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Abstract: Certain members of the Coronaviridae family have emerged as zoonotic agents and
have recently caused severe respiratory diseases in humans and animals, such as SARS, MERS,
and, more recently, COVID-19. Antivirals (drugs and antiseptics) capable of controlling viruses at
the site of infection are scarce. Microalgae from the Chlorellaceae family are sources of bioactive
compounds with antioxidant, antiviral, and antitumor activity. In the present study, we aimed to
evaluate various extracts from Planktochlorella nurekis in vitro against murine coronavirus-3 (MHV-3),
which is an essential human coronavirus surrogate for laboratory assays. Methanol, hexane, and
dichloromethane extracts of P. nurekis were tested in cells infected with MHV-3, and characterized
by UV-vis spectrophotometry, nuclear magnetic resonance (NMR) spectroscopy, ultraperformance
liquid chromatography-mass spectrometry (UPLC-MS), and the application of chemometrics through
principal component analysis (PCA). All the extracts were highly efficient against MHV-3 (more than
a 6 Log unit reduction), regardless of the solvent used or the concentration of the extract, but the
dichloromethane extract was the most effective. Chemical characterization by spectrophotometry
and NMR, with the aid of statistical analysis, showed that polyphenols, carbohydrates, and isoprene
derivatives, such as terpenes and carotenoids have a more significant impact on the virucidal potential.
Compounds identified by UPLC-MS were mainly lipids and only found in the dichloromethane
extract. These results open new biotechnological possibilities to explore the biomass of P. nurekis; it is
a natural extract and shows low cytotoxicity and an excellent antiviral effect, with low production
costs, highlighting a promising potential for development and implementation of therapies against
coronaviruses, such as SARS-CoV-2.

Keywords: coronavirus; SARS-CoV-2; murine coronavirus; metabolomic approach; NMR biomarkers;
UPLC-MS; viricidal activity; antiviral activity
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1. Introduction

Coronaviruses (CoVs, subfamily Coronavirinae, order Nidovirales) are enveloped and
positive-strand RNA viruses. The CoV virion has a triple protein membrane, containing
spike proteins on the surface, responsible for binding of the virus to its receptor and cell
entry [1–3]. CoVs are human and animal pathogens that cause respiratory, hepatic, and
neurological problems [4,5] and have been responsible for epidemics and pandemics, such
as severe acute coronavirus respiratory syndrome (SARS-CoV) in 2003, Middle Eastern
coronavirus respiratory syndrome (MERS-CoV) in 2012, and SARS-CoV-2 coronavirus
disease (COVID-19) in 2019 [5,6].

The Murine coronavirus (mouse hepatitis virus, MHV) has been used as a safe model
(it does not infect humans) for SARS-CoV and SARS-CoV-2 because of the structural
and genomic similarities between them. MHV causes various types of infection in mice:
respiratory, hepatic, enteric, and neurological. Thus, the murine coronavirus has recently
become widely used as a surrogate model for SARS-CoV-2 in prevention strategies, vaccine
development, and new treatment methodologies [7–9].

Algae have been used to develop new medicines and treat viruses for many years [10].
Certain species, such as the microalga Spirulina platensis, have demonstrated an antiviral
effect against adenovirus type 40 non-enveloped viruses [11] and proven antiviral effects
against adenovirus type 7, adenovirus type 40, astrovirus type 1, coxsackievirus B4, and the
rotavirus Wa strain, suggesting a strong potential of algae extracts as antivirals [12]. Several
compounds obtained from microalgae, such as sulphated polysaccharides against influenza
A [13] and EMCV [14] and phycobiliprotein against enterovirus 71 [15], have already
been reported. Other studies have shown algae compounds to have much potential in
therapeutic and prophylactic approaches against the group of viruses to which MHV-3 and
SARS-CoV belong [16,17]. The antiviral activity of macroalgae extracts against members
of the Coronaviridae family has been already reported, showing the ability to inactivate
the virus by binding to the SARS-CoV spike glycoprotein and thus inhibiting viral entry
into the cell, with minimal toxicity [16]. In addition to macroalgae, studies with microalgae
have also reported an antiviral effect against respiratory viruses, such as adenovirus type
40 [11], adenovirus type 7 and adenovirus type 40 [12], influenza A (IAV), an enveloped
virus [13], and influenza A and B viruses, RSV-A, and RSV-B [18].

Chlorellaceae is a family of unicellular green freshwater or marine microalgae com-
monly studied for a wide range of components that have antioxidant, antibacterial, antiviral,
and antitumor potential [19–21]. The compounds formed by the unique metabolic path-
ways of microalgae arise from the processes that allow them to adapt to an environment
in which they are subjected to a broad spectrum of stresses, such as variations in temper-
ature, humidity, salinity, pressure, the availability of oxygen, and UV. These biotic and
abiotic factors lead to differentiation in the production of compounds, such as carotenoids,
fatty acids, proteins, and polysaccharides, which may vary between microalgae species
and may also vary within the same community during the year depending on seasonal
variation [22]. Planktochlorella nurekis is a coccoid shaped planktonic uninuclear organism
consisting of vegetative cells with pot-shaped chloroplasts that contain pyrenoids and a
cell wall composed of two layers [23].

We aimed to characterize the chemical profile of the dichloromethane, methanol,
and hexane extracts obtained from P. nurekis and evaluate their biological activity against
murine coronavirus (MHV-3) infection in vitro.

2. Materials and Methods
2.1. Obtention of the Microalgae Biomass

The microalgae used as inoculum was obtained directly from a facultative open
pond used as tertiary treatment process to remove nutrients from a previously digested
swine wastewater effluent. P. nurekis obtained from swine wastewater was grown in
10 L photobioreactors exposed to light (99 µmol m−2 s−1) under mixotrophic conditions
(12 h:12 h, light:dark) with continuous agitation using a mechanical recirculation pump
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1200 L.h−1 (Sarlobetter) at room temperature (23 ◦C). The photobioreactors were operated
in a fed-batch mode using effluents from an anaerobic treatment system, which was diluted
by adding 1.0 L to 6.0 L of chlorine-free tap water. The photobioreactors were inoculated
with 70 ± 0.6 mg DW microalgae L−1. After 11 days, the biomass reached a fresh weight
of 0.4 ± 0.1 g L−1. This biomass was then harvested by centrifugation at 3000× g, frozen
immediately (−20 ◦C), and then lyophilized for further analysis and assays. In total, 20 g of
P. nurekis biomass was exhaustively extracted with hexane, dichloromethane, and methanol
at a 1:5 ratio (w/v; g:mL). The extracts were dried using a rotary evaporator maintained
under vacuum at 50 ◦C and then stored at −20 ◦C).

2.2. Chemical Characterization of Planktochlorella nurekis Extracts
2.2.1. Ultraviolet-Visible Spectroscopy (UV-VIS) Profile

Spectrophotometric assays were carried out using a SpectraMax 190 Microplate Reader
(96-well flat bottom cell culture plate—Kasvi®). The dichloromethane, methanol, and
hexane extracts were eluted four times and the absorbance spectra of the samples was
measured at a range of wavelengths from 200 to 750 nm. The UV-vis scanning spectra (n = 3)
were pre-processed using baseline correction, scatter correction, and standardization.

2.2.2. Nuclear Magnetic Resonance Spectroscopy (NMR)

The three extracts were individually dried in a rotary evaporator and the drying
completed by lyophilization for 24 h in a Labconco Freezone 4.5 plus instrument. The
methanol sample was then suspended in 500 µL methanol-d4 and the dichloromethane
and hexane extracts directly in CDCl3. The NMR experiments were performed on a
Fourier 300 Bruker® 9.4 Tesla (300 MHz for hydrogen frequency and 75.48 MHz for carbon
frequency) spectrometer equipped with a 5 mm internal diameter BBI probe, with reverse
detection and field gradient coils in the coordinate. The chemical shifts were determined
relative to TMS as the internal standard and are expressed as δ values (ppm), with coupling
constants reported in Hz. The spectra were acquired for the CDCl3 solutions using 5 mm
quartz tubes at 303 K. For all analyses, 64 scans were used. NMR data acquisition and
processing were performed using Bruker TopSpin™ software.

2.2.3. Total Phenolic Content

One hundred mg of the three extracts were suspended and homogenized in 400 µL
ethanol and 100 µL transferred to test tubes containing 75 µL Folin–Ciocalteu reagent.
Subsequently, 875 µL of a 2% sodium carbonate solution (w/v) was added. The suspensions
were vortexed for 1 min and the samples incubated for 1 h at room temperature in the dark.
Then, the mixtures were transferred to the wells of a microplate and the absorbance at
760 nm measured using a SpectraMax 190 Microplate Reader. The stock standard solution
for the calibration curve was prepared by appropriate dilution of the compound with
methanol to provide a concentration range of 100 to 2500 µg/mL for gallic acid (y = 0.0005x
+ 0.023, R2 = 0.958). Results are expressed as mg/g of gallic acid equivalents (GAEs) [24].

2.2.4. β-Carotene Content

The extracts of P. nurekis were suspended in 400 µL dichloromethane, vortexed for
1 min, and quantified using a SpectraMax 190 Microplate Reader at 470 nm. The stock
standard solution was prepared by dilution of β-carotene with dichloromethane to provide
a concentration range of 100 to 2500 µg/mL (y = 0.008x + 0.570, R2 = 0.980). Results are
expressed as micrograms per gram of fresh weight of the sample [25].

2.2.5. Amino Acids Characterization

Ten grams of P. nurekis biomass was subjected to acid hydrolysis with 100 mL 3N
HCl for 24 h. Subsequently, the extract was filtered, rinsed with water, and centrifuged at
3000 rpm for 10 min until the removal of excess HCl. The filtered samples were lyophilized
and 1 mL of the acid hydrolysate and 3 mL of a 0.2% w/v ninhydrin solution in 200 nM
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sodium phosphate buffer at pH 7.0 were transferred into an assay tube and the samples
heated in a water bath for 30 min at 100 ◦C. Finally, the absorbance of the samples was
measured at 570 nm with a spectrophotometer SpectraMax 190 Microplate Reader. The
amino-acid concentration was predicted using calibration curves prepared with standard
amino-acid solutions; curves were made to determine the concentration of cysteine, pheny-
lalanine, histidine, isoleucine, proline, serine, threonine, tryptophan, and valine [26].

2.2.6. Qualitative Analysis of the Extracts by Ultraperformance Liquid
Chromatography-Mass Spectrometry (UPLC-MS)

Acetonitrile (ACN), water (LCMS grade, Sigma-Aldrich, St. Louis, MI, USA), and
85% p.a. grade formic acid (Vetec Química Fina, Rio de Janeiro, Brazil) were used for
the (UPLC-ESI-MS) analyses. All solutions prepared for the UPLC analyses were filtered
through a 0.22-µm hydrophobic membrane made of cellulose. Chromatographic analyses
were performed on an Acquity H-Class UPLC-PDA system (Waters Co., Milford, AS, USA).
An Acquity UPLC BEH C18 (50 × 2.1 mm i.d., 1.7 µm) column (Waters Co., USA) was
used for the analysis. The column was maintained at 40 ◦C during the analyses. MS data
were obtained using a quadrupole orthogonal acceleration time-of-flight (QTOF) mass
spectrometer, Xevo GS-2 QTof, with an electrospray ionization (ESI) source, operating in
both positive and negative modes, with the mass range between 100 and 1200 Da and a
scan time of 1 s. The mobile phase system consisted of a gradient of 0.1% aqueous formic
acid (pH 3.0) (A) and ACN (B) at a flow rate of 0.3 mL/min. The gradient consisted of
0–2 min, 90% A/10% B; 2–10 min, 55% A/45% B; 10–15 min, 10% A/90% B; 15–20 min,
90% A/10% B. The injection volume was 2 µL. The instrument settings in positive mode
were a capillary voltage of 3.0 kV, sampling cone voltage of 40 V, source offset voltage
of 80 V, desolvation temperature of 200 ◦C, source temperature of 80 ◦C, cone gas flow
of 50 L/h, and desolvation gas flow of 500 L/h. Nitrogen was used as the nebulizer gas
and argon as the collision gas. MS and MSE data (in two scan functions) were acquired
in the centroid mode and monitored with a scan time of 1 s. The collision energy was
6 eV in function 1 and ramped from 25 to 35 eV in function 2. To assure accurate mass
values, data were corrected during acquisition by an external reference (LockSprayTM)
named leucine-enkephalin solution (1 ng/mL) at a flow rate of 20 µL/min. System control
and data processing were performed using MassLynx 4.1 software (Waters Co., USA). All
samples were prepared by dissolution of each extract in water: acetonitrile (9:1, v/v) to
reach a concentration of 800 µg/mL.

2.3. Cytotoxicity Assay

Mouse fibroblast cells (L929, ATCC® CCL-1) were maintained in Minimum Essential
Medium (MEM; Thermo Fisher Scientific, Warsaw, Poland) supplemented with 10% heat-
inactivated fetal bovine serum (Thermo Fisher Scientific, Poland), seeded into plates (96-
well plate format, 2.5 × 104 cells/well), and maintained for 24 h at 37 ◦C in an atmosphere
containing 5% CO2. Cells were exposed to various concentrations of the samples (48 µg/mL
to 500 µg/mL of P. nurekis hexane, dichloromethane, and methane extracts) for 48 h under
the same conditions of cell culture. Cell viability was assessed by the sulforhodamine B
assay, which measures total protein mass [27]. The percentage of viable cells was plotted
against each sample concentration. The CC50 values (the concentration of each extract that
reduced cell viability by 50%) were calculated based on concentration-response curves
using GraphPad Prism 8.0 (Graph Pad Software 8.0.0 version, La Jolla, CA, USA).

2.4. Virucidal Assay

This assay followed EN 14476:2013+A2:2019 for the evaluation of virucidal activity.
Infectious virus titres were measured in plaque-forming units (PFU) as described by EN
14476:2013+A2:2019. Various amounts of virus (106, 105, 104, 103, 102 and 101 PFU) were
incubated with various dilutions of extracts of P. nurekis ranging from 0 to 50 µg/mL
(1:2 serial dilutions) for 15 min at 37 ◦C or 24 ◦C. Then, the reaction was blocked with
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10% fetal bovine serum, and 400 µL of each test dilution added to L929 cells previously
prepared in 24-well plates. After 1 h of contact with the cells, the inoculum was removed
and the cell monolayer washed with phosphate-buffered saline. The cell cultures were then
covered with MEM containing 1.5% carboxymethylcellulose (CMC; Sigma Chemical Co.,
St Louis, MO, USA) and incubated for 72 h at 37 ◦C in an atmosphere containing 5% CO2.
The reduction of the virus was determined by the number of PFU relative to that of the
untreated viral controls.

2.5. Statistical Analysis

The average and standard deviation were determined for each variable. The metabolite
dataset and virus reduction were analyzed by analysis of variance (ANOVA) and the post
hoc Tukey test. Principal component analysis (PCA) was also performed to investigate
sample grouping and similarities and to identify the variables that most strongly influenced
the classification of the P. nurekis extracts. Algorithms for the statistical analysis were
developed using the MATLAB program (version 7.12.0.635) [28].

3. Results and Discussion
3.1. Chemical Characterization of Planktochlorella nurekis Extracts
3.1.1. UV-VIS Profile

The extract of P. nurekis showed UV-VIS absorption profiles similar to those of other
members of the taxonomic group following the same typical green algae extraction proce-
dures [29]. The absorbance profiles showed different peak intensities for the three organic
solvent extracts (Figure 1). The extracts were analyzed by UV-VIS spectroscopy over a
range of 200 to 750 nm. No peaks were identified in the UV region, but rather a plateau
between 240–260 nm, with a lower intensity peak at 280 nm. Maximum absorbance in the
PAR region was detected at wavelengths of 410 nm and 660 nm.

Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW  6  of  18 
 

 

 

Figure 1. Spectral profiles of UV‐Vis (λ = 200–750 nm) absorbances of methanol, dichloromethane, 

and hexane extracts (n = 3). 

3.1.2. β‐Carotene, Phenols, and Amino Acids Content 

The  results of  the  tests  for  β‐carotene, phenols, and amino acids of  the P. nurekis 

extracts  are  presented  in  Table  1.  The  dichloromethane  extracts  showed  a  higher 

concentration of carotenoids (16.6 μg/g) than the hexane (10.1 μg/g) and methanol (7.14 

μg/g) extracts. The polarity of the solvent had a positive effect on the concentration of total 

polyphenols. The most polar solvent, methanol, extracted more  than  twice the amount 

than  the  most  nonpolar  solvent,  hexane.  The  concentration  of  polyphenols  in  the 

methanol, dichloromethane, and hexane extracts was 84 mg/g, 40 mg/g, and 29 mg/g, 

respectively. The amino acid that showed the greatest difference between the solvents was 

valine, with a concentration of 119 mg/g in the hexane extracts, which dropped to 54 mg/g 

in methanol.  The  other  quantified  amino  acids  did  not  show  significant  differences 

between the solvents. In a previous study using P. nurekis, the most abundant amino acids 

found were glutamic acid (56 mg/g), aspartic acid (50 mg/g), alanine (45 mg/g), leucine 

(45 mg/g), valine (32 mg/g), and arginine (30 mg/g) [32]. However, quantified amino acids 

were not an appropriate biochemical marker  in  this study because our data were very 

different from the pattern found in the literature, a factor that may have resulted from the 

culturing of this microalgae in swine wastewater, as it contains a high concentration of 

essential  components  that  promote  algal  growth,  such  as  carbon,  nitrogen,  and 

phosphorus [33]. 

Quantitative data on carotenoids showed a tendency towards greater extraction of 

these pigments by dichloromethane. This effect is influenced by several variables, such as 

the solubility of the molecules in the extractor solvent, the polar character of the extracted 

molecules and the permeability of the cell membrane, and the transport of this analyte in 

the cytoplasm [34]. The prominent carotenoids are lutein (polar) and β‐carotene (relatively 

nonpolar)  [35].  The  solubility  of  these  two  carotenoids  is  higher  in  dichloromethane, 

which explains the tendency towards greater extraction of these analytes by this solvent 

[36]. Lutein showed low solubility in hexane (approximately 20 mg/L) and β‐carotene low 

solubility in methanol (approximately 10 mg/g). Thus, a solvent of intermediate polarity 

that solubilizes the molecules is best suited for this purpose. 

   

Figure 1. Spectral profiles of UV-Vis (λ = 200–750 nm) absorbances of methanol, dichloromethane,
and hexane extracts (n = 3).

The UV-VIS profile was used to compare the solvents of different polarity to identify
possible differences in the spectral pattern. Despite the dichloromethane spectrum showing
the highest intensities, it was impossible to identify distinct peaks between the extracts.
In the UV spectral range, there was a band, with the absorbance peaks forming a plateau.
In the PAR region, the extracts exhibited two significant absorption peaks at 460 nm and
660 nm, indicating the presence of carotenoids and chlorophyll compounds [29–31].
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3.1.2. β-Carotene, Phenols, and Amino Acids Content

The results of the tests for β-carotene, phenols, and amino acids of the P. nurekis extracts
are presented in Table 1. The dichloromethane extracts showed a higher concentration of
carotenoids (16.6 µg/g) than the hexane (10.1 µg/g) and methanol (7.14 µg/g) extracts. The
polarity of the solvent had a positive effect on the concentration of total polyphenols. The
most polar solvent, methanol, extracted more than twice the amount than the most nonpolar
solvent, hexane. The concentration of polyphenols in the methanol, dichloromethane, and
hexane extracts was 84 mg/g, 40 mg/g, and 29 mg/g, respectively. The amino acid that
showed the greatest difference between the solvents was valine, with a concentration of
119 mg/g in the hexane extracts, which dropped to 54 mg/g in methanol. The other
quantified amino acids did not show significant differences between the solvents. In a
previous study using P. nurekis, the most abundant amino acids found were glutamic acid
(56 mg/g), aspartic acid (50 mg/g), alanine (45 mg/g), leucine (45 mg/g), valine (32 mg/g),
and arginine (30 mg/g) [32]. However, quantified amino acids were not an appropriate
biochemical marker in this study because our data were very different from the pattern
found in the literature, a factor that may have resulted from the culturing of this microalgae
in swine wastewater, as it contains a high concentration of essential components that
promote algal growth, such as carbon, nitrogen, and phosphorus [33].

Table 1. Concentration of the Planktochlorella nurekis extracts biomarkers and amino acids. Mean
value and standard deviation (SD) (n = 3).

Biomarkers Dichloromethane Hexane Methanol

Carotenoids (µg/g) 16.65 ± 3.04 a 10.10 ± 0.91 b 7.14 ± 0.49 c

Polyphenols (mg/g) 40.96 ± 3.58 a 29.17 ± 3.20 b 84.91 ± 4.13 c

Cysteine (mg/g) 15.94 ± 0.89 a 16.21 ± 0.68 a 15.67 ± 0.88 a

Phenylalanine (mg/g) 30.06 ± 1.54 a 30.52 ± 1.50 a 29.59 ± 1.51 a

Histidine (mg/g) 14.63 ± 1.23 a 15.00 ± 0.94 a 14.25 ± 1.21 a

Isoleucine (mg/g) 164.54 ± 9.80 a 167.48 ± 7.46 a 161.58 ± 9.64 a

Leucine (mg/g) 9.18 ± 2.05 a 9.79 ± 1.56 a 8.56 ± 2.02 a

Proline (mg/g) 31.57 ± 3.08 a 32.49 ± 2.34 a 30.63 ± 3.03 a

Serine (mg/g) 73.13 ± 6.15 a 74.98 ± 6.15 a 71.27 ± 6.05 a

Threonine (mg/g) 99.13 ± 6.15 a 100.98 ± 6.15 a 97.27 ± 6.05 a

Tryptophan (mg/g) 44.24 ± 2.05 a 44.86 ± 1.56 a 43.62 ± 2.02 a

Valine (mg/g) 94.56 ± 6.94 a 119.40 ± 5.29 b 54.96 ± 6.83 c

Values with similar letters do not present significant differences according to Tukey’s test (p < 0.05).

Quantitative data on carotenoids showed a tendency towards greater extraction of
these pigments by dichloromethane. This effect is influenced by several variables, such as
the solubility of the molecules in the extractor solvent, the polar character of the extracted
molecules and the permeability of the cell membrane, and the transport of this analyte in
the cytoplasm [34]. The prominent carotenoids are lutein (polar) and β-carotene (relatively
nonpolar) [35]. The solubility of these two carotenoids is higher in dichloromethane, which
explains the tendency towards greater extraction of these analytes by this solvent [36].
Lutein showed low solubility in hexane (approximately 20 mg/L) and β-carotene low
solubility in methanol (approximately 10 mg/g). Thus, a solvent of intermediate polarity
that solubilizes the molecules is best suited for this purpose.

The phenolic compounds showed a close relationship with the polarity of the solvent,
with the highest concentration being seen in methanol. The low concentration of phenolic
compounds in nonpolar solvents was already expected, as polar substances need polar
solvents to be eluted [37,38].

3.1.3. NMR Profile

Results of the NMR analysis are presented in Supplementary Materials Figure S1 and
the identified metabolites are listed in Table 2. The NMR spectra shown here are the first
such results for the microalgae P. nurekis to be reported in the literature. The data were
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compared with previous reports in the literature and online databases, such as the Human
Metabolome Database (HMDB), the Biological Magnetic Resonance (BMR) database, and
PubChem.

Table 2. Concentration of the Planktochlorella nurekis bioactives in NMR.

Compound Name
Concentration (µM)

Hexane Extract Dichloromethane Extract

2-Hydroxybutyrate 0.3 11.1
3-Hydroxyisobutyrate 4.2 15.2
Acetic acid 0.2 0.6
Citric acid 0.8 10.2
Ethanol 0.7 0.7
Glycerol 0.1 N/A
Formic acid 0.9 11.4
L-Glutamic acid 1.0 1.1
Hypoxanthine 0.6 4.0
L-Tyrosine 0.1 1.1
L-Alanine 4.3 N/A
L-Threonine 1.6 12.1
L-Lactic acid 1.1 12.8
L-Aspartic acid 1.5 8.5
Pyruvic acid N/A 1.2
Succinic acid N/A 12.2
Pyroglutamic acid N/A 6.7
3-Hydroxybutyric acid 0.6 2.0
Creatinine 3.7 N/A
L-Glutamine N/A 13.3
L-Leucine 0.7 7.5
L-Methionine N/A 1.9
L-Valine 9.6 14.3
Acetone 30.3 100.2
Isobutyric acid 19.0 17.8
1,5-Anhydrosorbitol 1.0 0.1
Dimethylsulfone 0.2 1.0
EDTA 0.1 N/A

The NMR profile showed the dichloromethane extract to have the highest metabolite
concentration, followed by the hexane extract; the number of peaks in methanol was lower
than for other solvents and were also less intense. The largest peaks in the methanol
extract were located at 1.23 ppm and 3.16 ppm, which have been linked to fatty acids,
such as linolenic acid. The other distinctive peaks in the sample, such as those located
between 0.83 ppm and 0.95 ppm, indicate the presence of palmitic acid and isoleucine.
Other peaks found at 1.90 ppm and 5.32 ppm confirm that the P. nurekis methanol extracts
contained a significant amount of canthaxanthin and linoleic acid. However, these peaks
were small relative to the those of the other main metabolites in the sample, confirming that
the samples contained only low concentrations of these compounds [39]. The metabolites
of the extract of P. nurekis in methanol were not quantified because they were below the
limit of detection (LOD).

Both the dichloromethane and hexane extracts shared peaks at several frequencies,
such as those found at 0.98 ppm, which signals the presence of vitamin B5, 1.26 ppm, which
belongs to zeaxanthin, 3.50 ppm, which is associated with valine and violaxanthin, and
5.37 ppm, indicating common metabolite or bioactive groups found in the two extracts. The
hexane sample had a distinctive peak at 2.32 ppm, which signals the presence of vitamin
B2; whereas the dichloromethane extract had distinct peaks between 1.64 ppm, indicating
the presence of lutein, 2.05 ppm, associated with the allylic protons on unsaturated fatty
acids, 2.81 ppm, belonging to oleic acid, and 2.83 ppm, which indicates the presence of
asparagine [40,41].
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One of the main differences found between the dichloromethane and hexane extracts
concerned the organic acids present in the two samples. First, the dichloromethane extract
had a higher concentration and higher amounts of the already mentioned metabolites; only
EDTA and isobutyric acid were present in higher concentrations in the hexane extract than
in the dichloromethane extract. Isobutyric acid was the predominant acid in the hexane
extract and the only secondary metabolite present at a higher concentration than in the
dichloromethane extract. The hexane extract also contained organic substances, such as
citric, acetic, formic, L-lactic, and 3-hydroxybutiric acid, but the dichloromethane extract
contained a much higher concentration of these compounds. In addition, the bioactive
compounds pyruvic, pyroglutamic, and succinic acid were found in the dichloromethane
extract but not in the hexane extract.

On the other hand, both extracts contained alcohols, such as ethanol, glycerol, and
1,5-anhydrosorbitol. The hexane extract contained a higher concentration of these low
molecular weight metabolites. Alcohols have a highly negative effect on metabolism,
especially glycerol in microalgae. It has been reported that this compound inhibits the
production of three metabolites, such as glucose-6-phosphate, fructose-6-phosphate, and
glyceric acid-3-phosphate, key intermediates in carbon metabolism [42]. In addition to alco-
hols, the hexane extract contained higher concentrations of dimethyl sulfone and creatinine
than the other extracts. These metabolites are less polar than the carboxylic compounds,
which were predominant in the dichloromethane extract, and nonpolar solvents have a
higher affinity for both metabolites. Nonpolar solvents, such as dichloromethane, elute
nonpolar substances in a more significant proportion but elute medium polarity substances
in smaller proportions. The virucidal efficiency of extracts with a more polar character
is associated with the action of polar substances that bind to viral capsids, blocking the
binding to proteins of the host cells [43]. Similar results were observed in a previous study
in which dichloromethane extracts from green algae showed excellent antiviral activity
against equine rhinopneumonitis, highlighting the potential of dichloromethane extracts as
a source of molecules from green algae with virucidal and antiviral activity [44].

The signals for the amino acids were seen in the NMR spectra and helped us to rein-
force the data obtained by amino-acid characterization. The peaks at δ = 0.99–1.04 ppm are
related to valine and the multiplet between δ = 1.24 and 1.40 ppm indicates the presence
of proline, isoleucine, and leucine protons. Except for alanine, which was not found in
the dichloromethane extract, all the amino acids identified in NMR analysis were found
in higher concentrations in dichloromethane extract. For example, amino acids such as
L-threonine, L-tyrosine, L-leucine and L-methionine were present in a much higher propor-
tion in the dichloromethane extract than the hexane extract, whereas L-glutamic acid was
found at a similar concentration in both nonpolar solvents. These results indicate that P.
nurekis is rich in amino acids, as already reported for other Chlorella sp., such as Chlorella
vulgaris, for which leucine, phenylalanine, and tryptophan have been found [39]. Other
amino acids, such as L-glutamic acid and alanine, have been found in Chlorella sp. [45].
One amino acid that has not yet been reported as a biomarker in microalgae is L-glutamine.
Due to its high polarity, it was found at a higher concentration in dichloromethane and
at a higher value than glutamate, indicating low N-stress, which has an impact on the
concentration of carotenoids and isoprene derivates. A higher proportion of glutamate
indicates higher nitrogen stress, resulting in a higher concentration of fatty acids, terpenic
compounds, and carotenoids [46]. According to the literature, glutamine is used by mi-
croalgae to produce nucleosides and deoxy/ribonucleotides by the pyrimidine metabolism
pathway [47]. Nonetheless, it will be necessary to analyze more compounds to draw a
more solid conclusion.

Another indicator of the pyrimidine metabolism pathway found in the NMR spectra
aside from glutamine was the presence of hypoxanthine. This metabolite is important due to
its role in microalgae metabolism as a precursor of xanthine, which can be used to synthesize
bioactive substances, such as astaxanthin [48], theobromine, and other methylxanthines,
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which have been reported to be antiviral agents against numerous pathogens, including
SARS-CoV-2 [49].

In vitro studies on the activity of siphonaxanthin against SARS-CoV-2 in HEK293
cells overexpressing angiotensin-converting enzyme 2 (ACE2) showed the carotenoid to
be the main bioactive compound with an antiviral action [50]. The authors suggested
that the compound interferes with the interaction between the virus and the cells by
binding to the S-glycoprotein [50]. Crocin has been shown to induce the downexpression
of ACE2 expression and can reduce virally induced oxidative stress [51]. Finally, there
is little information related to hypoxanthine and its activity against SARS-CoV-2, but it
has been documented that hypoxanthine is a counterpart of the antiviral Favipavir, which
inhibits the viral RNA polymerase and is effective against several strains of influenza
viruses. Furthermore, it has recently been tested with other drugs, such as tocilizumab and
oseltamivir, for the treatment of COVID-19 [52].

Butanol derivatives, such as 3-hydroxybutyrate, and isobutyric acid, were present in
both extracts. These compounds can be produced by various microalgae from glucose and
xylose. The polyhydroxyalkanoates (PHAs) in microalgae are obtained by the conversion
of carbohydrate to 3-phosphoglycerate (PGA), followed by three possible pathways: the
Entner–Doudoroff (ED) pathway, glycolysis, or the pentose phosphate pathway. These
three pathways lead to the formation of pyruvate, which is transformed into acetyl-CoA,
leading to the synthesis of butyrates by the PHA synthetic pathway [53].

Our samples were rich in fatty acids, such as oleic acid, linoleic acid, and alpha-
linolenic acid. Those three lipids have also been found in microorganisms such as Chaeto-
ceros calcitrans [54]. The peak at 2.05 ppm that appeared in the nonpolar extracts has
also been found in the extracts of microalgae such as Thalassiosira weissflogii, Cyclotella
cryptica, and Nannochloropsis salina. This peak is associated with palmitic acid and n-3
omega polyunsaturated fatty acids (PUFAs), such as alpha-linolenic acid. The presence
of these metabolites will need to be confirmed by further tests [55]. Our results indicate a
relationship between the amount of lipidic compounds extracted and the solvent used. The
solvent with intermediate polarity allowed the best isolation of lipids due to the existence
of an aliphatic and oxygenated region in the studied metabolite.

The peaks at δ = 0.50–2 ppm that were useful in identifying aliphatic compounds
have also been observed for microorganisms such as Chlorella MAT-2008 [56] and Chlorella
sp. [45]. Thus, the protonic NMR technique allows the identification of various metabolites
and provides an initial approach for the quantification of specific bioactive lipids, such as
fatty acids and polar lipids.

The NMR data showed the P. nurekis extracts to be rich in polar lipids, such as acyl-
glycerols, xanthophylls, glycolipids, and phospholipids. In addition, there was a signif-
icant presence of carbohydrates and polyphenols. The signals for cholesterol are seen
at δ = 0.83 ppm −0.95 ppm and 1.90 ppm, suggesting the presence of compounds such as
zeaxanthin, lutein, and violaxanthin, which are commonly found in green plants and green
microalgae [54].

Peaks between 3.16 and 5.32 ppm suggest the presence of carbohydrates, but more
data are needed for confirmation. It will be necessary to carry out FT-IR and, in particular,
MS analysis in which the main objective is the targeted study of the profile of polyphenols,
carbohydrates, and lipids, focusing on the presumed metabolites that have been reported
in the literature to have a virucidal effect. In the literature, both metabolites show similar
peaks and despite the high concentration of phenolic derivatives, there appears to be a
significant quantity of bioactive saccharides between 2.0 ppm and 4.0 ppm [40].

3.2. Analysis of the Extracts by UPLC-MS

The fractions from the hexane and dichloromethane extractions displayed almost the
same UPLC-ESIMS profile (Supplementary Materials—Figures S2 and S3). Hexane showed
the presence of 11 secondary metabolites and dichloromethane 18 in their chromatogram
spectra (Supplementary Materials—Table S1).
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The base peak ion (BPI) chromatogram of both extracts showed a peak at tR 4.53 min,
with mass values of m/z 531.2817 [C25H42O9 + HCO2]− and m/z 509.2745 [C25H42O9 + Na]+

in the negative and positive ionization modes, respectively. No fragmentation was observed
in the negative ionization mode, whereas fragment ions of m/z 469.2790, m/z 325.2374, and
m/z 233.1918 were obtained in the positive mode analysis. The precursor m/z 509.2745
produced m/z 469.2790 after losing NaOH (40 Da). The ion m/z 325.2374 appeared to
be an in-source fragment formed by the of loss of a sugar moiety (162 Da) from [M+H]+.
Cleavage of the ester function provided the fragment ion m/z 233.1918, corresponding to
the fatty acyl cation. Based on these data, the structure of this metabolite was assigned to be
(7Z,10Z,13Z)-2-hydroxy-3-(β-D-galactopyranosyl)oxy)propyl hexadeca-7,10,13-trienoate.
The fragmentation pattern of compound 1 was consistent with that reported by Guella
et al. [57].

Compounds 2 and 3 were identified as 13-hydroxyoctadecatrienoic acid and verno-
lic acid, respectively, with a m/z 293.2130 [C18H30O3-H]− and 295.2289 [C18H32O3-H]−.
Compound 2 represents a group of metabolites called oxylipins, which are widespread in
algae [58].

Compounds 4 to 8 detected at tR 6.29, 7.39, 8.42, 9.59, and 9.89 min, respectively,
yielded no fragments. However, their mass values of m/z 249.1852 [C16H26O2-H]−,
277.2180 [C18H30O2-H]−, 279.2330 [C18H32O2-H]−, 255.2332 [C16H32O2-H]−, and 281.2485
[C18H34O2-H]− correspond to the structures of hexadecatrienoic acid, linolenic acid, linoleic
acid, palmitic acid, and oleic acid, respectively. These fatty acid derivatives have been
previously reported to be present in microalgae species from the genera Aphanizomenon,
Botryococcus, Chaetoceros, Chlorella, Cylindrotheca, Crypthecodinium, Isochrysis, Haematococ-
cus, Dunaliella, Neochloris, Nostoc, Nannochloropsis, Pavlova, Phaeodactylum, Porphyridium,
Arthrospira, Schizochytrium, and Thalassiosira [59]. The dichloromethane extract contained
all these fatty acids, whereas hexadecatrienoic acid and palmitic acid were not found in
the hexane extracts. A study that used a mixture of vegetable oils composed mostly of
fatty acids demonstrated the effectiveness of these compounds against SARS-CoV-2 and
influenza viruses in an in vitro study [60]. The authors suggested that the antiviral action
was related to the fatty-acid molecules, hypothesizing that the compounds penetrate and
break down the lipid coat that covers enveloped viruses, thus deactivating the viruses at
their point of entry.

Compound 8 was found at tR 3.72 min in the positive ionization mode and present only
in the dichloromethane extract. Its mass value of m/z 181.1233 corresponds to the molecular
formula [C11H16O2

+H]+. This precursor was different from its fragment ion m/z 163.1130
by 18 Da, suggesting the loss of H2O. A literature search on this molecular formula led to a
structure related to 4,4,7a-trimethyl-5,6,7,7a-tetrahydrobenzofuran-2(4H)-one, previously
identified in seaweed [61].

The structure of a fatty acid found in the dichloromethane extract, namely steari-
donic acid, was assigned to compound 10 detected at tR 4.97 min with a m/z 277.2166
[C18H28O2

+H]+. Compound 11, detected at tR 5.48 min with a m/z 577.1348 [C30H24O12
+H]+

produced a fragment ion of m/z 385.0938. A literature search showed compound 11 to
be related to protocyanidin A1. The formation of the ion of m/z 385.0938 occurs after the
cleavage of the CarO-Cacetal bond with hydrogen migration followed by RDA opening of
ring C and the loss of ketene (42 Da). Thus far, only flavonoids and phenolic derivatives
have been identified and reported in algae and microalgae [62]. Therefore, compound 11,
which was found only in the hexane extract, is an unprecedented finding in microalgae
metabolites. Compound 12 was detected in both the hexane and dichloromethane extracts
at tR 6 min, with a mass value of m/z 301.1416, corresponding to [C16H22O4+Na]+. In
its tandem mass spectrum, this metabolite showed two fragment ions of m/z 205.0866
and 149.0244 resulting from the elimination of sodium butanolate (96 Da) and sodium
butanolate and but-1-ene (56 Da), respectively. Compound 13, found in dichloromethane at
tR 8.35 min with a m/z 637.3063 [C29H48O15

+H]+, produced fragment ions of m/z 581.2450,
525.1830, 495.26262, and 469.1125 in its tandem mass spectrum; these ions correspond to the
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sequential loss of four units of prop-1-en-1-one (56 Da). Based on these data, the structure
of compound 13 was assigned to be related to O-tetrapropanoyloctanoate of sucrose.

Compound 14, observed at tR 8.35 min with a m/z 331.2852, produced two fragment
ions in its tandem mass spectrum of m/z 313.2727 and 239.2368. The precursor is dif-
ferent from the first fragment by 18 Da, suggesting the loss of H2O, whereas the lighter
fragment corresponds to the cation hexadecylidyneoxonium formed after glycerol (92 Da)
elimination.

Compound 15, obtained at tR 9.01 min showed the precursor m/z 593.2747 [C34H40O9
+H]+

and the fragment ion m/z 533.2573 in its mass spectra. Both ions differed by 60 Da,
suggesting the loss of acetic acid. The structure was not identified because of the lack of
diagnostic fragments.

Compound 16 was also identified as another monoglyceride, namely glyceryl stearate.
It was detected at tR 10.47 min with a m/z 359.3179, corresponding to the molecular formula
[C21H42O4

+H]+. This precursor ion lost a molecule of H2O (18 Da) and glycerol (96 Da) to
produce ions of m/z 341.3074 and 267.2713 (fatty acid moiety), respectively. Monoglycerides
represent one of the valuable chemical constituents of microalgae used to produce bioenergy
and their identification in this biomass has been well-documented [63]. The metabolite
(17) at tR 11.13 min with a m/z 551.4241 [C40H54O+H]+ did not produce fragment ions in
its MS/MS spectrum. However, a literature search using its molecular formula led to the
structure of echinenone, a carotenoid previously identified in the microalgae Scenedesmus
obliquus [64]. Compound 18 showed the same fragmentation pattern as compound 15 by
losing only 60 Da, corresponding to acetic acid. Nevertheless, its structure could not be
assigned because of low fragmentation. Compound 19 was identified as dioctyl phthalate.
It was found at tR 11.94 min with a m/z 419.2663, corresponding to [C24H38O4+Na]+. This
precursor gave the daughter ions m/z 301.1410 and 149.0244 in its MS/MS spectrum after
losing oct-1-ene (112 Da) and sodium octanolate (272 Da). The methanol extract was more
sensitive to the LC-MS analysis performed in the negative ionization mode (Supplementary
Materials—Figure S4).

Compound 20 was detected at tR 7.98 min with a m/z 693.3342 [C31H52O14
+HCO2]−

and gave the ion m/z 647.3315 [M-H]− and the fragment m/z 249.1852 in its MS/MS spec-
trum, corresponding to hexadecatrienoic acid. This information led assignment of 3-hydroxy-
2-[[(7Z,10Z,13Z)-1-oxo-7,10,13-hexadecatrienyl]oxy]propyl 6-O-β-D-galactopyranosyl-β-D-
Galactopyranoside. Compound 21 was different from compound 20 by 164 Da, correspond-
ing to the absence of a hexose (162 Da) and the presence of a double bond equivalent
(2 Da). The tandem mass of compound 21, identified as 3-hydroxy-2-[[-1-oxo-4,7,10,13-
hexadecatetraenyl]oxy]propyl β-D-Galactopyranoside, produced the ion m/z 247.1671,
assigned as hexadecatetraenoic acid. This fragmentation pattern was consistent with those
reported in the literature [57]. This ion was formed after the precursor lost the hexose
and glycerol moieties. Two isomeric metabolites (22 and 23) with a structure related to
3-hydroxy-2-[[-1-oxo-7,10,13-hexadecatrienyl]oxy]propyl β-D-galactopyranoside were ob-
tained at 8.49 and 8.71 min with the same mass value of m/z 531.2817 [C25H42O9+HCO2]−.
These compounds differ from compound 20 by a hexose unit (162 Da). After losing the sugar
and glycerol, an ion of m/z 249.1852, corresponding to the fatty acid chain, was formed.
Compound 24, identified as 2-hydroxy-3-[[(9Z,12Z,15Z)-1-oxo-9,12,15-octadecatrien-1-
yl]oxy]propyl6-O-β-D-galactopyranosyl-β-D-Galactopyranoside, at tR 8.93 with a mass
value of m/z 721.3671 [C33H56O14+HCO2]−, produced a fragment ion of m/z 277.2180 after
losing two hexoses and glycerol. Compound 25, identified as (2S)-2-hydroxy-3-[[(7Z,10Z)-
1-oxo-7,10-hexadecadien-1-yl]oxy]propyl β-D-galactopyranoside, was heavier than com-
pound 23 by 2 Da, suggesting the presence of less unsaturation. Their fragmentation pattern
was identical, with the production of an ion corresponding to the fatty acid with a mass of
m/z 251.2029. As found in the literature, such metabolites have been previously reported
in the microalga Chlorella sorokiniana [65]. Another glycosylated monoglyceride was iden-
tified at tR 10.03 with a mass of m/z 699.3804 [C31H58O14+HCO2]−. A fragment ion was
observed in its MS/MS spectrum of m/z 255.2332, corresponding to the ion palmitate. This
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information led to the assignment of 1-O-palmitoyl-3-O-[α-D-galactopyranosyl-(1→6)-β-
D-galactopyranosyl]-sn-glycerol, previously reported in microalgae.

Compounds 27 and 28 gave ions of m/z 481.2598 [C29H38O6
-H]− and 483.2742

[C29H40O6
-H]−, respectively. A literature search led to the structures of steroids related

to poly-oxygenated ergosterol. Their structures could not be elucidated because of their
low fragmentation. Compounds 29–32 were identified as derivatives of linolenic, linoleic,
palmitic, and oleic acids.

Compound 33 with a tR at 14.73 min and m/z 953.5460 [C49H80O15
+HCO2]− was

identified as disaccharide diglyceride. It produced two fragment ions in its tandem mass
spectrum, assigned as the ions hexadecatrienoate (m/z 249.1852) and octadecatrienoate
(m/z 277.2180). On the basis of this information, the structure of compound 33 was
assigned as [[-1-oxo-9-hexadecatrien-1-yl]oxy]-3-[[-1-oxo-octadecatrien-1-yl]oxy]propyl
6-O-α-D-galactopyranosyl-β-D-galactopyranoside. Hexosyl mono- and diglycerides have
been previously reported to be present in microalgae, supporting our finding [66].

The compounds identified in the UPLC-MS analysis were mostly associated with the
lipid class, in which palmitic and stearidonic acid stood out as being present only in the
dichloromethane extracts, which presented greater virucidal activity. Our results show that
there is a relationship between the number of lipidic compounds extracted and the solvent
used. The solvent with intermediate polarity was the one that allowed the best isolation of
lipids, due to the existence of an aliphatic and oxygenated region in the metabolite.

3.3. Cytotoxicity of Planktochlorella nurekis

For the cytotoxic evaluation, all samples were tested on L929 cell line for 48 h and
stained with SRB that binds stoichiometrically to cell proteins and then can be extrapolated
to measure cell viability. The CC50 values were calculated for each sample and are summa-
rized in Table 3. All the samples showed low cytotoxicity, and the dichloromethane extract
presented an essential cytotoxic effect on L929 cells with a CC50 value of 53.19 µg/mL.

Table 3. Cytotoxic evaluation of hexane, dichloromethane, and methanol extracts of P. nurekis using
L929 cells. Mean value and standard deviation (SD).

Extracts CC50
a µg/mL CI95

b µg/mL

Hexane 330.4 270.1 to 404.3
Dichloromethane 53.19 30.94 to 91.45
Methanol 73.30 58.74 to 91.46

a CC50—50% cytotoxic concentration; b CI95—95% confidence interval.

3.4. Virucidal Activity of Planktochlorella nurekis

The viricidal activity of the P. nurekis extracts is summarized in Table 4. Treatment with
the microalgae methanol extract resulted in a reduction of coronavirus MHV-3 infection of
6 Log10 PFU and 8 Log10 PFU at 24 ± 2 ◦C and 35 ± 2 ◦C, respectively, regardless of the
extract concentration (Table 4). Treatment with the hexane extract resulted in a reduction of
7 Log10 PFU (12.5 to 50 µg/mL) at 24 ◦C, but there was no reduction in coronavirus MHV-3
infection at 35± 2 ◦C (Table 4). Finally, the dichloromethane extracts led to a reduction from
6 Log10 PFU to 8 Log10 PFU (3.1 to 50 µg/mL) at 24 ◦C. The dichloromethane extract had
the highest virucidal activity. Dichloromethane possesses an intermediate polar character
between that of methanol and hexane: eluting forces of 0.26, 0.01, and 0.70, respectively.
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Table 4. Coronavirus—MHV-3—reduction (Log10) after treatment with hexane, dichloromethane,
and methanol extracts of P. nurekis.

Conc (µg/mL)

Extract 3.12 6.25 12.5 25.00 50.00

Hexane
24 ± 2 ◦C

NR NR −7.0 ± 1.2 −7.0 ± 1.4 −7.0 ± 1.2
Dichloromethane −6.0 ± 0.5 −6.0 ± 0.3 −6.0 ± 0.2 −8.0 ± 0.3 −8.0 ± 0.4
Methanol −6.0 ± 1.5 −6.0 ± 0.5 −6.0 ± 0.8 −6.0 ± 0.3 −6.0 ± 0.4

Hexane
35 ± 2 ◦C

NR NR NR NR NR
Dichloromethane NR NR −8.0 ± 0.3 −8.0 ± 0.3 −8.0 ± 0.4
Methanol −6.0 ± 1.5 −6.0 ± 0.5 −6.0 ± 0.8 −6.0 ± 0.3 −6.0 ± 0.4

NR: no reduction.

3.5. PCA Analysis of the P. nurekis Extracts

The results of the multivariate analysis are presented in the Supplementary Materials
Figure S5. There was a correlation between the carotenoid and polyphenol concentrations
and the virucidal action of each extract, allowing differentiation between the extracts. The
compounds with the greatest impact on antiviral activity were isobutyric acid and ethanol,
followed by amino acids, such as L-aspartic acid, L-methionine, and glutamine. There
was also a large impact of carotenoids, hypoxanthine, and organic acids, such as L-lactic,
formic, pyruvic pyroglutamic, and succinic acid in the bioactivity of the samples against
murine Coronavirus (Figure S5A,B). Amino acids other than those already mentioned,
polyphenols, and alcohols other than ethanol had less of an impact on the antiviral activity
against murine coronavirus.

The influence of carotenoids and phenols on the antiviral activity against herpesvirus
(HSV-1) has already been reported for two green microalgae Haematococcus pluvialis and
Dunaliella salina. The ethanol extract of H. pluvialis, a freshwater microalga, showed that
such antiviral activity may be partially related to the presence of short-chain fatty acids.
However, other compounds also contribute to this activity, such as those found in the
ethanol extract of D. salina, a marine microalga. Further compounds may also be involved,
such as β-ionone, neophytadiene, phytol, palmitic acid, and α-linolenic acid [67]. Ishikawa
et al. [68] reported that β-carotene and astaxanthin, fucoxanthin, and the deacetylated
metabolite fucoxanthinol had mild inhibitory effects on human T-cell leukaemia virus type
1-infected T-cell lines.

Our extracts could be differentiated by biomarkers, and it was possible to correlate
the chemical composition with the antiviral activity. Previous studies have suggested that
the antiviral activity against Coronavidae members can be attributed to metabolites such
as phytol and polysaccharides [69], which we did not find in our study. Other researchers
have reported a prominent role of organic acids in the viricidal effect, with one of the
most prominent metabolites being formic acid, which can inhibit the replication of the
porcine epidemic diarrhea virus (PEDV) [70]. According to the PCA, isobutyric acid was
the metabolite with the highest impact on viricidal activity. It has already been reported
that isobutyric acid and esters, such as 3-hydroxyisobutyrate, in combination with a low
pH, generate an acidic environment that damages the structure of the virus and leads to
viral inactivation. This mechanism has been observed for other compounds, such as acetic
acid, but its effect is much weaker, which could explain why it showed a lower contribution
to the antiviral activity against MHV-3 in the PCA. This mechanism is used by drugs, such
as propylamylatin, against SARS-CoV-2, highlighting the potential application of P. nurekis
extracts for the development of compounds against pathogens such as SARS-CoV-2 [71].

4. Conclusions

With the recent COVID-19 pandemic, research on coronavirus-inactivation mecha-
nisms is urgently needed to find potential therapeutic agents against SARS-CoV-2. In this
context, algae biotechnology has much to offer in the fight against coronaviruses. The use
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of algae is extremely promising due to its proven effectiveness against the virus when
applied to animal cells and its low cost of production. Because it is a natural organism, it is
not harmful to human beings or the environment. Here, we evaluated P. nurekis extracts
obtained using three different solvents against MHV-3, a surrogate model for SARS-CoV-2.
All the extracts efficiently inactivated MHV-3 (over 6 Log reductions), regardless of the
solvent or concentration used. However, the dichloromethane extract showed the highest
virucidal activity, demonstrating that this organic solvent of intermediate polarity is the
most effective in extracting compounds with this bioactivity. As more metabolites become
known, an increasingly detailed chemical profile will also become available, translating
into a stronger correlation between the biological activity against SARS-CoV-2 and the
compounds isolated from P. nurekis extracts. Based on multivariate analysis, polyphenols,
carbohydrates, and isoprene derivatives, such as terpenic compounds and carotenoids,
have a more significant impact on virucidal potential. More specific results are still needed
to determine the precise correlation between the elucidated metabolites and the virucidal
action of microalgae. Therefore, new tests on the L929 strain are recommended to evaluate
the respiratory burst (NBT) and possible mechanisms of cellular damage, at the genetic
level, as well as in vivo tests on MHV-3 in order to evaluate the activity of the extracts in
the organism.
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