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A B S T R A C T   

Co-contamination of freshwaters by nanoplastics (NPs; ≤ 1 μm) and metals is an emerging concern. Aquatic 
hyphomycetes play a crucial role as primary decomposers in these ecosystems. However, concurrent impacts of 
NPs and metals on the cellular and physiological activities of these fungi remain poorly understood. Here, the 
effects of environmentally realistic concentrations of two types of polystyrene (PS) NPs (bare and –COOH; up to 
25 μg L− 1) and copper (Cu; up to 50 μg L− 1) individually and all possible combinations (NPs types and Cu) on 
Articulospora tetracladia, a prevalent aquatic hyphomycete, were investigated. Endpoints measured were intra-
cellular reactive oxygen species accumulation, plasma membrane disruption and fungal growth. The results 
suggest that functionalised (–COOH) NPs enhance Cu adsorption, as revealed by spectroscopic analyses. Notably, 
NPs, Cu and their co-exposure to A. tetracladia can lead to ROS accumulation and plasma membrane disruption. 
In most cases, exposure to treatments containing –COOH NPs with Cu showed greater cellular response and 
suppressed fungal growth. By contrast, exposure to Cu individually showed stimulatory effects on fungal growth. 
Overall, this study provides novel insight that functionalisation of NPs facilitates metal adsorption, thus 
modulating the impacts of metals on aquatic fungi.   

1. Introduction 

Over the past few decades, the levels of plastic pollution have risen to 
an unparalleled extent, making it one of the most pressing environ-
mental issues of the 21st century (Thompson et al., 2009). According to 
recent estimates (Boucher and Friot, 2017; Jambeck et al., 2015), the 
current annual input of plastics into the ocean via river systems is 
approximately 9.5 million metric tons. Moreover, significant progress in 
nanotechnology has facilitated the widespread production and uti-
lisation of nanoplastics (NPs, ≤ 1 μm) (Gigault et al., 2021, 2018; 
Hartmann et al., 2019). NPs find wide-ranging applications in various 
sectors, including electronics, energy, healthcare, and agriculture 
(Kumar et al., 2021; Prasad et al., 2017). Besides, surface modification of 
plastics enables the introduction of desired functionalities, such as 
improved adhesion, wettability or biocompatibility, broadening their 
applications. For instance, carboxyl (–COOH) functionalised NPs are 
utilised in targeted drug delivery and environmental remediation 

purposes (Aitken et al., 2006; Nath et al., 2020; Salata, 2004). Despite 
the growing utilisation of NPs, there is currently a dearth of compre-
hensive data regarding their market size and overall extent. However, 
owing to their distinctive attributes such as robustness, longevity, and 
thermal stability, there is an anticipated surge in the demand and pro-
duction of NPs in the forthcoming years. For example, polymeric 
nanoparticles market was valued at approximately US$ 551.9 million in 
2020 and is projected to grow at a compound annual growth rate 
(CAGR) of 10.6% by 2030 (www.alliedmarketresearch.com). Never-
theless, accurate identification and quantification of NPs released into 
the environment are currently impeded by the lack of appropriate 
analytical tools. Advancements in these research areas are crucial for 
comprehending the properties, behaviour, and potential risks associated 
with NPs in aquatic ecosystems, which serve as their ultimate re-
positories (Kumar et al., 2021). Similar to conventional plastics, NPs 
such as polystyrene (PS) NPs, frequently used in electronics, medicine 
and cosmetics, can persist for hundreds of years without decomposing, 
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thereby presenting potential hazards to the environment and wildlife 
(Gottschalk and Nowack, 2011; Mattsson et al., 2018; Mueller and 
Nowack, 2008; Nowack et al., 2012). In addition to their intentional 
manufacture, NPs are also formed by fragmentation of bulk plastics due 
to weathering processes such as biodegradation, hydrolysis and light 
(Gigault et al., 2018; Tallec et al., 2019; Y. Zhang et al., 2022). These 
processes play a significant role in modifying the physicochemical 
characteristics of NPs. For instance, weathering-induced surface oxida-
tion can lead to alterations in the chemical and physical properties of 
NPs, thereby affecting their aggregation behaviour (Li et al., 2020; 
Tallec et al., 2019), migration patterns (Dong et al., 2019), hydropho-
bicity (Li et al., 2020), and adsorption capacity (Liu et al., 2018). Surface 
oxidation involves the introduction of oxygen-containing chemical 
groups onto the NP surface, such as − COOH groups (Nolte et al., 2017; 
Tallec et al., 2019; Wang et al., 2021) resulting in a negatively charged 
NP surface. The presence of newly formed –COOH groups can signifi-
cantly influence the interactions of NPs with other molecules, with im-
plications on their bioavailability and toxicity (Della Torre et al., 2014; 
Zhang et al., 2019). 

Once discharged into the freshwaters, NPs containing –COOH groups 
(up to 0.1 g L− 1) have demonstrated greater toxicity towards periphyton 
biofilms compared to bare NPs (up to 0.1 g L− 1), leading to increased 
oxidative stress and cell membrane damage (Miao et al., 2019). 
Furthermore, –COOH groups enhance the adsorption capacity of NPs to 
organic pollutants and metals (González-Fernández et al., 2021; Liu 
et al., 2018; Naqash et al., 2020), emphasising their role as a potential 
source of these pollutants (Munier and Bendell, 2018). For example, 
–COOH NPs (up to 0.1 g L− 1) contributed to the toxicity enhancement of 
arsenic (up to 7.5 g L− 1) and methylmercury (up to 21.5 g L− 1) in fish 
brain-derived cells (González-Fernández et al., 2021). 

Freshwaters are particularly vulnerable to emerging contaminants, 
as they serve as the primary interface between terrestrial and aquatic 
compartments, receiving inputs from both land and water sources. 
Therefore, they are often more susceptible to adverse effects of emerging 
contaminants when compared to other environmental compartments. 
Mining activities contribute to the widespread occurrence of metals in 
freshwater systems, leading to the co-existence of metals with emerging 
contaminants such as NPs. Among these metals, copper (Cu) stands out 
as a prominent pollutant, with concentrations reaching levels as high as 
10 mg L− 1 (Sridhar et al., 2000) particularly in European streams 
(Krauss et al., 2011). Although Cu is an essential micronutrient, its 
elevated concentrations can interfere with numerous biochemical pro-
cesses by inhibiting enzymes and inducing oxidative stress through the 
generation of reactive oxygen species (ROS) (Avery, 2001; Braha et al., 
2007). When ROS levels surpass the cellular detoxification capacity, 
they can induce damage by compromising the cellular redox potential, 
leading to lipid peroxidation and subsequent impairment of the plasma 
membrane (Avery, 2001; Petersen and Nelson, 2010) as well as mito-
chondrial membrane depolarisation (Pradhan et al., 2015) and growth 
(Pradhan et al., 2014). 

Aquatic fungi, particularly aquatic hyphomycetes, hold significant 
importance in freshwater ecosystems as they contribute to the decom-
position of organic matter. This process is vital for sustaining the func-
tioning and overall health of the ecosystem (Gessner et al., 1999; 
Gessner and Chauvet, 2002; Graça and Canhoto, 2006). The enzymatic 
activities of aquatic hyphomycetes are responsible for the breakdown of 
structural components of organic matter, resulting in the release of 
essential nutrients. These nutrients are fundamental for the growth and 
survival of various other organisms within the ecosystem. Aquatic 
hyphomycetes improve the palatability and nutritional quality of 
organic matter for invertebrates (Cummins, 1973; Cummins and Klug, 
1979; Graça, 2001), promoting energy transfer throughout the fresh-
water food web (Graça and Canhoto, 2006). These fungi are known to be 
particularly sensitive to anthropogenic stressors (Ferreira et al., 2016; 
Solé et al., 2008), which lead to detrimental effects on their survival, 
growth and activity (Azevedo and Cássio, 2010; Ferreira et al., 2016). 

Notably, the exposure to PS NPs (1 × 10− 6 and 1 × 10− 4 g L− 1) impacted 
the growth and enzyme activity of aquatic hyphomycete communities 
by interfering with the nutrient uptake mechanisms (Du et al., 2022). 
Moreover, PS NPs have been found to diminish the decomposition ca-
pacity of these fungi, with significant implications for freshwater eco-
systems (Du et al., 2022). Similarly, metals such as Cu (up to 0.63 g L− 1) 
can exert harmful effects on aquatic hyphomycetes leading to decreased 
leaf decomposition rates, impaired fungal reproduction and reduced 
biomass production (Duarte et al., 2008). In addition, Cu can exert 
higher toxicity than zinc on multiple species of aquatic hyphomycetes 
(Duarte et al., 2008). Moreover, the exposure to nano copper oxide (up 
to 0.2 g L− 1) induced oxidative stress in aquatic hyphomycetes as 
demonstrated by the concentration-dependent intracellular accumula-
tion of ROS, plasma membrane damage, and DNA strand breaks (Prad-
han et al., 2015). 

In recent years, there has been growing interest in understanding the 
combined effects of pollutants on freshwater organisms due to the 
frequent occurrence of multiple pollutants in freshwater environments. 
NPs and metals are among the prominent contaminants found in such 
settings, and their co-existence is an unavoidable reality. Co-existing 
environmental contaminants can interact, altering their bioavailability 
and toxicity to freshwater organisms. The goal of this study was to 
provide insights into the concomitant effects of NPs and Cu on the vital 
cellular processes and overall growth of a common wide-spread aquatic 
hyphomycetes Articulospora tetracladia (ARTE; Seena et al., 2012, 2018; 
2012). The cellular and physiological responses of ARTE to two different 
types of NPs (bare and –COOH), as well as Cu, both individually and in 
various combinations of NPs types with Cu, were investigated. The study 
focused on environmentally realistic concentrations of these NPs (0.25, 
2.5, and 25 μg L− 1) and their combinations with Cu (25 and 50 μg L− 1). 
ARTE is highly susceptible to the presence of pollutants, which can 
adversely affect its ability to decompose organic matter. Notably, pre-
vious studies have shown that nano copper oxide (0.12 mg L− 1) and PS 
NPs (102.4 mg L− 1) reduced the leaf litter decomposition ability of ARTE 
(Seena et al., 2019; Seena and Kumar, 2019). Here, it was hypothesised 
that increasing concentrations of PS NPs and Cu would have detrimental 
effects on cellular activities and fungal growth (Pradhan et al., 2015). 
Besides, co-exposure of PS NPs types with Cu would modulate the 
adverse effects on fungi, given that NPs tend to influence metal toxicity 
by facilitating metal adsorption (Lee et al., 2019). This study was con-
ducted in stream microcosms; the measured parameters were ROS and 
plasma membrane disruption to unravel the cellular activities and 
biomass production for fungal growth. 

2. Materials and methods 

2.1. Polystyrene nanoplastics 

PS NPs are widely utilised as model NPs due to their ease of syn-
thesis, enabling their production in various sizes and surface function-
alisation. This feature of PS NPs contributes to their popularity as a 
versatile choice for mimicking different types of NPs (Kik et al., 2020; 
Loos et al., 2014). Bare and –COOH PS NPs with a nominal mean 
diameter, respectively of 70 and 60 nm, purchased from Spherotech Inc. 
(10,000 mg L− 1 aqueous suspension) were used in this study. Suspension 
of bare NPs was provided in 1% deionised water, which included 0.02% 
sodium azide as a bacteriostatic preservative. On the other hand, the 
suspension of –COOH PS NPs was supplied in 1% deionised water 
(without sodium azide). To remove the sodium azide from the bare NPs 
suspension before the exposure experiment, dialysis was performed 
using a dialysis bag (molecular weight cut-off of 1000), against deion-
ised water (Miao et al., 2019; Pikuda et al., 2019). In order to confirm 
that the concentration of the suspension remained consistent after the 
dialysis process, UV–visible spectra (Borowska and Jankowski, 2023; 
Minelli et al., 2019) was measured (Agilent 8453, USA). This allowed for 
a comparison of the suspensions before and after dialysis, ensuring that 
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there were no significant changes in the NPs concentration. In addition, 
inductively coupled plasma atomic emission (ICP-AES) spectrometry 
was evaluated (PerkinElmer Optima 4300DV, USA) to measure the so-
dium concentration after dialyses (Kumar et al., 2019). NPs aqueous 
suspensions were sonicated in an ultrasonic water bath (42 kHz, 100 W; 
Branson 2510, USA) for 10 min before use. 

2.2. Microcosm experiment 

The chosen nominal exposure concentrations of NPs were repre-
sentative of the current low (0.25 μg L− 1) and high (2.5 μg L− 1) con-
centrations of microplastics found in aquatic systems (Jambeck et al., 
2015; Lenz et al., 2016). Moreover, the highest concentration (25 μg 
L− 1) was selected to project a tenfold increase in the amount of plastic 
waste entering ecosystems by 2025 (Jambeck et al., 2015). The con-
centrations of Cu (25 and 50 μg L− 1) used in this study were chosen to 
mirror the average values observed in Iberian streams, which have a 
significant history of mining activities (Quainoo et al., 2016; Seena 
et al., 2020). For both PS NP types, a 25 μg L− 1 of plastic suspension was 
accomplished by diluting the NPs (10,000 mg L− 1) in sterile 1% malt 
extract broth (GranuCult®, autoclaved, 120 ◦C, 20 min) containing 16 
mg L− 1 of streptomycin sulphate (Sigma-Aldrich) in order to avoid 
bacterial growth. The desired lower concentrations of 2.5 and 0.25 μg 
L− 1 were achieved by performing successive dilutions of the NPs sus-
pension at 25 g L− 1 in the malt extract broth. A 50 mg L− 1 Cu stock 
solution was prepared by adding 98.23 mg of copper (II) sulphate 
crystals (CuSO4⋅5H2O; Sigma) and by stirring gently on a magnetic 
stirrer (10 min; Stuart Scientific, UK). Serial dilutions were then per-
formed to obtain concentrations of 1 mg L− 1, followed by additional 
dilutions to achieve concentrations of 50 and 25 μg L− 1 Cu. Further, the 
sterile Cu solution was obtained after passing through a filter (Ministart 
Syringe Filter; Sartorius) and added to the microcosms containing the 
respective concentrations of NPs prepared in 1% malt extract broth. The 
fungi, ARTE (MARE-UC-28-2019), isolated from a stream within a 
temperate deciduous forest (Margaraça Forest in Central Portugal) was 
used in this study. The effects were evaluated using 21 treatments with 
15 replicates assigned to each treatment. The treatments included a 
control group (0 μg L− 1 of NPs and Cu), Cu (25 and 50 μg L− 1), and NPs 
(0.25, 2.5 and 25 μg L− 1). Furthermore, mixtures containing all possible 
combinations of NPs and Cu (see Fig. S1) were included in the study. 
Endpoints measured were accumulation of intracellular ROS and plasma 
membrane integrity to evaluate the cellular responses as well as fungal 
biomass production to assess their growth (Fig. S1). Experimental pro-
cedure commenced by incubating the microcosms consisting of 25 mL of 
the respective exposure treatments. The incubation was carried out at a 
temperature of 18 ◦C for 24 h in the dark using an orbital shaker (120 
rpm). Following this incubation period, fungal homogenates were 
inoculated into microcosms. For preparing fungal homogenates, an agar 
plug (12 mm diameter; 21 days old cultures) of ARTE grown on malt 
extract agar medium (1% w/v; agar and malt extract) at 18 ◦C was 
homogenised (Ultra Turrax IKA, Germany) in 1 mL sterile liquid me-
dium (1% w/v; malt extract) and 0.25 mL of the homogenate was 
inoculated in a 100-mL Erlenmeyer flask containing 25 mL of the 
respective exposure treatments. Subsequently, microcosms were incu-
bated on an orbital shaker (120 rpm) for 10 days under similar condi-
tions. Among the replicates (n = 15), three sets were designated for the 
analysis of ROS accumulation and plasma membrane integrity of the 
fungal hyphae. Mycelial suspensions from these three sets were pooled 
before the assessments were conducted. Following the evaluation of ROS 
and plasma membrane integrity, suspensions were used for NPs char-
acterisation. Remaining nine microcosms were dedicated to biomass 
quantification. An additional three replicates were maintained in the 
absence of fungal homogenate to eliminate any potential interference 
from the media during biomass quantification. 

2.3. Characterisation 

Plastic size in the suspension containing 25 μg L− 1 was confirmed by 
Dynamic Light Scattering (DLS) on a Zeta PALS Zeta Potential Analyzer 
(Brookhaven Instruments Corporation, USA). Attenuated total 
reflection-infrared (ATR-IR) spectra were recorded over the wave-
number range 4000− 500 cm− 1 (Jasco FT-IR-4100, USA) to confirm the 
functional and structural groups. This analysis was performed by using 
the suspensions containing highest concentration of NPs with Cu. 
UV–visible absorption spectra were analysed using 1 cm quartz cells 
(Agilent 8453, USA) to investigate the potential adsorption of Cu onto 
the NPs. This analysis involved suspensions containing NPs individually, 
as well as the combination of highest concentration of NPs with Cu. 
High-Resolution Field Emission Scanning Electron Microscopy (HR-FE- 
SEM) with Energy Dispersive X-Ray Analysis (EDX; Hitachi SU8010, 
Japan) was performed to characterise PS NPs surface, and to check the % 
of elements and further elemental mapping was used to detect Cu 
adsorbed onto NPs. This analysis involved suspensions containing the 
lowest concentration of NPs with the highest Cu concentration. 

2.4. Intracellular reactive oxygen species 

Assessment of ROS was conducted using Mito Red 53271 (Sigma- 
Aldrich), a dye that produces a red fluorescent compound upon oxida-
tion by intracellular ROS sequestered in the mitochondria. This dye is 
commonly used to assess mitochondrial status in response to various 
stress conditions (Azevedo et al., 2009; Pradhan et al., 2015). To prepare 
the samples, mycelia were washed in phosphate-buffered saline (PBS; 
pH 7.4) and incubated with Calcofluor White Reagent (1 min; Fluka 
Analytical) to stain the fungal cell wall. Subsequently, the mycelia were 
washed in PBS followed by incubation with MitoRed (10 mg mL− 1, 30 
min) at room temperature in the dark. Stained mycelia were placed on a 
μ-slide 8 well (Ibidi GmbH, Germany) and scanned under a confocal 
microscope (Carl Zeiss LSM 710, Jena, Germany) equipped with a 
Plan-Apochromat 63′/1.4 oil objective and lasers Diode 405–30 and 
DPSS561-10 (Fernandes et al., 2014). Quantification of fluorescence was 
performed using automated settings in the laser scanning confocal mi-
croscope and was analysed by using Fiji/ImageJ software (Schneider 
et al., 2012). Parameters such as selection of the region of interest (ROI), 
filtering background noise, focus and threshold intensity were set to 
avoid excessive or weak signal. All quantitation and analysis were per-
formed using three images per treatment (Amaldoss et al., 2022; Desh-
pande et al., 2021). All treatments (n = 21) encompassing control, NPs 
and Cu individually and all their combinations were assessed. 

2.5. Plasma membrane integrity 

Plasma membrane integrity in response to NPs and metals was 
evaluated using propidium iodide (94% HPCL; Sigma-Aldrich). This dye 
is commonly employed to distinguish between early and late stages of 
apoptosis, as it is unable to penetrate the cell unless the plasma mem-
brane is compromised (Pradhan et al., 2015). Therefore, mycelia 
exhibiting intense red fluorescence were indicative of plasma membrane 
disruption. Briefly, after washing the mycelia with PBS, fungal cell wall 
was stained using Calcofluor White Reagent. Mycelia were again washed 
with PBS and then incubated with propidium iodide (5 mg mL− 1) for 15 
min at room temperature in the dark. Stained mycelia were placed on a 
μ-slide 8 well (Ibidi GmbH, Germany) and scanned under a confocal 
microscope and quantified (Brazill et al., 2018) as described above. All 
treatments (n = 21) encompassing control, NPs and Cu individually and 
all possible combinations were evaluated. 

2.6. Fungal biomass 

Initial weight of filter papers (Millipore 0.5 μm, 0.45 mm) were 
determined after subjecting them to freezing and lyophilisation process 
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(− 50 ◦C, 12 h, Lablyo mini, UK). Suspensions were subsequently filtered 
through pre-weighed filter papers, which were then frozen, lyophilised, 
and weighed to the nearest 0.001 g in order to quantify fungal biomass. 
In addition, replicates containing only media were filtered and weighed 
to ensure that the weight of fungal biomass was not influenced by the 
media. Fungal biomass serves as a proxy for fungal growth, reflecting 
overall increases or decreases in mycelial mass. 

2.7. Statistical analyses 

Intracellular ROS production, plasma membrane disruption and 
fungal biomass were assessed by one-way factorial permutational 
multivariate analysis of variance (PERMANOVA, α ≤ 0.05) with treat-
ments as a factor (Amaldoss et al., 2022; Deshpande et al., 2021). 
Matrices of similarity were based on Bray-Curtis similarity with 9999 
permutations and Type III sums of squares (Anderson, 2017; Anderson 
et al., 2008). To evaluate significant differences on ROS production and 
plasma membrane disruption between treatments, Monte Carlo sam-
pling (p ≤ 0.05; Anderson and Robinson, 2003) was employed to derive 
p-values, considering the limited number of possible permutations. 
Furthermore, to assess the significant differences on biomass production 
between treatments, pairwise test (p ≤ 0.05) was used (Anderson et al., 
2008). PERMANOVA is a non-parametric test especially suited when 
assumptions of a parametric ANOVA are not met (Anderson et al., 2008). 
These analyses were performed in Primer v6.1.13 (Clarke and Gorley, 
2006) with PERMANOVA + v.1.0.3 add-on (Anderson et al., 2008). 

3. Results 

3.1. Characterisation of NPs 

DLS data revealed that both the bare and –COOH NPs in the stock 
suspension exhibited a mean size of 74 ± 8.9 and 81 ± 9.4 nm, 
respectively. This indicates that the suspensions were effectively 
dispersed exhibiting minimal or negligible agglomeration (Gao et al., 
2022). FTIR spectra represent the asymmetric and symmetric stretching 
bands at 2976–2808 cm− 1, confirming the presence of methylene (–CH2) 
groups in all the samples analysed (Fig. 1). Notably, FTIR spectra of 
control and the treatment containing bare NPs and Cu showed broad 
spectral bands at 3411–3371 cm− 1 (hydroxyl group; –OH), 1643 cm− 1 

(carbonyl group; C––O groups), and sharp bands at 1100–1041 cm− 1 

(C–O bonds) (Seena et al., 2022a); whereas all these peaks decreased in 
suspension containing –COOH NPs and Cu. The absorption maxima 
observed at 326 nm in the UV–visible spectra (Fig. 2) can be attributed 
to π–π* transition. Notably, absorption peaks of the suspensions 
decreased gradually with the presence of –COOH functional group and 
Cu, suggesting an increase in adsorption of Cu. FE-SEM images of the 
suspensions with the highest concentrations of bare NPs combined with 
Cu revealed a nonporous, smooth membranous phase (Kumar and Koh, 
2014) and was different when compared to control and the other –COOH 
NPs counterpart (Fig. 3a–c). The sample with –COOH NPs evidenced 
dome shaped cavity and non-porous surface whereas the control showed 
microfibrils (Kumar and Koh, 2014). Moreover, SEM EDX analysis 
demonstrated a higher Cu percentage (0.77%) in suspensions containing 
–COOH with Cu, in contrast to the control (0%) and bare NPs with Cu 
(0.22%) (Figs. S2a–c). 

3.2. Intracellular reactive oxygen species 

In control group (0 μg L− 1 NPs and Cu), lack of red fluorescence, 
observed after staining mycelia with MitoRed, indicated the absence of 
intracellular accumulation of ROS (Fig. 4a–d). Moreover, there was a 
progressive enhancement in red fluorescence with increasing exposure 
concentrations. Consistent with observations in the confocal microscopy 
images, control group exhibited the lowest accumulation of ROS as 
confirmed by the quantification of fluorescence intensity derived from 
the confocal microscopy images (Fig. 5a). Whereas all the other treat-
ments exhibited a NPs concentration-dependent pattern (one-way 
PERMANOVA; F20,42 = 18.747, p = 0.0001). Control group showed 
significant differences from all treatments (pairwise test; p = 0.0001 to 
0.0048); on average, all treatments displayed ~65% higher accumula-
tion of ROS compared to control group. Additionally, significant dif-
ferences were observed between the two Cu concentrations (25 and 50 
μg L− 1; p = 0.006; Table 1) and between all the tested bare NPs con-
centrations (up to 25 μg L− 1; p = 0.0031 to 0.0456). The highest con-
centration of Cu (50 μg L− 1) resulted in an increase (by 25%) in ROS 
accumulation compared to all treatments involving bare NPs. However, 
significant differences were only observed between the treatment con-
taining bare NPs (0.25 and 2.5 μg L− 1) and Cu (50 μg L− 1) and combi-
nations of bare NPs (0.25 and 2.5 μg L− 1) with Cu at concentrations of 25 
and 50 μg L− 1 (p = 0.0001 to 0.0122; Table 1). In general, treatments 
containing –COOH NPs were found to be more harmful, leading to an 
increase (by 25%) in ROS accumulation compared to bare NPs (Fig. 5a). 
The highest concentration of –COOH NPs (25 μg L− 1) exhibited a more 

Fig. 1. Fourier-Transform Infrared (FTIR) spectroscopy of suspensions 
comprising control, highest concentrations of bare and functionalised (–COOH) 
nanoplastics (NPs) with highest copper (Cu) concentration. 

Fig. 2. UV–visible spectra of suspensions consisting of control, highest con-
centration of bare and functionalised (–COOH) nanoplastics (NPs) individually 
as well as with highest copper (Cu) concentration. 
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detrimental effect (respectively by 22 and 14%) compared to the highest 
concentration of Cu (50 μg L− 1), as well as –COOH NPs with Cu (50 μg 
L− 1). However, significant differences were only observed between the 
highest concentration of –COOH NPs (25 μg L− 1) and Cu (25 μg L− 1; p =
0.0009 and 50 μg L− 1; p = 0.0473). 

3.3. Plasma membrane integrity 

Plasma membrane disruption was absent in fungi exposed to control 
group, as indicated by the lack of red fluorescence after staining with 
propidium iodide (Fig. 4e–h). Furthermore, there was a progressive rise 
in red fluorescence as the exposure concentrations increased (Fig. 4e–h). 
In accordance to confocal microscopy images, control group displayed 
minimal occurrence of plasma membrane damage as visualised by the 
quantification of fluorescence intensity (Fig. 5b). Although fungal 
plasma membrane disruption was significantly different among treat-
ments (one-way PERMANOVA; F20,42 = 10.294, p = 0.0001; Table 2), 
dose-dependent response was absent (Fig. 5b). However, significant 
differences were noted between control and all other treatments (p =
0.0001 to 0.0043) except for treatments containing Cu (25 and 50 μg 
L− 1; pairwise test; p ≥ 0.05). The highest concentration of Cu (50 μg L− 1) 
elicited a greater detrimental effect compared to its lowest concentra-
tion (25 μg L− 1), leading to an increase (by 23%) in plasma membrane 
disruption (p ≥ 0.05; Table 2). Nonetheless, both Cu concentrations 
were less harmful (by ~50%) than all the other treatments excluding 
control. Notably, only the lowest Cu concentration exhibited significant 
differences compared to all treatments involving PSNP types individu-
ally or with Cu (p = 0.0006 to 0.0296; Table 2). Both types of PS NPs, 
individually at all tested concentrations (up to 25 μg L− 1), did not 
exhibit significant differences from each other. Plasma membrane 
disruption was more prominent when the fungi were exposed to treat-
ments containing PS NPs (2.5 and 25 μg L− 1) with the highest Cu con-
centration. However, treatments containing –COOH with Cu exhibited 
the highest level of plasma membrane disruption, but these treatments 
did not show significant differences compared to certain other treat-
ments (see Table 2). 

3.4. Fungal biomass 

Fungal biomass production was significantly influenced by PS NP 
types, metals, and their combinations at all tested concentrations (one- 
way PERMANOVA; F20,155 = 14.381; p = 0.0001; Fig. 5c). Notably, a 
dose-dependent response was not observed. Additionally, no significant 
differences were found between the Cu concentrations (pairwise test; p 
> 0.05; Table 3) and between concentrations of all the tested PS NP 
types (p > 0.05). Interestingly, exposure to Cu at 25 μg L− 1 (p < 0.05) 
and 50 μg L− 1 (p = 0.0102; Table 3) resulted in increased (respectively 
by 12 and 16%) biomass production compared to control group. Addi-
tionally, exposure to bare NPs and their combinations with Cu resulted 
in increased biomass production (up to 19%), except for bare NPs (2.5 
and 25 μg L− 1) with the highest Cu concentration (Fig. 5c). However, 
these effects were not significantly different from the control group (p >
0.05; Table 3). On the other hand, fungal exposure to treatments 

containing –COOH NPs suppressed their growth (by 16%; p = 0.0003 to 
0.012) compared to the control group. 

4. Discussion 

Aquatic hyphomycetes are crucial components of freshwater food 
webs as they decompose plant material, thereby releasing nutrients that 
can be utilised by other organisms in the ecosystem. The role of these 
fungi in nutrient cycling and organic matter decomposition is critical for 
the functioning of freshwater ecosystems (Barros and Seena, 2022; 
Seena et al., 2022b). Aquatic hyphomycetes are sensitive to a variety of 
anthropogenic stressors that can negatively impact their growth and 
decomposition activities. Among these stressors, metals such as Cu is a 
prevalent metal pollutant known for its toxic effects on these fungi. The 
fungal cell wall harbours negatively charged locations, including glu-
curonic acid, which is capable of binding metal ions (Krauss et al., 2011; 
Braha et al., 2007). 

The impact of plastics, especially functionalised NPs, on aquatic 
fungi is an emerging field. Recurrent detection of PS in freshwater 
ecosystems (Li et al., 2020; Wagner et al., 2014) emphasises the urgency 
for in-depth exploration of the ecological implications and effects of 
plastics, including PS NPs. Furthermore, in freshwater systems where 
NPs and Cu coexist, NPs may have the capacity to modulate the toxicity 
of Cu (Wan et al., 2021). Notably, NPs can enhance the uptake of Cu by 
aquatic organisms, influencing their toxicity levels (Bellingeri et al., 
2019). In addition, NPs have been identified as potential carriers of Cu 
facilitating its transportation and accumulation in aquatic organisms 
(Della Torre et al., 2014; Koelmans et al., 2013). These compelling 
findings emphasise the importance of extensive investigations to 
comprehend the ecological impacts of co-occurring Cu and NPs in 
aquatic systems, considering environmentally realistic concentrations. 
In this pioneering study, a comprehensive examination was conducted 
to assess the cellular and physiological responses of the ubiquitous 
aquatic hyphomycete ARTE to environmentally relevant concentrations 
of bare and functionalised (–COOH) PS NPs and Cu, individually and all 
possible combinations. Overall, the results provided evidence that ARTE 
exhibited heightened accumulation of ROS and disruption of plasma 
membrane upon exposure to increasing concentrations of both types of 
PS NPs, whether individually or with Cu. Furthermore, adsorption of Cu 
onto NPs was detected, and their co-exposure intensified the negative 
effects particularly leading to plasma membrane disruption. However, it 
is noteworthy that these findings only partially support the hypotheses, 
as the observed impact on ROS accumulation and fungal growth did not 
align with the anticipated trends. 

4.1. Characterisation 

Although Cu plays a vital role in several biological processes, its high 
concentrations can pose a significant threat, especially in aquatic sys-
tems, where it is more bioavailable (Keller et al., 2017). Besides, Cu can 
be easily adsorbed by NPs through mechanisms such as electrostatic 
attraction, ion exchange and surface complexation mechanisms (Chen 
et al., 2022). Adsorption of Cu onto NPs is influenced by various factors, 

Fig. 3. Field Emission Scanning Electron Microscopy (FE-SEM) images of the suspension constituting (a) control, (b) lowest concentration of bare nanoplastics (NPs) 
with highest copper (Cu) concentration and (c) lowest concentration of functionalised (–COOH) NPs along with highest concentration of Cu at magnifications 2 μm 
and 5kV × 25 k. 
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including the properties of NPs such as surface functionalisation. In this 
study, a reduction in the intensity of peaks in the FTIR spectra, specif-
ically in the suspension containing –COOH NPs (25 μg L− 1) with Cu (50 
μg L− 1) was observed indicating the occurrence of electrostatic attrac-
tion (Chen et al., 2022). This mechanism is anticipated to occur when 
negatively charged NPs, such as –COOH, attract positively charged Cu 
ions, resulting in their adsorption onto the surface of NPs. Furthermore, 
UV-absorption spectra of the aforementioned suspension exhibited a 
significant decrease compared to control and suspension containing bare 

NPs with Cu. Elemental mapping also confirmed adsorption of Cu onto 
NPs surface; concentration of Cu was more in suspension containing 
–COOH NPs and Cu. FE-SEM analysis of the sample containing bare NPs 
with Cu indicated that fungal mycelia were embedded in the NPs leading 
to a nonporous smooth surface. Whereas the presence of –COOH groups 
in the other NPs sample resulted in a dome-shaped cavity with mycelia 
also embedded within these NPs, leading to a nonporous surface. 
Additionally, in the control group devoid of NPs, mycelia exhibited the 
formation of microfibrils. 

Fig. 4. Confocal microscopy images of (a–d) reactive oxygen species (ROS) accumulation and (e–h) plasma membrane disruption in the suspensions containing 
control as well as bare and functionalised (–COOH) nanoplastics (NPs) and copper (Cu) individually and in all possible combinations arranged in the increasing order 
of exposure concentrations. 
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4.2. Cellular responses 

The study revealed that treatments involving PS NPs with carboxyl 
(–COOH) functional groups were more detrimental to ARTE compared 
to treatments with bare NPs. This suggests that the –COOH groups can 
modulate the negative impacts on these aquatic fungi. For example, 
adsorption of positively charged (–NH2) PS NPs by algae such as 
Chlorella and Scenedesmus (primary producers) was greater than nega-
tively charged (–COOH) PS NPs. However, both types of NPs caused 
inhibition of algal photosynthetic activities and induced the production 
of ROS in a concentration-dependent manner (Bhattacharya et al., 
2010). In addition, exposure to –COOH PS NPs inhibited growth of the 
algae Raphidocelis subcapitata, leading to morphological alterations, 
disturbance of mitotic cycle and reduction in photosynthetic efficiency 
(Bellingeri et al., 2019). Functionalisation of NPs play a crucial role in 
shaping their toxic mechanisms (Zhang et al., 2022a,b). In general, 
charged NPs produces increased levels of ROS, triggering oxidative 
stress, alterations in membrane permeability, and disruption of cellular 
function (Zhang et al., 2022a,b). Additionally, they may have the po-
tential to induce cell apoptosis (Qu et al., 2023). 

Studies exploring the interactions between charged NPs and fungi 
are limited. Diverse functional groups of the fungal cell wall (Gadd and 
Sayer, 2000), may interact with charged NPs, potentially resulting in 
their adsorption onto fungal cell surface. Given the research carried out 
on eukaryotic cells like animal or human cells (for review see, Zhang 
et al., 2022a,b), it’s reasonable to consider that fungi might also have 
various mechanisms for internalising NPs into lysosomes (Xu et al., 
2021). For instance, negatively charged NPs may escape from lysosomes 
and influence cellular components to induce stress (Yang and Wang, 
2023), while positive NPs destabilise lysosomes promoting a cascade of 
cellular damage through ROS generation (Zhang et al., 2022a,b). 
Furthermore, the formation of the eco-corona is also influenced by the 
surface charge of NPs (Zhang et al., 2022a,b). 

The current study revealed that the treatment consisting of lower 
concentrations of both NPs with Cu effectively mitigated the accumu-
lation of ROS, which was in contrast to the treatment containing the 
highest concentration of Cu. Importantly, the highest concentration of 
–COOH, either individually or in combination with Cu, significantly 
contributed to the increased accumulation of ROS. In addition, it is 
noteworthy that enhanced plasma membrane disruption caused by 
exposure to NPs with Cu was observed at all concentrations, high-
lighting the adverse effects of this combination compared to Cu indi-
vidually. This observation prompts further investigation into the 
underlying mechanisms for overall cellular health and function. Previ-
ous studies have provided evidence that combined exposure to micro-
plastics and metals influenced their impact on organisms. For instance, 
combination of microplastics (polymer of undisclosed composition, 2 
mg L− 1) and Cu (60 and 125 μg L− 1) had a greater effect on biomarkers, 
such as ROS, lipid peroxidation, superoxide dismutase and glutathione 
on zebrafish larvae (Santos et al., 2021). This indicated that micro-
plastics may serve as a vector for metal uptake leading to reduced sur-
vival and growth (Santos et al., 2021). Another study investigating the 
impact of PS microplastics (1 mg L− 1) with Cu (up to 2 mg L− 1) on a 
freshwater fish (Oreochromis niloticus), revealed that their exposure in-
creases Cu bioaccumulation and results in histopathological changes in 
the liver, intestine and gills (Zhang et al., 2022). In a previous study, 
exploring the co-exposure of various types of PS NPs (up to 100 mg L− 1) 
with Cu (1.5 mg L− 1), an increased level of oxidative damage to marine 
green algae (Platymonas helgolandica) was observed. Interestingly, 
adsorption of Cu onto PS NPs was not detected, yet the presence of PS 
NPs facilitated the interaction between Cu and algal cells, leading to 
increased toxicity (Gao et al., 2022). This suggests that the mechanism 
of combined toxicity between NPs and metals may not solely involve 
direct adsorption, but also indirect interactions between these pollutants 
and organisms (Gao et al., 2022). 

Fig. 5. Fluorescence intensity of the confocal microscopy images of (a) reactive 
oxygen species (ROS) accumulation and (b) plasma membrane disruption as 
well the (c) fungal biomass production (growth) derived from the suspensions 
containing control as well as bare and functionalised (–COOH) nanoplastics 
(NPs) and copper (Cu) individually and in all possible combinations arranged in 
the increasing order of exposure concentrations. 
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Table 1 
Post hoc pairwise PERMANOVA comparisons of reactive oxygen species production (ROS). Upper diagonal = p values. Lower diagonal = t values. 

Table 2 
Post hoc pairwise PERMANOVA comparisons of plasma membrane disruption. Upper diagonal = p values. Lower diagonal = t values. 
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4.3. Fungal biomass 

In this study, Cu exposure led to increased fungal growth, consistent 
with previous findings on the stimulating effect of Cu on aquatic 
hyphomycetes (Azevedo and Cássio, 2010; Quainoo et al., 2016). Cu was 
observed to stimulate the expression of laccase genes in these aquatic 
fungi, enhancing the production of laccase enzymes involved in lignin 
degradation and breakdown of phenolic compounds. This stimulation of 
laccase genes by Cu promotes their growth, highlighting its role as a 
growth stimulant through laccase gene expression (Pradhan et al., 2014; 
Solé et al., 2012). Typically, moderate metal levels (6.33 mg L− 1) tend to 
exert a more pronounced negative impact on aquatic fungal reproduc-
tion (sporulation) compared to their growth and decomposition capacity 
(Duarte et al., 2008; Solé et al., 2008). However, at high concentrations 
(25.4 mg L− 1), Cu has been observed to inhibit both the growth and 
reproduction of diverse aquatic fungal species (Miersch et al., 1997). 

Although numerous studies have been conducted to assess the mode 
of action of Cu in triggering physiological responses in freshwater fungi 
(for review see Krauss et al., 2011), mechanisms driving the impacts of 
NPs on freshwater organisms, particularly fungi, are not yet fully 
elucidated. However, it is worth noting that PS NPs exposure caused a 
decline in population growth in freshwater algae (Scenedesmus obliquus). 
Additionally, it resulted in reduced growth of the zooplankton Daphnia 
magna, promoting severe reproductive alterations (0.22–103 mg L− 1; 
Besseling et al., 2014). In general, bare PS NPs individually or with the 
lowest concentration of Cu revealed a substantial augmentation in 
fungal biomass production. However, the increase did not surpass the 
enhancement observed with exposure to Cu individually. Previously, 
when leaf litter fungal community was exposed to PS NPs (up to 100 μg 
L− 1) an increase in biomass was also evidenced (up to 100 μg L− 1; Du 
et al., 2022). Moreover, a filamentous fungus Geotrichum candidum when 
exposed to PS NPs (up to 100 μg L− 1), exhibited increased stress toler-
ance particularly at lower concentrations (1 and 10 μg L− 1) and 
demonstrated hormesis effect on biomass production (Qv et al., 2022). 

Notably, this study revealed a significant reduction in fungal biomass 
upon exposure to –COOH PS NPs, either individually or with Cu. Various 
studies have raised concerns about the potential negative impacts of 
functionalised NPs on aquatic organisms, however to our knowledge, 
none of the earlier studies have investigated the effects of these plastic 
particles on the growth of aquatic hyphomycetes. Nevertheless, current 
understanding indicates that –COOH PS NPs were more toxic to brine 
shrimp (Artemia franciscana) larvae. They formed aggregates within the 
gut, leading to impaired feeding, motility, and moulting behaviours 
(Bergami et al., 2016). By contrast, in a study involving the exposure of 
marine algae (P. helgolandica) to both bare and –COOH PS NPs, no sig-
nificant difference in growth was observed between the two NPs types 
(Gao et al., 2022). Collectively, these results shed new light on the 
intricate responses of aquatic fungi to these emerging pollutants and 
contribute to advancing our understanding of their ecological implica-
tions in aquatic environments. 

5. Conclusions 

This study highlights the intricate and diverse nature of the ecotox-
icity associated with PS NPs on aquatic organisms. It is well-established 
that the effects of PS NPs are influenced by various factors, including NP 
types, concentrations, surface charge, and interactions with other pol-
lutants. Therefore, there is an urgent requirement to comprehensively 
understand these factors in order to assess and predict the potential 
ecological impacts of PS NPs. For instance, integrating genomics and 
molecular biology could equip researchers with profound insights into 
the modulation of gene expression patterns in response to co- 
contaminants, thereby deepening our understanding. Moreover, this 
study emphasises the importance of investigating the impacts of these 
pollutants at environmentally realistic concentrations to obtain a more 
precise understanding of their potential effects. Such investigations are 
essential for effective environmental management and conservation 
endeavours, aimed at preserving the health and biodiversity of 

Table 3 
Post hoc pairwise PERMANOVA comparisons of biomass production. Upper diagonal = p values. Lower diagonal = t values. 
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freshwater ecosystems. 
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