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Digestive biotransformation of graphene oxide
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Graphene oxide (GO) and reduced graphene oxide (rGO) are carbon-based nanomaterials increasingly
used in industrial applications, yet their environmental fate remains poorly understood. Once released into
aquatic ecosystems, their interactions with biological systems can alter their physicochemical properties,
with implications for their bioavailability and potential toxicity. This study investigates the digestive
biotransformation of GO and rGO following ingestion by Xenopus laevis larvae, an established aquatic
model organism. After 24 hours of exposure, feces containing the digested nanomaterials (dGO and drGO)
were collected and analysed using transmission electron microscopy (TEM), Raman spectroscopy, and
infrared spectroscopy (FTIR) to assess morphological, structural, and chemical changes. TEM imaging
revealed particle alterations, edge erosion, and agglomeration in the digested samples. Raman analysis
showed shifts in D* and D" band positions and decreased defect-related intensity ratios, consistent with
partial reduction of GO and rGO. IR spectroscopy confirmed a substantial loss of oxygenated functional
groups, with a marked decrease in the oxygen-to-carbon signal ratio in dGO. Notably, carbonyl groups
were more strongly reduced than C-O functional groups (epoxy, hydroxyl, alkoxy), suggesting preferential
degradation at the sheet edges. rGO, being less oxidized initially, appeared less affected. In parallel, their
toxic potential was assessed by measuring cellular viability of bacteria (Escherichia coli) and mammalian cell
lines (IEC-6 and TR146) exposed to the materials. The results demonstrated that digested GO exhibited
lower toxicity towards IEC-6 cells, while retaining antibacterial activity at low concentrations. However,
antibacterial effects are lost at higher doses, likely due to agglomeration and reduced bioavailability,
whereas rGO and drGO exhibited minimal toxicity across all conditions. These findings highlight the
transformative role of digestive processes on graphene-based nanomaterials and underscore the need to
consider such biotransformations in environmental risk assessments.

Risk assessment of graphene-based nanomaterials is still largely based on their as-produced properties, despite their inevitable interaction with biological

systems after environmental release. A critical unknown is whether biological processing can alter their structure, reactivity, and toxicity in ways relevant to
ecosystems. This study shows that digestive and microbial environments can act as transformation hotspots for graphene materials, modifying their surface

chemistry, morphology, and biological effects. By demonstrating that graphene-based nanomaterials are not environmentally static but biologically

transformed, this work challenges current assumptions used in environmental nanoscience. It highlights the need to integrate biologically mediated
transformation pathways into predictive models of nanomaterial fate, bioavailability, and ecological impact in aquatic systems.

1. Introduction
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Carbon-based nanomaterials, particularly graphene oxide
(GO) and reduced graphene oxide (rGO), have attracted
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multiple applications, notably in electronics, biomedicine,
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and ecosystem bioremediation.”™* However, their growing
production and use have inevitably led to their release into
the environment, particularly in aquatic ecosystems, which
serve as final reservoirs for many pollutants. The impact of
these nanomaterials on living organisms remains poorly
understood, and their persistence and potential toxicity in
these environments raise significant concerns. In particular,
their ability to interact with biological systems, undergo
chemical transformations, and experience changes in
ecotoxicological effects remains an open question of major
importance for risk assessment.>°

Upon entering ecosystems and interacting with biological
matrix, nanomaterials may undergo various physicochemical
transformations due to environmental conditions and
metabolic processes of organisms.””'° Transformations can
be linked to enzymatic activities,"* ™ or to interactions with
microorganisms.’™” Several studies have demonstrated that
digestive biotransformation of nanomaterials can alter their
initial properties, influencing their bioavailability, toxicity,
and environmental fate.'®'® For instance, certain intestinal
bacteria have been shown to reduce metal oxide
nanoparticles, thereby modifying their reactivity and
toxicity.”® In the case of GO, oxidizing or reducing conditions
such as those present in specific microbial and algal
environments or induced by enzymatic activity have been
reported to modify its functionalization, altering its chemical
properties and interactions with biological systems.'>>"*?
However, the fate of GO and rGO after ingestion by aquatic
organisms and their potential transformation within the
digestive tract remain largely unexplored. A better
understanding of these processes, and more broadly, the
environmental fate of these nanomaterials, is essential for
assessing associated ecotoxicological risks and their potential
impact on aquatic ecosystems.’

In this context, the aim of this study was to explore the
digestive biotransformation of GO and rGO by Xenopus laevis
larvae, a well-established amphibian model. Following
ingestion of nanomaterials by larvae, their faeces were
collected to analyze the structural and chemical
modifications undergone by digested GO (dGO) and digested
rGO (drGO). The primary objective was to identify these
transformations and evaluate their impact on the toxicity of
the digested materials. Nanomaterial analysis was conducted
using electron microscopy, Raman and infrared spectroscopy,
enabling the observation of morphological and structural
changes as well as chemical alterations related to the
functionalization level of GO and rGO. Images and spectral
signature analysis allowed the monitoring of structural
defects and variations in oxygen-containing functional groups
(C=0, C-OH, C-0-C), which are often involved in the
toxicity of these materials.*>*® This in vivo approach provided
novel insights into the biotransformation of GO into rGO
under digestive conditions and highlighted the potential
involvement of intestinal microbiota in these processes.
Finally, the toxicological consequences of these
transformations were evaluated by assessing the viability of
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Escherichia coli bacteria and performing complementary
assays on mammalian cell lines. This approach allows us to
compare the toxicity of digested and raw materials across
multiple biological models with different levels of complexity.

This work proposes an innovative in vivo strategy, using a
non-axenic aquatic vertebrate model, to study the evolution
of graphene-based materials within a biologically complex

digestive environment. By combining multi-parameter
morphological, structural, chemical, and toxicological
analyses, we aim to provide the first integrated

characterization of graphene-based biotransformation in an
aquatic organism. This approach fills a major gap in our
knowledge by demonstrating that biological matrices,
particularly through digestive processes and the activity of
the associated microbiota, can modulate the environmental
behaviour of GO and rGO, a dimension still largely neglected
in environmental risk assessment frameworks for
nanomaterials.

2. Material and method

2.1. Synthesis and characterization of graphene oxide and
reduced graphene oxide

The graphene oxide (GO) used in this study was supplied by
Antolin Group and synthesized by oxidizing Grupo Antolin
carbon nanofibers (GANF®) using the Hummer's method.**
The tested reduced graphene oxide (rGO) was produced
through a partial reduction of this GO in a hydrogen
atmosphere, with a hydrogen flow rate of 5 L h™" at 200 °C
for 2 h. The reduction process was carefully controlled to
adjust the oxidation level while minimizing any effects on
the material's morphology, lateral size, and number of layers.
This reduction resulted in rGO samples with similar physical
and chemical properties to the original GO, except for
changes in surface chemistry and wetting characteristics. The
physico-chemical properties of the tested materials are
presented in Table 1. Detailed information regarding
materials synthesis, physicochemical properties, and initial
characterization can be found in previously published works
which provide comprehensive synthesis protocols and
baseline characterization data.>

2.2. Xenopus rearing, breeding and exposure conditions

Xenopus rearing and breeding were described in previous
works.”® In summary, spawning in sexually mature Xenopus
was triggered by an injection of pregnant mare's
gonadotropin. Fertilized eggs were raised in tap water filtered
through activated charcoal, maintained at 22 + 2 °C, and fed
with ground aquarium fish food (TetraPhyll®, Tetra, Melle,
Germany) until they reached stage 50.>” The Xenopus larvae
were exposed in groups of 10 to GO at 10 mg L™* and rGO at
10 mg L™". Control conditions consisting of raw materials
without Xenopus were also added to serve as a reference
without the digestion process (GO and rGO). The exposure
was performed in 1 L crystallizing dishes containing
reconstituted water (294 mg L™ CaCl,-2H,0; 123.25 mg L™
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Table 1 Physico-chemical characteristics of graphene oxide (GO); reduced graphene oxide (rGO). TEM: transmission electron microscope; HRTEM: high
resolution TEM; BET: Brunauer-Emett-Teller; at%: atomic %; GANF®: Grupo Antolin carbon nanofibers

rGO

GO
Synthesis/production GANF® processed by Hummers' method
Catalyst Ni, Fe, Co, Mn

Carbon content 69 + 0.4 at%
Oxygen content 30 £ 0.4 at%
Number of layers (HRTEM) 1-5

Lateral size (TEM) 0.2 to 8 pm
Specific surface area (BET) 152 + 0.5 m> g "
Ip/lg (RAMAN) 1.09 + 0.06

MgS0,-7H,0; 64.75 mg L™ NaHCO;; 5.75 mg L™* KCI) for a
duration of 24 hours, with no water renewal or feeding
during this period. This exposure duration appears sufficient
for the Xenopus to filter the whole water column. A previous
study demonstrated the ability of Xenopus larvae to filter all
suspended particles in only 4 hours.>®

2.3. Collection of digested materials

Following 24 hours of exposure, the animals were removed
and euthanized. The contents of the crystallizing dishes were
filtered through a cellulose nitrate membrane with a 0.22 um
pore size to collect both suspended nanoparticles and those
trapped in the faeces. After filtration, the membranes were
placed in Eppendorf tubes containing 1.5 mL of Milli-Q water
and sonicated for 3 minutes in an ultrasonic bath to
resuspend the particles. The control condition underwent the
same process to collect faeces, which would later be used to
study the matrix effect. After removing the filter, the
suspensions were stored in the dark at 4 °C to prevent any
material alterations.

2.4. Post-digestion characterization

2.4.1. Transmission electron microscopy (TEM). TEM
imaging was performed with a JEOL 2100F TEM operated at
200 kv. The grids were observed with a Gatan Rio16IS
Camera in TEM and diffraction modes. Samples were
prepared by immersing formvar-coated copper grids into
aqueous suspensions of raw and digested graphene. Prior to
deposition, each suspension was sonicated using a bath to
promote dispersion and ensure homogeneity of the
nanomaterials. The grids were gently blotted on filter paper
after immersion and allowed to air dry at room temperature
before analysis.

2.4.2. RAMAN spectroscopy. The Raman analysis was
performed with a Raman Labram HR 800 confocal
Microscope (Horiba Scientific). The sample was exposed to
the red continue laser at 633 nm with powerful 4.5 mW
under an optical microscope Olympus BX21 equipped of
objective x100 (A.N: 09) with a lateral resolution of 0.856
um and an axial resolution of 3.129 um. The use of an
opacity filter (10% of incident beam) was necessary to
preserve the integrity of the samples (limiting sample
heating). Each spectrum was acquired with a grating of

1964 | Environ. Sci.: Nano, 2026, 13, 1962-1977

Thermal treatment in hydrogen (5 L h™") at 200 °C (2 h)
None

83.1 £ 0.5 at%

16.8 £ 0.3 at%

1-5

0.2 to 8 pm

156 = 0.5 m* g

1.26 £ 0.03

600 lines per mm (spectral resolution: 1.8 cm™') with 25
second of acquisition time and 5 accumulations. All
sample were analysed under macro spot (50 X 50 pm)
with a piezoelectric mirror system to ensure their
homogeneity. Each spectrum was treated by an intensity
correction signal (ICS). Prior to data analysis, pre-
processing was performed using LabSpec5® software. For
each spectrum, baseline correction was applied, and noise
reduction was conducted. Deconvolution was performed by
fitting the experimental data in the region of interest
(1000-1800 cm™") using Lorentzian, Gaussian, and
Gaussian/Lorentzian mixed functions, which are commonly
employed for carbonaceous materials. Among these,
Gaussian/Lorentzian mixed functions provided the best fit
and allowed the identification and retention of four sub-
bands: D* D, D' D", and G. For visual representation,
spectra were normalized relative to the G band, a
standard practice for this type of data analysis.

2.4.3. Fourier-transform infrared spectroscopy (FTIR). IR
analysis performed with a spectrometer IS 50
Thermoscientific® in the spectral range from 4000 to
400 cm™" in reflectance mode (ATR diamond head). Each
sample was placed in a drop of ethanol to ensure the
evaporation of residual water and limit its impact during
analysis. Each analysis was acquired with 64 scans and a
spectral resolution of 4 cm™. The spectra underwent
baseline correction with software LabSpec5®, baseline
correction was similarly carried out using a linear function,
followed by blank (evaporated water + ethanol) subtraction
for each sample. Decomposition of the spectra was applied
to the region of interest (900-2000 cm™') following the
same approach as for the RAMAN data. Gaussian functions
yielded the best fit, enabling the identification of specific
functional groups within a massif and the determination
of the area wunder each individual band. Spectra
normalization was performed using the “sum” method
provided by the software for visual representation. To
perform a semi-quantitative assessment of oxygen content,
the relative areas of oxygen-related bands (ORB, calculated
as the total spectral area minus C=C + O-H (V, H,0)
contributions), carbonyl groups (C=O0), and C-O related
groups (C-OH, C-O-C) were determined by dividing each
respective band area by the total integrated area of the
spectrum. These ratios were used as indicators of the

was
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degree of surface functionalization of the graphene-based
materials.

2.5. Assessment of post digestion toxicity

2.5.1. Antimicrobial properties. The toxicity of
nanomaterials after passage through the digestive tract of
Xenopus was assessed based on their bacteriostatic activity.
To this end, Escherichia coli bacteria were exposed to various
concentrations of raw and digested nanomaterials to
evaluate potential variations in toxicity levels. For the
bacterial assay, E. coli cultures were grown overnight in
liquid LB medium. The bacterial suspension was then
diluted to an optical density of ODgyo = 0.1, and different
concentrations of nanomaterials chosen from the literature
(0, 50, 100 or 500 ug mL™") were added.”® The mixture was
incubated and stirred continuously (140 rpm) at 37 °C for 4
hours to homogenise the suspension. Following a 1:100 000
dilution, 55 pL of the bacterial suspension was spread onto
LB agar plates and incubated at 37 °C for 24 hours in a
constant-temperature incubator. Bacterial viability was
quantified by counting colony-forming units (CFU) (n = 6).
For the digested material, the nanomaterials were separated
from the fecal residues through successive cycles of brief
sonication in an ultrasonic bath followed by centrifugation.
Sonication was applied for short periods to detach organic
matter from the graphene flakes while minimizing the risk
of mechanical alteration to the sheets. Subsequent
centrifugation enabled the denser graphene particles to
sediment, while lighter organic components remained
suspended. The supernatant containing the organic residues
was carefully removed and replaced with sterile Milli-Q
water. This purification procedure was repeated three times
to progressively reduce the presence of residual organic
matter. The absence of visible organic debris in the
supernatant was verified by optical microscopy prior to
further processing. Although this procedure substantially
reduced organic contamination, the presence of trace
biological material associated with the graphene flakes
cannot be completely excluded. The recovered material was
then dried, weighed, and resuspended into sterile Milli-Q
water to prepare stock suspensions. The raw materials were
subjected to the same treatments to avoid methodological
bias between samples.

2.5.2. Toxicity towards mammalian epithelial cells.
Human TR146 buccal epithelial cells (Sigma-Aldrich) and rat
IEC-6 (ATCC CRL-1592) intestinal epithelial cells were cultured
respectively in Ham's F12 nutrient mix (Life Technologies,
Ilkirch, France) and Dulbecco's modified Eagle medium
(DMEM, Gibco, Life Technologies) supplemented with 10%
fetal calf serum (FBS; Gibco, Life Technologies), 1% penicillin/
streptomycin and gentamicin at 50 pg mL'. Cells were
incubated at 37 °C in a humidified 5% CO, atmosphere and
treated for 24 hours with different concentrations of the tested
products (1, 10 and 100 ug mL ™), selected based on a previous
work.>® The complete medium without nanomaterials was

This journal is © The Royal Society of Chemistry 2026
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used as the negative control group. Three independent
experiments were carried out.

Cell viability was evaluated through measurement of
cellular ATP using the luminescent CellTiter-Glo® assay
(Promega, Madison, USA) according to the manufacturer's
instructions. The luminescence was measured using the
Spark microplate reader (TECAN, Méinnedorf, Switzerland)
and cell viability is expressed as percentage of the negative
control. 45 minutes of treatment with 0.5% of Triton X-100
was used as a positive control (PC), inducing maximal toxic
response.

2.6. Statistical analysis

Statistical analysis was performed with Prism 10 software
(GraphPad Software Inc., San Diego, CA, USA). Differential
effects for antimicrobial properties and cell viability were
analyzed by one-way analysis of variance (ANOVA) or Kruskal-
Wallis (KW) when the assumption of normal distribution of
the data are not met. Tukey or Dunn's post hoc tests for
multiple comparisons were used following ANOVA or KW
respectively when p < 0.05. In cellular toxicity, the positive
control was tested independently from the test materials to
the negative control using Student's T-test. When a
significant response is detected, Student's 7-test is applied to
determine the influence of the digestion process on the toxic
response at the same exposure dose. A p-value <0.05 was
considered significant (*p < 0.05; **p < 0.01; ***p < 0.001;
FREED < 0.0001).

3. Results and discussion
3.1. Post digestion characterization

3.1.1. Transmission electron microscopy. Morphology and
structure of materials were studied in the first instance by
TEM, the images are presented in Fig. 1A. TEM analysis
revealed obvious morphological differences between the raw
and digested graphene materials, both in sheet structure and
edge definition (Fig. 1A-H). Raw GO and rGO (Fig. 1A and B)
appeared as thin, well-dispersed with smooth surfaces and
defined edges. Selected area electron diffraction (SAED)
patterns confirmed the expected structural order for both
materials, with GO and rGO exhibiting characteristic
hexagonal symmetry. In contrast, the digested materials, dGO
(Fig. 1C) and drGO (Fig. 1D), exhibited marked
agglomeration and morphological degradation, enhanced by
the adhesion of organic matter on the surface. The sheet-like
morphology was significantly disrupted, with the appearance
of dense, wrinkled agglomerates and the loss of extended
planar domains, suggesting that digestion induced
fragmentation or folding. Images focused on the sheet edges
confirmed these observations. The edges of raw GO (Fig. 1E)
and rGO (Fig. 1F) appeared sharp and well-defined, with
smooth linear contours. In contrast, the edges of dGO
(Fig. 1G) and drGO (Fig. 1H) exhibited significant irregularity,
with irregular wavy borders, indicating edge reorganization
or surface erosion. This loss of structural regularity after
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Fig. 1 TEM imaging of raw and digested GO and rGO. TEM images and SAED of raw materials, GO (A) and rGO (B), and digested materials, dGO
(C) and drGO (D). Focus on the border of the raw materials, GO (E) and rGO (F), and on the digested materials, dGO (G) and drGO (H). The border

of the graphene materials has been underlined by a red line.

digestion suggests that the digestive process can alter both
the integrity and morphology of graphene-based materials.
Similar observations have been reported in studies
investigating microbial or enzymatic interaction with
graphene derivatives, where biodegradation or partial
reduction was accompanied by the collapse of the two-

dimensional structure and increased surface wrinkling.'**"?

The observed adhesion of organic matter to the surface of
digested materials may reflect interactions with digestive
proteins, enzymes, or microbiota-derived biomolecules,
which could contribute to the modification of material's
properties, as previously demonstrated for GO incubated in
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Fig. 2 Raman spectra (normalisation to the G band) for all the samples analysed (A). An example of decomposition of RAMAN spectra (dGO)
applied to the data of this study with the four bands obtained (D*, D, D” and G) (B).
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biological fluids or microbial cultures.*® Moreover, the
observed loss of edge definition appears to indicate edge-
specific degradation mechanisms, particularly in oxygen-
functionalized regions such as epoxides and hydroxylic
functions,>**> which are known to be sensitive to microbial
enzymes and other redox-active organic compounds and
could serve as electron acceptors in biological reduction
pathways.***” This therefore suggests chemical modifications
in addition to physical impairments (agglomeration, edge
degradation, crumpling) of these materials. Taken together,
these TEM observations provide visual evidence of the
physical transformation of GO and rGO during passage
through the digestive system of Xenopus laevis larvae and hint
at potential chemical modifications, supporting the
hypothesis of a biotransformation process.

3.1.2. RAMAN analysis. Following the morphological
observations of the materials, Raman spectra were measured
to assess potential structural and chemical modifications
induced by the digestive process (Fig. 2A). First, the spectra
obtained for GO, rGO and their digested counterparts
exhibited the same number of bands. Two major bands
were consistently observed at ~1330 em™ and ~1595 cm™,
corresponding to the D and G bands, respectively, which
are well-established signatures of  carbon-based
nanomaterials. The D band is generally attributed to
structural defects in the crystalline carbon lattice, whereas
the G band is associated with the vibration of sp*
hybridized carbon atoms in graphitic structures.*®?*° To
refine the spectral analysis, a decomposition was performed
in the 800-2000 cm™ spectral window, revealing two
additional bands, D* (~1140-1180 cm™) and D" (~1530-
1560 cm') (Fig. 2B) (SI 1). Several studies have reported
that these bands are particularly sensitive to the oxygen
content of carbon-based nanomaterials.’”*" A shift of the
D* band toward higher wavenumbers and the D” band
toward lower wavenumbers are generally correlated with a
decrease in surface oxygen-containing functional groups.***
The analysis of D* and D” band positions under different
experimental conditions (Fig. 3A) indicated that raw GO
exhibited the highest oxygen content, whereas raw rGO and
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the digested materials exhibited a significant reduction.
This behaviour was further confirmed by the position of the
D* band, which also suggested a more pronounced decrease
in oxygen functionalities in digested GO compared to
digested rGO. The assessment of defect density and
crystallinity was further explored by analysing the intensity
ratios of key bands (Fig. 3B). The I/l ratio, commonly
used to estimate defect density in carbon nanomaterials,*"*>
was higher for raw GO than for the digested materials,
which exhibited slightly lower values to those of raw rGO.
This result suggests a decrease in structural defects during
the digestive process, potentially due to the removal of
unstable oxygenated functional groups.'”” A similar trend
was observed for the Ip./I; ratio, which is correlated with
material crystallinity,’® and initially interpreted as evidence
of structural reorganization and enhanced graphitization
following digestion, a phenomenon previously reported in
biological reduction processes.®'®> However, given that all
GO and rGO dispersions were prepared in reconstituted
containing salts and conflicting microscopy
observations, an alternative explanation for the observed
decrease in Ip/I; and Iy./Ig ratios must be considered. In
aqueous solutions with ionic content, charge screening

water

effects induced by cations and anions can alter the
electronic structure of the material, influencing the
resonance conditions under which Raman signals

intensities are detected.*®** The Ip/Ig values for crude GO
(1.09) and crude rGO (1.26) in a salt-free medium (Milli-Q
water) are higher than those observed in the exposure
medium (reconstituted water), suggesting that some of the
I/l decrease initially attributed to biotransformation
actually results from salt-induced changes in the state of
the nanomaterials, rather than a direct reduction of defects.
However, the decrease in the ratios between the D and G
bands after digestion suggests an involvement of the
digestive process in the reduction of ion-related
interference. Digestion therefore seems to have an impact
on the surface bonds between ions and graphene. The
literature does not seem to indicate significant impacts of
salts on the position of the Raman bands unlike the
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Fig. 3 Positions of RAMAN bands D” and D* for all samples analysed (A). RAMAN band intensity ratio Ip/Ig and Ip./Ig for all samples analysed (B).
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intensities.*> The interpretation of the positions of the D*
and D" bands is therefore maintained. Other studies have
highlighted the ability of organisms such as aquatic algae to
reduce GO. However, the authors did not observe
graphitization; instead, they reported an increase in the
number of structural defects.”* Therefore, our results suggest
that the digestive tract of Xenopus laevis larvae may induce
partial reduction of GO (and to a lesser extent to rGO),
accompanied by a disruption of surface bonds. This
phenomenon could result from digestive activity; however,
the involvement of the gut microbiota also seems likely.
Indeed, sterile in vitro studies on human digestive processes
have shown no*® or similar effects on the density of crystal
lattice defects and the functionalization of GO and rGO.***’
Results from a previous study based on an in vitro assay
simulating the human ingestion of nanomaterials reported
mainly physicochemical changes, such as agglomeration and
surface doping, resulting from interactions with digestive
fluids. There was no evidence of structural degradation or
increased defect density. In contrast, our in vivo observations
revealed more pronounced transformations following
digestive passage in Xenopus laevis, including morphological
alterations and a reduction of oxygen-containing functional
groups in GO. These differences likely reflect the additional
biological complexity of living digestive systems, where
enzymatic activity and interactions with gut microbiota may
contribute to redox processes and surface modifications that
cannot be fully reproduced in simplified in vitro digestion
models. The observed in vivo modifications, such as
reduction, are often attributed to the grafting of nitrogenous
functional groups with an indirect impact on oxygenated
functions.**® However, various studies have highlighted the
ability of bacteria to reduce carbon nanomaterials through
mechanisms involving flavoproteins or cytochromes, among
other enzymatic pathways.®'”*° The associated microbiota
must therefore also be taken into consideration.
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However, while Raman spectroscopy is a powerful tool for
assessing the structural state of nanomaterials, it does not
provide  precise information on  their = chemical
functionalization. Results can be potentially mitigated by
biological and complex environments. To validate these
observations and identify the chemical modifications
associated with the observed reduction, complementary
analyses were performed using infrared spectroscopy (IR).

3.1.3. Infrared analysis. The infrared spectra recorded in
the 4000-800 cm™ range are presented in Fig. 4A. The region
of interest for this study lies between 2000-800 cm', as
higher wavenumbers primarily correspond to O-H and C-H
stretching vibrations, which are less relevant for the analysis
of GO and rGO are highly subject to experimental conditions.
The spectra reveal the presence of key functional groups, with
bands located at 1045 cm™", corresponding to the stretching
mode of C-O related groups (C-O-C and C-OH); at 1450 cm ",
attributed to the bending vibration of hydroxyl groups (C-OH);
at 1580 ecm ' and 1650 cm™*, associated with C-C and C=C +
O-H stretching vibrations from water, respectively; and at
1750 cm™', corresponding to the stretching of carbonyl
groups (C=O0) located at the sheet edges of GO.”>"" To better
resolve overlapping bands, the spectra were decomposed as
illustrated in Fig. 4B. The decomposed band distributions are
presented in Fig. 5A, showing the variations in C=0, C=C +
O-H, and C-C bonds, and in Fig. 5B, highlighting changes in
C-O functional groups. All bands identified in the raw
materials were also observed in the digested samples;
however, the relative intensity of the bands varied. Although
a quantitative analysis cannot be directly inferred, the trends
in functional group evolution can be interpreted semi-
quantitatively. As expected, raw GO exhibited a higher
content of oxygenated groups than raw rGO, while appearing
to display a lower number of C=C bonds (conclusion not
possible for C=C due to V, H,0). After digestion, the profile
of dGO became similar to that of raw rGO, suggesting a loss
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Fig. 4 Normalized infrared spectra for all the samples analysed (A). For the sake of clarity, spectra have been vertically displaced. An example of
processing and deconvolution of IR spectra (rGO) applied to the data of this study to identify all the functions of interest (B).
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Fig. 5 Deconvoluted infrared spectra for all samples analysed for the specific region 1500 to 1900 cm™ (A) and for the specific region 900 to

1200 cm™ (B).

of oxygen-containing groups and a partial restoration of sp
carbon domains. In contrast, drGO appeared to be only
marginally affected by the digestive process. This was
confirmed by the analysis of IR band area ratios (Table 2).
The ratio of oxygen-related bands (ORBs) to the total IR area
decreased by 37.5% between raw GO and dGO, indicating a
substantial reduction in oxygenated functions. This reduction
was not observed for drGO (0.67 vs. 0.68 for rGO), whose
values remained nearly unchanged. Specifically, the ratios of
carbonyl (C=0) and C-O groups followed the same trend,
with a marked decrease observed for dGO, suggesting that
these groups are particularly labile wunder digestive
conditions. Although C-O groups remain more abundant in
absolute terms, the relative decrease in carbonyl (C=O0)
content was more pronounced for digested GO, with a 50%
reduction compared to approximately 34% for C-O related
functions. For drGO, only the C—O groups experienced a
moderate reduction of approximately 33%. This relative
stability of rGO likely reflects its initially lower oxidation state
and reduced availability of reactive oxygenated groups,””
limiting the extent of further transformation during
digestion. The modest changes observed for drGO suggest
that pre-reduced graphene materials may be less susceptible
to digestive alteration as previously observed after stimulated
digestion by Bazina and collaborators,*® which could have
implications for their environmental persistence and
biological interactions. Although carbonyl groups are typically
located at the edges of graphene oxide sheets, which might

Table 2 Ratio of the integrated area of oxygen-related bands (ORB),
carbonyl groups (C=0), and C-O groups (C-O-C & C-OH) to the total
area of all bands within the spectral region of interest (800-2000 cm™)
for each condition

ORB/total ratio C=O0/total ratio C-O/total ratio

GO 0.8 0.06 0.5

dGO 0.5 0.03 0.33
rGO 0.68 0.03 0.44
drGO 0.67 0.02 0.44

This journal is © The Royal Society of Chemistry 2026

suggest higher exposure, existing literature indicates that
they are generally more stable and less prone to reduction
than C-O functional groups, due to electron delocalization
and structural context.”*™> Therefore, the decrease in
carbonyl content observed in this study may not result from
intrinsic lability, but rather from specific biological or
enzymatic targeting mechanisms. In addition, the observed
agglomeration of the sheets can modify the accessibility to
oxygenated functions and therefore their fate. This spatial
constraint may have further favoured the degradation of
edge-localized functionalities, despite their inherent stability.
The digestive environment of Xenopus larvae, possibly
mediated by enzymatic or microbial activity, appears to
favour the chemical reduction of GO and rGO. Such
transformations may have critical implications for the
environmental fate and toxicity of these materials by altering
their reactivity, bioavailability, and interactions with
biological systems.”®”

3.2. Post digestion toxicity

Following  the identification of  digestion-induced
physicochemical modifications of GO and rGO, their
potential toxicity was assessed using a bacterial growth
inhibition assay on Escherichia coli at varying concentrations
(0, 50, 100, and 500 pug mL™"). The results of Fig. 6A shown
that raw GO induced a significant reduction in bacterial
growth starting at 50 pg mL™" (Anova, p = 0.0001), with a
transient attenuation at 100 pug mL™" (Anova, p = 0.66),
followed by a marked inhibitory effect at 500 ug mL ™" (Anova,
p = <0.0001). In comparison, raw rGO exhibited overall lower
toxicity, with a statistically significant effect only at the
highest concentration tested of 500 ug mL™' (Anova, p =
<0.0001). These thresholds are consistent with values
reported in the literature, where antibacterial effects are
attributed to both oxidative stress and membrane
disruption.*>*®*° Digested GO (dGO) retained a growth-
inhibitory effect at 50 ug mL™" (Anova, p = 0.017), but this
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Fig. 6 Assessment of the toxicity of nanomaterials (GO, dGO, rGO and
drGO) on A) E. coli B) IEC-6 cells and C) TR146 cells. For E. coli, the
results present the number of colony-forming units (CFU) per dish
depending on the concentrations (0, 50, 100 and 500 ug mL™) after 4
hours of exposure. For cell lines, the viability is expressed as
percentage of the negative control group. Data are presented as mean
+ SD (n = 6 per condition for E. coli and n = 3 for cell lines) (ANOVA
followed by Tukey. *: p < 0.05; **: p < 0.01 and ***: p < 0.001).
Hashtags (#) indicate levels of significant differences between raw and
digested materials.

effect disappeared at 500 pg mL™' (Anova, p = 0.996),
suggesting a reduction in toxicity at higher concentrations.
Digested rGO (drGO), by contrast, showed no inhibitory
effects at any concentration tested, indicating a biological
inertness after digestion. However, the persistence of toxicity
for dGO at 50 pg mL™" suggests that digestion does not
completely neutralize the biological impact of GO. This may
reflect the limitations of using high concentration ranges,
which can obscure chemical-specific effects such as those
related to oxygen functional groups. The disappearance of
inhibition at higher doses may instead be attributed to
physicochemical transformations altering the behaviour of
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GO in solution such as increased agglomeration, reduced
colloidal stability, or sedimentation under exposure
conditions. Thus, beyond their transformation during
digestion, the environmental fate of the resulting fecal-
associated nanomaterials may be modified, due to the
alteration of the mobility and bioavailability of graphene-
based materials once released into aquatic environments
through biological excretion. In particular, agglomeration
and partial reduction may reduce their bioavailability while
favoring sedimentation and accumulation in benthic
compartments,’® which can potentially modify their long-
term ecological impact. At elevated concentrations, GO flakes
are more prone to self-association, and digestion-induced
edge defects as well as the presence of surface-bound organic
matter may exacerbate these processes. Such changes can
reduce effective interactions with bacterial membranes,
diminishing observable toxicity. These findings emphasize
the importance of considering biologically transformed
nanomaterials, rather than pristine materials alone, when
assessing the environmental fate and risks of graphene-based
contaminants.

In addition to the evaluation of the antimicrobial
properties of the materials, we assessed their toxicity towards
mammalian cell lines derived from buccal epithelium
(TR146) and intestinal cells (IEC-6) exposed during 24 hours
to concentrations up to 100 ug mL ™" (Fig. 6B and C). Only the
highest concentration of GO induced significant viability loss
in both cell lines (TR146, KW, p = 0.016 & IEC-6, Anova, p <
0.001), but to a lower extend in TR146 compared to IEC-6
cells. Indeed, viability decreased respectively by 19.6 + 4.4
and 27.1 + 2%. Interestingly, the digestion process mitigated
the GO toxicity at 100 ug mL™" towards IEC-6 cells, while no
change in the material toxicity was measured in TR146. Raw
rGO did not induce viability loss in TR146 cells (KW, p >
0.05), reflecting a lower toxicity compared to raw GO.
Differential sensitivity to graphene-based nanomaterials of
mammalian cells, including epithelial models, is well
documented and strongly depends on cell type and the
physicochemical properties of the materials, such as particle
size and the oxidation state that are key determinants of toxic
responses.”’® In IEC-6 cells as well as in cancer cells,
previous studies indicated that graphene oxide exposure to a
similar dose range led to decreased viability through
excessive ROS production, loss of mitochondrial membrane
potential and activation of caspase-mediated apoptosis.*>®*
Interestingly, in IEC-6 cells, while rGO did not induced
detrimental effects, cellular ATP levels, measured as a proxi
for viability, significantly increased (~18%) after exposure to
low doses of both raw and digested materials. Some previous
studies indicate that GBMs can promote the proliferation of
different cancer cell lines when applied at low and non-toxic
doses. This effect has been linked to activation of integrin
signaling, which subsequently triggers the activation of the
downstream PI3K/AKT/mTOR pathway and modulates cell
cycle checkpoint proteins, promoting the process of cell
mitosis.®>*® In addition, rGO incorporated at a low dose

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Photograph of suspensions of the different materials studied at
100 ug mL™ in the bacterial culture medium, at the start of the growth
test on E. coli. This image highlights the differences in optical
properties between GO and rGO, perceptible by the variation in colour
of the suspensions as well as an impact of digestion on these
properties.

(0.002% w/w) into hydrogels increased the proliferation of
endothelial cells, fibroblasts and keratinocytes, as evidenced
using MTT assay which allows to assess cell viability based
on metabolic activities.®” Thus, while it remains to be
determined, the increased cellular ATP levels detected might
result from either an increased cell proliferation or the
induction of mitochondrial metabolism.

Although these experiments do not allow to establish a
direct correlation between the degree of oxygenation and
toxic properties towards bacteria and mammalian cells, it
clearly demonstrates that digestion by Xenopus laevis larvae
modifies properties such as morphology, dispersibility, and
agglomeration that can significantly influence biological
responses to graphene-based nanomaterials. Additionally,
visual observations made at the start of the bacterial assay
revealed clear differences in the optical appearance of the
dispersions (Fig. 7). While raw GO suspensions appeared
characteristically brown and opaque, dGO suspensions at
comparable concentrations exhibited a more greyish hue and
lower opacity closely resembling the visual aspect of both
rGO and drGO. This change in optical properties supports
the spectroscopic findings indicating partial reduction of GO
during digestion. The shift from brown to grey in GO-based
materials is widely associated with the removal of oxygen-
containing groups and the partial restoration of the
conjugated sp> carbon network, which alters light absorption

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

and scattering behaviour.®*®® In particular, the reappearance
of extended m-n conjugation reduces electronic transitions in
the visible range, thereby decreasing overall absorbance and
giving rise to a lighter, more translucent appearance.” These
observations provide additional, qualitative support for the
chemical transformation of GO under digestive conditions,
with implications not only for toxicity but also for the
environmental mobility and detection of these nanomaterials
in complex media.

The changes observed in GO and rGO after passage
through the digestive tract are not only structural and
chemical, but also have functional implications, as
demonstrated by the toxicity assays. To better understand
the origin of these changes and the mechanisms involved, it
is essential to examine the digestive environment in which
these transformations occur. The digestive system of Xenopus
laevis larvae remains incompletely characterized and is often
described in contradictory terms due to its dynamic
evolution throughout the larval stage. Morphologically, it
resembles that of herbivorous organisms, featuring an
elongated intestinal tract but lacking a clearly defined and
functionally mature stomach. While some studies describe
the stomach as a semi-differentiated, non-functional
structure, others attribute to a more active role in
digestion.”"”* Similarly, physiological characterizations vary.
Several reports indicate a near-neutral to slightly alkaline pH
throughout the tract, typically between 6.8 and 8.2, based on
the activity profiles of enzymes such as glucosidases and
alkaline phosphatases.”””® In contrast, other studies
document a markedly acidic pH in the stomach region,
ranging from 1.1 to 4.1, with a return to neutrality in the
intestine.”»”* The digestive contents include typical
components such as bile salts, pancreatin, mucus, and the
above-mentioned enzymes. Some authors have also
questioned whether the chemical environment observed in
the gut is solely attributable to the host or is significantly
influenced by the associated microbial flora.”*

These hostrelated factors may contribute to the
superficial modification of GO and rGO. For example, they
may alter the surface charge through the adsorption of
divalent cations, such as Ca** and Mg**. They may also
induce protonation or hydrolytic cleavage in acidic
microenvironments. Alternatively, they may act through
digestive enzymes, which are capable of mediating limited
electron-transfer reactions.’*”>’® However, these processes
alone are unlikely to fully explain the significant reduction in
oxygenated functional groups, especially in light of data from
in vitro enzymatic assays and sterile digestion models
replicating the human gastrointestinal tract. In enzymatic
systems, oxidation, rather than reduction, is most frequently
observed as the dominant pathway. Similarly, in digestion
models, and in the absence of established and complex
microbial populations, GO and rGO undergo no*’ or
moderate structural modifications, generally related to
surface adsorption or slight functionalization, under
relatively reactive conditions (e.g., acidic and highly variable
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pH, presence of strong enzymes such as peroxidases)
compared to our biological model.***¢*8

This suggests that the gut microbiota may play a central
role in mediating the transformations observed. Numerous
studies have shown that specific bacterial taxa can reduce GO
through various mechanisms.”””? Model species such as
Shewanella oneidensis, Geobacter sulfurreducens, and certain
strains of Bacillus and Pseudomonas have demonstrated the
ability to donate electrons directly to GO, resulting in
deoxygenation and partial restoration of the sp® carbon
lattice.”””>®"  Additional microbial reduction pathways
include the generation of reactive oxygen species (ROS), the
use of GO as a terminal electron acceptor in anaerobic
respiration,”” and enzymatic reduction by reductases,
hydrogenases or peroxidases via electron generation.'*'*3¢7¢
In this study, the identification of bacterial families (SI 2 and
3) within the gut microbiota of Xenopus larvae such as
Desulfovibrionaceae,  Rikenellaceae, Lachnospiraceae  and
Fusobacteriaceae provides further support, as many of these
taxa are known to engage in extracellular electron transfer or
sulfo-reductive ~ metabolism and  redox  activity.®* %
Specifically, Rikenella microfusus, found to be the most
abundant identified species in our dataset (~18.8 + 6.4%),
has been experimentally demonstrated to possess
extracellular electron transfer capabilities.’® Moreover, the
high microbial diversity observed (~265 OTUs) suggests the
presence of additional, possibly uncharacterized, bacterial
contributors to the reduction process. Under the semi-
anaerobic or microaerophilic conditions that prevail in the
larval digestive tract, these microorganisms could facilitate
the partial reduction and degradation of oxygen-rich
functional groups, in a consistent manner with mechanisms
described in “green” reduction processes.”® Finally, at the
molecular level, all the hypothetical reduction pathways
presented rely on the same fundamental mechanism: the
transfer of electrons to the oxidized functional groups of the
graphene network. By providing reducing equivalents to the
carbonyl, epoxy, or hydroxyl groups, microbial, enzymatic, or
redox processes can cleave the C-O bonds and partially
restore sp” conjugation, thus inducing the deoxygenation of
the graphene oxide.**%¢

In summary, the observed loss of toxicity, morphological
degradation, and depletion of oxygenated functional groups
following digestion in Xenopus larvae gut, most likely result
from a synergistic interaction between the physicochemical
conditions of the gut and microbiota-mediated reduction.
These findings underscore the importance of considering
microbial contributions when evaluating the environmental
transformation and long-term impact of graphene-based
nanomaterials.

4. Conclusion

Given the rise of graphene-based nanomaterials, it is
essential to understand their environmental behaviour and
potential transformations in biological systems. This study
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aimed to investigate how ingestion by aquatic vertebrates,
particularly Xenopus larvae, can alter the structure,
chemistry, and toxicity of graphene oxide (GO) and its
reduced forms (rGO). This work represents, to our
knowledge, the first in vivo demonstration of the digestive
reduction and, more broadly, of the biotransformation of
GBMs by an aquatic vertebrate, providing an unprecedented
view of how these materials evolve once released into
realistic environmental conditions.’ In this digestive context,
numerous observations revealed notable biotransformation
of both materials. Transmission electron microscopy
revealed marked morphological degradation after digestion,
particularly at the leaflet edges, as well as an accumulation
of surface-bound organic matter. These structural alterations
suggest the involvement of enzymatic or microbiota-
mediated processes. Raman spectroscopy revealed a
reduction in structural defects and shifts in oxygen-sensitive
bands, consistent with partial reduction. These observations
were corroborated by infrared (IR) spectroscopy, which
indicated a significant loss of oxygen-containing functional
groups, particularly carbonyls, in digested GO. The
preferential ~ degradation of edge-localized  carbonyl
functionalities likely reflects their increased sensitivity to
biological reduction. Functionally, these chemical and
morphological transformations were associated with
changes in antibacterial activity and cytotoxicity towards
mammalian cells. While toxic for cell lines at high doses,
GO retained some antimicrobial activities only at low
concentrations but lost this effect at higher doses. For rGO,
even if it remained largely inert for bacteria before and after
digestion, both forms were able to promote cellular
proliferation or metabolism. The decrease in microbial
toxicity at high concentrations appears to be correlated with
increased agglomeration and sedimentation, suggesting that
colloidal behaviour and dispersibility play a critical role in
biological interactions, in addition to surface chemistry,
likely by decreasing bioaccessibility. Overall, these findings
show that GO and rGO behave as dynamic, evolving
contaminants whose environmental fate can be strongly
reshaped by digestive and microbiota-driven processes.

These results wunderscore the need to incorporate
biologically mediated transformation pathways, particularly
those  involving gut  microbiota  processes, into

environmental risk assessment frameworks for graphene-
based materials. Characterization of as-synthesized carbon
nanomaterials is not sufficient for the assessment of their
environmental impact and must also be performed in
biological environments. More broadly, this study supports
the relevance of in vivo ecotoxicological models and opens
promising avenues to explore the ecological persistence and
biotransformation potential of engineered nanomaterials in
realistic environmental settings. It also highlights the need
to better describe in the literature the level of reduction of
“rGO”, which can vary substantially among studies and has
profound implications for interpreting environmental
behaviour and toxicity.

This journal is © The Royal Society of Chemistry 2026
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