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Abstract Preservation, storage, and safe transport of samples
are key factors affecting brown algal phlorotannin (phenolics)
quantification, their extraction yield, and antioxidant activity.
This is especially relevant when field sampling is carried out
in remote areas. The objective of the present study was to
evaluate and compare five preservation (frozen control,
freeze-dried, silica-dried, oven-dried, and air-dried) and two
extraction methods (Brapid^ and Btraditional^ extraction) of
phlorotannins in the kelp Lessonia spicata (former Lessonia
nigrescens). The antioxidant power of the samples treated
with the different dryingmethods was compared through three
different in vitro antioxidant assays: 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and oxygen radical absorbance capac-
ity (ORAC) methods, employing fluorescein (ORAC-FL) and
pyrogallol red (ORAC-PGR) as target molecules. The results
of the testing methods indicated that freeze-drying afforded
the best extraction yields of phlorotannins (18–30 % higher

than control using frozen material) whereas concentrations
from samples dried in silica and oven averaged between 17
and 20 % lower than control. The antioxidant activity of
phlorotannins measured using the DPPH test decreased sig-
nificantly in samples kept dried compared to that in control,
with activities varying from 65 (freeze-dried) to 21 % (air-
dried). Accordingly, with ORAC-PGR and ORAC-FL index-
es, sample preservation employing silica-drying or air-drying
caused a high decrease of the antioxidant activity of polyphe-
nols. No differences in both total phlorotannin concentration
and antioxidant activity between the two extraction methods
were found.
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Introduction

Phlorotannins are phenolic compounds, which are exclusively
found in brown algae. Their synthesis represents a multifunc-
tional strategy in algae under stress because of the ability of
these compounds to absorb in the range of UV radiation, acts
as herbivore deterrents, and also has a repair role in wounds
(Schoenwaelder 2002). In recent years, the antioxidant prop-
erties of phlorotannins have been emphasized, especially in
response to environmental stressors (Connan et al. 2007;
Wang et al. 2012). However, analyzing these compounds for
ecophysiological purposes still has a series of fundamental
limitations, especially the preservation of samples before to
the laboratory analysis. These limitations are related to the fact
that phlorotannins are highly reactive substances, have a
short-term induction (<2 h), and also have a high variability
in their concentrations as a consequence of external and
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endogenous factors (Pavia and Toth 2000; Connan et al. 2004;
Gómez and Huovinen 2010).

To determine total phlorotannins, the algal samples are
usually Bkilled^ by freezing them in liquid nitrogen (Pavia
et al.1997; Blanc et al. 2011; Steinhoff et al. 2011). After this
procedure, samples are commonly stored in a freezer at
−80 °C (Toth and Pavia 2001), freeze-dried (Wang et al.
2009; Zubia et al. 2009), dried in silica gel (Pansch et al.
2008; Gómez and Huovinen 2010), or simply dried in an oven
for a certain period of time (Targett et al. 1992; Van Alstyne
et al. 1999). In some cases, the maintenance of samples at
room temperature in low light or darkness has been also re-
ported (Shibata et al. 2008). However, in many remote areas,
the facilities required for a correct preservation of samples
(e.g., ultra freezer or lyophilization equipment) are usually
not available. This generates measurable variability in both
the quantity and quality of the phlorotannins after extraction as
well as in their antioxidant capacity. Therefore, protocols of pres-
ervation and drying of macroalgal samples need to be optimized
to minimize the effects on phlorotannin concentration.

Following storage, a critical factor in extracting
phlorotannins is the choice of a highly polar solvent. It has
been demonstrated that the extraction efficiency decreases
using solvent with moderated polarity, such as methanol or
ethanol (Wang et al. 2009). Koivikko et al. (2005) and Wang
et al. (2012) reported that polar solvents were more efficient
reaching highest extraction values when 70 % aqueous ace-
tone was used. Moreover, the use of extraction techniques
such as sonication, which allows disruption of cells and re-
duced particle size, does not only improve the yield but also
reduces extraction time and solvent volume (Chemat et al.
2008; Azmir et al. 2013).

Colorimetry-based methodologies such as the Folin-
Ciocalteu assay have improved the quantification of
phlorotannins in algae in recent years (Iken et al. 2007;
Rautenberger et al. 2015). However, the BFolin-Ciocalteu
index^ does not always reflect the biological activity or the
reactivity of a phlorotannin-rich sample. Different studies
have shown that, in several species of brown algae, the con-
centration of phlorotannins is directly related to their antioxi-
dant capacity (Shibata et al. 2008; Chowdhury et al. 2011;
Cruces et al. 2013). For example, an increase of phlorotannins
induced by UVradiation was correlated with an enhanced free
radical scavenging activity (r=0.80) (Cruces et al. 2012).
Nevertheless, the putative mechanisms involved in the antiox-
idant activity of phlorotannins are not well understood yet.

Considering the limitations and constraints mentioned
above, the goal of the present study was to compare different
methods to preserve, extract, and measure the antioxidant ca-
pacity of phlorotannins from the South Pacific kelp Lessonia
spicata Santelices (former Lessonia nigrescens). This species
is a key structuring organism at intertidal rocky shores in the
central/southern Chile (Santelices 1990; Westermeier et al.

1994) and is commercially exploited mainly as source of cell
wall polysaccharides (alginates) (Vásquez 2008). Recently,
studies on the ecophysiological role of phlorotannins from
L. spicata have been carried out in the context of UV
photoprotection and temperature (Gómez and Huovinen
2010; Cruces et al. 2012, 2013; Rautenberger et al. 2015).
The suitability of the preservation methods was evaluated in
five types of algal material: frozen (control), freeze-dried,
dried in silica gel, dried in an oven, and dried in the air. Two
methods of phlorotannin extraction were compared: the tradi-
tional extraction based on incubation for 24 h at 4 °C under
shaking and a rapid extraction where extracts were sonicated
for 2 h at 25 °C. Finally, three different in vitro assays,
bleaching of the DPPH radical, ORAC using pyrogallol red
(ORAC-PGR) and fluorescein (ORAC-FL) as target mole-
cules, were used to test the antioxidant activity.

Materials and methods

Sampling and storing of algal material Juvenile fronds
were collected in the late austral winter (September) from
the intertidal rocky shores of Calfuco (39° 51′ S, 73° 23′ W)
near Valdivia, Chile, and immediately transferred to a dark
and cool box to the Marine Laboratory of Calfuco. All fronds
were carefully cleaned and acclimated for 24 h in tanks with
circulating seawater, continuous aeration, salinity of 30 PSU,
at a temperature corresponding to that of the natural surface
water at the sampling site (12±1 °C), and under dim light
(40 μmol photons m−2 s−1, Daylight, TL Philips,
Netherlands). Afterwards, the fronds were frozen in liquid
nitrogen to stop all running biochemical processes, and five
different preservation and storage protocols were employed
(Fig. 1):

A. Frozen (used as control): Fronds of L. spicata were im-
mediately stored at −80 °C in a freezer.

B. Freeze-dried: Following freezing in liquid nitrogen,
fronds were lyophilized (VirTis Benchtop 4K Freeze
Dryer model 4KBTXL-75, USA) for 3 days and then
stored avoiding any light and humidity until extraction.

C. Silica-dried: After freezing in liquid nitrogen, samples
were dried for 3 days in silica gel (indicating blue,

nSIO2*nH2O, VETEC), in the dark until extraction.
D. Oven-dried: After samples were frozen in liquid nitrogen,

they were dried in a hot air-drying oven (LABTECH,
model LDO-060E) at 60 °C for 24 h. Afterwards, they
were stored at room temperature in the dark.

E. Air-dried: After fronds were collected and transferred to
the laboratory, they were dried on absorbent paper at
room temperature in the dark for 72 h. Samples were
stored under identical conditions until analysis.
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The loss of water for each drying treatment (B to E) was
monitored using an analytical balance and expressed as per-
centage of weight loss.

P r e p a r a t i o n o f e x t r a c t s a n d e x t r a c t i o n
methods Approximately 75 mg of macroalgal tissue from
the different storage methods was ground to a fine powder
in liquid nitrogen using a mortar and pestle. The powder
was mixed with 1.5 mL of 70 % (v/v) aqueous acetone, and
phlorotannins were extracted by two different methods:

1. Rapid extraction: The samples were sonicated at 50–
60 Hz for 2 h at 25 °C according to the method of
Rostagno et al. (2003),

2. Traditional extraction: The samples were shaken
(200 rpm) for 24 h at 4 °C in the dark (Pavia et al. 1997).

Because acetone reacts better with hydrolysable tannins
than other solvents like water or methanol (Mueller-Harvey
2001), it is regarded as the best solvent for the extraction of
high-molecular-weight polyphenols such as phlorotannins
from brown algae.

Quantification of the total phlorotannins Phlorotannins
were determined using the Folin-Ciocalteu method (Koivikko
et al. 2005) with adjustments of volumes to match 96-well mi-
croplates (Cruces et al. 2012). The extract was centrifuged at
4000 rpm for 10 min at 4 °C, and the supernatant was filtered
(0.22 μm) to remove any algal impurities. Then, 100 μL of the
filtered extract was mixed with 100 μL of ultrapure H2O
(18.2 MΩ cm at 20 °C), 100 μL of 1 N Folin-Ciocalteu reagent,

200 μL of 20 % NaCO3, and 100 μL of 2 N Folin-Ciocalteu
reagent. The samples were incubated for 45 min at room tem-
perature in the dark and centrifuged at 5000 rpm for 3 min.
Absorbance was measured photometrically at 730 nm
(Multiskan Spectrum microplate reader, Thermo Fisher, USA).
The concentration of phlorotannins in the extracts was calculated
using a standard curve of phloroglucinol (Sigma-Aldrich, USA).
The phlorotannin concentration was expressed as milligram per
gram of dry weight (DW).

Determination of the DPPH-based antioxidant activity
(bleaching of DPPH) The antioxidant activity of the extracts
was determined by the DPPH free radical scavenging method
described by Brand-Williams et al. (1995) and modified by
Fukumoto and Mazza (2000) for 96-well microplates. DPPH
(150 μM) was prepared freshly in 80 % (v/v) aqueous meth-
anol and mixed with 22 μL of the sample extract. The absor-
bance was measured at 520 nm in a microplate reader using
gallic acid as a standard. Distilled water was used as a negative
control. The antioxidant activity was defined as milligram of
gallic acid equivalent (GAE) per gram of DW.

ORACdeterminations The ORAC test is based on the trans-
fer reaction of a hydrogen atom in which the antioxidant and
substrate compete for peroxyl radicals thermally generated
through the decomposition of azo compounds (Huang et al.
2005). In particular, depending on the selected probe, it is possi-
ble to obtain an ORAC index more related to the reactivity (rate
of the reaction between antioxidants with peroxyl radicals) or to
the stoichiometry of the reaction (number of peroxyl radicals
trapped per antioxidant molecule) (Poblete et al. 2009). Stock

Fig. 1 Scheme of the processes
for evaluation of five preservation
treatments and two extraction
methods in samples of Lessonia
spicata. Phlorotannin
concentration and antioxidant
activity (DPPH, ORAC-PGR,
and ORAC-FL) were used as
decisive parameters
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solutions of pyrogallol red (PGR, 41.6 μM) or fluorescein (FL,
0.583 μM) were prepared freshly in 75 mM phosphate buffer at
pH 7.4. A reaction mixture containing 10 mM of 2,2′-azo-bis(2-
amidinopropane) dihydrochloride (AAPH), 5 mMof PGR either
with or without sample extract, was incubated in phosphate buff-
er (75 mM, pH 7.4) at 37 °C. PGR consumption was evaluated
from the progressive decrease in the absorbance (A) measured at
540 nm. A similar procedure was carried out by using FL
disodium salt (FL, 70 nM). Its consumption was measured by
the decrease in the fluorescence intensity (FL, exCitation at
493 nm; emission at 515 nm) using the fluorescence mode of
the Varioskan Flash Multimode Reader (Thermo Fisher, USA).

Values of (F/F0) or (A/A0) were plotted as a function of
time. Integration of the area under the curve (AUC) was per-
formed up to a time such that (F/F0) or (A/A0) reached a value
of 0.2. These areas were employed to obtain ORAC values,
according to Eq. (1). All experiments were carried out in trip-
licate.

ORAC ¼ AUC−AUC0
� �

AUCGallic acid‐AUC
0

� � f Gallic acid½ � ð1Þ

where, AUC is the area under the curve in the presence of the
tested extracts, integrated between time 0 and that correspond-
ing to 80 % of the probe consumption, AUC0 is the area under
the curve for the control (target molecule andAAPH solution),
AUCGallic acid is the area under the curve for gallic acid, f is the
dilution factor, equal to the ratio between the total volume of
the AAPH-pyrogallol red or AAPH-fluorescein solution and
the added extract volume, and [Gallic acid] is the gallic acid
molar concentration. ORAC values were expressed as milli-
gram of GAE per gram of DW.

Statistical analysis Concentrations of phlorotannins and an-
tioxidant status were compared between different preservation
methods and extraction times (regarded as the main factors)
using two-way analysis of variance (ANOVA), followed by
Tukey’s HSD post hoc test when differences were detected.
Mathematical transformations were used to meet the ANOVA
requirements. ANOVA assumptions (homogeneity of vari-
ances and normal distribution) were examined using the
Levene and Shapiro-Wilk W tests. To determine the correla-
tion between DPPH and phlorotannins, Pearson’s test was
performed. Statistical significance was set to p<0.05.

Results

Concentration of total phlorotannins and extraction
methods

In each preservative treatment, no significant differences were
observed between the two extraction methods used (factor A×

B in Table 1), both in the concentration of phlorotannins as
well as in their antioxidant capacity (Fig. 2, Table 1). The total
phlorotannin concentration according to the Folin-Ciocalteu
assay showed differences between preservation treatments
(p<0.001, Fig. 2), with values ranging between 6.9 mg g−1

DW in freeze-dried to 2.7 mg g−1 DW in air-dried samples.
Additionally, the loss of water with respect to each drying
treatment was 85 % in freeze-dried, 81 % to oven and silica
gel, and 70 % in air-dried. The concentration of phlorotannins
indicated that there was a tendency towards higher concentra-
tion associated with decrease in the percentage of moisture
from the sample (Table 2).

Effect of the preservation procedures on the antioxidant
capacity of the samples

The antioxidant activity determined by the DPPH assay
showed a direct correlation with phenolic concentration (r=
0.81, p<0.01, Table 2). There were statistical differences be-
tween the drying methods (ANOVA, p<0.001) (Fig. 3).
Samples of frozen control treatment showed the highest
DPPH scaveng ing ac t iv i ty wi th a maximum of
34.6 mg GAE g−1 DW, a value which gradually decreased,
accord ing ly wi th the dry ing methods , down to
7.1 mg GAE g−1 DW (air-dried samples). According to the
DPPH-based antioxidant activity, the following order was

Table 1 Results from the statistical analysis in phlorotannin
concentration, DPPH, ORAC-PGR, and ORAC-FL in Lessonia spicata,
using two-factorial ANOVA

Dependent variable factor d.f MS F p value

Phlorotannins A 4 82.7 642.6 <0.001

B 1 0.2 1.0 0.3

A×B 4 0.2 1.6 0.2

Error 88 0.2

DPPH A 4 352299965.4 140.2 <0.001

B 1 6967868.9 2.8 0.1

A×B 4 4511308.2 1.8 0.1

Error 81 2515027.3

ORAC-PGR A 4 31922.8 760.2 <0.001

B 1 105.6 2.5 0.1

A×B 4 16.9 0.4 0.8

Error 84 41.9

ORAC-FL A4 4 255821.9 3123.2 <0.001

B 1 347.4 4.2 0.06

A×B 4 14.4 0.2 0.9

Error 84 81.9

where A factor indicates the statistical differences between the different
preservation treatments, B factor shows the difference between the two
extraction methods, and A×B the statistical differences between the ex-
traction methods within of each preservation treatment. p values in italic
highlight significant differences at p<0.05
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observed: frozen control>freeze-dried>oven-dried>silica-
dried>air-dried. The ORAC-PGR index showed the follow-
ing order: frozen control>freeze-dried, oven-dried>silica-
dried>air-dried, where both freeze-dried and oven-dried sam-
ples were similar (p>0.05, Fig. 4). The frozen control value
was 119.9 mg GAE g−1 DW, and the lowest value was in air-
dried samples showing 10.9 mg GAE g−1 DW (p<0001). The
ORAC-FL results are shown in Fig. 5. As can be seen in this
figure, the frozen control samples showed the highest ORAC-
FL value (339.8 mg GAE g−1 DW) with differences between
treatments in both extraction methods (p<0.001). In
employing this assay, the following order was established:
frozen control>freeze-dried>oven-dried, silica-dried>air-
dried.

Discussion

This study shows that the method chosen to preserve
macroalgal tissue and extract phlorotannins can have signifi-
cant consequences not only for the extraction yield of
phlorotannins but also for their in vitro antioxidant activity.

Sample drying and extractionmethod The freeze-drying of
the samples resulted in the best phlorotannins yields and anti-
oxidant activity. Probably, this type of sample preservation
minimizes the degradation of heat-sensitive molecules in a
liquid state (Le Lann et al. 2008). However, the difficulty in
accessing lyophilization equipment in remote sites such as
Polar regions makes the other three methods (oven-dried, sil-
ica-dried, or even air-dried) more accessible (Huovinen and
Gómez 2013; Rautenberger et al. 2015). Drying samples in an
oven could be a reliable method for preserving phlorotannins.
When macroalgal samples are incubated at temperatures
≤65 °C, the water into algal cells is quickly removed by evap-
oration and adverse thermal effects can be avoided (Wong and
Cheung 2001; Gupta-Elera et al. 2011). The use of either silica
gel or air, which is common in many laboratories and often the
only option in remote regions, resulted in a significant loss of
antioxidant activity of phenols. Under these conditions, during
the long time required to completely dehydrate macroalgal
samples, processes of oxidation or degradation of
phlorotannins could be responsible for the loss in the antiox-
idant capacity (Mueller-Harvey 2001; Georgetti et al. 2008;
Esteban et al. 2009). Therefore, it is crucial to keep the time
required for dehydration to a minimum, avoiding the complete
loss of the antioxidant capacity of the extracts. On the other
hand, while the samples are more dehydrated, higher concen-
trations of phlorotannin should be expected in the extracts
(Table 2). This effect seems to be associated with the fact that
vesicles known as physodes, where the phlorotannins are
contained in brown algal, increase their concentrations per
area unit in dehydrated tissue, increasing, therefore, the con-
centration of phenolic compounds by dry weight material
(Schoenwaelder and Clayton 1999; Shibata et al. 2004;
Gómez and Huovinen 2010).

In contrast with the noticeable effect of drying on the anti-
oxidant activity, the two extraction methods (rapid and tradi-
tional) did not result in marked differences in terms of con-
centration and antioxidant capacity of phlorotannins. This
suggests the use of standardized protocols for ultrasonic baths
in conjunction with microplates in order to reduce the volume
of reagents and the extraction time (Cruces et al. 2012; Ortiz
et al. 2012; Lee et al. 2013). In addition, traditional methods of
phlorotannin analysis require longer incubation times and
amount of reagents, increasing the economic costs and the

Table 2 Results from the
correlation analysis between
phlorotannins and antioxidant
bioassays using Pearson
coefficients are indicated

Variables Correlation
coefficient

p values Number
samples

Phlorotannins DPPH 0.81 <0.01 50

ORAC-PGR 0.91 <0.001 47

ORAC-FL 0.31 0.06 47

% weight loss −0.86 <0.002 40

p values in italic highlight significant differences at p<0.05

Fig. 2 Effect of five preservation treatments and two extraction methods
on the total phlorotannin concentration in Lessonia spicata. Data are
mean±SD, n=5. Different lower case letters indicate statistically
significant differences (p<0.05) among the different treatments after
Tukey’s HSD post hoc test. The content of phlorotannins in the extracts
is expressed as milligrams of phloroglucinol per gram of dry weight
(DW)
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release of chemical products to the environment (Wang et al.
2009).

Use of DPPH, ORAC-PGR, and ORAC-FL methods for
evaluating antioxidant capacity Qualitative studies on
phlorotannins using purification techniques revealed that the
removal of other interfering compounds in the extracts (e.g.,
mannitol) increases the antioxidant activity of the samples
(Tierney et al. 2013). In agreement with our results, such stud-
ies support the assumption that phlorotannins are probably
largely responsible for these properties in brown algae. The
decreased ability to bleach DPPH observed with the use of
different preservation methods could be related to the oxida-
tion, decomposition, or loss by volatilization that
phlorotannins suffer due to the heat or the long drying time

during the treatments (Moure et al. 2001; Georgetti et al.
2008). In a general context, drying of samples may affect the
phenolic compounds stability, either by chemical and enzy-
matic degradation (Larrauri et al. 1997; Moure et al. 2001).

The use of FL and PGR as target molecules in the ORAC
assay is based on the presumption that the ORAC-FL index
gives values more related to stoichiometric factors of the
antioxidant-peroxyl radical reaction (López-Alarcón and
Lissi 2006). In contrast, the ORAC-PGR methodology gives
values associated with the reactivity of antioxidants towards
AAPH-derived peroxyl radicals (Table 2) (López-Alarcón and
Lissi 2005). Thus, changes in the antioxidant quality of the
sample with respect to frozen samples would be related with
the drying times and/or the disruption of the native conforma-
tion of the compounds influencing in the reactivity and stoi-
chiometric of the acetone extracts (Franks 1998; Le Lann et al.
2008).

The ORAC and DPPH antioxidant assays, which allowed
us to evaluate distinct in vitro antioxidant mechanisms of the
phlorotannins (Frankel and Meyer 2000; Prior et al. 2005),
showed consistent results with the different preservation
methods. Comparatively, the values of antioxidant activity
measured are in the range of values reported for various brown
algae (Chandini et al. 2008; Ganesan et al. 2008; Wang et al.
2009). However, it is necessary to consider that, due to high
molecular weights and the complex molecular skeletons that
can reach some of these polymers (126 Da–650 kDa), the
selection of the assays to evaluate antioxidant activity should
also consider the drawbacks regarding steric molecular acces-
sibility which could limit or underestimate the reaction capac-
ity of phlorotannins towards free radicals (Grosse-Damhues
et al. 1983; Ahn et al. 2007; Xie and Schaich 2014).

In conclusion, our results indicate that the drying methods
are suitable to guarantee the extraction of phlorotannins, but in

Fig. 3 DPPH radical scavenging activity in samples of Lessonia spicata
subjected to five preservation treatments and two extraction methods.
Data are mean±SD, n=5. Different lower case letters indicate
statistically significant differences (p<0.05) among the different
treatments after Tukey’s HSD post hoc test

Fig. 4 ORAC-PGR values obtained employing five preservation
treatments and two extraction methods in Lessonia spicata. Data are
mean±SD, n=5. Different lower case letters indicate statistically
significant differences (p<0.05) among the different treatments after
Tukey’s HSD post hoc test

Fig. 5 ORAC-FL values obtained by five preservation treatments and
two extraction methods in Lessonia spicata. Data are mean±SD, n=5.
Different lower case letters indicate statistically significant differences
(p<0.05) among the different treatments after Tukey’s HSD post hoc test
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comparison with frozen samples, they decrease the antioxi-
dant activity of the samples. Thus, dry material could not be
suitable when the potential antioxidant capacity phlorotannins
is examined but may perfectly serve to estimate the relative
radical scavenging activity in samples of the same cohort ex-
posed to different experimental treatments. Both, the
phlorotannin contents and antioxidant capacity, were not af-
fected by either the traditional or by the rapid extraction meth-
od, and thus, for time-saving purposes, the second option is
preferable.
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