspartic acid 4.6 ± 0.12a 3.9 ± 0.24b 4.8 ± 0.18a 0.002
Glutamic acid 6.6 ± 0.19ab 5.9 ± 0.19b 6.7 ± 0.11a 0.003
Cysteine 1.0 ± 0.06a 0.8 ± 0.07b 1.0 ± 0.02a 0.014
Tyrosine 1.4 ± 0.07ab 1.3 ± 0.16b 1.6 ± 0.07a 0.030
Serine 1.9 ± 0.06 1.7 ± 0.12 1.9 ± 0.17 0.309
Proline 1.8 ± 0.03 1.7 ± 0.15 1.9 ± 0.05 0.060
Glycine 2.0 ± 0.05 1.8 ± 0.09 2.0 ± 0.12 0.054
Alanine 2.4 ± 0.07 2.4 ± 0.09 2.5 ± 0.09 0.211
Arginine 1.8 ± 0.06 1.9 ± 0.23 1.9 ± 0.37 0.837
∑NEAA 23.3 ± 0.57a 21.4 ± 1.34b 24.3 ± 0.65a 0.022
∑EAA/∑NEAA 0.70 ± 0.009 0.70 ± 0.01 0.71 ± 0.009 0.366
∑TAA​ 39.6 ± 0.74ab 36.5 ± 2.21b 41.6 ± 1.23a 0.017
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was positively correlated with CP (r = 0.23, p > 0.05) and 
total amino acid content (r = 0.34, p > 0.05) but the effects 
were not significant.

Discussion

We hypothesized that a low-temperature oven-drying fol-
lowing harvesting would preserve nutritional and phenolic 
compounds of F. vesiculosus while aiming for animal feed 
applications. The major findings of the present study were 
that: a) oven drying of F. vesiculosus at low or high tem-
peratures differentially affects its nutritional composition; b) 
high drying temperature reduces total polyphenol and spe-
cific phenolic compounds in F. vesiculosus; and c) in vitro 
total tract OM digestibility of F. vesiculosus remains stable 

regardless of the drying treatments. In this study, the oven 
drying method (at low and high temperatures) was evalu-
ated because this can be a cheaper and commercially more 
feasible drying option along with the advantages of shorter 
drying duration and low energy consumption compared to 
the freeze-drying technique (Zhang et al. 2010).

As high investment and operating costs are associated 
mainly with stabilizing and processing freshly harvested bio-
mass, it is crucial to identify efficient strategies to reduce 
these financial barriers for the sustainability of the indus-
try (Stévant and Rebours 2021). From the industrial perspec-
tive, freeze-drying and oven/cabinet drying have been more 
common than other stabilization methods in recent years. 
While entirely avoiding these two drying techniques is not 
feasible in the industry, both methods should incorporate 
bioenergy heat sources to mitigate overall environmental 

Fig. 3   PCA-biplot showing the amino acids composition of F. vesicu-
losus exposed to three different drying methods. Data were centered 
and scaled to unit variance. The variance explained by the first two 
principal components (PC1 and PC2) was calculated using the get_

eigenvalue function from the factoextra package. A PCA biplot, dis-
playing both amino acid variables and individual observations (FD, 
OD40, and OD80), was generated with the fviz_pca_biplot function 
from the factoextra package
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Table 4   Effect of different 
drying methods on the total 
polyphenol content (TPC, mg 
PGE g−1 DM) and phenolic 
compounds concentration (mg 
kg−1 DM) of F. vesiculosus 

FD: freeze drying (-50 ℃, 72 h, < 0.4 mbar); OD40: oven drying at 40 ℃ for 24 h; OD80: oven drying at 80 
℃ for 24 h; TPC: total polyphenol content; ND: non-detected or below the limit of quantification (< 0.01 
mg kg−1 DM). Different alphabetical notations indicate the significant difference (p < 0.05) between treat-
ments. All values are presented as mean ± standard deviation (n = 3) and are expressed on a dry matter 
basis
1 Data available for a single replicate therefore p-value and SD are not included in the table

Parameters Class (Phenolic compounds) FD OD40 OD80 p-value

TPC 79.8 ± 7.37 77.8 ± 1.54 69.9 ± 2.86 0.084
Vanillic Acid Phenlypropanoids ND 0.03 0.01
Caffeic Acid Phenlypropanoids 0.4 ± 0.37 0.1 ± 0.04 0.1 ± 0.02 0.187
Caftaric Acid Phenlypropanoids 0.4 ± 0.03a 0.24 ± 0.05b 0.17 ± 0.01b  < 0.001
Chlorogenic Acid1 Phenlypropanoids 0.3 0.2 0.2
T-coutaric Acid Phenlypropanoids 0.14 ± 0.02 0.13 ± 0.02 0.12 ± 0.01 0.477
Apigenin Flavones ND 0.02 ND
Baicalein Flavones 0.08 ± 0.005 0.07 ± 0.005 0.07 ± 0.005 0.125
Luteolin Flavones 0.1 ND ND
Orientin Flavones 0.1 0.01 ND
Hesperidin Flavones 0.7 0.1 ND
Quercetin Flavonoles 0.1 ND ND
Quercetin-3-Gal1 Flavonoles 0.2 0.1 0.1
Isorhamnetin Flavonoles 0.04 ND ND

Fig. 4   Correlation matrix show-
ing the relationship between the 
selective main nutrients and the 
in vitro organic matter digest-
ibility of dried F. vesiculosus. 
OMD, organic matter digest-
ibility; CP, crude protein; AA, 
amino acids; CF, crude fat; 
NDF, neutral detergent fiber; 
FA, fatty acids; TPC, total 
polyphenol content
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impacts from a life cycle perspective (Fridahl and Leht-
veer 2018). Therefore, establishing standard strategies for 
the post-harvest processing of seaweed biomass, including 
large-scale drying methods, is necessary to produce various 
seaweed-based food and feed products.

Oven drying of F. vesiculosus at low or high 
temperatures differentially affects its nutritional 
composition

Preserving the nutritional and bioactive compounds of mac-
roalgae is important for applications such as animal feed 
ingredients. Freeze drying is found to preserve the highest 
levels of nutrients and bioactive compounds in harvested 
macroalgae biomass (Subbiah et al. 2023). The low tem-
perature and reduced oxygen level during freeze-drying pre-
vent oxidation and minimize damage to cellular integrity, 
thereby helping retain nutrients in the dried products (Wong 
and Cheung 2001; Ullah et al. 2023). However, practical 
challenges associated with freeze drying such as technical 
requirements, high energy consumption, and increased oper-
ating costs make it difficult to implement at a commercial 
level, especially for large quantities of macroalgal biomass 
with an extremely high moisture content (Badmus et al. 
2019). Thus, this study explored the possibility of preserving 
both nutrients and phenolic compounds in a polyphenol-rich 
brown macroalga, F. vesiculosus, through post-harvest oven 
drying at low and high temperatures.

Although the fat content in macroalgae is relatively low 
compared to terrestrial plants such as soy and sunflower 
(Swarnalatha 2018), the proportion of essential fatty acids 
and functional lipid fractions, namely omega-3 and omega-6 
fatty acids is generally high in macroalgae (Hamid et al. 
2015). A higher concentration of total unsaturated fatty 
acids (MUFA and PUFA) over total SFA in this study is in 
accordance with a previous study on green and brown mac-
roalgae by Ortiz et al. (2006). In this study, both oven drying 
at 40 ℃ and 80 ℃ negatively affected the concentration of 
most of the total fatty acids, a low-temperature oven drying 
was found to be suitable for preserving specific fatty acids. 
In particular behenic acid, oleic acid, arachidonic acid, and 
eicosapentaenoic acid were preserved to a greater extent by 
applying a low-temperature oven drying (40 ℃). Saturated 
fatty acids appear to be more stable with heat treatment as 
the total SFA concentration was not significantly different 
between the drying treatments, which is in agreement with a 
previous study on F. serratus by Badmus et al. (2019). Dur-
ing thermal processing, greater unsaturation of fatty acids 
leads to more oxidative degradation in plants (Cao et al. 
2014). This aligns with our findings, where the concentra-
tion of oleic acid, arachidonic and eicosapentaenoic acids, 
and total MUFA were particularly reduced by high-tem-
perature oven drying (80 °C). Specifically, the total MUFA 

concentration of F. vesiculosus in this study was decreased 
by up to 19% during high-temperature oven drying com-
pared to freeze drying, corroborating the results of Badmus 
et al. (2019) observed in F. serratus and F. spiralis. Hence, 
the drying temperature stands out as a critical factor impact-
ing lipid oxidation thus reducing the lipid concentration in 
the dried macroalgae. Freezing the macroalgae samples dur-
ing storage (-20 °C) and a low-temperature and oxygen level 
in the freeze-drying process have been found to lead to less 
lipid oxidation compared to other drying methods (Schmid 
et al. 2016). Overall, both oven-drying (at 40 ℃ and 80 ℃) 
treatments reduced crude fat contents of dried F. vesiculo-
sus compared to freeze-drying, which could be related to 
the heat input mechanisms and prolonged exposure to high 
temperatures, causing lipid oxidation (Wells et al. 2017). 
Nevertheless, low-temperature oven drying (40 ℃) appears 
to be a favorable drying method when considering the con-
centration of health-promoting unsaturated fatty acids such 
as MUFAs and PUFAs.

Due to the presence of a considerable amount of non-
protein nitrogen (NPN) and free amino acid present in the 
seaweed, the use of 6.25 as a N-to-protein conversion factor 
leads to an overestimation of their actual protein content 
(Diniz et al. 2011; Shuuluka et al. 2013; Janssen et al. 2017). 
Therefore, an accurate assessment of the true protein con-
tent requires a species-specific correction factor that includes 
total amino acid analyses and the independent determina-
tion of total N (Diniz et al. 2011). In this study, regardless 
of drying treatment, the N-to-protein conversion factor for 
F. vesiculosus was found to be relatively stable (~ 4.64). 
This conversion factor is slightly higher than the previously 
reported N-to-protein conversion factor of ~ 4.30 in the same 
species by Biancarosa et al. (2017), and lower than the pro-
posed conversion value of 5 by Angell et al. (2016). These 
differences could be associated with potential differences in 
geographical location and different harvesting times between 
the studies.

Our data suggest that drying F. vesiculosus biomass 
at a high temperature (80 °C) is as effective as freeze- 
drying (72 h) for preserving major nutrients. In fact, the 
protein and total amino acid content were higher in the 
samples dried at high temperatures (80 ℃) compared to 
low temperatures (40 ℃), indicating the possibility of 
higher protein extractability at a high drying temperature. 
The macroalgal cell wall comprises polysaccharides that 
form a matrix with proteins, lipids, and other nutrients. 
The thermal applications result in a weakening of this 
complex structure facilitating the release of bound protein  
(Meade et al. 2005; Sharma et al. 2012). According to 
current findings, the high concentration of amino acids 
by oven drying at high drying temperatures supports the 
above reasoning on the release of protein by heat treatment.  
Similarly, most other nutrients were depleted or lost at high  
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drying temperatures and the amino acid concentration  
thus increased. In addition, Duan et al. (2014) suggested 
that temperatures between 60 and 120 °C can inhibit 
enzyme activity, preventing protein destruction, which 
could improve the amino acid content in dried naked 
oats. Furthermore, the formation of polyphenol-protein 
complexes also results in the variable content of protein 
and amino acids (Wong and Cheung 2001; Harnedy and 
FitzGerald 2013). In our study, a negative correlation of 
the crude protein (r =-0.51) and total amino acid (r =-0.57) 
with the TPC was evident, supporting the previous finding  
by Wong and Cheung (2001) in other brown species.  
The higher CP content observed in this study with high-
temperature oven drying (80°C) might be attributed to 
the lower concentration of total phenolic compounds 
(TPC) compared to samples dried at a lower temperature 
(40°C). Overall, exposing F. vesiculosus biomass to 40 
°C temperature after harvesting can help preserve heat-
sensitive fatty acids, whereas for certain nutrients such as 
protein and amino acids, a high temperature (80 °C) could  
be a more effective strategy.

High temperature reduces TPC and specific phenolic 
compounds in F. vesiculosus

Macroalgae, in particular brown algae, are rich in various 
bioactive compounds mainly polyphenols that have health-
promoting and anti-methanogenic properties (Vissers et al. 
2018; Cotas et al. 2020). F. vesiculosus is one of the brown 
macroalgae that have the highest polyphenol and phenolic 
compounds among the Fucus species (Obluchinskaya 
et al. 2022). Therefore, preservation of such bioactive and 
health-promoting compounds is crucial while processing 
the macroalgae for animal feed additives/ingredients. This 
study demonstrated that elevated temperature could reduce 
the concentration of TPC in F. vesiculosus, supporting the 
earlier findings by Cruces et al. (2016) and Moreira et al. 
(2016) who observed a decrease in TPC with increasing 
drying temperature (35 > 40 > 60 > 75 °C) in the same sea-
weed species. The reduction in phenolic compounds at 
higher drying temperatures was reported by earlier studies 
indicating that high temperatures favor the activation of 
oxidative enzymes, e.g., polyphenol oxidases and peroxi-
dases, and degrade phenolic compounds over 40 °C (Le 
Lann et al. 2008; Gupta et al. 2011; Tello-Ireland et al. 
2011; Badmus et al. 2019).

Total polyphenol in macroalgae represents a group 
of different phenolic compounds therefore, profiling of 
polyphenols is an important part of characterizing sec-
ondary metabolites present in the macroalgae. In this 
study, thirteen phenolic compounds were identified in F. 
vesiculosus regardless of the drying techniques applied, 
whereas six different phenolic compounds were quantified  

by Golshany et al. (2024) for the same species. This variable 
result in the identification of various phenolic compounds 
in F. vesiculosus could be attributed to the differences in 
the extraction and quantification method between the two 
studies, as well as differences in location and environmental 
parameters. In our study, caftaric acid appears to be specifi-
cally sensitive to drying temperature, as indicated by approx-
imately 68% lower concentration in response to oven drying 
at 80 °C. Also, a similar trend (not significant though) was 
seen in other phenolic compounds identified, where either 
the concentration was decreased, or compounds were not 
detected with an increase in drying temperature, supporting 
the earlier findings of Curtasu and Nørskov (2023) in wil-
low bark. The reduced or below-detection levels of phenolic 
compounds with an increasing temperature could be due 
to the influence of temperature on the extractability of the 
heat-sensitive compounds. To the best of our knowledge, 
no previous studies have reported on the effect of drying 
techniques on the composition of phenolic compounds in F. 
vesiculosus. For F. vesiculosus, freeze-drying allowed the 
highest recovery of the compounds followed by the low-
temperature oven drying in this experiment, as most of the 
phenolic compounds appear to be heat-liable (Che Sulaiman 
et al. 2017).

Since brown macroalgae are rich in various bioactive 
compounds, future studies are needed to evaluate the effect 
of drying methods on other phenolic and bioactive com-
pounds, pigments, phytosterols, and bioactive polysaccha-
rides. Moreover, it is also equally important to scrutinize 
their potential influence on digestibility, particularly when 
the dried macroalgae are intended for animal feed applica-
tions as discussed below.

In vitro total tract OM digestibility of F. vesiculosus 
remains stable regardless of the drying treatments

In addition to nutrient and polyphenol content, the  
utilization or digestibility of the macroalgal biomass is 
also equally important for its optimal utilization as an  
animal feed component. Several components such as 
dietary fiber, phytic acids, polyphenolic substances, and 
enzyme inhibitors can negatively influence the digestibility 
of macroalgae in production animals (Salehi et al. 2019). 
Therefore, appropriate post-harvest processing techniques 
are required to improve the digestibility of the macroalgae.  
Different post-harvest macroalgae processing techniques 
such as blanching, drying, etc., can influence the OM 
and CP total tract digestibility in both monogastric and  
ruminants (Wong and Cheung 2001; Pandey et al. 2023). 
The in vitro total tract digestibility of F. vesiculosus in 
response to different drying methods has not been previously  
reported. Pandey et al. (2023) found that the in vitro total 
tract OM digestibility of F. vesiculosus in monogastric  
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remained unaffected by low-temperature blanching (40 
°C for 5 min) but decreased by 8% with high-temperature 
blanching (80 °C for 5 min). In this study, the in vitro total 
tract digestibility of OM in monogastric animals was not 
impacted by the drying treatments. This suggests that dif-
ferent post-harvest processing methods such as drying or 
blanching yield varying effects on macroalgae digestibil-
ity. Supporting the earlier studies by Bikker et al. (2020), 
a low overall digestibility of F. vesiculosus in this study 
could be associated with its high fiber content (up to 42%), 
as the fiber content is inversely associated with the in vitro 
OM total tract digestibility (r =-0.15). Another parameter  
identified in this study that also negatively influenced  
in vitro OM digestibility in monogastric (r =-0.78) was TPC,  
corroborating the earlier studies by Pandey et al. (2023) 
in blanched F. vesiculosus. However, future studies on the 
effect of feeding brown macroalgae exposed to different 
post-harvesting methods and temperatures using in vivo 
methods are required to evaluate the digestibility and animal  
performance better.

Conclusions

The present study showed a significant impact of drying 
treatments on the nutrients and phenolic composition of 
F. vesiculosus. Although freeze drying was identified as 
the superior drying technique, it is practically difficult to 
implement commercially for drying a large quantity of 
high moisture-containing algal biomass. In this context, 
we found that low-temperature (40 °C) drying could pre-
serve most of the nutrients, including fatty acids and TPC, 
thus offering a cost-effective alternative solution to freeze 
drying. In this study, we determined the N-protein conver-
sion factor of F. vesiculosus to be approximately 4.64, and 
it remained stable across the drying treatments. Employing 
a high drying temperature (80 °C) method may be advan-
tageous specifically for protein and amino acids but can 
negatively influence the content of unsaturated fatty acids 
and phenolic compounds. Although oven drying tempera-
tures can negatively influence specific nutrients or phenolic 
compounds, a low-temperature oven drying (40 °C) would 
be an advantageous strategy for drying F. vesiculosus for 
animal feed purposes considering nutritional composition, 
phenolic compounds, and digestibility into account. Care-
ful attention should be paid while selecting appropriate 
methods for post-harvest drying, as nutrients and bioactive 
compounds in brown macroalgae can be differentially sen-
sitive to different drying methods or temperatures. Future 
in vivo feeding trials are needed to evaluate the impacts of 
post-harvesting processing of macroalgal biomass to assess 
nutrient utilization, animal health and performance, and 
production parameters.
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