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Abstract

Aqueous extracts from Ascophyllum nodosum brown edible seaweeds were obtained after continuous ultrasound-assisted
extraction. The effect of sonication time (from 2 to 6 min), sonication amplitude (from 80 to 100%) and solvent-solid ratio
(from 20 to 40 g water g~ ! dried seaweed) on the extracts features was studied employing a Box-Behnken experimental
design. Extracts were characterised by polyphenols, carbohydrate and uronic acid content. Response surface method (by
means of a quadratic model) was successfully employed to relate chemical composition of extracts and operation conditions.
Optimal experimental conditions were established to obtain maximal polyphenols content and several polyphenols-carbohy-
drates ratios together with the conditions that minimise energy consumption per extracted polyphenols amount relationship.
Antioxidant capacities of extracts were measured employing different methods (DPPH, FRAP and ABTS). Positive linear

correlations between antioxidant activity and total polyphenols content were established.

Keywords Antioxidant - Box-Behnken design - Carbohydrates - Extraction - Phacophyceae - Polyphenols - Sonication -

Uronic acids

Introduction

High seaweeds content of polysaccharides, polyunsatu-
rated fatty acids, minerals, fibre, vitamins and antioxidant
bioactive molecules (Pereira 2011) put algae in the spot-
light to be used in several applications such as medicine,
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pharmaceutics, cosmetics (Holdt and Kraan 2011), fertilis-
ers (Craigie 2011), wastewater treatment (Lawton 2017) and
food industry (Leandro et al. 2020). Global seaweed-derived
products’ demand generates relevant socio-economic ben-
efits; indeed, the algae consumption trends foresee increases
around 10% until 2025 (FAO 2018).

Nowadays, the algae-based refinery concept is promoted.
The aim is to develop biorefineries to produce valuable com-
pounds with seaweeds as unique raw material (Herrero and
Ibafiez 2015). The extraction of bioactive compounds can
be carried out with water as unique solvent; the manufac-
ture does not require high temperatures; and the successive
multiple compounds extraction minimises residues gener-
ated, concepts that follow green chemistry principles (US
EPA 2012).

Brown seaweeds are resource for several industries
since they have high contents of polyphenols, fucoidans
and alginate (Holdt and Kraan 2011). These nutraceuticals
have recently gained relevance for their beneficial health
applications since they have shown antioxidant (Koivikko
et al. 2005), anticoagulant, antitumor, anti-inflammatory
(Cumashi et al. 2007) and anti-viral properties (Damonte
et al. 2012). Seaweed biochemical composition is variable
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and depends on species, season, geographic origin, contami-
nants and their natural individual variability (Tabassum et al.
2016). Some biomaterials from seaweeds have shown prom-
ising features to be employed as food additives for the new
formulations of some meals, particularly, gluten-free food
products (Zhang et al. 2018). Polyphenols extracted from
brown seaweeds are potential food additives that act as com-
petitive inhibitors of digestive a-amylase and a-glucosidase
enzymes, inhibiting carbohydrates hydrolysis that cause a
reduction of the sugar intake levels (Rodrigues et al. 2015).
Extracts from brown edible seaweed Ascophyllum nodosum
have also shown antidiabetic effects in mouse models (Lee
and Yeon 2013).

Phlorotannins are exclusive secondary polyphenolic
metabolites from brown algae. In fact, brown seaweeds owe
their colour to high polyphenols contents. Phlorotannins are
produced entirely by polymerisation of the phloroglucinol
molecule (1,3,5-trihydroxybenzene), and their content in
seaweeds depends on environmental parameters, such as
tides, currents, salinity, light availability, UV radiation and
herbivory intensity (Tabassum et al. 2016). These molecules
act as chemical defences against herbivory and UV radia-
tion. Phlorotannins have also structural roles forming part of
cell walls together with alginic acids molecules (Koivikko
et al. 2005). Alginic acids are a group of uronic polymers
derived from polysaccharides, composed of mannuronic
and guluronic acids monomers (Rehm 2005). Alginic forms
are principally located in cell walls of brown seaweeds and
determine algae flexibility (Pereira 2011).

Ultrasound-assisted extraction (UAE) is one of the most
widespread polyphenols extraction methods from differ-
ent natural raw materials (Cikos et al. 2018; Bordoloi and
Goosen 2020). This method has recently attracted attention
since it is a low-cost equipment and procedure (Kadam et al.
2015a), and it is even considered an eco-friendly technol-
ogy according with the US EPA (Talmaciu et al. 2015). In
comparison to other green techniques, ultrasound technol-
ogy is simpler and faster than microwave-assisted extraction
(Zhu et al. 2017) and less dependent on the algal biochemi-
cal composition compared with enzyme-assisted extraction
(Hahn et al. 2012).

Several authors have applied UAE to nutraceuticals
extraction from marine macroalgae since it has three major
extraction benefits: promotes the solvents penetration into
cellular materials, improves mass transfer and disrupts
plant cell walls facilitating cell content release (Povey and
Mason 1998). UAE is more effective to produce enriched
antioxidant extracts (Dang et al. 2017). Moreira et al. (2016)
studied the effect of fresh seaweed drying temperature on
the polyphenols-enriched extracts obtained by UAE and
observed total polyphenol content (TPC) and antioxidant
activity decreased and uronic acids increased with drying
temperature. Additionally, a previous study about air drying
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effect on three brown seaweeds (Fucus vesiculosus, Bifur-
caria bifurcata and A. nodosum) concluded that drying at
50 °C and 30% of relative humidity were the optimal drying
conditions to improve antioxidant properties of polyphenols
extracts by UAE (Moreira et al. 2017).

Kadam et al. (2015a) compared the efficiency of aque-
ous and acidic solutions during UAE of laminarin and poly-
phenols from AN and Laminarina hyperborea. Rodrigues
et al. (2015) compared enzymatic and UAE methods on the
properties of extracts from three algae species (Osmundea
pinnatifida, Sargassum muticum and Codium tomentosum)
obtaining the highest TPC from brown seaweed and the
highest carbohydrate content from red seaweed. This study
obtained the extracts carrying out extractions after seaweed
drying at 50 °C and sonication at 400 W for 10 min at 50 °C
in a batch process.

Ascophyllum nodosum brown edible seaweed was
selected for this study for its high polyphenols (14% dry
solid, d.s.) content (Holdt and Kraan 2011). The characteri-
sation of seaweeds extracts usually includes the TPC and the
evaluation of their antioxidant activity by means of different
methods such as DPPH, FRAP and ABTS methods (Dang
et al. 2017). DPPH determine free radical scavenging capac-
ity of samples, ABTS determine hydrogen/electron donor
capacity of samples, and FRAP evaluates reducing capac-
ity of Fe*™ ion of the samples (Mesa-Vanegas et al. 2015).
DPPH, ABTS and FRAP are quick and easy methods with
high reproducibility for antioxidant capacities characterisa-
tion of aqueous ultrasound-assisted extracted polyphenols
from seaweed.

UAE habitually transfers polysaccharides and uronic acids
to liquid phase together with polyphenols. This fact demands
additional characterisation techniques to evaluate the total
carbohydrate content (CHOs) and the total uronic acids con-
tent (UA) of the extracts (Leyton et al. 2016; Moreira et al.
2016). Carbohydrates and uronic acids could be considered
contaminants of extracted polyphenols, because they can
interact forming complexes that could modify chemical and
structural polyphenols features (Wang et al. 2016). At these
conditions, extracts would require further purification and
fractionation treatments.

Water is an efficient solvent for polyphenols extraction
(Leyton et al. 2016). Additionally, the use of water reduces
subsequent purification stages required when binary solvents
are used. However, aqueous blends of acetone (Koivikko
et al. 2005), acids (Kadam et al. 2015a) or ethanol (Audibert
et al. 2010) improve the extraction of polyphenols since
they extract soluble and insoluble fractions of polyphenols.
Parameters such as cost, efficiency and feasibility of the
process must be considered. Temperature control is a criti-
cal parameter since it could significantly reduce extraction
of thermal sensitive compounds as polyphenols and some
sugars (Tello-Ireland et al. 2011). Operation temperature
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should be kept under 40 °C to minimise the heat sensitive
compound loosing (Li et al. 2017; Catarino et al. 2019).
The aim of this work was to determine the best condi-
tions of aqueous UAE of polyphenols by the evaluation of
the effects, following a Box-Behnken (BB) experimental
design, of the sonication power measured by amplitude (A,
%), sonication time (t, min) and the mass solvent-solid ratio
(S, gw gps ') using A. nodosum. Extracts were characterised
by total polyphenol (TPC, mgpy gDS_l), total carbohydrates
(CHOs, mgg gps~ ') and total uronic acids (UA, mggg
gps ') content. Antioxidant capacities (DPPH, ABTS and
FRAP methods) of extracts were also measured. The use of
several methods was convenient to characterise the antioxi-
dant capacity of the samples since the blends were composed
of many reactive species that interact (Koivikko et al. 2005).

Materials and methods
Raw materials, reagents, and pre-treatments

Fresh samples of Ascophyllum nodosum (AN) (73.7 +3.8%
wet basis) were supplied by Mar de Ardora S.L. company
(Ortigueira, Spain), collected from the Galicia’s coasts (NW
of Spain) in autumn. The samples were washed with running
tap water to remove any trace of sand, shellfishes, epiphytes
and sediments.

All chemical reagents used in the treatments and char-
acterisations were analytical grade and were sulfuric acid,
glacial acetic acid, phenol and iron sulphate from Merck
(Germany). 2,2-Diphenyl-1-picrylhydrazyl (DPPH),
2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ), sulfamic acid,
3-hydroxybiphenyl, glucuronic acid, potassium hydrox-
ide, potassium chloride, iron(IIT) chloride, sodium chlo-
ride, potassium dihydrogen phosphate, sodium phosphate,
sodium azide, phloroglucinol and sodium acetate were from
Sigma-Aldrich (USA). 2,2'-Azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid) diammonium salt (ABTS), sodium car-
bonate, Folin-Ciocalteu reagent, chlorohydric acid, sodium
tetraborate, glucose, trolox, sodium hydroxide and methanol
were from Panreac (Spain).

Seaweed samples were dried in a hot air convective
dryer at 50 °C, keeping the relative humidity at 30% and
the air velocity at 2 m s~! until the moisture content was
15.5+1.2% (dry solid, d.s.). Then, seaweeds were aerated
for 3 days at room temperature (19 + 1 °C) to achieve a uni-
form moisture content.

Dried A. nodosum samples were ground in an ultra-cen-
trifugal mill (Retsch GmbH, ZM200, Germany) and sieved
using a vibratory sieve (FTL 0200, Cisa, Spain) with stand-
ard meshes from 40 to 500 pm. The average particle size of
seaweed powder was 276 + 8 pm. Seaweed flour was sealed

in plastic bags with a vacuum packer and stored at 4 °C with
final moisture content of 4.3+0.1% (d.s.).

Ultrasound-assisted extraction (UAE) conditions

Aqueous extracts from AN were processed with a 1000 W
ultrasound processor (Hielscher, UIP-1000 hdT, Germany)
using a 200-mL jacked chamber, controlling the temperature
with a cold-water bath to maintain the temperature under
30 °C during the operation. Continuous UAE operation
was performed controlling the liquid flow with a peristaltic
pump. An initial rest time (15 min) for seaweed rehydra-
tion with double distilled water was established (Arufe et al.
2019).

Three levels of sonication power were regulated by ampli-
tudes of 80% (72 W cm™?), 90% (81) and 100% (90); three
residence times regulated by the pump flow, 2 (1.94 mL s™1),
4 (0.97) and 6 min (0.64); and three liquid—solid ratios 20,
30 and 40 g of water per g of dry seaweed, gy gDs_l, were
evaluated. A Box-Behnken (BB) experimental design (Box
and Behnken 1960) was employed with coded variables
shown in Table 1, generating 17 experimental runs (1-17)
summarised in Table 2. Reliability of the obtained models
was checked preparing 6 additional extracts (A—F) as shown
in Table 2.

Extracts characterisation

Extracts were centrifuged at 8000 X g, 10 min. Then, super-
natant was filtered with 0.45 um microfibre filter (Merck
Millipore, USA) and stored at -20 °C. All aqueous extract
characterisations were carried out by spectrophotometry
(Genesis 10S UV, Thermo Fisher Scientific, USA) at least
in triplicate.

Total polyphenol content (TPC) was determined using a
calibration (R*=0.99) with phloroglucinol as standard fol-
lowing the method proposed by Singleton and Rossi (1965)
based on the Folin-Ciocalteu reagent reaction with hydroxyl
groups, measured spectrophotometrically at 765 nm. The
TPC values were given as g of phloroglucinol equivalents
per litre (gpg L71).

Table 1 Variables and levels for Box-Behnken design of the UAE of
aqueous extracts from Ascophyllum nodosum seaweeds

Variable Coded Coded variable level
variable -
-1 0 1
Sonication amplitude (%) A 80 90 100
Residence time (min) t 2 4 6
Solvent-solid ratio (gy gps ™) S 20 30 40

Different superscript letters within a column indicate significant dif-
ferences between values (p < 0.05)

@ Springer
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Carbohydrates, in the presence of acids and heat, were
transformed into furans that react with phenol giving orange
solutions that could be analysed spectrophotometrically at
485 nm (Dubois et al. 1956). The total carbohydrate content
(CHOs) was evaluated using a calibration with glucose as
reference (R?=0.99). CHOs results were given in g of glu-
cose equivalents per litre (g L™").

Uronic acid content (UA) determination was spectro-
photometrically at 520 nm (Blumenkrantz and Asboe-
Hansen 1973) using a calibration with glucose as reference
(R?=0.99), and the values are given in g of glucose equiva-
lents per litre (gqg L™).

DPPH, FRAP and ABTS methods were used to deter-
mine the antioxidant activity of extracts. DPPH scavenging
activity measures were performed following Brand-Williams
et al. (1995). Measurements were taken after a resting time of
30 min in complete darkness at room temperature (19+ 1 °C)
from a DPPH solution of 60 uM. The scavenging activity of
samples was determined measuring absorbance at 515 nm and
was expressed as DPPH decay percentage (%).

ABTS method was carried out following Re et al. (1999).
Extracts-ABTS blends were incubated in darkness for
30 min at room temperature, and absorbance was measured
at 734 nm. Data were evaluated using a calibration with
Trolox reagent as reference (R*>>0.99) and expressed as mg
of Trolox equivalents per litre (mgyg L™).

The iron cation reduction capacity (FRAP) of the extracts
was performed according to Benzie and Strain (1996). The
blends seaweed extracts-FRAP were incubated in darkness
for 30 min at room temperature, and absorbance was meas-
ured at 593 nm and evaluated using a calibration with Trolox
as reference (R?>0.99) and expressed as mg of Trolox
equivalents per litre (mgz L™").

Statistical analysis

Statistical analysis was carried out using IBM SPSS statis-
tics 24 (SPSS Inc., USA) software. A one-way analysis of
variance (ANOVA) was assessed based on confidence inter-
val of 95% (p < 0.05) using a Duncan test. The experimental
results of Box-Behnken extracts were treated and plotted on
MATLAB R2019b software (MathWorks Inc., USA). All
experimental results are expressed as mean + standard devia-
tion of triplicate experiments (n=3).

Results
Extracts characterisation
The experimental responses of the 17 runs corresponding

to BB design, presented as the mean of triplicate experi-
ments, are shown in Table 2. Experimental total polyphenol

contents (TPC) ranged from 1.3 +0.02 (runs 6, 11, 12, 13
and 17) to 2.8 +0.01 gp L™! (run 14). Total carbohydrate
contents (CHOs) were ranged from 0.5 +0.06 (run 6) to
1.5+0.02 gz L™! (run 14). Finally, experimental total
uronic acids contents (UA) ranged from 0.04 4+ 0.02 (run 3)
t0 0.8 +0.05 g5 L™! (run 14). Maximal TPC, CHOs and UA
extracts content were obtained in the run 14 (conditions of
A=100%, t=2 min and S=20 gy, gps~'). Globally, it can
be observed that the extracts obtained, when low solvent-
solid ratios were employed, provided high TPC, CHOs and
UA content. The variation of the residence time, between
2 and 6 min, seemed to have slight influence on the TPC
and UA content of extracts; however, CHOs increased with
increasing residence times. Finally, the power of sonication
(amplitude) increased the extraction of polyphenols, carbo-
hydrates and uronic acids.

Response surface modelling

ANOVA was conducted to evaluate the significance of the
models for 95% (p <0.05) confidence interval (Table 3).
A crossed reduced quadratic model was selected (model
p-value <0.0001) for TPC, CHOs and UA in the aqueous
extracts after backward elimination step to eliminate the
non-significant terms. The insignificant lack of fit test of
0.06, 0.09 and 0.05 observed for TPC, CHOs and UA con-
tent, respectively, indicated that well-fitting model and mod-
els were adequate to describe experimental data. In addition,

Table3 ANOVA for quadratic models of total polyphenol (TPC),
total carbohydrate (CHOs) and total uronic acids (UA) content in the
UAE aqueous extracts from Ascophyllum nodosum

Parameter Regression coefficient

TPC CHOs UA
A .27
S -0.6%%:* -0, 3k -0.2%%%
At -0. 1%
AS -0.1%* -0, ke
tS 0.2% 0.1*
s? 0.4
R? 0.99 0.91 0.96
Adjusted R? 0.98 0.88 0.94
Lack of fit 0.06 0.091 0.048
Fexp 0.99 0.44 1.54
Model F-value 283.20 41.26 64.08
F [0.5; 24; 2] 19.45 19.45 19.45
Model p value 0.0001 0.0001 0.0001

*

, ¥ k¥E represent statistical significance with p<0.05, <0.01 and
< 0.001, respectively. § constant coefficient, A sonication amplitude, ¢
time residence, S solvent-solid ratio are the codified variables
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«Fig. 1 Response surface plots for a,b polyphenols (TPC, gpg L7);
¢,d carbohydrates (CHOs, ggg L™Y) and e,f uronic acids (UA, 2GE
L") content vs studied variables at constant amplitude (A, %) or
time (t, min): a,c A=80,e A=90,b A=100,d t=2 and f t=4. Box-
Behnken (black box) and additional points (star)

the values of coefficient of determination, R%, and adjusted
R? were higher than 0.91 and 0.88, respectively, for TPC,
CHOs and UA confirming the fit goodness of the respective
models.

The significant (p <0.05) effect on the TPC was con-
tributed by the linear and quadratic terms of liquid—solid
ratio (S), and the interaction term between amplitude and
liquid—solid ratio (AS). It is worth mentioning the absence
of significant effects of the sonication time on the TPC of
extracts. The significant effect on the CHOs was contributed
by the linear term S, and the interaction terms, amplitude
time (At) and time-liquid—solid ratio (tS). Finally, the sig-
nificant effect on the UA was contributed by the linear terms
A and S and interaction terms AS and tS. These results indi-
cated that liquid—solid ratio, as well as their interactions with
amplitude and time, played a prominent role in the UAE of
polyphenols, carbohydrates and uronic acids, while sonica-
tion amplitude and time residence played secondary roles.
The final response equations for TPC, CHOs and UA con-
tents, in coded variables, are given in the Eqs. (1), (2) and
(3), respectively:

TPC (gpgL ") = 1.5 — 0.6S — 0.1AS + 0.4S> )
CHOs (ggeL™") = 0.8 —0.3S — 0.1At + 0.17tS @)

UA(ggeL™') =03 +02A-0.2S - 0.1AS +0.07tS  (3)

where A is the coded sonication amplitude, ¢ is coded sonica-
tion time and S is coded solvent-solid ratio.

Equation (1) estimated the maximum TPC value of 2.8
o L~! at the same operation conditions than those given
by run 14. The minimum CHOs content (0.31 g5 L™!) was
found (by means of Eq. (2)) at the highest S, the shortest t
and an intermediate A value (88%), that is, experimental
conditions closer to run 6. Finally,a minimum UA content
(0.01 g LY, Eq. (3) was found at intermediate conditions
of A (84%) and t (2.5 min), and close to the highest S (38
Zw gps -

In order to observe the different TPC, CHOs and UA
trends, several representative plottings are collected in
Fig. 1, where two TPC plots (a and b) are shown as function
of tand S at constant amplitudes 80 and 100%, respectively;
two CHOS plots (c) as function of t and S at constant A
(80%) and (d) as function of A and S at constant t (2 min);
and finally two UA plots (e) as function of t and S at constant

A (90%) and (f) as function of A and S at constant time
(4 min). These plots are also useful to observe the notice-
able agreement between experimental data given by the
BB design and estimated value for the respective models.
Furthermore, several dots corresponding to the additional
extracts performed are also included. It can be observed that
the response surfaces are very close to these experimental
data, verifying again the suitability of the proposed models.

Analysis of TPC ratios

Each experimental run gave aqueous extracts with differ-
ent compositions from A. nodosum. Maximum TPC can
be a criterion to select the optimal extracts conditions (run
14, in this study). Nevertheless, this could imply necessary
subsequent operations of polyphenols isolation and purifi-
cation. It is also important to consider the cost, efficiency
and feasibility of the experiment, and the optimal extraction
condition must be related to minimise energy consumption
and operation time (increase production). Studied TPC ratios
are summarised in Table 4.

TPC/UA (gpg ggg ') ratios varied in a wide range from
3.42+0.1 up to 41.2+0.6 and high values of the corre-
sponded to runs with the tested highest S (40) ratio. Spe-
cifically, the highest TPC/UA ratios were obtained in run 3
(A=80% and t=4 min) and run 6 (A=90% and t=2 min)
with ratios of 41.2+0.6 and 21.9 +0.7, because UA content
of these extracts was less than 0.06 g L™'. TPC/CHOs (gpg.
gge ) ratios ranged into a narrow interval from 1.7 +0.03
up to 2.7+0.2, and the maximum value was again found
in the run 6 where experimental conditions were the least
favourable for both polyphenols (1.3 +0.1 gpz L™!) and
sugars (0.5+0.1 ggg L~!) extractions and corresponding to
middle sonication power (90%), the lowest time residence
(2 min) and the largest liquid—solid ratio (40 gy gps™ ).
The third analysed ratio, TPC/(CHOs-UA) (gpg g~ 1), Was
the relationship between polyphenols and all those sugars
that are not isoforms of alginic acid. With this ratio, it was
discerned between the fraction of easily separable alginic
extraction procedures, and those sugars whose separation
from polyphenols would require alternative methods (Chee
et al. 2011). This ratio varied from 2.1 +0.1 to 4.0+0.1,
and the maximum value was determined in run 7 with
intermediate conditions of the Box-Behnken (BB) design
(A=90%, t=4 min and S=30 gy, gps ). This result seemed
to indicate that any extreme conditions selected for sonica-
tion amplitude, residence time or solvent-solid ratio (within
the experimental plan) decreased the ratio value because
carbohydrates (not alginic) were more promoted at these
conditions to be extracted than polyphenols.

Response surface fittings were used to obtain the corre-
sponding estimated optimal ratios. Maximal (3.25 gpg 265 ")
values of TPC/CHOs and TPC/(CHOs-UA) ratios were

@ Springer



3304

Journal of Applied Phycology (2021) 33:3297-3308

Table 4 Total polyphenol

JE . RUN Energy BBd variables
content (TPC) ratios in relation

TPC
UA

TPC TPC Energy

¢ KD) : (regor™ (Erea ) (Emear) Kige 'L

o carbohydrate (CHOs) and A(%) t(min) S

uronic acid (UA) content and (2w 2ps D)

energy for UAE of Ascophyllum

nodosum seaweeds at different 1 293 80 2 30 172+0.58  2.4+0.03h 2.8+0.1¢ 17.940.03°

conditions of amplitude (A), 2 58.6 80 4 20 17.14028  2.1+0.05%%¢  24+0.03> 242+0.01°

residence time (t) and solvent- 3 586 80 4 40 412406 2220.1°%"  2340.1Y  40.7+0.04°

solid ratios (S) f a a k
4 87.9 80 6 30 93+04"  1.7+0.03 2.1+0.05*  57.5+0.03
5 36.6 90 2 20 41+0.1% 2.0+0.01>% 374000  14.5+0.03
6 36.6 90 2 40 21.9+0.7" 27+02 3.0+0.15"7  28.9+0.07¢
7 732 90 4 30 514019 23+0.098"  4.0+0.03% 47.7+0.03M
8 732 90 4 30 5.0+0.1°¢ 2.0£0.09%" 344+0.02M 4594003
9 732 90 4 30 5.3+0.19%¢ 2,040.03%%¢  334£0.018" 46.7+0.01%
10 732 90 4 30 5.0+0.2°¢ 2.0+0.1>% 324004  46.9+0.028"
11 109.7 90 6 40 62+0.1° 1.8+0.04*®  25+0.02° 86.9+0.02™
12 1223 90 6 40 6.05£0.1% 2.1+0.1°%  3.1£0.03%"  96.3+£0.04°
13 1223 90 6 40 62+0.1°  2.0+0.19%f 2940039 93.3+0.04"
14 408 100 2 20 37+0.1* 1.8+£0.02%>¢  36+0.01Y  14.7+0.02°
15 81.6 100 4 30 34+0.1° 174006  35+001' 525+0.04
16 732 100 4 30 3.5+0.1°  1.8+0.03**  3.6+0.02Y  48.1+0.02'
17 109.7 100 6 40 10.0£0.1F  1.9+0.03*>¢4 244003 81.4+0.01'

Different superscript letters within a column indicate significant differences between values (p < 0.05)

determined at the conditions of the shortest t, the highest S
and at intermediate A (88%), closed to run 6. Maximal TPC/
UA ratio (47 gp g~ ') Was found at the lowest A, the highest
S and intermediate t (4.3 min), close to run 3. These results
indicated that some experimental points were close enough to
optimal values and consequently no additional experiments to
corroborate these theoretical values were necessary.

Energy consumption (J) was evaluated, considering sonica-
tion area (6.2 cm?), time and power applied. The energy/TPC
ratio (KJ gp, ' L") ranged from 14.6+0.1 up t0 96.3+0.1 (run
12), indicating that extracts with the highest energy efficiency
for polyphenols extraction were runs 5 and 14. Both extracts
achieved relatively high TPC employing the lowest sonication
energy (mainly related to short sonication times).

Runs 5 and 14 gave the lowest energy/TPC ratio, and no sig-
nificant differences were found between their values of TPC/UA,
TPC/CHOs and TPC/(CHOs-UA) ratios. Particularly, the last
ratio gave a promising high value (3.6+0.1) indicating favour-
able conditions for the extraction of polyphenols and uronic
acids against other carbohydrates. At first, polyphenols of these
extracts could be more easily submitted to further purification
treatments. Globally, it can be concluded that conditions that
maximised polyphenol extraction with low energy consumption
corresponded to low S (20 gy, gDS_l), short t (2 min) and A above
90%.

Antioxidant activity of extracts

Antioxidant capacity and activity of ultrasound-assisted
extracts were studied by DPPH, ABTS and FRAP methods.

@ Springer

The DPPH scavenging assays showed antioxidant capacities
from 35.69+0.23% (runs 6 and 11) up to 57.24+0.01%
(run 14). ABTS values ranged from 43.9+0.7 (run 6) to
92.8+0.1 mgy; L™ (run 14) and FRAP activities between
39.4+1.4 (run 6) and 63.3 +0.4 mgg L~! (run 14). The
antioxidant capacity of the extracts showed similar trends
for the three methods assayed. In fact, independently of the
employed method, run 14 (A=100%, t=2 min and S=20
gw &ps_ ) showed the highest antioxidant capacity, whereas
the weakest antioxidant capacity slightly varied between
methods and was always localised at run 6 (A =90%,
t=2min and S=40 gy gps ™).

ICs, values were calculated for the runs that showed
the highest antioxidant activities. Values of 97.5 mgpg
mmolpppy ! (corresponding to 119.0 mgpg L71), 106.7
(127.2), 130.5 (147.6) for runs 2, 5 and 14, respectively,
were obtained. Linear correlations (R?>0.9) between anti-
oxidant responses (DPPH, ABTS and FRAP) and TPC of
extracts were found (Fig. 2a, b and c).

Discussion

The obtained results were compared with the literature in
which TPC, CHOs and UA of extracts were also deter-
mined from A. nodosum or other brown seaweeds using
UAE. Other authors found that the extraction conditions
that maximise TPC simultaneously increase the extraction
of other biocompounds such as carbohydrates or uronic acids
resulting in multicomponent solutions (Catarino et al. 2019).
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Kadam et al. (2015b) working with dried A. nodosum (40 °C
for 12 h) and employing longer extraction times (from 5
to 25 min) than those employed in this work, HCI solvent
concentration (from 0 to 0.06 M) and ultrasound amplitude
(from 22.8 to 114 pm) determined that maximal TPC of
143.0 mggg gps™' (14.3 g L~!) expressed in gallic acid
equivalents was accompanied with maximal CHOs extrac-
tion of 86.6 mggg gps~' (8.7 gge L") and UA of 117.4
mggg gDS_l (11.7 ggg L") operating at the highest sonica-
tion power and acidic concentration and the longest times.
Moreira et al. (2016) obtained aqueous extracts with values
of 15.6 mgpg gps~ (0.5 gps L™, 52.0 mgg gps ™ (1.7 gog
L' and 20.7 mggg gps ! (0.7 ggg L1 of TPC, CHOs and
UA, respectively, from UAE extraction carried out for 4 min,
S=30 gy gps ' and 90 W cm~2 employing F. vesiculosus
dried at 50° C for 8 h and determined the high impact of the
drying temperature (above 50 °C) of seaweeds on TPC and
UA content of the extracts.

Alternative non-aqueous extraction methods showed
interesting results on polyphenols extraction. Specifically,
Zhang et al. (2007) with fresh A. nodosum obtained high
TPC of 70.2 mgpg gps~ ' (5.6 gpg L™1) employing low lig-
uid—solid ratios (12.5 gy gps~') and water—ethanol (50%
v/v) as solvent during very long extraction times (90 min)
and at high temperature (80°C). Ummat et al. (2020)
obtained extracts with the highest TPC values of 47.6
mgpp gps | (4.8 gpp L) using hydroalcoholic solutions
as solvent (ethanol 50% v/v), with a very low solvent-solid
ratio (10 gy gps ') and very long extraction times (30 min)
of UAE from Fucus vesiculosus seaweed previously dried
at 50 °C for 9 days. Microwave-assisted extraction of A.
nodosum was studied by Yuan et al. (2018) obtaining a
TPC of 14.0 mgpg gps ™' (1.4 gpg L™1) working with fresh
algae (S=15 gy gDS_l) during 15 min and 110 °C using
water—-methanol (70% (v/v)) solution as extraction solvent.
In view of the results, it can be concluded that working at

room temperature (below 30 °C) with 100% of sonication
amplitude, liquid—solid ratio of 20 gy, gDS_1 and very short
time, around 2 min (run 14), was obtained a promising
TPC value of 55.6 +0.2 mgpg gps~ ' (2.8 +£0.01 g L7H.

It must be considered that data collected from litera-
ture about seaweed extraction corresponds to batch experi-
ments, working in some cases with different (alcoholic,
acidic) solvents, higher temperatures, longer operation
times and lower liquid—solid ratios resulting in a wide TPC
range. Despite that UAE technology is in the spotlight
of seaweed industry and in the research of new antioxi-
dant resources, to carry out a comparison covering all the
bibliographic results is difficult since it is necessary to
consider that there are several relevant extraction condi-
tions and pre-treatments (mainly drying methods, condi-
tions and procedures) like grinding (mean particle size and
particle size distribution), or use of different compounds as
quantification standards, could hardly affect to the extracts
features.

Seaweeds scavenging activities have been studied by
several authors such as Goswami et al. (2016) employing
phloroglucinol standard molecule reported values around
46 mgpg mmolpppy~!. Wang et al. (2009) studied extracts
from A. nodosum by a liquid—solid extraction (20 gy, gDS_l)
using two different solvents, water and acetone 70% (v/v),
during 24 h at room temperature, and the highest ICs, (43.50
mgpp mmolpppy ') Was obtained with acetone blends. Kirke
et al. (2017) reported ICs, values between 20 and 40 mgpg
L~! at room temperature and 70 and 80 mgp; L™! at 50 °C
measured from purified fractions extracts obtained from F.
vesiculosus carrying out extractions with a liquid—solid ratio
of 10 gy gps ™' using water—methanol 80% (v/v) solution for
24 h. Audibert et al. (2010) presented ICs, values around
19 mgpg mmolpppy ! from purified polyphenols fractions
obtained from A. nodosum after liquid—solid extraction with
methanol at 4 gy, gps~ !, 3 h at 40 °C.
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Matanjun et al. (2008) studied several seaweed species
and obtained ABTS values from 375 to 475 mmoly L™
mgp: ! and FRAP capacities of 63 and 92 mgy mgp~! for
extracts obtained from Dictyota dichotoma, Sargassum poly-
cystum and Padina species, employing methanol or diethyl
ether as solvents at ratios of 10 gy, gps~" for 72 h. Audibert
et al. (2010) reported ABTS values around 235-540 mgg
L~!. FRAP values obtained by Ummat et al. (2020) were
around 50 mgpg L7

Briefly, in comparison to above mentioned studies,
obtained ICs, values from DPPH assays in this study showed
lower scavenging activities than phloroglucinol, A. nodosum
extracts or purified fractions from F. vesiculosus. Further-
more, reported that ABTS values were higher than those
obtained here and, finally, FRAP values were in the same
range. It is worthy to note that despite lower antioxidant
responses of extracts were determined in this study, they
were obtained after very short times of extraction with low
energy consumption without further purification or fraction-
izing processes of the extracts.

In relation to the linear correlations of DPPH, ABTS and
FRAP with TPC, other authors also found these trends with
other seaweeds. Moreira et al. (2016) obtained these linear
relationships with F. vesiculosus extracts and Matanjun et al.
(2008) for red (Eucheuma cottonii, Eucheuma spinosum,
Halymenia durvillaei), green (Caulerpa lentillifera, Caul-
erpa racemosa) and brown (Dictyota dichotoma, Sargassum
polycystum, Padina sp.) algae. This linear trend suggested
that polyphenols present in the extracts, regardless of extrac-
tion conditions, remained chemically similar (Connan et al.
2004) and TPC gave the main antioxidant responses of the
extracts.

Conclusions

Continuous UAE extraction modelling of Ascophyllum
nodosum carried out at room temperature indicated that
TPC of extracts depended on sonication amplitude (power)
and solvent-solid ratio (with no dependence of sonication
time). Carbohydrate and uronic acid content depended on
sonicated time, amplitude and solvent-solid ratio following
a quadratic model. Maximal TPC (55.6 +0.2 mgpg gps ™~
or 2.8 +0.01 gpr L™!) were obtained at 100% of sonica-
tion amplitude, solvent-solid ratio of 20 gy gps~' and
2 min. Experimental data modelling (TPC, CHOS and UA)
allowed to determine the optimal (3.25 gpg ggg~') values
of TPC/CHOs and TPC/(CHOs-UA) ratios being obtained
at intermediate amplitude (88%), solvent-solid ratio of 20
gw gps | and 2 min. The conditions that minimised the
consumption of energy per gram of extracted polyphenols
corresponded to low solvent-solid ratio (20 gy gps™ '),
short sonication time (2 min) and amplitude above 90%.

@ Springer

Aqueous extracts with high TPC were obtained indicating
that UAE is a promising technology to produce extracts
with bioactive molecules employing short extraction times
and with low energy consumption in relation to other tech-
niques. Antioxidant capacity values (DPPH, ABTS and
FRAP) of extracts using water as solvent and sonication
technology were comparable to those extracts obtained
after very long extractions (> 5 h) and employing organic
solvents. Antioxidant capacities were linearly correlated
with the total polyphenol contents of the extracts.
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