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ABSTRACT

Perfluoroalkyl substances (PFAS) are common environmental pollutants, but their toxicity framework remains
elusive. This research focused on ten PFAS, evaluating their impacts on two ecotoxicologically relevant model
organisms from distinct trophic levels: the crustacean Daphnia magna and the unicellular green alga
Raphidocelis subcapitata. The results showed a greater sensitivity of R. subcapitata compared to D. magna.
However, a 10-day follow-up to the 48 hours immobilisation test in D. magna showed delayed mortality,
underlining the limitations of relying on ECsos from standard acute toxicity tests. Among the compounds
scrutinized, Perfluorodecanoic acid (PFDA) was the most toxic to R. subcapitata, succeeded by Perfluorooctane
sulfonate (PFOS), Perfluorobutanoic acid (PFBA), and Perfluorononanoic acid (PFNA), with the latter being
the only one to show an algicidal effect. In the same species, assessment of binary mixtures of the compounds
that demonstrated high toxicity in the single evaluation revealed either additive or antagonistic interactions.
Remarkably, with an ECso of 31 mg L, the short-chain compound PFBA, tested individually, exhibited toxicity
levels akin to the notorious long-chain PFOS, and its harm to freshwater ecosystems cannot be ruled out.
Despite mounting toxicological evidence and escalating environmental concentrations, PFBA has received
little scientific attention and regulatory stewardship. It is strongly advisable that regulators re-evaluate its use
to mitigate potential risks to the environmental and human health.

STATEMENT OF ENVIRONMENTAL IMPLICATION

Perfluoroalkyl substances (PFAS) have drawn scientific interest for their widespread presence and potential
toxicity. However, collaborative efforts are yet required to thoroughly comprehend their environmental
impact. Our study delved into the repercussions of prevalent PFAS in aquatic ecosystems, scrutinizing their
effects on foundational species across trophic levels, and ultimately highlighting the importance of broadening
toxicity data to inform policymakers in setting adequate environmental safeguards. This scientific
commitment represents a crucial advancement in preserving ecological integrity and, as a result, human
health.
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1. Introduction

Among emerging contaminants of great concern, PFAS are currently in the spotlight. This class of chemicals
finds widespread use in various industrial manufacturing processes, thanks to their unique physical and
chemical properties [1]. However, their chemical composition, characterized by a carbon chain fully
substituted with fluorine atoms, makes them exceptionally resistant to degradation [1]. This is the reason why
they received the nickname 'forever chemicals'. Indeed, they are among the most pervasive environmental
contaminants, capable of moving over long distances, bioaccumulating, and persisting along the food chain
[2]. PFAS have been intensively produced since the 1940s, but only in the early 2000s the Organisation for
Economic Cooperation and Development (OECD) officially recognized them as hazardous to human, animal
and environmental health [3].

Among PFAS, Perfluoroalkanecarboxylic acids (PFCAs) and Perfluoroalkanesulfonic acids (PFSAs) are the
two classes most commonly found in the environment [4 — 8]. Within these classes, Perfluorooctane sulfonate
(PFOS) and Perfluorooctanoic acid (PFOA) stand out as the most studied compounds [9]. These two long-
chain compounds were among the earliest PFAS used in various industries, which led to their widespread
contamination of the environment. Due to the well-established toxicity of PFOS and its derivatives, they were
added to the list of substances to be phased out under the Stockholm International Convention in 2009 [10].
Then, under the EU Regulation on Persistent Organic Pollutants (POPs), the European Community enforced
a ban on the use and trade of PFOS derivatives. A decade later (in 2019) PFOA, along with its salts and related
compounds, was added to the same list [11, 12]. Recently, the parties to the Stockholm Convention also
considered the inclusion in this list of Perfluorohexanesulphonic acid (PFHxS) and long-chain Perfluorinated
carboxylic acids (C9-21 PFCA); however, the decision is still pending [13 - 15]. As to short-chain molecules and
branched compounds, their use is not subjected to regulation because sufficient toxicological evidences are
not yet available. In humans, potential associations between the presence of PFAS in the body and an increased
risk of various diseases have been pointed out. These include liver, pancreas, testicular, and kidney cancers,
as well as disorders of the endocrine, immune, and male reproductive system, and alterations in foetal
development [16 — 24]. Moreover, a potential link between PFAS exposure and neurotoxicity has been recently
suggested [25 — 29].

Extensive production and use of PEAS-containing materials result in discharges directly contaminating nearby
bodies of freshwater or, in a best-case scenario, processed by wastewater treatment plants. Unfortunately,
current sewage filtration systems are ill-equipped to effectively capture PFAS, leading to the partial release of
these substances into surface freshwater, particularly short-chain compounds [30, 31]. Furthermore, solid
waste is transported to landfills, where PFAS gradually move into the leachate and disperse into the
environment [7, 32]. It has been estimated that in the United States alone between 560 and 640 kilograms of
PFAS were released into the environment via landfill leachate in 2013 [33]. The substantial release of PFAS
into the water environment has led to the widespread presence of mixture of these contaminants across the
globe, with variable ratio and total concentrations ranging from ng L' to mg L [34 — 37]. According to a recent
reportage [38], across the UK and Europe, PFAS have been detected at concentrations of more than 1 pg L at
about 640 sites, and above 10 pg L' at 300 locations. Particularly high levels have been detected near
manufacturing industries, airports, and military bases. In dry soil, accumulations of up to hundreds mg Kg-!
of total PFAS have been reported and, occasionally, soil contamination levels by PFOS alone have reached 460
mg Kg1[35, 39 - 41].

Following the progressive phase-out of legacy PFAS due to toxicity concerns, there has been a surge in the
levels of replacement compounds in both water and soil [42, 43]. These compounds, being relatively new, are
regularly manufactured and employed without having a comprehensive toxicological profile. In certain
studies, some replacement PFAS have shown a degree of toxicity comparable to that of PFOA and PFOS [24,
44]. Moreover, despite being designed to be less bioaccumulative than their predecessors, some of them have
shown higher mobility and persistence in the aquatic environment [45, 46]. Notably, short-chain PFAS like
PFBA and Perfluorobutansulfonic acid (PFBS) have emerged as major contaminants, often exceeding the
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concentrations of legacy compounds (PFOS and PFOA). Their levels range from ng L in remote areas to an
alarming 60 ug L (combined PFBA and PFBS) in surface waters downstream of manufacturing facilities [6,
31]. These findings underscore the urgent need to address the growing threat of short-chain PFAS
contamination.

The scientific community's attention to PFAS has mostly focused on toxicity to humans, which has been
investigated using mammalian model species such as mice and rats and by conducting epidemiological
studies on exposed populations [47]. Instead, limited data are available concerning the environmental impact
of PFAS.

The present study aims to investigate the potential environmental toxicity of an array of PFAS commonly
detected in freshwater ecosystems. Among the over 4000 recognized PFAS, only 20 are currently monitored
in waters [48, 49]. The 10 compounds selected for this investigation are among those 20, and have been chosen
based on monitoring campaigns conducted in our region (Veneto, North-East of Italy) which evidenced their
high concentrations in surface and groundwater, occasionally exceeding tens of pg L [50]. Notably, some of
the selected compounds are well-studied (for example, PFOS and PFOA), and were included to serve as
toxicity references within this class of compounds, given that PFOA has recently been classified as a carcinogen
(group 1A, IARC) and PFOS is considered as a potential carcinogen (group 2B, IARC) [51]. We also included
three long-chain compounds, PFDA, PFNA, and PFHpA, under significant scrutiny by the European
authorities [15]. Additionally, we selected four short-chain linear compounds (PFHxA, PFPeA, PFBA, and
PFBS), which were synthesized as replacements to legacy PFAS. These compounds, showing a tendency to
increase their environmental concentrations, are less studied and lack comprehensive toxicity profiles. Lastly,
we included HFPO-DA, also known as GenX, a new generation branched perfluoroalkyl compound that is
increasingly found in the environment, with recent scientific evidence suggesting significant toxicity in
various animal and plant organisms [15]. We assessed their toxicity on two important model organisms in
ecotoxicological research, Daphnia magna and Raphidocelis subcapitata, which occupy distinct trophic levels and
are crucial to the delicate balance of freshwater ecosystems. Daphnia magna is a recognized keystone species in
the food network of many continental water bodies [52]. Due to its parthenogenetic life cycle, it allows the
assessment of xenobiotic toxicity in a genetically homogeneous population, thereby reducing intra-species
variations in responses. Indeed, it is a gold-standard model species for acute and chronic freshwater
ecotoxicity tests [52 — 57]. Raphidocelis subcapitata is a unicellular alga set at the lowest trophic level of various
food webs, and of fundamental importance to the freshwater environment. Its presence is critical, and its
scarcity could have serious bottom-up repercussions [58 — 64]. To get close to a scenario of real environmental
contamination, we evaluated: in D. magna, the acute and delayed toxicity of individual PFAS, and, in R.

subcapitata, the acute toxicity of both individual PFAS and their binary mixtures (most toxic compounds).
Furthermore, according to the guideline OCSPP 850.4500, a distinction was made between algistatic and
algicidal effect of each individual PFAS compound [65].
2. Materials and methods
2.1. Chemicals
Details regarding the certified compounds used in the tests are reported in Table 1.
Table 1. Summary of the certified compounds used in the tests.
Acto Compound Carbon | Molecular | Purity CAS M(.)l;rt Suppli
S i atoms Formula % Number | V'& e
g mol?!
PFDA | Perfluorodecanoic acid 10 Ci1oHF150: >98 335-76-2 | 514.08 Sigma-Aldrich (Milan, Italy)
PFNA | Perfluorononanoic acid 9 CoHF1702 >97 375-95-1 | 464.08 Sigma-Aldrich (Milan, Italy)
PFOS | Perfluorooctane sulfonate potassium salt 8 CsKF170sS >98 1763-23-1 | 500.13 Sigma-Aldrich (Milan, Italy)
APFO | Ammonium perfluorooctanoate 8 CsHaF1s0:N | 298 3825-26-1 | 414.07 | abcr GmbH (Karlsruhe, Germany)
PFHpA | Perfluoroheptanoic acid 7 C/HF1:02 299 375-85-9 | 364.06 Sigma-Aldrich (Milan, Italy)
PFHxA | Perfluorohexanoic acid 6 CeHF 1102 297 307-24-4 | 314.05 Sigma-Aldrich (Milan, Italy)
GenX | Ammonium perfluoro(2-methyl-3-oxahexanoate) 6 CeHsFuOsN | 295 | 62037-80-3 | 347.08 | abcr GmbH (Karlsruhe, Germany)
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PFPeA | Perfluoropentanoic acid 5 CsHFsO:2 297 | 2706-90-3 | 264.04 Sigma-Aldrich (Milan, Italy)

PFBA Perfluorobutanoic acid 4 C:HEF-O2 >98 375-22-4 | 214.04 Sigma-Aldrich (Milan, Italy)

PFBS Perfluorobutanesulfonic acid 4 CiHFsOsS >97 375-73-5 | 300.10 Sigma-Aldrich (Milan, Italy)

For the acute test on D. magna and R. subcapitata, a 1000 mg L stock solution of each compound under
investigation was prepared in Rocchetta® still mineral water (pH 7.6, dry residue 181.6 mg L") or in sterile
Bold Basal Medium's (BBM) [66], respectively. Dissolution was achieved by stirring gently overnight at 37° C.
The pH was measured with a BASIC20 pH-meter (CRISON, Carpi, Italy); if necessary, it was adjusted to 7.5 =
0.1 by adding a few drops of 1M NaOH; afterward, solutions were stored in the dark at 4° C until the start of
the test. For the preparation of the binary mixtures, stock solutions in BBM were prepared based on the ECso
of each substance, in a 1:1 ratio. The pH adjustment and storage of stock solutions were done as above.

For the analytical investigations, methanol (CAS number: 67-56-1) and ammonium acetate (CAS number: 631-
61-8) LC-MS grade were purchased from Sigma Aldrich (Milano, Italy), whilst ultrapure water was freshly
produced each day of analysis (Sartorius, Milano, Italy). Pure standards of C2-PFOA, 3C4s-PFOS, and *Cs-
GenX were purchased from Wellington Laboratories (Guelph, Ontario, Canada).

2.2. Daphnia magna culture conditions

A population of D. magna was purchased from a local breeder. At first, genetically homogeneous D. magna
clones were obtained from a single mother. Subsequently, some clones were isolated and DNA barcoded,
confirming their belonging to D. magna species (see Supplementary Material). The selected clones were reared
in groups of 50 organisms in 750 mL of Rocchetta® water enriched with sodium selenite (Na250Os) to a final
concentration of 0.01 mg L. Cultures were kept in a thermo-refrigerated incubator at 20 + 1 °C with a
photoperiod of 16 hours light (100 Lux): 8 hours dark. Daphnids were fed three times a week, after medium
renewal, with Scenedesmus dimorphus (1.1x106 cells mL" until the fourth day of life; 1.3x10¢ cells mL-! from day
4 to day 10 and 1.6x10¢ cells mL from day 10 onwards). Scenedesmus dimorphus was cultured in 2.0 L BBM
enriched with 0,2% Bio Bloom®© (BioBizz, The Netherlands) and Vitamins B12, B8 and B1 at concentrations of
1,1, and 200 ug L+, respectively. The algal culture was incubated for 6 days at 24 + 2°C under a constant light
intensity of 4000 Lux and kept in suspension by bubbling filtered air. Before being fed to the D. magna culture,
algae were filtered through a 50 um sterile laboratory test sieve (Endecotts LTD, London, England),
centrifuged at 2500 rpm for 7 min at 4°C, resuspended in 25% BBM solution at a concentration of 4.0x108 cells
mL-, and stored at 4°C for up to one month. The optimal health status of the D. magna culture was evidenced
over time by the low mortality rate (<2% per week), high reproduction rate (approximately 15 newborns per
clutch), and the absence of winter eggs (ephippia) and/or males. The culture was regularly renewed every
month. To assess the stability of the D. magna clone, its sensitivity to potassium dichromate [67] was checked
at least every four months.

2.3. Raphidocelis subcapitata culture conditions

The unicellular algae used for the tests were from an axenic culture of R. subcapitata (strain UTEX 1648). They
were cultured in 1.0 L sterile BBM solution enriched with Vitamins B12, B8 and B1 at concentrations of 1, 1,
and 200 pg L, respectively, and kept in suspension by bubbling filtered air. The culture was maintained at 24
+ 1 °C under continuous illumination (4000 Lux). About five days before the test a new culture was started to
get the algae in exponential growth.

2.4. Daphnia magna acute immobilization test with 10-day follow-up

The assessment of acute toxicity was performed in accordance with guideline OECD 202 'Daphnia spp., Acute
immobilization Test' [68], which evaluates the mobility/immobility status of organisms after 48 hours of
exposure. The ten PFAS (PFDA; PENA; PFOS; PFOA; PFHpA; PFHXA; GenX; PFPeA; PFBA; PFBS) were tested
individually. For each compound, five sequential concentrations in a geometric series, with a separation factor
of 2, were assayed: 1000, 500, 250, 125, and 62.5 mg L.

Furthermore, to evaluate the potential delayed toxicity, a 10-day follow-up in pure medium was added at the
end of the standard 48 hours incubation time, during which the mobility/immobility status was assessed and,
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at the end of the 10 days, the daily growth rate of the organisms was evaluated. Only daphnids obtained from
the third to fifth brood, and between 12 and 24 hours old, were used for the test. Twelve hours prior to the
test, the newborns were collected from the stock culture, transferred to a 250 mL beaker containing 200 mL
pure medium, and fed with S. dimorphus at a concentration of 1.1x10¢ cells m L-1. Pre-feeding of the organisms
before the test is not mentioned in the test guidelines; however, in our experience, it is beneficial and therefore
recommended as it helps to sustain 100% survival in control groups [69]. For acute exposure, the 30-well plates
of the Daphtoxkit F© (MICROBIOTEST, Belgium) were used. In accordance with the OECD 202 (Daphnia sp.,
Acute Immobilization Test), each test group consisted of twenty daphnids, which after being dipped in their
pertinent solution (rinsing wells), were transferred in groups of 5 to each of four wells containing 10 mL of
either pure medium (Rocchetta® water, negative control) or PFAS solutions, and incubated for 48 hours under
the same conditions (light and temperature) used for culturing.

Prior to the start of each test, in view of evaluating the growth inhibition endpoint at the end of the follow-up,
30 newborns not intended for the tests were isolated, fixed in 100% ethanol and photographed under an
Olympus CX41 RF microscope, equipped with a Nikon D3400 camera. Their length, i.e. the distance between
the eye and the base of the tail spine, was then measured using the Image]© software. The same procedure was
repeated with all the surviving individuals at the end of the 10-day follow-up, and then the daily growth was
calculated.

After 24 and 48 hours of incubation, as required by the OECD 202 guideline, the immobilization rate was
assessed. Subsequently, to perform the 10 days follow-up for the assessment of the potential delayed toxicity,
the individuals surviving after 48 hours of exposure were transferred, preserving well/exposure identity, into
individual beakers, each containing 50 mL of pure medium (Rocchetta® water). To each beaker 1.6x10¢ cells
mL" of S. dimorphus were added every other day, after medium renewal. At the same time, dead organisms
were counted and removed. On day 12, after 10 days of follow-up, all surviving adults were collected and
fixed in 100% ethanol for body measurement and growth determination.

2.5. Raphidocelis subcapitata growth inhibition test

PFAS toxicity assessment on the unicellular algae R. subcapitata was performed by following the US-EPA 96
hours Acute Toxicity Test protocol - OCSPP 850.4500 [65], with some modifications. These ones consisted of
(a) a downscaling of the vessel and solution volumes; instead of 100 mL Erlenmeyer flasks containing 50 mL
of solution, SARSTEDT® flat-bottomed P6 plates filled with 10 mL of solution were used. Moreover, (b) to
compensate the vessel diameter decrease and ensure that the algal cells remained in suspension, the stirring
speed was set to 150 rpm. The experimental medium used (sterile BBM) and the exposure conditions (light
and temperature) were the same as those used for culturing. Tests were carried out in quadruplicate under
aseptic conditions [70]. The 10 PFAS were evaluated either individually (PFDA; PENA; PFOS; PFOA; PFHpA;
PFHxA; GenX; PFPeA; PFBA; PFBS) or in binary combinations (PFOS+PFBS; PFOS+PFBA; PFNA+PFBS;
PFNA+PFBA; PFBA+PFBS). Each test was performed with a negative control group (pure BBM). According to
OCSPP 850.4500 guideline, after 96 hours of exposure, algal growth was measured by counting the cells in a
Burker chamber through an Olympus CX41 RF microscope equipped with a Nikon D3400 camera. Then, to
determine the potential algistatic or algicidal effect of each individual compound, an aliquot (50 uL) of the
algae suspension of the control group and of the lowest exposure concentration that completely inhibited the
algal growth were transferred to 10 mL of pure BBM and subcultured for a further nine days. During this time,
if growth of the previously exposed algae is observed, it can be assumed that the assayed substance has an
algistatic effect; conversely, if no growth is observed an algicidal effect can be inferred [65]. The concentrations
tested in the single compound toxicity assessment were the following: 1000 mg L' (suggested by the guideline
OCSPP 850.4500 as the maximum concentration to be assayed for industrial chemicals), 500, 250, 125, 62.5, and
31.25 mg L. The toxicity assessment of the binary mixture was performed by using the sum of the two
individual ECsos as the maximum concentration. Subsequently, a dilution factor of 2 was applied to derive the
other five exposure concentrations.

2.6. Chemical analysis

The stability of PFAS was verified during the acute algal toxicity test (OCSPP 850.4500), which is the test with
the most challenging conditions (4000 Lux; 24 + 1 °C for four days) of the two considered. During each test,
treatment solutions were sampled before and at the end of the exposure. The highest and lowest concentration
of each compound solution were analysed first [71]. Then, if necessary (i.e., deviation from the nominal value
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> 20%), the analysis was extended to all the concentrations. To facilitate subsequent analyses, the 96-hour
sample solutions were centrifuged (2500 rpm at 4 °C) for 7 minutes and the supernatant was collected. The
samples were frozen (-20 °C) until analysis.

Analyses were performed using ultra-high-performance liquid chromatography coupled with tandem mass
spectrometry (UHPLC-MS/MS). Water samples were diluted and injected directly into the analytical system,
without any further pre-treatment steps, following the previously described approaches [72, 73]. To assess the
method's performance in terms of specificity, linearity, precision, and accuracy on the day of analysis, water-
based calibrators (6 levels in the range 0.25 to 100 pg L) and quality control (QC) samples (at 0.25, 2.5 and 25
ug L, in triplicates) were prepared. The lower limit of quantification (LLOQ), defined as the lowest measured
concentration that could be detected with a signal-to-noise (S/N) ratio 210 and acceptable accuracy and
precision (<20%) after injection of four replicates, was 0.25 pg L for all analytes. The recovery was within 90-
105 % for all compounds. The detailed analytical procedure used to measure PFAS concentrations in exposure
solutions is documented in the supplementary materials.

2.7. Data analysis

All the analyses were conducted using the Graph Pad Prism 8.4.3 software. Since not all the groups of data
were normally distributed and showed homogeneity of variances, the non-parametric Kruskal-Wallis Test,
coupled with Dunn's post-hoc test corrected for multiple comparisons using statistical hypothesis testing, was
used to infer differences in D. magna growth rates between the control and the PFAS-exposed groups. A p-
value < 0.05 was considered significant. Data on D. magna immobilization and R. subcapitata growth inhibition
were best fitted to a four-parameter dose-response logistic model [74], and ECso values with their Confidence
Intervals (CI) were determined. Since PFAS do not always have the same or completely distinct modes of
action [75], the choice between the two generally accepted reference models for predicting effects of mixtures,
namely Independent Action (IA) and Concentration Addition (CA), may be doubtful. However, the CA model
was adopted because empirical evidence shows that even mixture toxicity of dissimilarly acting compounds,
for which the IA model was specifically designed, can be described with a high level of accuracy with CA [76].
Furthermore, CA generally generates more conservative predictions and is most often the recommended
model for risk assessment [77]. To assess potential deviations from the additivity of chemical pairs, we
conducted an isobologram analysis at ECso. Given the lack of a clear basis to determine whether chemical A is
contributing to chemical B or vice versa, applying dose equivalence results in two possible isoboles of
additivity, depending on how the dose equivalence concept is applied [78]. Consequently, instead of a single
straight line, the isobole forms an area bordered by two curved lines. Specifically, as indicated previously [78],
when two compounds have differing shapes (or exponents) of their individual dose-effect curves, the sign of
synergy or antagonism in their mixture appears outside the area bounded by these two curves. For the ECso
isobologram estimation, equivalent doses were calculated using two equations that define the upper and lower
bounds of the additivity area:

B Ai —a q/p B BSO
b = BSO E— ; b = Bi - —/
Asg (Aso)q P
a

[78]
In this equations, g and p are the Hill coefficient for the curves of chemicals A and B, respectively [78]. As and
Bso represent the ECso of each chemical, 2 and b are their respective doses (concentrations) in the mixture, while
Ai and Bi are the doses of drugs A and B (alone) that give the specified effect. When p equals g, the isobole
simplifies to a single straight line, as indicated by the equation above. However, generally, the greater the
difference between g and p, the further apart the two isoboles will be from this diagonal [78]. We assessed the
Hill shape exponent using Graph Pad Prism 8.4.3 software, which provides the associated error for the
computed exponents. We highlighted the uncertainty of these exponents in the isobologram. Thus, we also
included the "worst-case isobole,” where the larger exponent is increased by adding its error, and the smaller
exponent is decreased by subtracting its error. This way, if the measured combination dose point exceeds this
"fatter" isobole, the indication of synergy (or antagonism) is more confidently supported.
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3. Results

3.1. Chemical analysis

The satisfactory performance of the analytical method and its suitability for sample analysis was confirmed
by the observed parameters. Linearity was assessed by plotting the peak area ratios between the analytes and
internal standards against their concentration and applying a linear least square regression model. All
calibrators were within #15% of nominal value and the resulting correlation coefficients were always R?>0.99.
The good accuracy (within +15%) and precision (CV<15%) for all analytes were confirmed by the QC samples
analysed. The absence of chromatographic signals at the retention times of the target analytes even after
injecting the highest calibrators demonstrated the good specificity of the method.

The findings substantiate the non-degradability of PFAS. Indeed, for eight out of ten substances, the exposure
concentrations adhered to criteria reported in the OECD 211 guideline, as their deviation from the nominal
concentrations was < 20% (Table S3) [79]. Consequently, for these PFAS the calculated ECso values were based
on nominal concentrations. Conversely, the ECso values for PFDA and PFOS were calculated taking into
consideration the geometric mean of each of the six measured concentrations at the beginning and at the end
of the test. Indeed, the deviation of the measured concentrations from the nominal ones was quite high for
PFDA due to its scarce solubility, especially at 1000 mg L.

3.2. PFAS toxicity on D. magna

The D. magna acute immobilization tests met all the validity criteria [68]. Control group survival (mobility)
consistently exceeded 90% after 48 hours of incubation. The parameters governing water quality remained
within the prescribed thresholds throughout all the experiments, with pH between 7.5 and 7.7 and dissolved
oxygen between 7.9 and 8.4 mg L. The additional follow-up experiment conducted in pure medium, for
which there is no standardized procedure, adhered to the validity criteria prescribed for chronic tests [79],
with the survival rate of the control group always 280%.
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294 Figure 1. Survival curves of D. magna over 48 hours of exposure to PFAS, with 10 days follow-up in pure
295 medium. Error bars show standard error.
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Daphnia magna exhibited a rather variable sensitivity to the assayed compounds. Consistent with the
'PFAS rules' proposed by Buck and colleagues, a direct correlation between toxicity and the carbon chain
length of PFAS was observed, as well as a higher toxicity of sulphonic acids compared to carboxylic acids [80].
The only exception was PFDA, with an ECso higher than 1000 mg L-1. Overall, six substances out of the ten
tested displayed weak or no discernible toxicity at the concentrations assayed. Unsurprisingly, PFOS exhibited
the highest toxicity, with an ECso value of 67.82 mg L, followed by PFNA (176.80 mg L), APFO (475.80 mg
L1), and GenX (674.40 mg L) (Figure 1; Table 52). Worth of mention, any compound exhibiting toxicity after
48 hours exposure also showed delayed toxic effects during the subsequent follow-up in pure medium (Table
S2). In particular, a relevant reduction in the survival of PFAS-exposed organisms, mostly occurring in the
first three days following the 48-hour acute exposure, was observed (Figure 1). The compound displaying the
most substantial delayed toxicity was PFNA with a 60% reduction of the ECso, followed by PFOS (40%), APFO
(40%), and GenX (30%).

Figure 2. D. magna individuals at the end of the 10-day follow-up. Control (a); exposed to 1000 mg L' PFPeA
(b); exposed to 39.65 mg L1 PFOS (c); exposed to 250 mg L' APFO (d).

The assessment of growth following PFAS exposure revealed no significant trend, except for a slight but
statistically significant increase observed with 60 mg L' PFDA (~20%) and 250 or 500 mg L' PFHxA (13 and
16%, respectively) (Figure S1; Table S5). Interestingly, although there were no significant variations in growth
between the PFAS-exposed daphnids and the negative control, close observations revealed occasional
abnormalities among the exposed individuals, such as discolouration, stunted growth, a low number of eggs
in the hatching chamber and, more rarely, morphological alterations. These abnormalities, were never
observed in control groups (Figure 2).

3.3. PFAS toxicity on R. subcapitata

All validity criteria of the OCSPP 850.4500 protocol were fulfilled. In particular, an average control growth of
180-fold was achieved during the 96h incubation period. The unicellular alga R. subcapitata proved to be
significantly more sensitive to PFAS than D. magna. The ECso values of each individual compound are given
in Table S2, while the growth inhibition curves are shown in Figure 3. Three long-chain compounds (PFDA,
PFENA, and PFOS) and two short-chain compounds (PFBS and PFBA) were the most toxic compounds, with
ECso values in the range of 26.51-122.20 mg L. Remarkably, PFDA exhibited even higher toxicity than PFOS,
and the short-chain PFBA, originally intended to replace PFOA, showed an ECso value (31.29 mg L) of an
order of magnitude lower than that of APFO (the ammonium salt of PFOA), with toxicity comparable to that
of PFOS (29.11 mg L1). The least toxic compound was GenX (996.20 mg L), followed by PFHxA (883.30 mg
L), PFHpA (440.70 mg L-') and APFO (423.20 mg L).
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Figure 3. Dose response curve of acute toxicity (96 hours) reported as algae growth inhibition of different
PFAS tested individually on R. subcapitata.

Overall, nine of the ten substances assayed showed an algistatic effect, except for PENA (algicidal).
3.4. PFAS mixture toxicity on R. subcapitata

For the mixture’s toxicity assessment, only the compounds that showed the greatest toxicity in R. subcapitata
were considered and, among them, those of greater interest to policy makers. In particular, four compounds
were assayed; two of which (PFOS and PFNA) are included in EFSA's list of PFAS of priority [81]; the other
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337 two (PFBS, PFBA) are short-chain replacement compounds here proved to be relatively toxic on R. subcapitata,
338 despite being still on the market and, consequently, increasingly detected in inland waters [31].
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340 Figure 4. Interaction of PFAS binary mixtures. PFOS and PFBS (a); PFOS and PFBA (b); PFNA and PFBS (c);
341 PFNA and PFBA (d) and PFBS and PFBA (e). Black dots represent the ECso of the mixture while the black line
342 represents the Confidence Interval (CI). Dotted lines represent curves of additivity. Dashed lines are their
343 confidence limits based on Hill coefficient variability. For compounds with a variable potency ratio, deviation
344 from additivity is detected only if the ECso of the mixture lies outside the region of the plane bounded by the
345 two curves of additivity for a 50% effect [78].

346 PFOS showed additive interactions in both mixtures (PFOS + PFBS and PFOS + PFBA), with ECso values of
347 50.62 (9.74 +40.88) and 34.96 (16.85 + 18.11) mg L, respectively (Figure 4a-b, Figure S2, Table S1). On the other
348 hand, PFNA displayed antagonistic interactions in both the mixtures tested (PFNA + PFBS and PFNA + PFBA),
349 with ECsos values of 214.40 (82.20 + 132.20) and 81.78 (57.93 + 23.85) mg L, respectively (Figure 4c-d, Figure
350 S2, Table S1). Lastly, the interaction between the two short-chain compounds (PFBA + PFBS) was also
351 antagonistic, with an ECso of 134.50 (27.42 + 107.08) mg L-! (Figure 4e, Figure S2, Table S1).
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4, Discussion

PFAS find wide application in various industries due to their remarkable ductility and exceptional chemical-
physical properties [1]. However, the versatility and outstanding attributes that give them unparalleled
stability and resistance to degradation have contributed to their extensive accumulation in the environment
[1, 41, 82 — 84]. Currently, the environment hosts an impressive array of over 4,000 distinct PEFAS compounds
[85, 86]. Notably, only 56 of these compounds are currently available as analytical standards for toxicity
assessments, with just 20 of them regularly monitored for drinking water safety, and 25 undergoing
monitoring in food and feed [48, 49, 87, 88]. As part of ongoing regulatory efforts, the European Union (EU)
has issued guidelines on PFAS regulation, which include specific limits for drinking water. In particular, the
term 'Total PFAS' refers to the cumulative concentration of PFAS, set at 500 ng L, while the 'Sum of PFAS'
encompasses specific PFAS of concern, capped at 100 ng L [49]. However, several EU member states have
adapted the directive by establishing even more stringent limits. For instance, Italy has fixed specific limits
not only for the cumulative PFAS concentration (500 ng L) but also for individual substances such as PFOA,
PFOS, PFBA, and PFEBS, each with distinct concentration thresholds set at 500, 30, 500, and 500 ng L-,
respectively [89].

Recent developments in understanding the toxicity of PFAS mixtures have been spearheaded by the U.S.
Environmental Protection Agency, which has proposed toxicity values for mixtures of a limited set of
compounds, including PFOA, PFOS, PENA, PFHxS, PFBS, and GenX. In this regard, it is crucial to note that
no specifications have been established for several other PFAS. Furthermore, the existing proposal is built on
the CA model and neglects potential synergistic interactions [90]. Addressing these knowledge gaps, this
research sought to improve our understanding of PFAS toxicity in the freshwater environment. We focused
on ten commonly detected compounds, most of which lack a defined toxicological framework. Both acute and
delayed toxicity were considered, using two model species from distinct trophic levels, and the four most toxic
substances were identified. These selected compounds were then subjected to rigorous testing in binary
mixtures, allowing potential interactions to be explored and valuable information on their combined effects to
be obtained.

4.1. Toxicity in D. magna

Overall, a low sensitivity of D. magna to PFAS was here proven. This was previously observed by Barmentlo
and colleagues in 2015 showing for PFHxA and PFBA ECso values exceeding 1,000 mg L [91]. In our acute
toxicity assessments, PFOS emerged as the most toxic compound to D. magna, followed by PENA, APFO, and
GenX. As to PFOS, our findings corroborate prior studies in which LCso values of 49.27 and 130 mg L1[92, 93]
and ECsovalues of 63.0 and 37.4 mg L [94, 95] were observed after 48 hours of exposure. On the other hand,
PFNA showed relatively high toxicity, aligning with findings reported by Ding and colleagues in 2012 (48
hours ECso: 151 mg L) [96]. This same study also evaluated the toxicity of PFBA, PFOA, and PFDA, with 48
hours ECso values exceeding 4000, 211.59, and 163.47 mg L, respectively [96]. Additionally, Lu and co-workers
assessed the toxicity of PFNA reporting a 48 hours LCso of 80.93 mg L [80]. APFO is the ammonium salt of
PFOA, and in our experimental conditions it showed moderate toxicity, with a 48 hours ECso value of 475.80
mg L; such a value is close to ECso values reported in the literature for PFOA itself, i.e. 239.0 and 476.52 mg
L1 [91, 95]. GenX, a substitute compound, has seen a substantial increase in production and environmental
detection since 2015, after the phase-out of PFOA [32]. In the present study, it showed low toxicity to D. magna,
with a 48 hours ECso of 674.40 mg L. Toxicity studies on GenX in D. magna are still scarce and contrasting.
Indeed, Hoke and colleagues reported a 48 hours ECso (102 mg L") considerably lower than the one we
reported here [97]. Notably, GenX has greater hydrophilicity than PFOA, and therefore a lower tendency to
bioaccumulation [98]. However, this attribute enhances its mobility in the aquatic system. Because of that,
GenX's hazardousness should not be overlooked, and additional investigations on its toxicity to D. magna
should be carried out. It is of paramount importance that for any compound showing toxicity towards D.
magna, a delayed toxic effect was observed (Figure 1, Table S2). As explained by Tolosi and De Liguoro, an
overestimation of ECso values implies a consequent underestimation of the risk [69]. Given that the ECso is a
key factor in calculating the Predicted No Effect Concentration (PNEC), its overstatement implies an
underestimation of the Risk Quotient (Predicted Environmental Concentration/PNEC), potentially leading to
inadequate safeguards for the environment. It is therefore crucial to account for potential delayed effects when
evaluating acute toxicity [99]. Additionally, at the end of the follow-up, although not achieving statistical
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significance, morphological defects on PFAS-exposed daphnids have been occasionally observed. These
alterations could potentially hinder their survival in the wild, with potential consequences on food intake,
population dynamics, and predator’s avoidance (Figure 2). They are more likely to occur after chronic
exposures to PFAS (not included in the present study) and cause a reduction in reproduction rate, the primary
endpoint of the chronic OECD 211 test [100 — 104]. Notably, reproduction impairments observed in PFAS
chronic toxicity tests may partly stem from the reduced size of the brood chamber, a phenotypic observation
that in this study was occasionally highlighted during the follow-up (Figure 2c). As observed by Seyoum and
colleagues while testing PFOS and PFOA, this morphological alteration might be attributed to a reduced
expression of genes involved in reproduction and development, e.g. vitellogenin 2, juvenile hormone esterase,
ecdysone receptor A, ecdysone receptor B, hormone receptor 3, ecdysone-inducible gene 74, and ecdysone-
inducible gene 75 [103]. As a more general consideration, it has been shown that laboratory tests (both acute
and chronic) often underestimate the potential toxicity of PFAS on ecosystems, particularly on cladocerans
[105].

4.2. Toxicity in algae

Microalgae serve as a widely employed model organism in the field of ecotoxicology. Despite their prevalent
use, there is a limited number of studies employing microalgae for the evaluation of PFAS toxicity, and most
of them focus mainly on PFOS and PFOA toxicity [92, 100, 106, 107]. Overall, our results indicate that R.
subcapitata is more sensitive than D. magna to PFAS. This observation is consistent with findings by Boudreau
and colleagues who documented for PFOS an ECso of 48.2 mg L' and 130 mg L' in R. subcapitata and D. magna,
respectively [92]. Also, Hoke and colleagues (2012) confirmed the greater sensitivity of P. subcapitata algae to
PFAS compared to D. magna [108]. Jones and colleagues explored the toxicity of industrial fire-fighting foams
containing PFAS to R. subcapitata and, again, the green alga exhibited a high sensitivity to PFAS, with ECso
values ranging from 0.7 to 192.6 mg L, whilst ECso values between 17.3 and 941.6 mg L' were obtained in D.
magna [109].

In the current study, the higher sensitivity of R. subcapitata compared to D. magna, allowed the ECso to be
computed for all the PFAS considered. Substantial variations in toxicity were observed, with ECsos ranging
from 26.51 to 996.20 mg L (Table S2). PFOS, a compound that has previously undergone extensive scrutiny
and discussion [92, 110, 111] was found to be one of the most toxic among the PFAS investigated.

APFO, despite being currently subjected to trade and supply restrictions [11, 12], showed a relatively low
toxicity to algae (ECso of 423.20 mg L). Our results are consistent with those reported by USEPA on PFOA
and its salts toxicity. In particular, an ECso of 310 mg L (96 hours) was determined in S. capricornutum for
APFO [107]. A lower 96 hours ECso (i.e., 96 mg L) has been subsequently reported in P. subcapitata [110]. In
addition, the moderate toxicity of PFOA towards green microalgae was also confirmed in Chlorella pyrenoidosa
[106] and in Chlorella vulgaris [112].

As to PFHpA, PFHxA, PFPeA and GenX, a plateau in their dose-response curves was observed when reaching
approximately 50% growth inhibition (Figure 3). This peculiar phenomenon defies conventional toxicological
principles, as one would expect an increasing effect while increasing the concentration. A possible explanation
of such a behaviour might be the spontaneous formation of micellae above a specific concentration threshold,
making these PFAS unavailable for algal uptake [113, 114]. Nevertheless, confirmatory investigations with
Zetasizer Nanoparticle analyzer ZEN3600 (Malvern Instrument, Malvern, UK) were inconclusive (data not
shown). An alternative mechanistic-based hypothesis might be the saturation of membrane uptake
transporters. This might be relevant in determining PFAS toxicokinetic behaviour, and deserves more in-depth
future investigations.

PFDA exhibited the greatest toxicity to algae with an ECso equal to 26.51 mg L, slightly lower than that of
PFOS. In a previous study conducted in R. subcapitata, 72 hours ECso of PFDA resulted even lower, i.e., 10 mg
L [108]. Surprisingly, unlike PFOS, PFDA still does not face specific restrictions on its use and production.
Recently, Riaz and colleagues reported a moderate risk to the algal community exposed to PFDA in Pakistan,
based on PNEC values previously reported by Guo and colleagues [115, 116]. However, investigations using
alternative biological models have evidenced the high toxicity of PFDA. For instance, tumour promoting
effects of various PFAS were observed in rainbow trout (Oncorhynchus mykiss), and PFDA was the most potent
compound [117]. Likewise, a toxicity study on various Perfluorocarboxylic acids using a human liver epithelial
tissue cell line (THLE-2) identified PFDA as the most toxic compound [118]. More recently, in another human
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liver cell line (HepG2), Ojo and colleagues reported that PFDA is an order of magnitude more toxic than PFOS
[119].

Another compound with significant toxicological implications is PENA. In D. magna immobilization test, it
was among the most toxic compounds, second only to PFOS; moreover, it exhibited the most pronounced
delayed toxicity (+60%). In the 96 hours algae test, PENA showed one of the lowest ECso and was the only
compound with an algicidal effect. Our acute toxicity results are consistent with those obtained by Latata and
colleagues in C. vulgaris, which revealed that PFNA is twice as toxic as PFOA [112]. Additionally, Ojo and
collaborators have recently shown the high PFNA cytotoxicity in the HepG2 cell line, with an ECso value of
155 uM, very close to that of PFOS (123 uM) but remarkably lower than that of PFOA (297 uM) [119]. More
generally, this outcome is in accordance with findings from several studies, highlighting the greater toxicity
of PENA compared to PFOA in different biological models [120 — 123]. Beyond its toxicological implications,
PFNA has been identified as globally ubiquitous, exhibiting a pervasive presence in a myriad of biological and
abiotic matrices [124 — 126]. Additionally, recent research has suggested its biomagnification, along with PFDA
and PFOS, through trophic chains [127].

Two short-chain (C4) compounds, PFBS and PFBA, showed a non-neglectable toxicity in R. subcapitata. These
were originally conceived as alternatives to legacy PFAS, due to their reduced tendency to bioaccumulate [
128]. In previous studies, PFBS showed to be practically non-toxic to R. subcapitata, with a 72 hours ECso higher
than 1000 mg L [110, 111]. However, in our experimental conditions, PFBS proved to be moderately toxic,
with a 96 hours ECso of 122 mg L, only four times higher than that of PFOS. Moreover, a similar ECs (103 mg
L) was recently obtained in C. vulgaris after 96 hours of exposure to PFBS [129]. It is our opinion that particular
attention should be given to PFBS, because of its pervasive presence in the environment. In fact, a general
PFAS screening detected PFBS in 93% of the analysed environmental samples [130]. Moreover, a recent survey
of PFAS abundance, compositional profile, and ecological risk in surface waters of Pakistan, particularly
emphasized PFBS for its high ecological risk, with a Hazard Quotient of 8.6 towards the algal community
[116].

Similar to PFBS, PFBA was not toxic to daphnids; however, it showed great toxicity in the algal test. Indeed,
in R. subcapitata, PFBA was one of the most toxic PFAS, with a 96 hours ECso of 31 mg L, which equals that of
PFOS. Based on our results, this compound deserves further examination. Overall, the research on PFBA
toxicity is recent and rather limited. Of particular interest is a comparative study on PFAS bioaccumulation in
different aquatic species, which revealed that PFBA does not bioaccumulate significantly in fish, whilst its
concentration can be quite high in crabs, averaging 200 ng g dry weight [128]. Moreover, the presence of
PFBA in fish has been linked to dysfunction in various physiological systems, including cardiac, hepatic,
nervous, immune, and reproductive ones [44, 131, 132]. In contrast, the assessment of PFBA toxicity in algae
remains still poorly characterised. The significance of our findings on the potential environmental impact of
PFBA is heightened by two evidences. First, the absence of specific regulatory restrictions on PFBA usage,
which have instead been established for other PFAS, like PFOS, that faces stringent measures, such as being
included in the POPs list of the Stockholm Convention, along with recommendations for phase-out [10].
Second, the widespread presence of PFBA in the environment, that exacerbates the potential risk it poses to
the algal community. Indeed, in recent years, the detection frequency and concentration levels of PFBA in
various environmental matrices have increased [6, 133 — 137]. Additionally, PFBA is highly volatile;
consequently, it is commonly detected in polar ice caps and mountain snow [4, 5, 138].

The ECso of PFBA significantly exceeds the commonly detected environmental concentrations. However, as
recommended by REACH, in absence of long-term toxicity data, as in the case of PFBA, an assessment factor
of 1000 has to be applied to the ECso in PNEC calculation [139]. Consequently, the environmental safety
threshold of PFBA (31.29 ug L) is close to the PFAS concentrations detected in several hotspot contamination
sites, and a risk to freshwater species cannot be excluded [31, 140, 141]. Notably, PFBA has recently gained
attention also in saltwater ecosystems, where it exhibited the highest Risk Quotient, based on its toxicity to
marine phytoplankton [142]. Given the emerging evidence of PFBA's widespread presence, ecotoxicity and
health implications, we believe it is essential and urgent to promptly characterise its toxicological profile,
especially in light of the reassessment of its regulatory status.

Overall, considering the extensive contamination and toxicity of some PFAS to green algae, a possible impact
on the first trophic level (heterotrophic organisms) cannot be excluded. By hindering algal growth, the
availability of food and oxygen for primary consumers is reduced; indeed, despite the low sensitivity of
crustaceans to PFAS, an indirect impact on this higher trophic level can be expected, with possible
consequences for secondary consumers as well. Furthermore, algae play a role in nutrient cycling, such as
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nitrogen and phosphorous. Limiting their growth could slow down these cycles, potentially leading to a build-
up of unused nutrients, which could impact the balance of the entire ecosystem over time. Last but not least,
algae can effectively assimilate COz, which is why they are considered promising capturers of the carbon
footprint emitted by anthropogenic sources.

4.3. Binary mixture toxicity

In the environmental context, and particularly in freshwater ecosystems, PFAS are seldom detected as
individual compounds but rather as mixtures [6, 31, 36 — 38, 137]. Consequently, scientists’ efforts are
nowadays directed not only toward the ecotoxicity of each individual compound but also to the possible
toxicological interactions of co-existing compounds. Assigning the observed effects to a specific cause within
the complex mixture of compounds present in the environment poses substantial challenges. Therefore,
laboratory studies of defined mixtures, under controlled conditions, are often employed. In the present study,
the toxicity of binary mixtures of four PFAS of high interest from both toxicological and regulatory
perspectives was evaluated. This approach will provide valuable information for a more comprehensive
understanding of the risks associated with PFAS mixtures in the environment.

Our data proved that R. subcapitata exhibits greater sensitivity to PFAS compared to D magna. Hence, the
toxicity of PFAS binary mixtures was investigated in the unicellular alga. To our knowledge, this study
represents the first attempt to evaluate the potential toxicological interactions of PFAS mixtures in R.
subcapitata. A recent study evaluated the toxicity of PFOS and PFOA binary mixtures in two microalgae species
and evidenced the greater sensitivity of Scenedesmus obliquus compared to C. vulgaris [143]. However, in that
study the toxicity of individual compounds was not evaluated; consequently, insights into the toxicological
interaction between PFOS and PFOA were not provided.

PFOS is the PFAS compound most extensively studied in mixtures with other xenobiotics. For instance, Boltes
and colleagues delved into PFOS interactions with chlorinated compounds, revealing an antagonistic effect in
binary mixtures and a synergistic effect in ternary mixtures [144]. Another study observed that PFOS enhances
cadmium toxicity in zebrafish [145]. In earthworms, a mixture of PFOS and zinc predominantly exhibited
additive interactions, with a few exceptions showing synergism and antagonism at different concentrations
[146]. On the other hand, in medaka fish the combination of PFOS and tributyltin resulted in a synergistic
effect [147].

When focusing on PFAS mixtures, the literature reveals diverse and sometimes contradictory results. For
instance, the interaction between PFOS and PFOA is antagonistic in the cyanobacterium Anabaena [148].
Different PFOS/PFOA interactions were found in zebrafish when changing the mixture ratios [149], while the
same mixture showed only a slight synergistic effect in an amphibian fibroblast cell line [150]. Consistent with
Hoover's findings, studies on D. magna and the human hepatoma cell line HepG2 reported a synergistic effect
of PFOS and PFOA [101, 151]. The issue becomes further complicated when adding PFNA to PFOS and PFOA
mixture. In such a case, a transcriptomic analysis revealed mainly an additive effect on gene expression, with
some exceptions of synergism for specific genes [123]. Recently, Mahoney and colleagues studied the
interactions of three PFAS in binary and ternary mixtures on rainbow trout gill cell lines (RTgill-W1). They
observed that the interactions of binary PFOS/PFECHS and PFOS/FBSA mixtures were synergistic or simply
additive, depending on concentration and ratio, whilst PEECHS/FBSA combinations were synergistic at all
doses and ratios. Furthermore, ternary combinations were mainly synergistic [75]. Overall, studies on the
interactions of PFAS in mixture in various biological models have yielded inconclusive results, often
influenced by factors like the specific types of compounds, their relative concentrations, and the chosen target
organism. This highlights the inherent complexity and variability in understanding the effects of PFAS
mixtures, emphasizing the ongoing need for research to elucidate their interactions across biological systems.
In the present study, data concerning the effects of binary mixtures in R. subcapitata were analysed using the
curvilinear isobologram model proposed by Tallarida, which is a refinement of the commonly employed linear
isobologram model [78]. According to Tallarida, if two compounds exhibit nonparallel log dose-effect curves
(different Hill coefficients), the indication of synergy or antagonism in their combination should be identified
beyond the area defined by the two curves. The first curve is generated by converting the concentration of
compound A into its equivalent of compound B, and the second by converting the concentration of compound
B into its equivalent of compound A [78]. An additive effect was detected when the model organism was
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exposed to mixtures containing PFOS, whereas mixtures containing PFNA showed a distinct antagonistic
effect. A definitive explanation for PFNA antagonistic interaction is currently elusive. Nevertheless,
antagonistic effects on algae have been observed in prior evaluations of metal toxicity on Chlorella vulgaris and
it has been suggested that this phenomenon may arise when both compounds compete for the same transport
sites on the cell membrane [152]. A recent study evaluating in mice the toxicity of a complex mixture of PFAS,
which included PFNA, revealed that the PFAS with the highest concentration in rodent tissues was PFNA,
despite the mixture being composed of equal concentrations of the various components. Overall, this
observation would suggest that PFNA, compared to other PFAS in the mixture, undergoes higher absorption
or distribution (bioaccumulation) in animal tissues [153].

Antagonism was detected also in the mixture of PFBA and PFBS. As mentioned earlier, data on the toxicity of
these two compounds are scarce, and information on their interactions in mixtures is even more limited. To
the best of our knowledge, only Hu and colleagues have evaluated the toxicity of this mixture and found a
synergistic interaction; however, their tests were conducted on a different model, the human liver cell line HL-
7702 [154]. Overall, synergistic effects were never detected in R. subcapitata. However, it is essential to
underline that our experimentation took in consideration only mixtures with a 1:1 ratio of the two components.
Speculating on whether similar effects would occur with different ratios or in the context of ternary or more
complex mixtures exceeds the scope of the current research. Future studies will be essential to unravel these
interactions and provide a more comprehensive understanding of the toxic effects of PFAS occurring in
mixtures.

5. Conclusions

Although PFAS have been the subject of extensive research, a comprehensive understanding of their toxicity
remains challenging. In light of this, our research aimed to improve the knowledge on the toxicity of a set of
frequently detected PFAS in a comparative framework, with a specific focus on their implications for the
freshwater environment. The results of the acute toxicity assays disclosed a remarkable R. subcapitata
sensitivity to PFAS, significantly higher compared to that of D. magna. The great sensitivity of R. subcapitata
suggests bottom-up repercussions on higher trophic levels. Indeed, unicellular green algae hold a pivotal
position at the foundations of trophic chains, and any depletion of these algae could lead to detrimental effects
on freshwater ecosystems. Outstanding among the compounds under investigation is the acute toxicity of
PFBA in R. subcapitata. Despite PFBA’s environmental occurrence is increasing, and there is growing evidence
suggesting its potential toxicity, this compound remains unmentioned in the list of priority substances to be
regulated. However, the list includes PFNA, a congener that notably impacted algae availability in this study.
In fact, this is the first study that shows PFNA's unique ability to induce algicidal effects on R. subcapitata. Its
high toxicity was further validated in D. magna, with one of the lowest ECsosat 48 hours and the most significant
delayed effect, showing once again how the standard acute immobilisation test may underestimate the toxicity
of contaminants. Indeed, the post-exposure observation is essential to identify potential delayed effects that
may occur after the acute exposure in the natural environment.
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