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ARTICLE INFO ABSTRACT

Keywords: Despite the wide application of graphene-based materials, the information of the toxicity associated to some
A549 cells specific derivatives such as aminated graphene oxide is scarce. Likewise, most of these studies analyse the
HT29 cells

pristine materials, while the available data regarding the harmful effects of degraded forms is very limited. In this
work, the toxicity of graphene oxide (GO), aminated graphene oxide (GO-NH3), and their respective degraded
forms (dGO and dGO-NH,) obtained after being submitted to high-intensity sonication was evaluated applying in
vitro assays in different models of human exposure. Viability and ROS assays were performed on A549 and HT29
cells, while their skin irritation potential was tested on a reconstructed human epidermis model. The obtained
results showed that GO-NH; and dGO-NH; substantially decrease cell viability in the lung and gastrointestinal
models, being this reduction slightly higher in the cells exposed to the degraded forms. In contrast, this
parameter was not affected by GO and dGO which, conversely, showed the ability to induce higher levels of ROS
than the pristine and degraded aminated forms. Furthermore, none of the materials is skin irritant. Altogether,
these results provide new insights about the potential harmful effects of the selected graphene-based nano-
materials in comparison with their degraded counterparts.

3D RhE model
Physical degradation

1. Introduction

During the last years, carbon-based nanomaterials have been the
object of intense research by the scientific and engineering communities.
Due to their outstanding properties, these materials have emerged as
excellent candidates for their application in a variety of areas, such as
the electronic and automotive industries, or the biomedical and agri-
cultural fields (Patel et al., 2019; Selvaraj et al., 2021; Sengupta, 2020;
Zaytseva and Neumann, 2016). Graphene stands out among the different
carbon-based nanomaterials, being extensively studied since its dis-
covery in 2004 (Selvaraj et al., 2021) due to the unique properties
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conferred by its particular crystal structure, like excellent thermal and
electrical conductivity, large specific surface area, high strength com-
bined with high degrees of lightweight, and flexibility (Papageorgiou
et al., 2017; Ren et al., 2018; Sattar, 2019). These characteristics have
made graphene an exceptional material with great potential to be used
in a broad range of fields and disciplines. In addition, graphene can be
modified to obtain a wide portfolio of derivatives, including function-
alized forms, which alter drastically its physicochemical properties,
widening its potential applications. Graphene oxide (GO) is one of the
most important graphene derivatives, as well as one of the most studied
so far. This material can be obtained after the treatment of graphite with
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strong oxidants, which finally leads to the formation of oxidized gra-
phene layers presenting epoxy, hydroxyl, and carboxyl groups on their
surface (Razaq et al., 2022). GO offers a series of advantages in com-
parison to graphene. First, its production is easier, and involves lower
costs. In addition, its functional groups make GO highly hydrophilic
allowing its good dispersibility in water and organic solvents (Ahmad
et al., 2016; Paredes et al., 2008), and consequently facilitating its
handling. Moreover, its oxygen-containing functional groups act as
reactive sites, facilitating covalent bond functionalization on the nano-
material’s surface, and the further development of GO derivatives
(Razaq et al., 2022; Yu et al., 2020). With regard to functionalized GO,
many examples are found in the literature (Eivazzadeh-Keihan et al.,
2022; He et al., 2010; Jing et al., 2015; Zhang et al., 2010). In particular,
amine-functionalized GO is a promising nanomaterial with many po-
tential applications in several fields. Hence, its improved electronic
properties make this material a relevant candidate for photovoltaic or
catalyst applications (Rabchinskii et al., 2020). Moreover, the increased
reactivity and cytotoxicity against cancer cells described in the GO-NHy
in comparison with non-functionalized GO has prompted the investi-
gation of its potential use in anticancer therapies (Georgieva et al., 2020;
Krasteva et al., 2019).

Since the introduction into the market of GO and some of its func-
tionalized forms, their toxicological properties have been thoroughly
investigated due to their potential hazard for humans and for the envi-
ronment. Therefore, many research works have been carried out to study
their safety applying different models (Amrollahi-Sharifabadi et al.,
2018; Cebadero-Dominguez et al., 2022; Chang et al., 2011; Domi et al.,
2020b; Shamsi et al., 2020; Zare-Zardini et al., 2018). Several studies
have investigated the effects on different human cell lines after being
exposed to pristine GO, showing that different parameters including
their physicochemical characteristics or the cell type influence its toxi-
cological properties. By the same token, in vivo experiments demon-
strated that different aspects such as the surface coatings and size of the
nanomaterials, as well as the administration route used in the experi-
ments, determine the toxicity of GO, being the latter one of the most
important factors (Yang et al., 2013). For instance, inhalation studies
have shown that GO is able to cause minimal or inappreciable toxicity in
the lungs and other organs (Han et al., 2015; Kim et al., 2018), while
pulmonary exposure to this nanomaterial after intratracheal instillation
induced inflammation, acute phase response and genotoxicity (Bengtson
et al., 2017). However, the number of available studies addressing the
safety of GO-NH; is low and, as mentioned above, given that the ami-
nation of GO seems to enhance its cytotoxicity in cancer cell lines, these
works mainly analyse their potential role as anticancer compounds
(Georgieva et al., 2020; Krasteva et al., 2019).

Another factor that should be considered when evaluating the
harmful effects of graphene is its potential degradation during its life-
span. The intrinsic toxicity of nanoparticles depends on their physico-
chemical properties, such as size, shape, chemical composition, surface
area and the chemical groups present on their surface (Sukhanova et al.,
2018). These characteristics might be modified during their life cycle,
and consequently their associated risks (Lowry et al., 2012). However,
information about the safety of degraded nanomaterials, including
graphene and its derivatives, is limited (Domi et al., 2020a; Fernan-
dez-Pampin et al., 2023), being most of the published studies focused on
the risk assessment of pristine nanomaterials. In fact, only few research
works have evaluated the potential hazard of GO degradation products
after enzymatic or chemical treatments (Bortolozzo et al., 2021;
Mukherjee et al., 2018), while in case of GO-NHo, there is no available
data about the potential pernicious effects of their degraded forms.

Considering the above explained, in the present study the toxico-
logical impact of GO, GO-NH;, and their respective degraded forms were
evaluated and compared in representative models of human exposure
through different routes (respiratory, gastrointestinal and dermal). The
effect on the cell viability of different concentrations of both degraded
and pristine nanomaterials, together with their ability to induce
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oxidative stress, were analysed in A549 (lung) and HT29 (intestine)
cancer cell lines. In addition, the In Vitro EpiDerm Skin Irritation Test
(EPI-200-SIT) was applied to study the effect of both degraded and
pristine nanomaterials on the skin. Altogether, the obtained results
provide new knowledge about the potential harmful effects of the
degraded forms of different graphene derivatives in distinct human
exposure scenarios.

2. Materials and Methods
2.1. Nanomaterials and sample preparation

GO and aminated GO (named as GO and GO-NH,, respectively in this
work) were provided by Graphenea (San Sebastian, Spain). To obtain
the degraded forms of GO and aminated GO (named as dGO and dGO-
NH;, respectively in this work), the nanomaterials were previously sus-
pended in ultrapure water up to a concentration of 4 mg/mL and sub-
jected for 3 h of pulsed mode sonication (pulse duration: 5 s, rest: 2 s)
using a Sonics tip sonicator, 20 kHz; 500 W, with a 30% of amplitude
and a 13 mm diameter solid titanium tip. These parameters allow to
keep the sonicated solution under moderate temperature, ensuring
proper exfoliation of the nanomaterial while preventing thermal
oxidation of the dispersed nanoparticles. Prior to toxicological analysis,
the stocks (4 mg/mL) were further diluted in ultrapure water with
0.05% bovine serum albumin (BSA) to a concentration of 2.56 mg/mL,
with the aim to facilitate their dispersion. They were then vortexed at
maximum speed and sonicated using a Branson Sonifier Model SLPe cell
disruptor continuously for 5 min, using 40% amplitude.

2.2. Physicochemical characterization of the pristine nanomaterials and
their degraded counterparts

2.2.1. RAMAN analysis

Raman measurement was performed by a “Senterra” Raman micro-
scope (Bruker) under a laser excitation of 532 nm (25.0 mW power). The
spectra were collected with a resolution of ~ 3-5 cm™! and an inte-
gration time of 15 s. The sample (powder) was deposited on a silicon
wafer and measurements were collected at room temperature.

2.2.2. TEM analysis

The morphological characteristics and size of the particles were
analysed by Transmission Electron Microscopy (TEM) by the Micro-
scopy Unit at the University of Valladolid. Before this analysis, the
nanomaterials were dispersed in BSA (0.05%), sonicated in an ultrasonic
bath for 5 minutes, and deposited in a Lacey Carbon Type-A, 300 mesh,
copper grid. Samples were visualized and photographed using a JEOL
JEM-1011 HR TEM coupled with a Gatan Erlangshen ES1000W camera.

2.2.3. ICP-MS

In order to analyse the ion releasement, aqueous suspensions were
obtained by subjecting the initial stocks (4 mg/mL) to a centrifugation
and filtration process, using filters with a pore size of 0.2 pm. The
centrifugation conditions applied were different (4500 rpm 20 min for
GO and dGO and 13000 rpm 30 min for GO-NH; and dGO-NH3), due to
the difficulty in sedimentation shown by the samples functionalized
with amino groups. Then, these filtered supernatants were analyzed by
inductively coupled plasma mass spectrometry (ICP-MS) using an Agi-
lent 8900 ICP-QQQ at the University of Burgos. Five replicates were used
for data acquisition.

2.3. Cell lines and culture conditions

The human alveolar carcinoma epithelial cell line (A549) was
cultured in commercial Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. The human colon cancer cell line (HT29) was grown in
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commercial McCoy’s medium supplemented with 10% FBS, 1% L-
glutamine and 1% penicillin/streptomycin. Both cell cultures were kept
in a thermostatic incubator under optimal growth conditions (humidi-
fied atmosphere containing 5% CO2 and 37 °C).

2.4. Toxicology assays

2.4.1. Experiments using A549 and HT29 cell lines

The ability of GO, dGO, GO-NHj, and dGO-NHj; to affect the cell
viability and induce reactive oxygen species (ROS) formation in A549
and HT29 cells was determined exposing both cell lines to 10 and
20 mg/L of the materials. These concentrations are closer to realistic
doses of human exposure, and within the recommended concentrations
range to be used in the submerged settings to avoid nanomaterials
agglomeration and sedimentation (Drasler et al., 2017).

2.4.1.1. MTT Assay. A549 and HT29 cells were seeded in 96-well plates
at 5 x 10% and 10 x 103 cells per well, respectively. Both were treated
with 10 and 20 mg/L of the materials diluted in their appropriate culture
medium supplemented with 1% FBS. As controls, cells incubated with
culture medium alone (live cells control) and cells treated with water
(dead cells control) were used. 24 h after exposure, the culture medium
with the materials was withdrawn, and cells were washed with Dul-
becco’s Phosphate-Buffered Saline (DPBS) and 100 uL of a solution of
MTT (3-(4,5-dimethylthiazol-2-yl1)-(2,5-diphenyltetrazolium bromide)
at 500 mg/L were added to each well, and incubated for 3 h. After this
time, the solution medium was discarded, and 100 uL of dimethyl sulf-
oxide (DMSO) was added to solubilize the formazan crystals by gentle
shaking for 15 min. Finally, the absorbance was measured with a
microplate reader (BioTek Synergy HT, OD 590 nm). Data represent the
mean of two independent experiments with at least three biological
replicates. The absence of interference between the nanomaterials and
the MTT to produce formazan was confirmed under cell-free conditions
(Supplementary Material, S1; Figure S1).

2.4.1.2. Oxidative stress assay. The quantitative assessment of intra-
cellular ROS was studied using the 2,7-dichlorofluorescein diacetate
(DCFH-DA). A549 and HT29 cells were seeded in 96-well plates at 3 x
10* cells per well and incubated in optimal growth conditions for 24 h.
After this time, cells were washed with Hanks Balanced Salt solution
(HBSS) and incubated with 50 uM DCFH-DA in HBSS for 30 min at 37 °C
in darkness. Then, cells were washed once with HBSS and exposed to 10
and 20 mg/L of the materials diluted in HBSS. Cells incubated with HBSS
alone were used as negative control, and cells treated with H;O, were
used as a positive control. Fluorescence was measured using a micro-
plate reader (BioTek Synergy HT, excitation wavelength, 485/20;
emission wavelength 528/20) after incubating 60 min. Data represent
the mean of two independent experiments with at least three biological
replicates each. Prior to this test, the interference of the nanomaterials
with DCF was evaluated (Supplementary Material, S2; Figure S2,
Table S1).

2.4.2. In Vitro EpiDerm Skin Irritation Test

To study the irritant potential of the materials over the skin, the In
Vitro EpiDerm Skin Irritation Test, EPI-200-SI (MatTek) was applied
following the manufacturer’s recommendations. Briefly, after the
preparation and stabilization steps, the tissues were topically exposed to
the nanomaterial suspensions at 1 mg/mL for 60 min. Three tissues were
used per test material and controls (negative control: tissues exposed to
DPBS; positive control: tissues exposed to a 5% solution of SDS in water).
The percentage of viable cells after material exposure was determined
using the MTT viability assay. Before performing this test, the non-
interaction of the nanomaterials with the MTT was confirmed
following the guideline suggestions. This test fulfils criteria of OECD TG
4309.
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2.5. Statistical analysis

Statistical analysis data are presented as means =+ standard deviation
(SD). The Kolmogorov-Smirnov test was applied to analyse the
normality of the data. The one-way analysis of variance (ANOVA) was
used for multiple comparison test, followed by Tukey post hoc test to
compare every mean with the control and with the other samples. Sta-
tistical tests were carried out using Prism 8.0 (GraphPad Prism,
GraphPad Software, Inc.). Differences were considered significant at P <
0.05.

3. Results
3.1. Characterization of the materials

In the present study, two graphene-derived nanomaterials (GO and
GO-NH;) and their respective degraded forms were analyzed from a
safety perspective. Prior to their toxicological evaluation, the nano-
materials were physicochemically characterized through several tech-
niques. First, the morphology and size of the particles were analyzed by
TEM, as both are physical attributes that can influence the toxicity de-
gree of the different types of graphene. TEM analysis showed that GO
and GO-NH; present a sheet-like morphology, being GO nanoparticles
larger than those from GO-NH; (Fig. 1). Areas that show high electron
density are observed mainly in the center of the particles, suggesting the
presence of several layers with functional groups. In the periphery of the
sheets, higher transparent areas are distinguished, which might be
indicative of the existence of few or thinner layers. Regarding the
degraded materials, they present substantial morphological differences
in comparison to their pristine counterparts. In the case of dGO, a
reduction in the size of the particles is observed, being those more
transparent and, therefore, indicating the presence of a fewer number of
layers. Moreover, a dark coating can be noticed throughout the sample,
which is probably related to the finest remnants produced during the
degradation process. Regarding dGO-NHy, these particles show a com-
plete loss of morphology, as well as a significant reduction in their size.
In addition, they have a crumbled-like appearance and, as in the GO
degraded sample, the sheets are less electron-dense than their corre-
sponding non-degraded forms.

The structure and stoichiometry of the pristine and ultrasound-
treated (degraded) nanomaterials were also analyzed by Raman. Fig. 2
shows the Raman spectra collected on the GO and GO-NH; samples,
obtained under a laser excitation of 532 nm and a power of 25.0 mW. As
it can be observed in Fig. 2(a), a non-significant difference is observed
between the untreated (black line) and the ultrasound-treated (red line)
GO-NH; samples. Monitoring the spectra, the presence of a shoulder (D'-
Peak) on the G-Peak, typically associated with anomalies on the sample
surface, could not be observed (DiLeo et al., 2007; Jorio et al., 2003).
Also, the 2D band at 2680 cm ™! does not show any significant change
upon ultrasonic treatment, indicating poor exfoliation of the sample
(Ferrari et al., 2006). In contrast, Fig. 2(b) shows more intense and
narrow peaks for dGO due to the effect of sonication. The peak at
1570 cm ™! (G-Peak) may contribute to reveal the crystallinity of the
sample. Besides, the peaks at 1338 and 1608 cm ™! (D-Peak and D’-Peak,
respectively) indicate the presence of irregularities on the sample sur-
face. These may be caused by the presence of crystallite boundaries,
impurities, or sp® hybridized carbons formed during particle fracture as
result of sonication. In addition, the 2D band at about 2675 cm™! is
slightly more intense and narrow after ultrasound treatment, indicating
higher exfoliation of the sample. The background of the Raman data was
processed for the purpose of fitting the spectral intensity basing on
Lorentzian functions. The intensity of the D and G peaks, in sample
GO-NH,, were calculated, resulting in an Ip/Ig ratio of ~1.19. Ac-
cording to Wréblewska et al., this ratio is close to the one of GO (1.21)
(Wroblewska et al., 2017), while after ultrasound treatment it is ob-
tained a ratio Ip/Ig to the ~0.73, suggesting the GO state is an
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Fig. 1. : TEM analysis of GO, GO-NH,, dGO and dGO-NH,: Original magnification x 20000 (scale bar = 1 um). Graphene suspensions with a final concentration of

4 mg/mL were deposited on a Lacey Carbon copper grid.
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Fig. 2. : Raman spectra in the range 1200-2900 cm ™! of (a): GO-NH; and (b): GO samples. Characteristic peak of the crystalline structure of the samples can be
observed at 1586 and 1570 cm~! (G-Peak) of GO-NH; and GO, respectively; the peak at 1349 cm~! (D-Peak of GO-NH,) and the peaks at 1338 cm~! and
~1608 cm ™! (D-Peak and D'-Peak respectively of GO) indicate the presence of defects on the surface of the sample. The 2D band (at about 2680 cm ™! in both GO

samples) determines the graphene layer thickness.

intermediate between unexfoliated graphene (0.02) and the GO (Saiful
Badri et al., 2017).

In order to detect the possible presence of trace metals in the filtered
supernatants of the pristine and degraded materials suspensions, trace
element analysis was performed by ICP-MS. As shown in Table 1, several
metallic elements were detected in GO and GO-NH;, samples, most of
them present in low concentrations. GO and dGO supernatants showed
higher metal concentrations than those of GO-NH; and dGO-NH; and, in
general terms, their degradation did not induce the release of metal ions.

Mn and S concentrations are particularly higher in the case of GO and its
degraded counterpart in comparison with the aminated forms, sug-
gesting that the Hummer method was used for the chemical oxidation to
produce this material. Through this method, graphite flakes react with a
mixture of sulphuric acid (H2SO4), sodium nitrate (NaNOs) and potas-
sium permanganate (KMnO,), which can lead to residual accumulation
of Mn and S, thus explaining their relevant presence in the studied GO
nanomaterials (Liao et al., 2018). In the case of the GO-NH, and
dGO-NH; supernatants, the presence of low concentrations of both
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Table 1

Trace metals detected by inductively coupled plasma mass spectrometry (ICP-
MS) analysis of GO, dGO, GO-NH, and dGO-NH, supernatants. Values below the
detection limit of the ICP-MS procedure are also shown. “ND” stands for “under
detection limit”.

Elements GO dGo GO-NH 2 dGO-NH 2
(ppm)

Al 0.004 0.121 <0.003 0.008
Cr ND 0.001 ND ND
Cu 0.001 0.001 0.001 0.001
Fe 0.007 0.010 0.004 0.004
K 0.692 0.711 0.084 0.098
Mg 0.009 0.012 0.015 0.026
Mn 10.299 12.774 0.092 0.997
Mo ND ND ND 0.001
Ni 0.004 0.005 0.004 0.004
Rb 0.001 0.001 ND ND

S 24.297 25.128 1.831 1.854
Ti ND 0.011 ND 0.011
v ND 0.039 ND 0.003
Zn 0.039 0.024 0.004 0.011

elements in comparison with those present in GO and its degraded
counterpart supernatants, could be attributed to the synthesis process
applied, in which the GO is conjugated with NHy groups and subse-
quently purified, leading to a loss of metals.

3.2. Determination of A549 and HT29 cells response to GO, dGO, GO-
NH; and dGO-NH;

The viability of A549 and HT29 human cancer cell lines after 24 h of
exposure to 10 and 20 mg/L of GO, dGO, GO-NHj, and dGO-NHy was
determined by the MTT assay. This assay is a colorimetric test used to
evaluate the cell metabolic activity, and it is based on the ability of the
active viable cells to transform MTT into a purple formazan product that
can be measured at OD 590 nm. As can be seen in Fig. 3, no effect was
observed on the viability of the A549 cells when exposed to any of the
concentrations of GO and dGO, showing in all cases similar percentages
of viable cells to those of the control. Nevertheless, cells exposed to a
GO-NH,; and dGO-NH, showed a statistically significant viability
decrease in comparison to the non-treated cells. In the case of GO-NHj,
this parameter was reduced ~ 24% and ~ 30% when exposed to 10 and
20 mg/L of the nanomaterial, respectively. In the same way, exposure to
dGO-NH; resulted in a loss of viability of approximately ~ 40% at both
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concentrations.

The ability of these nanomaterials to induce ROS formation was also
assessed after 1 h of exposure to 10 and 20 mg/L, using the DFCH-DA
fluorophore test. The interference assay of the nanomaterials with
DCF showed a slight statistically significant decrease in the fluorescence
in the case of GO and dGO at 20 mg/L. Thus, a correction factor was
calculated and applied (relative fluorescence value experimentally ob-
tained x 1.25) (Supplementary Material, S2; Figure S2; Table S1). Fig. 4
shows that A549 cells present a statistically significant increase in ROS
levels when exposed to GO, dGO, and GO-NHj, being this induction
much higher in the first two cases. Furthermore, it was observed that
cells exposed to the higher concentrations of the nanomaterials induce
higher levels of ROS in a clear dose-response relationship. However, the
exposure to dGO-NH;, did not result in a statistically significant increase
in the ROS production when compared to the control.

Both viability and oxidative stress assays were also performed in the
HT29 cell line after being exposed to the same nanomaterials concen-
trations. Regarding the MTT assay, the results reveal that, after 24 h of
exposure to GO and dGO, there were non-negative effects on cell
viability at any of the concentrations tested, showing all the studied
conditions similar percentages of viable cells (Fig. 5). On the contrary, a
statistically significant reduction in this parameter was observed in cells
exposed to GO-NH; and dGO-NHs. In the case of GO-NH,, a viability
decrease of ~ 22% was observed at 10 mg/L and ~ 26% at 20 mg/L of
the nanomaterial concentration. In the same way, exposure to 10 and
20 mg/L of dGO-NHy produced a viability loss of ~ 39% and ~ 44%,
respectively.

Concerning the ability of these nanomaterials and their respective
degraded counterparts to induce ROS in the HT29 cell line, Fig. 6 shows
the results obtained after 1 h of exposure (relative fluorescence values
obtained in cells exposed to both GO and dGO at 20 mg/L were also
corrected as explained above). In this case, the oxidative stress induction
was notably increased during the exposure to all the tested concentra-
tions of GO, dGO and GO-NH; in a dose-response relationship, being
ROS levels statistically significant in all cases, and remarkably higher in
cells exposed to GO and dGO. In contrast, in cells exposed to dGO-NH;
only a statistically significant increase in the ROS production was
observed at 20 mg/L when compared to control.

3.3. Determination of skin irritant response to GO, dGO, GO-NH and
dGO-NH,

The irritation potential of GO, GO-NH,, and their respective
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Fig. 3. : Viability of A549 cells treated with different concentrations of GO and dGO (left) and GO-NH, and dGO-NH, (right). Results are expressed as a percentage of
control (untreated cells). Data represent the mean (+ standard deviation, SD) of at least 6 biological replicates obtained in two independent assays. Differences are
established using a one-way ANOVA followed by a multicomparison test (Tukey test), and considered significant when P < 0.05. Different letters indicate significant

differences between treatments.



S. de la Parra et al.

GO dGO
1 1 1 1
60— C

Q
O
c
3
0 40—
o
o
=)
[
S 20+
wd
o
(]
14

0_

S

Toxicology 504 (2024) 153783

GO-NH,  dGO-NH,
i | | 1
60
@
3]
c
3
0 40-
g
o
=
=
> 20
& c
& a b ab ab
0_#_*_%_*_
N
< & & ) »

RSN P

Fig. 4. : Reactive oxygen species (ROS) production of A549 cells treated with different concentrations of GO and dGO (left) and GO-NH; and dGO-NH, (right).
Results are expressed as the relative fluorescence value to the control (untreated cells), which was assigned a value of 1. Data represent the mean (+ standard
deviation, SD) of at least 6 biological replicates obtained in two independent assays. Differences were established using a one-way ANOVA followed by a multi-
comparison test (Tukey test), and considered significant when P < 0.05. Different letters indicate significant differences between treatments.
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Fig. 5. : Viability of HT29 cells (MTT assay) treated with different concentrations of GO and dGO (left) and GO-NH; and dGO-NH;, (right). Results are expressed as
percentage of control (untreated cells). Data represent the mean (+ standard deviation, SD) of at least 6 biological replicates obtained in two independent assays.
Differences were established using a one-way ANOVA followed by a multicomparison test (Tukey test), and considered significant when P < 0.05. Different letters

indicate significant differences between treatments.

degraded forms was evaluated under OECD guidelines (Test No. 439)
using the In Vitro EpiDerm Skin Irritation Test (EPI-200-SIT). As
described in the corresponding Materials and Methods section, the test is
based on a topical exposure of the nanomaterials to a reconstructed
human epidermis (RhE) model, which consists of a 3D cell culture
closely mimicking the biochemical and physiological properties of the
upper parts of the human skin, followed by the determination of cell
viability by MTT assay.

The tissues were exposed to 1 mg/mL of the nanomaterials. Fig. 7
shows that only the degraded forms reduce approximately 20% the
viability of RhE with respect to the control (tissues exposed to PBS), but
these differences are not statistically significant. In contrast, the pristine
nanomaterials do not affect the RhE viability. Thus, none of the nano-
materials studied showed to have irritation potential, neither their
pristine forms nor their degraded counterparts. By the same token, tis-
sues directly exposed to pristine nanomaterials powders did not result in

a negative effect (supplementary material, Figure S3).

4. Discussion

The increased use of nanoparticles in several fields has raised con-
cerns about the potential hazard effects that these nanomaterials can
represent for human health and for the environment once they are
released. In particular, graphene-based nanomaterials stand out due to
their exceptional physicochemical properties, being applied in a variety
of areas, and thus many research works focused on the evaluation of
their toxicity are available in the current literature (Achawi et al., 2021;
Rhazouani et al., 2021). As explained above, the toxicity of nano-
particles is determined by different physicochemical characteristics
including chemical composition, geometry or shape (Sukhanova et al.,
2018). Inevitably, these properties can be drastically altered once they
are released into the environment, where they are subjected to different
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Fig. 6. : Reactive oxygen species (ROS) production of HT29 cells treated with different concentrations of GO and dGO (left) and GO-NH; and dGO-NH, (right).
Results are expressed as the relative fluorescence value to the control (untreated cells), which was assigned a value of 1. Data represent the mean (& standard
deviation, SD) of at least 6 biological replicates obtained in two independent assays. Differences were established using a one-way ANOVA followed by multi-
comparison test (Tukey test), and considered significant when P < 0.05. Different letters indicate significant differences between treatments.
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Fig. 7. : EpiDerm tissues were exposed to 1 mg/mL of GO, dGO, GO-NH; and
dGO-NH,. The viability was analysed by MTT assay, and it is expressed as a
percent of negative control (tissues exposed to PBS). Data represent the mean +
standard deviation (SD). Differences were established using a one-way ANOVA
followed by a multiple comparisons test (Tukey test), and considered significant
when P < 0.05. Different letters indicate significant differences be-
tween treatments.

factors such as those associated to climatic events (sunlight, heat, hu-
midity, or general wear and tear) and, consequently, their hazard po-
tential could be modified (Domi et al., 2020a). In spite of the relevance
of this issue, the number of works addressing the implications of the
degradation in the inherent toxicological properties of the nano-
materials is scarce. Thus, providing information about how the struc-
tural and composition changes caused by the degradation of these
materials influence their potential toxicity is a matter of concern that
should be addressed, which allow to better understand the hazards
associated to a particular nanomaterial. In the present work, two
graphene-derived nanomaterials (GO and GO-NH5) and their respective
degraded forms obtained after severe physical degradation were
evaluated.

Inhalation, dermal contact and ingestion are the most common
routes of exposure to nanoparticles. In the specific case of graphene-
based materials, their associated risk is especially relevant in the occu-
pational exposure context, which involves the whole life cycle of the
product, from production to waste disposal stages (Park et al., 2017).

Different reviews have analysed in depth the most common pathways of
graphene-based materials entry to the human body (Fadeel et al., 2018;
Pelin et al., 2018; Rhazouani et al.,, 2021). Briefly, inhalation is
considered as the highest concern-route, since the volatility of these
materials when being in powder form make them potentially dangerous
for lungs. The skin also constitutes one of the most relevant exposure
routes, having a key role as barrier between the human body and the
environment, and being one of the most susceptible organs to accidental
exposure too. Finally, oral exposure is also significant, since
graphene-based materials can reach the gastro-intestinal tract by direct
ingestion or due to transportation of inhaled materials to oral cavities,
where they can be swallowed. Based on the above, different represen-
tative human models for lung (A549 cells), intestine (HT29 cells) and
skin (RhE) exposure were selected to perform the toxicological evalua-
tion of the selected compounds. The A549 cell line is considered a steady
model for human alveolar type II pulmonary epithelium and it is
commonly used for the evaluation of pulmonary toxicity of nano-
particles (Bacova et al., 2022), including graphene-based nanomaterials
(Chang et al., 2011; Domi et al., 2020b). In the case of the HT29 cell line,
it is widely applied as model for evaluating the effects of food contam-
inants after oral uptake (del Rio et al., 2017; Linares et al., 2016), as well
as those caused by nanoparticles (Schneider et al., 2017; Sergent et al.,
2012). Finally, reconstructed human epidermis models are advanced
systems that consist of a fully differentiated epidermis resembling the
human skin. Regarding the parameters under study, ROS production
was chosen together with viability determination to evaluate the toxi-
cological potential of the nanomaterials in both A549 and HT29 cell
lines. ROS increment is a common feature of GO toxicity, involved in
several cellular damage processes such as lipids degradation, DNA
fragmentation, or protein denaturation (Rhazouani et al, 2021).
Regarding the experiments carried out with the RhE model, irritation
could be considered as the most feasible effect on this organ due to the
chemical nature of graphene-based materials (Fadeel et al., 2018), so
this parameter was evaluated in this study.

4.1. Physicochemical properties of pristine and degraded nanomaterials

Firstly, both pristine and degraded nanomaterials were physico-
chemically characterized using different techniques. Raman analysis
showed non-significant differences between the spectra of pristine and
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degraded GO-NH,, while in the case of GO, its ultrasonicated counter-
part displayed more intense and narrow peaks. The modifications
caused by the sonication in both nanomaterials were more evident by
TEM analysis. In general terms, the degraded nanoparticles showed a
reduced size and less electron-dense areas, indicative of fewer number of
layers. In addition, in the case of the dGO-NHy, the loss of morphology
was more marked than in the dGO, while the latter samples showed a
dark coating that could be associated to finest remnants produced dur-
ing the sonication. Regarding the metal ions release, no significant al-
terations in their levels were observed in the suspensions after the
degradation process. Only an increase in the levels of Al and Mn were
detected in dGO and dGO-NH;, supernatants respectively, being very low
concentrations in any case. The presence of Mn impurities on GO sam-
ples is considered a relevant factor due to the ability of this element to
induce significant biological effects (Seabra et al., 2014). In our work, it
is important to remark that the levels of Mn present in the highest
concentration used in the toxicological assays are 200 times lower than
those reported in Table 1 (= 0.05 ppm in the case of cells exposed to
20 mg/L of GO and dGO). Some authors have observed certain toxic
effects of low concentrations of Mn (0.1 mg/L) in different cell lines such
as CHO-XRSS5 cells or peripheral blood mononuclear cells (Francisco
et al., 2023, 2021). On the other hand, in a previous work performed in
our lab, the viability of HepG2 cells was not negatively affected when
exposed to soil soluble extracts containing mixtures of metals at con-
centrations higher than those reported here (specifically, Mn was
detected at = 0.1 and ~ 0.9 mg/L in two soil extracts respectively) (de la
Parra et al., 2022). To our knowledge, no previous works evaluated the
safety of concentrations as low as those detected in our samples so,
although it can not be totally dismissed, its effect on the toxicity is
probably insignificant in comparison to that caused by the particles per
se.

4.2. Effect of pristine GO and GO-NHz on A549 and HT29 cell lines

The toxicological potential of pristine GO in different human cell
lines has been evaluated in several studies but, as described by different
reviews, the results reported in the literature on biocompatibility and
toxicity are sometimes conflicting (Chiticaru and Ionita, 2022; Liao
et al., 2018; Rhazouani et al., 2021). These discrepancies could be
attributed to the influence of parameters such as size, surface chemistry,
presence of impurities, etc. Moreover, as observed with other nano-
particles such as SiOg or TiOy (Sohaebuddin et al., 2010), the toxico-
logical response after GO exposure is variable between cell types
(Dabrowski et al., 2023; Liao et al., 2018). In the present work, the re-
sults obtained in A549 cells are in agreement with those reported by
other authors, where GO exposure showed to generate only a minimal
loss of viability at high concentrations, while this nanomaterial is able to
induce oxidative stress even at low concentrations (Chang et al., 2011;
Domi et al., 2020b). By contrast, other authors observed a size and dose
dependent effect on A549 cells, being GO able to highly decrease the
percentage of viable cells at high concentrations after 24 hours of
exposure (Gies and Zou, 2018). Nevertheless, this study agrees with the
results reported here in establishing that low concentrations of GO do
not negatively affect the viability of this cell line. Regarding studies
reporting the effect of GO in gastro-intestinal cells, a number of works
have been published (Feng et al., 2022; Krasteva et al., 2019; Kucki
etal., 2016). In the specific case of HT29 cells, recently, Vimalanathan et
al. showed that GO displays significant dose-dependent cytotoxicity on
these cells even at low concentrations similar to those used in the present
study (Vimalanathan et al., 2022). However, other authors observed
that when this cell line is present in a co-culture with Caco-2 cells, no
cytotoxic effects in terms of viability or oxidative damage were detected,
while moderate genotoxic effects were observed after 24 h of exposure
at different concentrations of GO (Domenech et al., 2020). Furthermore,
it has been reported that GO can constitute a great support for HT29 cell
attachment, growth, and proliferation (Ruiz et al., 2011). The results
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being reported in the present study indicate that, in spite of the fact that
the viability of HT29 cells is not affected, GO is able to cause some
cytotoxic features (ROS production). Altogether, the obtained data
reveal the need of performing further research in order to generate
additional knowledge on the effect of GO in gastrointestinal cells. While
an extensive work has been done in unveiling the potential toxicity of
GO for different cellular models, the number of research works inves-
tigating the toxicological effects produced by aminated GO is much
lower. In the current work, tests performed with GO-NH; in both cell
lines show a statistically significant decrease in cell viability, as well as
statistically significant levels of ROS, with the concentrations tested.
These results are in concordance with those previously reported, where
the functionalization of GO with amino groups was associated to cyto-
toxicity and genotoxicity induction upon nanoparticle exposure in both
lung and gastro-intestinal cell lines (Keremidarska-Markova et al., 2018;
Krasteva et al., 2019). The fact of observing an increase in the ROS levels
of cells exposed to GO, without affecting their viability after 24 hours of
exposure is intriguing. However, this phenomenon was also described in
the above-mentioned research studies where the toxicity of GO was
evaluated (Chang et al., 2011; Domi et al., 2020b). This could be
indicative of the activation of cell mechanisms that help to overcome
oxidative stress, such as the action of antioxidant enzymes able to
mitigate ROS effects (Jena et al., 2023) or the induction of autophagy,
which can be considered as an antioxidant repairing system since it can
contribute eliminating the damaged oxidized biomolecules (Filomeni
et al., 2015). In the case of cells exposed to GO-NHj, our observations
suggest that ROS could play a relevant role in the decrease of viability.
These results are in line with those described by Krasteva et al., who
reported an increment in ROS production, together with other cytotoxic
effects, after exposing Colon-26 cell line to GO-NH, (Krasteva et al.,
2019). To our knowledge, no previous work evaluated the effect of
aminated GO in the HT29 cell line.

4.3. Effect of dGO and dGO-NH; on A549 and HT29 cell lines

As previously mentioned, the number of studies evaluating the
toxicological effect of degraded nanoparticles is scarce. In particular,
there is very limited information about the influence of physical
degradation in graphene-based materials toxicity, being a previous work
performed in our laboratory one of the first studies where the degra-
dation of graphene derivatives (i.e. graphene functionalized with MnOx
nanoparticles) has been simulated, followed by their toxicological
properties determination (Fernandez-Pampin et al., 2023). During the
physical degradation process, modifications can occur in the structure
and composition of the nanomaterials (decrease in the thickness of the
layers, morphology changes, etc.), thus generating a possible alteration
of their toxicological potential. Therefore, to increase knowledge about
the influence of physical degradation on the properties of the nano-
materials under study, GO and GO-NH; were subjected to the same
prolonged sonication process described in our previous work (Fernan-
dez-Pampin et al., 2023), and their toxicological potential was assessed
in the same conditions as for the pristine materials. The obtained results
showed that the degradation of GO did not alter their toxicological
properties, presenting similar effects than the pristine nanomaterial. In
the case of dGO-NH,, the effects were also similar to those observed with
their pristine counterpart, showing to cause a slightly higher decrease in
the viability, but lower levels of ROS. This fact could indicate a greater
involvement of a ROS independent pathway in the toxicity induced by
dGO-NHj, as for example, the physical interaction with the nano-
structures of the cells such as the actin cytoskeleton, or through cell
cycle arrest. Both mechanisms were previously described as ROS inde-
pendent pathways induced by nanoparticles (Shvedova et al., 2012).
The morphology of the sheets is among the parameters that can greatly
affect the toxicity and biocompatibility of graphene-based materials
(Gurunathan et al., 2019; Ou et al., 2016). In fact, some studies have
associated the presence of extremely sharp edges with cytotoxicity
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through the destabilization of the membrane and subsequent cell
integrity loss (Lalwani et al., 2016). Moreover, Chang et al. observed GO
size-dependent toxicity in A549 cells when the materials are in the
nanometric scale (Chang et al., 2011). In the present work, in terms of
cell viability and ROS production, the significant differences observed in
the shape and size of the nanomaterials after the application of the
degradation protocol did not show to substantially influence their
toxicological potential. In the case of the GO-NHj, the slightly higher
viability reduction observed in the cells exposed to the degraded forms
in comparison with that caused by the pristine counterpart could be, in
some degree, related with the sharped edges observed in dGO-NH; but,
in any case, these modifications seem not to be critical.

4.4. Effect of GO, GO-NH; and their degraded counterparts on skin
tissues

The skin is one of the main routes of exposure to nanoparticles, so the
effect of graphene-derived nanomaterials suspensions and powders on
this organ was evaluated using the 3D RhE model, an advanced system
that consists of a fully differentiated epidermis resembling the human
skin tissue. The obtained results showed that GO, GO-NH,, dGO, and
dGO-NH; suspensions do not present an irritant effect on RhE. By the
same token, GO and GO-NH; powders were not irritant (Supplementary
material, Figure S3). These findings are concordant with those obtained
by other authors who evaluate the skin irritation potential of graphene-
based materials using RhE models. For instance, Fusco et al. assessed the
skin irritation potential of several graphene-based materials prepared
with non-irritant exfoliation agents, observing that a single acute
exposure of RhE to these nanomaterials in powder form does not induce
skin irritation (Fusco et al., 2020). Also, Carlin et al. tested a variety of
graphene related materials, including different GOs, concluding that
these nanoparticles can be considered as non-irritant (Carlin et al.,
2023). Experiments performed in mice were also in line with the ob-
servations made through in vitro tests (Sosa et al., 2023), confirming the
suitability of RhE models to evaluate the irritation potential of nano-
materials. However, studies employing skin cell lines reported different
conclusions, showing the ability of these materials to induce significant
cytotoxicity in keratinocytes and skin fibroblasts (Liao et al., 2011; Pelin
et al., 2017). These discrepancies could be explained due to the fact that
the skin cell lines are simplified models that manage to reproduce
essential skin functions, while RhE models simulate real skin tissue,
presenting the different layers that exert barrier function against the
nanomaterials, thus being more resistant to the toxic effect observed in
skin cell assays.

5. Conclusions

Generating new toxicological data of graphene-derived materials
along their life cycle is a relevant matter in the nanotechnology field,
especially for those where the existing information is scarce, as it is case
of GO-NHy, or for less studied cellular models/exposure routes, such as
the reconstructed skin model RhE. In this work, the safety of two
graphene-based nanomaterials (GO and GO-NH,) was evaluated in a
comparative manner together with their respective degraded forms,
aiming to elucidate whether structural modifications that pristine ma-
terials may suffer along their lifespan alter their potential hazard. With
that objective, several in vitro assays using representative models for
different exposure routes (A549 and HT29 cell lines, and a 3D model of a
reconstructed human epidermis) were applied. The results obtained
indicate that both GO-NH; and its degraded counterpart decreased the
viability of the lung and colon cell lines, while GO and dGO were able to
induce higher levels of ROS without affecting the cell viability. More-
over, the modifications that the materials suffered during their degra-
dation process did not alter substantially their toxicological properties.
dGO showed to have similar effects than GO, while dGO-NH, only
caused a slightly higher decrease in the viability of A549 and HT29 cells
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than its pristine counterpart, but inducing lower levels of ROS. In the
case of the tests carried out with the reconstructed skin model RhE,
neither the studied pristine nanomaterials, nor their degraded forms,
show irritant potential. The presented results provide novel insights into
the toxicological potential that different graphene derivatives may have
during their life cycle, through different exposure routes.
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