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Featured Application

This study highlights the potential application of Chlorella vulgaris in sustainable wastewater
(WW) treatment systems for the bioremediation of bisphenol A (BPA)-contaminated efflu-
ents. The findings contribute to the development of microalgae-based technologies capable
of simultaneously removing emerging contaminants and nutrients from WW, supporting
more environmentally friendly and circular treatment strategies.

Abstract

Bisphenol A (BPA) is a common plastic additive found in wastewater (WW) due to its
extensive use in industrial and consumer products. As a known endocrine disruptor,
BPA poses serious ecological and human health risks, yet its removal remains inefficient
in conventional WW treatment plants. This novel study investigates the impact of high
environmental BPA concentrations (5 mg/L and 25 mg/L) on Chlorella vulgaris in a WW-
mimicking environment, assessing microalgal growth, metabolic activity, nutrient removal,
and BPA degradation. Exposure to BPA led to a significant reduction in esterase activity
and an increase in intracellular reactive oxygen species (ROS) levels, indicating cellular
oxidative stress and metabolic disruption. Despite these effects, C. vulgaris maintained
stable photosynthetic pigment levels, demonstrating a resilient photosynthetic function.
The bioremediation potential of C. vulgaris was also compromised, with nitrogen and
phosphorus removal efficiencies decreasing by up to 38% and 34% in the presence of
5 and 25 mg BPA/L, respectively. Nevertheless, the microalga exhibited the ability to
degrade BPA, with removal efficiencies of 34% for 5 mg/L and 21% for 25 mg/L after 168 h,
while abiotic degradation was minimal. These findings confirm the potential of C. vulgaris
as a promising sustainable approach for BPA bioremediation but also highlight critical
challenges at high contaminant concentrations.

Keywords: bisphenol-A; Chlorella vulgaris; microalgae-based systems; plastic additives;
wastewater bioremediation; water pollution
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1. Introduction

Emerging contaminants (ECs) in wastewater (WW) environments pose a significant en-
vironmental and public health challenge due to their persistence, toxicity, and widespread
distribution [1]. Among these contaminants, microplastics (MPs) are of particular con-
cern [2]. In fact, WW treatment plants (WWTPs) represent a main source for introducing
MPs into aquatic ecosystems, alongside surface runoff and maritime anthropogenic activ-
ities [3]. In WWTPs, MPs can be present in high influent concentrations, reaching up to
5.5 x 10° particles per m? [4].

While advancements in tertiary treatments have improved MPs removal [4], a sig-
nificant fraction continues to be released into receiving water bodies [5]. Despite the
efforts to mitigate their presence in marine systems, MPs’ persistence and global dispersion
continue to raise concerns regarding their ecological and human health risks [6]. Their
presence has been linked to organ dysfunction, neurotoxicity, and cellular damage in fish
and invertebrates [7], with potential bioaccumulation along the food chain [8]. Moreover,
human exposure to MPs—primarily through ingestion—has been associated with cytotoxic
effects, DNA damage, and metabolic disorders [9,10]. On the other hand, MPs contain
chemical additives, including plasticizers and stabilizers, which can be leached into the
water, having the potential to exacerbate ecotoxicological risks through potential synergistic
effects with other pollutants [11]. Among these additives, bisphenol-A (BPA) is a widely
used plastic additive with high environmental relevance [12], leading to increased concern
within the scientific community, requiring regulation for its use and commercialization
(Commission Regulation (EU) 2024/3190), as well as directives for drinking water systems
(Drinking Water Directive (2020/2184)). Strongly used in polycarbonate plastics and epoxy
resins, BPA enhances durability and transparency in consumer products, such as food and
beverage packaging [13,14]. However, BPA is a known endocrine disruptor with carcino-
genic potential, affecting multiple organ systems [13]. Despite its common detection in
WW influents at concentrations between 0.33 and 910 ug/L [14,15], BPA removal remains
inefficient in conventional WWTPs [16] and may accumulate in treated effluents at concen-
trations up to 5 mg/L [17]. In addition, MPs can act as persistent secondary sources of BPA,
continuously releasing into WWTP matrices and sustaining chronic exposure even when
influent concentrations are comparatively low (can be leached from plastic waste at levels
up to 139 ng/g, with reported leachability reaching up to 55%) [18,19]. These characteristics
challenge conventional WWTP removal efficiency, as they are not adequately designed
to remove these contaminants, given their reliance on complex multi-stage processes and
chemical treatments [4,20,21]. Moreover, WWTPs are associated with modest removal
efficiency, as they are not adequately designed to remove these contaminants, given their
reliance on complex multi-stage processes and chemical treatments [4,20,21].

Given these limitations, the search for alternative strategies capable of improving
the removal of emerging contaminants from wastewater has intensified [22]. Among
these, advanced oxidation processes (AOPs), including photocatalytic technologies, have
demonstrated high degradation efficiencies for a wide range of emerging contaminants
and are increasingly being investigated as complementary WW treatment options [23,24].
Nevertheless, growing attention has been directed toward microalgae-based systems due
to their ability to simultaneously remove contaminants and nutrients while contributing to
resource recovery and biomass production [21,25-27]. Microalgal-based systems offer sev-
eral advantages over conventional treatments, including low energy requirements, carbon
sequestration potential, and the capacity to remove nutrients, metals, pathogens, and emerg-
ing contaminants under diverse environmental conditions [21,28-37]. Notably, microalgae
have demonstrated high efficiency in removing ECs, such as BPA, at environmentally
relevant concentrations (0.01 to 50.00 mg/L) [12,38-40]. Compared to conventional WW
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treatment methods, microalgae-based systems provide lower capital and operational costs,
rapid growth cycles, and resilience to toxic WW conditions [4]. Among the various mi-
croalgae species, C. vulgaris has gained particular attention from the scientific community
for its application in WW polishing. This microalga is characterized by its high resilience,
efficient nutrient removal capability, and rapid growth under stress conditions, as well
as its notable tolerance to elevated concentrations of heavy metals and other toxic com-
pounds, and is not associated with harmful algal blooms [21,41]. Additionally, C. vulgaris
exhibits remarkable metabolic flexibility, thriving under autotrophic, heterotrophic, and
mixotrophic growth conditions [33], enhancing its adaptability and effectiveness in diverse
WW treatment scenarios.

In this context, this study aims to assess the effects of different concentrations of
BPA on the microalga C. vulgaris in terms of intracellular response, including metabolism,
accumulation of reactive oxygen species (ROS), and photosynthetic pigment concentration,
as well as cellular growth and WW polishing performance, after 168 h. The tested concen-
trations: 5 mg BPA /L corresponds to the highest BPA level reported in treated effluents
from WWTPs [17], whereas 25 mg/L was intentionally chosen as an extreme worst-case
exposure scenario. Although the concentration of 25 mg/L may not reflect typical envi-
ronmental levels, it simulates potential situations of exceptional contamination, such as
industrial discharges, accidental releases, or localized accumulation hotspots [42,43], where
BPA concentrations may exceed those commonly reported in the literature, which generally
range from 0.33 to 910 pg/L in WW influents [15]. This approach allowed the evaluation of
microalgal physiological responses and system robustness under severe chemical stress
rather than environmentally typical conditions. Additionally, the ability of the microalga to
remove BPA from synthetic WW (SWW) was evaluated. By elucidating the interactions
between C. vulgaris and BPA, this study seeks to contribute to the development of sustain-
able microalgae-based WW treatment strategies to mitigate the presence of ECs. To the best
of the authors’ knowledge, this study is novel, simultaneously evaluating the impact of
high BPA concentrations on C. vulgaris under a scenario of accumulation in SWW, as well
as its bioremediation efficiency (removal of nutrients, carbon source, and the EC) and the
associated physiological responses.

2. Materials and Methods
2.1. Bisphenol-A Stock Solution

A stock solution of BPA (purity > 97%; Alfa Aesar, Ward Hill, MA, USA) at a concentra-
tion of 10 g/L was prepared in methanol (VWR Chemicals, Radnor, PA, USA). The solution
was subsequently sterilized one time by UV-C radiation exposure in the flow chamber
(Phillips UV-C G23 lamp, North Holland, The Netherlands, 11 W) for 15 min, and stored in
the dark at 4 °C until use.

2.2. Microalga Cultures

The microalga C. vulgaris UTEX 2714 was provided by the Culture Collection of Algae
from The University of Texas at Austin (TX, USA) (UTEX—https://utex.org/, accessed on
1 September 2023). The microalga was maintained on solid medium, in accordance with
the Organization for Economic Co-operation and Development (OECD) guidelines [44].
Weekly axenic C. vulgaris cultures were prepared by following the methodology previously
described by Vale et al. [34]. Briefly, microalgal pre-cultures were prepared by inoculating
C. vulgaris into 40 mL of OECD medium and incubating for 3 days at 25 °C under continu-
ous cool white fluorescent illumination on an orbital shaker (AGITORB 200 ICP, Lisbon,
Portugal, 100 rpm). Subsequently, the axenic cultures were established by transferring the
pre-culture cells to fresh 200 mL of OECD medium at an initial density of 1 x 10° cells/mL
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and incubating for 6 days under the same conditions. After incubation, microalgal cells
were harvested by centrifugation (Centrifuge 5810 R, Hamburg, Germany, 4000 g, 5 min).

2.3. Cellular Growth Evaluation

To assess the effects of BPA on microalgal growth, C. vulgaris cells in the exponential
growth phase were exposed to BPA at concentrations of 5 mg/L and 25 mg/L. Experiments
were conducted under continuous fluorescent light (24 h artificial photoperiod [21]), at
an initial cell density of 1 x 10° cells/mL in 125 mL of SWW (representing an average
WW composition [34]). As a control, microalgal cells were incubated under the same
conditions in the absence of the EC. Also, organic solvent control assays (containing
the same concentration of methanol without BPA; namely, 0.05% (v/v) and 0.25% (v/v),
respectively) were performed to ensure the inhibition is caused by the test substance and
not the solvent used [44]. Controls and assays were incubated for 168 h under the same
temperature, agitation, and light conditions described above.

Then, microalgal cell density was monitored every 24 h intervals by measuring the
optical density at 750 nm, according to the methodology previously described by Vale
et al. [34], following Equation (1). Based on these measurements, the specific growth rate
(1, d1) was calculated. The doubling time (t4, h) and maximum growth rate (Lmax, d-1
were subsequently determined using the Monod equation, as previously reported in our
work by Sousa et al. [21]. Finally, the microalgal total biomass was also quantified following
the same methodology reported in Vale et al. [34].

_ cells _
ODy5omm = (3.92 x 10 8) % Ceellular (mL) 1.34 x 1072 )

2.4. Microalga Metabolism

To evaluate the metabolic activity, two key parameters were quantified at 72 h and
168 h: esterase activity and intracellular reactive oxygen species (ROS) accumulation. Es-
terase activity was measured using fluorescein diacetate (FDA; Sigma-Aldrich, St. Louis,
MO, USA), at 5 x 10° cells/mL in SWW after BPA exposures and stained with 20 pmol
FDA/L; and ROS accumulation was determined using 2’,7’-dichlorodihydrofluorescein di-
acetate (HyDCFDA; Sigma-Aldrich), at 1 x 10° cell/mL stained with 20 umol H,DCFDA/L,
as described in detail in the previous work Vale et al. [34]. Samples were prepared in qua-
druplicate in sterile 96-well flat microplates (VWR, Radnor, PA, USA), and incubated for
40 min and 90 min at room temperature in the dark for esterase activity and ROS accumu-
lation, respectively. Fluorescence was measured using a Fluostar Omega microplate reader
(Baden-Wiirttemberg, Germany; excitation: 485/14 nm, emission: 535/25 nm). Readings
were corrected by subtracting cells, culture medium (SWW), and dye autofluorescence,
and normalized considering the cell concentration. The effect of BPA concentrations on
esterase activity and intracellular ROS accumulation was expressed as the fluorescence
ratio of BPA-exposed cells relative to control cells.

2.5. Photosynthetic Pigments Quantification

At 168 h, the microalgae cells were harvested, and photosynthetic pigments were
extracted by immersing the biomass in 90% (v/v) acetone (VWR Chemicals, PA, USA) at
4 °C for 24 h, as described in the previous work [34]. After this extraction process, the
concentrations of chlorophyll (Chl a and b), as well as carotenoids, were determined by
UV /Vis spectrometry in quartz cuvettes, according to Strickland et al. [45].
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2.6. Nutrients and Organic Carbon Source Removal

At 168 h, culture supernatants were collected after centrifugation (Centrifuge 5810 R,
Hamburg, Germany, 4000x g, 5 min) for nitrogen (N), phosphorus (P), and glucose quan-
tification. For N quantification, supernatant absorbance was measured at 220 nm in quartz
cuvettes [46], and nitrate (NOj ') was converted to N using molar mass ratios, with a cali-
bration curve between 0.5 and 500 mg/L, R? =0.997, as described in Vale et al. [34]. For P
quantification, P was determined using the ascorbic acid-molybdate method (Baird and
Eaton 1998 [47]), reading absorbance at 820 nm, and converting phosphate (POi*) to P; the
calibration curve was prepared from KH;PO, (with concentrations ranging between 0.5
and 60 mg/L, R? = 0.998), as described in Vale et al. [34]. The glucose concentration was
measured at 0 h and at the end of the experiments (168 h) to determine its consumption
by the microalga cells, using the high-pressure liquid chromatography technique with
a refractive index detector (HPLC-RI). An Altech OA 1000 organic sugar column (Des
Plaines, IL, USA) and 5 mM H,SO, eluent at a flow rate of 0.5 mL/min were used [48].
The calibration was done using D-Glucose (Merck, Hessen, Germany) at concentrations
between 5 and 500 mg/L, for a retention time of 15 min, with an R2 of 0.9997.

2.7. BPA Quantification in Wastewater

To evaluate BPA degradation by C. vulgaris, the supernatants were collected at 0 h
and 168 h and analyzed using high-performance liquid chromatography (HPLC). BPA
quantification was performed using a Shimadzu LC-2040C 3D system equipped with a
photodiode array (PDA) detector (Kyoto, Japan) and a column NUCLEODUR 100-5 C18
EC (5 pm x 250 mm x 4 mm). The mobile phase consisted of methanol/ultrapure water
(70:30 v/v), under an isocratic elution model, at a flow rate of 1 mL/min, an oven tempera-
ture of 25 °C, and a pump pressure of 45 MPa. BPA elution was detected at 275 nm, with
a retention time of 5 min [49]. A calibration curve was established for BPA (Equation (2))
and validated with concentrations ranging from 0.50 to 50 mg/L, with R? = 0.9994. The
limit of detection (LOD) and quantification (LOQ) are 0.51 and 3.02 mg/L, respectively.
m

B) +2163 @)

Area = 7843.5 x CBPA< -

2.8. Reproducibility of the Results and Statistical Analysis

All experiments were independently performed at least three times, with duplicates
(n > 6). Statistical differences were assessed by one-way ANOVA followed by the Tukey-
Kramer multiple comparison test, considering p values < 0.05 as statistically significant.

3. Results
3.1. Impact of BPA on Microalgal Metabolism and Photosynthetic Activity

MPs have been studied concerning their negative physiological effects on different
microalgal species (e.g., Scenedesmus obliquus [50], C. vulgaris [51], Chlorella pyrenoidosa [52],
Chlamydomonas reinhardtii [53], among others), and more recently in the WW environment,
involving polypropylene (PP), polyethylene terephthalate (PET), and rayon [54]. Moreover,
MPs accumulation in WW can lead to a stronger presence of several chemical additives in
the environment that are leached from the MPs [55], potentially compromising the perfor-
mance of microalgae in bioremediating WW. Thus, in this study, the interaction between
BPA (a common plastic additive) and the microalga C. vulgaris was studied, assessing its
effects on metabolism, namely esterase activity and intracellular ROS production. These
metabolic functions were analyzed after 168 h of exposure to BPA at concentrations of 5 and
25 mg/L. Esterase activity serves as a bioindicator of cellular metabolism, as these enzymes
are present in metabolically active cells and are commonly used to evaluate the toxic effects
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of ECs [34,56]. Additionally, ROS are byproducts of essential metabolic processes such as
respiration and photosynthesis [57], but their excessive accumulation can damage lipids,
proteins, and DNA, ultimately leading to cell death [34].

As shown in Figure 1a, BPA exposure at both tested concentrations significantly
reduced esterase activity in C. vulgaris compared to the control (p < 0.05), indicating
metabolic reduction.
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Figure 1. Impact of BPA concentrations on C. vulgaris esterase activity and ROS accumulation.
(a)—Esterase activity. (b)—Intracellular ROS production. The data are presented as mean values
from at least three independent experiments performed in duplicate (n > 6); in each experiment,
four fluorescent readings (in relative fluorescent units, RFUs) were performed (n > 24). SD are
presented (vertical error bars). Statistical differences were subjected to ANOVA followed by the
Tukey-Kramer multiple comparison method. The mean values with different letters are significantly
different (p < 0.05).

These obtained results are aligned with previous studies of Esperanza et al. [58],
exposing the microalga C. reinhardtii to 30 mg BPA /L for 24 h, which exhibited similar
metabolic reduction. This suggests that BPA-induced metabolic inhibition can occur over
both long-term (in the present study, 168 h) and short-term (as 24 h [58]) exposure periods.
In another study by Duan et al. [59], a transcriptomic analysis of the microalga C. pyrenoidosa
was performed after exposure to 0.1 and 10 mg BPA /L. The authors revealed that exposure
to higher BPA concentrations (at 10 mg/L) repressed genes associated with the tricarboxylic
acid (TCA) cycle, glycolysis, and mitochondrial electron transport, suggesting that BPA
negatively impacts the metabolic regulation of microalgal cells [59]. Despite no significant
effects on metabolic regulation observed at lower BPA concentrations (0.1 mg BPA /L), BPA
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acts as a toxic agent for microalgae, exerting a strong inhibitory effect on metabolic activity
and impairing C. pyrenoidosa growth [59].

Figure 1b shows that BPA exposure in a WW environment leads to an increase in
intracellular ROS production in C. vulgaris compared to the control (p < 0.05). These
findings align with previous studies showing high ROS levels in microalgae following
BPA exposure [58,60-63]. For instance, Li et al. [63] reported a 1.5-fold increase in ROS
levels in C. pyrenoidosa after 6 d of exposure to 11 mg/L BPA. Similarly, Esperanza et al. [58]
observed a significant ROS accumulation in C. reinhardtii cells after 24 h of exposure to
30 mg/L BPA, resulting in a significant increase (p < 0.05) in the intracellular level of
the superoxide anion radical (O, ). The marine diatom Phaeodactylum tricornutum also
exhibited a significant ROS increase after 24 h at 1 mg/L of BPA [61], accompanied by an
increase in cell size, likely due to impaired cell division leading to oxidative stress [61]. On
the other hand, in this study, a concentration-dependent effect is observed, where higher
BPA concentration leads to higher intracellular ROS accumulation, potentially triggering
oxidative stress. In fact, ROS overproduction can damage cellular organelles and disrupt
metabolic and physiological processes [64]. Moreover, it is known that the presence of BPA
can induce the excessive intracellular accumulation of ROS, leading to cellular oxidative
stress, promoting lipid peroxidation of the cell membranes [64], altering the fatty acid
profile of microalgae, affecting both membrane functionality and metabolic activity [65].
This is mainly due to the fact that BPA preferentially accumulates in cellular lipids, making
polyunsaturated fatty acids highly susceptible to free radical attack [61,64]. The increase of
malondialdehyde (MDA) levels in several microalgal species exposed to BPA confirms this
mechanism [60,64,66]. Also, BPA can interfere with electron transport between Photosystem
II (PSII) and Photosystem I (PSI), causing excess electron accumulation and subsequent
ROS formation via oxygen reduction [62,64].

Exposure to BPA can also result in other intracellular impacts on microalgae by af-
fecting the content of photosynthetic pigments, which are essential for the microalgae’s
growth [61,64]. Looking at Figure 2, it can be seen that exposure to 5 mg/L and 25 mg/L of
BPA did not significantly affect the concentrations of photosynthetic pigments synthesized
by C. vulgaris, compared to the control (p > 0.05).

oControl 05 mg BPA/L m25 mg BPA/L
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- a
) a
S 12 1 a
£ l
= |
S
M
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Figure 2. Impact of different BPA concentrations on C. vulgaris photosynthetic pigment content.
The data are presented as mean values from at least three independent experiments, performed in
duplicate (n > 6). SD are presented (vertical error bars). Statistical differences were subjected to
ANOVA, followed by the Tukey—Kramer multiple comparison method. The means with different
letters are significantly different (p < 0.05).

https:/ /doi.org/10.3390/app16136578


https://doi.org/10.3390/app16136578

Appl. Sci. 2026, 16, 6578

8 of 20

The synthesis of Chl a and b, which play essential roles in capturing light for photo-
synthetic activity [67], was not significantly affected by the presence of BPA (Chl a and
b, p > 0.05), suggesting a tendency to resist exposure of this EC in a WW environment.
The same intracellular behavior was observed for carotenoids (p > 0.05), in which the
absence of significant changes may indicate that C. vulgaris maintained its photosynthetic
integrity. Indeed, several studies have demonstrated the capacity of certain microalgal
species to tolerate BPA exposure, maintaining stable pigment levels [59,61,68]. For instance,
P. tricornutum showed no significant changes in total chlorophyll or carotenoid content at
0.300 mg/L of different BPA analogues (BPAF, BPF, and BPS) during both exponential and
stationary growth phases [61], noting that the analogues’ concentrations were much lower
than the concentrations applied in this study. Similarly, Stephanodiscus hantzschii exhibited
resistance to BPA concentrations up to 5 mg/L until the 8th day [68], a similar response
to C. vulgaris in the present study (5-25 mg/L, p > 0.05). Likewise, Navicula incerta and C.
pyrenoidosa maintained pigment stability at 1-5 mg/L and 2 mg/L, respectively, without
oxidative damage [63,69]. BPA exposure did not significantly affect the MDA content inside
the cells, suggesting no oxidative damage to the photosynthetic pigments, and the activity
of the antioxidant enzyme peroxidase (POD) remained unchanged, indicating no need for
H,0, decomposition as an intracellular antioxidant response, showing that the microalgae
were capable of maintaining their photosynthetic integrity [63].

On the other hand, C. vulgaris Chl a content was reported to decrease above 10 mg/L
of BPA [38,70] due to an intracellular stress response [70]. This BPA effect on C. vulgaris
Chl a was observed in two different growth media (BG-11 [38] and Bold’s Basal Medium
(BBM) [70]) with two different photoperiods, respectively (day/night cycle of 14/10 h, un-
der white light [38] and continuous illumination of white fluorescent light [70]). In contrast,
the present study observed stronger resistance, which is in contrast to the fact that, in some
studies involving low concentrations of BPA (5 to 25 mg/L), a stimulating effect on algal
photosynthesis was observed [59,63]. This effect is possibly caused by: i) changes in mem-
brane permeability caused by BPA, which favors the absorption of nutrients or precursors
necessary for pigment synthesis [64], or ii) a hermetic effect, which can be interpreted as a
temporary toxic excitation or a defense strategy of the microalgae to overcome intracellular
stress [59,64]. This means that the microalga temporarily increases pigment production as
a way of optimizing photosynthesis under BPA-stress conditions [64]. This is supported by
the results obtained for the overproduction of ROS (Figure 1b). Indeed, Atenguefio-Reyes
et al. [71] studied a microalgae consortium (S. obliquus and Desmodesmus sp.) exposed to
EC50-96 h of 17 mg BPA /L and found that their exposure led to a stimulation of the Chl
a content. An over 40% increase in Chl a content was observed compared to the control,
reinforcing microalgal resilience in WW environments [71].

In summary, the results of this study demonstrate that BPA exerts a clear inhibitory
effect on the metabolic activity of C. vulgaris, as evidenced by the significant reduction
in esterase activity and the increase in intracellular ROS levels after 168 h of exposure to
5 and 25 mg/L of BPA. These findings indicate that BPA can compromise essential cellular
functions and support previous studies on its interference with key metabolic pathways.
However, despite the induced oxidative stress, C. vulgaris maintained stable levels of
photosynthetic pigments (chlorophyll 4, b, and carotenoids), suggesting preservation of its
photosynthetic integrity under BPA exposure. This contrast between metabolic inhibition
and pigment stability highlights the physiological resilience of the microalga in the presence
of this EC, which may influence its performance in WW bioremediation processes.
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3.2. C. vulgaris Growth in the Presence of BPA

The interaction between BPA and microalgae can also have an impact on their
growth [38,71]. Microalgae are metabolically flexible microorganisms and can tolerate
different WW conditions (which contain various essential properties, such as nutrient
levels, carbon source, pH, among others), but the presence of ECs in WW can significantly
affect their growth [21]. As shown in Figure 3a,b, exposure to 5 mg/L of BPA did not
significantly affect the growth of C. vulgaris compared to the control (p > 0.05). In contrast,
at 25 mg/L, a marked inhibition of approximately 44% was observed (p < 0.05).
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Figure 3. C. vulgaris growth in SWW exposed to different BPA concentrations. (a)—Microalga growth.
(b)—Cellular concentration after 168 h. The data are presented as mean values from at least three
independent experiments performed in duplicate (1 > 6); SD are presented (vertical error bars).
Statistical differences were subjected to ANOVA followed by the Tukey-Kramer multiple comparison
method. The mean values with different letters are significantly different (p < 0.05).

This growth inhibition aligns with the intracellular effects previously reported, where
the same concentration caused a significant decrease in esterase activity and a notable
increase in ROS levels, reflecting both metabolic and oxidative stress. Despite these intra-
cellular effects, the stability of photosynthetic pigment content suggests that the growth
reduction observed is primarily associated with metabolic impacts rather than damage
to the photosynthetic system. To exclude potential solvent-derived effects, control experi-
ments were performed using methanol at the same concentrations used with BPA (0.05%
and 0.25%, v/v). As shown in Figure Sla,b (Supplementary Material), methanol alone did
not significantly affect C. vulgaris growth under WW-mimicking conditions (p > 0.05). The
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growth curve followed a similar trend to the control throughout the 168 h exposure period,
with no statistically significant differences in final cell concentration (Figure Sla,b, p > 0.05).
Also, the final generated biomass remained comparable among treatments, indicating that
methanol at concentrations up to 0.25% does not exert inhibitory effects on C. vulgaris
under the tested conditions (Table S1, p > 0.05). These results confirm that the growth
inhibition observed at 25 mg BPA /L can be attributed to BPA itself rather than to solvent
interference, ensuring the reliability of the negative impacts. The obtained results regarding
BPA effects on microalga growth follow other studies, showing that BPA at lower concen-
trations (up to 10 mg/L [61,62,71]) may not significantly affect the growth of C. vulgaris,
however, at higher concentrations (between 17 and 100 mg/L [58,63,70,71]), it can lead to
growth inhibition, particularly over extended exposure periods (a concentration-dependent
effect) [70,71]. Nevertheless, Figure 3a shows a slight recovery of the microalga growth
after 72 h of exposure to 25 mg BPA/L, a behavior also reported by ]Ji et al. [38] for C.
vulgaris exposed to the same concentration of BPA, with partial recovery by the end of
the 10-day experiment (240 h). On the other hand, the growth inhibition at higher BPA
concentrations (25 and 50 mg/L) was linked to a decrease in Chl a content, which likely
impaired photosynthesis and contributed to growth suppression. At the highest tested BPA
concentration of 50 mg/L, severe inhibition (85%) was observed after 240 h. Another study
by Czarny-Krzymiriska et al. [70] examined a broader range of BPA concentrations over
336 h. The study found that at low-moderate concentrations, including near 5 and 25 mg/L,
there was an initial stimulation of C. vulgaris growth (a hormesis effect, as was observed
for the chlorophyll content). However, by the end of 336 h, inhibition at 25 mg/L of BPA
ranged between 15% and 20%. The inhibition was associated with a reduction in Chl a
content, likely due to stress responses such as PSII complex degradation or thylakoid lipid
peroxidation. Atenguefio-Reyes et al. [71] found that in a microalgal consortium (S. obliguus
and Desmodesmus sp.) exposed to BPA in SWW, 5 mg/L caused less than 50% growth
inhibition after 96 h, while 25 mg/L caused more than 50% inhibition. The EC5y-96 h was
determined as 17 mg/L. However, using 17 mg/L (EC50-96 h), growth was unexpectedly
stimulated, suggesting that consortium responses in WW conditions differ from short-term
toxicity experiments.

The BPA effects on C. vulgaris growth are reflected in the amount of biomass formed
(Table 1). It is possible to observe a significant reduction in the amount of biomass formed
by the microalga once exposed to 25 mg BPA/L (489.33 &+ 36.90 mg) compared to the
control (911.39 + 78.21 mg), the concentration at which the growth was most inhibited
(Figure 3b, p < 0.05).

Table 1. Total biomass, specific growth rates (i), maximum specific growth rates (umax), and
duplication time (tq) of C. vulgaris for 168 h, under different BPA concentrations. Statistical differences
were subjected to ANOVA followed by the Tukey-Kramer multiple comparison method. The means
with different letters are significantly different (p < 0.05).

Culture u(d-1) p Max (d—1) tq (d) Total Biomass (mg/L)
Control 0.48 +0.032 2.07 +0.07 144 £0.058 911.39 + 78.211
5mg BPA/L 0.42 +0.01P 2.35 +£0.02¢€ 1.55 + 0.02 h 871.42 + 50.78
25 mg BPA /L 0.18 £ 0.02°¢ 5.67 +0.85f 3.61+0.231 489.33 + 36.00 ¥

Regarding the specific growth rate of C. vulgaris (1, Table 1), the value observed for the
control (0.48 4- 0.03 d 1) is within the range of values reported for the growth of microalgae
in WW (0.1-0.95 d~') [72-76]. When exposed to 5 and 25 mg BPA/L, the microalga
showed statistically significantly different values from the control (0.42 4 0.01 d~! and
0.18 £0.02d !, p < 0.05, respectively). Compared with the literature, Ji et al. [38] found
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that, under the experimental conditions assessed, the specific growth rate of C. vulgaris
decreased progressively as the concentration of BPA increased, as was shown in this study
(Table 1). However, it is possible to see that for BPA concentrations of 5 mg/L and 25 mg/L,
the specific growth rates for C. vulgaris (0.59 d ! and 0.54 d !, respectively) reported in
BBM differ notably from those obtained in the present study (Table 1), likely due to the
contrasting conditions between the two environments—BBM being a nutrient-balanced,
contaminant-free medium optimized for algal growth. In contrast, SWW represents a
complex environment that better simulates real WW conditions.

In sum, the exposure of C. vulgaris to high concentrations of BPA has an impact on
the growth of the microalga and subsequent biomass formation. Despite there being no
significant effects on its photosynthetic activity, the growth reduction may be associated
with the intracellular metabolic impacts caused by the reduction of esterase activity and
the overproduction and accumulation of ROS (Figure 1a,b), possibly inducing a cellular
oxidative state.

3.3. Microalgal Wastewater Polishing Ability

As the demand for more efficient and sustainable methodologies for WW polishing
increases, microalgae-based systems have progressively received more attention, based on
their proven ability to effectively remove nutrients and, more recently, ECs [28,29,34].
However, the effects of exposure to different concentrations of BPA can compromise
the microalgal bioremediation potential and their removal mechanisms, for example, by
affecting their growth [38,58,62,63,70]. Indeed, WW treatment aims to reduce effluent N
and P levels to below acceptable limits to avoid eutrophication of the receiving water
bodies [77]. According to European legislation, the limit for the N concentration in effluents
is established at 15 mg/L for an equivalent population of 10,000-100,000 inhabitants (EP),
or 10 mg N/L for more than 100,000 EP, or the removal of more than 70-80% (Ministry
of the Environment 1997; European Commission 1998; European Parliamentary Research
Service 2024 [78-80]). For P concentrations, the values must be less than 2 mg/L for
10,000-100,000 PE, or 1 mg P/L for more than 100,000 PE, or removal of more than 80%
(Ministry of the Environment 1997; European Commission 1998; European Parliamentary
Research Service 2024 [78-80]). This means that it is important to understand if nutrient
removal can be compromised in the presence of BPA. In the present study, N and P
concentrations were quantified in the SWW at the end of 168 h.

The capacity of the microalga C. vulgaris to polish WW appears significantly affected
by exposure to both concentrations of BPA, compared to the control (control—80.7 £ 1.9%
of N removal and 66.3 & 8.3% of P removal, Figure 4a,b, p < 0.05).

Figure 4a shows that the N consumption by C. vulgaris was affected by the dosage
of BPA, with an estimated reduction of around 20% and 38% for 5 mg/L and 25 mg/L of
BPA, respectively. It should be noted that for the highest concentration of BPA, at which the
strongest inhibition of C. vulgaris growth (Figure 3a,b) and the highest metabolic impacts
(Figure 1a,b) were found, there was also the highest reduction of N consumption in WW
(Figure 4a). Consequently, after exposure to 5 mg/L and 25 mg/L of BPA, more than
the legal limit of 10 mg N/L (Ministry of the Environment 1997; European Commission
1998; European Parliamentary Research Service 2024 [78-80]) remained in the WW (around
24 mg N/L). This reduction effect may be due to a higher metabolic impact on C. vulgaris
cells in the presence of BPA, reducing esterase activity (Figure 1a) and increasing the pro-
duction and accumulation of ROS (Figure 1b), compared to the control (p < 0.05). For
P, BPA also showed significant impacts on its efficient removal compared to the control
(Figure 4b, p < 0.05). A 29% and 34% reduction in P uptake inhibition was observed after
exposure to 5 mg/L and 25 mg/L of BPA, respectively, resulting in WW P concentrations
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remaining above the legal limit (Ministry of the Environment 1997; European Commission
1998; European Parliamentary Research Service 2024 [78-80]). Similarly, in the study by
Ji et al. [38], the increase in the BPA concentration in the environment (up to 50 mg/L)
reduced the nutrient absorption capacity (for total N and total P) by C. vulgaris, but specific
percentages of this inhibition were not provided for comparison to the present study. In
Atenguefio-Reyes et al. [71], exposing the consortium of microalgae S. obliquus and Desmod-
esmus sp. to 17 mg BPA /L (as EC5p-96h), it was observed that, for an initial inoculum of
300 mg of biomass/L, higher and more significant nitrate removal was obtained (2.51 times
more removal) compared to the control in SWW. However, it should be noted that the
nitrate concentration used in SWW by the authors was 42 mg/L, a value much lower than
the concentration used in the present study (250 mg/L). C. vulgaris has demonstrated high
nutrient removal efficiency, even under exposure to different ECs, such as pharmaceuti-
cals, personal care products (PPCPs), and endocrine-disrupting chemicals (EDCs), like
parabens [34,72,81,82], with studies reporting removal rates of 92.3% for total N and 82.2%
for total P in WW after 168 h [81], compared to values above 70% for N and > 83% for
P observed in SWW in the study by Vale et al. [34]. On the other hand, the normalized
data revealed no statistically significant differences among treatments for either N or P
consumption (p > 0.05, Table 2). Specifically, N consumption was 45.58 & 4.71, 40.62 £ 3.51,
and 50.32 £ 6.52 ug of N per mg of biomass for the control, 5 mg BPA/L, and 25 mg
BPA /L exposure, respectively. Similarly, P consumption was 10.67 £ 1.86, 8.50 £ 1.67,
and 12.95 + 2.84 pg of P per mg of biomass, respectively. These findings indicate that the
decrease in total N and P removal under BPA exposure was primarily a consequence of
the reduced biomass production caused by BPA-induced growth inhibition rather than a
reduction in the intrinsic nutrient uptake efficiency of the biomass produced.

Table 2. Nutrient consumption normalized per mg of biomass produced. Statistical differences were
subjected to ANOVA followed by the Tukey-Kramer multiple comparison method. The means with
different letters are significantly different (p < 0.05).

Culture N Consumption P Consumption
(ug of N per mg of Microalgal Biomass) (ug of P per mg of Microalgal Biomass)
Control 4558 £4.712 10.67 4+ 1.86 °
5mg BPA/L 40.62 £3.51° 8.50 + 1.67°
25 mg BPA/L 50.32 & 6.52° 12.95 +2.84 P

Microalgae are microorganisms with a remarkable ability to adapt to different WW
environments, capable of adopting mixotrophic or heterotrophic nutritional modes, which
allows them to use both light and organic carbon matter available in the environment for
their development in WW [28,33]. In this study, glucose was also evaluated as a source
of organic carbon in SWW, and Figure 4c shows that axenic C. vulgaris culture achieved
high performance in glucose consumption from the WW environment, with no statistically
significant difference observed at 5 mg of BPA/L compared to the control (96.4% and 98.6%,
respectively; p > 0.05). However, at the highest BPA concentration tested, glucose uptake by
the microalga was significantly inhibited, with only 79.6 & 9.2% removal compared to both
the control and the exposure of 5 mg /L BPA (p < 0.05, Figure 4c). According to the European
Wastewater Treatment Directive (UWWTD), the chemical oxygen demand (COD) must be
reduced to 125 mg/L, or a minimum reduction of 75% for secondary treatment needs to
be achieved [79,80]. Based on the glucose removal observed in this study, the remaining
glucose concentrations were in agreement with the EU regulatory standards [80], with a
minimum reduction of 75% in both the control and exposure to 5 mg/L and 25 mg/L of
BPA (remaining less than 5 mg/L and 100 mg/L of residual glucose in SWW), respectively).
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Similarly, Salgueiro et al. [83] reported that C. vulgaris was able to assimilate the carbon
source in WW to aid rapid growth, achieving over 70% organic matter removal within 9 d.
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Figure 4. Nutrients and glucose removal from SWW supplemented with two concentrations of BPA,
after 168 h. (a)—Nitrogen removal. (b)—Phosphorus removal. (c¢)—Glucose removal. The data
are presented as mean values from at least three independent experiments performed in duplicate
(n > 6); SD are presented (vertical error bars). Statistical differences were subjected to ANOVA
followed by the Tukey—Kramer multiple comparison method. The mean values with different letters
are significantly different (p < 0.05).

The results obtained highlight the problem of BPA accumulation at higher levels in
WW systems, compromising their polishing performance by microalgae-based systems,
and reducing nutrient consumption. Also, it is noteworthy that exposure to higher concen-
trations of BPA compromises the ability of the microalga to consume the organic carbon
source present in the WW, thereby affecting their mixotrophic behavior.

3.4. BPA Removal from Wastewater

Recent studies have shown that microalgae-based systems are capable of efficiently
removing polluting organic compounds from WW [84], such as antibiotics [85], pesti-
cides [86], and parabens [34], using them as a secondary carbon source for their growth [87].
To understand the ability of microalgae to mitigate the presence of plastic additives leached
into the WW system, the capacity of C. vulgaris to remove BPA from the WW environment
for its growth and metabolic activity was analyzed in this study.
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Looking at Figure 5, after 168 h of exposure, C. vulgaris was able to remove circa 34%
and 21% of the amount of BPA present in the SWW when exposed to 5 mg/L and 25 mg/L
of BPA, respectively.
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Figure 5. Removal of BPA in the presence or absence of microalga cells. Two different initial
concentrations of BPA in SWW were tested in the presence or absence of C. vulgaris for 168 h. The data
are presented as mean values from at least three independent experiments performed in duplicate
(n > 6); SD are presented (vertical error bars). Statistical differences were subjected to ANOVA,
followed by the Tukey—Kramer multiple comparison method. The mean values with different letters
are significantly different (p < 0.05).

BPA removal was very effective by the microalga, with values higher than those
observed in the study by Ji et al. [38] for the same exposure concentrations (25% and
14%, respectively, after 240 h), to study the ability of C. vulgaris to biodegrade and/or
bioaccumulate BPA in a BBM medium. In Gulnaz and Dincer [12], C. vulgaris was exposed
for 216 h to a concentration of 20 mg/L of BPA in a Jaworsky medium, showing that most
of the contaminant was degraded after 96 h (>50%) and decreased below the detection
limit after 144 h (the removal percentage and the detection limit are not mentioned). Other
microalgae species were studied for their capacity to remove BPA, at concentrations ranging
from 1 mg/L to 50 mg/L, in growth media (such as BBM or mineral salts medium—MSM)
for 48 to 240 h. Chlorella sorokiniana showed the ability to remove 43.9% of the initial
concentration of 20 mg/L of BPA and 39.5% of the concentration of 50 mg/L in MSM [88].
The same efficiency was observed for two extremophilic species (Picocystis sp. and Graesiella
sp.), which were able to remove 39.9% and 34.8%, respectively, for 25 mg BPA /L in BBM
medium [60]. Also, Chlamydomonas mexicana in BBM could remove up to 38% and 16%,
after 240 h exposure, for 5 mg/L and 25 mg/L of BPA, respectively [38].

It is possible to infer that increasing the concentration of BPA reduces its removal per-
centage by the microalgae, as also observed in this study (Figure 5), but to emphasize that
in terms of the removal rate, the microalgae achieve more when exposed to higher concen-
trations of BPA compared to the exposure to 5 mg/L, after 168 h (0.798 £ 0.040 mg/L.d and
0.264 £ 0.035 mg/L.d respectively, p < 0.05). This may be due to the higher bioavailability
of BPA in the SWW environment, competing with glucose as an organic source, which can
be consumed by microalgae for their growth and metabolic activity [38]. This competition
can be observed in Figure 4c, which shows that at a concentration of 25 mg/L of BPA,
there was a decrease in the glucose consumption by microalgal cells as a carbon source
in SWW, due to the presence of a higher amount of BPA. Furthermore, Figure 3a shows
that from 72 to 96 h of exposure to 25 mg BPA /L, C. vulgaris begins to recover its growth,
corroborating Ji et al. [38]. This means that, with the consumption of BPA (21 % 3%), its
concentration is reduced in the SWW, allowing the microalga to adapt to the toxic effects of
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BPA caused by esterase reduction and the intracellular accumulation of ROS (Figure 1a,b).
However, to better understand whether this reduction is solely due to microalgal activity
or influenced by external factors, the role of photodegradation potentiated by microalgae-
based systems [34] must also be considered. For this reason, in this present work, the
influence of photodegradation was also assessed by the exposure of abiotic controls to BPA
(at 5 and 25 mg/L), cultivated for 168 h, with the same exposure to light, temperature, and
agitation as the assays with the C. vulgaris culture. Figure 5 shows that BPA was minimally
reduced in the abiotic controls (p < 0.05), with only 5% and 3% estimated for 5 mg/L and
25 mg/L of BPA, respectively. Similar results were reported by Gulnaz and Dincer [12] and
Gatullo et al. [89], in which the authors observed that physicochemical abiotic degradation
of BPA was absent or was not statistically significant for BPA. In fact, previous studies have
demonstrated that BPA can be highly persistent in sterile or abiotic environments, with no
significant changes in concentration observed in artificial water over 150 d [90]. In natural
surface waters, reported BPA half-lives vary widely, from around 66 h to 160 d, depending
on physicochemical and biological conditions [91].

This variability highlights that, under sterile and abiotic conditions, BPA tends to
remain largely unchanged for extended periods, while in natural environments its fate is
strongly modulated by the presence of microbial activity and other degradation pathways.

This study demonstrates the ability of C. vulgaris to promote significant BPA removal
from SWW, with abiotic controls confirming that BPA attenuation was primarily associated
with the presence of the microalga. Although higher concentrations of BPA reduced
removal efficiency (%), the removal rates increased. The results confirm the potential of the
microalga for the bioremediation of plastic additives in WW systems.

4. Conclusions

This study evaluated the effects of BPA on microalga Chlorella vulgaris in a SWW envi-
ronment and assessed its potential for simultaneous WW polishing and BPA removal. BPA
exposure induced a concentration-dependent physiological stress response, characterized
by reduced esterase activity and increased intracellular ROS accumulation. These metabolic
alterations negatively affected microalgal growth, resulting in a 44% reduction in biomass
production at 25 mg BPA /L. Despite these effects, C. vulgaris maintained stable chlorophyll
and carotenoid contents, demonstrating the resilience of its photosynthetic apparatus under
BPA exposure.

The inhibitory effects of BPA were also reflected in the WW polishing performance
of the microalga. Nutrient removal efficiencies decreased by up to 38% for N and 34% for
P, while glucose consumption was significantly reduced at the highest BPA concentration
tested. These findings indicate that BPA-induced metabolic stress compromises the capacity
of C. vulgaris to assimilate nutrients and organic carbon from WW, directly affecting the
overall treatment efficiency.

Nevertheless, C. vulgaris significantly reduced BPA concentrations in the WW matrix,
achieving removal efficiencies of 34% and 21% at initial concentrations of 5 and 25 mg/L,
respectively, whereas abiotic losses remained negligible. These results demonstrate that BPA
attenuation was primarily associated with the presence of the microalga and highlight the
potential of C. vulgaris for the treatment of BPA-contaminated WW. However, the analytical
approach employed in this study quantified only the decrease in BPA concentration in the
aqueous phase and did not distinguish among biodegradation, biosorption, intracellular
bioaccumulation, or transformation into intermediate metabolites.

Importantly, the results provide valuable insights for optimizing microalgae-based
BPA remediation systems. Since BPA removal was closely associated with microalgal
physiological performance, strategies aimed at maintaining high biomass productivity and
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metabolic activity are expected to improve treatment outcomes. The superior performance
observed at 5 mg BPA /L suggests that preventing excessive contaminant accumulation
is critical for sustaining efficient remediation. Furthermore, increasing biomass density,
extending cultivation or hydraulic retention times, and promoting acclimation of microalgal
cultures to BPA exposure may enhance both BPA removal and WW polishing performance.

The significant BPA removal achieved by C. vulgaris highlights the need for future stud-
ies to elucidate the mechanisms involved in contaminant attenuation. A better understand-
ing of the relative contributions of biosorption, intracellular accumulation, biodegradation,
and metabolite formation, using complementary analytical techniques, would provide a
scientific basis for optimizing microalgae-based wastewater treatment systems and further
improving BPA removal under realistic operating conditions.

Overall, this work demonstrates that microalga C. vulgaris is a promising candidate
for the treatment of BPA-contaminated WW, while identifying key physiological and
operational factors that should be considered to optimize the performance of microalgae-
based remediation systems.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/app16136578/s1, Figure S1: C. vulgaris growth in SWW exposed
to 0.05% and 0.25% of methanol. (a)—Microalga growth. (b)—Cellular concentration after 168 h.
The data are presented as mean values from at least three independent experiments performed in
duplicate (n > 6); SD are presented (vertical error bars). Statistical differences were subjected to
ANOVA followed by the Tukey—Kramer multiple comparison method. The mean values without
different letters are not significantly different (p > 0.05); Table S1: Total biomass produced by C.
vulgaris for 168 h, under 0.05% and 0.25% of methanol concentrations. Statistical differences were
subjected to ANOVA followed by the Tukey-Kramer multiple comparison method. The means
without different letters are not significantly different (p > 0.05).
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