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Abstract Drying kinetics, proximate composition, dietary fi-
ber, total phenolic compounds, pigments, amino acid profile,
and antioxidant capacity (2,2-diphenyl-1-picrylhydrazyl
(DPPH) and oxygen radical absorbance capacity) of a red
edible seaweed (Pyropia orbicularis) subjected to vacuum
drying at five temperatures (40–80 °C) were evaluated. The
experimental drying curves were satisfactorily fitted to the
Weibull model. The total dietary fiber (TDF) of this seaweed
presented a value of 64.37 g (100 g)−1 d.m. The ratio IDF:TDF
was 81.1%. The values for protein ranged between 22.34 and
24.92 g (100 g)−1 d.m. in dried seaweed, and His, Thr, and Pro
were the most abundant amino acids. The chlorophyll a con-
tent was higher than that for chlorophyll b. Total phenolic
content (TPC), phycoerythrin and phycocyanin contents, and
carotenoid content as well as antioxidant capacity showed an
increase at 70 °C.Moreover, at 70 °C,ΔE presented a value of
15.66. Correlations between the TPC and DPPH values
(r2 = 0.899) as well as lightness and hue angle (r2 = 0.776)
were found during food drying. This work provides important
information about the chemical composition and nutraceutical
properties of the Chilean edible red seaweed, P. orbicularis.
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Introduction

Seaweeds are one of the living renewable resources of the
marine environment with feeding potential as well as thera-
peutic applications, especially for the extraction of
phycocolloids and phytochemicals (Agregán et al. 2016;
Roohinejad et al. 2016). In particular, Pyropia orbicularis,
also known by its common name luche, is an important red
seaweed which is distributed along the upper rocky intertidal
zone of the Chilean coast from Arica (18° S) to Tierra del
Fuego (55° S) (Hayashi et al. 2014; Ramírez et al. 2014).
This seaweed has a significant economic interest mainly due
to its high nutritional and functional values, including impor-
tant contents of vitamins, dietary fiber, protein, and bioactive
peptides (Pérez et al. 2007; Contreras-Porcia et al. 2013; Cian
et al. 2012, 2014a, 2015).

Bioactive peptides from algae have shown to exert
many physiological functions within the body, including
anticoagulant, antihypertensive, and immune-modulatory,
besides being a source of nitrogen and amino acids (Cian
et al. 2012, 2015). Moreover, P. orbicularis-derived com-
pounds are of particular interest due to strong anti-inflam-
matory, hepatoprotective, and antioxidant activities
exerted by light-harvesting pigments bound to proteins
that can capture solar radiation to form phycobiliproteins
(PBPs) (Pina et al. 2014). For this reason, PBPs are used
as colorants in food and cosmetics (Tello-Ireland et al.
2011), with R-phycoerythrin (R-PE) and phycocyanin
(PC) being the most important pigments in red seaweeds
(Cian et al. 2014b). Traditionally, this species grows
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abundantly between September and March (Ramírez et al.
2014); nevertheless, its postharvest shelf life is very short,
because it contains a large amount of water (75–85% wet
basis). Hence, it is very important to explore preservation
methods for extending its shelf life and potentially in-
crease the use of this red seaweed as a functional product.
The traditional way to preserve this seaweed is by sun
drying (Cox et al. 2012). However, its bioactivity and
nutritional value depend mainly on the drying process.
An alternative to the traditional drying process (sun dry-
ing) is the use of vacuum drying, since the temperature of
the product can be easily controlled leading to reduce
drying times by lowering the pressure during the process
(Michalska et al. 2016). Vacuum drying prevents some of
the thermal damages from occurring on bioactive com-
pounds and highlights beneficial nutrients from alga-
derived compounds (Mohamed et al. 2012; Brown et al.
2014).

Moisture removal and its dependence on the process vari-
ables are expressed in terms of the drying kinetics, being es-
sential for the development of a reliable process model.
Empirical equations frequently used to model the drying ki-
netics of seaweeds include the Weibull distribution (Tello-
Ireland et al. 2011). The present work aimed to assess the
influence of temperature (40–80 °C) on vacuum drying of
red seaweed (P. orbicularis) on drying kinetics, physicochem-
ical composition, bioactive compounds, antioxidant capacity,
pigments, and amino acid profile.

Materials and methods

Seaweed sampling and vacuum drying conditions

Vegetative thalli of Pyropia orbicularis from the same
population were manually collected from the upper and
mid intertidal zones having low-wave exposure along
300–500 m of coastline at Caleta Sierra, Region of
Coquimbo, Chile (71° 40′ 11″ W). The seaweeds were
stored immediately in plastic bags containing seawater
and transported to the laboratory in a cooler at 5–7 °C.
Then, they were rinsed quickly with distilled water to
eliminate the salt excess, and were subjected to visual
inspection by size, homogenous color, and absence of
mechanical damage. A sample batch taken as control
was freeze-dried to prevent spoilage, except for samples
taken for proximate composition analysis which were
measured immediately upon arrival at the laboratory.

Sample batches (300 g) were dried at 40, 50, 60, 70, and
80 °C using a vacuum oven (Memmert, model VO 400,
Germany) at 15 kPa pressure (Uribe et al. 2016). The batches
were placed in a thin layer on stainless steel trays with a charge
density of 2.49 kg m−2. After drying, each sample batch was

ground using a basic analytical mill (IKA A-11, USA), sieved
with a stainless steel sieve #35 of 500 μm mesh (U.S.
Standard Sieve Series, Dual Manufacturing Co., USA), and
then stored in sealed plastic bags at 5 ± 1 °C.

Experimental and simulated drying curves

To determine the equilibrium moisture content (Xwe) of sea-
weeds, a desorption isotherm was determined at 50 °C in
triplicate (Lemus et al. 2008). The Halsey model (Eq. (1))
was used to predict the equilibrium moisture content.

Xwe ¼ A

ln 1=aw

� �
2
4

3
5

1
B

ð1Þ

In this equation, A (g water g−1 d.m.) and B (dimensionless)
are the Halsey model parameters and aw (dimensionless) is the
water activity. This equation has been widely used to describe
the equilibrium moisture content of seaweeds (Lemus et al.
2008; Moreira et al. 2016a, b).

To determine the drying kinetics, the data obtained exper-
imentally for the five different temperatures studied were plot-
ted as a dimensionless variable moisture ratio (MR, Eq. (2))
versus time, where MR relates the sample moisture content in
real time (Xwt) to the initial moisture content (Xwo) and the
equilibrium moisture content (Xwe). Drying experiments were
carried out in triplicate.

MR ¼ Xwt−Xwe

Xwo−Xwe
ð2Þ

The experimental data (MR vs time, t) were fitted to the
Weibull model (Eq. (3)), where t is the process time and α and
β are the shape and scale parameters of the Weibull model,
respectively. This equation has been used previously by Tello-
Ireland et al. (2011) to describe the drying kinetics of
Gracilaria chilensis, a red seaweed.

MR ¼ exp −
t
β

� �α� �
ð3Þ

The fit quality of the experimental data to the Weibull
model was evaluated using the determination coefficient (r2)
and chi-square (χ2, Eq. (4)) statistics (Lemus et al. 2008;
Tello-Ireland et al. 2011), where N is the number of experi-
ences and m is the number of model parameters.

χ2 ¼ ∑N
i¼1 MRexp;i−MRcalc;i

� 	2
N−m

ð4Þ

Finally, to determine the influence of the vacuum-drying
process temperature on the kinetic parameters of the Weibull
model, an Arrhenius-type equation was applied (Eq. (5)).
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From this equation, the activation energy (Ea) was estimated
by plotting ln φ versus T−1.

φ ¼ φ0∙exp
−Ea

RT

� �
ð5Þ

where φ is the α or β parameter of theWeibull model,φ0 is
the Arrhenius factor, and R is the universal gas constant
(8.314 J mol−1 K−1) (Tello-Ireland et al. 2011).

Determination of proximate composition and dietary fiber

The moisture content (AOAC no. 934.06), crude proteins
(AOAC no. 960.52), fat (AOAC no. 960.39), crude fiber
(AOAC no. 962.09), and crude ash (AOAC no. 923.03) were
determined according to AOAC methods (1990). The total
carbohydrates were calculated by difference (Matanjun et al.
2009). The water activity (aw) of the samples was measured at
25 °C by an AQUA LAB equipment (4 TE, Pullman, WA,
USA).

All algae samples were analyzed for soluble (SDF) and
insoluble dietary fiber (IDF) fractions according to a gravimet-
ric enzymatic method (AOAC no. 991.43). A Total Dietary
Fiber Assay Kit (TDF100A; Sigma-Aldrich, USA), an
Enzymatic Digestion Unit, and a Filtration System (VELP
Scientifica, GDE - CSF6, Italy) were used. The total dietary
fiber (TDF) was calculated as the sum of soluble and insoluble
dietary fibers, and expressed as g (100 g)−1 dry matter (d.m.).
All measurements were performed in triplicate.

Extraction procedure and determination of total phenolic
compounds

A milled seaweed sample (1.0 g) was accurately weighed and
transferred into an Erlenmeyer flask, mixed with 50 mL of
60% aqueous methanol using a solid/liquid ratio of 1:5, placed
on an orbital shaker (Boeco, OS20, Germany) for 24 h at
200 rpm (room temperature), then filtered through Whatman
#1 filter paper. The filtrate was transferred into a 250-mL
round-bottom flask. The solvent was evaporated to dryness
under a reduced pressure in a rotary evaporator at 40 °C.
The dried residue was dissolved in 10 mL of 60% aqueous
methanol. For all extraction steps, the extracts were protected
from light by covering them with aluminum foil.

Total phenolic content (TPC) was determined colorimetri-
cally by using the Folin-Ciocalteau (FC) reagent according to
the method of Chuah et al. (2008) modified by Uribe et al.
(2016). Absorbance was read at 725 nm. The phenolic content
was obtained using a gallic acid standard for a calibration
curve (y = 0.0041x + 0.0008; r2 = 0.999). Results were
expressed as gallic acid equivalent per 100 g d.m. (mg GAE
(100 g)−1 d.m.). Samples and standards were carried out in

triplicate. All reagents were purchased from Merck
(Germany).

Determination of antioxidant activity by the DPPH
and ORAC assays

The radical scavenging activity of the methanolic extracts was
assessed using the DPPH method of Brand-Williams et al.
(1995). The synthetic antioxidant Trolox was used for gener-
ating a calibration curve (y = −0.4933x + 0.4277; r2 = 0.996),
and the results of the antioxidant activity were expressed as
micromol Trolox equivalent per 100 g dry matter (μmol TE
(100 g)−1 d.m.).

For determining the oxygen radical absorbance capacity
(ORAC), an extract of the red seaweed was prepared with
60% aqueous methanol and then was followed by the proce-
dure described by Ou et al. (2002). The ORAC assay was
carried out according to Zhang et al. (2010) with slight mod-
ifications described by Uribe et al. (2016). Trolox was used as
a reference standard and for generating a calibration curve
(y = 0.0002x − 21.951; r2 = 0.973), and the results of the
antioxidant activity were expressed as micromol Trolox
equivalent per 100 g dry matter (μmol TE (100 g)−1 d.m.).
Samples and standards were determined in triplicate.

Photosynthetic pigments

The phycobiliproteins phycoerythrin (PE) (Eq. (6)) and phy-
cocyanin (PC) (Eq. (7)) from dried seaweed samples were
extracted according to Tello-Ireland et al. (2011). The absor-
bances of the supernatants were read at 455, 564, 592, 618,
and 645 nm. The phycobiliproteins were quantified following
the equations of Beer and Eshel (1985).

PE ¼ A564 � A592ð Þ− A455 � A592ð Þ � 0:20½ � � 0:12 ð6Þ
PC ¼ A618 � A645ð Þ− A592 � A645ð Þ � 0:51½ � � 0:15 ð7Þ

Chlorophyll a was estimated by spectrophotometry.
Briefly, the milled dried seaweed samples (0.2 g) were accu-
rately weighed and extracted overnight with 90% aqueous
acetone (25 mL) at 4 °C. The extracts were centrifuged at
4500×g at 4 °C for 5 min. The absorbance of the supernatants
was read at 630 and 664 nm, and the chlorophyll a concentra-
tion was calculated according to the following equation
(Jeffrey and Humphrey 1975):

chlorophyll a μg mL−1� 	 ¼ 11:47 A664−0:40 A630 ð8Þ

Total carotenoids (Eq. (9)) was determined according to the
methodology of Chan and Matanjun (2017). The milled dried
seaweed samples (3.0 g) were extracted with 75 mL of a
mixture of hexane:acetone:ethanol (2:1:1, v/v) for 1 h at room
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temperature. The homogenate was filtered and the supernatant
collected was made up to 100 mL with extraction solvent.
Then, 25 mL of water was added and shaken vigorously for
separation of the phases. After 30 min of being protected from
light, two layers were observed, an organic upper layer and an
aqueous lower layer. The absorbance of the organic layer was
measured at 470 nm. The total carotenoids was calculated
according to the following equation:

carotenoid content μg g−1
� 	 ¼ A� v mLð Þ � 104

A1% � w
ð9Þ

where v = total volume of extract, w = sample weight (g), and
A1% = 2600 (β-carotene extinction coefficient in hexane).

Surface color

The surface color of the seaweed samples was measured using
a colorimeter (HunterLab, MiniScan XE Plus, USA) and de-
scribed by the CIE coordinates, L* (lightness), a* (redness/
greenness), and b* (yellowness/blueness) at standard illumi-
nant D65 and an observer angle of 10°. Five replicate measure-
ments were taken and results were averaged. The total color
difference (ΔE) was calculated using Eq. (10), where L0, a0,
and b0 are the control values for fresh seaweed (Tello-Ireland
et al. 2011); also, the polar coordinates of color chroma (C*;
Eq. (11)) and hue angle (h*; Eq. (12)) were calculated using
the following equations:

ΔE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a*−a0ð Þ2 þ b*−b0

� 	2 þ L*−L0
� 	2q

ð10Þ
C* ¼ a*2 þ b*2

� 	 ð11Þ

h* ¼ tan−1
b*

a*

� �
ð12Þ

Amino acid profile determination

The amino acid profile (except cystine and tryptophan) in
P. orbicularis was determined by a HPLC equipped with a
UV detector and a post-columnn ninhydrin derivatization ac-
cording toWright et al. (2002) with some slight modifications.
Dried samples (0.20 g) were weighed in screw cap test tubes
adding 5 mL of 6 N HCl. The test tubes were tightly capped
and placed in an oven at 110 °C for 22 h under nitrogen to
allow complete hydrolysis. Amino acids were determined af-
ter buffering to pH 2.2 by high-performance liquid chroma-
tography (HPLC), using norleucine as internal standard. The
HPLC system comprised a Spectra-Physics spectra system
pump P4000, an autosampler (AS1000), a UV2000 detector,

and a PCX3100 Pickering Laboratories Post Column Reactor
(Pickering Laboratories, USA).

Statistical analysis

A one-way analysis of variance (ANOVA) was performed
using Statgraphics Centurion XVI (Statistical Graphics
Corp., USA) to determine significant differences among the
different treatments. Differences between the media were an-
alyzed by using the least significant difference (LSD) test with
a significance level of α = 0.05 and a confidence interval of
95% (p < 0.05). In addition, the multiple range test (MRT)
included in the statistical programwas used to demonstrate the
existence of homogeneous groups within each of the
parameters.

Results and discussion

Desorption isotherm and drying kinetics

The vacuum-drying process is characterized by a progressive
decrease in moisture content of the product as a function of
time; however, the moisture content of samples was converted
to a dimensionless moisture ratio (MR) parameter using Eq.
(2) (Fig. 1 (A)). Xwe is required to evaluate the MR parameter,
and it is obtained bymeans of the water desorption isotherm of
the product. Figure 1(B) shows the experimental data of water
desorption isotherms for Pyropia orbicularis at 50 °C. As
expected, an increase in moisture content with an increase of
water activity was observed. Other authors also have reported
this behavior for some seaweeds such as Gelidium
sesquipedale (Ait Mohamed et al. 2005), Gracilaria (Lemus
et al. 2008), Bifurcaria bifurcata (Moreira et al. 2016a), and
Fucus vesiculosus (Moreira et al. 2016b). In addition, the wa-
ter desorption isotherm was modeled throughout the range of
water activities tested using the Halsey model (Eq. (1)), which
shows a good fit of experimental data (r2 > 0.970). This model
can be considered suitable for predicting the equilibrium
moisture content of this seaweed like in previous work
(Lemus et al. 2008; Moreira et al. 2016a, b). In this regard,
the equilibrium moisture contents in the vacuum-drying pro-
cess for P. orbicularis were estimated with the Halsey param-
eters obtained (A = 0.007 g water g−1 d.m. and B = 2.068).
Then, Xwe (40 °C) = 0.1252, Xwe (50 °C) = 0.0875, Xwe

(60 °C) = 0.0785, Xwe (70 °C) = 0.0608, and Xwe

(80 °C) = 0.0574 g water g−1 d.m., respectively.
To evaluate the influence of process temperature on drying

kinetics of the red seaweed P. orbicularis, experimental runs
were carried out at temperatures ranging from 40 to 80 °C
(Fig. 1(A)). In these experiments, all the drying curves showed
a clear exponential tendency and an increase in the tempera-
ture removes more rapidly the moisture content, accelerating
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the drying process of this seaweed. These drying characteris-
tics agree with those reported by other authors who studied
seaweed drying by different techniques (Ait Mohamed et al.
2008; Lemus et al. 2008; Tello-Ireland et al. 2011; Kadam
et al. 2015; Moreira et al. 2016 a, b).

Weibull model

The fitted drying curves based on the Weibull model (Eq. (3))
provided excellent fits to the experimental data for all the
drying kinetic curves as shown in Fig. 1(A). The model pa-
rameters are shown in Table 1. The Weibull model showed
statistical parameters such as coefficients of determination (r2)
higher than 0.98 and chi-square (χ2, Eq. (4)) values lower than
0.002, indicating a good fit to the experimental data. This
suggests that the Weibull model can be used for estimating

the moisture content of P. orbicularis during vacuum drying at
each temperature studied.

The values of α and β parameters of the Weibull model as
well as the applied statistical tests are presented in Table 1 for the
five tested temperatures. Values of α, related to product behavior
(Ahmad-Qasem et al. 2013), ranged from 1.07 to 1.34. These
values were similar to the ones obtained by Tello-Ireland et al.
(2011) for G. chilensis (1.06–1.14) at different hot-air drying
temperatures (40–70 °C). The α parameter showed a slight in-
crease in the temperature range of 40–70 °C. However, the value
obtained at 80 °C (1.34) was significantly (p < 0.05) higher.
Therefore, ANOVA indicated thatα is dependent on the vacuum
drying temperature according to an Arrhenius-type equation (Eq.
(5)). Nevertheless, at 80 °C, α did not follow that relationship.
For this reason, the values corresponding to 80 °C were not
considered when Eq. (5) was used to estimate the activation
energy (Ea = 3.15 kJ mol−1). This fact could be linked to struc-
tural modifications associated with food damage, especially at
high temperatures (e.g., 80 °C).

The drying temperature also affected the β, with β being the
parameter that defines the rate and represents the drying time
(Corzo et al. 2008). Values of β ranged from 66.40 to
312.5 min−1, being higher than those reported by Tello-Ireland
et al. (2011) in G. chilensis (44.18–115.9 min−1). The same au-
thors also have reported that the inverse of parameter β increased
(p < 0.05) when the process temperature rose, showing that, over
the range studied, the higher the temperature applied, the faster
the drying, which is consistent with the present results.

The influence of temperature on theWeibull β parameter also
was well described using an Arrhenius-type relationship. The
calculated Ea was 35.36 kJ mol−1 for P. orbicularis from the β

Table 1 Effect of drying temperatures on regression parameters of the
Weibull model

Temperature (°C) β (min−1) α r2 χ2

40 312.47 ± 16.61a 1.07 ± 0.04a 0.99 0.00138

50 180.65 ± 14.03b 1.11 ± 0.07ab 0.98 0.00115

60 125.94 ± 6.44c 1.15 ± 0.02ab 0.98 0.00141

70 86.67 ± 10.51d 1.19 ± 0.01b 0.99 0.00099

80 66.40 ± 8.57d 1.34 ± 0.07c 0.99 0.00029

Values are expressed as mean ± standard deviation (SD). Different letters
in the same column indicate significant differences (p < 0.05) according
to the multiple range test (MRT). SD was calculated on three replicates
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parameter, showing a positive coefficient of determination value
(r2 = 0.991). This indicated that there is a direct relationship
between the β parameter and drying temperature. The Ea value
reported for P. orbiculariswas in the same order of magnitude as
that obtained by other authors. Thus, Tello-Ireland et al. (2011)
reported a value of 28.4 kJ mol−1 (40–70 °C) inG. chilensis and
Ahmad-Qasem et al. (2013) of 20.3 kJ mol−1 (50–120 °C) in
olive pomace.

Effect of vacuum-drying temperature on proximate
composition and dietary fiber of the red seaweed

Proximate composition analysis and dietary fiber content were
determined to examine the chemical composition and nutri-
tional value of the control and P. orbicularis samples subject-
ed to vacuum drying at 40, 50, 60, 70, and 80 °C. The obtained
results are summarized in Table 2. Water is the main constit-
uent of P. orbicularis; the moisture content of the fresh sample
was 87.16 ± 0.16 g (100 g)−1 (wet basis). Themoisture content
of fresh seaweeds was reported to be between 70 and 90%
(Makkar et al. 2016). The moisture content and water activity
of vacuum-dried samples varied in the ranges of 6.40 to
12.05 g (100 g)−1 and 0.332 to 0.528, respectively. The water
activity of this seaweed decreased with the decrease of mois-
ture content according to the experimental data (Table 2),
reaching values below 0.60. This means that all samples hold
relative stability against microbial attack or chemical changes
(enzymatic or oxidation reactions).

The fat content was very low in the control seaweed sample
(1.30 ± 0.18 g (100 g)−1 d.m.), but this value was similar to
those reported previously for other seaweeds (Gómez-
Ordóñez et al. 2010; Astorga-España and Mansilla 2014;
Olivares-Molina and Fernández 2016). After vacuum drying,

the fat content significantly decreased (p < 0.05) inmost cases,
except at 70 °C (Table 2). A recent study also reported a
significant decrease of fat content in one Malaysian red sea-
weed after vacuum drying in comparison with a freeze-dried
sample (Neoh et al. 2016), probably as a consequence of lipid
oxidation by prolonged drying times. The ash contents of
P. orbicularis ranged from 12.54 to 16.45% (at 50 °C)
(p < 0.05) which are comparable with data on other red sea-
weeds (Gómez-Ordóñez et al. 2010).

Total dietary fiber and protein were the two most abundant
components of this seaweed. Thus, the protein presented an
initial value of 4.42 ± 0.25 g (100 g)−1 d.m., but a significant
(p < 0.05) improvement when comparing it with the vacuum-
dried samples at different temperatures was observed, ranging
between 22.34 and 24.92 g (100 g)−1 d.m. These values are
within the range recently reported by Makkar et al. (2016) for
Porphyra and Pyropia dehydrated species (18–50% d.m.),
which are even higher than high-protein legumes such as soy-
bean (around 36%) (Chan and Matanjun 2017). Our results
suggest that the use of vacuum drying could result in increased
amounts of proteins. This phenomenon might be related to
drying temperature, because high temperatures may promote
proteolysis of amino acids during drying (Zhao et al. 2017).
Regarding dietary fiber, the TDF of P. orbicularis (control
sample) was comparable to that of Hizikia fusiforme (62 g
(100 g)−1 d.m.) (Dawczynski et al. 2007) but higher than those
of U. lactuca (54.85 g (100 g)−1 d.m.), U. pertusa (52 g
(100 g)−1 d.m.), Porphyra columbina (48.02 g (100 g)−1

d.m.), and several brown Spanish seaweeds (Rupérez and
Saura-Calixto 2001; Cian et al. 2014a; Yaich et al. 2015).
According to Table 1, the TDF, SDF, and IDF of
P. orbicularis agree with previous results of TDF ranging from
44.75 to 64.37% d.m., of which SDF constitutes 8.11−11.30%

Table 2 Effect of drying temperatures on proximate composition and dietary fiber of fresh and dried P. orbicularis

Parameters (g 100 g)−1 d.m. Fresh 40 °C 50 °C 60 °C 70 °C 80 °C

Moisturea 87.16 ± 0.16a 12.05 ± 0.23b 9.97 ± 0.19c 9.11 ± 0.33d 6.46 ± 0.05e 6.40 ± 0.22e

Fat 1.30 ± 0.18a 0.54 ± 0.15b 0.78 ± 0.05c 0.51 ± 0.01b 1.33 ± 0.11a 0.85 ± 0.11c

Ash 12.54 ± 0.67a 16.40 ± 0.45b 16.45 ± 0.44b 16.97 ± 0.50b 15.23 ± 0.84c 16.05 ± 0.43bc

Crude protein 4.42 ± 0.25a 24.15 ± 0.11bc 23.15 ± 2.78bc 22.34 ± 0.27b 24.92 ± 0.38c 22.45 ± 0.65b

Crude fiber 4.32 ± 0.71ab 4.57 ± 0.83a 2.06 ± 0.43c 2.76 ± 0.13cd 3.53 ± 0.53bd 1.99 ± 0.04c

Total carbohydratesb 81.75 ± 0.77a 51.81 ± 0.44b 53.67 ± 2.76b 54.71 ± 0.40b 54.75 ± 1.18b 60.66 ± 0.34b

Insoluble dietary fiber, IDF 53.07 ± 0.65a 53.98 ± 0.54a 44.77 ± 4.02b 42.42 ± 2.53bc 35.24 ± 0.80d 38.16 ± 0.22cd

Soluble dietary fiber, SDF 11.30 ± 0.39a 10.03 ± 1.41ab 11.80 ± 0.88a 8.11 ± 0.36b 9.51 ± 1.71ab 10.46 ± 1.42ab

Total dietary fiber, TDF 64.37 ± 1.04a 64.01 ± 0.88a 56.58 ± 4.89b 50.53 ± 2.89c 44.75 ± 0.91c 48.63 ± 1.20c

Water activity, aw
c 0.989 ± 0.002a 0.528 ± 0.002b 0.492 ± 0.002c 0.488 ± 0.001c 0.344 ± 0.005d 0.332 ± 0.002e

Values are expressed as mean ± standard deviation (SD). Different letters in the same row indicate significant differences (p < 0.05) according to the
multiple range test (MRT). SD was calculated on three replicates
a Expressed as g (100g)-1

b Calculated by difference
c Dimensionless
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d.m. and IDF ranging from 35.24 to 53.98% d.m. during dry-
ing (p < 0.05) (Yaich et al. 2015). The SDF are within the
range of other seaweeds (Matanjun et al. 2009). The ratio of
SDF:TDF and IDF:TDF were 18.8 and 81.1% (average
values), respectively, indicating that the dietary fiber of
P. orbicularis was mainly composed of IDF. These results
are comparable with those for U. lactuca (Yaich et al. 2015)
but differed from data reported previously for G. changii
(Chan and Matanjun 2017).

Thermal treatments as the drying can change the ratio be-
tween soluble and insoluble fiber (SDF:IDF) and total dietary
fiber content. These modifications are largely dependent on
drying temperatures (Elleuch et al. 2011; Ozyurt and Ötles
2016). Loss of SDF and solubilization of structural polymers
may occur during the dehydration process of high-fiber prod-
ucts. In addition, IDF may degrade into smaller fragments at
higher temperatures (Ozyurt and Ötles 2016).

Effect of vacuum-drying temperature on TPC
and antioxidant activity of red seaweed

In preliminary studies, we found that 60% aqueous methanol
was the best solvent for the extraction of phenolics from dried
P. orbicularis samples. Thus, with this solvent, the extraction
yields ranged between 20.49 and 51.11% (Table 3). The
highest yield was observed at 70 °C, whereas the lowest yield
was found at 40 °C (p < 0.05). Higher recovery of extract in a
dried algae sample at 70 °Cmay be due to the low degradation
rate of thermally sensible compounds, increasing the extrac-
tion yield from the P. orbicularis compounds, particular due to
low drying exposure times. Comparable extraction yields
were reported in previous investigations of seaweeds (Farvin
and Jacobsen 2013; Hwang and Do Thi 2014). Nevertheless,
considerable variations in extraction yield were found among
different seaweed species, and this might be attributed to the
polarities of different compounds present in these plants as
well as the use of different solvents (e.g., water, ethanol,

etc.) (Farvin and Jacobsen 2013; Rajauria et al. 2013; El-Din
and El-Ahwany 2016).

The TPC and the antioxidant activity of the seaweed ex-
tracts are also presented in Table 3.

The initial total phenol content was 308.50 ± 19.08 mg
GAE (100 g)−1 dry seaweed. This content was found to be
lower than the correspondent values of the algae Gracilaria
and Laurencia obtusa (Tello-Ireland et al. 2011; Lajili et al.
2016), but higher than those of Padina antillarum, Caulerpa
racemosa, and Kappaphycus alvarezii (Nguyen et al. 2011).
However, the values of TPC showed an increase with drying
temperature when comparing with control samples, in partic-
ular at 70 and 80 °C (p < 0.05). Also, the lower drying tem-
peratures used in the present study probably did not inactivate
the oxidative enzymes completely, which may have in turn
resulted in some oxidation of the phenolic substances and in
consequence in a relatively lower phenolic content (Gupta
et al. 2011). Regarding the antioxidant capacity, initial values
were 409.35 ± 27.63 μmol TE (100 g)−1 d.m. for DPPH and
3901.68 ± 124.08 μmol TE (100 g)−1 d.m. for ORAC. A high
antioxidant capacity was observed at 70 and 80 °C (p < 0.05)
for both assays. This increase of antioxidant capacity level
might be attributed to the fact that during the drying process
compounds with antioxidant properties are generated and ac-
cumulated or improve the antioxidant capacities of naturally
occurring antioxidants (Uribe et al. 2016).

A reduction in TPC values at various drying temperatures
was accompanied by a reduction in the antioxidant activity as
well (Table 3). In addition, a correlation between the TPC and
DPPH values during food drying was found (r2 = 0.776) in-
dicating that phenolic compounds might be contributors to the
antioxidant activity of this seaweed. Moreover, according to
earlier reports, DPPH radical scavenging activity differs be-
tween brown and red algae indicating that different species
contain some very efficient compounds which are responsible
for the DPPH scavenging activity. For example, some red
algae of the family Rhodomelaceae, especially the genera

Table 3 Effect of drying temperatures on total phenolic content (TPC) and antioxidant capacity of P. orbicularis

Temperature (°C) Extraction yield (%) TPC
mg GAE (100 g)-1 d.m.

DPPH
μmol TE (100 g)-1 d.m.

ORAC
μmol TE (100 g)-1 d.m.

Control 25.86 ± 0.88a 308.50 ± 19.08a 409.35 ± 27.63a 3901.68 ± 124.08a

40 20.49 ± 2.13b 270.32 ± 14.60b 294.56 ± 19.96b 4031.88 ± 316.26a

50 33.51 ± 1.83c 329.03 ± 14.94c 559.89 ± 24.54c 4219.99 ± 239.50ab

60 22.63 ± 2.11ab 277.15 ± 14.94b 490.36 ± 30.65d 4607.85 ± 152.80c

70 51.11 ± 3.33d 349.39 ± 25.12c 664.88 ± 25.22e 5065.85 ± 96.24d

80 39.61 ± 2.18e 347.77 ± 22.10c 684.42 ± 38.79e 4623.91 ± 62.21bc

Values are expressed as mean ± standard deviation (SD). Different letters in the same column indicate significant differences (p < 0.05) according to the
multiple range test (MRT). SD was calculated on three replicates. Extraction yield (%) is calculated in terms of g of dry extracts

TPC total phenolic content, DPPH 2,2-diphenyl-1-picrylhydrazyl, ORAC radical absorbance capacity, GAE gallic acid equivalents, TE Trolox
equivalents
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Rhodomela, Odonthalia, and Polysiphonia, were reported to
contain several kinds of bromophenols, chemical compounds
responsible for the antioxidant capacity of these red algae
(Farvin and Jacobsen 2013).

Effect of vacuum-drying temperature on photosynthetic
pigment concentration of red seaweed

As detailed in Table 4, the initial concentrations of photosynthetic
pigments namely, phycoerythrin (PE) and phycocyanin (PC) of
P. orbicularis, were 78.04 ± 2.11 and 18.97 ± 3.70 mg (100 g)−1

d.m., respectively. The PE value was higher than the correspond-
ing value forG. chilensis PE (0.46mg g−1) but lower than the PE
content ofGracilaria sp. (1.25mg g−1) andGrateloupia turuturu
(5.28 mg g−1) (Tello-Ireland et al. 2011; Munier et al. 2015). The
PC values were comparable with those reported by Tello-Ireland
et al. (2011) forGracilaria. PE and PC contents were affected by
all treatments compared to the correspondent control sample val-
ue (p < 0.05). Drying temperature at 70 °C presented the higher
values of these pigments. High drying temperatures (short drying
times) or low temperatures (long drying times) resulted in ther-
mal denaturation of these oligomeric proteins that produce mod-
ifications of their biological chromo-properties as well as their
nutraceutical characteristics (Munier et al. 2015; Fernández-
Rojas et al. 2014). In addition, correlations between the PC and
both DPPH and ORAC values during drying were found
(r2 = 0.770; r2 = 0.598), indicating that phycocyanin of
P. orbicularis might contribute to the antioxidant activity of this
seaweed as well (Fernández-Rojas et al. 2014; Nakagawa et al.
2016).

The initial content of chlorophyll a in our seaweed species
was 352.1 μg g−1 d.m., whereas in dried samples it ranged be-
tween 176.8 and 603.0 μg g−1 d.m (Table 4). These results are
consistent with the literature in other red seaweeds as Porphyra
umbilicalis, Palmaria palmata, and Gracilaria changii
(Ferraces-Casais et al. 2012; Chan and Matanjun 2017). It can
be observed that from 40 to 60 °C of process temperature, the
chlorophyll a content decreases on average by 38% compated to
the control sample, but an important increase at high

temperatures (i.e., 70 and 80 °C) was observed. This probably
occurred because the high temperatures may lead to the replace-
ment of magnesium in the chlorophylls by hydrogen, thereby
converting chlorophyll a to pheophytin a (Uribe et al. 2016).

Pyropia orbicularis total carotenoid content showed a de-
crease during drying, in particular at low temperatures (i.e., 40
and 50 °C). Degradation occurred probably as a result of ox-
idation that caused breakdown of the hydrocarbon backbone
of provitamin A (Vimala et al. 2011). Moreover, even though
carotenoids have widespread applications as food colorants,
cosmetics and feed additives, they also have a protective role
for humans. Many studies have reviewed the health benefits of
seaweed carotenoids which are usually related to their anti-
oxidant and anti-cancer activities (Gong and Bassi 2016; Chan
and Matanjun 2017).

Effect of vacuum-drying temperature on surface color
of red seaweed

Table 5 presents the color of control and treated samples of
P. orbicularis at the five temperatures under study. The color-
imetric coordinates for the control samples were 11.75, −0.56,
and 6.50 for L*, a* and b*, respectively. From Table 5, it can be
seen that the brightness of the product (L*) increased its value
during processing (p < 0.05) showing the highest value at
70 °C.

Regarding coordinate a* (greenness-redness), all the treat-
ments increased this value parameter compared to the control
sample showing a maximum value at 50 °C (p < 0.05) (Tello-
Ireland et al. 2011). These results could be related to changes in
the algal pigments due to thermal treatment, in particular to the
red phycoerythrin (18,967 ± 3703 μg (100 g)−1 d.m. in control
samples) which is themajor light-harvesting pigment of red algae
(Fernández-Rojas et al. 2014). Coordinate b* (blueness-
yellowness) showed a different pattern during drying
(p > 0.05); its value decreased at all treatments compared to the
control sample (p < 0.05). From Table 5, it can be observed that
the overall color (ΔE) of seaweed increased (became brighter) as
drying temperature increased (p < 0.05); 70 °C presented

Table 4 Effect of drying
temperatures on photosynthetic
pigment concentrations for
P. orbicularis

Temperature (°C) Phycobiliproteins mg (100 g)−1 d.m. Chlorophyll and carotenoids (μg g−1 d.m.)

Phycoerythrin (PE) Phycocyanin (PC) Chlorophyll a Total carotenoids

Control 78.04 ± 2.11a 18.97 ± 3.70a 352.1 ± 16.0a 58.6 ± 3.61a

40 33.99 ± 2.20b 20.10 ± 3.07a 295.9 ± 8.3b 6.9 ± 0.34b

50 78.78 ± 0.09a 26.52 ± 0.21abc 183.1 ± 4.2c 2.2 ± 0.13c

60 46.81 ± 3.22c 20.26 ± 1.94ab 176.8 ± 22.3c 29.1 ± 1.95d

70 93.89 ± 6.39d 32.22 ± 1.77c 603.0 ± 36.0d 23.2 ± 1.18e

80 55.99 ± 3.15c 28.58 ± 6.44bc 446.2 ± 22.0e 26.3 ± 2.10de

Values are expressed as mean ± standard deviation (SD). Different letters in the same column indicate significant
differences (p < 0.05) according to the multiple range test (MRT). SD was calculated on three replicates
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ΔE = 15.66. These results are comparable with those reported in
previous studies of Gracilaria (Tello-Ireland et al. 2011) and
Himanthalia elongata (Cox et al. 2011). Moreover, a correlation
between lightness and color hue was found (r2 = 0.899) allowing
the possibility to follow the color change during drying by mea-
suring only the lightness (L*). The saturation index or chroma
(C*) provides more information about the spatial distribution of
colors than direct values of tristimulusmeasurements. The values
of C* were also affected by temperature; all drying treatments
decreased this value (p < 0.05) indicating color changes in the
original P. orbicularis samples.

Effect of vacuum-drying temperature on the amino acid
profile of red seaweed

The amino acids are often lost, changed, or even destroyed dur-
ing drying, depending on drying conditions (Zhao et al. 2017).
Table 6 shows the changes in the quantity of amino acids of
P. orbicularis before and after vacuum drying under different

drying temperatures. A total of 15 amino acids among the 22
amino acids found in nature were identified in these samples out
of which the average amounts of histidine and threonine were
greater than 20 g (100 g)−1 of protein in control samples, being
the most abundant amino acids. Besides, the histidine and thre-
onine contents were higher than in other red seaweed species
such as P. columbina (Cian et al. 2012, 2014a), G. changii
(Chan and Matanjun 2017), and several red Magellan Straits
seaweeds (Astorga-España et al. 2016). On the other side, it
was found that P. orbicularis contained almost all the essential
amino acids except lysine. Vacuum-drying of P. orbicularis re-
sulted in a significant (p < 0.05) degradation of the amino acid
content at all temperatures between 40 and 80 °C compared with
those in the control sample, with a reduction in amino
acid content to around 30% of the original value. The loss
of amino acids after drying may be related to protein
denaturation and/or the release of amino acids from the
proteins after denaturation which could have certain inci-
dence of the Maillard reactions.

Table 5 Effect of drying temperatures on chromatic coordinates and surface color for P. orbicularis

Temperature (°C) L* a* b* ΔE h* C*

Control 11.75 ± 0.72a − 0.56 ± 0.17a 6.50 ± 0.04a – − 1.48 ± 0.03a 6.53 ± 0.06a

40 24.96 ± 0.22b 1.22 ± 0.06b 5.50 ± 0.20b 13.37 ± 0.89a 1.35 ± 0.02b 5.64 ± 0.18b

50 23.93 ± 0.09c 1.72 ± 0.18c 3.68 ± 0.09c 12.71 ± 0.80a 1.13 ± 0.05c 4.06 ± 0.04c

60 22.07 ± 0.01d 0.42 ± 0.11d 3.29 ± 0.08d 10.85 ± 0.70b 1.44 ± 0.03d 3.31 ± 0.10d

70 27.18 ± 0.09e 0.96 ± 0.06e 4.34 ± 0.14e 15.66 ± 0.66c 1.35 ± 0.01b 4.44 ± 0.14e

80 25.60 ± 0.19f 0.51 ± 0.13d 4.72 ± 0.17f 14.00 ± 0.58a 1.46 ± 0.03d 4.75 ± 0.16f

Values are expressed as mean ± standard deviation (SD). Different letters in the same column indicate significant differences (p < 0.05) according to the
multiple range test (MRT). SD was calculated on five replicates

Table 6 Effect of drying temperatures on the amino acid profile of control and dried P. orbicularis

Amino acids g (100 g)−1 protein Control 40 °C 50 °C 60 °C 70 °C 80 °C

Aspartic acid 10.95 ± 0.54a 7.44 ± 0.56b 7.44 ± 0.07b 7.54 ± 0.23b 6.51 ± 0.54c 6.61 ± 0.32c

Glutamic acid 13.94 ± 0.71a 9.74 ± 2.11bc 10.54 ± 0.28c 9.89 ± 0.32bc 9.75 ± 0.08bc 9.48 ± 0.13b

Serine 7.01 ± 0.41a 4.51 ± 0.10b 4.45 ± 0.14b 4.51 ± 0.15b 5.38 ± 0.11c 5.40 ± 0.07c

Glycine 13.09 ± 0.39a 9.34 ± 0.35bc 10.06 ± 0.42c 9.27 ± 0.39b 10.05 ± 0.63c 9.73 ± 0.28bc

Histidine 24.57 ± 0.39a 14.58 ± 0.47bc 14.02 ± 1.16b 14.21 ± 0.94b 16.46 ± 1.30c 18.63 ± 1.76d

Arginine 9.48 ± 0.98a 6.29 ± 0.02b 6.40 ± 0.33b 6.77 ± 0.25bc 7.22 ± 0.13c 6.97 ± 0.28bc

Threonine 21.65 ± 0.59a 15.06 ± 0.23b 15.07 ± 0.37b 16.41 ± 0.42c 17.08 ± 0.70cd 17.84 ± 0.20d

Alanine 10.78 ± 1.12a 8.27 ± 0.02bc 8.87 ± 0.33c 8.62 ± 0.08bc 8.00 ± 0.17bc 7.90 ± 0.20b

Proline 15.70 ± 1.47a 10.33 ± 0.14b 10.73 ± 0.51b 10.56 ± 0.38b 10.73 ± 0.40b 10.45 ± 0.19b

Tyrosine 5.13 ± 0.17a 3.01 ± 0.00b 3.18 ± 0.23bc 3.41 ± 0.25c 3.50 ± 0.24c 3.51 ± 0.09c

Valine 6,11 ± 0.31a 3.65 ± 0.06b 3.75 ± 0.21bc 3.87 ± 0.29bcd 4.30 ± 0.43cd 4.37 ± 0.42d

Methionine 2.32 ± 0.29a 1.43 ± 0.08b 2.17 ± 0.18a 1.70 ± 0.02c 1.35 ± 0.10b 1.42 ± 0.08b

Isoleucine 2.04 ± 0.07a 1.31 ± 0.02b 1.40 ± 0.10b 1.46 ± 0.10b 1.43 ± 0.08b 1.42 ± 0.11b

Leucine 8.92 ± 0.31a 5.72 ± 0.07b 6.35 ± 0.31c 6.60 ± 0.38c 5.71 ± 0.16b 5.80 ± 0.07b

Phenylalanine 5.94 ± 0.03a 3.63 ± 0.14bc 3.51 ± 0.24b 3.84 ± 0.05cd 3.96 ± 0.17d 4.00 ± 0.19d

Values are expressed as mean ± standard deviation (SD). Different letters in the same row indicate significant differences (p < 0.05) according to the
multiple range test (MRT). SD was calculated on three replicates
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Conclusions

Seaweeds are a good source of bioactive compounds with
functional bioactivity, in particular, antioxidants. In this inves-
tigation, P. orbicularis subjected to vacuum drying at five
processing temperatures presented relevant results based on
drying kinetics and psychochemical and functional properties.
On the basis of the obtained results, P. orbicularis could be
valorized by the extraction of their insoluble dietary fiber
(IDF) rather than the total fiber (TDF). IDF extract has been
demonstrated its potential usefulness in the formulation of
low-calorie foods and in the stabilization of foods rich in fat
and emulsions. Moreover, vacuum drying at 70 °C presented
the higher total phenolic, carotenoid and phycoerythrin and
phycocyanin contents, lightness as well as antioxidant capac-
ity. Further studies, however, should be done in the future to
identify and quantify the individual phenolic compounds re-
sponsible for the relatively high antioxidant capacity of this
seaweed and to determine the correlation between antioxidant
effect and dietary fiber, phycoerythrin and phycocyanin, and
chlorophyll contents. These studies are now in progress in our
laboratory.
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