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Abstract: Phycocyanin is a pigment—protein complex from the group of phycobiliproteins obtained
from Spirulina (Arthrospira platensis), with possibilities for various applications in food and phar-
maceutical technologies. It is a natural colorant for food and cosmetic products. This study aimed
to investigate the effect of ultrasonic and microwave extraction conditions on antioxidant activity
(AOA), chlorophyll content, and the content and purity index of phycocyanin in aqueous and alco-
holic extracts of Spirulina (Arthrospira platensis). For this purpose, ultrasonic extraction with water
or ethanol was performed at 20 °C, 30 °C, and 40 °C for 1, 2, and 3 h at an ultrasonic frequency of
36 kHz, 40 kHz, and 45 kHz. Microwave water extraction was performed for 60 s, 120 s, and 180 s.
For each of the obtained samples, three parallel measurements of antioxidant activity were made by
DPPH and FRAP methods, and chlorophyll content and phycocyanin yield and purity index were
determined spectrophotometrically. Ultrasonic extraction resulted in a higher yield and purity index
of phycocyanin compared to microwave extraction. The highest yield of 14.88 mg g~! with a purity
index of 1.60 was achieved at a temperature of 40 °C for one hour and an ultrasonic wave frequency
of 40 kHz. A relatively low yield of 4.21 mg g, but with a purity index of 2.67, was obtained at
a temperature of 30 °C, a time of two hours, and an ultrasonic frequency of 40 kHz. Chlorophyll
b content at 20 °C, for two hours and ultrasonic frequency 40 kHz was 1.400 mg g~'. The study
proposes ultrasonic extraction as a green method to obtain phycocyanin of varying purity index that
may be used for food, cosmetic, or biomedical purposes.

Keywords: phycocyanin; chlorophyll; Spirulina; ultrasonic and microwave extraction; green methods

1. Introduction

Spirulina (Arthrospira platensis) is increasingly used in pharmacy, cosmetics, medicine,
and food technology [1] Due to its rich chemical composition and high nutritional value,
it has been recognized by the World Health Organization as a superfood [2]. It is an
essential component in “space food” for astronauts [3]. Cyanobacteria are rich in proteins,
lipids, carbohydrates, carotenoids, phycobiliproteins [4], unsaturated fatty acids, vitamins,
polysaccharides, minerals such as zinc, selenium, manganese, iron, calcium, magnesium [5],
chlorophylls, and flavonoids [3]. Spirulina (Arthrospira platensis) enhances endogenous
enzymatic antioxidants, captures free radicals, and inhibits lipid peroxidation in vivo [6].
It is increasingly used as a food supplement due to its established anti-inflammatory
and immunomodulatory properties [7,8], as well as hepatoprotective [9] and antioxidant
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action [10]. Spirulina contains up to 1 g kg~! carotenoids [11], between 6 and 11 g kg ™!
chlorophyll [12], and phycobiliproteins contained in phycobilisomes.

Phycobiliproteins are divided into phycoerythrin (C-PE, red color) and phycocyanin
(PC, blue color) [13]. Phycocyanins include C-phycocyanin (C-PC), R-phycocyanin (R-PC),
and allophycocyanin (APC), which differ in their spectral properties, structural compo-
sition, and color [14]. Depending on the growing conditions and environment, Spirulina
(Arthrospira platensis) can contain up to 20% phycocyanin. This pigment is used as a natural
colorant for food and cosmetic products. Due to the multi-layered cell walls of Spirulina,
their destruction is crucial for the extraction of phycocyanin [15]. This is achieved through
various methods, some of which are presented below:

e  Physical destruction: through successive cycles of freezing and thawing of fresh
Spirulina as the cell membrane is ruptured due to an increase in the volume of the ice
crystals and subsequent purification. Another way to release intracellular substances
is through the use of micro- or nano-sized spheres [16,17];

Supercritical fluid extraction, using supercritical carbon dioxide as a solvent [18];
Methods using alternating electric fields in an aqueous environment [19];
Green methods using ultrasonic waves or microwave extraction [20-22].

According to the method of the supercritical fluid extraction of phycocyanin, the purity
is about 75%, and the yield is about 90% [18]. When using the freeze—thaw technique [16],
a purity ratio (R) of 3.31 was achieved. Both techniques, however, require additional
purification of the resulting phycocyanin. For example, after breaking the cell walls by the
freeze-thaw method, fractionation follows; by using ammonium sulfate, further purifica-
tion by chromatographic methods or by using absorbents occurs [16]. The main problems
in the conventional extraction process are the large amount of solvents used, moderate
selectivity, and extraction efficiency [23,24]. A large part of the conventional extraction
methods is carried out with fresh raw material, which is associated with some inconve-
niences. Some of these are the rapid deterioration of the raw material during transportation
and the development of microorganisms in it.

The use of green extraction methods reduces the extraction time and increases the yield
of the protein in question and does not require the use of additional purification methods,
resulting in the preservation of a large part of the biologically active substances. Therefore,
extraction techniques without the use of solvents, called “green methods”, working with
cyanobacteria dried under suitable conditions are increasingly used. These are pressurized
liquid extraction (PLE), supercritical fluid extraction (SFE), microwave extraction (MW),
ultrasonic extraction (US), and high-pressure homogenization (HPH) [14]. Ultrasonic
extraction has several advantages over other methods. Some of them are as follows:

e Speed and efficiency: Due to the presence of cavitation in the sample, mechanical
waves arise that quickly destroy the cell walls;

e  Ensuring high concentrations of biologically active substances that are heat sensitive:
This process avoids a significant increase in temperature and reduces the temperature
degradation of the specified components;

e No contamination of the extracts: This specified method uses a minimal amount of
chemicals and solvents;

Ability to easily optimize the process to improve the quality of the extracts in real time;
Reduction of adverse influences such as oxidation, for example, etc.;
Multi-functionality: This method can be successfully combined with enzymatic and
hydrothermal methods to achieve sustainability and efficiency in the extraction of a
larger spectrum of biologically active substances;

e [tis suitable for the extraction of substances on a large scale.

This study aimed to investigate the effect of ultrasonic and microwave extraction
conditions on antioxidant activity (AOA), chlorophyll content, and the content and purity
index of phycocyanin in aqueous and alcoholic extracts of Spirulina (Arthrospira platensis).
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2. Materials and Methods
2.1. Investigated Sample

A sample of Spirulina (Arthrospira platensis) grown in a bioreactor in Varvara, Bulgaria
was studied. A laboratory biomass accumulation facility was used to create the crop. It is
made of glass tubs with a volume of 50 L, in which the water temperature is maintained
between 33 °C and 35 °C, and illumination is maintained from 8000 to 10,000 Lx. For
1 h, 100 L of a gas mixture of air and carbon dioxide is passed through 1 L of Spirulina
suspension. In order to increase the amount of biomass, its habitat is changed from the
laboratory to production conditions. It takes 25-30 days to accumulate a suspension with a
sufficiently large mass [25]. Samples of the suspension taken for analysis are centrifuged
and dried to constant weight at 42 °C, then tempered, homogenized, and packed in paper
bags stored in the dark at 25 °C.

2.2. Determination of Chlorophyll and Carotenoids

Ethanol extracts were prepared in a ratio of 1:50 (sample: solvent) for the determina-
tion of the content of chlorophyll a (C,), chlorophyll b (Cp,), and total carotenoids (Cy.p).
For this purpose, 96% pure ethanol (Merck, Germany) was used. Extracts were obtained in
ultrasonic baths SIEL (Gabrovo, Bulgaria), Isolab (Eschau, Germany) and VWR (Seri Kem-
bangan, Selangor, Malaysia) at 36 kHz, 40 kHz, and 45 kHz. We performed the extraction at
20°C,30°C,and 40 °Cfor 1, 2, and 3 h. The researchers conducted the extraction procedure
for each sample in triplicate. We filtered the extracts through filter paper and examined
them spectrophotometrically. To determine pigment content, absorption at wavelengths 662
nm, 645 nm, and 470 nm were measured, and Equations (1)-(3) reported by Lichtenthaler
and Wellburn [26] were used.

Ca, g mL™1 = 13.95 x Aggs — 6.88 X Agag (1)
Cp,ug mL™1 =249 x Aggo — 7.32 X Ages )
Cyyp, § ML™1 = (1000 x Agzg —2.05 x C; — 114.8 xCp) /245 (3)

2.3. Determination of the Antioxidant Activity of Water and Ethanol Extracts of Spirulina
(Arthrosphira platensis)

Spirulina (Arthrosphira platensis) is rich in biologically active substances; some are
watersoluble, while others are better extracted in ethanol.

The antioxidant activity was determined by using two methods based on different
mechanisms—DPPH and FRAP assays.

2.3.1. FRAP Method

The FRAP reagent was prepared by mixing 0.3 M acetate buffer with a pH value of 3.6
(Sigma-Aldrich Chemie GmbH, Darmstadt, Germany), 10 mM 2,4,6-tripyridyl-s-triazine
(TPTZ), and 20 mM FeCl;-6H,0 (Merck KGaA, Darmstadt, Germany) in a ratio of 10:1:1.
A total of 0.1 mL of the test extract was added to 3 mL of FRAP reagent. The reaction
mixture was incubated in a water bath for 4 min at 37 °C. The absorbance of the colored
substance formed was measured at a wavelength of 593 nm against a blank sample [27].
We calculated the results of antioxidant activity using Equation (4) and expressed them as
mM TE per g of dry plant material and dry extracts.

mMTE Asgz + 0.0113
mL extract 1.4138

(4)
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2.3.2. DPPH Method

From the examined extract, 0.15 mL was mixed with 2.85 mL of a freshly prepared
0.1 mM DPPH (2,2’-diphenyl-1-picrylhydrazyl) solution (Sigma-Aldrich Chemie GmbH,
Darmstadt, Germany) in methanol (puriss. p.a., ACS reagent, reag. ISO, reag. Ph. Eur,,
>99.8% (GC); Merck KGaA, Darmstadt, Germany). The reaction mixture underwent
incubation in a water bath at 37 °C for 15 min. The absorbance of the colored substance
formed was measured at a wavelength of 517 nm against a blank sample [28]. Percentage
inhibition was calculated (I %), using the following equation:
Aq

I%:L

1
A x 100 (5)

where A( was the absorbance of the control, and A; was the absorbance of the sample. We
substituted the results in the linear regression equation, where A represents the absorbance
of the control, and A; represents the absorbance of the sample. Then, the antioxidant activity
was calculated according to Equation (6)

mM TE
mL

= 102.06 * I % + 0.7954 (6)

and then expressed as a millimole Trolox equivalent per g of dry weight.

2.4. Green Methods of Extraction

Ultrasonic and microwave extraction were performed under our chosen conditions to
determine phycocyanin’s yield and purity index.

2.4.1. Microwave Extraction

Samples of 0.5 g of Spirulina in 35 mL of distilled water were used to extract phyco-
cyanin. The extraction process involved using samples of 0.5 g of Spirulina in 35 mL of
distilled water, which we performed in duplicate in a microwave oven (Daewoo KOR)
with microwave output power at 700 W and 2450 MHz frequency for 60, 120, and 180 s,
respectively.

2.4.2. Ultrasonic Extraction

The Spirulina samples (0.5 g) were weighed into 35 mL screw-capped centrifuge tubes,
and the samples were extracted with distilled water in three ultrasonic baths operated
under the following conditions:

(1) Ultrasonic bath SIEL (Bulgaria) with frequency 36 kHz, power 300 W-(UAE 36 kHz);

(2) Ultrasonic bath ISOLAB (Germany) with frequency 40 kHz, power 60 W-(UAE 40
kHz);

(38) Ultrasonic bath VWR (Malaysia) with frequency 45 kHz, power 30 W-(UAE 45 kHz).

Ultrasonic extraction was performed at these three frequencies for 1, 2, and 3 h at
a temperature of 20 °C, 30 °C, and 40 °C. The extracts were filtered through filter paper
and used for further studies on the yield and purity index of phycocyanin, as well as the
evaluation of antioxidant activity.

2.5. Spectrophotometric Method for Phycocyanin Analysis

After filtration, the phycocyanin extracts were examined UV-Vis spectrophotometri-
cally using LLG-uniSPEC 2 spectrophotometer (LLG Labware, Meckenheim, Germany)
at wavelengths of 280 nm, 615 nm, and 682 nm. The concentration of the specified pig-
ment, its yield, and purity index were determined according to Equations (7)—(9) indicated,
respectively in [29,30].

A615 —0.474 XA652

Phycocyanin concentration, mg mL~! = 534

@)
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Purity index = Asts ®)
Aago
PCxV
Yield =
ield DB )

where

PC—concentration of phycocyanin in mg mL~};
V—volume of extract in mL;
DB—dry biomass of Spirulina in grams.

2.6. Data Analysis

All the measurements for the extracts were performed three times. The average
result £ standard deviation (SD) is given in the section results. Duncan’s test for multiple
comparisons was performed to determine statistically significant differences between
samples. Statistical analysis was performed with SPSS v. 24 (IBM, New York, USA). The
results have a significance level of p < 0.05.

3. Results

The results for the content of chlorophyll a and b, as well as the total carotenoid
contents for ethanolic extracts, are presented in Figures 1 and 2.

7000
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1000
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Figure 1. Cont.
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Figure 1. Chlorophyll content of ethanolic extracts of Spirulina; (a) content of chlorophyll a; (b) content
of chlorophyll b.
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Different letters within each column show significant differences according to Duncan’s test at p < 0.05.

Figure 2. Carotenoid content of ethanolic extracts of Spirulina obtained under different conditions.

Regarding the content of chlorophyll a and chlorophyll b obtained under the different
extraction conditions, all the investigated variants fall into different groups. Therefore, the
obtained results are statistically significant.

When grouping the variants in terms of carotenoid content, only those extracted at
40 °C, 35 kHz, and for 1 or 2 h fall into one group. The remaining variants fall into different
groups, and we have statistically different results in terms of total carotenoid content.

FRAP and DPPH methods were used to determine the antioxidant activity of water
and ethanolic extracts of Spirulina, obtained under the same conditions. The results were
expressed in mM TE g~! and presented in Figures 3 and 4.
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Figure 3. Antioxidant activity (AOA) by the DPPH method for extracts of Spirulina; (a) for water
extracts; (b) for ethanolic extracts.

The results for phycocyanin content in water extracts, yield, and purity index during
ultrasonic extractions of biomass were summarized in Figure 5.

In the extraction of phycocyanin, a large part of the variants falls into different groups,
and for the specified parameter, there are significant statistical differences among them.
The variants extracted at 35 kHz, for a time of 1 h, and a temperature of 20 °C and those
extracted for a time of 2 h, at a temperature of 30 °C were statistically indistinguishable.
One group included variants extracted at 40 kHz for 1 or 3 h at t = 40 °C. There was no
difference in pigment yield using frequencies of 35 kHz, 40 kHz, and 45 kHz at 2 h, 40 °C;
2h,30 °C; and 3 h, 20 °C, respectively. Farthest from each other were the variants with the
highest yield (extracted at 40 kHz, 40 °C, 2 h) and with the smallest (35 kHz, 30 °C, 1 h).

The results for AOA, purity index, and yield of phycocyanin, obtained by microwave-
assisted extraction are given in Table 1.
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Figure 4. Antioxidant activity (AOA) by the FRAP method for extracts of Spirulina; (a) for water
extracts; (b) for ethanolic extracts.

Table 1. Main characteristics of phycocyanin and AOA of water extracts, obtained via microwave

extraction.
Phycocyanin Phycocyanin AOA by DPPH, AOA by FRAP,
Extraction Time, s Yield + SD, Purity Index + mM TE g1 mMTE g1
mg g~ Extract SD Extract Extract
60 4582 +0.23 1.172 £ 0.07 13.31° + 0.56 1869.6 P + 5.34
120 334 +0.35 0.92° 4 0.04 13.35b 4+ 1.34 1595.6 =+ 7.23
180 3.40° 4 0.30 0.88" +0.08 16.132 £+ 1.67 1925.42 +11.23

Different letters within each column show significant differences according to Duncan’s test at p < 0.05.
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Figure 5. Yield and purity index of phycocyanin, obtained via ultrasonic extraction of water extracts;
(a) Yield of phycocyanin; (b) Purity index of phycocyanin.

4. Discussion

Ultrasound for extracting intracellular compounds is increasingly used as a green
method and is based on acoustic cavitation. In the extraction process, the passing of
ultrasonic waves through the prepared mixture of distilled water and Spirulina results in
tiny bubbles in the liquid. When tiny bubbles rupture at the micro level, the temperature
can reach 5000 K, and the pressure can rise to 50 MPa [31]. This leads to the thinning
of the cell membrane, destruction of the cell, and increased yield of desired intracellular
substances [31].

The temperature and time of extraction indicate a strong influence on the purity index
and yield of phycocyanin. An increase in temperature facilitates the extraction of substances
through the cell membrane. The yield increases at the expense of the phycocyanin purity
index at higher temperatures [30]. Su et al. noted an increase in yield from 30 °C to
50 °C [32]. The extracted phycocyanin content decreases at higher temperatures due to
protein denaturation. The yield of phycocyanin from dry Spirulina, in our study, was the
highest during an extraction time of 2 h, temperature of 40 °C, and 40 kHz frequency of the
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ultrasonic waves (16.45 mg g~ 1), followed by that obtained during an extraction time of 1 h,
temperature of 30 °C, and 40 kHz frequency of the ultrasonic waves (16 mg g ~!) (Figure 5a).
About two times lower results under similar extraction conditions were reported by Silveira
et al. (8.89 mg g~ 1) [33]. Ultrasonic extraction is more efficient than classical extraction.
Irawati et al. reported a phycocyanin yield of 3.09 mg g~! with a purity index of 0.6
extracted from a 6% aqueous extract of Spirulina for 12 h at room temperature [34].

Kamble et al. obtained a yield of 0.26 mg mL~! of phycocyanin by using ultrasound at
a frequency of 40 kHz for 40 min [35]. Other reports indicate that phycocyanin extraction
is most effective at 50 kHz. Phycocyanin yields ranged between 0.57 mg g~ ! (sonication
only) and 43.75 mg g~ ! with a C-phycocyanin concentration of 0.21 mg mL~! (glass bead
sonication) [17].

The purity index of the blue pigment depends on various factors: the biomass/solvent
ratio [30], extraction time and temperature [22,36], type of solvent [9], isoelectric point [30],
etc. The purity index of phycocyanin was determined by the ratio between the absorbance
of the pigment at 620 nm and the absorbance of the aromatic amino acids in all proteins
in Spirulina. The purity index of the commercial phycocyanin, spectrophotometrically
estimated as A615/A280 and confirmed by HPLC, was higher than that of the fractionated
phycocyanin after phosphate buffer (2.0 vs. 1.5) [37]. According to Rito-Palomares et al.,
a purity index value greater than 0.7 allows the pigment to be used in food technology
as a colorant; with a purity index above 3.9, it is a reactive class pigment and above four
analytical classes [38]. Companies extracting biologically active substances and proteins
from plant sources offer phycocyanin with a purity index between 0.5 and 1.5 as a food
colorant, between 1.5 and 2.5 as a cosmetic colorant, between 2.5 and 3.5 as a biomarker,
and with a purity index over 4 for biomedical applications [39,40].

The purity index of phycocyanin in our study ranged from 0.08 to 2.7. The highest
purity index was observed for an extraction time of 2 h, a temperature of 30 °C, and a
frequency of 40 kHz, and the lowest was observed at an extraction time of 1 h, temperature
of 30 °C, and frequency of 45 kHz. Therefore, the purity index is mainly dependent
on the frequency of the ultrasound wave. The maximum purity index in our study is
higher than the number of results reported in the literature using salts, ultrafiltration, and
dialysis [41,42]. Therefore, the purity index of phycocyanin for most extracts in this study
is suitable for food industry purposes. The resulting pigments obtained under conditions
1h,40°C,40kHz; 2 h, 30 °C, 45 kHz; and 3 h, 20 °C, 40 kHz are suitable for colorants in
the cosmetic industry. One of the samples extracted for 2 h, at a temperature of 30 °C, and
a frequency of 40 kHz has a purity index close to those used for a biomarker (Figure 5b).

The ultrasonic extraction of phycocyanin is also preferable to methods using acid
treatment of fresh Spirulina with acetic and hydrochloric acids [17,43] since it does not
use chemical reagents and can also be used for dry biomass; the destructuring of cell
membranes takes place at a low temperature, limiting the thermal denaturation of sensitive
compounds. It is preferable to classical extraction, as it reduces extraction time. The yield
of phycocyanin of 2.13 mg g~ ! in the first hour at 20 °C at the frequency of 35 kHz is
comparable to a classical extraction carried out for 24 h at room temperature [44], and, at
30 °C, 3 h time, and a frequency of 35 kHz, it is 3.29 mg g~!, which is 1.34 times higher
than that of classical extraction for 48 h [44].

Another green method used in this study is the microwave-assisted extraction of
phycocyanin. Data in the literature on this method are mixed. Some authors indicate a
power of 133 W and an extraction time of 166 s as optimized extraction conditions for a
lower purity index and concentration of the blue pigment, compared to our results [9].
Others have reported higher yields with microwave-assisted extraction (1400 W, 2.5 GHz,
120 s) than with a porcelain bead-milling method [45].

This study yielded between 3.30 mg g~ ! extract and 4.60 mg g~ ! extract, with a
purity index ratio between 0.9 and 1.2 (Table 1). The highest yield and purity index of
phycocyanin was obtained at 60 s. One reason for the lower yield in comparison with
ultrasonic extraction is the high temperature during the microwave-assisted extraction and
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the degradation of some of the phycocyanin [9]. Phycocyanin is very sensitive to heat and
undergoes rapid changes when exposed to high temperatures. It was reported previously
that phycocyanin was stable at temperatures of up to 45 °C [8,46].

In addition to the blue pigment phycocyanin, Spirulina is rich in chlorophyll 2 and
chlorophyll b. Chlorophyll g, similar to phycocyanin, has antioxidant activity, antitumor
effects, anti-obesity effects, and anti-ageing effects on cells [47-50]. Chlorophyll content in
this study is presented in Figure 1. Total carotenoid content was found only in the ethanolic
extracts at a temperature of 40 °C for each indicated temperature and ultrasonic wave
frequency (Figure 1).

Chlorophyll a dominates in all ethanol extracts of Spirulina except those obtained at a
duration of 2 and 3 h, at a temperature of 20 °C, and at an ultrasonic wave frequency of
35 kHz. The maximum content of chlorophyll a at 5.46 mg g~! was obtained during an
extraction time of 2 h, temperature of 40 °C, and a frequency of 45 kHz.

Marzorati et al. reported a slightly higher result of 5.7 mg g~! for the content of
chlorophyll a obtained by supercritical carbon dioxide extraction of dry Spirulina [51].
The chlorophyll b content in the investigated samples varied from 0.262 mg g~ ! up to
1.404 mg g~ 1. In the supercritical extraction in [51], values around 3400 mg g~! were
reported. A chlorophyll a content of 9.85 mg g~! was obtained in the study of Choi et al.,
where high pressure, 650 bar, and shear stress of about 20 s~! were applied [3]. However,
these values are about twice the maximum yield obtained in our study. The maximum yield
of chlorophyll 2 under the extraction conditions in our investigation was about four times
lower than that reported by Choi and Lee obtained under optimal ultrasonic extraction
conditions (20.52 kHz, 32.59 °C, in 4.91 h) from ethanol extracts of dry Spirulina [3].

Chlorophyll a content increased with an increase in the frequency of the ultrasonic
waves from 35 kHz to 45 kHz, as well as with an increase in the extraction time between
2 and 3 h. The influence of temperature on the extraction of chlorophyll a is lower, while
chlorophyll b has a maximum content in the extracts at temperatures around 20 °C. Similar
data for an increase in the content of chlorophyll 2 with an increase in temperature from
30 °C to 40 °C are reported in [52].

Most studies deal with the evaluation of antioxidant activity as a percentage inhibi-
tion [53-55]. However, this data could not be compared in most of the studies and did not
give exact information about extract or dry Spirulina. In our case, two methods based on
different mechanisms were used. The FRAP method is based on electron transfer, while the
DPPH method is based on radical scavenging ability. DPPH selectively reacts with radicals
and hydrogen atom donors at different reaction sites [56].

The AOA of aqueous extracts by the DPPH method was the highest at an extraction
temperature 30 °C, a frequency of 35 kHz, and time of 3 h (14.67 mM TE g~!), and by
FRAP methods, it was the highest at 40 °C, 45 kHz, and 2 h (20.48 mM TE g’l) (Figure 5a).
Ethanol extracts by the DPPH and FRAP methods have maximum antioxidant activity
at a temperature of 40 °C, extraction time of 1 h, and frequency of 36 kHz—4.74 mM TE
g~ !, and 22.92 mM TE g}, respectively (Figures 3b and 4b). The possible explanation for
antioxidant activity is related to phycocyanin and carotenoid content. The results obtained
for antioxidant activity in our study were higher than the values reported by some authors
for phycocyanin extracted with lysozyme and ammonium sulfate precipitation [57]. The
information obtained from this current research will be valuable for further studies on the
isolation and structural elucidation of phycocyanin obtained by ultrasonic irradiation.

5. Conclusions

Green extraction methods were successfully performed to obtain phycocyanin, chloro-
phylls, and antioxidants in water and ethanol extracts from Spirulina. From the results
obtained, we can conclude that the purity index and yield of phycocyanin depended on the
frequency of applied waves, as well as the temperature of extraction. Ultrasonic extraction
was evaluated as a better approach to obtain phycocyanin with acceptable yield and purity
index for future applications in pharmaceutical and nutritional products. The best potential



Separations 2024, 11, 57 12 of 14

for extracting phycocyanin and chlorophylls is an ultrasonic frequency of 40 kHz. In this
sense, in-depth studies on the use of this frequency can be the basis of future research
works.
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