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Abstract: Despite the fast-growing use and production of graphene-based nanomaterials (GBMs),
data concerning their effects on freshwater benthic macroinvertebrates are scarce. This study aims
to investigate the effects of graphene oxide (GO) on the midge Chironomus riparius. Mortality,
growth inhibition, development delay and teratogenicity, assessed using mentum deformity analy-
sis, were investigated after a 7-day static exposure of the first instar larvae under controlled condi-
tions. The collected data indicated that the survival rate was not impacted by GO, whereas chronic
toxicity following a dose-dependent response occurred. Larval growth was affected, leading to a
significant reduction in larval length (from 4.4 to 10.1%) in individuals reaching the fourth instar at
any of the tested concentrations (from 0.1 to 100 mg/L). However, exposure to GO is not associated
with an increased occurrence of mouthpart deformities or seriousness in larvae. These results high-
light the suitability of monitoring the larval development of C. riparius as a sensitive marker of GO
toxicity. The potential ecological consequences of larval size decrease need to be considered for a
complete characterization of the GO-related environmental risk.

Keywords: chironomids; aquatic ecotoxicology; nano-ecotoxicology; graphene; biomarkers

1. Introduction

Graphene-family materials (GFMs), including 2D nanomaterials such as pristine gra-
phene or its oxidized form graphene oxide (GO), exhibit unique properties triggering in-
terest in many areas [1]. Indeed, the use of GO for industrial processes is promoted by its
stable dispersion capacity in water or organic solvents [2,3], facilitating its incorporation
in various matrices [4]. In addition, due to its high adsorption capacity, GO-based appli-
cations are developed for water pollution remediation [5-8]. Concomitantly with the de-
velopment of new technological and industrial applications, the improvement of produc-
tion processes leads to an increase in the annual production of GO, which is expected to
reach the industrial scale within a few years [9,10]. For these reasons, GO is likely to be
released into the environment at each step of its life cycle (production, use and recycling)
[11-13], especially in the aquatic environment which is known to act as a sink for nano-
particles [14]. Although no current information regarding the environmental concentra-
tion of GBMs is available due to technological limitations [15], it was estimated that GO
would reach an environmental concentration similar to that of carbon nanotubes, which
was estimated to range from 0.001 to 1000 pg/L based on dynamic probabilistic modeling
[16,17]. The presence of these nanomaterials in the aquatic environment constitutes a po-
tential hazard for the organisms living in these ecosystems.

Compared to the increasing number of studies dealing with the synthesis and appli-
cations of GO, relatively few studies devoted to the study of its toxicity, especially in the
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aquatic environment [18,19]. While GO toxicity towards organisms from lower trophic
levels such as bacteria or algae is more documented [20-23], studies dealing with GO tox-
icity towards aquatic invertebrates are less numerous and indicated GO accumulation and
the induction of oxidative stress in model organisms such as Daphnia magna [24,25]. How-
ever, the available data on invertebrates are not fully representative of the different eco-
logical niches covered by invertebrate species. Considering benthic organisms such as chi-
ronomids, GO was found to exert weak toxicity, as indicated by the absence of mortality
following exposure to concentrations of up to 100 mg/L [26]. A recent study indicated that
an exposure of Chironomus riparius larvae to GO for up to 96 h induced oxidative stress
and lipid peroxidation, as indicated by the induction of antioxidant enzymatic activities
and malondialdehyde levels [27]. However, no study was devoted to determining the ef-
fects on larval development and phenotypic consequences of a GO exposure. Thus, a more
complete evaluation of the ecotoxic potential of GBMs, including GO, is needed to ensure
a safer use of these nanomaterials.

In this context of limited knowledge about the ecotoxicity of GO, the macroinverte-
brate Chironomus sp. constitutes a relevant model species for GO ecotoxicological assess-
ment. Indeed, chironomids are sentinel species that are widely used as indicators of fresh-
water ecosystem quality [28,29] or for the ecotoxicological assessment of polluted sedi-
ment or water [30-32]. In addition, they were shown to be sensitive to nanoparticles, the
exposure to which led to both physiological and behavioral impairments [33-37]. From an
ecological point of view, chironomid larvae are benthic organisms that play a key role in
the environment through direct or indirect effects on organic matter recycling, nitrogen
cycling or bioturbation [38-40], while constituting an important food source for organisms
of higher trophic levels such as fishes [41] and birds [42]. Thus, physiological impairments
or alteration of the chironomid population structure can have deleterious consequences
on ecosystem functioning.

Thus, the aim of this work is to determine the consequences of GO exposure towards
C. riparius, focusing on development alterations, in order to better characterize the hazards
of GO towards this species and to help better predict the potential consequences for other
organisms or ecosystem functioning.

2. Materials and Methods
2.1. Synthesis and Characterization of Graphene Oxide (GO)

Graphene oxide was provided by Antolin Group and prepared by oxidation of
Grupo Antolin Carbon Nanofibers (GANF) using Hummer’s method [43,44]. GO charac-
teristics were previously described by Lagier and collaborators [45]. Briefly, data of ele-
mental analysis were obtained using X-ray photoelectron spectroscopy analysis to deter-
mine the atomic percentage of C and O (69.7 and 30.3 at. %, respectively). The specific
surface area was 206 m?/g, according to Brunauer, Emett and Teller’s theory (BET), on the
powdered sample of GO. The number of layers was estimated to be from 1 to 5 from high-
resolution transmission electron microscopy (HRTEM). Lateral dimensions from 0.2 to 8
pum were also assessed by TEM.

2.2. GO Physical Dispersion before Contamination

The desired quantity of GO powder was first weighed and dispersed for 30 min in
an ultrasonic bath (Bioblock 89863, typ 570 HF Freq 35 kHz) in deionized water to obtain
a stock suspension (5 mg/mL-"). Then, depending on the desired concentration, required
amounts of this suspension were introduced in individual glass test tubes and adjusted to
20 mL by the addition of deionized water. For each concentration, 7 test tubes of 20 mL
were thus prepared, corresponding to the number of exposure replicates.
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2.3. Chironomus Rearing

Chironomus breeding was maintained in the laboratory according to the norms [46,47]
in a thermostated room at 21 + 1 °C, following a 16-8 h light-dark cycle in 20 L aquaria.
The culture water was reconstituted (RW) with deionized water and salts (66.2 mg/L
CaClz, 2H20; 61.4 mg/L MgSOs, 7H20; 96 mg/L NaHCOs; 4 mg/L KCl; 63 mg/L CaSOs,
2H20; 1 mg/L NaBr), aerated and maintained at a depth of around 20 cm. Sand of fine
grain size (<350 um) from Fontainebleau (VWR, Fontenay-sous-Bois, France) was used as
substrate (3 cm). Chironomus were fed daily with 400 mg per tank of finely crushed fish
food (Tetramin®), dispersed in distilled water (15 min at ultrasonic bath; Bioblock 89863,
typ 570 HF Freq 35 kHz).

A few days before the exposure, egg masses collected from the aquaria on the same
day of hatching were placed in crystallizing dish containing 1 L of RW, a fine layer of
sand, and 150 mg of Tetramin®. Young 48 h old larvae (first instar) were then collected for
the exposure experiment.

2.4. Experimental Design and Exposure Conditions

Following the normalized procedure [46,47], Chironomus larvae were exposed to in-
creasing GO concentrations (0, 0.1, 1, 10 and 100 mg/L) under static conditions (total vol-
ume of 300 mL) for 7 days to allow larvae to reach the last larval instar. Prior to exposure,
7 glass beakers (Pyrex) per condition were prepared, corresponding to 7 replicates. Each
beaker was filled with 75 mL of sand, 265 mL of RW and 35 mL of GO dispersion in RW
(only RW for the control group), maintained under gentle aeration. On the first day of
exposure, ten 48 h old Chironomus larvae (mean length of 1.54 + 0.04 mm) were introduced
into each beaker by pipetting, leading to a total of 70 larvae used per experimental condi-
tion. Aeration was interrupted during Chironomus introduction in order to allow them to
sink more easily. Then, contamination was performed, consisting in the introduction of
extemporaneously dispersed GO (2 min in an ultrasonic bath). The negative control (Ctrl)
containing sediment and RW alone was also achieved in 7 replicates. Each beaker received
1 mg of finely ground Tetramin® daily. Aeration was restarted on the day following Chi-
ronomus introduction and continued until the end of the experiment. Water quality pa-
rameters, such as pH (7-8), temperature (21 + 1 °C), nitrite, ammonia and dissolved oxy-
gen content (9.4 + 0.3 mg/L) were monitored throughout the experiment and did not vary
between the tested conditions. Maximum nitrite and ammonia concentrations measured
were 0.23 mg/L and 4.62 mg/L, respectively, which are lower than the maximum thresh-
olds for the normalized test (5 mg/L for nitrites and 10 mg/L for ammonia) [47] and are
not harmful to larvae and their development [48].

2.5. Data Acquisition
2.5.1. Survival Rate

At the end of exposure, the number of living chironomids in each experimental unit
was determined to calculate the survival rates compared to the number of chironomids
initially introduced. The test is considered valid if the survival rate calculated for the neg-
ative control condition is higher than 70% [47].

2.5.2. Growth Measurement

At the end of exposure, surviving larvae were stored in ethanol (70%) until data pro-
cessing. Larvae photographs were collected under a binocular magnifier (Olympus SZX7)
equipped with a photo camera (Olympus E-620) prior to length measurement using Im-
age] software calibrated with a millimetric scale. In order to determine the potential
growth inhibition, normalized growth rate (NGR) was calculated based on previous work
[49] as follows:
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Ld7 — MLdO 100
_ x1oo) x( )

MLdO MLCtrld7
where Ld7 corresponds to the length of one larva at the end of the exposure, MLdO is the

mean length at day 0 of larvae from the exposure condition and MLCtrld7 is the mean
length of larvae from the negative control at the end of the exposure.

NGR (%) = (

2.5.3. Determination of Development Delay

The development stage reached by each of the collected surviving Chironomus larvae
was determined under a binocular magnifier based on the width measurement of cephalic
capsules using Image] software. Thus, larvae with cephalic capsule width ranging from
0.07 to 0.12 mm are classified as stage 1; from 0.13 to 0.24 mm, as stage 2; from 0.26 to 0.40
mm, as stage 3; and from 0.43 to 0.60 mm, as stage 4 [46]. In each treatment group, the
proportion of larvae reaching stage 4 was compared to the Ctrl group.

2.5.4. Teratogenicity Assessment

Teratogenicity induced by GO was evaluated through the analysis of chironomid
mentum deformities following the 7 days of exposure. Such deformities can appear after
every larval molt occurring between each development instar in the presence of a terato-
genic compound. Thus, only cephalic capsules from 4th instar larvae were considered for
teratogenicity assessment to integrate the potential effects occurring after three successive
molts.

Sample preparation was performed as follows: cephalic capsules were first discol-
ored with potassium hydroxide (15%) at 95 °C for 12 min prior to potassium hydroxide
being replaced by ethanol (70%) for 12 h to stop the reaction. Then, capsules were
mounted on a microscope slide and fixed with Quick-hardening mounting medium
(Sigma Aldrich, Saint-Quentin-Fallavier, France).

Cephalic capsules were observed under a light microscope, and mentum anomalies
were classified according to the work of Warwick and Tisdale [50]. Blind analysis was
performed, and as previously suggested, only anomalies classified as tooth deletions, ad-
ditions and Khon gaps (not observed during the experiment) or first tooth split were con-
sidered to avoid analytical inconsistencies [51] (Figure 1A-D). To evaluate the severity of
the anomalies in affected larvae, a scoring was used based on the previous work from
Vermeulen and collaborators [52].

Figure 1. Microscopic observations of the mentum of Chironomus larvae (x 400). (A) Non-deformed
mentum; teeth are numbered from 1 to 7 following a symmetry axis indicated by the dashed black
line. (B) Tooth addition (between No. 3b and 4). (C) Tooth deletion (No. 7). (D) Split of central tooth.

2.6. Integrated Biomarker Response (IBR)

The integrated biomarker response index (IBR) [53], modified according to Devin and
collaborators [54], was calculated using the biological endpoints measured in C. riparius.
The IBR allows the integration of all the measured responses to an integrative index in
order to describe biomarker variations; i.e., stress levels, in the different experimental con-
ditions and simplify the interpretation of the data.

IBR is calculated using Microsoft Excel software according to the following steps:
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(1) Data are standardized through the calculation of Y = (X — m)/s, where X is the
mean value for the biomarker at a given treatment and m and s are the general mean and
the standard deviation of all data from the biomarker considered, respectively.

(2) A score S=Z+ Iminl, where S>0; Z is computed as Y x -1 or 1 depending on the
inhibition or activation, respectively, of the considered biomarker; and Imin| = absolute
minimum value of Y for the considered biomarker.

(3) The Si values are then plotted on a radar graph.

(4) The IBR values for each experimental condition are calculated as follows:

n
IBR = z Ai
i=1
where Ai = Six Si+ 1 x sina.
Si and Si1 represent two consecutive clockwise biomarker scores from the radar
graph, Ai is the area that connects two scores, k is the number of biomarkers considered
for the analysis and a = 27t/k.

2.7. Statistical Analysis

Graphs were generated and statistical analysis was performed using the software
GraphPad Prism 9.3.1. Data are presented as mean + standard error of the mean (SEM),
considering each glass beaker as an experimental unit (n =7 per condition). Data related
to C. riparius biological responses such as survival rate, growth rate, development delay,
larval length and occurrence of mentum deformities were analyzed using one-way anal-
ysis of variance (ANOVA) followed by Tukey test after verifying that the assumptions of
normality and homogeneity of variance were met. Statistical analysis of the severity score
of mentum deformities was performed using Kruskal-Wallis as the number of replicates
for this endpoint was lower due for example to an absence of larvae reaching stage 4 in
some experimental replicates following exposure to high GO concentrations or to an ab-
sence of deformities in replicates from some experimental replicates.

3. Results and Discussion
3.1. GO Exposure and Survival Rate

At the end of the 7 days of exposure, accumulation of GO is observed within the
digestive tract of chironomids exposed to concentrations from 1 to 100 mg/L (Figure 2A),
confirming the bioavailability of the nanomaterials at the sediment-water interface fol-
lowing contamination via the water column. The survival rate calculated in the control
group (Ctrl) reached 84.6 + 5.4% (59 individuals collected for this condition over the 70
initially introduced) which is over the 70% recommended [47], validating the use of the
data from this experiment. No significant decrease in chironomid survival was noticed in
the presence of GO up to 100 mg/L (ANOVA, p = 0.669) (Figure 2B).
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Figure 2. Macroscopic observations of C. riparius whole bodies following 7 days of exposure to GO
at concentrations of 0, 0.1, 1, 10 and 100 mg/L (A) and associated survival rate (B). Arrows indicate
the presence of graphene oxide in the digestive tract of exposed chironomids.

The bioavailability of GO for the organisms living in the sediment is mostly deter-
mined by its fate in aquatic ecosystems. While GO exhibits a great dispersion stability in
deionized water [55], GO aggregation and sedimentation were previously observed in
closely related salt-containing exposure media [36,45]. This phenomenon was suggested
to be associated with interactions between ions from the media, including Ca?* or Na*, and
the functional groups present at the GO surface [56,57]. Indeed, positive ions could adsorb
on the negatively charged functional groups, leading to sedimentation of the nanomateri-
als. Thus, using transport modeling, it was suggested that the release of GO into an aquatic
ecosystem would lead to long-term accumulation of the material in the sediment [58], in-
creasing its bioavailability, i.e., hazard, for organisms living at the sediment interface such
as chironomid larvae. In addition, due to C. riparius burrowing activities, settled GO was
recovered within the sediment superficial layer, increasing its mobility within the sub-
strate.

GBM accumulation in the digestive tract of multiple aquatic organisms living in dif-
ferent ecological niches, including vertebrates [45,59,60], pelagic invertebrates [24,61,62]
and benthic invertebrates such as C. riparius [27], was previously observed. GO accumu-
lation within the digestive tract of this species could favor the trophic transfer of GO to-
wards secondary consumers feeding on this species.

In line with a previous study [27], our results indicate that the survival of C. riparius
larvae is not affected by the GO exposure, even at a high dose; in contrast, the survival
rate of other invertebrates such as Artemia salina and Daphnia magna was previously re-
ported to be reduced at GO concentrations of 100 and 50 mg/L respectively [24,63]. These
differences might be due to intrinsic physiological sensitivity differences between species
but also due to the presence of sediment which protects against GO toxicity [64]. Com-
pared to Daphnia magna which use gill respiration [65], oxygen is mainly provided by in-
tegumentary diffusion in Chironomus larvae, binding with hemoglobin, allowing larvae to
survive in a low-oxygen environment. Thus, the possible gill clogging encountered in D.
magna is less likely to impact the development of C. riparius larvae given the differences
between the two species in respiratory physiology. Interestingly, the absence of significant
mortality in the tested organisms exposed to GO will allow the detection of sublethal ef-
fects associated with nanomaterial exposure.

3.2. Effects of GO Exposure on Larval Growth and Development

Based on larval length measurement following the 7 days of exposure to GO, a sig-
nificantly lower growth rate compared to the control group (-30.9%) was measured in the
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chironomid larvae exposed to the highest tested GO concentration of 100 mg/L (Figure
3A). Based on the developmental stage determined using cephalic capsule width meas-
urement at the end of the exposure, it appears that compared to the control group where
90.2 + 4.2% of the larvae reached the last development stage, the growth inhibition meas-
ured following exposure to GO at 100 mg/L is associated with a significant developmental
delay with only 29.5 + 9% reaching the fourth instar (ANOVA, p <0.001) (Figure 3B). The
collected data allowed the calculation of an ECso of 38.74 mg/L, leading to the occurrence
of developmental delay in 50% of the exposed larvae. While development is delayed by
exposure to high GO doses, the larvae with altered development all reached stage 3 (Fig-
ure 3C), suggesting that the larval development is not fully compromised.

As larvae from the third instar are smaller compared to those from the fourth instar,
the growth inhibition calculated is mainly due to the higher prevalence of larvae from
stage 3 in the samples. However, when independently comparing the larval length from
each stage to the control group, it appears that the larvae from stage 3 are of similar length
between conditions (ANOVA, p = 0.591) (Figure 3D), while larvae from the fourth instar
exhibit a significantly lower length compared to the control group in any experimental
condition (ANOVA, p < 0.001) (Figure 3E). Thus, larvae reaching the last development
stage in the presence of GO are significantly smaller compared to larvae from the control
group.

Despite a slight growth rate decrease noticed for the overall larvae following expo-
sure to GO concentrations from 0.1 to 10 mg/L, significant effects are only detected after
exposure to GO at 100 mg/L. Other studies reported that chironomid larval growth may
be affected by carbon-based nanoparticles such as fullerene or carbon nanotubes [66,67].
Similarly, growth inhibition was evidenced in other species such as the protozoan Euglena
gracilis after 10 days of exposure to GO at concentrations ranging from 0.5 to 5 mg/L [68],
as well as in vertebrate species, including amphibians [45].

In the present study, macroscopic observations demonstrate that the unselective
feeding behavior of larvae causes them to ingest GO [69], as evidenced in their digestive
tract. Thus, growth inhibition is associated with GO accumulation within the intestine,
which may cause several toxicological mechanisms contributing to the observed effects.
GO is known to exert antimicrobial activities [70], which are able to impair the gut micro-
biome of organisms [71]. In chironomids, the gut microbiota is known to protect the host
from contaminants, while its impairment was associated with larval growth impairment
in organisms exposed to contaminants [72-74]. In addition, as previously described in the
case of carbon nanotubes [75], the presence of GO could sequestrate essential micronutri-
ents such as amino acids, vitamins, nucleic acids and other macromolecules essential for
larval growth. The hypothesis of growth impairment due to disturbances of the digestive
physiology is supported by a study suggesting that food restriction in C. riparius is asso-
ciated with a slower growth but remains to be evaluated in this particular case of GO
exposure [76]. In addition, the toxic action of GO may be mediated by cellular membrane
injuries causing oxidative stress that was previously shown to occur in chironomid larvae
exposed to GO for 4 days at lower concentrations [27].
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Figure 3. Effects of GO exposure on C. riparius growth rate (A), the occurrence of development delay
(B) and development stage reached at the end of 7 days of exposure (C). Length of the larvae from
third (D) and fourth (E) instar measured at the end of the exposure. Each dot represents an individ-
ual from the experimental condition. Statistical analysis was conducted using ANOVA, followed by
post hoc Tukey test when p < 0.05. “*” indicates significant differences compared to the negative
control (Ctrl) (*: p < 0.05; **: p <0.01; ***: p <0.001; ****: p < 0.0001).

Along with growth inhibition, development delay is observed in larvae, leading to a
decreased proportion of the fourth instar compared to larvae from the third instar. Thus,
either the alteration of the energy harvest or the induction of oxidative stress may impair
energy balance, leading to an increased energy allocation for detoxication while a de-
creased proportion is allocated for growth and development [77,78]. Development delay
could in turn delay the emergence of adult Chironomus, which may have significant con-
sequences at the population level. For instance, a decreased adult emergence may impact
reproduction success, leading to a reduction in the genetic fitness of the population [79].
However, the deleterious effects on growth and development are not significant at the
environmentally relevant lowest GO concentrations tested. Thus, the deleterious effects
observed at high concentrations are unlikely to occur in natural environments.

Although this point needs to be evaluated, a significant decrease in larval size ob-
served in presence of GO could potentially lead to adverse ecological consequences. In-
deed, it was previously observed that the metamorphosis of smaller larvae gives rise to
smaller adults, which may impact the survival rate [80]. In addition, it appears that smaller
adult females of C. riparius exhibit a lower fecundity [81]. Thus, the GO-related size re-
duction of larvae observed following exposure to environmentally relevant concentra-
tions could impair the population dynamics. In addition, the chironomid larval size con-
stitutes a parameter that was shown to influence prey—predator relationships [42,82].
Thus, we can hypothesize that significant changes in the size distribution of chironomids
could influence the rest of the food chain, modifying trophic interactions between species.
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3.3. Effects of GO Exposure on the Induction of Mentum Deformities

The study of the presence of mentum deformities in C. riparius larvae indicated only
a dose-dependent trend in the increase in anomaly frequency occurrence (ANOVA, p =
0.268), reaching up 18.1 + 8.7 % in the stage 4 chironomids following exposure to the high-
est dose of GO (100 mg/L) (Figure 4A). Among larvae harboring an abnormal mentum,
the severity of the deformities was not significantly increased by the increasing GO con-
centration (K-W, p = 0.769) (Figure 4B).
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Figure 4. Effects of exposure to an increasing GO concentration on the frequency of mentum de-
formities occurrence in fourth instar C. riparius larvae (A) and severity score of affected larvae from
each experimental condition (B). Statistical analysis was conducted using ANOVA for anomaly fre-
quency and Kruskal-Wallis for severity score, p > 0.05.

Teratogenicity refers to the deformities which may be found in different structures
of the cephalic capsule of chironomids [50]. Such deformities are induced through the in-
terference of a phenomenon during the molting [52], and they have to be distinguished
from the normal wear or breakage of mouthparts, which occur due to feeding activities in
coarse sediments. Antennae and several mouthparts, including, pecten, mandibles and
mentum, may be affected by deformities, and each of them may provide a specific re-
sponse profile to a contaminant [83,84]. Only the mentum was investigated in the present
paper as it constitutes a widely used indicator of toxic stress providing a high sensitivity
to contaminants [85]. Positive correlations between chironomid deformities and the de-
gree of contamination have been established, but these relationships were only considered
as qualitative [28]. On the basis of paleo-limnologic records, natural mentum deformity
levels have been estimated to vary between 0 and 0.8% [86]. However, possibly due to the
ubiquitous dispersion of contaminants in the environment, levels in sites considered as
control sites currently vary between 0 and 8% [87], which is consistent with our results in
the control group from our experiment.

In chironomid larvae, other studies report the induction of mouthpart deformities by
various contaminants, including organic compounds [88] and metals [85,89,90], while the
assessment of teratogenicity of carbon-based nanomaterials in this organism is limited yet.
Since mentum deformities occur during molting which is regulated by hormones [88], our
study suggests that GO exposure is unlikely to act as an endocrine disruptor towards C.
riparius under our experimental conditions.

3.4. Integration of Biological Responses into the IBR Index

The data of seven endpoints monitored (survival, growth rate, development delay,
third instar length, fourth instar length, teratogenesis frequency and severity) under the
different exposure conditions were used to calculate IBR values. The obtained results in-
dicated an increase in the calculated values in a monotonic dose-dependent manner,
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reaching the highest value after 7 days of exposure to GO at 100 mg/L (Figure 5A). The
chart radars showed that changes in the IBR value were mostly associated with the growth
rate and that fourth instar larval length and the occurrence of mentum deformities con-
tributed to the overall calculated IBR score (Figure 5B). As previously suggested in other
organisms, including worms, mollusks and fishes [91-93], the use of the IBR index seems
to be an efficient tool when used with C. riparius for the evaluation of GBM toxicity,
providing simplified results which are integrative of the overall biological responses to
help regulatory agencies in evaluating the ecotoxic potential of these nanomaterials.

A 20 B Survival
Severity Stage 3
15+ score length
[}
=
[
> 10
o Deformities Stage 4
[u1]
=] (%) length
5
Y T T T Dev. delay Growth rate
& & & & &
"\(o '\<° ,\Q'(o '\QQ® [0100mg/L 010mg/L [Jimg/L D0.1mg/L [10mg/L

Q

Figure 5. Integrated biomarker response index calculated based on C. riparius endpoints measured
following 7 days of exposure to increasing GO concentrations (A). Representation of endpoint con-
tributions to the calculated index for each experimental condition (B).

4. Conclusions

Chironomus larvae exposed to GO for seven days show no mortality or teratogenic-
ity but a clear dose-dependent chronic toxicity leading to a markedly decreased length of
larvae reaching the last larval instar, even when exposed to low doses. Integration into
the IBR index of the information collected from the measured endpoints confirms that
increasing GO exposure concentration leads to higher stress levels, attesting the relevance
of chironomids as a model species to evaluate the ecotoxic impact of GO. Further investi-
gations are still needed to underline the mechanistic effects associated with these devel-
opment alterations through the use of other biomarkers, as well as to determine the eco-
logical consequences of the observed effects as chironomid larvae are a key component of
food webs in many aquatic ecosystems.

Author Contributions: Conceptualization and methodology, F.M, A.M.,, L.G,, E.P,; validation, F.M.,
formal analysis, C.C., L.L.; resources, S.C., A.M.; data curation, C.C., L.E., L.L.; writing—original
draft preparation, L.E.; writing—review and editing, E.P., F.M.; visualization, L.E.; supervision,
L.G., F.M,; project administration, E.F., L.G. All authors have read and agreed to the published ver-
sion of the manuscript.

Funding: This research was supported by the French Ministry of National Education, Higher Edu-
cation and Research. The research has also received funding from the European Union’s Horizon
2020 research and innovation program under grant agreement No. 696656-785219-881603.

Informed Consent Statement: Not applicable

Acknowledgments: We are grateful for the initial strain of Chironomus riparius that was provided
by the Ecole Nationale des Travaux Publics de I'Etat (ENTPE, Vaulx-en-Velin, France).

Conflicts of Interest: The authors declare no conflict of interest.



Toxics 2022, 10, 588 11 of 14

References

1.  Dideikin, A.T.; Vul’, A.Y. Graphene Oxide and Derivatives: The Place in Graphene Family. Front. Phys. 2019, 6, 149.

2. Park, S; An, J; Piner, RD, Jung, I; Yang, D. Velamakanni, A.; Nguyen, S.T.; Ruoff, R.S. Aqueous Suspension and
Characterization of Chemically Modified Graphene Sheets. Chem. Mater. 2008, 20, 6592-6594. https://doi.org/10.1021/cm801932u.

3. Paredes, ].I; Villar-Rodil, S.; Martinez-Alonso, A.; Tascon, ].M.D. Graphene Oxide Dispersions in Organic Solvents. Langmuir
2008, 24, 10560-10564.

4. Ahmad, H.; Fan, M.; Hui, D. Graphene Oxide Incorporated Functional Materials: A Review. Compos. Part B Eng. 2018, 145, 270—
280. https://doi.org/10.1016/j.compositesb.2018.02.006.

5. Wang, S; Sun, H.; Ang, H.M.; Tadé, M.O. Adsorptive Remediation of Environmental Pollutants Using Novel Graphene-Based
Nanomaterials. Chem. Eng. |. 2013, 226, 336-347. https://doi.org/10.1016/j.cej.2013.04.070.

6. Peng, W, Li, H,;Liu, Y.; Song, S. A Review on Heavy Metal Ions Adsorption from Water by Graphene Oxide and Its Composites.
J. Mol. Lig. 2017, 230, 496-504. https://doi.org/10.1016/j.molliq.2017.01.064.

7. Paramasivan, T.; Sivarajasekar, N.; Muthusaravanan, S.; Subashini, R.; Prakashmaran, J.; Sivamani, S.; Ajmal Koya, P. Graphene
Family Materials for the Removal of Pesticides from Water. In A New Generation Material Graphene: Applications in Water Technology;
Naushad, Mu., Ed.; Springer International Publishing: Cham, Switzerland, 2019; pp. 309-327, ISBN 978-3-319-75484-0.

8.  Gopinath, K.P.; Vo, D.-V.N.; Gnana Prakash, D.; Adithya Joseph, A.; Viswanathan, S.; Arun, J. Environmental Applications of
Carbon-Based Materials: A Review. Environ. Chem Lett 2021, 19, 557-582. https://doi.org/10.1007/s10311-020-01084-9.

9. Lin, L; Peng, H,; Liu, Z. Synthesis Challenges for Graphene Industry. Nat. Mater. 2019, 18, 520-524.
https://doi.org/10.1038/s41563-019-0341-4.

10. Zhu, Y,; Ji, H,; Cheng, H.-M.; Ruoff, R.S. Mass Production and Industrial Applications of Graphene Materials. Natl. Sci. Rev.
2018, 5, 90-101. https://doi.org/10.1093/nsr/nwx055.

11. Ding, X,; Pu, Y,; Tang, M.; Zhang, T. Environmental and Health Effects of Graphene-Family Nanomaterials: Potential Release
Pathways, Transformation, Environmental Fate and Health Risks. Nano Today 2022, 42, 101379.
https://doi.org/10.1016/j.nantod.2022.101379.

12.  Freixa, A.; Acufia, V.; Sanchis, J.; Farré, M.; Barceld, D.; Sabater, S. Ecotoxicological Effects of Carbon Based Nanomaterials in
Aquatic Organisms. Sci. Total Environ. 2018, 619-620, 328-337. https://doi.org/10.1016/j.scitotenv.2017.11.095.

13. Mottier, A.; Mouchet, F.; Pinelli, E.; Gauthier, L.; Flahaut, E. Environmental Impact of Engineered Carbon Nanoparticles: From
Releases to Effects on the Aquatic Biota. Curr. Opin. Biotechnol. 2017, 46, 1-6. https://doi.org/10.1016/j.copbio.2016.11.024.

14. Scown, T.M.; van Aerle, R.; Tyler, C.R. Review: Do Engineered Nanoparticles Pose a Significant Threat to the Aquatic
Environment? Crit. Rev. Toxicol. 2010, 40, 653-670. https://doi.org/10.3109/10408444.2010.494174.

15. Goodwin, D.G.; Adeleye, A.S.; Sung, L.; Ho, K.T.; Burgess, R.M.; Petersen, E.J. Detection and Quantification of Graphene-Family
Nanomaterials in the Environment. Environ. Sci. Technol. 2018, 52, 4491-4513. https://doi.org/10.1021/acs.est.7b04938.

16. De Marchi, L.; Pretti, C.; Gabriel, B.; Marques, P.A.A.P.; Freitas, R.; Neto, V. An Overview of Graphene Materials: Properties,
Applications and Toxicity on Aquatic Environments. Sci. Total Environ. 2018, 631-632, 1440-1456.
https://doi.org/10.1016/j.scitotenv.2018.03.132.

17. Sun, T.Y.; Bornhoft, N.A.; Hungerbiihler, K.; Nowack, B. Dynamic Probabilistic Modeling of Environmental Emissions of
Engineered Nanomaterials. Environ. Sci. Technol. 2016, 50, 4701-4711. https://doi.org/10.1021/acs.est.5b05828.

18. Fadeel, B.; Bussy, C.; Merino, S.; Vazquez, E.; Flahaut, E.; Mouchet, F.; Evariste, L.; Gauthier, L.; Koivisto, A.].; Vogel, U.; et al.
Safety Assessment of Graphene-Based Materials: Focus on Human Health and the Environment. ACS Nano 2018, 12, 10582-
10620. https://doi.org/10.1021/acsnano.8b04758.

19. Jastrzebska, A.M.; Olszyna, A.R. The Ecotoxicity of Graphene Family Materials: Current Status, Knowledge Gaps and Future
Needs. ]. Nanoparticle Res. 2015, 17, 40. https://doi.org/10.1007/s11051-014-2817-0.

20. Mohammed, H.; Kumar, A.; Bekyarova, E.; Al-Hadeethi, Y.; Zhang, X.; Chen, M.; Ansari, M.S.; Cochis, A.; Rimondini, L.
Antimicrobial Mechanisms and Effectiveness of Graphene and Graphene-Functionalized Biomaterials. A Scope Review. Front.
Bioeng. Biotechnol. 2020, 8, 465.

21. Sengupta, I.; Bhattacharya, P.; Talukdar, M.; Neogi, S.; Pal, S.K.; Chakraborty, S. Bactericidal Effect of Graphene Oxide and
Reduced Graphene Oxide: Influence of Shape of Bacteria. Colloid Interface Sci. Commun. 2019, 28, 60-68.
https://doi.org/10.1016/j.colcom.2018.12.001.

22.  Saxena, P.; Sangela, V,; Ranjan, S;; Dutta, V.; Dasgupta, N.; Phulwaria, M.; Rathore, D.S.; Harish Aquatic Nanotoxicology: Impact of
Carbon Nanomaterials on Algal Flora. Energ. Ecol. Environ. 2020, 5, 240-252. https://doi.org/10.1007/s40974-020-00151-9.

23. Yin, J; Fan, W.; Dy, J.; Feng, W.; Dong, Z.; Liu, Y.; Zhou, T. The Toxicity of Graphene Oxide Affected by Algal Physiological
Characteristics: A Comparative Study in Cyanobacterial, Green Algae, Diatom. Environ. Pollut. 2020, 260, 113847.
https://doi.org/10.1016/j.envpol.2019.113847.

24. Lv,X,;Yang, Y.;Tao, Y.;Jiang, Y.; Chen, B.; Zhu, X,; Cai, Z; Li, B. A Mechanism Study on Toxicity of Graphene Oxide to Daphnia
Magna: Direct Link between Bioaccumulation and Oxidative Stress. Environ. Pollut. 2018, 234, 953-959.
https://doi.org/10.1016/j.envpol.2017.12.034.

25. Fekete-Kertész, I.; Laszlo, K.; Terebesi, C.; Gyarmati, B.S.; Farah, S.; Marton, R.; Molnar, M. Ecotoxicity Assessment of Graphene

Oxide by Daphnia Magna through a Multimarker Approach from the Molecular to the Physiological Level Including Behavioral
Changes. Nanomaterials 2020, 10, 2048. https://doi.org/10.3390/nano10102048.



Toxics 2022, 10, 588 12 of 14

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Castro, V.L.; Clemente, Z.; Jonsson, C.; Silva, M.; Vallim, J.H.; de Medeiros, A.M.Z.; Martinez, D.S5.T. Nanoecotoxicity
Assessment of Graphene Oxide and Its Relationship with Humic Acid: Nanoecotoxicity of Graphene Oxide and Humic Acid.
Environ. Toxicol. Chem. 2018, 37, 1998-2012. https://doi.org/10.1002/etc.4145.

Martin-Folgar, R.; Esteban-Arranz, A.; Negri, V.; Morales, M. Toxicological Effects of Three Different Types of Highly Pure
Graphene Oxide in the Midge Chironomus Riparius. Sci. Total  Environ. 2022, 815,  152465.
https://doi.org/10.1016/j.scitotenv.2021.152465.

Nicacio, G.; Juen, L. Chironomids as Indicators in Freshwater Ecosystems: An Assessment of the Literature. Insect Conserv.
Divers. 2015, 8, 393—403. https://doi.org/10.1111/icad.12123.

Molineri, C.; Tejerina, E.G.; Torrejon, S.E.; Pero, E.J.I; Hankel, G.E. Indicative Value of Different Taxonomic Levels of
Chironomidae for Assessing the Water Quality. Ecol. Indic. 2020, 108, 105703. https://doi.org/10.1016/j.ecolind.2019.105703.
Watts, M.M.; Pascoe, D. A Comparative Study of Chironomus Riparius Meigen and Chironomus Tentans Fabricius
(Diptera:Chironomidae) in Aquatic Toxicity Tests. Arch. Environ. Contam. Toxicol. 2000, 39, 299-306.
https://doi.org/10.1007/s002440010108.

de Souza Beghelli, F.G.; Lopez-Doval, ].C.; Rosa, A.H.; Pompéo, M.; Carlos, V.M. Lethal and Sublethal Effects of Metal-Polluted
Sediments on Chironomus Sancticaroli  Strixino and Strixino, 1981.  Ecotoxicology 2018, 27, 286-299.
https://doi.org/10.1007/s10646-018-1894-8.

Arambourou, H; Planello, R; Llorente, L.; Fuertes, I; Barata, C.; Delorme, N.; Noury, P.; Herrero, O.; Villeneuve, A.; Bonnineau,
C. Chironomus Riparius Exposure to Field-Collected Contaminated Sediments: From Subcellular Effect to Whole-Organism
Response. Sci. Total Environ. 2019, 671, 874-882. https://doi.org/10.1016/j.scitotenv.2019.03.384.

Nair, P.M.G.; Park, S.Y.; Choi, J. Evaluation of the Effect of Silver Nanoparticles and Silver Ions Using Stress Responsive Gene
Expression in Chironomus Riparius. Chemosphere 2013, 92, 592-599. https://doi.org/10.1016/j.chemosphere.2013.03.060.

Bour, A.; Mouchet, F.; Cadarsi, S; Silvestre, J.; Chauvet, E.; Bonzom, J.-M.; Pagnout, C.; Clivot, H.; Gauthier, L.; Pinelli, E. Impact
of CeO 2 Nanoparticles on the Functions of Freshwater Ecosystems: A Microcosm Study. Environ. Sci. Nano 2016, 3, 830-838.
https://doi.org/10.1039/C6EN00116E.

Bour, A.; Mouchet, F.; Verneuil, L.; Evariste, L.; Silvestre, J.; Pinelli, E.; Gauthier, L. Toxicity of CeO2 Nanoparticles at Different
Trophic Levels—Effects on Diatoms, Chironomids and Amphibians. Chemosphere 2015, 120, 230-236.
https://doi.org/10.1016/j.chemosphere.2014.07.012.

Evariste, L.; Mottier, A.; Lagier, L.; Cadarsi, S.; Barret, M.; Sarrieu, C.; Soula, B.; Mouchet, F.; Flahaut, E.; Pinelli, E.; et al.
Assessment of Graphene Oxide Ecotoxicity at Several Trophic Levels Using Aquatic Microcosms. Carbon 2020, 156, 261-271.
https://doi.org/10.1016/j.carbon.2019.09.051.

Mouchet, F.; Rowenczyk, L.; Minet, A.; Clergeaud, F.; Silvestre, J.; Pinelli, E.; Ferriol, J.; Leflaive, J.; Ten-Hage, L.; Gigault, |.; et
al. Ecotoxicity of Heteroaggregates of Polystyrene Nanospheres in Chironomidae and Amphibian. Nanomaterials 2022, 12, 2730.
https://doi.org/10.3390/nan012152730.

Hirabayashi, K.; Wotton, R.S. Organic Matter Processing by Chironomid Larvae (Diptera: Chironomidae). Hydrobiologia 1998,
382, 151-159. https://doi.org/10.1023/A:1003472329603.

Stief, P.; Beer, D. de Bioturbation Effects of Chironomus Riparius on the Benthic N-Cycle as Measured Using Microsensors and
Microbiological Assays. Aquat. Microb. Ecol. 2002, 27, 175-185. https://doi.org/10.3354/ame(027175.

Samuiloviene, A.; Bartoli, M.; Bonaglia, S.; Cardini, U.; Vybernaite-Lubiene, I.; Marzocchi, U.; Petkuviene, J.; Politi, T.; Zaiko,
A.; Zilius, M. The Effect of Chironomid Larvae on Nitrogen Cycling and Microbial Communities in Soft Sediments. Water 2019,
11, 1931. https://doi.org/10.3390/w11091931.

Wagner, A.; Volkmann, S.; Dettinger-Klemm, P.M.A. Benthic—Pelagic Coupling in Lake Ecosystems: The Key Role of
Chironomid Pupae as Prey of Pelagic Fish. Ecosphere 2012, 3, art14. https://doi.org/10.1890/ES11-00181.1.

Sanchez, M.L; Green, A.J.; Alejandre, R. Shorebird Predation Affects Density, Biomass, and Size Distribution of Benthic
Chironomids in Salt Pans: An Exclosure Experiment. ]. N. Am. Benthol. Soc. 2006, 25, 9-18. https://doi.org/10.1899/0887-
3593(2006)25[9:SPADBA]2.0.CO;2.

Hummers, W.S; Offeman, R.E. Preparation of Graphitic Oxide. ]. Am. Chem. Soc. 1958, 80, 1339-1339.
https://doi.org/10.1021/ja01539a017.

Lobato, B.; Merino, C.; Barranco, V.; Centeno, T.A. Large-Scale Conversion of Helical-Ribbon Carbon Nanofibers to a Variety
of Graphene-Related Materials. RSC Adv. 2016, 6, 57514-57520. https://doi.org/10.1039/C6RA08865A.

Lagier, L.; Mouchet, F.; Laplanche, C.; Mottier, A.; Cadarsi, S.; Evariste, L.; Sarrieu, C.; Lonchambon, P.; Pinelli, E.; Flahaut, E.;
et al. Surface Area of Carbon-Based Nanoparticles Prevails on Dispersion for Growth Inhibition in Amphibians. Carbon 2017,
119, 72-81. https://doi.org/10.1016/j.carbon.2017.04.016.

Government of Canada, P.S. and P.C. Biological Test Method. Test for Survival and Growth in Sediment Using Larvae of
Freshwater Midges (Chironomus Tentans or Chironomus Riparius)/[Issued by] Method Development and Application Section,
Environmental Technology Centre: En49-24/1-32E-PDF —Government of Canada Publications—Canada.Ca Available online:
https://publications.gc.ca/site/eng/460451/publication.html (accessed on 16 August 2022).

AFNOR NF T90-339-1 Qualité de l'eau—Détermination de la Toxicité des Sédiments d’eau Douce vis-a-vis de Chironomus
riparius Available online: https://m.boutique.afnor.org/fr-fr/norme/nf-t903391/qualite-de-leau-determination-de-la-toxicite-
des-sediments-deau-douce-visav/fal165302/34939 (accessed on 16 August 2022).



Toxics 2022, 10, 588 13 of 14

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

Egeler, P.; Henry, K.S.; Riedhammer, C. Potential Effects of Food Addition to Sediment on Test Conditions in Sediment Toxicity
Tests. ] Soils Sediments 2010, 10, 377-388. https://doi.org/10.1007/s11368-009-0169-7.

Mottier, A.; Mouchet, F.; Laplanche, C.; Cadarsi, S.; Lagier, L.; Arnault, J.-C.; Girard, H.A_; Ledn, V.; Vazquez, E.; Sarrieu, C.; et
al. Surface Area of Carbon Nanoparticles: A Dose Metric for a More Realistic Ecotoxicological Assessment. Nano Lett. 2016, 16,
3514-3518. https://doi.org/10.1021/acs.nanolett.6b00348.

Warwick, W.F,; Tisdale, N.A. Morphological Deformities in Chironomus, Cryptochironomus, and Procladius Larvae (Diptera:
Chironomidae) from Two Differentially Stressed Sites in Tobin Lake, Saskatchewan. Can. J. Fish. Aquat. Sci. 1988, 45, 1123-1144.
https://doi.org/10.1139/£88-136.

Salmelin, J.; Vuori, K.-M.; Himaélainen, H. Inconsistency in the Analysis of Morphological Deformities in Chironomidae (Insecta:
Diptera) Larvae. Environ. Toxicol. Chem. 2015, 34, 1891-1898. https://doi.org/10.1002/etc.3010.

Vermeulen, A.C.; Dall, P.C,; Lindegaard, C.; Ollevier, F.; Goddeeris, B. Improving the Methodology of Chironomid Deformation
Analysis for Sediment Toxicity Assessment: A Case Study in Three Danish Lowland Streams. Arch. Fiir Hydrobiol. 1998, 144,
103-125. https://doi.org/10.1127/archiv-hydrobiol/144/1998/103.

Beliaeff, B.; Burgeot, T. Integrated Biomarker Response: A Useful Tool for Ecological Risk Assessment. Environ. Toxicol Chem
2002, 21, 1316-1322.

Devin, S.; Burgeot, T.; Giambérini, L.; Minguez, L.; Pain-Devin, S. The Integrated Biomarker Response Revisited: Optimization
to Avoid Misuse. Environ. Sci. Pollut Res. 2014, 21, 2448-2454. https://doi.org/10.1007/s11356-013-2169-9.

Konios, D.; Stylianakis, M.M.; Stratakis, E.; Kymakis, E. Dispersion Behaviour of Graphene Oxide and Reduced Graphene Oxide.
J. Colloid Interface Sci. 2014, 430, 108-112. https://doi.org/10.1016/j.jcis.2014.05.033.

Chowdhury, I.; Mansukhani, N.D.; Guiney, L.M.; Hersam, M.C.; Bouchard, D. Aggregation and Stability of Reduced Graphene
Oxide: Complex Roles of Divalent Cations, PH, and Natural Organic Matter. Environ. Sci. Technol. 2015, 49, 10886-10893.
https://doi.org/10.1021/acs.est.5b01866.

Ye, N.; Wang, Z.; Wang, S.; Fang, H.; Wang, D. Aqueous Aggregation and Stability of Graphene Nanoplatelets, Graphene Oxide,
and Reduced Graphene Oxide in Simulated Natural Environmental Conditions: Complex Roles of Surface and Solution
Chemistry. Environ. Sci. Pollut Res. 2018, 25, 10956-10965. https://doi.org/10.1007/s11356-018-1326-6.

Avant, B.; Bouchard, D.; Chang, X.; Hsieh, H.-S.; Acrey, B.; Han, Y.; Spear, ]J.; Zepp, R.; Knightes, C.D. Environmental Fate of
Multiwalled Carbon Nanotubes and Graphene Oxide across Different Aquatic Ecosystems. Nanolmpact 2019, 13, 1-12.
https://doi.org/10.1016/j.impact.2018.11.001.

Lu, K;; Dong, S.; Petersen, E].; Niu, J.; Chang, X.; Wang, P.; Lin, S.; Gao, S.; Mao, L. Biological Uptake, Distribution, and
Depuration of Radio-Labeled Graphene in Adult Zebrafish: Effects of Graphene Size and Natural Organic Matter. ACS Nano
2017, 11, 2872-2885. https://doi.org/10.1021/acsnano.6b07982.

Lu, K.; Zha, Y.; Dong, S.; Zhu, Z.; Lv, Z,; Gu, Y.; Deng, R.; Wang, M.; Gao, S.; Mao, L. Uptake Route Altered the Bioavailability
of Graphene in Misgurnus Anguillicaudatus: Comparing Waterborne and Sediment Exposures. Environ. Sci. Technol. 2022, 56,
9435-9445. https://doi.org/10.1021/acs.est.2c01805.

Lu, J.; Zhu, X,; Tian, S.; Lv, X,; Chen, Z; Jiang, Y.; Liao, X.; Cai, Z.; Chen, B. Graphene Oxide in the Marine Environment: Toxicity
to Artemia Salina with and without the Presence of Phe and Cd2+. Chemosphere 2018, 211, 390-396.
https://doi.org/10.1016/j.chemosphere.2018.07.140.

Cavion, F.; Fusco, L.; Sosa, S.; Manfrin, C.; Alonso, B.; Zurutuza, A.; Loggia, R.D.; Tubaro, A.; Prato, M.; Pelin, M.
Ecotoxicological Impact of Graphene Oxide: Toxic Effects on the Model Organism Artemia Franciscana. Environ. Sci. Nano 2020,
7, 3605-3615. https://doi.org/10.1039/DOEN00747A.

Zhu, S.; Luo, F.; Chen, W.; Zhu, B.; Wang, G. Toxicity Evaluation of Graphene Oxide on Cysts and Three Larval Stages of
Artemia Salina. Sci. Total Environ. 2017, 595, 101-109. https://doi.org/10.1016/j.scitotenv.2017.03.224.

Meéndez-Fernandez, L.; Martinez-Madrid, M.; Rodriguez, P. Toxicity and Critical Body Residues of Cd, Cu and Cr in the Aquatic
Oligochaete Tubifextubifex (Miiller) Based on Lethal and Sublethal Effects. Ecotoxicology 2013, 22, 1445-1460.
https://doi.org/10.1007/s10646-013-1131-4.

Pirow, R.; Wollinger, F.; Paul, R.J. The Importance of the Feeding Current for Oxygen Uptake in the Water Flea Daphnia Magna.
J. Exp. Biol. 1999, 202, 553-562. https://doi.org/10.1242/jeb.202.5.553.

Mwangi, ].N.; Wang, N.; Ingersoll, C.G.; Hardesty, D.K.; Brunson, E.L.; Li, H.; Deng, B. Toxicity of Carbon Nanotubes to
Freshwater Aquatic Invertebrates. Environ. Toxicol. Chem. 2012, 31, 1823-1830. https://doi.org/10.1002/etc.1888.
Waissi-Leinonen, G.C.; Nybom, I.; Pakarinen, K.; Akkanen, J.; Leppanen, M.T.; Kukkonen, J.V.K. Fullerenes(NC60) Affect the
Growth and Development of the Sediment-Dwelling Invertebrate Chironomus Riparius Larvae. Environ. Pollut. 2015, 206, 17—
23. https://doi.org/10.1016/j.envpol.2015.06.010.

Hu, C; Wang, Q.; Zhao, H.; Wang, L.; Guo, S.; Li, X. Ecotoxicological Effects of Graphene Oxide on the Protozoan Euglena
Gracilis. Chemosphere 2015, 128, 184-190. https://doi.org/10.1016/j.chemosphere.2015.01.040.

Walshe, B.M. Feeding Mechanisms of Chironomus Larvee. Nature 1947, 160, 474-474. https://doi.org/10.1038/160474a0.

Kumar, P.; Huo, P.; Zhang, R.; Liu, B. Antibacterial Properties of Graphene-Based Nanomaterials. Nanomaterials 2019, 9, 737.
https://doi.org/10.3390/nano9050737.

Bantun, F.; Singh, R.; Alkhanani, M.F.; Almalki, A.H.; Alshammary, F.; Khan, S.; Haque, S.; Srivastava, M. Gut Microbiome
Interactions with Graphene Based Nanomaterials: Challenges and Opportunities. Sci. Total Environ. 2022, 830, 154789.
https://doi.org/10.1016/j.scitotenv.2022.154789.



Toxics 2022, 10, 588 14 of 14

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Senderovich, Y.; Halpern, M. The Protective Role of Endogenous Bacterial Communities in Chironomid Egg Masses and Larvae.
ISME ] 2013, 7, 2147-2158. https://doi.org/10.1038/ismej.2013.100.

Cai, S.; Shu, Y.; Tian, C.; Wang, C.; Fang, T.; Xiao, B.; Wu, X. Effects of Chronic Exposure to Microcystin-LR on Life-History
Traits, Intestinal Microbiota and Transcriptomic Responses in Chironomus Pallidivittatus. Sci. Total Environ. 2022, 823, 153624.
https://doi.org/10.1016/j.scitotenv.2022.153624.

Sela, R.; Halpern, M. The Chironomid Microbiome Plays a Role in Protecting Its Host From Toxicants. Front. Ecol. Evol. 2022, 10, 42.
Guo, L.; Von Dem Bussche, A.; Buechner, M.; Yan, A.; Kane, A.B.; Hurt, R.H. Adsorption of Essential Micronutrients by Carbon
Nanotubes and the Implications for Nanotoxicity Testing. Small 2008, 4, 721-727. https://doi.org/10.1002/sml1.200700754.
Hooper, H.L,; Sibly, RM.; Hutchinson, T.H.; Maund, S.J. The Influence of Larval Density, Food Availability and Habitat
Longevity on the Life History and Population Growth Rate of the Midge Chironomus Riparius. Oikos 2003, 102, 515-524.
Sokolova, L.M.; Frederich, M.; Bagwe, R.; Lannig, G.; Sukhotin, A.A. Energy Homeostasis as an Integrative Tool for Assessing
Limits of Environmental Stress Tolerance in Aquatic Invertebrates. Mar. Environ. Res. 2012, 79, 1-15.
https://doi.org/10.1016/j.marenvres.2012.04.003.

Saraiva, A.S.; Sarmento, R.A.; Gravato, C.; Rodrigues, A.C.M.; Campos, D.; Simao, F.C.P.; Soares, AM.V.M. Strategies of
Cellular Energy Allocation to Cope with Paraquat-Induced Oxidative Stress: Chironomids vs Planarians and the Importance of
Using Different Species. Sci. Total Environ. 2020, 741, 140443. https://doi.org/10.1016/j.scitotenv.2020.140443.

Sibley, P.K.; Benoit, D.A.; Ankley, G.T. The Significance of Growth in Chironomus Tentans Sediment Toxicity Tests:
Relationship to Reproduction and Demographic Endpoints. Environ. Toxicol. Chem. 1997, 16, 336-345.
https://doi.org/10.1002/etc.5620160232.

Ball, S.L.; Baker, R.L. The Non-Lethal Effects of Predators and the Influence of Food Availability on Life History of Adult
Chironomus Tentans (Diptera: Chironomidae). Freshw. Biol. 1995, 34, 1-12. https://doi.org/10.1111/j.1365-2427.1995.tb00417 x.
Stanko-Mishic, S.; And, ].K.C,; Silver, P. Manipulation of Habitat Quality: Effects on Chironomid Life History Traits. Freshw.
Biol. 1999, 41, 719-727. https://doi.org/10.1046/j.1365-2427.1999.00414.x.

Frelik, A.; Koszalka, J.; Pakulnicka, J. Trophic Relations between Adult Water Beetles from the Dytiscidae Family and Non-
Biting Midges (Diptera: Chironomidae). Biologia 2016, 71, 931-940. https://doi.org/10.1515/biolog-2016-0115.

Urk, G. van; Kerkurm, F.C.M.; Smit, H. Life Cycle Patterns, Density, and Frequency of Deformities in Chironomus Larvae
(Diptera: Chironomidae) over a Contaminated Sediment Gradient. Can. ]. Fish. Aquat. Sci. 1992, 49, 2291-2299.
https://doi.org/10.1139/f92-251.

Warwick, W.F. Morphological Deformities in Chironomidae (Diptera) Larvae from the Lac St. Louis and Laprairie Basins of the
St. Lawrence River. J. Great Lakes Res. 1990, 16, 185-208. https://doi.org/10.1016/S0380-1330(90)71413-X.

Vedamanikam, V.J.; Shazili, N.A.M. Observations of Mouthpart Deformities in the Chironomus Larvae Exposed to Different
Concentrations of Nine Heavy Metals. Toxicol. Environ. Chem. 2009, 91, 57-63. https://doi.org/10.1080/02772240801971973.
Warwick, W.F. Chironomidae (Diptera) Responses to 2800 Years of Cultura Influence; A Palaeolimnological Study with Special
Reference to Sedimentation, Eutrophication and Contamination Processes. Can. Entomol. 1980, 112, 1193-1238.
https://doi.org/10.4039/Ent1121193-11.

Vermeulen, A.C. Elaborating Chironomid Deformities as Bioindicators of Toxic Sediment Stress: The Potential Application of
Mixture Toxicity Concepts. Ann. Zool. Fenn. 1995, 32, 265-285.

Meregalli, G.; Pluymers, L.; Ollevier, F. Induction of Mouthpart Deformities in Chironomus Riparius Larvae Exposed to 4-n-
Nonylphenol. Environ. Pollut. 2001, 111, 241-246. https://doi.org/10.1016/50269-7491(00)00068-3.

Dias, V.; Vasseur, C.; Bonzom, J.-M. Exposure of Chironomus Riparius Larvae to Uranium: Effects on Survival, Development
Time, Growth, and Mouthpart Deformities. Chemosphere 2008, 71, 574-581. https://doi.org/10.1016/j.chemosphere.2007.09.029.
Di Veroli, A; Santoro, F.; Pallottini, M.; Selvaggi, R.; Scardazza, F.; Cappelletti, D.; Goretti, E. Deformities of Chironomid Larvae
and Heavy Metal Pollution: From Laboratory to Field Studies. Chemosphere 2014, 112, 9-17.
https://doi.org/10.1016/j.chemosphere.2014.03.053.

Devin, S.; Buffet, P.E.; Chatel, A.; Perrein-Ettajani, H.; Valsami-Jones, E.; Mouneyrac, C. The Integrated Biomarker Response: A
Suitable Tool to Evaluate Toxicity of Metal-Based Nanoparticles.  Nanofoxicology 2017, 11, 1-6.
https://doi.org/10.1080/17435390.2016.1269374.

Aouini, F.; Trombini, C.; Sendra, M.; Blasco, ]. Biochemical Response of the Clam Ruditapes Philippinarum to Silver (AgD and
AgNPs) Exposure and Application of an Integrated Biomarker Response Approach. Mar. Environ. Res. 2019, 152, 104783.
https://doi.org/10.1016/j.marenvres.2019.104783.

Garcia-Medina, S.; Galar-Martinez, M.; Cano-Viveros, S.; Ruiz-Lara, K.; Gomez-Olivan, L.M.; Islas-Flores, H.; Gasca-Pérez, E.;
Pérez-Pastén-Borja, R.; Arredondo-Tamayo, B.; Hernandez-Varela, J.; et al. Bioaccumulation and Oxidative Stress Caused by
Aluminium Nanoparticles and the Integrated Biomarker Responses in the Common Carp (Cyprinus Carpio). Chemosphere 2022,
288, 132462. https://doi.org/10.1016/j.chemosphere.2021.132462.



