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Abstract: Seaweed aquaculture is affected by natural and anthropogenic stressors, which put the
biomass productivity of the cultures at risk. Seaweed biomass for commercial purposes, principally in
pharmaceutical and/or nutraceutical applications, needs to be free of pollutants; therefore, controlled
cultures have relevance in regulating the quality of biomass. The aim of this work was to demonstrate
the successful utilization of controlled outdoor cultures to remove excess heavy metal accumulation
in Gracilaria chilensis, an important commercial seaweed farming model. Specifically, we designed a
simple and operational heavy metal depuration protocol, utilizing seawater and tap water removal,
which permitted the concentration reduction of 10 heavy metals, including As, Cu, and Cd but not
Zn, from the biomass at 7 days of culture. The percentage of depuration of the heavy metals ranged
from 32 to 92% at 7 days, which was maintained throughout 21 days of culture. During the culture
period, the monitored physicochemical parameters (temperature, salinity, and dissolved oxygen,
among others) remained stable, with an increase in the daily growth rate (DGR% d−1) of the biomass
recorded after 14 days of culture. Consequently, the experimental setup was successful for heavy
metal depuration, which highlights the importance of controlled outdoor cultures as important tools
of sustainability.

Keywords: depuration rate; Gracilaria chilensis; outdoor culture; purification; red seaweed; sustainability;
seaweed food

1. Introduction

Seaweed has been present in the human diet for many years and has been part of
Asian cuisine culture for almost 400 years [1]. Currently, in addition to providing nutrition
to humans, there is an increasing interest in its role in supporting human health, although
almost 99% of algae production is dedicated to thickening and gelling agents for the food
and pharmaceutical industries [2,3].

By 2020, out of a total of 35.07 million tons of aquatic seaweed produced globally,
cultivated seaweed accounted for 87.8% of the total, but this high percentage was derived
from only a small number of Asian countries, mainly China, Indonesia, the Republic of
Korea, and the Philippines. Commonly cultivated seaweed species include Laminaria
japonica (12.4 million tons), Eucheuma spp (8.1 million tons), Gracilaria spp (5.2 million tons),
Undaria pinnatifida (2.8 million tons), and Porphyra spp (2.2 million tons) [4]. Chile is the
main producer of seaweed in the West, with a production of 222,000 tons of seaweed, but
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this production depends mainly on the exploitation of natural populations. Additionally,
around 60,000 tons of Chile’s production corresponds to Gracilaria chilensis, commonly
known as “Pelillo” [5]. In Chile, Gracilaria chilensis C.J. Bird, McLachlan and E.C. Oliveira
is distributed between Antofagasta (24◦ S) and Chiloé (43◦ S), with its southernmost
population located in “Raúl Marín Balmaceda” port (43◦46′ S) [6,7]. The extraction of
G. chilensis from natural populations began in the mid-1970s and collapsed in the 1980s due
to overexploitation. Its use as a food and a medicinal herb is long-standing, and although
the “Pelillo” has great nutritional potential, it is mostly exploited for the extraction of
agar and exported as dried algae [8,9]. Red algae such as G. chilensis are an excellent
source of healthy essential fatty acids and other phytochemicals with bioactivities including
antidiabetic, anti-inflammatory, antioxidant, and anti-neurodegenerative effects [2,10–12].
Recently, our laboratory reported that Gracilex®, an oily extract derived from “Pelillo”, can
reduce metabolic alterations (increases in basal glucose and insulin levels) in mice fed a
high-fat diet [13]. Thus, the development of a nutraceutical derived from G. chilensis offers
an opportunity to find other uses for this alga to diversify the productive matrix of the
country, increasing the added value of G. chilensis biomass. Thus, studies addressing the
innocuity of the biomass used for nutraceuticals are required to expand this industry.

G. chilensis has a three-stage sexual life cycle characterized by an isomorphic alterna-
tion of generations [14]. In situ cultivation is based on vegetative propagation [15,16] or
conducted with spores attached on ropes that are then transferred to the sea [17]. Thus,
a decrease in genetic variability associated with overexploitation is expected, which may
increase the susceptibility of algae to pests and epiphytes under monoculture conditions.

Seaweed farming may be affected by natural stressors (climate change, storms, and
pests, among others) or anthropogenic stressors (heavy metal pollution, petroleum spills,
and domestic and industrial wastes), which put the productivity and quality of the cultured
biomass at risk [18,19]. In this context, controlled cultures (outdoor or indoor cultures) are
useful for reducing unwanted variables that could affect the cultivars. In fact, controlled
cultures have been used extensively to determine the tolerances of target species before
starting mariculture programs, e.g., [20,21], and for strengthening the early production
stages of the available biomass. Outdoor and indoor seaweed cultivation to produce a
high biomass yield, e.g., [22], depend on several factors, for example, the type of cultiva-
tion, temperature, adequate irradiation, and nutrient concentration, among others, which
must be balanced in order to promote an efficient biomass production [23,24]. Outdoor
controlled cultures have a high yield potential; the control and mechanization of their main
operations influence the uptake and assimilation of nutrients as well as the productiv-
ity of the culture [25,26]. Despite this, cultivation systems such as outdoor cultures that
can mix the conditions of farmed seaweed cultivation and the development of the initial
stages of growth can generate a relatively simple, productive, and ecofriendly seaweed
farming system.

At present, it is necessary to determine the causes of pollution in coastal zones, prin-
cipally by heavy metals, before seaweed farming. The term “heavy metals” is commonly
used in the literature to refer to metals and metalloids associated with environmental
pollution, toxicity, and adverse effects on biota and has been defined in various ways,
mostly in terms of density, relative atomic mass, and atomic number [27]. Heavy metals
are considered harmful and non-degradable pollutants. They are ubiquitous in natural
environments, and these metals enter marine ecosystems mainly through atmospheric
deposition, overland runoff, and industrial and domestic activities; they are mainly stored
in abiotic components (i.e., sediment and seawater), which can be bioaccumulated by the
organisms and biomagnified along the trophic webs [28–30].

It has been determined that seaweeds accumulate metals through a two-stage process
that begins with rapid and reversible physicochemical adsorption on the algal surface,
followed by a slower, metabolically arranged intracellular uptake [31,32], triggering diverse
physiological alterations [33–35]. The cell wall biomolecules of seaweeds provide sites to
which metals bind quickly; indeed, several species are considered efficient materials for
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heavy metal biosorption [36,37]. The seaweed biomass for commercial use, principally
in pharmaceutical or nutraceutical applications, needs to be free of pollutants; therefore,
the controlled cultures take on an important relevance in regulating the quality of the
biomass. In this context, the aim of this work was to demonstrate the successful utilization
of controlled outdoor cultures to remove excess heavy metal accumulation in Gracilaria
chilensis as an important commercial seaweed farming model.

2. Results
2.1. Heavy Metal Bioconcentration in Gracilaria chilensis Biomass

The concentrations of most metals in G. chilensis biomass after the first tap water sub-
mersion were lower than those measured in the naturally occurring biomass (T0, Figure 1).
For As and Cu, the concentrations remained without any significant variation through-
out the culture after the first tap water submersion, but at 50% and 62% below the basal
concentration (T0; Figure 1), respectively. The highest concentrations for As and Cu were
2.1 and 3.8 ± 0.3 mg kg−1, respectively, and the lowest were 0.8 and 1.1 ± 0.1 mg kg−1,
respectively. The Mo concentration decreased throughout the experiment after the first
submersion, reaching the lowest concentrations at 21 days (0.44 mg kg−1) (Figure 1). The
Zn and Ni concentrations decreased after the first tap water submersion but then increased
during the culture. Zn concentrations in particular reached values 22% higher than those of
the naturally occurring biomass (5.02 ± 0.03 mg kg−1 vs. 4.13 ± 0.79 mg kg−1) (Figure 1).
The Cd concentrations showed significant differences only after the tap water submersion
(Figure 1). At 14 and 21 days, the Cd concentrations did not evidence any significant
differences and remained between 0.02 mg kg−1 and 0.03 mg kg−1. The Fe, Cr, V, Pb, and
Se concentrations did not show any significant differences, but they showed a trend of
reduced concentrations at 14 days of culture in relation to the naturally occurring G. chilensis
biomass (except for Pb) (Figure 1). Fe was the metal with the highest concentration value
in the algal tissue at T0 (124–327 mg kg−1), 97 to 4000 times higher than those obtained for
the other metals (Figure 1).

2.2. Percentage of Depuration of Heavy Metals

From the measured concentrations of the heavy metals in the G. chilensis biomass,
the percentages of depuration (PD) were calculated (Equation (1) in the Method Section)
during the entire experimental period, taking the initial concentration for each metal as the
basal value (T0).

The obtained values show a clear trend of depuration of the heavy metals in the
culture after the first tap water submersion (Table 1). The PD was higher in the first week
of culture and maintained a positive value for the rest of the experimental time. Contrarily,
Zn showed a clear bioaccumulation in the biomass during the second and third weeks
of culture.



Molecules 2022, 27, 6832 4 of 12

Figure 1. Heavy metal concentrations (mg kg–1 fresh tissue) in Gracilaria chilensis biomass from
Los Albatros Beach (T0) and before seawater cleaning and tap water submersion (T1). T2 and T3

correspond to 14 and 21 days of culture after the first submersion, respectively. For As, Zn, Cu, Mo,
Cr, V, Pb, and Se, the concentration is indicated on left Y-axis. For Fe, Cd, and Ni, the concentration is
indicated on the right Y-axis. Different letters indicate statistically different concentrations for each
metal along the experimental setup. The data shown are the means ± SD, n = 3.
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Table 1. Ranges of percentage of depuration (PD) of heavy metals in Gracilaria chilensis biomass under
the proposed methodology. T1 represents the values calculated after tap water submersion. T2 and
T3 correspond to 14 and 21 days of culture after the first submersion, respectively. Positive values
mean a decrease in the concentration, and negative values indicate a bioaccumulation of the heavy
metals. For statistical results see Supplementary Material Table S1.

Ranges of Percentage of Depuration

T1 T2 T3

Min Max Min Max Min Max

As 54 60 49 55 53 57
Zn −5 32 −25 18 −4 −55
Cu 54 67 58 69 36 56
Cr −38 90 −29 87 −106 73
Mo −45 39 20 94 69 81
Pb −32 75 −116 48 −158 33
Se −84 39 −38 76 30 56
V 8 92 1 78 −43 74
Fe 54 92 42 87 41 81
Cd 31 58 13 50 37 51
Ni 65 71 34 72 −6 40

2.3. Normative Comparison

At 21 days of culture after the first tap water submersion, most of the heavy metal
concentrations of the biomass reached lower values than some regulatory limits for human
consumption (Table 2). For example, the Pb concentration was below the regulatory limits
for the Canadian regulation, Codex Alimentarius, and Decree 997, which approves food
health regulations in Chile. The Cd concentrations remained between the minimum and
maximum limits for Decree 997. The As concentration exceeded the regulatory limits
established by Codex Alimentarius and Decree 997. In the case of Fe, its concentrations
exceeded only the regulatory limits of Decree 997. All other metal concentrations were
lower than these regulatory limits, as shown in Table 2. It is important to mention that they
are not indicated in any normative “seaweed products”.

Table 2. Comparison of heavy metal concentrations measured in G. chilensis at 21 days of culture and
regulatory limits (mg kg−1) of heavy metals in the tissue of seafood products for human consumption.

Metal Concentration at
21 Days (mg kg−1) *

Maximum Metal Levels
According to Canadian

Guidelines for
Chemical Contaminants
and Toxins in Fish and

Fish Products

Maximum Metal
Levels According
to Commission
Regulation (EC)
No. 1881/2006,

European Union

Maximum Metal
Levels According

to CXS_193e
(Codex Alimentarius)

Decree 997 Approves
Food Health

Regulations (Chile)

As 0.90 ± 0.07 3.5 a n.i. 0.1–0.5 c 0.01–0.5 e

Zn 5.02 ± 0.03 n.i. n.i. n.i. 100.0 f

Cu 1.9 ± 0.5 n.i. n.i. n.i. 10.0 f

Cr 0.12 ± 0.01 n.i. n.i. n.i. n.i.
Mo 0.45 ± 0.05 n.i. n.i. n.i. n.i.
Pb 0.23 ± 0.04 0.5 a 0.3–1.5 b 0.3 d 2.0 g

Se 0.20 ± 0.01 n.i. n.i. n.i. 0.30 h

V 0.27 ± 0.04 n.i. n.i. n.i. n.i.
Fe 66.8 ± 5.7 n.i. n.i. n.i. 0.2–50 e

Cd ± 0.01 n.i. 0.05–1.0 b 2.0 d 0.01–0.5 i

Ni 0.12 ± 0.01 n.i. n.i. n.i. n.i.

a In fish protein concentrate. b In muscle meat of fish and/or bivalve mollusks. c In all categories shown except
for natural mineral water. d In marine bivalve mollusks. e Minimum and maximum values of all products shown
in the list of the standard. f Other products from those listed in the standard. g Canned, fresh, chilled, and frozen
seafood. h In solid products. i Edible table salt mineral water. n.i. indicates the absence of regulatory limits for
that metal. * Average ± SD fresh biomass.



Molecules 2022, 27, 6832 6 of 12

2.4. Daily Growth Rates of Gracilaria chilensis Biomass

The daily growth rate (DGR, % d−1) results are presented in Figure 2. The DGR of
G. chilensis did not increase over time (days of culture, F(2, 0.339) = 0.185; p > 0.05). Table 3
shows the statistical results of the comparisons of mean DGR of the different culture
times. During the culture time, the highest DGR was recorded after 14 days of culture
(DGR = 0.41 ± 0.89% d−1), and the lowest DGR occurred after the first week of culture
(DGR = −0.03 ± 1.32% d−1). Overall, the experimental setup did not negatively impact the
daily growth of the biomass. It is important to mention that no variability was determined
for the temperature, photosynthetically active radiation (PAR), salinity, and dissolved
oxygen over the entire experimental period (Supplementary Material Table S2).

Figure 2. Daily growth rate (DGR, % d−1) of Gracilaria chilensis biomass during 21 days of culture.
Error bars indicate standard deviation. There were no significant differences between the averages
according to the analysis of variance (p > 0.05).

Table 3. Results of one-way ANOVA for culture time (days) and daily growth rate (DGR, % d−1) of
Gracilaria chilensis biomass under the proposed methodology.

DF Sum Sq Mean Sq F p Value

Time (days of culture) 2 0.339 0.1694 0.185 0.84
Residuals 6 5.504 0.9174

3. Discussion

We designed a simple operational heavy metal depuration protocol from Gracilaria
chilensis biomass, utilizing 100 µm-filtered seawater and tap water remotion. This protocol
permitted the reduction of 10 heavy metals, including As, Cu, Pb, and Cd at 7 days of culture.
The percentage of depuration ranged from 32 to 92% at 7 days, which was maintained
for up to 21 days of culture, except for Zn. Throughout the duration of the experiment,
the monitored physicochemical parameters (temperature, salinity, and dissolved oxygen,
among others) were stable (Supplementary Material Table S2). Thus, these results allowed
us to deduce that the main effect on the depuration was produced by the water changes
during the culture but not by any other physicochemical variable. Consequently, the
experimental setup was successful for the depuration of the majority of the analyzed heavy
metals, highlighting the importance of outdoor cultures as tools of sustainability.

The high concentrations of several heavy metals in G. chilensis before the experimental
setup indicate a substantial bioconcentration of these heavy metals in the biomass from the
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impact site (Los Albatros Beach) (Figure 1). In fact, similar results for bioconcentrations have
been reported for diverse seaweeds [38–40], finding that red algae have a great capacity
to incorporate metals from seawater. For example, Wang et al. (2013) [39] concluded that
Gracilaria lemaneiformis exposed to seawater enriched with Pb, Cu, and Cd bioaccumulated
these metals up to 30.1, 3.75, and 10.15 times the control condition, respectively. Recently,
Luo et al. (2021) [40] indicated the importance of G. lemaneiformis as a remover of Zn, Cu, Pb,
and Cd, influencing heavy metal cycling in the environment. The mechanisms associated
with the bioaccumulation of these metals are primarily superficial adsorption followed by
a slower, metabolically arranged intracellular uptake [31,32]. In fact, Cd bioaccumulation
in Gracilaria tenuistipitata has been suggested to occur through biphasic kinetics, where
an electrostatic interaction occurs first in a rapid manner followed by a slower process
that occurs after cell wall saturation, mediated by metabolic processes contributing to
absorption [41]. It is important to mention that, depending on the species, the heavy metal
accumulation order depends on the affinity to a certain metal by the organism [42]. The
order of the bioconcentration of heavy metals in this study was similar to that registered in
G. lameneiformis (Zn > Cu > Pb > Cd) [40].

The basal concentration of the heavy metals determined in G. chilensis is indicative
of highly polluted marine zones. In fact, similar results have been determined in the kelp
Macrocystis pyrifera [29] and in Lessonia spicata [43] from the same zone of study. Recently, it
was determined that a short pulse of a high concentration of heavy metal in the early stages
of M. pyrifera growth negatively affects its development and morphometry as well as its
role as an ecosystem engineer due to a negative alteration in the species composition [44].
In addition, a strong trophic transference of the heavy metals from seaweed biomass to
the sea urchin Tetrapygus niger was determined since the concentrations measured in the
latter were higher than in the seaweed biomass [29]. This consumption negatively affects
the life cycle of the sea urchin [28]. All these results show the impacts of heavy metals
on marine communities and highlight the necessity of incorporating significant actions to
reduce anthropogenic emissions to the environment.

The heavy metal concentration analysis (Figure 1) showed that there were significant
reductions in As, Cu, Mo, Cd, and Ni during the treatment of the biomass and culture but
not in Fe, V, Pb, and Se. In red algae, some authors have proposed that the bioaccumulation
of heavy metals is proportional to the exposure time and their concentrations in the wa-
ter [39,45]. Thus, the culture of G. chilensis from impacted sites should be at least 4 weeks
long to ensure major reductions in all heavy metals considered in the study and to reduce
those that exceeded the permitted values of standard limits (As and Fe).

In this work, Zn was the only element studied that showed a greater concentration
in the Quintay seawater than at the impacted site (Los Albatros Beach, Supplementary
Material Figure S1). We suggest that this bioaccumulation is due to the high Zn con-
centration in Quintay seawater, which was evidenced in the biomass at the end of the
experimental period. Likewise, it is important to mention that metal accumulation depends
on several factors, including the nature of the element and its affinity with diverse chemical
groups [46]. The cell walls of G. chilensis and other species are composed of cellulose,
alginate (polysaccharides), and lipids, while proteins provide amino acids, phosphate, and
hydroxyl, thiol-rich, and carboxyl functional groups, which all possess high affinities for
binding metal ions [47], particularly Zn [47,48]. For example, in Gracilaria corticata, the
pseudo-first-order kinetic model suggested that zinc biosorption is based on a chemical
reaction involving an electron exchange between the alga and the metal [49], consequently
influencing the high bioaccumulation of this element in Gracilaria biomass.

The concentrations of Fe in G. chilensis were similar to those registered in G. corticata
and Gracilaria edulis, where the Fe content, with respect to other metals (i.e., Cu, Mg, and
Zn), was 20 to 97 times higher [50]. Fe is an essential element in the metabolism of algae,
and it can show temporal variability [51]. Fe is also a good predictor of the presence of
other metals such as Mn, Cu, Zn, Ni, and V [46], and its content has been shown to be
high in different species of algae (Sargassum sp., 1569 mg kg–1 dw; Ulva sp., 575 mg kg–1
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dw; 311 mg kg–1 dw; Porphyra sp., 155 mg kg–1 dw, and Gracilariopsis sp., 1959 mg kg–1

dw) [52]. It is important to mention that the results obtained in this study are consistent
with those of other studies that demonstrated a relation between the metal concentration in
the seaweed biomass, e.g., M. pyrifera [53,54], Ulva lactuca, and Gracilaria blodgettii [55], and
those present in the water column or culture medium.

The depuration of heavy metals from G. chilensis biomass was favorable, as was their
maintenance in the culture. In this case, and considering the DGR, a positive trend can be
observed (Figure 2). Although the DGR values were not significantly different, these results
are important because they show that the culture under the experimental conditions did
not show a loss of biomass and thus can help in establishing an acclimatization protocol for
larger volumes of biomass without the need to enrich the seawater with an external source
of nutrients [56,57]. Moreover, the developed protocol represents a starting point for new
studies aiming to increase the biomass in outdoor cultures and at the same time increase
the depuration of heavy metals in algal biomass from contaminated environments without
generating losses in the treated biomass.

4. Conclusions

Due to the importance of seaweeds for human consumption, and in pharmaceutical
and/or nutraceutical application, the use of cultivation systems is necessary to avoid
harvesting from natural populations and overexploitation of the resource. Several seaweed
species have great potential in terms of productivity and are the source of several human
commodities, but the presence of heavy metals could alter the crops and lead to potential
risks for consumption. Thus, a culture with a depuration process prior to the consumption
or extraction of the compounds of interest is necessary to reduce the risk to health and to
avoid the final products containing these contaminants in their final composition.

5. Materials and Methods
5.1. Seaweed Collection

Along the coast of Chile, there are several industrial parks; one of them is the industrial
area of Quintero–Puchuncaví, located on the central coast of Chile (32◦45′ S, 71◦29′ W). This
industrial park began operation in 1961, and it is characterized by high pollution levels due
to historical discharges of petroleum, gaseous pollutants, and atmospheric particulates as
well as the disposal of heavy metals from various industrial facilities [43,58,59]. During
spring of 2021, we collected 15 kg of G. chilensis from a beach of this zone, namely Los
Albatros Beach (32◦46′57.21′′ S, 71◦31′27.52′′ W), which is characterized by high levels of
heavy metals in the seawater (Supplementary Material Figure S1). After the collection, the
biomass was stored in plastic bags and transported in coolers with ice packs to the Centro
de Investigación Marina de Quintay (CIMARQ) located in Valparaíso (33◦11′35.76′′ S,
71◦42′08.43′′ W). Subsequently, the biomass was manually cleaned by removing all visible
organisms and organic material that were present. The treated biomass was used for
the setup of the following experiments. All the materials utilized for the collection and
transport were previously prepared according to [43].

5.2. Experimental Setup, Open-System Culture Conditions, and Measured Parameters

For the initial determination of heavy metal concentrations (basal condition), approxi-
mately 350 g of fresh biomass of G. chilensis was taken in triplicate after the manual cleaning
(T0 condition). Then, another 350 g (in triplicate) was submerged in tap water (25 L) for
1 h (T1 condition). In both cases, the biomass was stored at −80 ◦C before the heavy
metal analyses by inductively coupled plasma mass spectrometry (ICP–MS) according to
method 6020B (USEPA method). Briefly, 1 g of dry grounded sample was digested with
10 mL of a 7:2:1 mixture of HNO3 + HCl + H2O2 (67, 37, and 30% w/v, respectively). After
10 min of gently stirring, samples were transferred to special vessels, and the digestion
process was performed in a Titan MPS digester (N3130100 model, Perkin Elmer, UK). The
digestion program used was as follows: 5 min to 250 W, 5 min to 350 W, 10 min to 500 W,
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and 5 min to ventilation. Finally, the samples were transferred to a 100 mL volumetric
flask with 2% v/v HNO3 and filtered with 0.22 µm syringe filter for ICP–MS analysis.
For each series of analyses, reagent blanks and a calibration curve from 0.01–100 ng/mL
were prepared (R2 > 0.999) (ICP multi-element standard solution XVI, Merck, Germany).
The limits of detection for the ICP–MS measurements of each element were as follows:
As and Cu = 0.025 mg kg−1; Cd = 0.005 mg kg−1; Zn = 0.250 mg kg−1; Cr, Mo, Ni and
V = 0.013 mg kg−1; Pb = 0.002 mg kg−1; and Fe and Se = 0.125 mg kg−1.

Between 6 and 8 kg of tap-water-cleaned biomass was placed in three indepen-
dent 400 L culture tanks with 300 L of 100 µm-filtered seawater, a constant flow rate
of 11.35 L/min, and aeration. The tanks were covered with 80% Raschel shade mesh to
avoid direct light radiation, reaching between 80–150 µmol m−2 s−1. The tanks and the
biomass were cleaned weekly using tap water, and the cultivation period lasted 21 days.

At 14 and 21 days of culture (the T2 and T3 conditions, respectively), about 350 g of
algal tissue (in triplicate) was collected for heavy metal measurements after a 1 h submersion
in tap water, as conducted at T1.

During the entire experiment, various physicochemical parameters were determined
in seawater, such as the temperature (DT8750E infrared thermometer, RoHS), photosynthet-
ically active radiation (PAR) light intensity (Quantum MQ-510-m, Apogee), pH, oxidore-
duction potential (ORP), salinity, and dissolved oxygen (Multiparameter Meter HI9829,
Hanna Instruments).

5.3. Percentage of Depuration (PD) of Heavy Metals

To determine the variations in the concentration of heavy metals in G. chilensis biomass,
the PD was calculated according to the following formula:

PD (%) =
C0 − Ct

C0
× 100%

where Ct is the heavy metal concentration in the T1, T2, and T3 treatments and C0 is the
basal concentration.

5.4. Daily Growth Rate (DGR)

To estimate the increase in algal biomass with respect to time during the whole
culture period, the DGR (% d−1) was determined at 7, 14, and 21 days of culture by the
following equation:

DGR
(

% d−1
)
=

[(
wt

wt−1

) 1
t
− 1

]
100%

where wt is the mass after seven days of culture; wt−1 is the mass during the previous week;
and t is the time expressed in days [60].

5.5. Data Analyses

Quantitative analyses were performed to determine the effect of the treatments on
heavy metal concentrations in G. chilensis biomass. To evaluate significant interactions
between the heavy metal concentration, the percentage of depuration, and DGR vs. culture
time, a one-way ANOVA was performed. Tukey’s tests were calculated to determine in
which conditions such differences exist. To evaluate the assumptions of normality and the
homogeneity of variances, the Shapiro–Wilk and Levene’s tests were applied. All statistical
analyses were performed in the R package (R Development Core Team 2022) statistical
environment, and significances were set at p < 0.05. The heavy metal concentrations after
21 days of culture were compared with the following national and international regulations
for acceptable limits in food for human consumption (mg kg−1, fresh tissue): the maximum
metal levels according to Canadian guidelines for chemical contaminants and toxins in
fish and fish products; the maximum metal level according to Commission regulation (EC)
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No. 1881/2006, European Union; the maximum metal levels according to CXS193e (Codex
Alimentarius); and Decree 997 that approves food health regulations in Chile.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules27206832/s1, Table S1: Results of one-way ANOVA
for percentage of depuration of heavy metals in G. chilensis biomass; Table S2: Physicochemical parameters
measured in the seawater during the experimental culture. T1, T2, and T3 correspond to 7, 14, and 21 days
of culture after the first biomass submersion, respectively; Figure S1: Concentrations of some heavy metals
studied in the seawater from Los Albatros Beach and Quintay. Bars represent means± SD (n= 3). Identical
letters indicate no significant difference (p > 0.05).
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