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Antonio Leon-Vaz a,b,* , Lucía Tejero-Álvarez a,b, Pedro Antonio García-Encina a,b ,  
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A B S T R A C T

New viruses are one of the major health challenges that human society is facing during this century. One of the 
most promising solutions is searching for natural organisms or molecules with antiviral capacity, with emerging 
microalgae as a promising solution in recent years. Thus, in this work, the antiviral capacity of ten species of 
freshwater and marine microalgae was tested against three enveloped and non-enveloped bacteriophages 
(PhiX174, MS2 and Phi6), showing inhibition efficiencies ranging from 40 to 80% compared with control in
fections. Moreover, the PCA analysis revealed the influence of the microalgal cell wall on the different bacte
riophages’ inactivation capacity. Finally, the inactivation of the three bacteriophages in liquid cultures was 
studied using the microalgae Chlorella vulgaris and Thalassiosira weissflogii. These microalgae inactivated 
99.999% of the MS2 and Phi6, and 99.9% of PhiX174 after 72 h of cultivation, respectively. Additionally, T90 
values ranging from 7 to 12 h for PhiX174, 3 to 12 h for MS2 and 2.5 to 3 h for Phi6 were achieved by the two 
tested microalgae. These results highlight the potential of microalgae for the inactivation of viruses in waste
waters and as an outstanding source of antivirals.

1. Introduction

Healthcare is one of the highest concerns nowadays worldwide. New 
viruses are one of the major health challenges human society are facing 
during this XXI century. These new viral diseases have emerged in 
different geographical areas as a result of the propagation of the Ebola 
virus, West Nile virus or coronaviruses (CoV), caused or probably caused 
by zoonoses (Dhama et al., 2020). The most recent striking example is 
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
pandemic, which quickly spread throughout the world in 2020, causing 
more than 556 million confirmed cases and over 6.3 million deaths in 
the period 2019-2022 (Gasch-Illescas et al., 2023). In this context, 
searching for new organisms and molecules able to inactivate viruses 
can be an excellent approach to deal with this current healthcare issue 
and in preparation for future potential new threats.

Microalgae are a heterogeneous group of photosynthetic organisms 
with a wide range of metabolisms and applications. These 

microorganisms capture higher amounts of CO2 than C4 plants, being 
able to fix about 50 gigatons of CO2 per year worldwide (Ashour et al., 
2024; Hong, 2022). Moreover, microalgae produce biomass in this 
process, which render them as an outstanding biotechnological resource 
(Liu et al., 2024; Ugya et al., 2024). In recent decades, many species of 
microalgae have been investigated for their ability to produce different 
bioactive compounds, such as polyunsaturated fatty acids (PUFA), 
including docosahexaenoic acid, eicosapentaenoic acid, or linolenic acid 
(Cañavate, 2019; Maciel et al., 2024); carotenoids such as fucoxanthin, 
astaxanthin or β-carotene (Mapelli-Brahm et al., 2023); or poly
saccharides (Sen et al., 2025), which can be used in cosmetic, pharma
ceutical or aquaculture industries. The ability to rapidly produce high 
concentrations of these compounds points to microalgae as a potential 
source of bioactive products.

Different microalgae have been considered in the pharmaceutical 
and biomedical sector due to their anti-inflammatory, antioxidant or 
antibacterial metabolites. For instance, the microalga Microchloropsis 
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gaditana has been described as a natural antimicrobial source against the 
bacterium Piscirickettsia salmonis (Díaz et al., 2025). Moreover, micro
algae have been recently proposed as a potential platform for antimi
crobial peptides expression (Wang et al., 2025). Furthermore, the 
antiviral capacity of different microalgal extracts has been investigated 
in recent years. Hernández-Urcera et al. (2024) demonstrated the anti
viral capacity against the spring viraemia of carp virus using DMSO and 
CH2Cl2 extracts of 33 microalgal strains. In addition, different micro
algal metabolites have also been proposed as potential antiviral com
pounds. Chlorophylls and lutein-enriched extracts from Tetraselmis sp. 
strains obtained high inactivation values against Zika and vaccinia virus 
infections (Kang et al., 2024b; Kim et al., 2023). On the other hand, 
different polysaccharides and lectines from microalgae have been 
postulated as antiviral molecules due to their capacity to envelope the 
infective proteins of viruses (Osathanunkul et al., 2025). However, most 
of the studies focused on antiviral capacity of microalgae were per
formed with microalgal extracts.

Although consortia of microalgal species have been recently 
described as a potential inactivation platform of different RNA viruses 
and bacteria in wastewater (Torres-Franco et al., 2025), the number of 
works assessing the antiviral capacity of axenic species is scarce, and 
more knowledge is necessary to unravel the mechanisms that micro
algae use to inactivate viruses. Bacteriophages, such as the enveloped 
Phi6, or the non-enveloped MS2 and PhiX174, have traditionally been 
used to assess viral viability in wastewater treatment, as they pose no 
biosafety risks and are common surrogates of broad variety of viruses, 
including those of sanitary concern (Torres-Franco et al., 2025; Yang 
et al., 2022). Additionally, viral inactivation mechanisms were also 
studied in these bacteriophages (Zhu and Ye, 2025).

Thus, the aim of this work is to test the antiviral capacity of ten 
species of freshwater and marine microalgae belonging to 6 different 
phyla and their supernatants against three different bacteriophages. 
These viruses are the single-strain DNA (ssDNA) virus PhiX174, and two 
RNA viruses (Phi6 and MS2). Phi6 is an enveloped double-strain RNA 
(dsRNA), while MS2 has single-strain RNA genomes (ssRNA). Moreover, 
the kinetics of decay against these bacteriophages were also investigated 
for the best-performing strains.

2. Materials and methods

2.1. Microalgal strains and growth conditions

For this work, 10 microalgal species (Table 1) were selected from 6 
phyla in the AlgaBase classification (Guiry and Guiry, 2022). The se
lection of this heterogeneous group of microalgae was performed to 

evaluate variability in viral inactivation across freshwater and marine 
microalgae.

Freshwater microalgae were cultured in SK medium as described in 
León-Vaz et al. (2025). A. platensis was cultured in Zarrouk's medium 
(Chen et al., 2020). Marine microalgae were cultured in modified 
Guillard F/2 medium as described in León-Vaz et al. (2023). All strains 
were cultivated at 25 ◦C, under continuous light irradiation (200 μmol 
m− 2 s− 1) and agitation (240 rpm) in closed glass bottles with butyl septa 
and aluminium caps. These light and temperature conditions were 
previously reported as favourable for the heterogeneous group of species 
listed in Table 1 (León-Vaz et al., 2023; Maltsev et al., 2021; Singh and 
Singh, 2015). The headspace of the gas-tight bottles was supplemented 
with 15-20% (v/v) of CO2 as a carbon source, and the initial pH was 
adjusted to 8.1 in marine strains and 7.0 in freshwater strains.

In the screening experiments, microalgae were inoculated at an 
initial optical density at 600 nm (OD600) of 0.2 from cultures grown 
under the above-described conditions for 4 days (end of exponential 
phase). The algal biomass of the inocula was concentrated until an 
OD600 of 5.0 and then resuspended in SM buffer (5.84 g L− 1 NaCl, 0.96 g 
L− 1 MgSO2 and 6.06 g L− 1 Tris-HCl) for phages at pH 7.5.

2.2. Bacteriophages and host strains

The bacteriophages used in this work were the ssDNA virus PhiX174 
(DMS-4497), the ssRNA virus MS2 (DMS-13767) and the dsRNA virus 
Phi6 (DMS-21518); and their respective hosts E. coli (DMS-4860 and 
DMS-5695) and Pseudomonas sp. (DMS-21482). All of them were ac
quired from the German Collection of Microorganisms and Cell Cultures 
(DSMZ). Stock solutions of the three bacteriophages were achieved by 
applying the same procedure described in Torres-Franco et al. (2024), 
obtaining concentrations of 2.1 × 10− 9, 1.5 × 10− 11, and 1.7 × 10− 10 

PFU mL− 1 for PhiX174, MS2 and Phi6, respectively.

2.3. Screening of the antiviral capacity of freshwater and marine 
microalgae

Screening experiments were performed using the double agar tech
nique (Fedorenko et al., 2020). For this experiment, the inactivation 
capacity of PhiX174, MS2 and Phi6 was studied using the biomass and 
supernatant of cultures of the microalgal strains described in Table 1. In 
this experiment, 200 μL of the host bacterium were mixed with 100 μL of 
virus stock solution and 100 μL of the microalgal biomass or supernatant 
without cells obtained as described in section 2.1. This mixture was 
added to 5 mL of 0.6% agar medium, previously prepared at 45-50 ◦C 
and spread in 2.5% agar plates. Finally, double agar plates were incu
bated at 25 ◦C and 37 ◦C for Pseudomonas sp., or E. coli experiments, 
respectively, for 16 h in dark conditions. Bacteriophage titers were re
ported as the mean and standard deviation of the triplicates of each 
microalgal culture in PFU mL− 1.

2.4. Bacteriophage decay kinetics

Biodegradation of PhiX174, MS2, Phi6 and control experiments in 
bottles were conducted for 72 h. The selected microalgal strains 
(Chlorella vulgaris and Thalassiosra weissflogii) were cultured in 100 mL 
flasks under the conditions previously described in light and dark con
ditions, using an initial OD600 of 0.5-0.6. Additionally, a negative con
trol without algal biomass was included in the experiments under the 
same conditions. Samples from the liquid cultures were taken at 0, 12, 
24, 48 and 72 h using sterile needles, filtered through sterile 0.22 μm 
filters and stored under sterile conditions at 4 ◦C. Bacteriophage decay 
was calculated using the double agar technique as described in Tor
res-Franco et al. (2024). In this work, first-order linear regression 
models were applied to all cases (Eq. (1)): 

Table 1 
Microalgal strains used in this work.

Species Code Phylum

Arthrospira platensis SAG 21.99 Cyanobacteria
Coelastrella sp. ISP-0125 Chlorophyta
Chlorella vulgaris SAG 211-11b Chlorophyta
Dunaliella salina SAG 19-3 Chlorophyta
Tetrasemis chuii CCMM 03/0201 Chlorophyta
Porphyridium cruentum CCMM 08/0101 Rhodophyta
Isochrysis galbana CCMM 05/0401 Haptophyta
Phaeodactylum tricornutum CCMM 07/0402 Bacillariophyta
Thalassiosira weissflogii CCMM 07/0602 Bacillariophyta
Nannochloropsis gaditana CCMM 04/0201 Eustigmatophyta

The freshwater and marine microalgae Arthrospira platensis, Chlorella vulgaris 
and the marine microalga Dunaliella salina were acquired from SAG Culture 
Collection of Algae (Germany), while the marine species Tetrasemis chuii, Por
phyridium cruentum, Isochrysis galbana, Phaeodactylum tricornutum, Thalassiosira 
weissflogii and Nannochloropsis gaditana were acquired from the Marine Micro
algal Culture Collection of the Institute of Marine Sciences of Andalusia (ICMAN- 
CSIC, Spain). Finally, the freshwater strain Coelastrella sp. was isolated and 
identified at the Institute of Sustainable Processes (ISP, Spain).
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log
Ct

C0
= log a + kt (1) 

Where Ct and C0 correspond to PFU measured at time t and time 0, 
respectively, and k corresponds to the decay rate. Moreover, OD600, pH, 
and Qy values were monitored every 24 h along the experiment using 2 
mL samples of the cultivation broth, just as the composition of the 
headspace in order to add CO2 when needed to control the O2/CO2 
balance.

2.5. Analytical procedures

CO2 and O2 were determined by GC coupled to a thermal conduc
tivity detector (TCD) using a Bruker 430 GC-TCD (Bruker Corporation, 
USA). The compounds were separated in a CP-Molsieve 5A and in a CP- 
PoraBOND columns. The injector was maintained at 150 ◦C, and the 
columns were held at 45 ◦C for 5 min, with a helium flux of 3.5 mL 
min− 1. The temperature of the TCD detector was 200 ◦C. The pH mea
surements were carried out using a pH-meter Basic 20 (Crison, Spain), 
and the OD600 was measured using a UV mini 1240 spectrophotometer 
(Shimadzu, Japan). Qy values were determined using an AquaPen-C 
system (Photon Systems Instruments, Czech Republic).

2.6. Statistical analysis

All the experiments were carried out using biological triplicates and 
the results were represented as the mean value ± standard deviation. 
Along with the screening, one-way analysis of variance (ANOVA), fol
lowed by a post hoc Duncan Multiple Range Test (DMRT) test, was 
applied to identify significant differences between control and algal/ 
supernatant treated infections, which were considered for values with p 
< 0.05. A Pearson correlation test was applied to survival data to assess 
the correlation between the antiviral capacity of the microalgal biomass 
and supernatants against the three viruses tested. Principal component 
analysis (PCA) was applied to evaluate the variability in the antiviral 
profile in order to find axes in a multivariate space that best separate a 
priori established groups. Statistical analyses were performed using IBM 
SPSS Statistics v29.0 software (Armonk, NY, USA).

3. Results and discussion

3.1. Screening of the antiviral capacity of freshwater and marine 
microalgae

The screening of the antiviral potential of 10 microalgae belonging to 
6 phyla showed varying inhibition levels against each of the assessed 
bacteriophages. To the best of the authors′ knowledge, no previous 
works assessed the antiviral potential of Coelastrella sp., D. salina, I. 
galbana, P. tricornutum and T. weissflogii. The exposure of the bacterio
phages to microalgae biomass (Fig. 1) during host infection on plates 
resulted in significant differences (p < 0.05) between the control and 
algal-treated conditions in all the MS2 infections and most of the 
PhiX174 and Phi6 infections, except for Coelastrella sp. in PhiX174 and 
T. chuii and T. weissflogii in Phi6. Compared with the control plates, the 
least inhibited bacteriophage was PhiX174 (Fig. 1A), with a lower sur
vival of 52% in the presence of C. vulgaris biomass. MS2 and Phi6 sur
vival was reduced to 31% and 23% when Coelastrella sp. and 
T. weissflogii biomass were added to MS2 and Phi6 plates, respectively.

The higher resistance to inhibition of PhiX174 reported in this work 
with the different microalgal strains (mean 29% of inhibition) than for 
MS2 (mean 45% of inhibition) and Phi6 (mean 36% of inhibition) was in 
agreement with previous studies, reporting lower inactivation for 
PhiX174 than Phi6 and MS2 when exposed to different coagulants, such 
as alum, poly-aluminium chloride, ferric chloride, or nanoscale zero- 
valent iron particles (Cheng et al., 2022; Maneein et al., 2024). In 
addition, the higher survival in water matrices of non-enveloped, 

Fig. 1. Inhibition of the infection capacity of PhiX174 (A), MS2 (B) and Phi6 
(C) using the biomass of the different microalgal strains tested. 100% of sur
vival corresponds to 3.9 × 10− 9, 6.6 × 10− 11, and 7.2 × 10− 9 PFU mL− 1 for 
PhiX174, MS2 and Phi6, respectively.
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compared to enveloped viruses, such as PhiX174 and Phi6, respectively, 
is well documented (Fedorenko et al., 2020; Lin et al., 2020). Although 
there is a trend for RNA viruses to be more resistant to antiviral com
pounds than DNA viruses due to their mutation capacity and different 
repair mechanisms (Durmuş and Ülgen, 2017), recent studies have 
demonstrated that human adenovirus 5 (DNA virus) exhibits longer T90 
values (7.8-8.06 days) than other RNA viruses, such as enterovirus A71 
(3.9-5.9 days) or respiratory syncytial virus A2 (4.7-6.4 days) in water 
samples, suggesting also a virus-dependent inactivation (Kevill et al., 
2025). In this context, other factors, such as the higher stability and 
higher capacity to deal with oxidative damage of the DNA chain, could 
explain the higher resistance of PhiX174 than MS2 observed herein 
(Zhang et al., 2010).

3.2. Screening of the antiviral capacity of supernatants

The inactivation capacity of the supernatant from the tested micro
algae cultures was also assessed since many microalgal species can 
secrete extracellular bioactive compounds. The results are presented in 
Fig. 2. An additional negative control using the corresponding culture 
medium was also performed to confirm that viral inhibition was not 
significantly attributable to culture media.

Overall, the inhibitory effect of supernatants (Fig. 2) from both 
freshwater and marine microalgae followed a similar trend to that of the 
bulk microalgal biomass (Fig. 1). All tested supernatants significantly 
inhibited the replication of MS2 and Phi6 (p < 0.05). However, only 
supernatants from Coelastrella sp., C. vulgaris, D. salina, and T. chuii 
demonstrated inhibitory activity against PhiX174. In the case of MS2 
infections (Fig. 2B), the inhibition ranged from 14% with T. chuii to 54% 
with Coelastrella sp. supernatants. In the infections with Phi6 (Fig. 2C), 
the highest inhibition (94%) was observed in the presence of P. cruentum 
culture supernatants, while the lowest inhibition efficiencies of 29% 
were detected when the supernatants of A. platensis, T. chuii and 
I. galbana were added to plates.

These results suggest that potential extracellular compounds 
secreted by microalgae can significantly inactivate RNA viruses such as 
MS2 and Phi6. Notably, the supernatant of P. cruentum exhibited a 
strong antiviral effect against Phi6, which can be related to Porphyridium 
exopolysaccharides (EPS). These EPS have previously been reported to 
exhibit antiviral activity against other enveloped RNA viruses, such as 
SARS-CoV-2 or viral haemorrhagic septicaemia virus (VHSV) (Ben 
Hilma et al., 2022; Parra-Riofrio et al., 2023). Moreover, P. cruentum is 
well known for releasing high concentrations of extracellular 
high-molecular-weight polysaccharides into the culture medium 
(Decamp et al., 2023), which could be responsible for the high Phi6 
inactivation capacity observed herein. These EPS are typically composed 
of glucose, with a higher proportion of this monomer than in other 
strains previously studied (Table S1) (Cristofoli et al., 2023). Moreover, 
red microalgae have been reported to produce higher amounts of 
alanine as a free amino acid (Table S1) than the other phylogenetic 
groups (León-Vaz et al., 2023), which may also contribute to the inac
tivation of Phi6 infectivity (Mosu et al., 2024).

On the other hand, PhiX174 survival efficiencies were significantly 
lower (p < 0.05) than control infections only in the supernatants of the 
cultures of the four chlorophytes strains i.e., Coelastrella sp., C. vulgaris, 
D. salina and T. chuii, with inhibition values of 23%, 33%, 38% and 21% 
of those in the control plates, respectively (Fig. 2A). It has been reported 
that green algae, such as C. vulgaris, Parachlorella kessleri or Neochloris 
oleoabundans can produce extracellular metabolites, such as EPS, small 
peptides, free amino acids, lipids or alkaloids, which have bioactive 
properties (Deore et al., 2022; Li et al., 2020). As described in Table S1, 
previous studies have reported that EPS produced by green microalgae 
are mainly composed of galactose (Toshkova-Yotova et al., 2024; Zhang 
et al., 2019), which is not usual in other microalgal groups (Brezeştean 
et al., 2021; Toucheteau et al., 2023), and could contribute to PhiX174 
inactivation.

Fig. 2. Inhibition of the infection capacity of PhiX174 (A), MS2 (B) and Phi6 
(C) using the supernatant of the different microalgal strains tested. 100% of 
survival corresponds to 3.9 × 10− 9, 6.6 × 10− 11, and 7.2 × 10− 9 PFU mL− 1 for 
PhiX174, MS2 and Phi6, respectively.
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Further studies are necessary to identify the specific compounds, 
including EPS, produced by P. cruentum, Coelastrella sp., C. vulgaris, D. 
salina, and T. chuii, and their capacity to inhibit non-enveloped and 
enveloped viruses.

3.3. Antiviral distribution patterns in the tested microalgae

Multivariate analysis suggested the possible occurrence of patterns in 
the inactivation capacity of the studied bacteriophages. The PCA applied 
to the set of variables (percentage of inhibition after the incubation with 
microalgal biomass/supernatant) indicated strong sample arrangement, 
with 96% of total variation explained by the two main axes in the algal 
biomass case (Fig. 3A). In the first axis (left), the biomass of five strains 
was strongly related to PhiX174 inactivation, suggesting a mild clus
tering pattern (Fig. 3A). Although these five species (T. chuii, 
T. weissflogii, A. platensis, C. vulgaris and N. gaditana) share no phylo
genetic group, they are well known for having a resistant cell wall 
composed mainly of polysaccharides, which can be more selective in the 
secretion of different high molecular weight molecules, mainly small 
molecules, such as EPS, small proteins or secondary metabolites 
(Alhattab et al., 2019; Chen et al., 2020; Kotzsch et al., 2016).

The other five samples were distributed on the right side of axis 1 

(Fig. 3A), four of them (I. galbana, P. tricornutum, D. salina and Coelas
trella sp.) forming a cluster. Among them, two of these strains (I. galbana, 
and D. salina) are known for the absence of a cell wall (Alhattab et al., 
2019; Sun et al., 2019). Moreover, P. tricornutum has one of the least 
silicified cell walls of diatoms, being less rigid than other diatom species 
(Song et al., 2020). Similarly, some Coelastrella species have been re
ported to have smooth cell walls (Shetty et al., 2021). These four species 
can be clustered together because of their non-resistant cell walls, which 
are likely to favour Phi6 inactivation (Fig. 3A). Additionally, P. cruentum 
was not included in these two clusters due to its high capacity to inac
tivate the three bacteriophages at relatively similar mild levels.

These preliminary results suggest that cell wall type and composition 
can be related to the inactivation capacity of different viruses by 
microalgae. In this context, PhiX174 attaches to lipopolysaccharides in 
the outer membrane of E. coli, which serve as receptors (Feige and Stirm, 
1976), whereas Phi6 infection occurs via membrane fusion with Pseu
domonas outer membrane (Bamford et al., 1987). Consequently, Fig. 3
suggests that higher PhiX174 inactivation could be mediated by pref
erential adsorption on microalgae cell walls with high concentrations of 
polysaccharides, while Phi6 could be more easily adsorbed and inacti
vated by microalgae with a membranous cell wall. On the other hand, 
MS2 infection is produced by adsorption with a specific F-pilus from 

Fig. 3. Principal component analysis of the inactivation capacity of viruses using the biomass (A) and the supernatant (B) of the different microalgae selected in the 
present study.
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E. coli, which does not have any similarity in microalgae wall structures 
(Meng et al., 2019), explaining the lack of association of this bacterio
phage with the above-described clusters and an inactivation mechanism 
that seems to be less dependent on partitioning to microalgae cell walls. 
Further studies with a higher number of microalgal strains are needed to 
confirm these trends.

A PCA analysis of the capacity of the microalgal supernatants to 
inactivate the target viruses was also performed (Fig. 3B). In this case, 
axes 1 and 2 explained 82% of the total variation. Despite the low sig
nificance indicated by the KMO and Barlett test, this PCA suggests two 
clusters characterized by their capacity to inactivate MS2, with a higher 
inhibition caused by T. weissflogii compared to C. vulgaris. This trend of 
higher inactivation capacity could be attributed to a better interaction 
with the negatively charged viral capsids of MS2 by acidic EPS associ
ated with the siliceous frustule of T. weissflogii (Bhaskar and Bhosle, 
2005; Passow, 2002) that could remained in the supernatant after 
biomass separation. In contrast, comparatively inert cellulose-rich cell 
walls, which secret lower concentrations of reactive EPS, may limit the 
antiviral effect against MS2 of supernatants of C. vulgaris and T. chuii 
cultures. Moreover, the higher inactivation of MS2 compared to 
PhiX174 when exposed to T. weissflogii supernatant is aligned with an 
easier adsorption onto its anionic EPS matrix of the higher negatively 
charged capsid of MS2, promoting higher destabilization (Zhang et al., 
2010). However, further investigation of the EPS composition of these 
strains, as along with the screening of more microalgae strains is needed 
to confirm this trend.

A correlation analysis was also performed to confirm the results 
obtained in the PCA analysis (Table 2). This analysis revealed a strong, 
significant negative correlation (R2 = − 0.883) between the type of 
microalgae that inhibits replication in PhiX174 and in Phi6, reinforcing 
the hypothesis that the most efficient strains against PhiX174 infections 
showed only a limited performance against Phi6 infections. More spe
cifically, T. weissflogii, which showed one of the highest inhibition ca
pacities against PhiX174 (59% of survival, compared with control), 
resulted in no significant differences compared to control plates when 
tested against Phi6 (87% of survival, Fig. 1). Besides the above- 
described effect of microalgal cell wall in PhiX174 and Phi6 inhibition 
based on their infection mechanisms (Bamford et al., 1987; Feige and 
Stirm, 1976), Table 2 reinforces the divergences on the predominant 
effect of microalgae against these two viruses, likely based also on the 
non-enveloped ssDNA and enveloped dsRNA structures of PhiX174 and 
Phi6 bacteriophages, respectively (Karczewska et al., 2023).

In addition, a significant negative correlation (R2 = − 0.673) between 
microalgal biomass inhibiting PhiX174 infections and supernatants 
inhibiting MS2 infections was also identified (Table 2). Although 
C. vulgaris and T. chuii, which were the two best-performing microalgal 
biomass against PhiX174, with low survival rates of 52 and 57%, these 
strains resulted in the highest survival rates when MS2 was incubated in 

their supernatants (84 and 86% of survival, respectively). In this sense, 
MS2 seemed to be more affected by microalgae with the capacity to 
excrete EPS, many of them with reported antioxidant and anticancer 
activity (Toshkova-Yotova et al., 2024; Tsotsouli et al., 2025). That was 
the case of Coelastrella sp., I. galbana, T. weissflogii and D. salina, which 
were the best-performing supernatants against MS2 infections (Fig. 2B). 
Besides the specific interactions between virus and EPS, a high oxidation 
of soluble MS2 and PhiX174 could occur from ROS formed in the 
photosynthetic culture.

Overall, the correlations above identified suggest that the inhibitory 
effect against viruses is not directly related to the phylogenetic group of 
microalgae but to microalgal cell wall composition and, in particular, to 
its interactions with bacteriophages. Furthermore, other bioactivities 
studied in microalgae have been demonstrated to be non-dependent on 
different phylogenetic groups. For instance, Hernández-Urcera et al. 
(2024) demonstrated that antiviral, anti-inflammatory and cytotoxic 
activities of different microalgal extracts were not related to microalgal 
phyla. Similar results were reported by Maadane et al. (2015) on the 
antioxidant activity of nine microalgal strains, showing that most of the 
microalgal bioactivities were related to the species instead of phyloge
netic groups.

3.4. Kinetics of viruses inactivation by Chlorella vulgaris and 
Thalassiosira weissflogii liquid cultures

Among all the microalgae tested in this study, C. vulgaris (a fresh
water species) and T. weissflogii (a marine species) were selected to 
evaluate the kinetics of decay of the three tested bacteriophages in liquid 
cultures due to their efficient inactivation against PhiX174, MS2 and 
Phi6. The effect of light during virus inactivation was discriminated 
using cultures in dark and light conditions. Furthermore, the negative 
control culture included under each of these conditions demonstrated 
that viral inactivation was mainly produced by microalgal growth and 
activity (Fig. 4).

The highest survival among the tested bacteriophages in microalgal 
cultures was observed in PhiX174 (Fig. 4A). Under light conditions, 
C. vulgaris and T. weissflogii achieved comparable inactivation levels, 
reducing PhiX174 concentrations in the supernatants by 3.3 and 3.0 
log10 units after 72 h, respectively. In contrast, under dark conditions, 
C. vulgaris demonstrated higher inactivation capacity than T. weissflogii, 
with reductions of 2.1 vs. 1.4 log10 units, respectively. Negative controls 
(without microalgae) showed only minimal reductions of 0.4 (dark) and 
1.0 (light conditions) log10 units (Fig. 4A) during the same 72 h period. 
These results suggest that microalgae were mainly responsible for the 
viral inactivation due to intense photosynthetic activity in both cultures, 
confirmed by the consistent increases in headspace oxygen concentra
tion, pH and Qy values through the cultivation time (Fig. S1). In this 
sense, the highly oxidative environment mediated the higher inactiva
tion capacity of PhiX174 under light conditions, as was previously hy
pothesized in literature (Fang et al., 2014; Torres-Franco et al., 2025).

Nonetheless, a higher relative contribution of photosynthetic activity 
seemed to occur for T. weissflogii than for C. vulgaris, for which non- 
photosynthetic-mediated inactivation showed relatively higher shares 
(54.25 and 38.31%, Table S2). Both microalgae maintained similar 
values of biomass and oxygen concentrations in the headspace under 
dark conditions (Fig. S1), in which the inactivation of PhiX174 by C. 
vulgaris cultures was higher (2.1 log10) than that of T. weissflogii (1.4 
log10) (Fig. 4A). Overall, PhiX174 inactivation in the cultures superna
tant under both light and dark conditions was consistent with the 
screening results (Figs. 1–3), with higher inactivation in the presence of 
biomass from C. vulgaris than from T. weissflogii.

The highest resistance to inactivation of PhiX174 compared with 
MS2 or Phi6 was also verified by its lower decay in the negative controls. 
Furthermore, these bacteriophages experienced similar reductions (be
tween 0.3 and 2.2 log10 units) under light control conditions than under 
dark control conditions (0 to 2.3 log10 units) (Fig. 4A, B and C). 

Table 2 
Multiple regression analysis using Pearson correlation to calculate the inacti
vation capacity of different viruses using microalgal biomass and supernatants 
(N = 10). Significant correlations (p < 0.05) are marked by asterisk.

MS2 
B

Phi6 B PhiX174 
S

MS2 S Phi6 S

PhiX174 
Biomass

R2 0.192 − 0.883* 0.060 − 0.673* 0.155
Sig 0.595 <0.001 0.869 0.033 0.668

MS2 Biomass R2 ​ − 0.288 0.420 0.094 − 0.462
Sig 0.276 0.441 0.796 0.179

Phi6 Biomass R2 ​ ​ 0.046 0.555 0.091
Sig 0.900 0.096 0.802

PhiX174 
Supernatant

R2 ​ ​ − 0.091 − 0.442
Sig 0.802 0.225

MS2 
Supernatant

R2 ​ ​ 0.114
Sig 0.753

Phi6 
Supernatant

R2 ​ ​
Sig
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Relatively similar results in control cultures were reported by Yang et al. 
(2024) under mesophilic and thermophilic anaerobic digestion, where 
PhiX174 showed lower reductions than Phi6 and T4, and similar to MS2 
after 20 and 7 days of exposure, respectively.

Regarding MS2 inactivation, T. weissflogii supported higher values 
MS2 inactivation than C. vulgaris, with reductions of 5.2 log10 units and 
3.2 log10 units, respectively, under light conditions after 72 h (Fig. 4B). 
These results confirmed that T. weissflogii was more effective for MS2 

inactivation under illuminated conditions, which agrees with the 
screening results (Figs. 1 and 2), where both biomass and supernatant 
analysis showed high MS2 inactivation values associated to T. weissflogii, 
likely due to the higher interaction of the cell wall or EPS with MS2 
capsid. Indeed, different molecules synthetized by T. weissflogii, such as 
small proteins, EPS or pigments (Kim et al., 2023; Vasilakis et al., 2025) 
(e.g fucoxanthin, a carotenoid produced by marine diatoms) were pre
viously identified as an antiviral compound against the ssRNA Zika virus 
(Kang et al., 2024a).

Furthermore, inactivation of MS2 under dark cultivations conditions 
for C. vulgaris and T. weissflogii were 0.8 and 0.9 log10 units, respectively 
(Fig. 4B), similar values to those in the abiotic dark control (0.2 log10 
units). In this sense, MS2 inactivation seemed to depend mainly on 
oxidation and photosynthetically induced processes (Table S2). Indeed, 
previous work demonstrated that the presence of ROS or oxidative 
agents, such as chlorine or ozone, could inactivate MS2 bacteriophage 
with high efficiency (Fang et al., 2014; Shang et al., 2007). Moreover, 
the permeable nature of MS2 capsid increases sensitivity to ROS species 
(Jahan et al., 2025; Majiya et al., 2018).

Inactivation of Phi6 was observed under all tested conditions, 
including negative controls (Fig. 4C). However, the presence of micro
algae significantly enhanced the decay rates. C. vulgaris inactivated Phi6 
below the limit of detection within 48 h, while T. weissflogii reached the 
same level of inactivation after 72 h under light conditions, with both 
microalgae showing reductions of 5.2 log10 units (Fig. 4C). Under dark 
conditions, the inactivation capacity was similar in both microalgal 
species, with reductions of 4.5 and 4.9 log10 units for C. vulgaris and 
T. weissflogii after 72 h of cultivation, respectively. Interestingly, this 
reduction in Phi6 inactivation capacity recorded in the negative control 
assay under light conditions (3.2 log10 units) was lower than that 
recorded in the microalgae cultured in the dark, suggesting that 
microalgal metabolites and adsorption and inactivation under light or 
dark cultivation conditions may also play a key role in Phi6 inactivation 
(Table S2). In this regard, pH values below the isoelectric point of Phi6 
(6.9), achieved during cultivation of C. vulgaris and T. weissflogii in dark 
conditions, could favour higher aggregation in these treatments, ulti
mately yielding higher relative contributions than photosynthetic cul
tures (Table S2), in which higher inactivations were enhanced by 
background light. Indeed, Phi6 showed higher photosensitivity than 
PhiX174 and MS2, as supported by the higher inactivation in the light 
control than in the dark control (Fig. 4). Previous studies indicated a 
greater contribution of solids partitioning to microalgae-mediated 
inactivation and higher photosensitivity in Phi6 than in other non- 
enveloped bacteriophages, such as MS2 (Torres-Franco et al., 2024, 
2025)

Inactivation decay kinetics were further evaluated by estimating the 
decay rates and T90 values for the three bacteriophages in negative 
controls, as well as in C. vulgaris and T. weissflogii liquid cultures. First- 
order linear regression models were applied to all cases, demonstrating 
good fit in most cases (Table 3). The only R2 values lower than 0.9 were 
observed in the PhiX174 negative controls (light and dark), and in MS2 
control and C. vulgaris cultures in dark conditions, due to limited viral 
inactivation after the first 12 h of experiment (Fig. 4; Table 3). Despite 
these exceptions, the results from most of the microalgal cultures fit well 
with first-order inactivation kinetics. Previous studies have reported this 
model as a robust model for viral decay processes, especially for MS2 
and Phi6 inactivation (Calgua et al., 2014; Dean and Mitchell, 2022; 
French et al., 2023; Wu et al., 2019). However, other models, such as 
biphasic or non-linear models, have also been applied with high 
robustness in similar contexts (Dean and Mitchell, 2022; Torres-Franco 
et al., 2025).

The ability of the studied microalgae to inactivate the three tested 
bacteriophages was further supported by the higher k rates and the 
lower T90 values compared to the control cultures. The most pronounced 
differences were observed for PhiX174 under light conditions, where 
both microalgae exhibited k values of − 0.007 h− 1 in contrast with 

Fig. 4. Time course of the average log10-units reduction in the concentration of 
PhiX174 (A), MS2 (B) and Phi6 (C) in the control cultures under light 
(continuous black line) and dark (dashed black line) conditions, C. vulgaris 
cultures under light (continuous green line) and dark (dashed green line) 
conditions, and T. weissflogii cultures under light (continuous yellow line) and 
dark (dashed yellow line) conditions.
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− 0.0004 h− 1 for the negative controls. Correspondingly, the T90 values 
of 7.02 and 12.75 h observed respectively for C. vulgaris and T. weissflogii 
were significantly shorter than the 119 and 247 h recorded in the 
negative controls (Table 3). Similar trends were observed for MS2 under 
light conditions, with T90 values of 11.93 and 3.39 h for C. vulgaris and 
T. weissflogii, respectively, The results in negative controls agree with 
similar results reported by Torres-Franco et al. (2024), with T90 values 
for Phi6 from 3 to 14 h, and for MS2 from 32 to 66 h in synthetic 
wastewater. It is also noteworthy the low T90 values that T. weissflogii 
showed for MS2 virus under light conditions (3.39 h), which is one 
fourth lower than C. vulgaris (11.93 h) and previous studies with other 
microalgae, such as Nannochloropsis salina or a consortium 
(Torres-Franco et al., 2024; Unnithan et al., 2014). These results suggest 
that this microalgae possess different mechanisms, such as a particular 
silicified cell wall, able to inactivate this virus faster than other strains 
with cell walls mainly composed of carbohydrates, such as Chlorella or 
Nannochloropsis strains. However, further studies are needed to unravel 
this mechanism.

4. Conclusions

This study demonstrated the high capacity of 10 different microalgae 
to inactivate three DNA and RNA bacteriophages providing, for the first 
time, results on the antiviral potential of Coelastrella sp., D. salina, I. 
galbana, P. tricornutum and T. weissflogii. The findings in the screening 
performed in this work demonstrated that the type of cell walls in 
microalgae can be related to their antiviral activity, although specific 
mechanisms require further investigation. Moreover, the two selected 
microalgal strains, Chlorella vulgaris and Thalassiosira weissflogii could 
inactivate 99.999% of MS2 and Phi6 viruses and 99.9% of PhiX174 in 
liquid cultures after 72 h, which supports that microalgae can inactivate 
different viruses with high efficiency likely based on oxidative condi
tions and interaction with microalgal cell wall and exo-compounds. The 
outcomes of this study and other investigations on the topic can be 
important for future developments in the field of pharmaceutics and 
wastewater reclamation processes.
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Durmuş, S., Ülgen, K., 2017. Comparative interactomics for virus–human protein–protein 
interactions: DNA viruses versus RNA viruses. FEBS Open Bio 7, 96–107. https://doi. 
org/10.1002/2211-5463.12167.

Fang, J., Liu, H., Shang, C., Zeng, M., Ni, M., Liu, W., 2014. E. coli and bacteriophage 
MS2 disinfection by UV, ozone and the combined UV and ozone processes. Front. 
Environ. Sci. Eng. 8, 547–552. https://doi.org/10.1007/s11783-013-0620-2.

Fedorenko, A., Grinberg, M., Orevi, T., Kashtan, N., 2020. Survival of the enveloped 
bacteriophage Phi6 (a surrogate for SARS - CoV - 2) in evaporated saliva 
microdroplets deposited on glass surfaces. Sci. Rep. 10, 22419. https://doi.org/ 
10.1038/s41598-020-79625-z.

Feige, U., Stirm, S., 1976. On the structure of Escherichia coli C cell wall 
lipopolysaccharide core and on its øX174 receptor region. Biochem. Biophys. Res. 
Commun. 71, 566–573. https://doi.org/10.1016/0006-291X(76)90824-X.

French, A.J., Longest, A.K., Pan, J., Vikesland, P.J., Duggal, N.K., Marr, L.C., 
Lakdawala, S.S., 2023. Environmental stability of enveloped viruses is impacted by 
initial volume and evaporation kinetics of droplets. mBio 14. https://doi.org/ 
10.1128/mbio.03452-22.

Gasch-Illescas, A., Calle-Serrano, M., Vallejo-Vaz, A.J., Praena-Fernández, J.M., 
Guerrero, J.A., Calderón, E.J., Pollán, M., Medrano, F.J., 2023. Impact of the first 
wave of the COVID-19 pandemic on non-COVID inpatient care in southern Spain. 
Sci. Rep. 13, 1–10. https://doi.org/10.1038/s41598-023-28831-6.

Guiry, M., Guiry, G., 2022. Algaebase [WWW Document]. World-wide Electron. Publ. 
Natl. Univ. Ireland. Galway. Retrieved from. 

Hernández-Urcera, J., Romero, A., Cruz, P., Vasconcelos, V., Figueras, A., Novoa, B., 
Rodríguez, F., 2024. Screening of microalgae for bioactivity with antiviral, 
antibacterial, anti-inflammatory and anti-cancer assays. Biology (Basel). 13, 255. 
https://doi.org/10.3390/biology13040255.

Hong, W.Y., 2022. A techno-economic review on carbon capture , utilisation and storage 
systems for achieving a net-zero CO 2 emissions future. Carbon Capture Sci. Technol. 
3, 100044. https://doi.org/10.1016/j.ccst.2022.100044.

Jahan, S., Pruvost, J., Cogne, G., Titica, M., Fallowfield, H., 2025. Inactivation of an 
indicator virus during microalgae-based wastewater treatment. J. Appl. Phycol. 37, 
1593–1606. https://doi.org/10.1007/s10811-024-03435-3.

Kang, N., Kim, E.A., Park, A., Heo, S.Y., Heo, J.H., Heo, S.J., 2024a. Antiviral potential of 
fucoxanthin, an edible carotenoid purified from Sargassum siliquastrum, against zika 
virus. Mar. Drugs 22, 247. https://doi.org/10.3390/md22060247.

Kang, N., Kim, E.A., Park, A., Heo, S.Y., Heo, J.H., Lee, W.K., Ryu, Y.K., Heo, S.J., 2024b. 
Antiviral activity of chlorophyll extracts from Tetraselmis sp., a marine microalga, 
against zika virus infection. Mar. Drugs 22, 397. https://doi.org/10.3390/ 
md22090397.

Karczewska, M., Strzelecki, P., Szalewska-Pałasz, A., Nowicki, D., 2023. How to tackle 
bacteriophages : the review of approaches with mechanistic insight. Int. J. Mol. Sci. 
24, 4447. https://doi.org/10.3390/ijms24054447.

Kevill, J.L., Herridge, K., Li, X., Farkas, K., Malham, S.K., Robins, P., Jones, D.L., 2025. 
Comparative impact of sunlight and salinity on human pathogenic virus survival in 
river, estuarine, and marine water microcosms. Water Res. 278, 123411. https://doi. 
org/10.1016/J.WATRES.2025.123411.

Kim, E.A., Kang, N., Heo, S.Y., Oh, J.Y., Lee, S.H., Cha, S.H., Kim, W.K., Heo, S.J., 2023. 
Antioxidant, antiviral, and anti-inflammatory activities of lutein-enriched extract of 
Tetraselmis species. Mar. Drugs 21, 369. https://doi.org/10.3390/md21070369.

Kotzsch, A., Pawolski, D., Milentyev, A., Shevchenko, Anna, Scheffel, A., Poulsen, N., 
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P., 2023. Amino acids profile of 56 species of microalgae reveals that free amino 
acids allow to distinguish between phylogenetic groups. Algal Res. 74. https://doi. 
org/10.1016/j.algal.2023.103181.

León-Vaz, A., Torres-Franco, A.F., García-Encina, P.A., Muñoz, R., 2025. Developing a 
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