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ABSTRACT. Among the freshwater benthic macroalgae found in Brazilian rivers and streams, species of
Oedogonium (Chlorophyta) have shown great ability to produce high biomass in several environmental
conditions. Their resilience to eutrophic habitats provides an opportunity to assess the use of Oedogonium
biomass for applications in different fields, especially those related to the extraction of biologically active
compounds of interest for health, food, and cosmetic applications. Thus, this study assessed the effects of
different organic solvents (acetone, ethanol, and methanol) and their mixtures when combined with water
(20% v/v), on the extraction efficiency of total phenolic compounds (TPC), and their antioxidant capacity
(AC), from Oedogonium sp. biomass, using simplex-centroid mixture design. TPC ranged from 90 to 150 mg
of gallic acid equivalent per 100 g dry weight (DW), while AC ranged from 1 to 8 uM of Trolox equivalent
per gram (DW). The highest TPC and AC were found for extracts using an ethanol/acetone (50:50) binary
aqueous solvent mixture, while the lowest values for both TPC and AC were found for the methanolic
aqueous solvent. Considering the relatively low-cost and less adverse environmental impacts of the ethanol
and acetone aqueous mixture, our results suggest that the use of this specific mixture of organic solvents
may have significant advantages in an eventual industrial process for the extraction of phenolic compounds
from Oedogonium species.
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Introduction

Green algae can produce a vast array of biologically active compounds, including phenolic chemicals (Seal,
Halder, Chaudhuri, & Sinha, 2014), photosynthetic and photoprotective pigments (Fabrowska, Ibanez, Leska,
& Herrero, 2016), as well as alkaloids, ketones, terpenes, hydrocarbons, esters, and sterols (Abdel-Aal,
Haroon, & Mofeed, 2015). Chemical compounds produced by algae exhibit diverse biological properties, such
as antimicrobial, antiviral, and anti-inflammatory activities (Shalaby, 2011), which has facilitated their
application as ingredients in the cosmetic, food, and pharmaceutical industries (Fabrowska et al., 2016).

Among the freshwater green algal species, those belonging to the genus Oedogonium have recurrently been
reported as essential components of the macroscopic primary producer assemblages in lotic and lentic
habitats worldwide (Lawton, Cole, Roberts, Paul, & Nys, 2017). In Brazil, these filamentous green algae
comprise approximately 65 species and have been classified as one of the most species-rich genera of
Chlorophyta (Menezes et al., 2015). Species of the genus Oedogonium can be found in diverse freshwater
habitats in different Brazilian ecoregions/biomes, and, commonly, they can produce huge amounts of algal
biomass in these environments (Branco, Peres, Krupek, & Bertusso, 2009).

Some authors have suggested that species of Oedogonium may be a promising and relevant source of
bioactive compounds, as observed for other freshwater green algae (e.g., Scenedesmus sp. in Bulut et al., 2019).
Wang, Manabe, Sugawara, Paul, and Zhao (2018), for instance, identified seven major carotenoids from
Oedogonium intermedium, including loroxanthin, which is a kind of carotenoid that is lacking in land plants.

An additional reason to investigate Oedogonium species as potential sources of bioactive compounds is that
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species of this genus usually produce much larger amounts of biomass than microscopic algae, as well as being
able to grow in a wide variety of polluted wastewater bodies (Lawton et al., 2017). In this context, some studies
have shown the possibility of using these green algae species in wastewater treatment systems, replacing the
pollutants (e.g., phosphorus and nitrogen compounds) with algal biomass. In this sense, species of
Oedogonium may be used, among other applications, to treat various components of municipal, industrial, or
agricultural wastewater and simultaneously deliver biomass that can be conveniently harvested and used in
biotechnological processes (Lawton et al., 2017; Neveux et al., 2016).

However, despite the real potential for the biotechnological use of Oedogonium species, there are few
studies on bioprospecting and/or extraction of biologically active compounds of interest for health, food,
and cosmetic applications using these organisms as sources of biomass. Although other studies have
shown that in addition to the type of solvent, factors such as temperature, solvent-solid ratio (Liu, Luo,
Wang, & Yuan, 2019), time, pressure, and lighting condition (Qiu, Shen, Wu, Zhang, & Ge, 2021) affect
the antioxidant properties of micro and macroalgae, to the best of our knowledge, no study has evaluated
the effect of different solvents on the extraction of the biologically active compounds in this genus of
green algae.

Phenolic compounds account for one of the largest and most widely distributed groups of phytochemicals
showing significant antioxidant capacities. They are cyclic derivatives of benzene with an aromatic ring
bearing one or more hydroxyl groups (Tan, Tan, & Ho, 2013). The recovery of total phenolic compounds from
a given biological sample depends on the sample-solvent interactions and the efficiency of the solvent
systems to extract the predominant forms of these compounds in the sample matrix (Handa, Lima, Guelfi,
Georgetti, & Ida, 2016). Phenolic compounds may have different hydroxyl groups that can be conjugated to
sugars, acids, or alkyl groups, and, consequently, their polarities can vary greatly. This wide variation in
polarity makes it difficult to develop a unique and efficient extraction method with the ability to completely
extract all phenolic compounds. Several methodological procedures have been proposed to extract phenolic
compounds from algae, including those using enzymes (Sanchez-Camargo et al., 2016), pressurized liquids
(Fabrowska et al., 2016; Kumar et al., 2020), microwaves, and ultrasound (Kadam, Tiwari, & O'donnell, 2013),
as well as organic solvents (Abdel-Aal et al., 2015; Chernane, Mansori, Latique, & Kaoua, 2014; Goh, Yusoff,
& Loh, 2010; Kumar et al., 2020; Lopez, Rico, Rivero, & Tangil, 2011; Seal et al., 2014).

Secondary metabolite extraction yield using organic solvents depends on their chemical nature (Lonni,
Longhini, Lopes, Mello, & Scarminio, 2012). Solvent extraction solutions can be fractionated since each
fraction may contain different classes of substances with the ability to scavenge different kinds of free radicals
(Goh et al., 2010). One class of these antioxidant compounds, the polyphenols, has a wide polarity range that
exhibits highly polar to non-polar behaviors. In this context, a wide range of organic solvents has been
evaluated as extracting agents in the process of extracting polyphenols from algal biomass. Among the
solvents with the highest number of applications are methanol (Chernane et al., 2014; Lima et al., 2016),
ethanol (Cho, Kang, Won, Lee, & You, 2010; Kumar et al., 2020), ethanol-water mixtures (Bulut et al., 2019;
Kumar et al., 2020), acetone-methanol mixtures (Abdel-Aal et al., 2015; Seal et al., 2014), and ethanol-
methanol mixtures (Goh et al., 2010; Lopez et al., 2011). Although the literature reports numerous studies
assessing the efficiency of aqueous mixtures of pure organic solvents in the extraction of algal phenolic
compounds, there are still few investigations using statistical experimental design to optimize these
extraction processes (e.g., Leyton et al., 2016; Liu et al., 2019). Specifically, in the case of green algae, the
scarcity of such studies is even more evident. On the other hand, this methodological approach has been used
to optimize other antioxidant extraction processes from vegetable sources. Lonni et al. (2012) used, for
instance, statistical design mixtures of four solvents (water, methanol, acetone, and ethanol) to extract
compounds with antioxidant activity and total phenolic content from Trichilia catigua (Meliaceae). Similarly,
Marcheafave et al. (2019) applied an experimental mixture design to evaluate the effects of solvent on the
antioxidant activity of Coffea arabica leaves, while Mendes et al. (2019) have developed an extraction method based
on a multivariate analytical approach for phenolic compounds in cashew nut extracts. Alcantara et al. (2019) also
used a mixture design to investigate the extraction efficiency of the phenolic compounds from chia seeds.

Thus, in this study, we evaluated the effects of three solvents (ethanol, methanol, and acetone), as well as
their mixtures as part of aqueous solutions, on the extraction yield of total phenolic compounds (TPC) and
antioxidant capacity (AC) of the green algae Oedogonium sp. using simplex-centroid mixture design.
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Material and methods

Collection and preparation of the Oedogonium sp. samples

Samples of the green algae Oedogonium sp. were collected from two streams: the Pari-Veado River
(22°38°29” S; 50°12°13” W) and the Agua da Fortuna River (22°40°11” S; 50°28°59” W), both located in the
Cervo River Basin, central-west region of Sdo Paulo State, southeastern Brazil. After sampling collections,
specimens were cleaned and dried in an air circulation oven at 50°C for 3h. Then, the dried material was
freeze-dried in liquid nitrogen, ground using a mortar into a powder, and stored in plastic bags wrapped in
aluminum foil under light protection at room temperature.

Extract preparation procedures

The extracts were prepared according to Lopez et al. (2011), with modifications. For each 0.5 g of algae
power, 10 mL of solvent/water was added. The volumetric proportion of solvent and water (% v/v) for all tests
(Table 2) were 80 and 20, respectively. Solvent extraction consisted of pure, binary, or ternary solvents
aqueous mixtures (Table 2). The solutions containing algae powder and solvent/water (80:20) were kept under
agitation at 800 rpm in an orbital shaker device (Tecnal, model TE-141, Brazil) for 24h. After that period, the
samples were centrifuged (Quimis, model 022tm216, Brazil) for 30 min. at 3,000 rpm (1,006 xg), and the algal
extracts for each solvent or solvent mixture were then recovered. From these extracts, assays for TPC and AC
quantifications were performed. Extracts were prepared in duplicate, and the biochemical assays (i.e., TPC
and AC) were performed in triplicate.

Determination of total phenolic content (TPC) and antioxidant capacity (AC)

According to Singleton and Rossi (1965), TPC was obtained by colorimetric assay, using the Folin-
Ciocalteau reagent (Sigma-Aldrich). For the colorimetric reaction, Folin-Ciocalteau reagent (0.5 mL) was
added to the algal extract (100 uL), followed by the addition of 15% Na,COs (2.0 mL). The absorbance of the
samples was measured in a spectrophotometer (Biospectrum, model SP-220) at 765 nm. The standard curve
was prepared with gallic acid, and TPC was expressed as mg Gallic Acid Equivalents (GAE) per 100 g dry algae
(mg GAE 100 g'! DW).

The AC of Oedogonium sp. extracts was determined using the ABTS radical cation (2,2’-azino-bis-(3-
ethylbenzothiazoline-6-sulfonic acid) assay, as described by Re et al. (1999). The ABTS (Sigma-Aldrich)
radical solution was obtained by reacting ABTS solution (7 mM) with potassium persulfate solution (140 mM,
Sigma-Aldrich, MO). Algal extract (30 pL), or Trolox standard, was mixed with ABTS solution (3 mL), and the
absorbance at 734 nm was measured after 6 min. Results are expressed as uM Trolox Equivalent (TE) per g of
dry weight (uM TE g! DW).

Results of TPC and AC were expressed as the mean values x standard deviation, using the software ORIGIN
8.5® (OriginLab Corporation) to compare data obtained from different solvents and their mixtures.

Experimental design and response modeling

To assess the effect of different extracting solvents on TPC and AC of Oedogonium sp. extracts, a simplex-
centroid mixture design was used (Table 1). In this context, seven different mixtures were prepared using pure
solvents (Methanol (M), Ethanol (E), and Acetone (A); runs 1-3, Table 1), binary mixtures (ME, MA, and EA; runs
4-6, Table 1) and ternary mixture (MEA; run 7, Table 1), in an 80:20 proportion of solvent (pure or combined) and
water, respectively. As these solvent mixtures were prepared in duplicate, a total of 14 runs were performed.

The quadratic model (Equation 1) and special cubic polynomial model (Equation 2) were appropriately
fitted to the AC and TPC data, respectively. The fitting of the models to the responses was evaluated with the
coefficient of determination (R?), and the statistical significance of the coefficients was checked by analysis
of variance (ANOVA). Mixture response surfaces, data analysis, and model fitting approaches were performed
using Design-Expert 6.0 software (Stat-Ease, Inc., Minneapolis, MN, USA), with a confidence level of 95%.

Y = ﬁlM + ﬁzE + B3A + BleE + +ﬁl3MA + 323EA (1)
Y =M+ BE+ A+ BoME + +,3MA + ,3EA + f1,3MEA (2)

where B, B2, B3, Bi2, Bi3, B23, B123 are the regression coefficients of the models, which represent, respectively,
the contribution of pure solvents, as well as binary and ternary mixtures of those solvents. In this context, M
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(methanol), E (ethanol), and A (acetone) are the independent variables, whereas Y represents the response
variables studied, that is, TPC and AC.

Results and discussion

Total phenolic contents (TPC) and antioxidant capacity (AC) of extracts

TPC of the extracts ranged from 90-150 mg GAE 100 g! DW. In contrast, AC varied from 1 to 8 yM TE g'!
DW (Table 1), suggesting that the composition of the solvents system might have had a direct and relevant
influence on the efficiency of the bioactive compound extraction process. The highest TPC and AC values
were obtained for extractions using the ethanol-acetone (50:50) binary aqueous solvent mixture. On the other
hand, the lowest values for both TPC and AC were found for extractions using the methanolic solvent.

Table 1. Total phenolic content (TPC) and Antioxidant capacity (AC) (mean + standard deviation; n = 3) in the Oedogonium sp. extracts
by simplex-centroid mixture design.

Mixture variables (volumetric percentage, %) Responses
Runs Methanol (M) Ethanol (E) Acetone (A) TPC (mg GAE 100 g'}) AC (WM TE g'})
1 1 0 0 91.96 = 3.05 2.37 £0.008
2 0 1 0 104.09 +2.29 5.25+0.017
3 0 0 1 99.39£9.99 5.31+0.039
4 0.5 0.5 0 102.17 £11.00 3.41+0.010
5 0.5 0 0.5 96.39 £ 13.56 1.27 £0.004
6 0 0.5 0.5 134.45+6.90 8.05+0.016
7 0.33 0.33 0.33 90.03 £ 5.77 6.12+£0.011
8 1 0 0 103.28 +5.28 3.48£0.010
9 0 1 0 93.96 + 1.40 5.41+0.016
10 0 0 1 119.59+9.83 5.22£0.042
11 0.5 0.5 0 119.70+9.98 4.70+0.013
12 0.5 0 0.5 83.15+5.64 2.42 £0.006
13 0 0.5 0.5 150.03+4.12 7.70£ 0.021
14 0.33 0.33 0.33 93.28 £ 3.03 5.25 £0.009

The antioxidant potential of phenolic compounds is strongly affected by the polarity (Tan et al., 2013) and
solubility (Abdel-Aal et al., 2015) of the solvent system used in the extraction process. Considering the
polarity of the solvents used in the present study (following Mokrani & Madani, 2016), and consequently, the
solubility of phenolic compounds in each of them, we can order them as follows: methanol (0.762) x ethanol
(0.654) x acetone (0.355). Based on this polarity scale, our results showed that higher TPC and AC were
obtained when less-polar solvents were used in a combined mixture (Table 1). In line with our findings, many
previous studies have shown that less polar solvents, such as acetone and ethanol, are the best solvents for
extracting TPC, including several classes of anthocyanins, tannins, and flavonoids (Bulut et al., 2019; Mokrani
& Madani, 2016; Tan et al., 2013).

Higher values of AC from algal extracts have also been reported when less polar solvents were used in the
solvent systems (Bulut et al., 2019; Seal et al., 2014). However, divergent results are also found in studies that
investigated other algal species. Seal et al. (2014), for instance, found the highest amounts of phenolic content
in methanolic extracts of Oedogonium globossum, while Raja, Hemaiswarya, Arunkumar, and Carvalho (2016)
observed high phenolic and flavonoid contents with higher antioxidant activities in methanolic extracts from
Eisenia arborea (Phaeophyta). Lopez et al. (2011) reported a higher efficiency in polyphenol extraction and
antioxidant activity from extracts of Stypocaulon scoparium, a marine brown alga, using an aqueous
methanolic solution. One possible reason for these contradictory results may be related to the amount of
water in the solvent system used in the extraction processes.

In the present study, the addition of water during the preparation of the solvent system may have
eventually led to an increase in the polarity of the solvent system, which might be the underlying reason for
enhanced polyphenol extraction. A mixture of water and organic solvents may have created a moderate-
polarity solvent system, which, in turn, may have contributed to the improvement of polyphenol extraction
efficiency, as the extraction of these substances is most favored in polar media (Alcantara et al., 2019). Kumar
et al. (2020) also reported that 40% ethanol was the most effective in extracting total polyphenolic compounds
in brown seaweeds than 60% ethanol or even pure ethanol in the aqueous mixture.
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Our results indicated that the compounds extracted from Oedogonium sp. had an affinity for solvents with
low polarity, suggesting the prevalence of non-polar phenolic compounds in this freshwater macroalgae. In
this context, ethanol and acetone were the solvents with higher extraction efficiencies for total phenolic
compounds. In addition, our results pointed out that extracts obtained with these same solvents, ethanol, and
acetone showed higher antioxidant capacity.

However, in general, the values of TPC and AC from Oedogonium sp. extracts proved to be relatively low.
Although it is challenging to make comparisons given the methodological differences (e.g., extraction method
and solvents used), some studies showed higher values of TCP from freshwater and marine algal extracts than
those observed in the present study. Fabrowska et al. (2016), for instance, reported for Chara fragilis, a
freshwater charophycean algae, and for Ulva flexuosa, a marine green algae, TCP values of 3,020 mg GAE 100
g'and 1,218 mg GAE 100 g, respectively. Seal et al. (2014), in turn, showed values of TPC from Oedogonium
globossum varying from 726-1,151 mg GAE 100 g, while Raja et al. (2016) found 80.11 mg GAE g! from
Eisenia arborea. Thus, considering that all extracts also revealed low scavenging potential (as observed by the
ABTS radical scavenging assay; see AC values in Table 1), it seems likely that phenolic compounds may not
be a major contributor to the antioxidant capacity of Oedogonium sp. extracts assessed in the present study.
Li et al. (2007), evaluating antioxidant capacity and total phenolic content of 23 microalgae using the ABTS
assay, found a low correlation between antioxidant capacity and phenolic content, suggesting that phenolic
compounds were not a relevant contributor to the antioxidant capacity of these species. A similar observation
was verified by Heo, Cha, Lee, Cho, and Jeon (2005) studying antioxidant activities of Chlorophyta and
Phaeophyta species.

Establishment of response prediction models

A special cubic model was obtained to predict the extraction of total phenolic contents from Oedogonium
sp., where the coefficients associated with linear (M, E, or A), binary (EA) and ternary (MEA) interactions were
significant (p € 0.05) (Table 2). A synergic effect was registered for binary solvent mixtures comprising ethanol
and acetone, based on the highest positive coefficient observed (143.52). This result suggested that the
solvent mixture containing ethanol and acetone might significantly increase the yield of TPC extraction from
Oedogonium sp. On the other hand, ternary mixtures of methanol, ethanol, and acetone showed an
antagonistic effect on the yield of TPC extraction, which can be identified by the high and negative coefficient
values observed for MEA (-596.12). From a theoretical point of view, the negative sign of a coefficient in the
fitted model indicates the ability of its associated factor to decrease the analyzed response.

Table 2. Special cubic and quadratic equation obtained for the total phenolic contents (TPC) and antioxidant capacity (AC), respectively.

Y M E A ME MA EA MEA R?
TPC 101.82%*6.84 103.23* £6.84 109.49* +7.50 -63.55+£36.21 143.52*+36.21 -596.12* £241.56  0.804
AC 2.85*+0.5 5.26* £ 0.5 5.19*£0.5 1.16+2.27 -7.54*%£2.28 11.76*+2.28 0.920

M: methanol; E: ethanol; A: Acetone; * significant model terms (p < 0.05).

Similar antagonistic effects for solvent ternary mixtures have been reported on the extraction yield of
phenolic compounds from other biological materials (e.g., Mendes et al. (2019) for cashew nuts). The response
surface of the cubic model for TPC as a function of ethanol, methanol, and acetone is represented in Figure
1A. The highest phenolic content was observed in the extract with equivalent proportions of ethanol and
acetone. Antagonistic interaction among the three solvents fell in the center of the triangle, indicating the
poor contribution of the ternary mixture to the yield of TPC extraction from Oedogonium sp. (Figure 1A).

Regarding the AC response, it was better described by a quadratic equation (Table 2), where the linear
terms (M, E, A) and the binary interaction coefficients (MA and EA) were significant (p < 0.05). Although linear
mixture components are important terms, E and A (5.2) values were almost double the M (2.8), indicating a
greater effect on AC extraction. The highest AC was estimated with the binary mixture of ethanol and acetone
(EA), as this mixture showed the highest model coefficient (11.76). This result suggests a clear synergistic
interaction between these solvents. In the opposite direction, an antagonistic effect was observed between
methanol and acetone when these solvents were in a binary mixture, given the low and negative value of the
model coefficient (-7.54) observed for this specific mixture.

The response surface contour plot of the AC showed a synergistic effect for ethanol and acetone (Figure
1B). A comparison of response surfaces (Figures 1A and 1B) revealed that methanol had a greater effect on AC
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than TPC. This difference between these two response surfaces, TPC and AC, may be attributed to the possible
presence of other bioactive compounds that act as antioxidants, such as the flavonoids, a group of substances
that can have a lipophilic or polar character in algae (Aslan, Aksu, Korkmaz, Taskin, & Caglar, 2019).

TPC AC

A Acetone Acetone
0,004 1,00 0.0051.00

B 140
M <140
I < 130
[ <120
<110 1,00 4 o 0,00
I <100 0,00 025 0.50 0,75 1,00
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3w e O~ 000
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Figure 1. Response surface contour plots for the effect of different solvents on the (A) total phenolic contents and (B) antioxidant
capacity extracted from Oedogonium sp. biomass.

The results of ANOVA associated with the two models are presented in Table 3. The performance of the
model for describing the experimental data was evaluated by the coefficients of determination (R%), which
were higher than 0.8; therefore, the models can be considered mathematically reasonable to describe the
influence of independent variables on the dependent variables. Both fitted models for TPC and AC were

significant (p € 0.05), implying that they were suitable for factor-response descriptions, with 95% confidence.
In addition, the models showed no significant lack of fit.

Table 3. Analysis of variance (ANOVA) for the total phenolic concentration (TPC) and antioxidant capacity (AC) for Oedogonium sp.

Response variables Source SS DF Mean Square F Value P Value
TPC Cubic 3663.32 5 732.66 6.52 0.0105
Total Error 899.45 8 112.43
Lack of fit 212.10 1 212.10 2.16 0.1851
Pure error 687.35 7 98.19
Total 4562.77 13 350.98
AC Quadratic 45.57 5 9.11 18.42 0.0003
Total error 3,96 8 0,49
Lack of fit 1.39 1 1.39 3.79 0.0923
Pure error 2.56 7 0.37
Total 49.53 13 3.81

SS = sum of squares; DF = degrees of freedom.

Conclusion

Total phenolic compounds and antioxidant capacity of extracts derived from Oedogonium sp. were affected
by the solvent system used in the extraction process. The simplex-centroid design was effective for optimizing
extraction procedures of both TPC and AC. The solvent combination that led to the highest yield of TPC
extraction and AC was the 50:50 v/v ethanol:acetone binary mixture. These results are relevant since ethanol
and acetone are relatively low-cost solvents and have low adverse effects on the environment, which would
make them suitable and recommended for use in an eventual industrial process for the extraction of phenolic
compounds from Oedogonium sp.
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