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Abstract
Seaweeds are a source of antioxidants and pigments, which can be used as functional ingredients for food, cosmetic, pharmaceutical,
and industrial applications. As fresh seaweed has a large amount of water, it usually goes through a drying process in order to be
commercialized, which facilitates transportation and storage and also increases shelf time. However, the drying procedures can
change the chemical composition and antioxidant properties of seaweeds. Thus, the aim of this study was to evaluate the antioxidant
properties and pigment and protein content of four Brazilian macroalgae (Gracilariopsis tenuifrons, Pterocladiella capillacea,
Sargassum stenophyllum, and Ulva fasciata) suitable for use as functional bioproducts after processing with three different drying
procedures (freeze-drying, oven-drying and silica-drying), using a fresh frozen treatment as control. Among the studied species,
S. stenophyllum presented the highest antioxidant activity. For this species, freeze-drying was the procedure with the highest activity
in the Folin-Ciocalteu and metal chelating assays, while for the ABTS, DPPH, and FRAP assays, no significant differences were
observed between freeze-drying and silica-drying. Freeze-drying also showed low reduction of photosynthetic pigments in
G. tenuifrons, P. capillacea, and U. fasciata and was the method that best-preserved protein content in the four species. In general,
the antioxidant potential and pigment and protein content for the studied algae decreased in the following order: fresh frozen
(control) > freeze-dried > silica-dried > oven-dried. Freeze-drying was the procedure that presented the lowest alteration in func-
tional properties, as the low temperature prevents the degradation of heat-sensitive compounds. In addition, freeze-drying is a
vacuum process and the absence of oxygen prevents oxidation reactions of functional ingredients.
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Introduction

Marine algae or seaweeds are traditionally used for human and
animal consumption in some parts of the world, such as Chile,
China, and Ireland, and have been exploited as functional foods
due to their nutritional content and bioactive potential (Wells
et al. 2017). Functional foods are those that, in addition to
nutritional properties, contain bioactive compounds that may
have additional health properties. Seaweeds are also a source
of phycocolloids, pigments, and antioxidants, which can be

used as functional ingredients (Fleurence 2016). Functional in-
gredients are compounds that may have health benefits and can
be marketed as supplements, food additives, or ingredients in-
cluded in functional foods (Kruger and Mann 2003).

Seaweeds are usually sold in dry form (Barsanti and
Gualtieri 2014). In that case, previous pre-processing is nec-
essary because fresh biomass of seaweeds have a large amount
of water, usually 70–90% (McDermid and Stuercke 2003),
which increases the weight and volume of the material. The
retail of fresh rawmaterial is less frequent as it may deteriorate
rapidly after harvesting and become a hardship to transport
and store. The most common drying processes used for sea-
weeds are sun-drying, oven-drying and freeze-drying (Ling
et al. 2015). The processing characteristics of each method
can change the chemical composition and antioxidant proper-
ties of seaweed intended for use as functional bioproducts for
food and feed, cosmetic, pharmaceutical and industrial appli-
cations (Jiménez-Escrig et al. 2001; Le Lann et al. 2008;
Gupta et al. 2011). Although there are few studies describing
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the effects of the drying processes on seaweed extracts (Rioux
et al. 2017), interest in this subject has increased in recent
years (Chenlo et al. 2018; Stévant et al. 2018; Badmus et al.
2019; Sappati et al. 2019; Silva et al. 2019; Uribe et al. 2019).

The main antioxidants found in seaweeds are phenolic
compounds and photosynthetic pigments (chlorophylls, carot-
enoids and phycobiliproteins), which are also known for their
biological activities (anti-cancer, anti-inflammatory, anti-obe-
sity and anti-angiogenic) (Pangestuti and Kim 2011).
However, both phenolic compounds and pigments are suscep-
tible to oxidation, especially at high temperature (Humphrey
2004; Moreira et al. 2016). In addition, seaweeds are consid-
ered an alternative source of proteins, carbohydrates, fatty
acids and minerals, which can undergo degradation under el-
evated temperature and loss of water.

Some macroalgal potential species for use as functional
ingredients are Gracilariopsis tenuifrons (C.J. Bird & E.C.
Oliveira) Fredericq & Hommersand, Pterocladiella
capillacea (S.G. Gmelin) Santelices & Hommersand (red sea-
weeds), Sargassum stenophyllum Martius (brown seaweed),
and Ulva fasciata Delile (green seaweed). Gracilariopsis
tenuifrons and P. capillacea are exploited for the production
of good quality agar (Brito and Silva 2005; Cardoso et al.
2014), whereas species of Sargassum and Ulva (sea lettuce)
are traditionally used in food products (McDermid and
Stuercke 2003; Rioux et al. 2017). Furthermore, Sargassum
is used as raw material for alginate production and is recog-
nized as a source of phenolic compounds with several biolog-
ical activities (Cardoso et al. 2014; Fernando et al. 2016).

The aim of this study was to assess the alteration degree of
the antioxidant properties and chemical composition of four
Brazilian macroalgae (G. tenuifrons, P. capillacea,
S. stenophyllum and U. fasciata) suitable for use as functional
bioproducts after processing with three different drying pro-
cedures, with fresh frozen treatment as control.

Materials and methods

Biological material and processing of samples

Samples of G. tenuifrons (BG0039) came from the
Germplasm Bank of the University of São Paulo (Costa
et al. 2012). Samples of P. capillacea (Cibratel II Beach;
24°13 ′31″S and 46°51 ′7″W), S. stenophyllum, and
U. fasciata (both from Cigarras Beach; 24°76′1″S and
45°41′7″W) were collected from the field, transported to the
laboratory and morphologically identified by Dr. Fungyi
Chow. Then, each species was cultivated for 8 days in steril-
ized seawater (32 psu) with 50% von Stosch enrichment so-
lution (Ursi and Plastino 2001 modified from Edwards 1970),
in a proportion of 3 g of fresh weight (FW) per 1 L of culture
medium. The culture was maintained at 25 ± 1 °C, 14 h

photoperiod, 60 ± 5 μmol of photons m−2 s−1 and aeration in
alternating periods of 30 min. On the seventh day, the culture
medium was replaced in order to avoid nutrient limitation. On
the eighth day, seaweeds were washed with distilled water and
dried with absorbent paper.

Subsequently, fresh samples of each species were divided,
for each treatment, into five subsamples (n = 5) of 200 mg
each and five subsamples (n = 5) of 70 mg each. Five
200 mg subsamples and five 70 mg subsamples were subject-
ed to either control treatment (fresh frozen), or one of the
drying methods: freeze-drying, oven-drying or silica-drying.
Control samples were placed in microtubes, frozen in liquid
nitrogen and stored at − 80 °C until analysis. For freeze-dry-
ing, the samples were placed in microtubes with a hole in the
lid and frozen in liquid nitrogen at atmospheric pressure.
Freeze-drying occurred at − 55 °C and 0.021 mbar for 72 h
(Christ ALPHA 2–4 LDplus, Germany). For oven-drying, the
samples were arranged on pieces of aluminum foil, which
were placed in an oven at 40 °C for 48 h. For silica-drying,
the samples were placed in centrifuge tubes with silica gel and
stored at room temperature (22–25 °C) for a week. After dry-
ing, the samples were weighed to determine moisture content.

Samples that initially had 200mgwere used for antioxidant
assays, and 70 mg samples were used to determine pigment
and protein content. For comparison, the samples were stan-
dardized by fresh mass.

Antioxidant potential

Samples of 200 mg FW submitted to each treatment (dried or
frozen samples) were ground into a microtube with pistil and
liquid nitrogen. The resulting powder was extracted in 1 mL
of methanol for 3 h at room temperature and centrifuged for
15 min at 21,255×g and 25 °C. The supernatant (crude ex-
tract) was tested in four concentrations (6, 8, 10, and
12 mg mL−1) for each antioxidant assay, without any solvent
evaporation. Additionally, crude extract concentration of
4 mg mL−1 for S. stenophyllum was tested. Five different
antioxidant potential assays were conducted in 96-well micro-
plates with a final volume of 300 μL, and the absorbance was
measuredwith a UV-Vis spectrophotometer (Epoch 2-BioTek,
USA). The 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic
acid (ABTS) radical scavenging assay followed the method
of Torres et al. (2017) at a wavelength of 734 nm. The 2,2′-
diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay
was performed according to Pires et al. (2017a) and Santos
et al. (2019) at 517 nm. The reducing power of the Folin-
Ciocalteu reagent was performed according to Pires et al.
(2017b) at 760 nm. The ferric reducing antioxidant power
(FRAP) assay was performed according to Urrea-Victoria
et al. (2016) at 595 nm. The metal chelating activity was
performed according to Harb et al. (2016) and at 562 nm.
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In the literature antioxidant activity is expressed in different
equivalents of standards, such as gallic acid, butylated
hydroxyanisole (BHA), quercetin, and Trolox. Therefore, dif-
ferent standard curves were performed, and the respective
conversion factor calculated based on gallic acid as control
standard (Table S1). The results of antioxidant activity were
expressed as percentage of antioxidant activity and gallic acid
equivalent (GAE; mg GAE g−1).

The percentage of antioxidant activity (% AOX) for the
ABTS radical scavenging, DPPH radical scavenging, and
metal chelating assays was determined as

%AOX ¼ AbsNC−AbsS
AbsNC

� �
� 100

where AbsNC = negative control absorbance; AbsS = sample
absorbance.

The percentage of antioxidant activity by the FRAP and
Folin-Ciocalteu assays was determined considering as 100%
of the antioxidant activity the absorbance value obtained in the
maximum concentration of the gallic acid curve. When possi-
ble, the EC50 (half-maximum effective concentration) was
determined from the percentage values of the all concentra-
tions tested and evaluated with the software GraphPad Prism
6.01 (GraphPad Software, Inc.), using a sigmoidal adjustment
model (Chen et al. 2013).

Pigment content and total soluble protein

Extraction of chlorophylls and phycobiliproteins was per-
formed according to Kursar et al. (1983), adapted by Harb
et al. (2018). Samples of 70 mg FW submitted to each treat-
ment were ground into a microtube with pistil and liquid ni-
trogen. The resulting powder was extracted in 1 mL of cold
50 mM sodium phosphate buffer at pH 5.5 and centrifuged at
21,255×g and 4 °C for 15 min. The supernatant (buffer ex-
tract) was used for analysis of phycobiliproteins in
G. tenuifrons and P. capillacea and for measuring the level
of total soluble proteins for all species. The precipitate obtain-
ed from the buffer extraction was resuspended in 1.5 mL of
methanol and dark-extracted for 3 h at 4 °C. Then, the samples
were centrifuged for 15 min at 14,000 rpm and 4 °C, and the
supernatant was used for the analysis of chlorophylls. The
absorbance was measured by using a UV-Vis spectrophotom-
eter (Epoch 2-BioTek, USA). Pigment content was calculated
according to the equations in Table 1.

The quantification of total soluble proteins was performed
according to Bradford (1976) with 20%Bio-Rad protein assay
solution, at wavelength of 595 nm. Bovine serum albumin
(BSA) standard curve was performed at concentrations of 0,
2, 4, 8, and 16 μg mL−1 (y = 0.0508x + 0.0297; R2 = 0.99).
The results were expressed in μg g−1.

Data analysis

Statistical analysis was performed using Statistica 10.0
(StatSoft, Inc.). Before the statistical analysis, the data as per-

centages were transformed into .arcsen
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi�=100

p
. The data

were tested for normality (Kolmogorov-Smirnov) and homo-
scedasticity (Bartlett’s test) and subsequent one-way or two-
way ANOVA (P < 0.05). A post hoc Newman-Keuls test
(P < 0.05) was used to determine significant differences be-
tween the treatments. Tables summarizing ANOVA results are
given as supplementary material (Tables S2–S5).

Principal component analysis (PCA) was used to assess the
correlation between the three drying methods and the control
for antioxidant potential, chlorophyll content and protein
levels of each studied species. This analysis was performed
using the software Past 3.25. Before PCA, the data were stan-
dardized by Z-score.

Results

Moisture content was different between species, ranging from
50.02 ± 2.26 to 91.76 ± 0.48% (Table 2). The highest moisture
content was found in the silica-dried samples of G. tenuifrons,
and the dried samples of P. capillacea showed the lowest mois-
ture content.

Antioxidant potential

For G. tenuifrons, the antioxidant potential varied among the
different crude extract concentrations (from 6 to 12 mg mL−1)
for almost all antioxidant assays and drying methods (Fig. 1).
Improving antioxidant action under increasing extract concen-
tration was evidenced by the ABTS, DPPH, Folin-Ciocalteu,
and FRAP assays (Fig. 1a–d, respectively). For the ABTS
assay, extracts of control frozen samples (28.55 ± 1.95%)
and freeze-dried samples (25.15 ± 2.04%) of G. tenuifrons
achieved the highest ABTS radical scavenging activity at
12 mg mL−1 extract concentration when compared with ex-
tract from oven and silica-drying treatments (Fig. 1a).
Observing the results of DPPH activity, all tested treatments
and concentrations for crude extracts of G. tenuifrons showed
low inhibition of DPPH radical (< 15%), and several treat-
ments had no antioxidant activity (Fig. 1b). For the Folin-
Ciocalteu assay (Fig. 1c), the highest antioxidant activity
was found in control frozen samples (100.00 ± 6.11%) and
the lowest one in oven-drying samples, with a reduction of
58% in antioxidant activity. The FRAP assay did not show
significant differences in antioxidant action between extracts
from control frozen samples and their respective extract con-
centration of freeze-drying and silica-drying treatments, al-
though there was a reduction in antioxidant activity in oven-
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dried samples (Fig. 1d). For the metal chelating assay (Fig.
1e), no significant differences were observed between the con-
trol frozen, freeze-dried, and oven-dried samples, as well as
between the concentrations. Silica-dried samples showed a
reduction in antioxidant activity compared to control frozen
samples at 6, 8, and 10 mg mL−1.

For P. capillacea improving antioxidant action under in-
creasing extract concentration was observed in the ABTS,
DPPH, Folin-Ciocalteu, and FRAP assays (Fig. 2a–d, respec-
tively). For the ABTS assay, frozen (95.22 ± 2.44%) and
freeze-dried (78.84 ± 8.40%) crude extracts of P. capillacea
showed the highest activity (Fig. 2a). The ABTS radical scav-
enging activity was reduced by about 60% in oven-dried and
silica-dried samples. The highest inhibition of DPPH radical
was found in control frozen samples (47.55 ± 7.33%), and the
drying treatments showed a significant reduction (over 30%)
in antioxidant activity (Fig. 2b). For the Folin-Ciocalteu assay,
the highest activity was found in the crude extracts from con-
trol frozen samples (100.00 ± 14.77%) when compared to
freeze-dried, oven-dried, and silica-dried samples (Fig. 2c).
For the FRAP assay (Fig. 2d), control frozen samples showed
higher antioxidant activity, followed by freeze-dried (63.39 ±
14.46%), silica-dried (42.34 ± 8.12%), and oven-dried sam-
ples (22.49 ± 2.17%) (Fig. 2d). For metal chelating activity

(Fig. 2e), no significant differences were observed between
treatments and concentrations.

The antioxidant potential of S. stenophyllum in the DPPH,
Folin-Ciocalteu, and FRAP assays showed improving antioxi-
dant action under increasing extract concentration (Fig. 3b–d,
respectively). In the ABTS radical scavenging assay, crude ex-
tracts from frozen samples of S. stenophyllum presented an ac-
tivity of 100% in the lowest concentration tested (4 mg mL−1;
Fig. 3a). Oven-dried samples showed a reduction of approxi-
mately 12% in the ABTS radical scavenging activity compared
to control frozen samples at 4mgmL−1 (Fig. 3a). In the inhibition
of DPPH (Fig. 3b), control frozen and freeze-dried samples ex-
hibited the highest activity (100.00 ± 5.10% and 90.17 ± 8.71%,
respectively). The oven-dried samples showed no activity in the
inhibition of DPPH radical at any of the tested concentrations
(Fig. 3b). For the Folin-Ciocalteu assay (Fig. 3c), crude extracts
from control frozen samples showed the highest activity (100.00
± 16.74%), and the lowest activity was found in the oven-dried
samples with a reduction of 85% in antioxidant potential com-
pared to frozen samples (Fig. 3c). In the FRAP assay (Fig. 3d),
there was no significant differences between the antioxidant ac-
tivity of control frozen (100.00 ± 25.95%), freeze-dried (79.37 ±
11.83%), and silica-dried (82.17 ± 11.97%) samples and the low-
er activity was found in the oven-dried samples (18.50 ± 1.69%)
(Fig. 3d). The highest metal chelating activity was found in the
frozen samples (37.59 ± 7.92% at 12 mg mL−1; Fig. 3e), follow-
ed by the freeze-dried samples (17.80 ± 4.26% at 12 mg mL−1).
The oven-dried and silica-dried samples showed metal chelating
activity lower than 10% at all concentrations (Fig. 3e).

The antioxidant potential of crude extract from U. fasciata
showed improving antioxidant action under increasing extract
concentration in the ABTS, FRAP, and metal chelating assays
(Fig. 4a, d, e, respectively). For the inhibition of ABTS radical
(Fig. 4a), the crude extracts from freeze-dried samples showed
the highest antioxidant potential (52.39 ± 6.78%), whereas
silica-dried (11.33 ± 2.87%) samples showed the lowest po-
tential compared to control frozen. Activity of DPPH radical
scavenger was low in all treatments and concentrations (<

Table 1 Equations for determining the concentrations of photosynthetic pigments (μg g−1): phycoerythrin (PE), phycocyanin (PC), chlorophyll a (Chl
a), chlorophyll b (Chl b), and chlorophyll c (Chl c). Ax means absorbance at x wavelength

Pigments (μg g−1) P. capillacea and G. tenuifrons S. stenophyllum U. fasciata

PE [(A564 −A592) − (A455 −A592) × 0.20] × 0.12
a – –

PC [(A618 −A645) − (A592 −A645) × 0.20] × 0.12
a – –

Chl a 12.61 × A665
b (16.4351 × A665) − (3.2416 ×A632)

c (16.72 ×A665) − (9.16 × A652)
d

Chl b – – (34.09 ×A652) − (15.28 × A665)
d

Chl c – (34.2247 × A632) − (1.5492 ×A665)
c –

a PE and PC—Beer and Eshel (1985)
b Chl a—adapted from Lichtenthaler and Buschmann (2001)
c Chl a and Chl c—Ritchie (2008)
d Chl a and Chl b—Lichtenthaler and Buschmann (2001)

Table 2 Percentage of moisture content (mean ± SD; n = 5) in
G. tenuifrons, P. capillacea, S. stenophyllum, and U. fasciata after
freeze-drying, oven-drying, and silica-drying. Different letters represent
significant differences (P < 0.05)

Moisture content (%)

Species Freeze-drying Oven-drying Silica-drying

G. tenuifrons 88.51 ± 0.65b 87.98 ± 0.39b 91.76 ± 0.48a

P. capillacea 50.95 ± 1.25f 50.02 ± 2.26f 50.64 ± 1.00f

S. stenophyllum 83.43 ± 0.46cd 83.75 ± 0.26c 82.12 ± 0.11d

U. fasciata 79.40 ± 0.90e 78.52 ± 0.79e 79.19 ± 0.34e

J Appl Phycol (2020) 32:1495–15091498



20%) (Fig. 4b). In the Folin-Ciocalteu assay, no significant
differences were observed between control frozen and
freeze-dried samples (Fig. 4c). The antioxidant potential, mea-
sured by the Folin-Ciocalteu assay, of silica-dried samples was
reduced by approximately 34% compared to control frozen
sample. In the FRAP assay, freeze-dried and oven-dried sam-
ples exhibited antioxidant activity respectively three times and

twice as great as frozen samples (Fig. 4d). No significant
differences were observed between the frozen and silica-
dried samples in the FRAP assay. The metal chelating activity
was higher in crude extract from control frozen samples
(57.00 ± 5.43%; Fig. 4e). No significant differences were ob-
served between freeze-dried, oven-dried, and silica-dried sam-
ples for this last assay, which showed a reduction of

Fig. 1 Percentage of antioxidant activity (mean ± SD; n = 5) of crude
methanolic extracts of Gracilariopsis tenuifrons at concentrations of 6,
8, 10, and 12 mg mL−1 and under different drying methods a ABTS
radical scavenging assay. b DPPH radical scavenging assay. c Reducing

power of the Folin-Ciocalteu reagent assay. d ferric reducing antioxidant
power (FRAP) assay. e Metal chelating assay. Different letters represent
significant differences (p < 0.05)

J Appl Phycol (2020) 32:1495–1509 1499



approximately 40% in antioxidant activity compared to con-
trol frozen samples (Fig. 4e).

The EC50 value could not be calculated for most assays and
conservation methods because the percentage of antioxidant
activity was lower than 50% (Table 3), so the EC50 values of
the extracts are outside the concentration range tested. For

G. tenuifrons, it was possible to calculate the EC50 for the
Folin-Ciocalteu and FRAP assays. For the Folin-Ciocalteu,
the lowest value of EC50 was found in control frozen samples
(4.87 mg mL−1) and the highest value in oven-dried and silica-
dried samples (> 12.00 mg mL−1). For the FRAP assay, the
silica-dried samples had the lowest value (5.03 mg mL−1) and

Fig. 2 Percentage of antioxidant activity (mean ± SD; n = 5) of crude
methanolic extracts of Pterocladiella capillacea at concentrations of 6,
8, 10, and 12 mg mL−1 and under different drying methods. a ABTS
radical scavenging assay. b DPPH radical scavenging assay. c Reducing

power of the Folin-Ciocalteu reagent assay. d Ferric reducing antioxidant
power (FRAP) assay. e Metal chelating assay. Different letters represent
significant differences (p < 0.05)

J Appl Phycol (2020) 32:1495–15091500



the oven-dried samples had the highest value of EC50 (>
12.00 mg mL−1). For P. capillacea, the EC50 was calculated
for the ABTS and FRAP assays, and in both of them, the lowest
value was found in the frozen samples (6.11 mg mL−1 and
5.57 mg mL−1, respectively). For S. stenophyllum, it was pos-
sible to calculate the EC50 for DPPH, Folin-Ciocalteu, and
FRAP assays. In these three tests, the lowest values were found

in the frozen samples (4.23, 3.60, and 5.33 mg mL−1, respec-
tively) and the highest values in oven-dried samples (>
12.00 mg mL−1). For U. fasciata, it was possible to calculate
the EC50 for the ABTS andmetal-chelating assays. The freeze-
dried samples had the lowest value for the ABTS assay
(10.69 mg mL−1) and the frozen samples for the metal-
chelating assay (10.12 mg mL−1).

Fig. 3 Percentage of antioxidant activity (mean ± SD; n = 5) of crude
methanolic extracts of Sargassum stenophyllum at concentrations of 4,
6, 8, 10, and 12 mg mL−1 and under different drying methods. a ABTS
radical scavenging assay. b DPPH radical scavenging assay. c Reducing

power of the Folin-Ciocalteu reagent assay. d Ferric reducing antioxidant
power (FRAP) assay. e Metal chelating assay. Different letters represent
significant differences (p < 0.05)

J Appl Phycol (2020) 32:1495–1509 1501



To compare the antioxidant potential within samples
from different drying procedures among the four species
studied, the results were expressed as gallic acid equiva-
lents (Fig. 5). Based on the comparison of antioxidant
activity between concentrations, the highest concentra-
tion (12 mg mL−1) was selected to determine the stan-
dard equivalent. Except for the ABTS assay in

S. stenophyllum, as there was activity saturation, the
analyses were led with 4 mg mL−1 extract concentration.
For the ABTS, DPPH, Folin-Ciocalteu, and FRAP as-
says, the frozen, freeze-dried, and silica-dried samples
of S. stenophyllum presented the highest antioxidant po-
tential among all species and treatments (Fig. 5a–d, re-
spectively). For the metal-chelating assay, the frozen

Fig. 4 Percentage of antioxidant activity (mean ± SD; n = 5) of crude
methanolic extracts of Ulva fasciata at concentrations of 4, 6, 8, 10, and
12 mg mL−1 and under different drying methods. a ABTS radical
scavenging assay. b DPPH radical scavenging assay. c Reducing power

of the Folin-Ciocalteu reagent assay. d Ferric reducing antioxidant power
(FRAP) assay. e Metal chelating assay. Different letters represent signif-
icant differences (p < 0.05)

J Appl Phycol (2020) 32:1495–15091502



samples of S. stenophyllum and U. fasciata presented the
highest antioxidant potential.

Pigment content and total soluble proteins

Chlorophyll a concentration in G. tenuifrons (Fig. 6a) was
higher in control frozen samples 329.45 ± 28.53 μg g−1) and
lower in oven-dried samples (127.52 ± 28.56 μg g−1). In
P. capillacea (Fig. 6b), no significant differences were ob-
served between control frozen, freeze-dried, and oven-dried
samples, while silica-dried samples showed the lowest value
(466.65 ± 3.73 μg g−1). The concentration of chlorophyll a
and chlorophyll c in control frozen and silica-dried samples
of S. stenophyllum (Fig. 6c) was higher than the one found in
freeze-dried and oven-dried samples. No significant differ-
ences were observed in the concentration of chlorophyll a
and chlorophyll b in frozen, freeze-dried, and silica-dried
U. fasciata (Fig. 6d). However, oven-dried samples showed
lower concentrations of chlorophyll a and chlorophyll b
(352.87 ± 26.63 μg g−1 and 370.66 ± 30.37 μg g−1, respec-
tively) than the control frozen sample (428.88 ±
44.56 μg g−1 and 478.47 ± 81.72 μg g−1, respectively).

The highest concentration of phycoerythrin and phycocya-
nin in G. tenuifrons (Fig. 6a) was found in freeze-dried sam-
ples (867.36 ± 115.46 μg g−1 and 91.46 ± 22.11 μg g−1),
whereas silica-dried samples showed the lowest concentration
(321.47 ± 58.68 μg g−1 and 36.98 ± 5.48 μg g−1). In
P. capillacea (Fig. 6b), control frozen samples showed the
highest concentration of phycoerythrin and phycocyanin
(628.37 ± 34.86 μg g−1 and 58.14 ± 3.51 μg g−1), and oven-

dried (166.50 ± 33.93 μg g−1 and 17.75 ± 3.23 μg g−1) and
silica-dried samples (129.87 ± 56.98 μg g−1 and 14.96 ±
8.76 μg g−1) showed the lowest concentration.

The total soluble protein concentration (TSP) for
G. tenuifrons (Fig. 6a) and P. capillacea (Fig. 6b) followed
the same trend of phycobiliprotein concentration for each spe-
cies. Larger levels of TSP in S. stenophyllum were found in
freeze-dried (1543.71 ± 212.64 μg g−1) and in silica-dried
samples (1743.49 ± 136.00 μg g−1) (Fig. 6c), and in
U. fasciata in the frozen (1119.16 ± 220.31 μg g−1) and
freeze-dried samples (1292.93 ± 211.18 μg g−1) (Fig. 6d).

Principal component analysis

The results of the antioxidant potential, pigment content,
and total soluble protein (TSP) were analyzed using the
principal component analysis (PCA) for each species
separately.

For G. tenuifrons (Fig. 7a), component 1 (PC1) ex-
plains 47.98% of the data variance and component 2
(PC2) explains 28.77%. It is possible to observe the
formation of four groups; each grouping encompasses
separate treatments. The freeze-dried and frozen control
samples are correlated with high pigments and TSP con-
tent. The frozen control group had greater influence of
the antioxidant potential and chlorophyll a. The other
groups appeared to not have been greatly affected by
the eigenvectors.

For P. capillacea (Fig. 7b), PC1 explains 74.41% of the
data variance and PC2 13.26%. As observed for

Table 3 Half-maximum effective
concentration (EC50) for each
species, assay and conservation
methods

Species Conservation
methods

EC50 (mg mL−1)

ABTS DPPH Folin-
Ciocalteu

FRAP Metal
chelating

G. tenuifrons Frozen > 12.00 > 12.00 4.87 < 6.00 > 12.00

Freeze-drying > 12.00 > 12.00 8.59 5.24 > 12.00

Oven > 12.00 > 12.00 > 12.00 8.22 > 12.00

Silica > 12.00 > 12.00 12.27 5.03 > 12.00

P. capillacea Frozen 6.11 > 12.00 < 6.00 5.57 > 12.00

Freeze-drying 7.00 > 12.00 > 12.00 9.08 > 12.00

Oven 17.70 > 12.00 > 12.00 > 12.00 > 12.00

Silica 16.83 > 12.00 > 12.00 > 12.00 > 12.00

S. stenophyllum Frozen < 4.00 4.23 3.60 5.33 > 12.00

Freeze-drying < 4.00 5.37 8.41 6.82 > 12.00

Oven < 4.00 > 12.00 > 12.00 > 12.00 > 12.00

Silica 6.21 9.14 6.49 > 12.00 > 12.00

U. fasciata Frozen > 12.00 > 12.00 < 6.00 < 6.00 10.12

Freeze-drying 10.69 > 12.00 < 6.00 < 6.00 > 12.00

Oven > 12.00 > 12.00 < 6.00 < 6.00 > 12.00

Silica > 12.00 > 12.00 < 6.00 < 6.00 > 12.00
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G. tenuifrons, four groups were formed and freeze-dried and
frozen control samples had greater influence of Folin, DPPH,
pigments, and TSP eigenvectors. The FRAP and ABTS had
greater influence on the freeze-dried samples, while the chlo-
rophyll had the greatest influence on the frozen control and
oven-dried samples.

For S. stenophyllum (Fig. 7c), PC1 explains 61.76% of the
data variance and PC2 explains 21.00%, with one group in-
cluding the oven-dried samples and another group with the
other treatments. For U. fasciata (Fig. 7d), PC1 explains
42.82% of the data variance and PC2 31.14%. The frozen
control and freeze-dried samples were positively correlated

Fig. 5 Antioxidant activity in gallic acid equivalents (mean ± SD; n = 5)
of methanolic crude extracts of G. tenuifrons, P. capillacea,
S. stenophyllum, and U. fasciata at concentrations of 4 mg mL−1 (only
for ABTS assay in S. stenophyllum) and 12 mg mL−1 under different

drying methods. a ABTS radical scavenging assay. b DPPH radical
scavenging assay. cReducing power of the Folin-Ciocalteu reagent assay.
d Ferric reducing antioxidant power (FRAP) assay. e Metal chelating
assay. Different letters represent significant differences (p < 0.05)
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with antioxidant potential, pigment content, and TSP com-
pared to oven-dried and silica-dried samples.

In general, for the four species, the frozen and freeze-dried
samples had the highest influence on antioxidant potential,
pigment content, and TSP. In S. stenophyllum, silica-dried
samples also showed preservation of the stability of pigments
and TSP.

Discussion

Drying processes may alter the functional properties of sea-
weed extracts, and the magnitude of these changes may vary
between different processes. For application of seaweed as a
functional ingredient, it is important to evaluate the changes
and the loss of properties of interest that each drying process
can cause, as well as the feasibility of each one of them.

To analyze antioxidant properties, five assays were used,
which evaluate different mechanisms of action and present
reaction systems with different conditions (reactive species,
pH, solvent and temperature). These factors may affect the
reactivity of the substances present in the samples, so it is
recommended to use different antioxidant assays in parallel
(Frankel and Meyer 2000).

The ABTS, FRAP, and Folin-Ciocalteu assays are
based on the ability of the sample to transfer electrons
(Huang et al. 2005). The Folin-Ciocalteu assay is widely
used to quantify the content of total phenolic compounds,
but it measures the reducing capacity of the sample as the
reaction is not specific. The DPPH assay is mainly based
on electron transfer but also involves hydrogen atom
transfer reactions. The metal-chelating assay is based on
the ability of the sample to chelate Fe2+. Transition
metals, like iron, can catalyze free radical formation reac-
tions. Thus, chelating agents decrease the pro-oxidant

Fig. 6 Concentration of photosynthetic pigments and total soluble
proteins (TSP) (mean ± SD; n = 5) of samples under different drying
methods. a Gracilariopsis tenuifrons. b Pterocladiella capillacea. c

Sargassum stenophyllum. d Ulva fasciata. Different letters represent sig-
nificant differences (p < 0.05). Different types of letters represent inde-
pendent analysis
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effect of metal ions and increase the activation energy of
free radical formation reactions (Gordon 1990).

Sargassum stenophyllum showed the highest antioxidant po-
tential compared to other species. Frozen, freeze-dried, and
silica-dried samples of this species showed higher antioxidant
potential for the ABTS, DPPH, Folin-Ciocalteu, and FRAP as-
says. These results agree with those of Silva et al. (2019), who
found a higher activity in the Folin-Ciocalteu (11.0 ± 0.28 mg
GAE g−1) and ABTS assays (IC50 = 0.06 ± 0.01 mg mL−1 ex-
tract) in Fucus vesiculosus L. (brown seaweed) than in
Gracilaria sp. (red seaweed) and Ulva rigida (green seaweed).
In general, brown seaweeds present higher antioxidant activity
than red and green seaweeds due to their high content of phenolic
compounds (Zubia et al. 2007; Holdt and Kraan 2011).

Considering the five antioxidant assays, there were signif-
icant differences in antioxidant potential between the algal
drying methods in the four studied species. In general, the
antioxidant potential of the samples follows this order: frozen
(− 80 °C) > freeze-dried > silica-dried > oven-dried (40 °C).
Cruces et al. (2016) also observed a reduction in antioxidant
potential in oven-dried and silica-dried samples of Lessonia
spicata compared to frozen (control) and freeze-dried sam-
ples. According to these authors, the long time required for

drying the samples in silica can lead to oxidation processes or
degradation of phenolic compounds and thus the loss of anti-
oxidant capacity. In the oven-drying process, oxidation of
molecules with antioxidant activity can occur because of the
action of temperature.

The Folin-Ciocalteu assay showed a significant decrease in
the amount of reducing compounds in silica-dried and oven-
dried samples compared to the frozen ones. Studies with sea-
weeds (Jiménez-Escrig et al. 2001; Le Lann et al. 2008; Gupta
et al. 2011) and terrestrial plants (Lim and Murtijaya 2007;
Mudau and Ngezimana 2014) also showed a decrease in the
reducing compounds in oven-dried samples. This reduction
could be due to degradation of phenolic compounds at high
temperatures, starting at 40 °C (Le Lann et al. 2008; Moreira
et al. 2016). Other studies also showed antioxidant potential
decrease in macroalgae due to high temperatures. Jiménez-
Escrig et al. (2001) found a reduction of the antioxidant po-
tential of oven-dried samples (50 °C) compared to frozen
samples of Fucus sp. (brown seaweed) and Porphyra sp.
(red algae). In a study by Gupta et al. (2011) samples of
Himanthalia elongata dried at 35 and 40 °C showed the low-
est antioxidant potential by DPPH assay than samples dried at
25 and 30 °C. Le Lann et al. (2008), in a study with two

Fig. 7 Principal component
analysis (PCA) for antioxidant
assays (ABTS, chelating, DPPH,
Folin, FRAP), pigment content
(Chla chlorophyll a; Chlb chlo-
rophyll b; Chlc chlorophyll c; PC
phycocyanin; PE phycoerythrin)
and total soluble proteins (TSP)
for each species drying treatment.
a Gracilariopsis tenuifrons. b
Pterocladiella capillacea. c
Sargassum stenophyllum. d Ulva
fasciata
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species of brown algae, observed through the DPPH assay a
reduction in antioxidant potential of oven-dried (50 °C for
48 h) compared to frozen (− 20 °C) and freeze-dried (for
72 h) samples.

Decrease of phenolic content and antioxidant activities of
samples dried at high temperatures may occur due to the re-
lease of phenolic compounds bound to the cell wall, thermal
degradation of phenolic compounds by oxidative enzymes,
changes in the chemical structure, and binding phenolic com-
pounds with other substances, such as proteins, affecting their
extractability (Maillard and Berset 1995; Le Lann et al. 2008;
Martín-Cabrejas et al. 2009; Moreira et al. 2016).

In the present study, in general, freeze-drying was the best
drying method to preserve the antioxidant potential because
the low temperature prevents degradation of heat-sensitive
compounds (Le Lann et al. 2008). Besides, freeze-drying is
a vacuum process and the absence of oxygen prevents oxida-
tion reactions and degradation of functional ingredients
(Murgatroyd 1997). However, in most cases, the assays for
freeze-dried samples demonstrated reduction of antioxidant
potential compared to the frozen samples, probably because
the loss of water can cause the destabilization of bioactive
molecules. Furthermore, according to Li et al. (2006) in the
absence of water, the cellular components may adhere to each
other, making extraction more difficult by different solvents,
which can reduce the antioxidant potential of the extracts.

In contrast, for the FRAP and ABTS assays, frozen sam-
ples of U. fasciata showed lower antioxidant potential than
freeze-dried and oven-dried samples. This might be due to the
fact that freeze-drying and oven-drying facilitate the breakage
of the cell wall and cell membrane, which eases the grinding
of the samples and makes the extraction of antioxidant com-
pounds more effective (Stafford et al. 2005). According to
Moreira et al. (2016), the size of the sample particles affects
the extraction of phenolic compounds and antioxidant poten-
tial. However, particle size has not been measured in the pres-
ent work. Freeze-drying was also the drying method that best
preserved the pigment content and TSP. Works with terrestrial
plants (Mahanom et al. 1999; Mudau and Ngezimana 2014;
Rubinskienė et al. 2015) and macroalgae (Tello-Ireland et al.
2011) have demonstrated that freeze-drying, when compared
to oven-drying, is the best drying method for the preservation
of pigments.

High temperatures can promote oxidative reactions that
may cause pigments and protein denaturation (Tello-Ireland
et al. 2011), which explains the lower levels of these com-
pounds in samples dried in the oven (40 °C) compared to
freeze-drying. Silva et al. (2019), analyzing the effects of ov-
en-drying, noted that the use of high temperatures result in the
degradation of photosynthetic pigments in Gracilaria sp.,
F. vesiculosus, and U. rigida samples.

For the use of seaweed as a functional ingredient, it is
important that the drying process maintain its antioxidant

properties and chemical composition. Sun-drying is the most
used process for drying plants and seaweed, as it is cheaper
and allows for large-scale production, but some food products
should not be dried in the sun because it can cause the degra-
dation of compounds of interest and lower the quality of the
final product (Jairaj et al. 2009). The results of the present
study suggest that, when possible, it is best to use freeze-dry-
ing, because that was the process that caused the least change
in the antioxidant potential and pigment content when com-
pared to oven-drying and silica-drying. However, freeze-
drying has a high cost and, from a commercial perspective,
the choice of drying method should also consider economic
factors and depend on the application intended for the sea-
weed. Among the studied species, S. stenophyllum is the best
suitable one as a functional ingredient because it presented the
highest antioxidant activity. However, in order to be consid-
ered a functional food or ingredient, the nutritional properties
and food safety must also be evaluated.

Conclusions

The reactivity results in the five antioxidant assays varied even
for the same species and the same drying method, demonstrat-
ing that the use of more than one assay is important for a
complete analysis of the antioxidant potential of macroalgal
extracts. Sargassum stenophyllum presented the highest anti-
oxidant activity and is the best suitable species for use as a
functional ingredient, although the nutritional properties and
the food safety of this species must still be evaluated.

The choice of drying method can vary considering the ap-
plication intended for the seaweed, the costs, the logistics for
the processing, and the possible loss of properties of interest.
The present study demonstrated that, among the analyzed dry-
ing processes, freeze-drying was the one that presented overall
the lowest alteration of antioxidant potential and pigment con-
tent in relation to the control (frozen).
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