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Graphene-based materials (GBMs) are gaining more and more attention from the scientific community due
to their unique properties. One of the major concerns is to deliver the safest material possible on the
market. To address this challenge, assessing the GBM ecotoxicity is required. Microbial communities are
present in every environmental compartment, are at the basis of every trophic chain and endorse many
essential roles in the environment and in engineered systems such as element cycling. Studies conducted
on GBMs' impact mainly focused on the effect of GBMs towards mono species cultures of bacteria and
algae, which are not environmentally relevant. This review examines recent advances about GBM effects
on complex microbial communities, bringing together ecotoxicology and bioprocess engineering research,
two major and complementary fields in environmental sciences. This review reveals the potential of GBMs
to disrupt the growth of the communities but also their structure and diversity in a broad spectrum of
environmental conditions. Multiple studies reported the disruption of carbon and nitrogen cycling
throughout the perturbation of related species. Electron transfer, on which relies many bioprocesses, was
Received 10th June 2022, also found to be enhanced. The fate of antibiotic resistance genes was also influenced. Moreover,
Accepted 29th July 2022 communities seemed to exhibit a form of resilience through composition modifications and also by
reducing the oxidation state of the GBMs. Nevertheless, GBMs are pointed out as disruptors of the
structure and activity of microbial communities, which could lead to larger environmental consequences

DOI: 10.1039/d2en00547f

rsc.li/es-nano as these communities are at the basis of every ecosystem'’s health.

Environmental significance

Microbial communities are ubiquitous in the environment and play major roles in the health and stability of our ecosystems via different bioprocess
including element cycling. The functional potentialities of microbial communities have led to their domestication and intensification of their activities in
controlled systems for scientific or industrial purposes. It is more and more recognized that the health of organisms and more globally ecosystems relies
on the health of microbial communities. The disruption of these communities would lead to broad environmental and health problems. Therefore, it is
essential to evaluate the impact of all types of new and emergent pollutants. GBMs have recently arrived on the market and this review aims to inform on
their potential impact on microbial communities.

1. Introduction can be classified according to their carbon/oxygen ratio, their
number of graphene layers and their average width.> GBMs
have attracted the attention of the scientific community
thanks to their unique properties. Their rigidity, elasticity,
and electrical and thermal conduction have made them very
coveted materials in many sectors such as electronics and
photonics,”> energy  production,” drug delivery in
nanomedicine® and in waste treatment through the
absorption of pollutants such as pharmaceutical drugs in

o : : N waste waters.®
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Graphene, a two dimensional crystalline and allotropic form
of carbon, was exfoliated from graphite for the first time by
Novoselov and his co-workers in 2004." A variety of graphene-
based materials (GBMs) have then been elaborated, such as
graphene oxide (GO) and reduced graphene oxide (rGO), that
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predicted to reach more than 200 million USD in 2022.” This
increase will inevitably result in the release of GBMs in the
environment including in the aquatic ecosystems. To date,
the environmental concentrations of GBMs have not been
measured due to the lack of operational analytic methods.®
According to De Marchi et al, the predicted environmental
concentrations (PECs) would be similar to that of the carbon
nanotubes (CNTs) since GBMs and CNTs share similar
physical and chemical properties.” The PECs of CNTs were
estimated, using probabilistic modelling and means, to be
0.17 ng L™" in surface waters, 3.6 ng L' in wastewater, 0.12
mg kg™" in sewage sludge and 0.02 ng m™ in the air. For
environmental compartments which can retain GBMs such
as soils and sediments, 5.1 ng kg™" and 0.79 pg kg™ are
predicted to be accumulated each year, respectively.’

Microbial communities can be found in all environments
and ecosystems. These highly diverse communities play a
crucial role in the regulation of the biogeochemical cycles."
They represent a source of carbon and nutrient for higher
trophic levels, drive the formation and decomposition of
organic matter,'"> are responsible for the stabilisation of
sediments in the aquatic ecosystems,'® endorse key activities
in soil formation and promote plant growth."* Disturbance of
these communities could lead to large-scale environmental
and ecological consequences. Effects of GBMs on microbes
have been mainly investigated on mono species models of
bacteria such as Staphylococcus epidermis, Escherichia coli,
Staphylococcus aureus and Bacillus subtilis*>™*° and eukaryotic
micro algae such as Scenedesmus obliquus and Nitzschia
palea.*>*" Results showed that GBMs had an antimicrobial
activity due to oxidative stress. GBMs interact with the
membranes and oxidate lipids, proteins and nucleic acids
causing the disruption of biochemical reactions and leading
to the production of different reactive oxygen species (ROS)."
Another mechanism suggested by Mejias Carpio et al.'® was
the capacity of GBMs to disable bacteria to interact with their
extracellular medium, preventing them from accessing to
nutrients and therefore decreasing metabolic activities.
However, some studies contested the antimicrobial activity of
GBMs and evidenced beneficial effects of GO on the growth
rates of microorganisms such as Escherichia coli.** Some
raised the hypothesis that Gram negative bacteria were more
resistant thanks to their thicker layer of peptidoglycan,'® but
others showed similar response between Gram negative and
positive species.”® This led to the understanding that the
effects of GBMs were species dependent but also material
dependent. Indeed, behaviour of GBMs in the environment
differs as a function of the properties of these materials, and
is also influenced by environmental factors such as pH and
ion concentrations.*® In studies conducted on bacteria,
authors pointed out that the response of bacteria to GBMs
exposure led to a feedback on GBMs themselves, through a
modification of the biochemical properties of GBMs,
concentration and fate. It was also revealed that certain
bacterial and fungal species were able to biodegrade and
reduce GBMs.>"*®
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Although knowledge was recently acquired on bacteria or
microalgae and GBMs, microbial species never appear as a
monoculture in the environment but are part of a microbial
community. Microbial assemblies embedded in a self-
produced matrix of extracellular polymeric substances result,
for example in surface-attached biofilms, in a much more
successful form of life.”® This form of life appears to offer
many functions such as mechanic stability, adherence, water
retention, the capacity to retain sources of energy, exchange
of genetic information and a protection to environmental
fluctuations and contaminations.”” The community also
allows interactions and metabolic cooperation between a
wide range of species.”® With all these functions and the fact
that these communities have the capacity to adapt to a wide
range of environmental conditions, the microbial community
assembly can however be modulated by intrinsic and
extrinsic drivers such as chemicals, metals and antibiotics.?®
The potential harmful and beneficial effects on human and
vertebrate gut microbiota by engineered nanomaterials such
as GBMs were already put forward and was reviewed by
Zhang et al. in 2020 (ref. 30) and more recently by Xie et al.*'
and Utembe et al>? in 2022. In this review, to add to the
current understanding of the interactions between microbes
and GBMs and contribute to a One Health approach, we
focused on a broad range of systems that represent the
diversity of microbial environmental
sciences.

Literature about the impact of GBMs on microbial
environmental limited. The topic has
nonetheless emerged and the typology of recent studies will
be described in the first section of this review. The second
point is focused on the effects of GBMs on the structure of
the different communities studied. The third point is focused
on the effects of GBMs on the different activities of microbial
communities and the different species, gene and enzymatic
activities related: carbon and nitrogen cycling, host
interactions and antibiotic resistance. Finally, the fourth
point of this review will address interactions in the opposite
direction, ie. the effects of microbial communities on the
fate of GBMs and the potential influence on their
bioaccumulation.

communities in

communities is

2. Studies addressing interactions
between GBMs and microbial
communities

The following terms “ALL = (graphene) AND (ALL = (microbial
communit*) OR ALL = (bacterial communit*) OR ALL =
(prokaryotic communit*) OR ALL = (microbiome) OR ALL =
(microbiota))” were chosen in order to cover the literature of
this topic in Google Scholar and Web of Science™. The tool
Web of Science™ displayed 328 publications for these
keywords since 2013 (16/05/2022). The number of
publications per year can be found in Fig. 1 and reveals the
emergence of this topic. Among these 328 publications,
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Fig. 1 Number of publications per year since 2013 for the terms ALL =
(graphene) AND (ALL = (microbial communit*) OR ALL = (bacterial
communit*) OR ALL = (prokaryotic communit*) OR ALL =
(microbiome) OR ALL = (microbiota)) indexed in Web of Science™.

literature was refined in order to keep publications dealing
with microbial communities in environmental sciences, ie.
environmental compartments bioprocesses.
Publications working on mono species, human microbiota
and which did not have environmental or bioprocess toxicity
purposes were not kept to avoid overlapping with previous
reviews. For instance, articles dealing with mice microbiota
were discarded since they fit in human health framework.

as well as

2.1 Environmental compartments studied and experimental
model

The literature documenting the interactions between GBMs
and microbial communities (Table 1) is restricted to
laboratory ~ experiments in  which environmental
compartments or bioprocesses are mimicked in controlled
conditions. The absence of publications derived from real
systems (in natura or in full-scale bioreactors) is probably
related to the absence of reliable methodology for GBMs
quantification. The majority of the studies (47%) were
conducted with microbial communities in bioprocesses
(Fig. 2). Among studies focused on bioprocesses, activated
sludge sampled from wastewater treatment plants was
usually used as starting material, either as inoculum in
aerobic batch reactors®*™” or as feeding in anaerobic batch
reactors.”®**® The interaction between GBMs and microbial
communities in anaerobic digesters was also investigated in
reactors fed with swine manure,*"** cattle manure®® or
synthetic wastewater.*>*> Communities in aerobic granular
sludges*®™*’ (strong compact structures embedding microbial
cells) were also exposed to GBMs. In addition to the
aforementioned bioprocesses that are designed to remove
organic matter (and recover energy through methane
production in the case of anaerobic digestion), anammox
reactors carrying out anaerobic ammonium oxidation were
also investigated.’*™> Among environmental compartments,
soil was highly studied and represented 27% of the studies.
The different types of soils studied were the following:
paddy,’* urban,”>>° agriculture,>” > forest,*> mountain® and
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grassland®® soils. The aquatic environment was also studied
using communities from surface waters such as rivers,*>®’
lake,® estuary®® and aquarium®”’® but also sediment
communities.”"”* Those communities were exposed to GBMs
in microcosm experiments of variable size, complexity and
realism. Although most studies relied on small-scale (<1 L)
batch incubations, Evariste et al®® used a more complex
experimental setup combining a water and a sediment
compartment as well as a reconstituted trophic chain. Such
an experimental model integrates the interactions between
pelagic and benthic microbial communities together and
other aquatic organisms (decomposers, primary and
secondary consumers). Reconstituted wetlands were also
studied twice by the same authors in 2022.”>"* Less
represented compartments in the literature were gut
microbiota, here from zebrafish.””””” The low representation
of gut microbiota is in line with recent reviews highlighting
that gut microbiota are understudied in spite of their key role
in host and ecosystem response.”®”°

2.2 Graphene based materials used, concentrations and
exposure time

Graphene oxide was the most represented material (32
studies) compared to graphene (12 studies), rGO (10 studies)
and few layers graphene (FLG) (1 study; Fig. 3). This
imbalance can be related to the higher toxicity of GO
reported for mono species models of bacteria.'” Effects of
graphene composite materials were also investigated in 4
studies, such as Ag-GO and rGO-nZVI (nano zerovalent iron).
Co-contamination was just tested twice, bringing together GO
and Cu in an anaerobic digester fed with swine manure®
and another study exposing Cd contaminated soils to GO.**
The concentrations tested (Table 1, Fig. 4) in the same
compartments are heterogeneous, especially in soils: the
lowest concentration tested, 10° mg kg™, is 13 orders of
magnitude lower than the highest concentration tested, 5 g
kg'. Generally, the concentrations tested were higher than
predictable concentrations mentioned previously in the
introduction. In some cases, the concentrations tested in soil
or surface water exceeded PECs by eight orders of
magnitude.®>*® This can be explained by the fact that some
studies aim to reproduce a spill in the environment,
representing a “hotspot”, while PECs refer to a diffuse
concentration in the environment. It is noteworthy that in
some extreme cases in the field of bioprocess engineering,
GBMs were not seen as contaminants but as a lever to
improve process efficiency and were added at very high
concentrations. For example, graphene was added up to 15 g
L' to increase phenol removal during anaerobic digestion.*’
The times of exposure were also highly heterogeneous
(Table 1, Fig. 4). Times of exposure in soils were higher,
starting at 3 days (ref. 64) and going up to one year of
exposure.®® These longer time of exposures in soils are
related with their characteristics to retain GBMs in the
environment. In bioprocesses, exposure times were generally
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Anaerobic digester [8] Activated sludge [5]

Fig. 2 Distribution of studies documenting the interactions between GBMs and microbial communities as a function of the experimental model
studied. For the bioprocess category, subcategories were distinguished and represented in the right panel. The number of articles contributing to

each category or subcategory is indicated in brackets.

around a few hours, but some studies went up to 60 days of
exposure, depending on the retention time in real processes
(hours to few days for activated sludges when anaerobic
digesters have higher retention time from 15 to 60 days). In
aquatic environments such as surface waters and sediments,
exposure was relatively short, never exceeding 10 days. These
heterogeneous times of exposure are important because,
combined with appropriate concentrations, they represent
different types of pollutions in the environment.

2.3 Study goals: from ecotoxicology to process engineering

The recent results included in this review span both
ecotoxicological studies in environmental compartments and
studies on the effects on microbial communities in
engineered systems such as nitrification, denitrification,
anaerobic ammonium oxidation (anammox) and anaerobic
digestion reactors. In both types of studies, microbial
communities were exposed to GBMs in experimental setups
that mimic actual systems, by using microcosms for natural

Graphene [12]

Co-contamination [2]

Fig. 3 Types of GBMs and number of times they occurred in the
literature. The number of articles contributing to each category is
indicated in brackets.
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environment such as surface waters,*”® or using laboratory

scale reactors to mimic full scale reactors: sequential batch
reactors,* anaerobic digestors®®*"*>*4%> and anammox up
flow column reactor.>® The specificity of the studies focused
on engineered systems is that they systematically targeted the
functions intensified in such reactors by measuring
bioprocess efficiency together with, generally, documenting
the related functional guilds of microbes. On the contrary,
studies carried out in microcosms mimicking environmental
compartments do not necessarily investigate the effects of
GBMs on functional counterparts to bioprocess efficiency,
which are the activities contributing to natural
biogeochemical cycles. The lack of functional data in such
studies is probably due to the coexistence of multiple
interacting activities in the natural environment, whereas
bioprocesses are highly constrained to intensify one activity.
Therefore, even if ecotoxicology and bioprocess engineering
refer to distinct scientific communities, combining both
perspectives in this review was found to be relevant since
bioprocesses can be seen as a tool to a better understanding
of the relationships between GBMs and the structure and
function of microbial communities.

3. Effect of GBMs on the microbial
community structure
3.1 Effect on growth, viability and biomass

One of the main endpoints studied on microbial
communities is the growth rate. It can be expressed as the
evolution of the number of cells, the biomass or even the
quantity of DNA. GBMs tend to affect negatively the growth
of microbial communities. For instance, in activated sludges,
it was shown that GO had an impact on the growth as soon
as five hours of exposure at 50 mg L', and decreased
viability at 100, 200 and 300 mg L™".** The quantity of DNA
in aerobic granules was also found to be decreased after 7
days of exposure to 35 and 95 mg L™* of GO.*® The decrease

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 GBMs concentrations (left panel) and time of exposure (right panel) used in the studies. Full circles represent the concentrations
experimentally tested in studies while empty circles represent CNTs PECs (GBMs PECs are still unknown but can be comparable to CNT PECs due
to their similar properties®). PECs are only available for sediment, surface water, bioprocess and soil. Two series of PECs are represented in
bioprocess, the lowest represents PECs in wastewaters effluent and the highest represents PECs in wastewater sludges. The three concentrations
of PECs given by types of environmental compartments are the first, second and third quartile of the prediction model.!° For sediment and soils,
concentrations of PECs represent a yearly accumulation in mg kg™ per year.

of cell viability of communities exposed to 100 mg L' in a
sequential batch reactor during 45 and 60 days demonstrated
an acute toxicity of long term exposure to high
concentrations of GO.>* Decrease of biomass (determined by
DNA quantity) also reported on soil microbial
communities exposed for a year to graphene at 1 g kg™".%° A
decrease of microbial biomass was additionally reported in
soil communities after 7 days of exposure to GO at 0.5 and 1
g kg™, but was interestingly followed by a recovery after 13 to
59 days.”® In a biofilm composed of diatoms and bacteria,
the bacterial growth rate was found to be highly diminished
compared to the control (up to 75%) by the presence of 1 and
10 mg L™" of GO after 48 and 144 h of exposure, whereas rGO
impacted only slightly the growth rate at 10 mg L™.”° This
study highlighted different effects of different GBMs on the
same community. Like reported on monocultures of
bacteria,'® the overall oxidative stress was enhanced in
microbial communities exposed to GBMs*****® which could
explain the observed negative effects on the growth rates in
these different studies.

Although negative effects were generally measured, it is
noteworthy that positive effects were also reported with
GBMs. An increase of biomass in soil was observed after 4
days of exposure to 10 and 100 mg kg™ of graphene.’ These
results were supported in soil by Song et al. in 2018 (ref. 63)
who observed, after a slight decrease at day 7, an increase of
biomass after exposure to 10 and 100 mg kg™ of graphene
for the following days and until the end of exposure, day 90.
On the other hand, in the same study, 1000 mg kg™ of
graphene affected negatively the biomass after 60 days of
exposure. A beneficial effect of GO at 10 mg L™ on the
growth rates of diatoms was measured in a diatom-bacteria
biofilm.”® In this same study, bacteria growth rate was
decreased, showing contrasted effects of GO on different
organisms in one same community. Taken as a whole, these

was
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results suggest an adaptivity or even a growth stimulation of
some microorganisms at lower doses of graphene. Higher
concentrations and longer exposures seem to generate a
negative effect on the biomass. This form of adaptivity, and
sometimes resilience, can be related with the expression of
genes that are markers of the global health of cells. Mobility,
wall and envelope biogenesis, repair, recombination and
replication genes were investigated and were found to
increase after an exposure to 1 and 10 mg L™ of GO during
61 days.”® In the same study, the lactate dehydrogenase
(LDH) activity, an indicator of stress and cell death when it
increases, was found to decrease through time. At higher
concentrations such as 1 and 2 g kg™* of GO, the LDH activity
was significantly promoted during the first 15 days of
exposure but returned to normal between 30 and 60 days of
exposure.®® It was also notified in constructed wetlands that
exposition to GO led to the production of antioxidative
enzymes such as superoxide reductase in order to counter
oxidative damage from GO.”* Taken as a whole, these results
support the idea of resilience, or even positive effects, that
can be observed on growth.

3.2 Effect on the alpha diversity

The alpha diversity of microbial communities represents the
richness and/or evenness of taxa within a community,
commonly quantified through diversity indexes such as
Chao1l, Shannon and Simpson indexes.*” Alpha diversity
indexes are commonly derived from metabarcoding datasets,
i.e. high-throughput sequencing of 16S rRNA gene amplicons.
The modification of the alpha diversity in communities
exposed to GBMs did not show a common pattern. The
absence of detectable effect on the alpha diversity was
reported in shorter-term studies conducted with soils (below
30 days)’*® and zebrafish microbiota (below 14 days).”®””
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Increase of the alpha diversity, especially the Shannon index,
was rare but occurred in anaerobic digesters exposed to 10,
20 and 30 mg L™ of rGO™ and 5, 10 and 15 g L™ of GO, in
activated sludge exposed to 25 mg L™ of GO* and soils
exposed to 5 g kg™' of GO for 90 days”® and to 300 mg kg™ " of
graphene for 360 days.®’ Nevertheless, a decrease of the
alpha diversity was observed in many studies. Interestingly, a
co-contamination of Cd and 1 and 2 g kg™* of GO only altered
the alpha diversity (Shannon index) of soil after 60 days of
exposure.®* This late effect on the Shannon index was also
reported on communities in sequential batch reactors after
45 days of exposure to 100 mg L™ of GO, but with recovery
after 60 days.** Meanwhile, a decrease of several indexes
(Richness, Evenness, Shannon and Chao1l) was also measured
during a short exposure of 7 days to GO and rGO in
sediments.”" Exposure to rGO 50 mg kg " for 90 days also
decreased ACE (estimation of the number of species using
sample coverage), Chaol and Shannon indexes in a soil
community, while GO at the same concentration had no
effect on the alpha diversity.°® Transitional effects were also
observed in soils: in 2018, Song et al.®® reported a decrease
compared to control of the alpha diversity after an exposure
of 7-15 days to 10 and 100 mg kg " of graphene, but an
increase after a longer exposure. The recovery and increase
were not observed for the highest concentration of 1000 mg
L™, displaying a form of resilience of the communities to
lower concentrations of GBMs. After 18 days, a recovery of
the alpha diversity (Chao, Shannon, Simpson and ACE) was
also observed in anaerobic digesters exposed to 3 mg L™* of
graphene and GO.*° These results are consistent with
observed effects on growth and biomass showing a transitory
effect and the adaptivity of microorganisms exposed to lower
concentrations. Different effects were also reported in the
same study between the gut microbiota of female and male
zebrafishes.”®> Alpha diversity of microbiota exposed to 5 mg
L™ of GO was increased in the female and decreased in male.
Microbiota composition was not the same between male and
female individuals, showing a difference of response to GO
as a function of the composition of the community.

3.3 Effect on the beta diversity

The beta diversity represents the dissimilarity between
usually determined by
metabarcoding. When it was investigated and analysed
between control communities and exposed communities,
differences were always evidenced, but the temporal patterns
of dissimilarity were not congruent. For instance, in soil
communities exposed to graphene, a dose dependent effect
was observed in the 7 first days with 10, 100 and 1000 mg
kg™", and a recovery was pointed out at day 21 and 60.>* This
recovery was not observed in other soil experiments with the
same concentrations.®® Instead, communities exposed to the
highest dose of graphene (100 et 1000 mg kg ') differed more
from the control in the later stages. Soil’®®®°®* and
sediment”” exposed to GO, rGO and/or

communities  structure as

communities
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graphene showed similar results, demonstrating time,
concentration and pollutant dependant shifts of microbial
communities. In a complex biofilm composed of diatoms
and bacteria, 10 mg L™ of GO caused shifts in the structure
of the communities exposed, whereas rGO did not impact the
beta diversity.”® Finally, in a complex aquatic system
containing several trophic levels with a microbial community
at its basis, changes in the benthic and planktonic
communities exposed to 0.05 and 0.1 mg L' of GO and rGO
were revealed.®” This shows the capacity of GBMs to drive
community structures by decreasing non-tolerant species,
benefitting to more tolerant species. These changes in
microbial communities can also have an impact on the
interaction network of these communities, for example
increasing negative interactions such as competition. The
degradation of these interactions, highlighted by Lian
et al.,>* can lead to disruptions of important functions of the
communities, such as element cycling, and generate broader
consequences for the entire ecosystem.

Although beta diversity is generally affected by GBMs, it is
difficult to point out specific taxa which are particularly
affected or tolerant in the presence of GBMs while all
communities studied originated from highly diverse systems
and experiments were conducted in highly diverse
environmental conditions. Nevertheless, a common pattern
was the identification of changes in taxa with recognized
roles in major biochemical cycles such as nitrogen and
carbon cycles.

4. Microbial activities affected by
GBMs and related taxa affected

4.1 Nitrogen cycle

Microbial communities regulate nitrogen cycling through
multiple processes such as nitrification (oxidation of
ammonia into nitrite and nitrate), denitrification (series of
reductions leading to the transformation of nitrate into
elemental nitrogen) and anammox reactions (nitrate and
ammonia simultaneously converted into nitrogen and water).

4.1.1 Nitrification. The nitrification process was found to
be inhibited by GO at 50 to 300 mg L™ in activated sludge
after 5 h of exposure.*® This was also observed with a longer
time of exposure to GO (48 h) in river and lake communities
during fall, while surprisingly in the same study, no effect
was observed during summer, underlining the difference of
effect of GO influenced by the different environmental
factors,®® and so different communities. Inhibition of NH,"
removal by the presence of 115 mg L™ of GO was also
underlined in aerobic granular sludge®” and by 3.64 and 5.26
g L™ of GO in sequential batch reactors.*® Transient effects
on the nitrification process were highlighted in aerobic
granular sludge exposed to 150 and 200 mg L™" of GO: after 5
days, the nitrification rate was increased, in parallel with a
higher abundances of the Nitrospirae family and the
Nitrosomonas genus, while after 30 days it was decreased.*® In
other aerobic granules, the removal of NH," was found to be

This journal is © The Royal Society of Chemistry 2022
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decreased after 7 days of exposure to 55 mg L' and up to 95
mg L' (decrease of 88.7%).*° Inhibition of nitrification was
confirmed on communities exposed to 100 mg L™ of GO and
graphene in sequential batch reactor for 45 days, but after 60
days of exposure, the nitrification rate was recovered with
GO.** This recovery can be associated with changes and
adaption of communities, promoting species responsible of
the nitrification process. In soil communities, the
nitrification rate was found to be decreased by 1 mg kg™ of
Ag-GO after 21 days of exposure.”® The decrease of
nitrification was explained by the decrease of the urease
enzyme activity observed®® in soil communities exposed to
GO where a recovery of activity was observed after 30 days of
exposure. This decrease can also be associated to the
diminished relative abundance of Nitrospirae, which has a
role in nitrification, and the Rhodospirillales order (N,
fixation). The relative abundance of Nitrospirae was also
found to be diminished in soils exposed to graphene along
with  Planctomyces, capable of ammoniac oxidation.>*
Although GBMs seem to usually impair nitrification, the
ammonia removal by nitrification was found to be increased
in activated sludge exposed to 5 and 25 mg L™ of GO.* It
was also observed in wastewaters exposed to 10 mg L' of
rGO®’ explained by an increase of the amoA gene copies and
an increase of the relative abundance of Nitrospirae.

4.1.2 Anammox process. Upon exposure to GO at 1 and 10
mg L™, the anammox rate exhibited a dose dependent short
term decrease, but recovered after 15 days.”® The recovery
could be associated to a higher relative abundance of
anammox bacteria such as the Anammoxglobus specie. On the
contrary, in a community fed with NH," and NO,~ in batch,
the anammox process was increased by 0.05; 0.1 and 0.15 g
L™ of GO after 42 h of exposure.’® Increases of the anammox
rate was also observed in a community exposed to 15 mg L™"
of rGO for 316 days (ref. 53) and in a reactor exposed to 25,
50, 100 and 150 mg L™ of graphene® where higher relative
abundances of anammox bacteria species were observed:
Candidatus Brocadia and Candidatus Jettenia. Anammox relies
on electron transfer and interestingly, it has been put forward
the capacity of Candidatus Brocadia to use GO as an electron
acceptor in the case of anaerobic oxidation of ammonium.*
This potential increase of electron transfer by GBMs could be
an explanation to the increase of the anammox process.

4.1.3 Denitrification. The denitrification process was also
studied in soil communities exposed to GO and rGO. From
day 1 to day 7, the nitrogen, particularly nitrate, removal
efficiency was increased. These results were correlated with
the increase of the relative abundance of Sulfuricella and
Rhodobacter, both genera capable of denitrification. This was
also correlated with the increase of the activity of different
denitrification enzymes: nitrate reductase (NAR), nitrite
reductase (NIR), nitric oxide synthase (NOS) and nitric oxide
reductase (NOR).”" NAR and NIR activity was also enhanced
in a sediment community exposed to 7.5 and 10 mg L™ of
GO for 18 h.”” As denitrification relies on extracellular
electron transfer,®” this increase of denitrification is
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explained by the increase of the electron transport system
thanks to GO. If those results show increases in
denitrification and related taxa, it is noteworthy that taxa
capable of converting nitrate in nitrite were found less
abundant in soils exposed to pristine-GO,>® but unfortunately
denitrification rates were note monitored. Other results
showed that genera capable of removing nitrate such as
Paracoccus and Klebsiella could be tolerant to GO in aerobic
granules*® and others, such as Zoogloea, intolerant to GO in
sequential batch reactors.*® Functional groups, predicted
with FAPROTAX database, involved in nitrate reduction were
found less abundant in the presence of 0.1 and 100 mg kg™*
of graphene.®?

4.2 Carbon cycle

4.2.1 Methanogenesis. One of the major roles of microbial
communities in the carbon cycling is methane (CH,)
formation through methanogenesis. On one hand, CH, has a
strong radiative effect and is thus related to climate change.*
Methanogenesis in the environment has therefore been
extensively studied to better constrain CH, emissions to the
atmosphere. On the other hand, CH, being an energy source,
methanogenesis is also a crucial microbial process because it
can be domesticated and intensified to produce energy in
bioprocess engineering. The interactions between GBMs and
methanogenesis have been mainly studied in the bioprocess
engineering perspective. The effect of GO and rGO was
investigated on the three different pathways of
methanogenesis in batches:*> acetoclastic, methylotrophic
and hydrogenotrophic. After 144 h of exposure, GO had
beneficial impact on the acetoclastic and methylotrophic
pathways at 10 and 50 mg L™, while 300 mg L™ impacted
negatively acetoclastic and hydrogenotrophic ones. With rGO,
methylotrophic methanogenesis increased at all
concentrations, acetoclastic at 50 and 300 mg L™ and
hydrogenotrophic at 500 mg L. This underlined the
difference of effect between two GBMs and their
concentrations in a same system. With longer times of
exposure and in the presence of graphene, the acetoclastic
methanogenesis was found to increase after 15 days of
exposure at 30 and 120 mg L™, but was decreased with 120
mg L' after 55 days.** Surprisingly, the acetate kinase
activity was decreased: the authors suggested that this loss of
activity was compensated by the increase of the coenzyme
F420. In the same study, relative abundances of genera
implicated in methanogenesis were found to be affected:
Methanosarcina (decrease) and Methanobacterium (increase),
but also lactate producers such as Olsenalla (increase) and
Lactococcus  (decrease). Methane production was also
enhanced in anaerobic digesters exposed to 3 mg L™ of
graphene and GO after 13 and 18 days (ref. 39) and to 10 mg
L™" of GO after 8 days.*® 10, 20 and 30 mg L' of rGO for 45
days also increased methane production in an anaerobic
digester and was related with the increase of the relative
abundance of the Methanoculleus genus, capable of
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hydrogenotrophic methanogenesis.”*> The increase of
methanogenic activity was not found in all studies. GO at
2.16 and 43.2 mg L' was found to decrease the total
methane production, affecting the methylotrophic pathway. It
was highlighted that GO had a high affinity with the organic
substrates, leading to a decrease of their bioavailability.*® GO
at 5, 50, 100 and 500 mg L' decreased the total methane
production from swine manure. In the same experiment, the
key gene mcrA was quantified and interestingly found to be
increased and the abundance of the genera
Methanobrevibacter and Methanosphaera were found to be
decreased. The authors suggested that the membrane
wrapping, oxidative stress and cell death due to GO addition
caused the methanogenesis inhibition.*" There seem to be
no general trend in the effects of GBMs on methanogenesis.
Possible increases or decreases seem to be related to the
different degree of resistance to GBMs of taxas capable of
this bioprocess. An explanation of the increase could be the
enhancement of electron transfer by the materials.
Interestingly, Igarashi et al® exposed a co-culture of
Geobacter (electron producer) and Methanoasarcina (electron
consumer) to GO. They underlined the fact that in the
absence of GO, methane production did not occur, while in
the presence of GO, acetate was produced from ethanol and
then consumed to produce methane. This suggests the
capacity of GO to promote the “direct interspecies electron
transfer” by playing the hypothetic role of electron carrier.
However, it has not been proven that this electron transfer
between  species  with  possible enhancement  of
methanogenesis occurs in more complex communities.

4.2.2 Degradation of organic matter. Evariste et al”®
measured potential activities related to organic matter
degradation in aquatic microbial community exposed to 0.1,
1 and 10 mg L™ of rGO and GO. The authors revealed an
increase of the specific activity of the communities exposed
to 10 mg L™ of GO for 48 hours. This increase was not
noticeable after 144 h of exposure. In the same study, the
genus Silanimonas (degradation of benzene) was found to be
tolerant to GO along with the genus Acidovorax (degradation
of organic matter and aromatic compounds). Acidovorax
genus was also identified as tolerant in aerobic granules
exposed to GO.*® The presence of 10 to 300 mg L™* of GO in
activated sludge decreased of over 50% of the BODs,
revealing a high loss of organic compound removal.** In the
same way, in aerobic granular sludges, after 7 days of
exposure to GO ranging from 35 to 95 mg L', the COD
(Chemical Oxygen Demand) removal was highly decreased in
a dose dependent manner (up to 73.7% decrease).’® A
decrease of the COD removal was also found in aerobic
granular sludge exposed to 115 mg L™ of GOY and in
sequential batch reactors exposed to 3,64 and 5.26 g L™" of
GO for 8 days.’® On the contrary the COD removal increased
in the presence of 10 mg L™ of GO in anaerobic digesters."’
Functional groups involved in cellulolysis, as predicted with
FAPROTAX database, were found more abundant in the
presence of 0.1 and 100 mg kg™ of graphene.®” Chung

3734 | Environ. Sci.. Nano, 2022, 9, 3725-3741

View Article Online

Environmental Science: Nano

et al.>® exposed soil communities to 0.1, 0.5 and 1 mg g™ of
GO and investigated enzyme activities related to organic
matter degradation. Xylosidase and B-1,4-N-
acetylglucosamidase activities decreased in the first 21 days
and then a recovery and even an increase of activity was
reported after 45 days of exposure. In another soil
community, Ag-GO at 1 mg kg " significantly impacted the
activity of cellobiohydrolase, B-glucosidase and xylosidase.>®
At the level of gene expression, it was shown that genes
encoding for transport, metabolism of carbohydrates and
amino acids and signal transduction mechanisms were
impacted by acute and chronic exposure of GO.>

Other studies during which activities related to the carbon
cycle were not directly investigated also found changes in
taxa with carbon-related activities. The relative abundance of
genera involved in the biodegradation of organic pollutants
were found to be enhanced by the presence of graphene in
soil communities: Bacillus, Arthrobacter and Geobacter.>*
Sphingomonas relative abundance, also capable of organic
pollutant biodegradation, was found to increase in other soil
communities co-exposed to GO and Cu along with
Actinobacteria, involved in decomposition of organic matter
such as chitin and cellulose.®* Actinobacteria was also found
to be more abundant in soils exposed to graphene for 30
days.®! In sequential batch reactors exposed to graphene and
GO, an increase of the relative abundance of Saccharibacteria,
capable of metabolizing organic macromolecules, was
observed compared to control.** In an anaerobic system,
changes in the relative abundances of genera with a role in
the carbon cycle such as Alkaliflexus (utilisation of
carbohydrates), Syntrophomanas (degradation of butyrate) or
Lactobacillus (fermentation) were observed.”® In an anaerobic
digestor exposed to rGO, the relative abundance of
Defluvitoga, capable of converting complex carbohydrates in
acetate, ethanol, H, and CO,, was found to be increased.’®
Soil communities during two studies, were exposed to
graphite, rGO and/or GO*”*® with no focus on the carbon or
nitrogen cycle. Nevertheless, the results also highlighted
modifications of relative abundances of genera with roles in
the carbon cycle such as Acidobacterium (use of glucose and
lactose) and Chlorobiales (use of CO,) and the specie
Clonostachys candelabrum (fermentation). In soils, changes in
the relative abundances of functional groups predicted using
FAPROTAX database (REFFF) after exposition to 50 mg kg™
of GO and rGO were observed. These functional groups were
related to organic matter degradation (chemoheterotrophy
and fermentation). There is no shared trend in these overall
results, but changes in the taxa composition of microbial
communities and in their activities show the potential of
GBMs to modulate the degradation of organic matter.

4.2.3 Exopolymeric substance production. Microbial
communities have also a role in the carbon cycle through the
production of EPS in biofilms. Few studies were focused on
EPS production but all congruently demonstrated an increase
of production. GO at 0.05 and 0.1 g L' induced an increase
of total EPS, but no increase was revealed at 0.15 g L™" after

This journal is © The Royal Society of Chemistry 2022
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42 h of exposure in an anammox reactor.”® In a sediment
community exposed to GO, the total EPS content was also
increased after 18 h of exposition.”” In an anaerobic digester
fed with wastewater and exposed to graphene for 55 days, the
total EPS production also increased at 30 and 120 mg L™".**
The relative content of carbohydrates increased while the
relative protein content decreased. The EPS content also
increased in aerobic granular sludge exposed to 60 mggo
L™.* In other aerobic granules exposed for 7 days, the
production of EPS was found to be increased at the lowest
concentration tested (15, 25 and 35 mggo L) while higher
concentrations (55, 75 and 95 mg L") decreased the
production of EPS.*® In the same study, the content of the
EPS was also changed. The protein content was increased at
the lowest concentrations and decreased at the highest while
the carbohydrates content was decreased at each
concentration. The protein content of EPS was also increased
in an annamox reactor exposed to 10 mg L™ of graphene®
and in aerobic granular sludge exposed to 35 and 50 mg
L™.* On the contrary, it was observed in aerobic granular
sludge, after an increase of the protein content at day 5, a
decrease of the protein content and total EPS production
after 30 days of exposure to 150 and 200 mg L™* of GO.*® This
showed the capacity of graphene-based materials to modify
not only the quantity but also the quality of EPS.

4.3 Microbiota and host interactions

Gut microbiota endorse vital roles in health and metabolism
of their hosts.> In the past two decades, tremendous
advances were made in understanding the influence of
microbiota in human health, mostly using mouse and rat as
experimental models.*® In line with these advances, the
interactions between nanoparticles, human gut microbiota
models and human health have been explored and have been
reviewed extensively.”* > However, in environmental sciences
and more specifically in ecotoxicology, gut microbiota is just
emerging.”®>”® Therefore, literature remains scarce and
almost inexistent about GBMs ecotoxicity towards gut
microbiota of hosts that are representative of aquatic or
terrestrial ecosystems, except for three studies conducted on
zebrafishes. Studies that focused on gut microbiota of
zebrafishes revealed decreases in Fusobacteria and
Bacteroidetes phyla which have a major role in the production
of vitamins and the degradation of complex molecules.?” The
same study also revealed an increase in the Proteobacteria
phylum, which was in this case associated with dysbiosis and
toxin liberation®® and which was correlated with weight gain
of zebrafishes exposed to GO.”®> The relative abundance of
Proteobacteria was also decreased in zebrafish microbiota
exposed to FLG.”” Inflammatory responses caused by GBMs
were also reported in zebrafishes and was associated with
dysbiosis: the increase of Fusobacteria, Cetobacterium and
Lactobacillus and the decrease of Firmicutes and
Pseudomonas.”” GBMs have the potential to modulate gut
microbiota and thus be a threat for hosts of these
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unbalanced communities. Nevertheless, the use of one only
host model is questionable. More research is needed to better
constrain the effects of GBMs on gut microbiota of
environmental hosts that would better represent the
biodiversity in terrestrial and aquatic ecosystems.

4.4 Antibiotics resistance

The effect of GBMs, especially GO, was also tested on
antibiotic resistance and revealed a decrease of abundance
and dissemination of antibiotic resistance genes (ARGs) in
communities. In a freshwater microcosm exposed to 0.01, 0.1
and 1 mg L™, the abundance of in¢I, sull and sul2 genes were
found to decrease after 4 days of exposure up to the end of
experiment: 10 days. The authors explained that this decrease
was due to the formation of DNA-GO complexes as revealed
by Gold View 1, a nucleic acid marker. This complex disabled
the access to DNA and thus its horizontal transfer.” The
dynamics of four antibiotic resistance genes (tetA, sui2, ermB
and ampC) were also studied on an estuary community
cultivated in a Luria-Bertani broth medium. The decrease of
gene abundances was effective at the lowest concentration
tested, 50 pug L', and in a dose dependent manner up to the
highest concentration tested, 300 pg L.°® This confirms
previous results and extends their relevance at lower
concentrations. In an anaerobic digestor fed with swine
manure containing 50, 100 and 500 mg L™ of GO, total
abundance of ARGs decreased compared to that in control. It
is noteworthy that a majority of ARGs decreased (ermB, tetM,
tetG, sull and blargy). This decrease could be related to the
changes in the microbial community, showing a decrease of
potential host populations.*" During another experiment with
anaerobic digestion of swine manure containing 100 and 800
mg L' of GO, similar results were obtained as the overall
abundance of ARGs was lower than in control conditions,
and the same was observed for mobile genetic elements."
This generally observed decrease could be explained by the
formation of DNA-GO complexes as revealed by Gold View 1,
a nucleic acid marker,*” and disabling the horizontal gene
transfer (HGT) of this complexed DNA. The partial disabling
of HGT within microbial communities was supported by a
study on tetracycline resistance in a coculture of a donor
strain (E. coli HB101 with a RP4 plasmid) and a recipient
strain (E. coli NK5449). It was reported that the survival rate
of bacteria exposed to tetracycline diminished in the
presence of 10, 80 and 100 mg L™ of GO, explained by a
decrease of gene copies (tetA and apha).*® A higher removal
of antibiotic resistance genes such as blaOXA-1, ermB, ermpF,
tetQ and tetX was also reported after 18 days in an anaerobic
digestor exposed to 3 mg L' of GO.>® These decreases of
antibiotic resistance genes abundances in presence of GO
can be explained by the capacity of GO to damage DNA
structure, cleavage and also intercalate into plasmidic DNA
and form GO-DNA complexes which inhibits horizontal
transfer.”® On the contrary, conjugative transfer of tetA and
aphA, that does not involve free DNA in the medium, was
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found to be increased in a community exposed to 0.1, 1, 10,
50 and 100 mg L™ of GO.*°

5. Effect of microbial communities on
graphene-based materials

5.1 Degradation, reduction and oxidation of GBMs by
microbial communities

The capacity of microbial communities to reduce the size
and the oxidation state of GBMs was reported in several
recent studies (Table 1). After exposing soil communities to
GO, Du et al® showed different changes in the GO
properties. Scanning electron microscopy images showed
rougher texture and transmission electron microscopy images
revealed a lower transparency due to aggregation of minerals
such as N, Mg, Al, Si, K, Ca and Fe, leading to thicker
nanomaterials. Investigations also showed a decrease in C-O
(from 29% to 18%) and C=O (from 26% to 8%) functional
groups. This reduction was also notified in anaerobic
digestors® and sequential batch reactors.*® This reduction
can be explained by GO acting as an acceptor of electron
during reduction process such as respiration® and
glycolysis."® The capacity of GO to be reduced while
enhancing direct interspecies electron transfer during
anaerobic processes was also reported. This phenomenon
lead to the formation of conductive complexes composed of
GO and species.** These two processes have only been
investigated in monospecific or coculture tests, but similar
processes can be expected in complex communities where
the reduction of GBMs was reported. At the opposite of
reducing, the capacity to oxidize FLG into a GO-like material
was also reported in axenic monocultures of wood degrading
and saprotrophic fungi.’>

The capacity of naphthalene degrading bacteria to degrade
graphite, GO and rGO was previously reviewed*” and was also
observed in anammox reactors, where the oxidation of rGO
was also evidenced.”® The degradation of graphene by
different microbial peroxidase enzymes was also highlighted:
lignin peroxidase produced by white rot fungus® but also
horseradish peroxidase and myeloperoxidase.>* Furthermore,
in the presence of graphene, the relative abundance of
bacterial strains capable of the biodegradation of complex
carbon pollutants were found to be enhanced,**”*%*7°
suggesting that this capacity of biodegradation could also be
effective on GBMs. To our knowledge, this oxidative activity
has not been demonstrated in complex communities.

5.2 Bioaccumulation and fate of GBMs after interactions with
microbial communities

The fate of GBMs in the environment is driven by their
physical and chemical properties. The changes in the GBMs
oxidation state reviewed in paragraph 5.1 by microbial
communities will therefore modulate their fate and
bioavailability. Furthermore, microbial communities were
found to accumulate different GBMs such as GO in
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wastewater sludge,® but also FLG in diatom biofilms.*" This
phenomenon could lead to a higher bioavailability of GBMs
for higher trophic level, for example biofilm-feeding grazers.
The trophic transfer of graphene was highlighted in
simplified aquatic food chains, in particular between E. coli
bacteria and T. thermophila protozoa.”* Once GBMs are up
taken by higher trophic species such as zebrafish, they were
found to accumulate in the gut and induce dysbiosis.”>”"”
The accumulation of GBMs in microbial assemblies could
represent a threat to trophic chains and therefore to the
stability of ecosystems. Literature about bioaccumulation of
GBMs is still poorly represented and needs to be explored
further.

6. Conclusion and perspectives

GBMs are well known to impact monocultures of microbial
organisms. Studies now try to focus on microbial
communities from different compartments of the
environment, but also in engineered systems, in order to
assess broader environmental impacts. This review gathers
recent knowledge and understandings of interactions
between microbial communities and GBMs and highlights
the diversity of mechanisms behind these interactions.
Results mainly exhibit negative impacts of GBM on the
growth, generally due to oxidative stress, but some studies
did underline forms of resilience after exposure to low
concentrations and even some beneficial effects. Microbial
communities endorse many roles throughout different
activities that were found to be influenced by the presence of
GBMs. Indeed, activities related to biochemical cycles, such
as carbon and nitrogen cycles, were affected in different
manners. Bioprocess yields were increased or decreased, but
no shared patterns could be observed. It seems that the effect
comes from the disruption of the community structure
leading to the promotion or decrease of species related to
particular activities, subsequently influencing the gene and
enzyme activity and the overall bioprocess. Even if the carbon
(methanogenesis, EPS production and composition and
carbon uptake) and nitrogen (nitrification, denitrification
and anammox) cycles have been put forward in recent
literature, there is no reason why other cycles such as the
phosphorus one would not be affected. Literature remains
scarce but impacts of GBMs on phosphorus removal*® and
related enzymes®® were reported. If the increase of species
with roles in these different bioprocesses is an explanation of
the increases of the different yields, the potential electron
transfer by GBMs could also be one. Bioprocesses such as
methanogenesis, denitrification or anammox rely on electron
transfer and graphene nanomaterials seem to increase the
direct interspecies electron transfer. Effects of GBMs on
antibiotic resistance was also highlighted, generally
decreasing horizontal gene transfer and related gene copies
number due to the interaction of GBMs with genetic material
and potentially mitigating their transfer and causing damage
and cleavage. The structure and oxidation state of GBMs was

This journal is © The Royal Society of Chemistry 2022
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also
communities:

impacted by the interaction with microbial
reduction,  oxidation and  potential
biodegradation of the materials by specific bacteria. The
potential retention of GBMs by communities is also a none
negligible mediator of the environmental fate of GBMs and
increases their potential bioaccumulation across higher
trophic chains.

Some results show similar trends but some are
contradictory. Apart from the difference of concentrations
tested, the heterogeneity of results probably originates from
the fact that all studies started their experiments with
different ~community = compositions from  different
environmental compartments, but also exposed those
communities in different conditions. Environmental factors
have been shown to mediate the fate and toxicity of GBMs in
the environment,>® which could also contribute to the
difference of results. Moreover, it is obvious that the
variability of the results can be influenced by the variety of
the characteristics of the GBM itself. The multiple processes
for synthesis, oxidation and reduction of these nanomaterials
are likely to lead to large variations in the composition, the
structure or the level of surface functionalization of these 2D
materials, introducing an even higher level of variability after
exposure in a biological matrix. This great variability of
materials contributes to make the comparison between
various studies particularly difficult or even uncertain.

Various results were put forward in the literature but gaps
to fill are still remaining. First of all, research efforts have
been mainly focused on bioprocesses and soil communities
while the water environment is slightly understudied
although this compartment is a major receptacle of GBMs
such as GO, due to their high oxidation state and thus great
stability in water.”>°® Microbial communities are not only
composed by bacteria. Studies mainly focused on the
bacterial and archaeal compartment, while fungi or even
eukaryotic microalgae such as diatoms were poorly studied.
Besides, there is a lack of realism of the environmental
conditions. Only one study relied on complex experimental
conditions with reconstituted trophic chains.®® When it
comes to the types of GBMs tested, GO was mainly studied
which creates a gap of knowledge about the effects of rGO or
graphene. Moreover, GBMs have the characteristic to interact
and adsorb different pollutants such as heavy metals.®” Only
few studies are oriented towards co-contamination, whereas
this case is the most representative of the environmental
conditions nowadays. The concentrations tested during
studies were in ranges exceeding predicted values. Even if the
actual concentrations of GBMs in the natural environment
cannot be measured, probabilistic models of CNTs
concentrations in different environmental compartments
were elaborated but substantially higher concentrations of
nanomaterials were generally tested. The discrepancy
between environmental concentrations of nanomaterials and
concentrations used in studies was already put forward,
underlining a lack of environmental relevance.’® There is a
real need to develop an operational analytical method in

This journal is © The Royal Society of Chemistry 2022
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order to assess environmental concentrations and obtain
realistic results. The need of coordination between studies in
nanomaterials analysis, fate, transport modelling and hazard
assessment was already discussed by Holden et al®® along
with the importance of the environmental relevance. Even if
the literature on GBMs exhibits different types of exposure
such as chronic and acute, very few have taken these points
into account and therefore share few similarities in order for
them to be comparable and environmentally relevant.
Nevertheless, GBMs were pointed out as disruptors of
microbial communities, in terms of both composition and
functions (indirectly and directly). As a matter of fact, all
lowest concentrations tested in every compartment induced
effects on the composition or activity of the microbial
communities exposed. Recent studies have shown that plant
and human pathogens abundance could be mediated by
GBMs®"*® which could lead to ecological disruptions and
increases in plant and human diseases. Gut microbiota can
also be disrupted by GBMs and lead to dysbiosis in hosts,
leading to a broader environmental problem by causing
diseases to species bearing unstable microbiota. In a world
where the global health depends on the health of all three
components (humans, environment and animals), known
under the concept of “One Health”,'® and where microbial
communities play a crucial role within each of the three
components,’®® the possible disturbance of these
communities could lead to broad consequences.
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