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Graphical Abstract 

 

Highlights 

 C. riparius larvae ingested PE-MPs from contaminated sediment after 48 

hours 

 Accumulation of 32-63 μm size range particles in larvae guts was highest 

 Ingestion of MPs induced oxidative damage and reduced aerobic energy 

production 

 Depletion of lipid content were also observed in larvae under exposure to 

PE-MPs 

Abstract 

 

Riverine sediments are major sinks of microplastics from inland 

anthropogenic activities, imposing a threat to freshwater benthic invertebrates. 
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This study investigated the ingestion of three size-classes (SC) of irregularly 

shaped polyethylene microplastics (PE-MPs; SC I: 32-63 μm; II: 63-250 μm; III: 

125-500 μm) after 48 hours by dipteran larvae (detritivore/collector) Chironomus 

riparius, and the consequent effects on neurotransmission, energy allocation and 

oxidative stress. The tested PE-MPs concentrations (1.25; 5; 20 g kg-1) were 

within the range of concentrations reported in riverbanks from highly urbanised 

areas (1 - 9 g kg-1), except for 20 g kg-1 representing the worst-case scenario. 

After exposure to SC I, larvae presented high amounts (up to ~2400 

particles/larvae) of PE-MPs in their guts, with an average size-range of 30-60 μm. 

In the SC II and III, larvae presented PE-MPs of higher diameter (up to 125 μm) 

and a visible gut obstruction. The high number of particles in the larval gut (SC I) 

and/or difficulties for their egestion (SC I, II and III) induced oxidative damage 

and reduced aerobic energy production. In addition, larvae exposed to SC II and 

III revealed depletion in their total lipid reserves as a consequence of lacking 

nutrients, and the ones exposed to SC III presented a decrease in their 

detoxification capacity.  

These results highlight that freshwater detritivores with low selective feeding 

behaviour (e.g., chironomids) are more prone to ingest microplastics, with 

potentially adverse effects on cellular metabolism, redox status and antioxidant-

detoxification defences. These harmful effects at lower levels of the biological 

organisation may ultimately affect organisms’ physiology and fitness.  
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Acute Effects 

1. Introduction  

Microplastics (MPs, synthetic or semi-synthetic polymer with size between 1 

μm to 5 mm; Frias and Nash, 2019) reach freshwater ecosystems in its 

microscale (primary MPs) or as a result of degradation of larger pieces of plastic 

(secondary MPs). Once in freshwaters, MPs undergo biological and physical 

processes such as biofouling and homo- or hetero-aggregation (Lagarde et al., 

2016; Lambert et al., 2017) that are known to modify MPs’ density and floatability 

and to accelerate its deposition in sediments (Corcoran, 2015). Continuous 

release and long-term deposition make MPs present and persistent in freshwater 

sediments, especially near highly industrialised or densely populated areas (Klein 

et al., 2015; Castañeda et al., 2014) where they can reach levels up to 9 g kg-1, 

as in Mersey/Irwell river, United Kingdom (Hurley et al., 2018).  

The contamination of freshwater sediments by MPs is of special concern, as 

many key-benthic invertebrates (on nutrient cycling) feed on the particulate 

organic matter within the same size-range of most primary MPs (Henriques-

Oliveira et al., 2003; Syrovátka et al., 2009; Conkle et al., 2017). The ingestion of 

MPs has been related to possible harmful developmental and reproductive 

effects on several freshwater benthic invertebrate species, such as Chironomus 

tepperi (Ziajahromi et al., 2018), Chironomus riparius (Scherer et al., 2019; Silva 

et al., 2019, Stanković et al., 2020; Khosrovyan et al., 2020), and Hyalella azteca 

(Au et al., 2015). Thus, the contamination of freshwater sediments by MPs is of 
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special concern, since nutrient cycling would be impaired if key-benthic 

invertebrates feed on MPs instead of particulate organic. Also, the presence of 

MPs in freshwater sediments seems to alter benthic communities (Redondo-

Hasselerharm et al., 2020). In contrast, other recent studies found limited to no 

effects on freshwater invertebrates’ life-history traits (Weber et al., 2018; 

Khosrovyan and Kahru, 2020), but the studies were performed using different 

polymers (polyamide and polyethylene terephthalate) and did not address 

ingestion/egestion capacities. The effects of MPs at the cellular and sub-cellular 

levels on freshwater invertebrates are less studied and can represent early 

warning signals of sub-lethal effects providing valuable information concerning 

the mechanisms of action of MPs (Jeong and Choi, 2019). Despite this lack of 

information for freshwater biota, there are already some insights on biochemical 

responses triggered after exposure to MPs (González-Pleiter et al., 2019); but 

were mainly performed in filter-feeding organisms and most studies only report 

the ingestion of MPs, but do not quantify the particles present inside the gut of 

the organisms. Relevant physiological and biochemical responses induced by 

microplastics include (1) energy impairment (Wright et al., 2013a; Gardon et al., 

2018); (2) neurotoxicity (Oliveira et al., 2013; Luís et al., 2015); (3) activation of 

immune system responses (Avio et al., 2015; Veneman et al., 2017); (4) oxidative 

stress (Jeong et al., 2016; Lu et al., 2016; Chen et al., 2017; Deng et al., 2017; 

Choi et al., 2018; Espinosa et al., 2018); and (5) changes in the microbiome (Jin 

et al., 2018; Lu et al., 2018). Jo
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Recognising that long-term ingestion of polyethylene microplastics (PE-MPs) 

cause significant alterations in life-history traits in C. riparius (Silva et al., 2019) 

and that polyethylene is one of the most common polymers found in freshwater 

sediments (Li et al., 2019), this study aimed to determine the number and size of 

ingested particles after short-term exposure to contaminated sediments and to 

assess the alterations induced on key-physiological functions of C. riparius larvae 

that are triggered by the particles retained in the gut. For that, fourth instar C. 

riparius larvae were exposed for 48 hours to three different concentrations (1.25-

5-20 g kg-1) of PE-MPs of three different size-classes (I:32–63; II:63–250 and 

III:125-500 μm). The range of concentrations used for testing was set based on 

levels reported for freshwater sediments in highly urbanised areas (Hurley et al., 

2018). Physiological responses were evaluated using biomarkers to assess the 

health condition of larvae including oxidative damage (lipid peroxidation, LPO), 

phase II biotransformation enzyme (glutathione-S-transferase, GST), enzymatic 

antioxidant defences (catalase, CAT), an enzymatic activity important for 

cholinergic neurotransmission (acetylcholinesterase, AChE), energy reserves 

(lipids, proteins and sugars), and electron transport system (ETS) activity (aerobic 

energy production). 

 

2. Materials and methods 

2.1 Organism culture conditions 

Chironomus riparius larvae that were used in the experiment were reared at 

the University of Aveiro (Department of Biology). Briefly, C. riparius are 
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maintained at 20 ± 1C under a 16:8 h light-dark photoperiod. Larvae are grown 

in glass aquaria containing a layer (~3cm) of previously burnt (500 C for 4h) 

inorganic sediment (<1 mm) and American Society for Testing Materials (ASTM) 

hard water in a 1:4 ratio (ASTM, 1980), with continuum aeration. Glass aquaria 

used for rearing C. riparius larvae are confined within acrylic cage retaining the 

adults. C. riparius culture is fed (ad libitum) three times a week using a 

suspension of macerated TetraMin® (Tetrawerke, Melle, Germany). The ASTM 

hard water is biweekly renewed, and sediment is monthly replaced. C. riparius 

life cycle is finalised within 3-4 weeks in laboratory-controlled conditions. 

Fourth instar larvae (12 days old post-hatching) from egg ropes isolated from 

the culture were used in the bioassays. 

2.2 Polyethylene microplastics used in the experiment 

Polyethylene (PE) microplastics of different size were purchased to be used 

in the experiments. The technical information on the PE-MPs used in the tests 

(size-classes I, II and III) and respective particle size distribution after vibratory 

sieve shaking is presented in table 1. The particle size presented corresponds to 

≥ 90% of the particles present in the respective size-class.  

Table 1: Technical information on the polyethylene microplastics used for testing.  

Size-

class 

Average size ≥ 90% of particles 

size 

CAS Company 
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I 40-48 µm 32-63 μm 9002-88-4 Sigma-Aldrich UK 

II 125 µm 63-250 μm 9002-88-4 Sigma-Aldrich UK 

III 350 µm 125-500 μm 708-316-83 Goodfellow USA 

Polyethylene microplastics size-range was the same as previous tests (Silva 

et al., 2019), which is within the size of regular food items ingested by the C. 

riparius larvae (Epler, 1995; Henriques-Oliveira et al., 2003; Ristola et al., 1999).  

Airborne plastic contamination was prevented by using glassware as a 

replacement for plasticware whenever possible. Thereby, technical controls were 

also adjoined to discount any possible airborne MP contamination during 

extraction and quantification procedures. 

 

2.3 Short-time exposure (48 h) to PE-MPs contaminated sediment  

For biochemical biomarkers and cellular energy allocation (energy reserves 

and aerobic energy production) measurements, fourth instar (12-day old) C. 

riparius larvae were exposed to a gradient of MP concentrations (1.25; 5 and 20 

g kg-1 dry sediment) of PE-MPs of three different size-classes (I: 32-63 µm, II: 63-

250 µm and III: 125-500 µm). It is important to note that these concentrations 

were chosen to include levels reported in the field (Hurley et al., 2018) and 

concentrations that are known to induce deleterious effects on C. riparius growth 

and emergence (Silva et al., 2019). Each condition plus a control treatment 

(uncontaminated inorganic sediment) demanded seven replicates, containing 
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fifteen larvae each. Larvae were exposed in glass vials containing PE-MPs mixed 

(except for control treatment) in 50 g of fine sediment (˂1mm) and 150 mL of 

ASTM hard water. No food was provided during the experiment. After 48 h, larvae 

were washed using ultra-pure water to remove potential microplastic particles 

adhered to the larvae and quickly dried on filter paper. After collection, the larvae 

were immediately weighed, frozen in liquid nitrogen, and stored at –80 C until 

use. Three additional replicates were used to estimate the MP ingestion by C. 

riparius larvae after the 48 hours exposure period. 

2.4 Biochemical biomarkers assessment in C. riparius larvae  

All biochemical determination followed optimised protocols for a microplate 

reader (Campos et al., 2016; Rodrigues et al., 2014; 2015). Briefly, biological 

samples were homogenised (Qiagen TissueLyser II) for 30 seconds at 4 C in 

1600 μL of Milli-Q water in 2 mL microtubes. Two aliquots of 300 μL were 

collected from each sample for the analysis of energy reserves: one aliquot was 

used for the analysis of lipids content, and the other aliquot was used for the 

determination of sugars and proteins content. From the remaining homogenate, 

300 μL aliquot was collected to estimate aerobic energy production - measured 

by evaluating the electron transport system (ETS) activity; and 200 μL aliquot was 

used for the determination of lipid peroxidation (LPO). The remaining volume of 

the homogenate (~500 μL) was diluted in 500 μL of 0.2M K-phosphate buffer, pH 

7.4. The resulting solution was centrifuged at 9,000 g (4 °C) for 20 min, and the 

post-mitochondrial supernatant (PMS) split into microtubes for subsequent 
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enzymatic determination. The resulting PMS samples were stored at −80 °C until 

enzymatic activity determination of catalase (CAT), glutathione-S-transferase 

(GST), acetylcholinesterase (AChE) activities, and also the quantification of 

protein levels in the samples. 

The energy reserves (sugar, lipid, and protein contents), representative of the 

energy available as well as the aerobic energy production (ETS activity) were 

assessed following De Coen and Janssen (Coen and Janssen, 1997). As for the 

total lipid content, aliquots were centrifuged after addition of chloroform (500 µL) 

and methanol (500 µL). After centrifugation, the organic phase of each sample 

and tripalmitin standard solution were moved to glass tubes and acidified using 

sulfuric acid (H2SO4; 500 µL). The absorbance was determined at 375 nm on the 

microplate reader. 

Protein content was estimated after precipitation by 15% trichloroacetic acid, 

followed by incubation at –20 °C. Samples were then centrifuged (1000 g for 

10 min at 4 °C), and the supernatant was separated to be used in sugar 

measurement.   For sugar content estimation, samples and glucose standard 

concentrations were incubated after adding 5% phenol and H2SO4. The 

absorbance was then read at 492 nm to quantify sugar content. In the same 

sample, the pellets were resuspended after sodium hydroxide (NaOH), incubated 

(60 °C for 30 min), and pH was neutralised using HCl. Total protein content was 

quantified by Bradford’s method in which the absorbance was read at 592 nm and 

using bovine serum albumin for the standard concentration curve (Bradford, 

1976). 
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The aliquot of the homogenate used for ETS activity measurements (300 µL) 

was treated by adding Tris base homogenisation buffer (0.3 M), 

polyvinylpyrrolidone (0.45% (w/v), MgSO4 (459 μM), Triton X‐100 ph 8.5 (0.6% 

(v/v), and centrifuged (1000 g for 10 min at 4 °C). Before measurements, 50 µL of 

the resulting supernatant was incubated with a buffered solution (0.13 M Tris 

base with 0.27% [v/v] Triton X‐100, 1.7 mM reduced nicotinamide adenine 

dinucleotide, 274 µM reduced nicotinamide adenine dinucleotide phosphate, and 

INT (p‐iodonitrotetrazolium; 8 mM solution). The oxygen consumption was 

estimated by following the kinetics of the absorbance at 490 nm throughout a 3‐

min period. 

Lipid peroxidation was verified by assessing thiobarbituric acid-reactive 

substances (TBARS) at 535 nm (Bird and Draper, 1984), GST activity 

determination was performed by measuring the colorimetric reaction (340 nm) of 

GSH conjugation with 1-chloro-2,4-dinitrobenzene (Habig et al., 1974), and CAT 

activity was determined by measuring the colorimetric reaction of the H2O2 

decomposition at 240 nm (Claiborne, 1985). Acetylcholinesterase activity was 

determined by following the absorbance at 412 nm using acetylthiocholine as 

substrate according to Ellman’s method (Ellman et al., 1961). The protein levels 

in each sample were determined following the Bradford method, adapted from 

BioRad’s Bradford microassay set up in a 96 well microplate and using bovine γ-

globulin as a standard (Bradford, 1976). 

2.5 Extraction and quantification of PE microplastics in C. riparius 

larvae 
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After exposure, five larvae of each replicate were acid digested and further 

used for the extraction and quantification of MPs inside the gut. Quickly, samples 

were lyophilised for 24 h and weighed (DW). After dehydration, larvae were 

placed into glass flasks and cautiously macerated using a small glass rod (acting 

as a mortar). This procedure allowed biological samples to be easily digested 

latter. The digestion procedure was comprised after the addition of 3 mL of nitric 

acid (HNO3; 65%) and further incubation at 60°C for three hours. After this 

incubation, samples were cooled down to room temperature (RT), and a volume 

of 2.6 mL of hydrogen peroxide (H2O2; 35%) was added to complete the digestion 

(Lusher et al., 2017). After 24 h, and once no visible oxygen bubbles were being 

released (signal of successful digestion), the samples were diluted using Milli-Q 

water in a 1:10 ratio. The resulting solution was then vacuum filtered onto gridded 

cellulose ester filters (Whatman 10406972, Mixed Cellulose Ester Filter, 3.1 mm 

white/black grid, 0.45 µm pore size). Retained particles (in the filtration device) 

were rinsed using Milli-Q water to minimise estimation errors. Filter membranes 

containing the microplastics were transferred to glass Petri-dishes and left to dry 

at 25 °C for 2–3 days. Afterwards, the number of particles present inside the 

larvae was counted under a stereomicroscope. To calculate the average size of 

these particles, the major diameter (Fig. S1) of all microplastics located in five 

sorted squares of each filter was measured. A stereomicroscope (stereoscopic 

zoom microscope—SMZ 1500, Nikon Corporation) associated with NIS-

Elements D 3.2 imaging software were used for the necessary measurements 

(check supplemental data). 
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2.6 Statistical analysis 

Non-parametric Spearman correlation was used to analyse the relationship 

between MPs concentration and the number of microplastics inside larval gut for 

each pool.  

Normality and variance homogeneity assumptions were confirmed by 

analysing the residuals. One-way analysis of variance (ANOVA) was used for 

each PE-MP size-class to analyse differences between treatments for each size-

class. Dunnett’s test was used to determine significant differences from control. 

Statistical differences were considered at p<0.05. All statistical analysis was 

performed using R version 3.6.1 (Core Team R, 2019). 

 

3. Results 

3.1 Ingestion of PE-MPs by Chironomus riparius larvae after 48 h 

exposure time  

The number of PE-MPs ingested by larvae was higher in size-class (SC) I 

that contained smaller-size PE-MPs < 63 μm. Thus, larvae exposed to SC I 

ingested an average of 525, 2047 and 2389 PE-MPs at concentrations of 1.25, 5 

and 20 g kg-1 sediment, respectively; whereas larvae ingested 656 to 785 PE-

MPs in SC II or approximately 75 PE-MPs in SC III, independently of the 

concentration tested. Moreover, the number of ingested particles was correlated 

to increasing PE-MPs concentration in sediments for SC I (r= 1.000, p=0.0417) 

and II (r= 1.000, p=0.0417), but not for SC III (r= 0.400, p=0.3750) (Fig. 1A).  
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The average size of PE-MPs ingested was higher on larvae exposed to any 

concentration of the SC II (48.78 ± 1.39 µm) and III (59.69 ± 2.16 µm) than in the 

ones exposed to SC I (38.76 ± 0.61 µm; Fig. 1B and Supplemental data Fig. S1). 

However, most of the ingested microplastics on larvae exposed to all SC of PE-

MPs was within the 32-63 µm size-range, which in the case of SC I accounted for 

more than 90% of the total particles, but less than 10% for SC II and III (Table 1). 

 

Fig. 1: Number (A) and size (B) of polyethylene microplastics (PE-MPs) of three size-

classes (I, II and III) ingested by Chironomus riparius larvae, after 48 h of exposure. The 

number of ingested PE-MPs (A) is displayed as the mean ± standard error of the mean 

(n=3). For some data, the error bars can be imperceptible. The size of the ingested PE-
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MPs (B) is presented as mean (± symbol) with interquartile range, whiskers, and 

maximum/minimum values. 

3.2 Energy reserves and aerobic energy production 

Exposed larvae showed a decrease in aerobic energy production, regardless of 

PE-MPs SC (Fig. 2). The ETS activity significantly decreased in larvae exposed 

to 5 and 20 g kg-1 of SC I (F3,24=7.810, p<0.001;); all concentrations of SC II 

(F3,24=18.05, p<0.001) and 1.25 and 5 g kg-1 of SC III (F3,23=5.447, p=0.006;). 

Lipid content significantly decreased in larvae exposed to 1.25, 5 and 20 g kg-1 

of SC II (F3,24=6.045, p=0.003) and III (F3,24=4.677, p=0.011) (Fig. 2). Sugar 

(F3,23=0.8375, p=0.487; F3,24=3.989, p=0.019; F3,23=1.065, p=0.383 for SC I, II 

and III respectively) and protein contents (F3,24=0.878, p=0.466; F3,24=1.755, 

p=0.183; F3,23=0.818, p=0.497; for SC I, II and III respectively) did not vary 

between larvae exposed to control conditions and larvae exposed to any PE-MP 

treatments size-class (Fig. 2).  
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Fig. 2: Effect of short-term exposure (48 h) to polyethylene microplastics (PE-MPs) of 

three size-classes (I: 32–63 μm, II: 63–250 μm, and III: 125–500 μm, from left to right) 

on aerobic energy production (electron transport system, ETS, mJ/h/mg organism); 

lipids, sugars, and protein content (mJ/mg organism) of Chironomus riparius 4th instar 

larvae. All values are presented as mean ± standard error of the mean (n=7). *denotes 

a significant (p< 0.05) difference when compared with the control (0) treatment following 

ANOVA and post-hoc Dunnett’s tests. A gradient of blue bars represents the number of 

ingested MPs by larvae, as shown in figure 1A. For interpretation of the references to 

colour in this figure caption, the reader is referred to the web version of this paper. 

 

3.3 Oxidative stress and Detoxification 

Lipid peroxidation (LPO) significantly increased (approximately 70 %) on 

larvae of C. riparius exposed to all the concentrations of the SC I (F3,24=26.57, 
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p<0.001), SC II (F3,24=18.15, p<0.001) and SC III (F3,22=14.72, p<0.001) PE-MPs 

(Fig. 3).  

Catalase activity was significantly inhibited on larvae exposed to all 

concentrations of SC III (F3,23=6.917, p=0.002) and 5 g kg-1 of SC I (F3,24=4.464, 

p=0.013; Fig. 3). GST activity was significantly inhibited on larvae exposed to all 

concentrations of SC III (F3,23=4.762, p=0.010; Fig. 3). Acetylcholinesterase 

activity was significantly increased on larvae exposed to 20 g kg-1 of SC III 

(F3,23=6.863, p=0.002; Fig. 3).  

 

 

 

Fig. 3: Effect of short-term exposure (48 h) to polyethylene microplastics (PE-MPs) of 

three size-classes (I: 32–63 μm, II: 63–250 μm, and III: 125–500 μm, from left to right) 

on lipid peroxidation (LPO, nmol TBARS/mg protein), catalase activity (CAT, 
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µmol/min/mg protein), glutathione-S-transferase levels (GST, nmol/min/mg protein) and 

acetylcholinesterase (AChE, nmol/min/mg protein) of Chironomus riparius 4th instar 

larvae. All values are presented as mean ± standard error of the mean (n=7). *denotes 

a significant (p < 0.05) difference when compared with the control (0) treatment following 

ANOVA and post-hoc Dunnett’s tests. The gradient of blue bars represents the number 

of ingested MPs by larvae, as shown in figure 1A. For interpretation of the references to 

colour in this figure caption, the reader is referred to the web version of this paper. 
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Discussion 

This study provides the first insight on the deleterious effects on cellular 

energy allocation, energy production, oxidative stress and neurotoxicity induced 

by the different size and number of microplastics ingested by larvae of the benthic 

freshwater insect Chironomus riparius.  

As sediment-dwelling organisms, chironomid’ larvae feed on the particulate 

organic matter without much selectivity (Armitage et al., 1995), which make them 

one of the most susceptible organisms to the potential ingestion of MPs that sink 

and accumulate in sediments. The ingestion of considerable amounts of 

microplastics was already reported in chironomid larva both from field samples 

(Nel et al., 2018) and from laboratory organisms after short-term (3 h) (Scherer 

et al., 2017) and long-term (≥ 5 days) (Ziajahromi et al., 2018; Silva et al., 2019) 

exposures. Given its non-selective feeding behaviour, the ingestion of MPs 

observed in larvae of C. riparius seems to be within the same range of the size 

of particles naturally ingested (up to 60 µm), and its accumulation in the gut is 

mostly dependent on organisms feeding apparatus and their egesting 

capabilities. 

The number of PE-MPs inside C. riparius larval gut observed after 48 h 

agrees with our previous investigation (Silva et al., 2019). However, in such 

previous investigation, C. riparius larvae were exposed to PE-MP treatments 

(same concentrations and size-class) from their 1st instar and up to 10 days (so 

larvae were at their 4th instar after exposure period). The comparison of ingestion 

data and time of exposure from both studies suggests that: i) larvae ingest higher 

quantities of PE-MP particles in their 4th instar; ii) larvae may regularly be 

ingesting and egesting PE-MPs after an equilibrium that may be reached after 48 
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h in the 4th instar, resulting in a similar number of MPs inside the organisms on 

both studies and/or; iii) MPs have long residence times in the gut with slow or 

absent ingestion after some time that is dependent on the number of particles 

ingested reaching the maximal volumetric capacity of the digestive tract (SC I for 

concentration > 5g kg-1) and; iv) a complete obstruction seems to be occurring 

after ingestion of (although fewer) particles of a higher diameter of size-classes 

II and III, since the number of particles ingested was not sufficient to reach the 

maximal volumetric capacity of the digestive tract of larvae. The long residence 

time of particles can be caused by either aggregation of particles inside the larval 

gut (most likely for the smaller-size particles – SC I) or due to blocking of the gut 

passage (probable when ingesting particles closer to their physiological size-limit 

of ingestion and/or reduced egestion – SC II and III). MPs’ aggregation inside 

invertebrates’ gut have already been observed and associated with higher gut 

retention time (Ogonowski et al., 2016). Also, recent research has shown a 

particularly extended residence time of similar size polystyrene microplastics (10-

90 µm) within chironomids’ gut needing more than 24 h to egest at least 50% of 

the ingested MPs (Scherer et al., 2017).   

The fact that particles of SC II and III are not only larger (on average), but 

also more irregularly shaped, supports the idea of gut passage obstruction when 

compared to small and more spherical particles of SC I. Another indication of gut 

passage obstruction is the fact that the maximum number of particles ingested 

was reached for the lowest concentration tested of SC II (~785 particles) and III 

(~75 particles). Interestingly, AChE activity was significantly increased on larvae 

exposed to 20g kg-1 of PE-MPs of SC III, which is in good agreement with 

obstruction and inflammatory processes, since acetylcholine levels are known to 
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be increased in inflamed cells and tissues (De Oliveira et al., 2012; Gambardela 

et al., 2017). Moreover, an increase of peristaltic movements as an attempt to 

egest larger particles also explains the increased AChE activity observed in our 

current study. For SC I, the presence of MPs inside larval gut indicates a higher 

capacity for ingestion of smaller particles reaching a maximum number of 

ingested MPs of ~ 2400 for the highest concentration tested. Nevertheless, data 

also suggests that this number might be close to the maximal volumetric capacity 

of C riparius larval gut leading to increased retention time and potential 

aggregation, but not its severe obstruction. 

Besides evidence of PE-MPs ingestion, retention and obstruction, our results 

show a significant increase of lipid peroxidation levels (LPO) on larvae of C. 

riparius exposed to all concentrations of all SC of PE-MPs, indicating that 

oxidative damage was triggered either by the high retention time of PE-MPs 

ingested (SC I) or obstruction (with potential inflammation) of their gut by big and 

irregular particles ingested when exposed to PE-MPs of SC II and III. Studies 

addressing biological effects of PE-MPs have pointed out that physical stress 

(rather than the chemical toxic effect of PE monomers) is the main toxicity-related 

factor (Von Moos et al., 2012; Wright et al., 2013b; Karami et al., 2016; Rehse et 

al., 2016) since an additional effort is needed to digest inert material and maintain 

physiological homeostasis (Von Moos et al., 2012; Karami et al., 2016). In fact, 

the persistence of MPs in the gut, like other particles (e.g., nanoparticles), was 

already described to induce a false sense of satiation and likely-causing 

inflammation, with consequent alterations on organisms feeding behaviour and 

physiological status (Von Moos et al., 2012; Wright et al., 2013a; Gall and 

Thompson, 2015). Inflammation-induced by PE-MPs retention in C. riparius larval 
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gut is the most probable cause for redox unbalance explaining the formation of 

reactive oxygen species (ROS) leading to oxidative damage, but further research 

concerning the immune response of larvae to MPs would be of great interest. 

Production of excessive ROS after exposure to MPs was previously reported in 

a variety of organisms, such as algae (Bhattacharya et al., 2010; González-Pleiter 

et al., 2019); copepods (Jeong et al., 2017); mussels (Von Moos et al., 2012; 

Paul-Pont et al., 2016), bivalves (Ribeiro et al., 2017), fish (Barboza et al., 2018), 

crustacea (Yu et al., 2018; González-Pleiter et al., 2019) and nematoda (Lei et 

al., 2018). The cascade prompted by the production of ROS, triggering oxidative 

stress and its related pathway is the main suggested MPs’ toxicity mechanisms 

(Bhattacharya et al., 2010; Avio et al., 2015; Jeong et al., 2016, 2017; Paul-Pont 

et al., 2016; Alomar et al., 2017; Imhof et al., 2017; Veneman et al., 2017; Yu et 

al., 2018; Choi et al., 2018; Espinosa et al., 2018). Overall, ROS formation has 

also even been pointed out to be the key molecular initiating event of MPs toxicity 

(Jeong and Choi, 2019). Regardless of MPs size, effects triggered by the 

ingestion of particles by larvae C. riparius were severe. As explained, our results 

suggest that not only the number (SC I) but also the size of ingested particles (SC 

II and III) can mediate the oxidative stress effects observed in C. riparius larvae. 

In addition to oxidative damage, evidence of deregulation in antioxidant 

defences was also found. First, a reduction of catalase (CAT) activity was 

observed in larvae exposed to PE-MPs (particularly evident for larvae that 

ingested larger particles). Catalase is involved in the removal of hydrogen 

peroxide (H2O2) (main precursor of hydroxyl radical), (Regoli and Giuliani, 2014) 

and similar inhibition of this enzyme was already observed for other invertebrates 

exposed to MPs (Paul-Pont et al., 2016). Authors suggested that CAT may follow 
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a biphasic response in the neutralisation of the H2O2 production after MPs 

ingestion (Paul-Pont et al., 2016). Likewise, it is possible that CAT activation 

occurs in the first hours/first day of exposure followed by a decrease in activity 

(Regoli et al., 2011). Nonetheless, other authors suggest that catalase is not 

actively involved in response to MPs in invertebrates (Avio et al., 2015; Ribeiro 

et al., 2017).  

Second, glutathione-S-transferase (GST) activity was also decreased on 

larvae exposed to larger particles (SC III) which might indicate its inactivation. 

This pattern of inhibition of CAT and GST was previously reported for other 

invertebrate species exposed to microplastics (Avio et al., 2015; Ribeiro et al., 

2017), suggesting that increased levels of ROS induced oxidative damage to 

proteins leading to enzyme inactivation. 

Ingestion of non-nutritive particles and possible inflammation processes (with 

implications on oxidative stress and damage) observed here, can also imply 

energetic costs (Wright et al., 2013a). In the present study, the ingestion of PE-

MPs induced energetic constraints to C. riparius larvae, namely by reducing lipid 

content (SC II and III) and the electron transport system (ETS) activity (all SC). 

The decrease of lipid reserves observed in the present study can be due not only 

to the inefficient and unprofitable digestion of non-nutritive particles (MPs) but 

also to energetic costs arising from physical stress and inflammation caused by 

large-size MPs. Like in the present study, other organisms such as marine worms 

presented depleted lipid reserves after MPs ingestion (Wright et al., 2013a). 

Besides, it has been shown in zebrafish larvae that MPs can activate a pathway 

for nuclear receptors involved in immunological recognition processes and lipid 

metabolism (Veneman et al., 2017). The decreased levels of lipids (and glycogen) 
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during the larval stage may have consequences on Chironomidae life-history 

traits (Hamburger et al., 1996; Silva et al., 2019). Moreover, the decreased ETS 

activity demonstrates impairment of aerobic energy production and is often 

associated with a decline in aerobic metabolism, which can lead to partial 

anaerobiosis and consequent effects at higher levels of biological organisation 

(Sokolova et al., 2012). A decrease on aerobic metabolism was also observed on 

fish (e.g., European seabass) after the ingestion of MPs, alongside an increased 

anaerobic metabolism (Barboza et al., 2018). Some organisms may use 

anaerobic pathways of energy production to get additional energy to face 

chemical stress or stress caused by the ingestion of MPs (Fırat et al., 2011; 

Oliveira et al., 2013). Moreover, we cannot exclude the possibility that partial 

damage to the inner mitochondrial membrane due to overproduction of ROS 

(Roche and Bogé, 1993; Stolze and Nohl, 1994; Choi et al., 2001) may have also 

impaired the electron transport system and be linked to the reduction of ETS 

activity. Either way, overall energy produced by larvae exposed to PE-MPs was 

not sufficient to cope with stress, since oxidative stress was unequivocally 

observed for all the SC tested. 

The lack of mechanistic studies onto MPs toxicity has been reported as one 

of the priority knowledge gaps that urge to be addressed (Jeong and Choi, 2019). 

The present study provides an insight on the sub-cellular effects triggered by a 

high number of MPs ingested and retained within the gut of larvae of C. riparius 

after short-term exposure. In contrast to our findings, other studies report limited 

or no effects of microplastics on apical and sub-cellular endpoints (Imhof and 

Laforsch, 2016; Beiras et al., 2018; Weber et al., 2018; Castro et al., 2020; 

Khosrovyan and Kahru, 2020), but factors like organisms behaviour, polymer-
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type, size of microplastics and mostly concentrations and exposure period have 

to be carefully taken into account for comparison of effects of microplastics. 

Moreover, the size of the mouth and digestive apparatus of each species used 

should also be carefully considered, since our results showed that this is an 

important factor for ingestion of particles (number and size of particles), retention 

time, obstruction and egestion. The concentrations of MPs used in this study are 

environmentally relevant (ranging from river hotspots to worst-case scenario) and 

induced biochemical effects that are associated with deleterious effects in the 

lifecycle (growth and development impairments) induced by PE-MPs in C. riparius 

(Silva et al., 2019). Thus, oxidative stress biomarkers and metabolic responses 

can be used as early warning indicators of acute stress-induced by microplastic’ 

pollution, to compare the sensitivity of different species and assess harmful 

effects of different polymers that a are now emergent contaminants of aquatic 

ecosystems.  
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