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A B S T R A C T   

Pharmaceuticals are produced to inflict a specific physiological response in organisms. However, as only partially 
metabolized after administration, these types of compounds can also originate harmful side effects to non-target 
organisms. Additionally, there is still a lack of knowledge on the toxicological effects of legacy pharmaceuticals 
such as the antibiotic azithromycin. This macrolide occurs at high concentrations in the aquatic environment and 
can constitute a threat to aquatic organisms that are at the basis of the aquatic food chain, namely microalgae. 
This study established a high-throughput methodology to study the toxicity of azithromycin to the freshwater 
microalga Raphidocelis subcapitata. Flow cytometry and pulse amplitude modulated (PAM) fluorometry were 
used as screening tools. General toxicity was shown by effects in growth rate, cell size, cell complexity, cell 
viability and cell cycle. More specific outcomes were indicated by the analysis of mitochondrial and cyto
plasmatic membrane potentials, DNA content, formation of ROS and LPO, natural pigments content and 
photosystem II performance. The specific mode of action (MoA) of azithromycin to crucial components of 
microalgae cells was revealed. Azithromycin had a negative impact on the regulation of energy dissipation at the 
PSII centers, along with an insufficient protection by the regulatory mechanisms leading to photodamage. The 
blockage of photosynthetic electrons led to ROS formation and consequent oxidative damage, affecting mem
branes and DNA. Overall, the used methodology exhibited its high potential for detecting the toxic MoA of 
compounds in microalgae and should be considered for future risk assessment of pharmaceuticals.   

1. Introduction 

The presence of antibiotics in the aquatic environment has been a 
growing concern. These are biologically active molecules intended to 
originate a physiological response in organisms. Following administra
tion, antibiotics can undergo an incomplete metabolization, with a large 
amount being expelled unchanged or as biologically active metabolites 
ending in the aquatic environment (EEA, 2010; Kemper, 2008). 
Furthermore, there is still insufficient ecotoxicological data on several 
antibiotics (Välitalo et al., 2017), such as for azithromycin that has been 
quantified at relatively high values in the aquatic environment. In a 
study analysing the concentration of 17 antibiotics in different Waste
water Treatment Plants (WWTPs) from Portugal, Spain, Cyprus, Ireland, 
Germany, Finland and Norway, concentrations between 45.2 ng/L 
(Cyprus) and 597.5 ng/L (Portugal) were observed (Rodriguez-Mozaz 
et al., 2020). Maximum concentrations of 1.6 µg/L and 1.22 µg/L have 
also been detected in effluents in Portugal (Rodriguez-Mozaz et al., 
2020) and in Slovakia (Birošová et al., 2014), respectively. Therefore, 

this antibiotic can be considered of high ecotoxicological relevance as it 
is not only widely applied and frequently detected in the aquatic envi
ronment, but also considered persistent and toxic at low concentrations, 
therefore posing a risk to the aquatic environment (Rodriguez-Mozaz 
et al., 2020; Välitalo et al., 2017). 

Although antibiotics are intended to specifically target diseases 
caused by microorganisms such as bacteria, several studies have shown 
that they can also inflict damage to non-target organisms, as for instance 
microalgae (Aristilde et al., 2010; Ebert et al., 2011; Liu et al., 2011a; 
Pinckney et al., 2013). Their presence in the aquatic environment can 
therefore threaten microalgae that are vital to ecosystem function 
(Martinez et al., 2015). However, little is known on the specific harmful 
effects that these compounds can impose on microalgae species. 

Most of the toxicity bioassays using microalgae only apply integra
tive endpoints such as the well-known algal growth inhibition test. 
Although ecologically relevant, this endpoint only indicates the general 
toxicity of a contaminant. Normally less sensitive and not useful to 
detect sublethal effects, this test does not provide any indication on how 
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a contaminant disrupt the biological processes in microalgal cells - its 
toxic mode of action (MoA). Currently, more specific endpoints are 
being used which can offer initial warning signs on the possible detri
mental effects of antibiotics to microalgae (Adler et al., 2007; Esperanza 
et al., 2015; González-Pleiter et al., 2017; Prado et al., 2009). 

Flow cytometry (FCM) is a diagnostic tool that can be applied to 
analyse the metabolic status of microalgal cells. It allows fast acquisition 
of data with several fluorometric and light-scatter parameters being 
analysed in individual cells. This method has already been used to 
identify the effects of different classes of compounds on several micro
algae species (Franklin et al., 2001; Franqueira et al., 2000; Míguez 
et al., 2021; Seoane et al., 2014; Stauber et al., 2002). The collected data 
allows extrapolation from specific results on an organism to those at the 
population level, which can be beneficial for environmental risk 
assessment. Parameters such as cell size and complexity and natural 
pigment content in microalgal cells can be analysed by their auto
fluorescence (Adler et al., 2007; Franklin et al., 2001). Additionally, 
fluorescent probes can also be used to detect alterations in different 
metabolic mechanisms. Unique probes exist to differentiate biochemical 
processes such as caspase activity (Esperanza et al., 2017), intracellular 
pH and free calcium (Prado et al., 2012a), the formation of reactive 
oxygen species (ROS) and lipid peroxidation (LPO), cytoplasmatic and 
mitochondrial membrane potential, cell viability and metabolic activity, 
as well as cell cycle and DNA content (Almeida et al., 2019). 

The fluorescence of chlorophyll a is another responsive endpoint to 
analyse the toxicity of contaminants to microalgae (Juneau and Popovic, 
1999; Ralph et al., 2007). This procedure relies on chlorophyll fluores
cence imaging of microalgae samples in microplates using an imaging 
PAM fluorometer. This permits a fast and precise measurement of 
phytotoxicity, with simultaneous measurements of many samples 
(Schreiber et al., 2007). This technique has already been applied on 
analysing the toxicity of metals, herbicides, gamma radiation and 
nanoplastics towards microalgae (Almeida et al., 2019, 2017; Gomes 
et al., 2020). 

The present study intended to determine the specific toxic effects of 
azithromycin to the freshwater microalgae Raphidocelis subcapitata. This 
algal species is a recommended ecotoxicological bioassay by the Orga
nization for Economic Cooperation and Development (OECD, 2011), as 
it is generally more sensitive than other microalgal species (Rojíčková 
and Maršálek, 1999). R. subcapitata is frequently detected in freshwater 
and is easy to culture in laboratory conditions, with a brief generation 
period and high growth rate (OECD, 2011; Suzuki et al., 2018). In the 
present study, algae were exposed to azithromycin and several end
points were investigated including growth rate, natural pigments con
tent, PSII performance, cell size, cell complexity, cell viability, cell cycle 
and DNA content, formation of ROS (chloroplasts and mitochondria), 
mitochondrial and cytoplasmatic membrane potentials and LPO. 

2. Material and methods 

2.1. Microalga cultures 

Experiments were made using the unicellular freshwater microalgae 
R. subcapitata (NIVA-CHL 1, Norwegian Institute for Water Research, 
Oslo, Norway). Cultures were kept in 50 mL glass flasks with an initial 
number of 10 × 103 cells/mL in ISO 8692 medium (ISO, 2012), prepared 
at least 24 h before use. Cultures were in an exponential growth phase, 
incubated for 3–4 days in an incubator (Innova 1, 44 R, incubator shaker 
series, New Brunswick Scientific, Eppendorf AG, Germany) at 22 ± 2 oC, 
with orbital shaking at 90 rpm and under continuous illumination from 
day light-type fluorescent tubes (60.61–61.48 µmol.s-1.m-2). 

2.2. Algal exposure 

Experiments were performed at identical conditions as those previ
ously described for the cultures (22 ± 2 ◦C, orbital shaking at 90 rpm and 

under continuous illumination in an incubator), and at an initial cell 
concentration of 10 × 103 cells/mL. Exponentially growing microalgae 
were exposed to azithromycin in batch cultures over 72 h. Media as 
specified in 8692:2012 (ISO, 2012) was used for the controls. Pre
liminary studies were made to analyse the general toxicity of azi
thromycin to R. subcapitata, using the 72 h algal growth inhibition test, 
according to the ISO guideline (ISO, 2012). The effect concentrations 
EC10, EC20 and EC50 were calculated (data is shown in Table A1 and 
Fig. A1 in Supporting Information, SI) to select which concentrations to 
use for the subsequent studies, to determine specific sub-lethal effects of 
azithromycin to R. subcapitata. Experiments were performed at least 
twice in 25 mL glass flasks with 15 mL of test volume, with six replicates 
for the control and triplicates for the exposed samples. After the 72 h 
exposure, algal samples were collected for further analyses of specific 
toxic endpoints. The remaining volume was used for chemical analysis. 

2.3. Test compound and chemical analysis 

The test compound azithromycin dihydrate (CAS number: 
117772–70–0; article number PZ0007) was purchased from Sigma- 
Aldrich (United Kingdom) with ≥98.0% purity. Sample extraction for 
chemical analysis was made using Waters Oasis HLB µElution plates, 30 
µm (Milford, MA, USA). The plate was washed and rinsed with 1 mL of 
methanol (MeOH) and 1 mL of ultrapure water under suction. Samples 
collected at the beginning (0 h) and end (72 h) of algal exposures were 
provided in glassware and were homogenized before extraction. Sub
sequently, 1 mL of sample was loaded onto the plate under suction and 
the plate vacuum dried for 15 min. Azithromycin was eluted into a 96 
well plate using 200 µL of MeOH. Final eluates were transferred into LC 
vials with the addition of 300 µL of ultrapure water prior to vortexing 
before analysis. Quantification was performed using an addition curve 
in duplicate by spiking known concentrations of azithromycin in the 
same matrix used for the study. The addition curve was prepared with 
the following concentrations: 0.2, 0.5, 1, 2, 5, 10, 20, 50 and 100 µg/L. 
The limits of quantification of the analytical method were calculated in 
those samples as the concentrations giving a signal-to-noise ratio (S/N) 
of ≥ 10. 

Analysis was performed in a Waters Acquity UPLC system (Milford, 
MA, USA) equipped with a binary solvent manager and a sample man
ager. The UPLC was coupled to a Waters Xevo TQ-S triple quadrupole 
mass spectrometer (Milford, MA, USA) with electrospray ionization 
interface (ESI), operated in positive ionization mode. Selected parent 
and product ions together were 749.30 > 591.30 and 749.30 > 83.00, 
cone voltage of 30 V for both and collision energies of 30 and 50 V, 
respectively. Chromatographic separation was made using a Waters 
Acquity UPLC CORTECST C18 + 1.6 µm (Milford, MA, USA). The col
umn temperature was kept at 45 ◦C and the temperature of the sample 
manager was 4 ◦C. A constant flow rate of 0.4 mL min− 1 was used with a 
mobile phase consisting of 0.05% formic acid and 5 mM ammonium 
acetate in ultra-pure water (solvent A) and acetonitrile:methanol 3:1 
(solvent B). The elution gradient changed as follows: 0 min (0% B); 1.5 
min (0% B); 2.5 min (90% B); 5 min (90% B); 5.5 min (0% B) and 6.5 
min (0% B). The sample injection volume was 3 µL and the retention 
time for azithromycin was 2.9 min. 

2.3.1. FCM analysis 
An Accuri™C6 Flow Cytometer (BD Biosciences, San Jose, USA) with 

argon-ion excitation lasers (488 nm and 640 nm) was used for the FCM 
analysis. All endpoints were acquired in microalgae cells exposed for 72 
h to different concentrations of azithromycin, besides absolute cell 
counts that were also analysed after 24 h and 48 h. A threshold set on 
FSC-H was used. Algal cells were gated using the chlorophyll auto
fluorescence of control cells by displaying FL3-A (laser exicator 488 nm, 
filter >670 nm) versus FL4-A (laser exicator 640 nm, filter 6705/25 nm 
(Almeida et al., 2019). 10,000 cells were collected per sample, gated and 
analysed using the BD AccuriTM C6 software version 1.0.264.21. The 
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mean fluorescence value was used for each sample and final data was 
expressed as fold induction compared to control (mean ± SEM; a.u. – 
arbitrary units). Representative dot-plots and histograms used to char
acterize microalgae cells are in Fig. A2 on the SI. For all the assayed 
probes, the 488 nm argon-ion laser was used. Number of cells, concen
tration of probes and incubation conditions were all previously opti
mized and based on previous studies (Almeida et al., 2019). 

2.3.1.1. Cell counting, cell size, complexity and natural pigments content. 
Algal growth was calculated using the absolute cell counting as a 
function of time, recorded at 24 h, 48 h and 72 h, and compared with the 
control (R. subcapitata in ISO 8692 media). The procedure was based on 
the guidelines OECD 201 (OECD, 2011) and ISO 8692:2012 (ISO, 2012). 
The specific growth rate (µ, d-1) was calculated from the initial cell 
concentration and those at each time point (24 h, 48 h and 72 h) by the 
equation: 

μn− 0 =
ln (Nn) − ln(N0)

tn − t0
× 24

(
day− 1)

μn− 0 is the average specific growth rate from time 0 to n, Nn is the cell 
density at time n and N0 is the cell density at time 0. The growth rate was 
indicated as fold induction compared to control. The effective concen
trations EC10 (effective concentration for 10% reduction), EC20 (effec
tive concentration for 20% reduction) and EC50 (effective concentration 
for 50% reduction), NOEC (the no observed effect concentration) and 
LOEC (lowest observed effect concentration) were calculated for each 
time point. 

Cell size was set by displaying cell counts versus FSC-A (forward 
scatter), while cell complexity by counts versus SSC-A (side scatter). The 
content of chlorophyll a and b, carotenoids, xanthophyll and peridinin, 
used to indicate the content of the natural pigments, were quantified by 
using the natural autofluorescence of algal cells (Table A2 in SI). 

2.3.1.2. Cell viability and metabolic activity. Cell viability and metabolic 
activity were determined by the inhibition of fluorescein diacetate (FDA; 
Invitrogen, ThermoFisher Scientific, Eugene, OR, USA), according to 
(Almeida et al., 2019). The cell viability index was calculated as: 

(FDA fluorescence mean) × (number of stained events)
(Green autofluorescence mean) × (number of events)

The percentage of viable and non-viable cells (Gala and Giesy, 1990) 
was also calculated according to (Almeida et al., 2019). 

2.3.1.3. ROS formation. ROS formation was measured using two 
probes, carboxy-H2DFFDA (carboxy-2′,7′-difluorodihydrofluorescein 
diacetate, Invitrogen, ThermoFisher Scientific, Eugene, OR, USA) and 
DHR 123 (dihydrorhodamine 123; Invitrogen, ThermoFisher Scientific, 
Eugene, OR, USA), as previously described in (Almeida et al., 2019, 
2017) and (Gomes et al., 2020). 

2.3.1.4. Cytoplasmatic and mitochondrial membrane potential. To mea
sure cytoplasmatic membrane potential (CMP), the fluorescence probe 
DiBAC4(3) (bis-(1,3-dibutylbarbituric acid) trimethine oxonol; Invi
trogen, ThermoFisher Scientific, Eugene, OR, USA) was used. A working 
solution with 0.97 µM as final concentration in 1 mL of sample was set 
for staining (Prado et al., 2012b). After thirty minutes incubation at 
room temperature and in the dark, the fluorescence was analysed in the 
FL1 channel (488 nm excitation, 533/30 emission). 

The mitochondrial membrane potential (MMP) was quantified using 
the fluorescence probe DiOC6(3) (3,3’-dihexyloxacarbocyanine iodide; 
Invitrogen, ThermoFisher Scientific, Eugene, OR, USA). For staining, a 
working solution (final concentration of 30 nM) was set by diluting the 
probe in 1 mL of exposed microalgae (Grégori et al., 2003). Incubation 
was thirty minutes at room temperature in the dark. Probe fluorescence 
was analysed in the FL1 channel (488 nm excitation, 533/30 emission). 

2.3.1.5. Lipid peroxidation (LPO). The lipophilic fluorescent probe C11- 
BODIPY581/591 (4,4-difluoro-5-(4-phenyl-1,3-butadienyl)− 4-bora- 
3a,4a-diaza-s-indacene-3-undecanoic acid; Invitrogen, ThermoFisher 
Scientific, Eugene, OR, USA) was used to determine the oxyl-radical 
induced lipid oxidation (LPO), as described in (Almeida et al., 2019, 
2017). 

2.3.1.6. DNA content e cell cycle. DNA content was analysed using 
PicoGreen (Invitrogen, ThermoFisher Scientific, Eugene, OR, USA), ac
cording to (Almeida et al., 2019). 

The three cell cycle stages G1, S, and G2 were set using histograms of 
cell number versus fluorescence (Almeida et al., 2019; Marie et al., 1996; 
Veldhuis et al., 2001). Illustrative histograms for R. subcapitata unex
posed and exposed cells are in Fig. A3 on the SI. DNA content in the 
different phases was calculated as: 

(Picogreen mean fluorescence )

% of plot 

The % of plot is the % of the different phases of the cell cycle. 

2.3.2. Photosystem II (PSII) performance 
Chlorophyll a fluorometry was used to determine PSII performance 

in microalgae exposed to azithromycin, following the method in 
(Almeida et al., 2019). After the 72 h exposure, R. subcapitata cells were 
up concentrated by centrifugation at 4200 rpm for 15 min at room 
temperature, after which the resulting pellet was resuspended in ISO 
media. 200 μl of each replicate sample were moved in duplicate to a 
96-well black microplate (Corning Incorporated, Costar®, NY, USA) and 
dark acclimated for 30 min to let complete oxidation of PSII reaction 
centers. Following this, chlorophyll a fluorescence was measured using a 
pulse amplitude modulated (PAM) fluorometer (IMAGING-PAM, Heinz 
Walz GmbH, Effeltrich, Germany) with ImagingWin software (Heinz 
Walz GmbH PAM, Effeltrich, Germany). After the acquisition of the 
minimum and maximum fluorescent yields of PSII (F0 and Fm, respec
tively), cells previously acclimated to dark were illuminated by an 
actinic light at an intensity equal to incubation light (~80 μmol.m-2.s-1) 
and the current fluorescence yield (Ft), the minimum fluorescence yield 
in the light (F0′) and the maximum fluorescence yield in the light (Fm′) 
values recorded. Thirteen parameters of interest, the maximal PS II 
quantum yield (Fv/Fm), the efficiency of the oxygen-evolving complex 
(OEC), the effective PS II quantum yield (Y(II)), the quantum yield of 
regulated energy dissipation (Y(NPQ)), the quantum yield of nonregu
lated energy dissipation (Y(NO)), the coefficients of photochemical 
quenching (qP and qL), the coefficient of non-photochemical quenching 
(qN), the non-photochemical quenching (NPQ), the relative photosyn
thetic electron transport rate (ETR), the relative photochemical 
quenching (qP(rel)), the relative non-photochemical quenching (qN(rel)) 
and the relative unquenched fluorescence (UQF(rel)) were quantified 
according to the formulas depicted in Table A3 (SI). 

2.4. Statistical analysis 

Data from two independent experiments were pooled together, 
expressed as fold induction and presented as mean ± standard error of 
mean (SEM). The statistical program ToxRatPro© (version 3.3.0) was 
used to calculate the growth rate, EC10, EC20, EC50, NOEC and LOEC. 
The XLStat2020® software (Addinsoft, Paris, France) was used for all 
the other statistical analyses and GraphPad Prism 8 software (GraphPad 
Software Inc., La Jolla, CA, USA) for graphical representations. For 
normally distributed data and with homogeneous variance, the para
metric tests one-way ANOVA with Tukey post hoc were used for mul
tiple comparisons. Non-normally distributed data and/or with non- 
homogeneous variance, the non-parametric Kruskal-Wallis and Dunn’s 
post hoc tests were used. A non-linear regression using a sigmoidal dose- 
response curve with variable slope (four parameters) was applied for the 
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growth rate analysis according to: 

f (x) = ymin+
ymax− y min

1 + 10((Log EC50 − x)×Hill Slope)

being f the effect, x the concentration of the compound, y min the bot
tom (variable), y max the top (variable) and EC50 the concentration of 
the compound with an effect of 50% when normalized to the top and 
bottom values. 

A Principal Component Analysis (PCA) was applied to distinguish the 
principal variables accountable for data variance. A Pearson correlation 
analysis was also used to indicate the association between variables. A p 
value < 0.05 was applied. 

3. Results 

3.1. Chemical analysis 

The chemical analysis for azithromycin in the different samples 
collected at 0 h and 72 h of exposure are presented in Table A4 in SI. 
Results for all tested concentrations at the start of exposure were accu
rate compared to the nominal concentrations. Consequently, as the 
measured concentrations did not surpass ± 20% difference from 

nominal concentrations, the nominal concentrations were used. Two 
control samples (no azithromycin) were also analysed in parallel for 
quality control, for which no azithromycin levels were detected. 
Extraction blanks using the HLB extraction procedure also had negative 
identification, thus rejecting any possibility of cross-contamination. The 
stock solution of azithromycin (10 µg/mL) used to perform the test 
concentrations was also analysed after dilution, for which a nearly 
identical concentration of 10.28 µg/mL (n = 5) was determined. 

To further analyse the stability of the compound over time, an extra 
analysis was performed at the end of exposure (72 h). Data indicated 
that azithromycin concentrations decreased approximately 30% during 
the exposure period (Table A4 in SI). 

3.2. Microalgal toxicity bioassays 

3.2.1. Growth rate, cell viability, metabolic activity and cytoplasmatic 
membrane potential (CMP) 

The three concentrations selected to study the specific sub-lethal 
effects of azithromycin, were lower than the EC20 (0.026 mg/L after 
72 h; Table A1 in SI): 0.002 mg/L, 0.006 mg/L and 0.02 mg/L. The 
growth rate (d-1) curves for the 24 h, 48 h and 72 h exposure are shown 
in Fig. A1 in the SI, along with the EC10, EC20, EC50, NOEC and LOEC 

Fig. 1. Growth rate (d-1), percentage of viable and non-viable cells (%), cell viability (a.u.- arbitrary units), metabolic activity (a.u.) and cytoplasmatic membrane 
potential (CMP; a.u.) in Raphidocelis subcapitata exposed to azithromycin. The data (mean ± SEM) represent 2 independent studies. Different letters indicate sig
nificant differences between concentrations (p < 0.05). 
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values for each time point in Table A1. 
The obtained data (Fig. 1) showed that azithromycin only affected 

microalgal growth at the highest tested concentration of 0.02 mg/L, 
with a 15% decrease compared to control. No significant differences 
were obtained between the control and the first two concentrations of 
0.002 mg/L and 0.006 mg/L. 

The percentage of viable and non-viable cells (Fig. 1), inversely 
correlated, showed that only the highest tested concentration (0.02 mg/ 
L) significantly affected the viability of microalgal cells (18% decrease). 
The percentage of viable cells presented a similar profile to the growth 
rate. At the lowest tested concentration (0.002 mg/L) there was a slight 
increment in cell viability (8% increment), but not significantly different 
from the control. 

Cell viability and metabolic activity (Fig. 1) showed a similar ten
dency, with an increase at intermediate concentrations, followed by a 
decrease. For cell viability, the second tested concentration (0.006 mg/ 
L) presented values significantly higher than control (18% increment). 
For metabolic activity, the two highest tested concentrations were 
significantly higher than control (36% increment for 0.006 mg/L and 
24% increment for 0.02 mg/L). 

Regarding the cytoplasmatic membrane potential (CMP; Fig. 1), only 
microalgal cells at the highest tested concentration (0.02 mg/L) pre
sented significantly higher values than control, with a 50% increase. 

3.2.2. Cell size, cell complexity and pigments content 
Cell size (Fig. 2) decreased at the two highest tested concentrations 

compared to the control (5% and 6% decreases for 0.006 mg/L and 
0.02 mg/L, respectively). For cell complexity, only at the second tested 
concentration (0.006 mg/L) significant differences from control were 
observed, with a 7% decrease. 

Regarding the pigments content in R. subcapitata (Fig. 2), there was a 
concentration dependent increment in this endpoint, being the two 
highest tested concentrations significantly higher than the control (12% 
increment for 0.006 mg/L and 20% increment for 0.02 mg/L). 

3.2.3. Reactive oxygen species (ROS), mitochondrial membrane potential 
(MMP) and lipid peroxidation (LPO) 

For the endpoints related to the formation of ROS (H2DFFDA and 
DHR 123), mitochondrial membrane potential (MMP) and LPO, signif
icant differences from control were only observed for the H2DFFDA 
probe and LPO. For these two endpoints, significant differences from the 
control were only obtained for microalgae exposed to the highest tested 
concentration (0.02 mg/L), with a 44% and 6% increase for ROS and 
LPO, respectively.(Fig. 3). 

3.2.4. DNA content and cell cycle 
The cell cycle phases, G1, S and G2, were discriminated in exposed 

microalgae (Fig. 4). For the G1 phase, only the microalgae exposed to 
the highest concentration (0.02 mg/L) showed significant differences 
from the control, with a 26% increase. At the S phase, although no 
significant differences from the control were obtained, the lowest 
(0.002 mg/L) and highest (0.02 mg/L) tested concentrations were 
different, being the latest significantly lower than the former (15% 
decrease). More differences were obtained for the last phase, G2, with a 
significant decrease from the control at the two highest tested concen
trations (27% and 28% decrease for 0.006 mg/L and 0.02 mg/L, 
respectively). 

3.2.5. PSII performance 
Control samples measured after the 72 h exposure by the PAM flu

orometry showed a maximal PS II quantum yield (Fv/Fm) of 
0.73 ± 0.004. Therefore, as more than 70% of the absorbed light was 
applied in photosynthesis, the microalgae cells were maintained in a 
good physiological status under the used experimental conditions. The 
obtained data showed a clear distinction between the tested concen
tration for several of the PSII performance parameters (Figs. 5 and 6). 

Fv/Fm significantly decreased with increasing concentrations, up to a 
24% decrease compared to the control for the highest tested concen
tration of 0.02 mg/L (Fig. 5). A similar trend was observed for the 
electron transport rate (ETR), showing a significant decrease up to 17% 
compared to the control. This endpoint also showed an increase of 3% 
for the lowest tested concentration (0.002 mg/L) compared to control. 
On the contrary, the efficiency of the oxygen-evolving complex (OEC) 
significantly increased at the two highest tested concentration, with a 
maximum of 118% increase compared to the control (0.02 mg/L). 

The quantum yield parameters also showed significant differences 
between concentrations (Fig. 5). The effective PS II quantum yield (Y 
(II)), showed a similar pattern to that of ETR, with a significant decrease 
up to 17% for 0.02 mg/L. An exception was seen at 0.002 mg/L, where a 
small but significant increase of 3% was observed. The quantum yield of 
regulated energy dissipation (Y(NPQ)) showed a concentration- 
dependent decrease with a maximum of 47% decrease compared to 
the control (0.02 mg/L). This was opposite to the quantum yield of 
nonregulated energy dissipation (Y(NO)), where a significant 
concentration-dependent increase was seen, with a 49% maximum in
crease compared to control also at 0.02 mg/L. 

Fig. 2. Cell size, cell complexity and pigments content in Raphidocelis sub
capitata exposed to azithromycin. All endpoints are expressed in arbitrary units 
(a.u.). The data (mean ± SEM) represent 2 independent studies. Different letters 
indicate significant differences between concentrations (p < 0.05). 
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Similar alterations were observed for both photochemical quenching 
parameters, qP and qL, where a significant increase from the control was 
recorded at all tested concentrations (Fig. 6). A higher increment was 
observed for qL, up to 22% at 0.02 mg/L, compared to the control. On 
the other hand, both the coefficient of non-photochemical quenching 
(qN) and non-photochemical quenching (NPQ) significantly decreased 
with increasing concentrations, with the highest decrease being 

recorded for NPQ also at 0.02 mg/L (65% decrease compared to the 
control). 

The relative distribution of the energy dissipation processes through 
photosystem II were different between the tested concentrations (Fig. 6). 
For the relative photochemical quenching (qP(rel)), a concentration- 
dependent increase was recorded, with a maximum of 33% increase 
compared to the control for the highest concentration used (0.02 mg/L). 
The opposite was observed for the relative non-photochemical 
quenching (qN(rel))), showing a concentration-dependent decrease, 
with the lowest value recorded for the highest tested concentration (42% 
decrease compared to the control). For the relative unquenched fluo
rescence (UQF(rel)), a significant decrease from the control (12%) was 
only observed at the highest concentration. 

3.3. Relation between endpoints 

A PCA (Fig. 7; Table A5 in SI) was used to recognise patterns in the 
obtained data for azithromycin. The two axes explained 94% of the total 

Fig. 3. Reactive oxygen species (ROS) formation measured as fluorescence of 
H2DFFDA and DHR 123, mitochondrial membrane potential (MMP) and lipid 
peroxidation (LPO) in Raphidocelis subcapitata exposed to azithromycin. All 
endpoints are expressed in arbitrary units (a.u.). The data (mean ± SEM) 
represent 2 independent studies. Different letters indicate significant differ
ences between concentrations (p < 0.05). 

Fig. 4. DNA content indicated by PicoGreen in Raphidocelis subcapitata exposed 
to azithromycin. DNA content was used to differentiate three cell cycle phases, 
G1 (Gap phase), S (Synthesis – DNA replication), and G2 phases (growth). All 
endpoints are expressed in arbitrary units (a.u.). The data (mean ± SEM) 
represent 2 independent studies. Different letters indicate significant differ
ences between concentrations (p < 0.05). 
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variance of data. PC1, accounting for 75% of data (eigenvalue 20.2), 
presented a clear discernment between the control together with the 
lowest concentration (0.002 mg/L) against the highest tested concen
tration (0.02 mg/L). The control and the lowest concentration were 
closely associated with the PSII performance endpoints Fv/Fm, UQF(rel), 
Y(II), ETR, NPQ, qN(rel), qN and Y(NPQ), growth rate, cell size and cell 
cycle phase G2. Contrariwise, the highest tested concentration was 
associated with the PSII performance endpoints Y(NO), qL, OEC, qP(rel) 
and qP, along with pigments content, cell cycle phase G1, ROS (carboxy- 
H2DFFDA), cytoplasmatic and mitochondrial membrane potentials 
(CMP and MMP, respectively) and LPO. 

To measure the correlation between all variables, a Pearson corre
lation analysis was used. The r2 and p-values obtained are in Table A6 
and A7, respectively, in the SI. Most of the correlations were observed 
between the PSII parameters, presenting the highest positive (Y(II) with 
ETR and qN with qN(rel)) and negative correlations (Fv/Fm with Y(NO), 
NPQ with qN(rel)). For the other biological endpoints, positive correla
tions were obtained between pigments with qL, Y(NO), qP, qP(rel) and 
OEC, and negative with Fv/Fm, NPQ, qN, qN(rel) and cell size. Growth 
rate showed a positive correlation with Y(II) and ETR, and negative with 
cell cycle phase G1, ROS and OEC. Cell cycle phase G1 had positive 

correlations with MMP, OEC and Y(NO) and negative with Y(II), ETR 
and Fv/Fm. On the other hand, cell cycle phase G2 showed positive 
correlations with cell size, qN, qN(rel), NPQ and Y(NPQ), and negative 
with qP(rel). The oxidative stress related endpoints (ROS, DHR 123, 
MMP and LPO) showed different correlations. ROS was positively 
correlated with CMP and OEC and negatively with growth rate, Y(II), 
ETR and UQF(rel). MMP only showed a positive correlation with cell 
cycle phase G1. LPO was positively correlated with qP and qP(rel) and 
negatively with NPQ, qN, qN(rel) and NPQ. Cell size had positive cor
relations with qN, qN(rel) and NPQ and negative with qP(rel). CMP 
showed only a negative correlation with UQF(rel). No correlations were 
obtained for the biological endpoints cell viability and complexity, 
metabolic activity, DHR 123 (ROS formation in mitochondria), and cell 
cycle phase S. 

4. Discussion 

Azithromycin, a broad-spectrum macrolide, is one of the most 
frequently administered antibiotics. Compared to erythromycin, which 
it is structurally related to, azithromycin is highly stable at low pH, 
having a long serum half-life and achieving higher concentrations in 

Fig. 5. PSII parameters of Raphidocelis subcapitata exposed to azithromycin. Fv/Fm − Maximal PSII quantum yield, OEC − Efficiency of oxygen-evolving complex, ETR 
– Relative photosynthetic electron transport rate, Y(II) - Effective PS II quantum yield, Y(NPQ) - Quantum yield of regulated energy dissipation, Y(NO) - Quantum 
yield of nonregulated energy dissipation. All endpoints are expressed in arbitrary units (a.u.). The data (mean ± SEM) represent 2 independent studies. Different 
letters indicate significant differences between concentrations (p < 0.05). 
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tissues of biota. It is therefore considered as one of the most persistent 
antibiotics and of high environmental risk (Bielen et al., 2017; Fu et al., 
2017). Although there are no regulations regarding surface water levels 
for any antibiotic, azithromycin is in the “watch list” within the Euro
pean Water Framework Directive due to its toxicity, persistency and 
bioaccumulative potential (Aubakirova et al., 2017; Loos et al., 2018). 
Moreover, this antibiotic has also been included in the EU Watch List for 
EU monitoring concerning water policy by Commission Implementing 
Decision (EU) 2018/840 (EC, 2018). 

Ecotoxicological risk assessment studies have already shown that 

this macrolide presents a risk to the aquatic environment (Alighardashi 
et al., 2014; Aubakirova et al., 2017; Välitalo et al., 2017; Zhou et al., 
2016). Nevertheless, few studies have been conducted on the specific 
toxicity of azithromycin to microalgae, where only general toxicity 
endpoints such as effects on growth were analysed (Aubakirova et al., 
2017; Fu et al., 2017; González-Pleiter et al., 2019, 2021; Kummerer and 
Henninger, 2003; Vestel et al., 2016; Zhou et al., 2016). In the present 
study, an EC50 of 0.051 mg/L for 72 h exposure was obtained. (Fu et al., 
2017) reported an EC50 of 0.005 mg/L also for R. subcapitata, an order of 
magnitude lower than in the present study. Other studies reported EC50 s 

Fig. 6. Quenching parameters and distribution of dissipation energy processes through the PSII of Raphidocelis subcapitata exposed to azithromycin. qP and qL - 
Coefficients of photochemical quenching, qN - Coefficient of non-photochemical quenching, NPQ - Non-photochemical quenching, qP(rel) - Relative photochemical 
quenching, qN(rel) – Relative non-photochemical quenching, UQF(rel) – Relative unquenched fluorescence. All endpoints are expressed in arbitrary units (a.u.). The 
data (mean ± SEM) represent 2 independent studies. Different letters indicate significant differences between concentrations (p < 0.05). 
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between 0.0018 mg/L for an unspecified blue-green alga (Vestel et al., 
2016) to 0.33 mg/L for Chlorella sp. (Aubakirova et al., 2017). As these 
EC50 values are lower than 1 mg/L, this substance is classified as very 
toxic to the aquatic environment according to environmental classifi
cations, labelling and packaging of substances and mixtures (EC, 2008, 
2011). 

At the lowest tested concentrations of 0.002 and 0.006 mg/L, a small 
increment in growth rate and cell viability was observed. It has already 
been observed in other studies that microalgae exposed to low doses of 
pharmaceuticals can show an increase in growth, suggesting the 
inductive effect hormesis (Miazek and Brozek-Pluska, 2019). (Zhang 
et al., 2019) detected a stimulation of Chlorella pyrenoidosa growth when 
exposed to low doses of lofibric acid, ciprofloxacin, diclofenac and 
carbamazepine. Low concentrations of sulphonamides (sulfacetamide 
and sulfamethoxazole) photodegradation products stimulated growth of 
Chlorella vulgaris (Baran et al., 2006). Florfenicol present at low con
centrations also stimulated the growth of Skeletonema costatum (Liu 
et al., 2012). It has also been reported that some species can use phar
maceuticals as carbon sources. This is the case of Chlorella sp. using 
paracetamol, salicylic acid and diclofenac (Escapa et al., 2016, 2017), 
and Phaeodactylum tricornutum using bezafibrate (Duarte et al., 2019) as 
carbon sources. 

The growth rate is however an integrative endpoint instigated by the 
interference with several subcellular processes. Therefore, by only 
analysing this general parameter, no information is obtained on its 
specific toxicity (i.e., MoA) to microalgae (Esperanza et al., 2015). It is 
already known that in bacteria, azithromycin inhibits protein synthesis 
by binding to the 23S rRNA of the bacterial 50 S ribosomal subunit. This 
binding step stops protein synthesis by inhibiting the trans
peptidation/translocation step and assemblance of the 50 S ribosomal 

subunit. However, molecular studies suggest that the MoA of macrolides 
in bacteria and microalgae are different, as distinct pathways are tar
geted (Guo et al., 2020). To date, no studies were found investigating the 
specific toxic effects of azithromycin on microalgae. This study intended 
to complement the general knowledge on the toxicity of azithromycin to 
R. subcapitata with specialized biological endpoints. To accomplish this 
objective, a high-throughput methodology was set combining FCM 
(endpoints: pigments, cell size, complexity and viability, cell cycle, DNA 
content, ROS, CMP, MMP and LPO) with PAM fluorometry (PSII per
formance parameters). 

In the present work, the photosynthetic capacity of R. subcapitata was 
clearly affected by azithromycin. The PCA showed that the majority of 
the PSII efficiency parameters along with pigments content were the 
most affected endpoints, explaining the toxicity of this antibiotic. This 
finding is in line with what has been seen in other studies, where other 
antibiotics have inhibited pathways in the chloroplasts of green algae 
(Bradel et al., 2000; Halling-Sørensen, 2000; Kasai et al., 2004; Liu et al., 
2011b). As these are semi-autonomous organelles, antibiotics may 
interfere with photosynthesis by affecting protein synthesis, disturbing 
photosynthetic mechanisms and ultimately disturbing algal growth (Liu 
et al., 2011b), as observed in the present study. Nonetheless, as the 
tested concentrations were lower than the EC20 (EC20 =0.026 mg/L), a 
complete inhibition in photosynthetic processes was not observed in the 
exposed microalgae. 

Y(NO), the quantum yield related with the regulated energy dissi
pation at PSII centers, increased in microalgae exposed to azithromycin. 
This shows that both photochemical energy conversion and protective 
regulatory machinery were not sufficient to protect the cells, with 
microalgae having difficulties in coping with radiation and becoming 
photodamaged (Kramer et al., 2004). The relative distribution of energy 
dissipation processes through the PSII exposed that the photochemical 
quenching was promoted to dissipate the existent excess of light energy. 
This was evident from the increase of both coefficients of photochemical 
quenching, qL and qP, as well as the decrease of the non-photochemical 
coefficients qN, qN(rel) and NPQ and the relative unquenched fluores
cence UQF(rel). This dissipation process was however not enough to 
prevent damage. Interestingly, as previously seen by the authors 
(Almeida et al., 2019, 2017), the relative quenching parameters qP(rel) 
and qN(rel) better discriminated alterations in the photosynthetic and 
energy dissipation processes compared to qP and qN (Buschmann, 1995; 
Genty et al., 1989; Juneau et al., 2005). 

The three quantum yields Fv/Fm, Y(NPQ) and Y(II) decreased in the 
exposed microalgae, confirming the impact of azithromycin in the 
photosynthetic capacity of PSII, which originated an overall decrease in 
photosynthetic performance. This has been observed in microalgae 
exposed to several contaminants (Kumar et al., 2014; Ralph et al., 2007), 
including to the antibiotic etruscomycin (Bishop, 1974), where a 
decrease/impairment in PSII parameters impacted the PSII photo
chemistry and electron transport chain in algae. The weakening of 
photosynthetic processes in R. subcapitata exposed to azithromycin was 
additionally confirmed by the increase in OEC and reduction in ETR, 
demonstrating the capacity of azithromycin to impact the electron 
transport chain. It has been previously shown that the antibiotics levo
floxacin and amphotericin B significantly inhibited the photosynthetic 
electron transport in algae (Pan et al., 2009; Sandmann and Böger, 
1981). Alterations in OEC, which reflects the state of the water 
photo-oxidation process, directly impact PSII photochemistry, origi
nating a reduction in electron transfer between photosystems (Kriede
mann et al., 1985). A reduction in ETR, the rate of electrons flow 
through the photosynthetic chain, will affect the PSII–PSI electron 
transport and all biochemical processes linked to photosynthesis. This 
will negatively affect all the photosynthetic processes and, conse
quently, the physiological state of microalgae (Juneau and Popovic, 
1999). 

In addition to alterations in PSII performance, an increase in natural 
pigments content (i.e., chlorophyll a and b, carotenoids, xanthophyll and 

Fig. 7. Principal Component Analysis (PCA) of Raphidocelis subcapitata exposed 
to azithromycin. GR – Growth rate, Pigm – Pigments content: Chlorophyll a and 
b, carotenoids, xanthophyll, peridinin, ROS – Reactive oxygen species detected 
by carboxy-H2DFFDA probe, DHR - Reactive oxygen species detected by DHR 
123 probe, LPO – Lipid peroxidation, CV – Cell viability, MA – Metabolic ac
tivity, G1 – Gap phase in the cell cycle; S – Synthesis - DNA replication phase in 
the cell cycle, G2 – Growth phase in the cell cycle, Size – Cell size, Comp – Cell 
complexity, CMP - Cytoplasmatic membrane potential, MMP – Mitochondrial 
membrane potential, Fv/Fm – Maximum quantum yield, OEC – Efficiency of the 
oxygen-evolving complex, ETR – Electron transfer rate, Y(II) - Effective PS II 
quantum yield, Y(NPQ) - Quantum yield of regulated energy dissipation, Y(NO) 
- Quantum yield of nonregulated energy dissipation, qP and qL – Coefficients of 
photochemical quenching, qN – Coefficient of non-photochemical quenching, 
NPQ – Non-photochemical quenching, qP(rel) – Relative photochemical 
quenching, qN(rel) – Relative non-photochemical quenching, UQF(rel) – Relative 
unquenched fluorescence. 
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peridinin) was also detected in microalgae exposed to azithromycin. 
Chlorophyll a determined by FCM is related to the maximum fluores
cence when the PSII reaction centers are locked in the Qy state. 
Accordingly, the inhibition of electron flow in the reaction centers 
located in the acceptor side of the PSII causes an increase in chlorophyll 
a fluorescence (Franqueira et al., 2000), as seen in exposed microalgae. 
An increase in chlorophyll a associated with the blockage of ETR at the 
PSII level has also been detected by (Seoane et al., 2014) in Tetraselmis 
suecica in response to the antibiotics chloramphenicol, florphenicol and 
oxytetracycline. The authors suggested that the increase in auto
fluorescence was indicative of an inhibition on PSII’s oxidant side, 
possibly due to suppression of PS II reaction centres (Seoane et al., 
2014). The close association between pigments content and PSII per
formance in R. subcapitata exposed to azithromycin was further 
confirmed by the correlation analysis. Negative correlations were ob
tained between pigments content and Fv/Fm, qN and NPQ, as well as 
positive correlations with Y(NO), OEC, qL and qP. In addition to a role in 
photosynthesis, some natural pigments have other accessorial functions 
to counteract the harmful effects of contaminants. This is the case of 
carotenoids, well-known antioxidant molecules important for scav
enging ROS in microalgae. Carotenoids are not only involved in light 
collection, but also in the protection of the photosynthetic apparatus 
against ROS-associated damage (Knauert and Knauer, 2008). It has 
already been observed that in R. subcapitata exposed to low doses of the 
macrolide clarithromycin, carotenoids synthesis increased, allowing 
cells to increase their resistance towards this antibiotic (Peng et al., 
2021). 

The inhibition of photosynthetic performance, more precisely the 
reduction in ETR, can lead to oxidative stress due to the inhibition of 
release of excitation energy gathered by the PSII light harvesting com
plex (Hess, 2000). The relation between the impact of azithromycin in 
the photosynthetic capacity of R. subcapitata, the ROS formation and 
resulting oxidative stress was also emphasised in the PCA and correla
tion analysis. Significant correlations were detected between the PSII 
parameters and the oxidative stress endpoints, reinforcing the hypoth
esis that the PSII reaction centers may have suffered damage by ROS 
formation and/or vice-versa. It is well known that the PSI and PSII re
action centers in thylakoids are the main assembly locations of ROS in 
photosynthetic organisms (Almeida et al., 2017; Asada, 2006; Knauert 
and Knauer, 2008). Data obtained further indicated that ROS formed in 
chloroplasts was directly linked to an increase in OEC and decrease in 
ETR and UFQ(rel), leading to an overall decrease in the photosynthetic 
performance (Y(II)), and ultimately affecting growth. The formation of 
ROS in microalgal cells exposed to toxic agents (e.g. metals and pesti
cides) are known to originate damage to cellular membranes and cause a 
decrease in cell viability (e.g. (Prado et al., 2009). This seems to be 
consistent to what was observed in R. subcapitata, where a significant 
decrease in the % of viable cells and consequent decrease in cell viability 
was concomitant with an increase in CMP, evidencing damage to the 
integrity of microalgal membranes. Membrane hyperpolarization and 
alterations in membrane permeability were further evidenced by a rise 
in metabolic activity. This increase in FDA fluorescence is also indicative 
of a stimulus in esterase’s activity, the enzymes vital for the renovation 
of phospholipids in membranes of cells (Franklin et al., 2001). Poly
unsaturated fatty acids existing in phospholipids are susceptible to 
attack by ROS, whose damage can result in the disruption and collapse 
of cell membranes, and promote DNA fractionation (Halliwell and 
Gutteridge, 2015). Again, this was demonstrated by an increase in 
oxyradical formation responsible for LPO in R. subcapitata. In addition, 
significant correlations were observed between LPO and photosynthetic 
paraments related to photochemical and non-photochemical quenching, 
further evidencing the connection between energy dissipation in the PSII 
and oxidative damage. The cell cycle distribution of DNA content ana
lysed using the fluorescence probe PicoGreen showed a potential 
reduction in cell division and/or genotoxic effects of azithromycin to 
microalgae. In fact, DNA values at the G1 phase increased with exposure 

to azithromycin, while the opposite was observed for the G2 phase. It 
has already been suggested that antibiotics can affect DNA replication in 
algae (Liu et al., 2011b). So, the increase observed in G1 seems to 
indicate that microalgae exposed to azithromycin suffered apoptosis 
related to fractional DNA content, while control cells had higher DNA 
integrity (Alberts, 2008). The inability of R. subcapitata to terminate cell 
division could originate the build-up of photosynthetic pigments or 
collapse in the regulation of cellular volume due to high ROS levels, 
which correlates to the results discussed above. The effects of azi
thromycin on DNA content in R. subcapitata was further demonstrated 
by the negative correlations obtained between cell cycle phase G1 
(indicative of fractional DNA) with algal growth and the PSII parameters 
Y(II), Fv/Fm and ETR. The cell cycle phase G2, indicative of increased 
DNA integrity, was positively correlated with cell size and the PSII pa
rameters Y(NPQ), qN and NPQ. These results demonstrated once more 
the importance of non-photochemical processes as the main dissipation 
of energy in exposed microalgae and are in line with what has been seen 
in other studies. Other macrolides such as clarithromycin, roxi
thromycin and erythromycin negatively affected not only the xenobiotic 
metabolism of exposed R. subcapitata, but also their electron transport 
and energy synthesis (Guo et al., 2020, Guo et. 2021; Peng et al., 2021). 
In a tentative for compensating the loss of energy, photosynthesis 
increased in exposed microalgae to obtain more energy. However, the 
over-excitation of light-collecting antenna and light intensity can also 
lead to an increment in ROS formation, instigating genotoxicity and 
DNA damage (Peng et al., 2021). 

Finally, no alterations in ROS formation in the mitochondria and 
MMP were recorded in R. subcapitata in response to azithromycin, sug
gesting that azithromycin does not have an impact in these organelles. 

5. Conclusions 

The present study clearly identified the specific toxic effects of azi
thromycin to R. subcapitata. This macrolide inhibited pathways in 
photosynthesis by negatively impacting the regulation of energy dissi
pation at the PSII centers. The photochemical energy conversion and 
defensive controlling machinery in the exposed microalgae were insuf
ficient, leading to difficulties to cope with radiation and promoting 
photodamage. The inefficient photochemical energy conversion, insuf
ficient protective system and the possible blockage of the photosynthetic 
electron flow led to the formation of ROS and subsequent oxidative 
damage, affecting membranes and DNA integrity. Moreover, the 
methods described herein offer significant benefits to standardised 
regulatory accepted methods to improve hazard and risk assessment of 
contaminants in the environment and should be promoted for biological 
effects assessments in the future. 
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