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Abstract

Graphene oxide (GU) is a carbon nanomaterial used in electronics, biomedicine,
environmental remediation and biotechnology. The production of graphene will increase
in the upcoming years. The carbon nanoparticles (NPs) are released into the
environment and accumulated in aquatic ecosystems. Information on the effects of GO
in aquatic environments and its impact on organisms is still lacking. The aim of this
study was to synthesise and characterise label-free GO with controlled lateral
dimensions and thickness — small GO (sGO), large GO (IGO) and monolayer GO

(mIGO) — and determine their impact on Chironomus riparius, a sentinel species in the
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freshwater ecosystem. Superoxide dismutase (SOD) and lipid peroxidation (LPO) was
evaluated after exposures for 24 h and 96 h to 50, 500, and 3,000 pg/L. GOs
accumulated in the gut of C. riparius and disturbed its antioxidant metabolism. We
suggest that all types of GO exposure can upregulate of SOD. Moreover, both IGO and
mIGO treatments caused LPO damage in C. riparius in comparison to sGO, proving its
favourable lateral size impact in this organism. Our results indicate that GOs could
accumulate and induce significant oxidative stress on C. riparius. This work shows new

information about the potential oxidative stress of these NMe in ~quatic organisms.

Keywords: Graphene oxide; Ecotoxicology; Oxidative :tres:; Chironomus riparius

1. Introduction

Nanotechnology is a new and broad field o " scit nce that focuses on the use of nano-
sized materials, with one dimension i1 ti 2 size range of 1-100 nm (“No Title,” n.d.)
Carbon-based materials (CBM) he % unique properties (high surface area and strength
as well as easy surface modificetion capability, among others) and are considered as
promising materials for lsio.edicine, biotechnology, and wastewater treatment
technologies (Castillejos <t a ., 2020; Chen et al., 2021; Scida et al., 2011; Zhang et al.,
2021). Water and >niv are the major environmental receptors of nanomaterials (NMs).
The different routes w synthesise these CBM are expected to increase in the following
years. Consequently, this massive production of CBMs will imply an increase in the
exposure of these nanoparticles (NPs) in humans as well as in different organisms. In
addition, many CBM have been incorporated into consumer products (Vance et al.,

2015).

Graphene is a CBM that was isolated by Andrea Geim and Konstantin Novesolov in

2010, considered as a 2D material with a flat sheet structure (Peres et al., 2006). The



production of different conformations and types of graphene-based materials (GBM) —
such as few-layer graphene, multi-layer graphene, graphene nanosheets, graphene oxide
(GO), and reduced GO (rGO) — has increased worldwide(De Marchi et al., 2018;
Esteban-Arranz et al., 2018; Jastrzgbska et al., 2012). GO represents one of the most
promising GBM for water-based applications(Zhang et al, 2021) given the
incorporation of different oxygen functional groups at the basal plane and edges (de
Lazaro et al., 2019). GO is obtained by different synthetic routes; however, the most
common one is based on oxidising the bulk graphite and then svarating each GO layer,
obtaining a flat oxidised material(Benzait et al., 2021: w.>rcano et al., 2010; Zaaba et
al., 2017). During this process, some oxygen fiinciional groups such as epoxide,
hydroxyl, and carboxyl groups are incorporated (Bi."co et al., 2013; De Marchi et al.,
2018). These oxygenated functional groups -nr.ow it with the possibility of getting
dispersed in aqueous solutions. The "tvdrogen bonds between polar functional groups
presented on the GO surface and wa‘er molecules leads to a stable colloidal suspension
(Shih et al., 2012). GO presents a v, re hydrophilic nature in comparison to the rest of
GBM (Esteban-Arranz et a.. 20.1) because of its high oxygen content, being stable in
aquatic ecosystems (Com.*n"1 and Nguyen, 2010). Previous studies show that GOs fate
and transport are n."teiced by environmental conditions. Studying the environmental
GOs behaviour is essential to predict their effects. The GO stability is influenced by
aquatic environment physical-chemical properties (pH, natural organic matter (NOM),

divalent cations, etc.) and can modify their colloidal properties (He etal., 2017).

In a review recently published about the impact of GBM on the aquatic environment, it
was highlighted that the structure and surface properties of GO materials — such as the
lateral size, the C/O ratio, and the structural defects — influenced the different colloidal

behaviours, adsorption capabilities, and toxicities of GO (Zhao et al., 2014).



Chironomus riparius is one of the most abundant Diptera species in aquatic systems
(Rasmussen, 1985) and represents one of the key elements in the trophic chain of
aquatic ecosystems (Berg and Hellenthal, 1992). They constitute a part of the diet of
different terrestrial and aquatic organisms, mainly fish and waterfowl. (Rieradevall M,
1995). The benthic communities, in which the chironomids constitute one of the most
abundant macroinvertebrates, are sensitive to changes in water and sediment conditions,
which are excellent environmental indicators to assess hydrological alterations and the
impact of pollutants(OECD, 2011, 2004). This species h=c L~en commonly used in
ecotoxicity studies and as a bioindicator of water rua'ity and is considered as a
reference organism (Rasmussen, 1985). Organizatinns such as the U.S. Environmental
Protection Agency have published standardized prow ~ols for toxicity testing with these
insects (“ASTM International. 2006. Stand~r ov.ude for conducting acute toxicity tests
on test materials with fishes, macro ave tebrates, and amphibians. E729-96 (2002),”
2006; OECD, 2011, 2004; United v*ates. Environmental Protection Agency. Office of
Prevention, 1996). The interactior~ detween C. riparius and CBM have been poorly
studied, and the informatior. an v eir effects is scarce (Martinez-Paz et al., 2019; Waissi
et al., 2017). Previous st.ifs with other species of aquatic invertebrates have shown
that GO could induce acute toxicity, bioaccumulation, and oxidative stress [20-22].
They also indicated that nanomaterials could compromise antioxidant metabolism (Wu
et al., 2010). When the antioxidant systems are properly the homeostatic stability is
maintained. This allows organisms to succeed the toxic caused by reactive oxygen
species (ROS) (Lushchak et al., 2005). On the other hand, antioxidant systems may not
be sufficient in the presence of high concentrations of xenobiotics, leading to alterations
in important molecules such as membrane lipids and nucleic acids [27, 28]. Therefore,

enzymatic biomarkers may be useful in environmental ecotoxicology studies, as they



provide information to understand the mechanisms of toxicity (Ighodaro and Akinloye,

2018)

The aim of this study was to synthesise and characterise different GO materials — small
GO (sGO), large GO (IGO), and monolayer GO (mIGO) — that are currently being used
in different areas of industry and evaluate their toxicological effects. The effect of these
GO solutions was evaluated in the larvae of C. riparius after 24 and 96 h of exposure. In
addition, to our knowledge, thorough research on the uptake in the digestive tract of GO
in C. riparius as a model organism has not previously bee 1 esw blished. This research is
the first study to analyse the impact of the different nt. sicochemical properties of GO
solutions as well as their thickness and lateral size 0.» the toxicological effects in this

aguatic organism, paying special attention to t-.c* antioxidant metabolism.

The entry of GO into the environme’it a d consumer products obliges evaluations in
addition to the need to study their p~tential impact on human health. The need to define
GO-induced environmental effect: i1 sentinel organisms and to develop approaches

towards measuring endpoint oul."mes is urgent.

2. Materials anc mothods

2.1. Synthesis anu characterisation of GO materials

Large GO (IGO) was synthesised following a previous study published by Jashim et al.
(Jasim et al., 2016) based on the Hummers modification method. Graphite powder
purchased by Sigma Aldrich was mixed with H,SO4 and NaNOs in an ice bath. Then,
KMnO,4 was slowly incorporated until a homogeneous green solution was produced.
After that, water was drop by drop added to the solution, monitoring its temperature.

The mixture was left to stir at 98 °C for 30 minutes. Then, H,O, was added to stop the



reaction and left to settle. The following day after the synthesis, IGO was separated
from the graphitic carbon residue and purified via centrifugation (8,800 xg, 25 min).
Recently, Esteban-Arranz et al.(ESTEBAN-ARRANZ et al, 2021) found that the
washing fraction prior to the solubilisation of the orange gel contained mIGO flakes.
Thus, they were collected and characterised to evaluate the thickness of these materials

in this research. Additionally, to assess the effect of their lateral size, sGO was produced

following the methodology published by Rodrigues et al. (Kostarelos, 2018).

The thickness and lateral dimensions of the materials were defied .y atomic force microscopy
(AFM) (Nanoscope VIII - FESP cantilever tip, tipping mode Bru ker). Prior to the deposition of
GO, exfoliated mica was functionalised by 0.01% of pus.tvely charged poly-L-lysine (20 pL).
After two minutes in contact with the surface of the m’_a, v .2 excess was washed off with water.
Then 20 pL of the GO solution (100 pg-mL™) we. o2ntly dispersed on the surface of the mica.
After two minutes, the sample was was'ed “.gain to avoid agglomerations and placed into an
oven at 40°C overnight. Scanning tran..mission electron microscopy was also used to determine
the lateral dimensions of the flakes (S :mmiSEM 500 in STEM mode, ZEISS). Additionally, the
structural and morphological fe.tures of these materials were defined by high-resolution
scanning electron microscnoy ' {RSEM) (GeminiSEM 500, ZEISS). Raman experiments were
carried out to define the r de\jree of defects (Renishaw in Via spectrometer, 633 nm 0.1% power
laser and 50x). Spectra v ere recorded from 1,000 to 3,250 cm'. For the analysis of the results,
the spectra were normalised by the intensity of graphitic (G) (OriginPro 8.5 software). X-ray
diffraction experiments were conducted to define their structural features (Philips X’Pert MPD
diffractometer, Cu Kal (1.54056 A) radiation at 40 mA, 40 kV). Colloidal stability in the
culture media of C. riparius for 24 h was defined (Turbiscan Lab Expert stability analyser). GO
dispersions (3,000 pg-mL™) were placed in a cylindrical vial (30 mL) prior to their
measurement. The results were presented as Turbiscan Stability Index (TSI) values. The surface
chemistry of the GO materials was elucidated via Fourier transform infrared (FTIR)
spectroscopy (Spectrum Two FTIR spectrometer, zinc selenide (ZnSe) crystal, Perkinelmer).
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The spectra range was set from 4,000 to 4500 cm™" with 4 cm™ resolution and 150 scans per

sample.

2.2. Animalsand culture

Fourth instar larvae of an aquatic midge C. riparius were used in the experiments. The
cultures were maintained according to toxicity testing guidelines (OECD, 2011) at 20°C
and a standard light—dark period (16L:8D). For the experimental exposures, the larvae
were treated to different types of GO NPs diluted in the cui.re medium for 24-96 h

(Martinez-Paz etal., 2019).

2.3. Ecotoxicity tests

Observations on larval survival were made a™.r 24, 48, 72, and 96 h. Individuals were
considered dead when they did not mr ve. .immobility / mortality of the organisms). For
treatments, the larvae were exposeu to 10, 50, 200, 500, 1,000, and 3,000 pug/L of sGO,
IGO, and mIGO for up to 96 h n alass recipients (200 mL), covered with aluminium
foil to avoid photodecompositicn. Commercial fish food (3 mg) per replicate was
provided every 48 h. Eac.” trratment was carried out in triplicates of 30 larvae and three
independent expetn. 2n performed in each analysis using samples from three different
egg masses. The controls were only exposed to the culture medium. Exposure media

were not renewed during the assay.

2.4. Graphene oxide treatments

The C. riparius fourth instar larvae were exposed to 0 (control), 50, 500, and 3,000
pug/L of sGO, IGO, or mIGO for 24 and 96 h. The stocks solutions of GOs were

prepared in reconstituted water at concentration of 300 pg/mL. These stocks solutions



were diluted in culture medium at the concentrations used in the acute and chronic
exposures. Three independent experiments were performed using 10 organisms per

replicate (n = 30) of different egg masses.

2.5. Analysisof uptakein C. riparius

The uptake of GO in C. riparius, was done with a digital camera (Nikon D810). Macro
observations allowed us to test the possible internalization of the larvae exposed to 10,
50, 200, 500, 1,000 and 3,000 png/L of different types of G™ su'utions (sGO, IGO, and

miGO), for 24 and 96 h, compared to controls.

2.6. Biochemical analyses

2.6.1. Antioxidantenzymatic activiti2s f superoxide dismutase

The antioxidant enzymatic activities in respu.’se to sGO, IGO, and mIGO were measured after
24 and 96 h exposure to 50, 500, 2.0 R.0J0 pg/L. Larvae were homogenised in 0.4 mL of a
phosphate buffer (22 mM KH,P(),, «2 mM Na,HPO,, and 86 mM NaCL, pH 7.2) with a pellet
mixer (VWR, part of Avantc\. he homogenate was centrifuged for 10 min at 10,000 g at 4°C.
Total protein was quant7.. with a BCA protein assay reagent (Thermo Scientific), and 10 ug
of the protein was u.~d for the superoxide dismutase (SOD) assay. SOD activity was
determined with a commercial kit (Sigma-Aldrich). The SOD activity was evaluated as an

inhibition activity by measuring the decrease in colour development at 450 nm.

2.6.2. Antioxidantenzymatic activities of lipid peroxidation

Lipid peroxidation (LPO) was evaluated using a commercial LPO (MDA) assay kit

(Sigma-Aldrich) by measuring the MDA levels. MDA is detected at 532 nm.

2.7. Statistical analysis



The normalised levels of SOD and LPO in the treated larvae were compared with
controls using ANOVA. Dunnett's multiple comparison tests were then performed with
SPSS 24 software (IBM, USA). Normal distribution and variance homogeneity were

assessed with the Shapiro-Wilk and Levene tests, respectively.

3. Results and discussion

Due to the increase in graphene products, it is to be expect- ! that GO-based materials
will be released into the environment in the process of ma uf.cture, transport, use and
disposal. Once present in aguatic ecosystems, sedir-enws and soils, they interact with
physicochemical and biological factors. NMs are included in the Registration,
Evaluation, Authorisation, and Restriction c¢ Chemicals’ (REACH) definition of
‘substance’, but no specific reference w thece materials exists. The general REACH
obligation for nanomaterials is the same as that for other substances. It is therefore
necessary to understand the envitorin.cntal risks of the different GO solutions currently
used in different areas of iracu-try. Although the cellular toxic effects of exposure to
graphene and its derivatives “GO) have been assessed in recent years (Malhotra et al.,
2020), the lack of "“nc wvler.ge about their ecotoxicity is significant. Thus, it is a priority
to conduct studies c:. their behaviour in aquatic ecosystems so as to establish their

adverse effects and their possible mechanisms of toxicity.

3.1 Characterisation of graphene oxide material

Unweiling the possible relationship between different sizes of GOs and the associated
toxicological impacts on different biological systems (invertebrates, human cells,
zebrafish, etc.) is of vital importance to assess potential environmental risks and ensure

a safe and responsible use of these NMs. Therefore, it is necessary to perform a pre-
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exposure characterization in an experimental model. Previous studies suggest that the
physical-chemical characteristics of nanomaterials could be related to a different
toxicological potential (Li et al., 2021), which would imply a different effect at the
individual and therefore ecosystem level. Sizes and surface oxidation of GrO
nanomaterials potentially affect their properties and associated toxicity on various

models in vitro and in vivo (Linares et al., 2014; Wibroe etal., 2016; Yang et al., 2012)

A group of characterization techniques has been applied to 4+fine the physicochemical
properties of these GO materials. Lateral dimensions and thic<ness profiles have been
defined by STEM and AFM analyses. Their morpho'ogv Fas been elucidated by SEM
micrographs. Additionally, their structural feature: ha % been determined by XRD and
Raman analyses. The impact of their phys‘zccnemical properties on their colloidal
stability has been figured out by Turbieca,. experiments, and FTIR experiments have

been carried out to establish their surface ~hemistry.

The AFM analyses of the different GD materials with their respective thickness profiles
and STEM micrographs are sho .vn in Figure 1 (A) and (B), respectively. All the GOs
present flake-shape morphology. Figure 1 shows bigger flakes for the IGO (~10 pm)
and mIGO (~9 prr,) maraals in comparison to the sGO material (~500 nm). Otherwise,
based on their thickness profiles, mIGO (~0.66 nm) presents thinner structures than 1GO
(~4 nm). These results demonstrated the presence of mlIGO flakes in the case of mIGO
and few-layer GO (n < 10) for IGO. Our lateral size and thickness results are in
agreement with the values reported by Rodrigues and Esteban-Arranz since mIiGO

presents thinner structures than and similar lateral dimensions to IGO.

HRSEM micrographs were acquired to reveal the morphology of the resulting GO

materials; the results are shown in Figure 2 (A). Graphite oxide (GrO) is also
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incorporated for comparison purposes. All the materials display flat structures, as
characteristic of GBM. In the case of GrO, a wrinkled surface and multiple layers are
detected. Thinner GO materials are produced after mechanical separation during the
purification step in the synthesis process. The sGO layers seem to display smaller lateral
dimensions than those of 1GO, which is in agreement with our previous results. In
addition, mIGO presents a more analogous lateral dimension than IGO but with thinner

layers, as demonstrated by the AFM and STEM experimental outcomes.
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Figure 1. AFM analyses and thickness profiles of sGO, IGO, and mIGO (A) and their STEM micrographs (B).

XRD and Raman experiments were carried out to establish the structural characteristics
of these GO materials. The XRD diffractograms are plotted in Figure 2 (C). sGO and
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IGO show well-defined peaks of the (001) plane. After the oxidation treatment, the
graphitic (002) plane shifted to lower 26 values because of the incorporation of water
molecules and oxygen functional groups between their layers. In the case of mIGO, this
peak was not clearly detected, showing its high exfoliated character. Figure 2 (D)
compiles the Raman spectra of the different materials. The ratio between their intensity
bands (Ip/lg) has been previously established as a parameter to determine the degree of
defects presented in these materials. The results of their Ip/l values demonstrate (1.30—
1.40) that they can be considered as low-defect graphene materials based on the
classification of Lopez-Diaz (Lopez-Diaz et al., 2017) e mIGO material presents a

lower degree of defects in comparison to those of sGGO >nd IGO.

One of the main properties of materials bei>73 used in biomedicine or water-based
applications is their colloidal stabilitv in aqueous media. Therefore, stability
experiments in the culture media of C. riparius of the different GO materials were
carried out for 24 h; the result, .ve depicted in Figure 2 (B). To ensure that the
concentration of the material 1 the solution was detectable for the apparatus, the culture
media alone, as a blank experinent, was previously tested. Based on the classification
of Dai et al., three d'fer. nt regions depending on the TSI values can be established.
Materials with good di .persion capacities show a TSI <5. If the material is deposited at
the bottom of the flask but can be easily re-dispersed, its TSI value will range from 5 to
20. Otherwise, non-redispersable materials will show TSI values >20 (Dai et al., 2015).
The results obtained show the good dispersion capacity of the materials in this aqueous
culture media (TSI < 5). The incorporation of oxygen functional groups at the basal
plane and edges facilitates the dispersion of these CBM in aqueous media. In a
decreasing order of stability, the following trend was detected — IGO (4.15) < sGO

(3.20) < mIGO (2.65). Multiple studies have shown better dispersion of smaller flakes

12



in comparison with the bulk material (Szabo et al., 2020). Based on these experimental
outcomes, we postulate that the thickness of the material is a more critical physical
parameter than the lateral dimension for colloidal applications in this culture media.

Esteban-Arranz et al. found similar results in aqueous media.

The surface chemistry of these materials was defined via FTIR analyses. A wide band
referred to the stretching vibrations of hydroxyl groups is detected between 3,690 and
2,915 cm L. The presence of these hydroxyl groups is ce roborated by the hydroxyl
band at 1,377 cm. Otherwise, the band presented at .,7.7 cm* is related to the
carbonyl stretching vibrations in the carboxylic group. The band centred at 1,600 cm™
Is characteristic of the aromatic stretching vibraton ‘wvith vicinal hydroxyl groups on
acidic surfaces. Finally, the sharp band fount at 1,065 cm® is related to the C-C

skeleton (Tucureanu et al., 2016).
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Figure 2. HRSEM micrographs of GrO, IGO, sGO, and mIGO (A). Raman (B) and XRD (C) structural results of the

stability experiments at 3,000 pg/mL in C. riparius culture media for 24 h (D) and their surface chemistry via FTIR

(E).

All the materials present the same surface chemistry; however, miGO shows more

contribution of oxygen functional groups, which may be due to fewer GO layers.
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3.2. Invivographene oxide exposures and larval survival

To know the aquatic toxicity of sGO, IGO, and mIGO, the mortality of C. riparius
under these nanomaterials’ exposure was examined. Studies regarding the toxicity of
GO towards aquatic organisms are scarce and limited (Malhotra et al., 2020) . The
presence of sGO, IGO, and mIGO in the medium of C. riparius did not affect larval
mortality. The larvae maintained normal appearance, behaviour, and motility. The sGO,
IGO, and mIGO treatments showed low toxicity to C. ripari.'s fourth instar larvae, with
a survival rate between 80% and 90%. It should be noted ti*at t 1e concentrations of sGO
had the lowest percentage of mortality. The resuls cttained show non-significant
increased mortality in larvae exposed to mIGG fror\ the 24 h treatments (data not
shown). The treatments at concentrations of .0 50, and 200 pg/L of sGO presented the
lowest percentage of mortality (Table 2, 1= data showed higher mortality in larvae
exposed to mIGO > IGO > sGO. Smalle. and thicker GO flakes (sGO) provoked less
mortality of C. riparius in coripacon to thinner and bigger GO flakes (mIGO).
Previous works reported thau SO was either nontoxic (Chen et al., 2012; Liu et al.,
2011) or considerably toxi (LIU Xiao Tong, 2014) to embryos of Danio rerio,
nontoxic to the alnae Ch orella vulgaris (Wahid et al., 2013), to the algae Euglena
gracilis (Hu et al., 20.5), to the shrimp Artemia salina (Mesari¢ et al., 2015), and to
Daphnia magna (Lv et al., 2018). Moreover, De Melo (2019) (Batista de Melo et al.,
2019) reported that GO did not produce toxicity at a concentration of up to 5.0 mg/L

after 96 h treatment in Palaemon pandaliformis.

Larvae exposed to the higher GO concentrations for 72 and 96 h appeared very
yellowish. Larval discoloration can be due to the decrease of red pigmentation, typically

associated with haemoglobin (Hb), which has been used as one of the bio-indicators of
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exposure to pollutants on Chironomidae.(Choi and Ha, 2009; MacDonald et al., 2004;
Majumdar TN, 2012). The natural population of Glyptotendipes spp. and
Endochironomus spp. exposed to heavy metal contamination revealed a significant
reduction in the level of Hb protein (De Coursin Jacobs, 2006). The expression of the
Hb gene was a modulated form of herbicide treatment (Anderson et al., 2008). Recently,
one study showed the effects of metal oxide nanomaterials on C. riparius impacting Hb
levels and heme metabolism genes (Niemuth et al., 2019). Much effort is still needed to
understand the impact of GO on the Hb of Chironomus ~np. in the freshwater
ecosystem, where the population is subjected to more than ~ne environmental stressor.

Table 1. Ecotoxicity effects on Chironomus riparius after expcsure to GO solutions (96 h). No mortality was

detected in the control group.

_ Immobility/mortaliy | _ Mortality effect (%0)
Concentration (ug/L) Va Total organisms

sGO | IGO | ™GO sGO | IGO | mIGO

10 4 9, 5 90 4% | 10% | 17%

50 7 9, 21 90 8% | 10% | 23%

200 2 |11 13 90 2% | 12% | 14%

500 0 | 10 11 90 11% | 11% | 12%

1000 | B3] 13 18 90 14% | 14% | 20%

3,000 ‘ 9 12 11 90 10% | 13% | 12%

3.3. GO uptake

GO materials are dispersed in water. This implies their uptake by aquatic animals and
aggravates their hazards after bioaccumulation. In this study, C. riparius has shown
noticeable internalization of sGO, 1GO, and mIGO in the digestive tract. After 24 h of

exposure, only the 3,000 pg/L concentration of sGO, 1GO, and mIGO compounds
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accumulated mainly in the C. riparius digestive tract (Figure 3). On the other hand,
exposures of all concentrations and materials for 96 h to C. riparius showed the
presence of GO in the digestive tract (Figure 4). These results demonstrated that C.
riparius can take up GO materials from the culture medium, the gut tract being one of
the organs where these materials accumulate in this organism. NMs can enter aquatic

organisms through their gills and digestive tracts (Zindler etal., 2016).

The accumulation of GO in aquatic invertebrates is releva 1t because these organisms
are the basis of the trophic chain. Therefore, accumulatio1 01 GO in higher organisms
should be expected (Cano et al., 2018). NPs accumula‘ior was also observed in other
aquatic invertebrates for other carbon nanomaterials 'single walled carbon nanotubes,
carbon black and nanodiamonds) in Daphnia =.2gna (Mendoncga et al., 2011; Petersen et
al., 2009; Sohn et al., 2015); for multi wancd carbon nanotubes in Ceriodaphnia dubia
(Lietal., 2011), A. salina (Zhu etal., 20.7), and C. riparius (Martinez-Paz et al., 2019);
and for different types of NPs of p.*stuie graphene in A. salina (Pretti et al., 2014) and

C. dubia (Souza et al., 2018).

The presence of GO ii. the digestive tract could persist in the long term. Previous
studies show the. acotraulation in the digestive tract alters the function of the
peritrophic membraie of the intestinal tract. This membrane supports digestive
processes and protects the epithelium of the intestinal tract (Mendonca et al., 2011). The
presence of GO may interfere with food intake and nutrient absorption, causing
decreased feeding and reproductive rates (Mendonga et al., 2011). In addition, previous
studies have revealed that NPs can cross the cell membrane without the need for any
specific receptor-mediated interaction (Kettler et al.,, 2014; Lin et al., 2010; Lipowsky
and Dobereiner, 1998; Zhang et al., 2015). Lipids are very flexible, and the bilayer can

be deformed as a consequence of the adhesion of NPs to its surface, implying a total
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uptake of the NPs. It appears that this uptake can be driven solely by physico-chemical
interactions. Therefore, the uptake of these nanomaterials in organisms at the base of the

food chain will lead to adverse effects on other higher organisms.

Figure 3. The presence of GO in the digestive tract of C. riparius larvae expo.ea . ~ 3,000 pg/L for 24 h. Control (A),

sGO (B), IGO (C), and mIGO (D).

A
Control

B /5
-ﬁw -\‘d sGO

IGO

mIGO

Figure 4. The presence of Cv in the digestive tract of C. riparius. Control (A), 50 pg/L of sGO (B), 3,000 pg/L of

GO (C), 50 pug/L of IGO (D), 3,000 pg/L of IGO (E), 50 pg/L of mIGO (F),and 3,000 pg/L of mIGO (G) for 96 h.

3.4. Oxidative stress mediated by IGO, mIGO, or sGO

Studies on the toxicity of GO have increased in recent times, although few studies have
focused on the implications of these NMs at the molecular and cellular levels. GO
induces oxidative stress in bacteria (LIU Xiao Tong, 2014), algae (Huetal., 2015), fish

(Chen et al., 2016; Mu et al., 2015; Souza et al., 2021), and D. magna (Lv et al., 2018).
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In this study, we have synthesised and characterised different types of GO solutions
(sGO, IGO and mIGO) with potential use in biomedicine to study the effects they
induce on C. riparius for the assessment of contaminated ecosystems (OECD, 2010).
Here, we evaluate the response to these materials in C. riparius larvae and analyse the

capacity of this aquatic invertebrate to manage the damage they cause.

In this study, we hypothesised that sGO, IGO, and mIGO produce oxidative stress in C.
riparius. SOD activity and LPO content were measured to g rentify oxidative stress. The
defence antioxidants include SOD, catalase (CAT), and ¢ utathione peroxidase (GPX).
SOD is a detoxification enzyme antioxidant and a pot*e.t a'tioxidant in the presence of
pollutants, including NMs and NPs (Chen et al., 01t ; Ighodaro and Akinloye, 2018).
CAT catalyses the degradation of H,O, to wa~r and O, by SOD. GPX protects cells
from oxidative stress (Ighodaro and Akinlo,=, 2018) playing a crucial role in inhibiting
the LPO process. High oxidative stress v n exceed antioxidant mechanisms and lead to
oxidative damage that inhibits ant.w idant activities (Zhu et al., 2011) . LPO levels have
been widely used as a biome'ker >f oxidative damage (Sayeed et al., 2003). Elevated
peroxidative damage to unsawurated fatty acids can occur during oxidative stress
(PANDEY et al, 2)05, However, the inhibition of LPO has sometimes been
documented in situatic ns of cellular stress (Souza et al., 2019). The inhibition of the
enzymatic oxidation of lipids can be achieved by inhibiting the activation or reaction of
an enzyme. Free radical-mediated LPO can be inhibited by inhibiting chain initiation
and propagation as well as accelerating chain termination. Singlet oxygen-induced LPO

can also be inhibited (Niki et al., 2005).

In this study, sGO, IGO, and mIGO induced oxidative stress on C. riparius, especially at
long exposure times (96 h) (Figures 5 and 6). Significant activation in SOD level were

only showed after 24 h of exposure to IGO (50 and 3,000 ug/L). No change in SOD

19



activity was detected after 24 h of exposure to sGO and mIGO. All IGO concentrations
tested (50, 500, and 3,000 pg/L) and the highest concentrations (500 and 3,000 pg/L) of
mIGO caused significant increases in SOD activity (Figure 5) after 96 hours of
exposure. An increase in the expression was observed with all the sGO concentrations,
but it was not significant. In line with the LPO levels, peroxidative damage was not
found with the sGO and mIGO treatments for 24 h and even with the sGO treatments at
96 h (Figure 5). The inhibition of LPO was observed after exposures to IGO at 50, 500,
and 3,000 pg/L at 24 h (Figure 6). On the other hand, per~xii~tive damage increased
after 96 h of exposure to IGO at higher concentrations ai.! miGO at 50 and 500 pg/L.

Interestingly, inhibition was observed after treatmert w*h miGO at 3,000 pg/L.
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Figure 5. SOD activities on Chiroromu- riparius after 50, 500, and 3,000 pg/L of sGO, IGO, and mIGO (*p < 0.05,

**p < 0.01).
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Figure 6. LPO on Chironomus riparius after 50, 500, and 3,000 pg/L of sGO, IGO, and mIGO (*p < 0.05, **p <
0.01). Lipid peroxidation was estimated by measuring the MDA levels.
An analysis of the pooled data showed that exposures of IGO and mIGO to C. riparius

resulted in SOD activation. However, this enzyme and other antioxidant enzymes were

20



not sufficient to prevent the effects of ROS leading to LPO activation after 96 hours.
Increased antioxidant metabolism in response to carbon NMs has been showed in other
works (Souza et al., 2019; Zhu et al, 2017). These studies demonstrated the LPO
inhibition (Chupani et al.,, 2018; Souza et al., 2019) after a period of recovery from
nanomaterial exposure. The authors proposed that LPO levels decreased in an adaptive
process, enhancing antioxidant defence. This adaptive response was enough to prevent
LPO. Other studies report that some organisms may exhibit an adaptive response
depending on the level, intensity, and nature of oxidative s.-ess, in addition to the
physiological state of the organism (Lushchak, 2011). 7. results of inhibition of LPO
levels could indicate that C. riparius would be able « overcome the damage suffered
during exposure. Further studies are needed to cortn ™ this hypothesis. Organisms may
have adaptive responses depending on thei- . ve.s of oxidative stress. Previous studies
on the recovery phase show that orge aisr.is can adapt to H,O, generated in cells using
cellular mechanisms that facilitate w erance to ROS (Lushchak, 2011). In addition, the
cellular machinery would red'«ce the penetration of the toxicant, deactivating the
toxicity of ROS through the ntio.idant defence system.

Our results showed the fn .t evidence that GO NPs can induce antioxidant defence in an
insect after short-te, m cxposure. The antioxidant response is very sensitive for the
determination of the cause—effect relationship. Therefore, it is necessary to evaluate
other endpoints in ecotoxicology (histological, molecular and oxidative stress
generation parameters). Molecular-level studies on the potential effects of GO in
invertebrates are scarce. Thus, further studies at the cellular and molecular levels on the
effects of existing and emerging carbon nanomaterials on aquatic organisms are
importance priority. In this way, the effects of these NMs on human and environmental

health can be predicted.
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Conclusions

This work submits important information on the potential environmental consequences
of GO exposure. The input of graphene oxide into the environment is expected to
increase with the growth of its industrial applications. However, the impact of these
nanomaterials on the environment and their ecological effects are so far very low. This
Is the first study on the possible toxic, uptake, and oxidative stress effects of label-free
GO with three different types of lateral dimensions and .:*ckness (sGO, IGO, and
mIGO) in an insect model. The results revealed no tnx.city of GO in C. riparius;
however, GO absorption occurred in this organism. “'his would hypothesize the ability

of C. riparius larvae to ingest and accumulate GO w: the gut.

Another crucial outcome of this study was the uoservation of potential oxidative stress
of these NMs. The results obtained fro. “ne biochemical analyses revealed a significant
impact on antioxidant metabolism .t the cellular level. This study displayed the
potential of IGO and mIGO to a*c. C. ripairus oxidative stress reactions after 96 h of
exposure, mainly to the cencontrations of 500 and 3,000 pg/L. The effect depended on
the GO concentratior. cnu exposure time. In contrast, the effects of sGO on the
antioxidant metabolis.n of C. riparius were not as severe as those of the other two
nanomaterials. This is consistent with toxicity tests in which lower mortality was
observed in larvae exposed to sGO, demonstrating that oxidative stress was one of the
underlying mechanisms of acute toxicity of IGO and mIGO in C. riparius and that SOD
is a much more sensitive indicator than LPO. These results demonstrated that the lateral
dimension of GO flakes can be defined as a crucial physical parameter of this kind of

material for future toxicity studies in aquatic organisms.
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C. riparius is a keystone species in freshwater aquatic ecosystems and an essential
organism in the food web, so further studies on the effects of GO types at the molecular

and cellular level are essential.
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