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Highlights revised

Highlights

Graphene related materials are mostly used to reinforce polymers

Abrasion of composites materials is an important end-of-life scenario to be assessed prior
large use

This study provide a qualitative and quantitative analysis of the released materials after abra-
sion

The hazard of the abraded thermoplastic is assessed focusing on the most likely exposure
routes

Life cycle consideration and impact of reduced graphene oxide in the context of reinforced

polymers is addressed
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Abstract

Graphene-related materials (GRMs) are subject to intensive investigations and considerable
progress has been made in recent years in terms of safety assessment. However, limited
information is available concerning the hazard potential of GRM-containing products such as
graphene-reinforced composites. In the present study, we conducted a comprehensive
investigation of the potential biological effects of particles released through an abrasion process
from reduced graphene oxide (rGO)-reinforced composites of polyamide 6 (PA6), a widely used
engineered thermoplastic polymer, in comparison to as-produced rGO. First, a panel of well-
established in vitro models, representative of the immune system and possible target organs such
as the lungs, the gut, and the skin, was applied. Limited responses to PA6-rGO exposure were
found in the different in vitro models. Only as-produced rGO induced substantial adverse effects,
in particular in macrophages. Since inhalation of airborne materials is a key occupational concern,
we then sought to test whether the in vitro responses noted for these materials would translate into
adverse effects in vivo. To this end, the response at 1, 7 and 28 days after a single pulmonary
exposure was evaluated in mice. In agreement with the in vitro data, PA6-rGO induced a modest
and transient pulmonary inflammation, resolved by day 28. In contrast, rGO induced a longer-
lasting, albeit moderate inflammation that did not lead to tissue remodeling within 28 days. Taken
together, the present study suggests a negligible impact on human health under acute exposure
conditions of GRM fillers such as rGO when released from composites at doses expected at the
workplace.

KEYWORDS: graphene-related materials; thermoplastic polymer composites; hazard
assessment.
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Graphene and its derivatives (graphene-related materials or GRMs) have been among the fastest
growing areas of nanoscience and technology over the past decade. This atomically thin, two-
dimensional form of carbon has generated considerable excitement since its initial discovery. Due
to its outstanding physicochemical properties, namely, excellent stretchability (20% of its initial
length), high intrinsic mechanical stiffness and strength (1 TPa and 130 GPa, respectively),
extraordinary electrical conductivity (mobility of charge carriers 200,000 cm?/ V/s), large surface
area (2630 m?/g), and superior thermal conductivity (~5000 W/mK), it has raised high expectations
on future applications.' Many of these properties are superior to those of other materials, but
most importantly, the combination of all these characteristics is exceptional. It is of no surprise
that GRMs are currently being explored for a multitude of applications, such as in electronics,
energy, photonics, composite, filtration, sensors, or biomedicine.* As a result of the increased
demand, production of GRMs has increased from 14 tons in 2009 to nearly 1,200 tons per year
within just a decade. By 2025, the market value is projected to reach between ~US$180 million to
US$2.1 billion per year,>® with about 30% of the annual growth rate for graphene reinforced
composites.’

In this respect, GRMs have been proposed as alternative fillers (i.e., materials added in the polymer
matrix to improve specific properties) in polymer composites to replace conventional filler agents,
such as carbon black and carbon fibers, for reinforcement purpose.” More specifically, graphene
oxide (GO) and reduced graphene oxide (rGO) are ideal for polymer composites due to their high
dispersibility and the presence of functional groups that have chemical affinity to the surrounding
polymers and increase filler/matrix adhesion.*’ Several studies have shown that the addition of
small GRM amounts (0.1-5%) can significantly enhance the strength, electrical conductivity or
thermal transport of the composites compared to the neat polymer matrix.® !> Among the different
polymer matrices, polyamide 6 (PA6, also known as Nylon-6), a widely used engineered
thermoplastic polymer, has received great attention, as an ideal matrix for the development of
graphene-reinforced polymer composites.'*!* Its attractive properties, such as good processability,
heat and chemical resistance together with its beneficial mechanical characteristics, i.e., stiffness
and toughness, make PA6 appealing for composite applications (e.g., automotive and sports
equipment).!*!> Despite its exciting characteristics, PA6 has poor dimensional stability, low
electrical conductivity, and weak mechanical performance in some areas, which can all be
considerably improved by the use of GRMs as nanofillers.'®!®

Although GRMs may provide solutions to current challenges in many fields, the inevitable
occupational or consumer exposure to these materials has raised scientific and public concern for
their potential to affect human health. As a result, various studies have been initiated to assess the
safety of GRMs in different biological systems, with the reported investigations often showing
contradictory or inconclusive results. Several cellular and animal studies with different
experimental setups have shown that different types of GRMs can induce mitochondrial
dysfunction, cell apoptosis, genotoxicity, inflammatory or oxidative stress responses'®?2, while
others reported the absence of adverse effects>>2° as reviewed by Fadeel et al.?® Overall, this
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diversity in research outcomes indicate that GRMs are an incredibly diverse family of materials,
whose safety thresholds is dependent on the complex interplay of several physicochemical
properties such as lateral dimension, thickness, oxidative state, functional groups, dispersion state,
purity, administrative doses, exposure route and duration.?”-?® Despite the large number of studies
addressing the potential impact of GRMs on human health, knowledge gaps on their structure-
activity relationships remain. At present, no classification system exists to determine the exact
level at which each material property may contribute to GRM toxicity. Thus, GRM hazard
assessment prediction based on physicochemical characteristics is precluded.

It is further acknowledged that during the life cycle (production, use, disposal) of GRM-reinforced
composites, possible degradation of the solid polymer matrix, i.e., through mechanical abrasion,
hydrolysis, water exposure, elevated temperatures or increased UV light intensity, can potentially
lead to GRM release and subsequent unintentional exposure of workers and/or consumers.?*. In
contrast to pristine GRMs, which have been extensively studied, the nanosafety assessment of
materials released from GRM-containing products have not been yet explored and only limited
information is available about intrinsic hazards of dissociated materials from graphene-based
composites. Moreover, GRMs used as nanofillers in composites may be transformed during the
manufacturing process and/or during abrasion process in terms of their physicochemical
characteristics such as lateral dimension, thickness, and defects. As a result, the transformed GRMs
may cause different biological responses when compared to their pristine form.

The aim of the present study was therefore to investigate the potential biological effects of particles
released from a real-life GRM-enabled product (i.e., rGO-reinforced PA6 composites that will be
soon found in the vehicle industry) through an abrasion process, and compare these effects to those
induced by the rGO initially incorporated in the PA6 thermoplastic polymer matrix. Since GRMs
and nanomaterials in general, can enter the human body via different routes (i.e., inhalation,
ingestion, or dermal absorption)****33 we performed a multi-system and multi-endpoint in vitro
human toxicity analysis (Figure 1). Using well-established cell lines and cell-type specific
endpoints, we first assessed the impact of abraded rGO-reinforced PA6 (PA6-rGO) composite
materials on cells representative of key target organs related to the three main exposure routes (i.e.,
lungs, gut, and skin), and the immune system, our primary defense mechanism against foreign
intrusion. As inhalation of airborne materials is a major concern at the workplace where such
GRM-enabled products are likely to be processed, we further assess the possible effects of PA6-
rGO composite materials on the lungs after single pulmonary exposure in mice. Based on this
tiered approach combining in vitro and in vivo data, the objective of the present study was to
provide a comprehensive, multi-laboratory hazard assessment of commercial GRM-enabled
products at doses expected at the workplace.
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Figure 1. Schematic overview of the experimental strategy. The main steps in the study include: 1) Material generation
where rGO is produced by thermal reduction from GO dispersions synthesized by the modified Hummers method.
Then, rGO is functionalized with aminopropyl silane and used to generate an industrially relevant rGO-reinforced
polyamide 6 composite (PA6-rGO; 2.5 wt% rGO). Abrasion particles are produced from neat PA6 and PA6-rGO by
Taber abrasion to mimic a mechanical abrasion. 2) Extensive material characterization is performed using a wide
spectrum of analytical methods to support data interpretation and comparability across studies. 3) In vitro hazard
assessment of the different materials is conducted in robust and widely used cell models representing potential key
target organs including the lung, intestine, skin and immune system. 4) /n vivo hazard is assessed in mice with a focus
on short- and long-term toxicity in the lungs, representing the most relevant exposure route. Finally, all the data is
carefully analysed in order to achieve a better understanding of the health hazard of abraded PA6-rGO versus rGO

alone (parts of the figure were created with Biorender.com)



166

167

168
169

170

171
172
173
174
175

176
177
178
179
180
181
182

183
184
185
186
187

188
189

190

191

192
193
194
195

Materials and Methods

Chemicals and Reagents

All chemicals and reagents used were obtained from Merck-Sigma-Aldrich (Switzerland), unless
otherwise stated.

Production and characterization of rGO and PA6/PA6-rGO composites

GO preparation

GO dispersion was prepared using the modified Hummers method, using natural graphite sieved
at 60 and 100 mesh as described by Eckmann and colleagues.*® The GO water dispersion was
ultracentrifuge at 20.000 rpms in a SIGMA3-30K ultracentrifuge, and the wet solid was collected
and filtered off and air-dried.

rGO preparation and functionalization

GO powder was thermally reduced in argon atmosphere at 200°C for 20 min. Aminopropyl silane
functionalized rGO was prepared as follows; Ten g of rGO was suspended in a mixture of
ethanol/water (30/70) and stirred for 1h. Concentrated hydrochloric acid was added to adjust pH
between 3-3.5. Five mL of (3-aminopropyl) triethoxysilane (APTES) were added and the mixture
was stirred overnight at 60°C. The suspension was vacuum filtered and washed with ethanol to
avoid free silane molecules. The powder was dried at 80°C for 24 h.

Preparation of PA6-rGO composites and characterization

For the preparation of the concentrated masterbatches, an Alphatech AD30mm LDA48 counter
rotating twin screw extruder was utilised. The functionalised rGO (2.5 wt%) was dispersed in PA6
by melt compounding, resulting in concentrated master batches. The screw speed was kept at 125
rpm and the feeder speed at 30 rpm.

The process temperature in the different barrels in extrusion processes are presented in Table 2.

Extruder 71 | z2 | z3 | za | z5 | z6 | z7 | z8 | 729 | z10
zZones
Temzf,ecr;at”re 190 | 190 | 210 | 210 | 210 | 220 | 220 | 220 | 220 | 230

Table 2. Temperatures of the different extruder zones, during melt compounding
The extruded material was then compression moulded to form the film for the abrasion.

Raman Spectroscopy. Raman spectra of rGO and composite materials (before abrasion) were
acquired on a confocal RENISHAW in via Raman microscope at room temperature. The system
uses a CCD detector and a holographic notch filter, using excitation wavelength of 532 nm. Scans
were acquired from 1000 to 3500 cm™!, performing maps of 25 spectra and making an average
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spectrum which is the one that is presented in this paper. Analysis and deconvolution of spectra
were obtained with Wire 4.2 software.

X-ray Photoelectron Spectroscopy. XPS analysis was performed in a KRATOS Axis Ultra DLD.

Fourier-transform infrared spectroscopy. Infrared spectra were recorded in the 4000450
cm—1 range using a PerkinElmer FT-IR Spectrum Two spectrometer.

Thermogravimetric analysis. TGA was performed in a METTLER TOLEDO TGA/SDTA 851e
in the range of 25-900 °C 10°/min at air atmosphere.

Brunauer-Emmett-Teller. The specific surface area (SSA) of GRMs was determined by BET using
an autosorb-6 Quantachrome instruments. The samples were degassed in an autosorb degasser
(Quantachrome instruments) at 250 °C for 8 h.

Transmission electron microscopy. TEM were recorded using a JEOL microscope (JEM-2010).
GRM samples were dispersed in isopropyl alcohol then sonicated with a Hielscher UP200S
sonicator for 15 min and drop casted onto copper grids for TEM.

Characterization of rGO and abraded particles

Scanning Electron Microscopy. The morphology of rGO powder and abraded particles was
characterised using an SEM Zeiss Evo50 microscope (acceleration voltage of 10 kV). The powders
were deposited on conductive carbon tape and a thin layer of gold (= 10 nm) was sputter-coated
on top of the samples.

Atomic Force Microscopy. AFM images were collected by a contact mode (Bruker, Dimension-
Icon) to analyze the thickness of the tested materials. Images were obtained using ScanAsyst-Air
probes (silicon tips on silicon nitride cantilever, Bruker) with 0.4 N/m nominal spring constant of
the cantilever. For the AFM visualization, rGO, PA6 and PA6-rGO were dispersed via sonication
(10 min) to ethanol. The rGO flakes were then coated to Si/SiO> (300 nm) substrate using spin
coating method.

Optical Microscopy. For the optical measurements a Nikon Eclipse LV150N - Digital imaging
combined with an advanced optical system was employed.

Raman Spectroscopy. Raman spectra of the samples were obtained using a Renishaw inVia Raman
spectrometer equipped with a 514 nm laser. Four different spectra were acquired in different
locations of the samples giving consistent results.

EPR spectroscopy. EPR spectra were recorded with an ESP 300E spectrometer (Bruker) operating
at X-band and equipped with a high sensitivity resonator (4119HS-W1). Spectra were recorded
with 2 mW microwave power, a modulation frequency of 100 kHz, a modulation amplitude of 0.1
mT, a conversion time of 81.92 ms and time constant of 20.48 ms.
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Fluorescence spectroscopy. The presence of ROS in PA6, rGO and PA6-rGO dispersed in 0.1%
BSA (at a concentration of 40 pg/mL) was assessed following the fluorescence changes of
dihydrorhodamine 123 (DHR123, Sigma-Aldrich) signals using a Jasco FP8003 fluorimeter
equipped with a swig xenon 450 W lamp. The non-fluorescent DHR123 is oxidized by ROS to
fluorescent rhodamine 123 leading to a significant increase of photoluminescence. In a typical
assay, PA6, rGO and PA6-rGO were prepared in 0.1% BSA (1.0 mg/mL) and stocked in the 4
for one week. Then, the stock solutions (80 pnL) were diluted with a 0.1% BSA solution (1920 pL)
to 40 pg/mL, following the addition of DHR123 (0.4 puL of a stock solution at I mM in DMSO)
(final concentration of DHR123 corresponding to 200 nM). The fluorescence spectra were
recorded immediately (<1 min) and 10 min after adding DHR 123 under the excitation at 500 nm
and were corrected for the baseline and the solvent. The fluorescence signal of 0.1% BSA
following the addition of DHR123 was also tested at 0 min. A Fenton reaction was performed as
a positive control. A 200 pL stock solution (10 mM) of the FeSO4:7H>O was added to 1.6 mL of
water followed by 0.4 pnL of DHR123 (final concentration of DHR123 corresponding to 200 nM)
and 200 pL H20s. For this positive control, the fluorescence spectra were recorded immediately
(<1 min) and 10 min after adding H>O».

Abrasion process and particle collection

The abrasion process was performed as described by Netkueakul et al.®? Briefly, PA6 and PA6-
rGO composites were abraded using a Taber abraser (Model 5135, Taber, North Tonawanda, NY)
equipped with a S-42 sandpaper strip wrapped around a CS-0 wheel with an applied weight of 1
kg to simulate the sanding process on the surface of the composites. The released particles were
collected on 0.2 um nucleopore filter (Whatman, UK) via a vacuum inlet (flow rate 10 Ipm) with
a small suction area of 40 mm?, connected to conductive silicon tubing (TSI, United States).

Particle Size Distribution. The particle size distribution of the release particles was measured
online using an APS (Model 3321, TSI) and a SMPS consisting of a differential mobility analyser
(DMA) (Model 3080, TSI, Shoreview, MN) and a condensation particle counter (CPC) (Model
3775, TSI). The flow rate was generated by the vacuum line and monitored in the range of 9 to 11
L/min using a mass flow controller (Model GFM37, Aalborg, NY). In the present experimental
setup, the APS analysed the aerodynamic diameter of particles in the range of 0.5-20 um, while
the SMPS analysed particles with electrical mobility diameter ranging from approximately 10 to
570 nm. At least three particle size distributions measurements were collected from each sample.
The collection of abraded particles for nanosafety analysis and for further material characterization
was performed without the APS and SMPS to reduce possible particle loss.

Material dispersion

For all experiments, freshly prepared stock dispersions of the tested materials (rGO, abraded PA6
and PA6-rGO particles) of 0.5 mg/mL in 0.1% bovine serum albumin (BSA) were prepared by
sonication for 45 min prior to usage. Stock dispersions were diluted to the final working
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experimental concentrations (2.5-40 pg/mL) in complete cell culture medium and used
immediately for exposure experiments.

Endotoxin content

Endotoxin Chromogenic assay

The endotoxin concentration in PA6, PA6-rGO and rGO suspensions was measured using the
Pierce™ LAL Chromogenic Endotoxin Quantitation kit (sensitivity 0.1 EU/mL; Thermo Fisher
Scientific, MA, USA), following the manufacturer's instructions, at concentrations 0-80 pg/mL.

TET Assay

PA6, PA6-rGO, and rGO samples were assessed for endotoxin content with the TNF-a expression
test (TET), which enables unequivocal detection of endotoxin with a sensitivity comparable to that
of the conventional LAL assay but without any interference with the assay. In brief, PBMCs were
isolated from buffy coats obtained from healthy human blood donors (Karolinska University
Hospital, Stockholm, Sweden) by density gradient centrifugation, as described previously.!*
Then, PBMCs were positively selected for CD14 expression with CD14 MicroBeads (Miltenyi
Biotech, Bergisch Gladbach, Germany). For obtaining HMDMSs, CD 14+ monocytes were cultured
in RPMI-1640 cell medium supplemented with 2 mM L-glutamine, 100 IU/mL penicillin, 100
mg/mL streptomycin, and 10% heat-inactivated fetal bovine serum (FBS), supplemented with 50
ng/mL recombinant macrophage colony-stimulating factor for 3 days in 96-well plates.!?
HMDMs were exposed to PA6, PA6-rGO, and rGO (20 g/mL) or to bacterial LPS (0.01 pg/mL)
(Sigma-Aldrich) in the presence or absence of the specific LPS inhibitor, polymyxin B (10 pM)
(Sigma-Aldrich), and TNF-a secretion was measured at 24 h of exposure with a Human TNF-a
ELISA Kit purchased from MABTECH (Nacka Strand, Sweden).

Detection of released graphene from PA6-rGO abraded composites

Freeze fractured samples and SEM visualization

As the release of rGO could be explained by the debonding of the rGO from the PA-6 matrix,
freeze fractured method was employed to simulate the debonding process and to explain the
debonding mechanism. In order to generate the freeze fractured surface, the sample was immersed
into liquid nitrogen for 30 s. After removing the sample from liquid nitrogen, the sample was
immediately broken by manual bending. Freeze fractured surface of the samples was analyzed
using scanning electron microscope (Nova NanoSEM 230, FEI company, Hillsboro, OR, USA).

Transmission electron microscopy of abraded PA6-rGO

It was important to evaluate whether abrasion process could induce the release of the rGO from
the polymer matrix or not. If the rGO can be released, it is also crucial to assess in which forms
rGO was released. Therefore, to understand the characteristics of rGO in the abraded PA-6-rGO,
the abraded PA6-rGO was analyzed using TEM (FEI Tecnai G2 F20 (FEI Company, OR, USA)).



301

302

303
304
305
306
307
308
309

310
311
312
313
314
315
316

317
318
319
320

321
322
323
324
325
326
327
328
329

330
331
332
333
334
335
336

In vitro experiments and post-exposure biological response

Cell cultures

Lung cultures

Human A549 epithelial type II cells were obtained from American Type Culture Collection
(ATCC; Virginia, USA). After thawing, A549 cells were sub-cultured in T75 cell culture flasks in
complete Rosewell Memorial Park Institute medium (RPMI-1640, Sigma-Aldrich) with 10% FBS
(Sigma-Aldrich), 1% penicillin, streptomycin, neomycin (PSN; Sigma-Aldrich) and 1% L-
glutamine (Sigma-Aldrich). Cells were maintained at 37 °C and 5% CO; in humidified atmosphere
and were routinely sub-cultured twice a week at 70-80% confluence.

Prior to the experiments, cells were seeded apically on transparent polycarbonate 12-well inserts
(3 um pore size, 113.1 mm? surface area, Greiner Bio-One, Austria) at concentration of 2.5x10°
cells/insert and were grown for three days on submerged conditions to form a tight monolayer,
Cell cultures were then transferred to air-liquid interface (ALI) conditions by removing the apical
medium in order to produce surfactant and better reflect in vivo conditions in human lung.”® After
24 h at ALI, cells were then exposed apically to 100 pL of different concentrations of PA6, PA6-
rGO and rGO (2.5-40 pg/mL), for 24 h and 48 h (pseudo-ALI approach’!’?).

Crystalline quartz DQ (purchased from Dorentrup Quarz GmbH & Co. (material No. 04; mean
particle diameter d(50)= 3.71 um, d(97)=12.03 um)) was included as a positive inflammogenic
control for A549 cells. DQ was freshly dispersed in ultrapure ddH»>O, and 100 uL were applied
apically in A549 cells (final concentration of 100 pg/mL).

Skin cultures

HaCaT cells were cultured in high glucose Dulbecco’s Modified Eagle’s medium (DMEM),
supplemented with 10% FBS, 1.0x102 M L-glutamine, 1.0x10* g/mL penicillin and 1.0x10*
g/mL streptomycin at 37°C in a humidified (95%; air: 5% COz) atmosphere. Cell passage was
performed two days post-confluence, once a week. All the experiments were performed between
passage 74 and 86. For cytotoxicity assays, cells were seeded in flat bottom 96-well plates at a
density of 5x10° cells/well and exposed to different concentrations of the tested materials (2.5-40
pg/mL) for 24 h and 48 h. Before each assay, cells were washed twice with phosphate buffered
saline (PBS).

Intestinal cultures

The human colorectal adenocarcinoma cell line Caco-2 was obtained from the German collection
of microorganisms and cell cultures (DSMZ, Braunschweig, Germany). Cells were maintained in
Minimum Essential Medium (MEM; Sigma-Aldrich) supplemented with 10% FBS, 2 mM L-
glutamine (Sigma-Aldrich), 1% PSN (Sigma-Aldrich) and 1% non-essential amino acids (Sigma-
Aldrich) Cell cultures were maintained at 37 °C, 5% CO and 95% humidity and routinely sub-
cultured twice a week at 70-80% confluence using 0.5% trypsin—EDTA (Sigma-Aldrich).
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Differentiation of intestinal cells. Caco-2 cells were seeded at a density of 250,000 cells/well
(corresponds to 2.2x10° cells/cm?), in ThinCert™ cell culture inserts for 12-well plates (high pore
density transparent PET membrane, with 3 um diameter pore size; Greiner bio-one,
Kremsmiinster, Austria). Cells were grown for 21 days to obtain mature differentiated monolayer
and cell culture medium was refreshed three times per week. At day 22, cells were treated with
different concentrations of the tested materials at a range of 2.5-40 pg/mL (100 pL of particle
suspension, added apically), for 24 h and 48 h.

Immune cell cultures

The human monocytic THP-1 cell line was purchased from the ATCC (Virginia, USA). Cells were
grown in RPMI 1640-GlutamaxTM-I media containing HEPES (Gibco, Sweden) and
supplemented with 100 U/mL penicillin, 100 mg/mL streptomycin and 10% heat-inactivated FBS
(Sigma). The cells were passaged at a cell density of up to maximum 8.0x10°/mL every 34 days.

Differentiation of THP-1 cells. For the experiments, the THP-1 cells were plated at the cell density
of 60,000 cells/well and pre-incubated for 24 h in the presence of 0.5 uM PMA, as described
previously.!** After 24 h the differentiated THP-1 cells were washed with luke-warm sterile PBS
and exposed to rGO, PA-6-rGO and PA-6 (concentrations 5-40 pg/mL) for 24 h. Cells were tested
regularly using MycoAlert® mycoplasma detection kit (Lonza, Basel, Switzerland). Cells were
seeded in 96-well plates in RPMI-1640 medium at a density of 60000 cells/well and subsequently
exposed to the tested materials at concentrations 5-40 pg/mL for 24 h, or were maintained in cell
medium alone (untreated cells-negative control).

The RAW 264.7 macrophage cell line was cultured in DMEM cell culture medium supplemented
with 10 pg/mL gentamycin, 10 mM N-(2-hydroxyethyl)-piperazine- N-ethanesulfonic acid, 0.05
mM B-mercaptoethanol and 10% FBS at 37°C in a 5% COz incubator. Cells were seeded in 96-
well plates at a density of 1x10* cells per well and cultured for 24 h prior the material exposure.
The human acute promyelocytic leukemia cell line HL 60 (ATCC — CCL 240) was maintained
in phenol red free RPMI 1640 medium supplemented with 2 mM 1 glutamine and 10% heat
inactivated FBS (Sigma) in 5% CO; at 37°C.

Differentiation of HL-60 cells. In order to allow for neutrophil like differentiation, the cells were
seeded at 0.5x10%cells/mL in the above mentioned cell medium supplemented with 1.25%
DMSO for 5 days, as described previously.'*® The culture medium was refreshed after 3 days.
Cells were tested regularly using MycoAlert® mycoplasma detection kit (Lonza, Basel,
Switzerland). Prior the exposure, experiments the differentiated HL-60 cells were seeded in 96-
well plates in phenol red-free RPMI-1640 medium at a density of 60000 cells/well.

After seeding, the immune cells were treated with the indicating concentrations (5, 10, 20, 40
pg/mL) of PA6, PA6-rGO and rGO and the biological response was evaluated 24 h post-exposure.

Cell viability

MTS assay
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The effects of the materials on cell viability were evaluated by the 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (CellTiter 96®
AQueous One Solution Cell Proliferation Assay, Promega, Diibendorf, Switzerland) in all the cell
models examined (with the exception of the neutrophil model, where the ATP assay was performed
instead), according to ISO 19007:2018 and.'*® Briefly, after material exposure, phenol red free
fresh medium containing the MTS reagent was added to the cells. Then, the cell cultures were
incubated for an additional 1 h (4 h for the skin model), at 37°C. Absorbance was measured at 490
nm by a microplate reader. The chemical positive control cadmium sulphate (CdSO4, Sigma-
Aldrich) was added to the cells at concentration 1000 uM for 24 h. Data are presented as % cell
viability as compared to negative control (untreated cells).

Cell free interference assay was performed for the rGO and the abraded particles, at a concentration
range of 0—40 pg/mL to exclude potential interference reactions of the tested materials with the
MTS assay reagents along that might lead to possible wrong interpretation of the results (SI 15).

ATP assay

The ATP assay was performed for the viability assessment of the neutrophil model. After the 24 h
material exposure, the differentiated HL-60 cells were lysed, and total cellular ATP content was
quantified with a luminescence-based cell viability assay, CellTiter-Glo (Promega, Diibendorf,
Switzerland). CellTiter-Glo reagent was mixed at a 1:1 ratio with the experimentally treated cells
from the treatment plate. The mix was incubated for 10 min at room temperature on the shaker,
followed by luminescence measurement with an Infinite F200 Tecan plate reader (Mannendorf,
Switzerland). The experiment was performed with at least three biological replicates and three
technical replicates for each concentration of PA-6, PA6-rGO, and rGO. Results were expressed
as percentage cell viability versus control.

To control for potential interference of the materials with the assay, the PA-6, PA6-rGO and rGO
were dispersed in cell-free medium (at the working concentrations) and mixed with CellTiter-Glo
reagent (no interference was observed; data not shown).

WST-8 assay

The cell viability in skin cells was additionally evaluated by the 2-(2-methoxy-4-nitrophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-8) reduction assay. The WST-8
assay was carried out using the Cell Counting Kit (CCK)-8 assay (Sigma Aldrich; Milan, Italy),
as previously described '%. Briefly, after materials exposure and two washings with PBS, cells
were incubated for 4h with fresh medium containing 10% WST-8 reagent. Absorbance was
determined at 450 nm by an Automated Microplate Reader EL 311s (Bio-Tek Instruments;
Winooski, VT). Data are reported as % cell viability as compared to negative control (untreated
cells).

LDH assay
The potential cytotoxicity in RAW 264.7 macrophages was assessed by the LDH test kit (CytoTox
96® Non-Radioactive Cytotoxicity Assay, Promega, Diibendorf, Switzerland), according to the
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manufacturer’s instructions. Following the 24 h post-exposure time, the culture medium was
collected for the LDH measurements. Treatment of cells for 30 min with lysis solution (included
in the assay) was served as positive control to induce cytotoxicity. The OD of each sample was
recorded at 490 nm on a Microplate Reader (Thermo, Varioskan Flash). LDH release (% of
positive) is presented as the percentage of (ODiest-ODbplank)/(ODpositive-ODpblank), Wwhere ODyes is OD
of control cells or cells exposed to materials, ODpositive 1s OD of positive control cells and ODpjank
is OD of well without cells.

Evaluation of intestinal barrier integrity

The differentiation process of Caco-2 cultures grown in 12-well inserts was controlled by TEER
measurements at day 7, 14 and 21 after seeding using an Epithelia Voltohmmeter (EVOM) with
sterilised STX2 electrodes (World precision, Instruments, Sarasota Florida, USA). The impact of
different concentrations of PA6, PA6-rGO and rGO (2.5-40 pg/mL) on the barrier integrity of
differentiated Caco-2 cells was assessed by measuring the TEER before the treatment (0 h) and
after 24 h and 48 h of treatment. Three measurements in different parts of the insert were retrieved
from each sample, and TEER values were calculated using the formula TEER = [Q (cell inserts) —
Q (cell-free inserts)] x 1.12 cm?. The values for each concentration represent the average of three
independent experiments.

Lipid absorption on the intestinal barrier

To investigate the potential effects of rGO and abraded PA6/PA6-rGO particles on lipid uptake,
differentiated Caco-2 cells on 12-well inserts were exposed with different concentrations of each
tested material (5-40 pg/mL) for 24 h and 48 h. Cell cultures treated with 50 pg/mL of the fatty
acid synthase inhibitor C75 for 24 h were used as a positive control. Lipid uptake was measured
as described in previous work.?” Briefly, after material exposures, the cultures were incubated for
10 min with 20 uM BODIPY™ 500/510 C1, C12 (Thermo Fischer, D3823) in 0.1% BSA,
according to the manufacturer’s instructions. Then, the inserts were washed with ice cold 0.1%
BSA and complete DMEM medium (phenol red free) was added to the apical and basolateral side.
After 1 h incubation at standard growth conditions, the fluorescence was measured with a multi-
well plate reader (Mithras2 Plate reader, Berthold Technologies, Germany) at 485/528 nm
(excitation/emission).

Skin cell mass and proliferation

Cell mass was evaluated by the sulforhodamine B (SRB; Sigma Aldrich, Milan, Italy) assay, as a
measure of viable adhered cells.!* Briefly, after materials exposure, cells were washed twice with
PBS, fixed with 50% trichloroacetic acid for 1 h at 4°C and stained for 30 min with 0.4% SRB in
1% acetic acid. After washings with 1% acetic acid, the protein-bound dye was dissolved in 10
mM TRIZMA base solution and the absorbance was read by an Automated Microplate Reader EL
311s (Bio-Tek Instruments, Winooski, VT, USA) at 570 nm. Data are reported as % of cell mass
with respect to negative control.
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Cell proliferation was evaluated using a colorimetric ELISA based on 5-bromo-2'-deoxyuridine
(BrdU) incorporation (Sigma-Aldrich; Milan, Italy), following the manufacturer’s instructions.
Absorbance was read by an Automated Microplate Reader EL 311s (Bio-Tek Instruments,
Winooski, VT, USA) at 450 nm. Data are reported as % of cell proliferation with respect to
negative control.

Inflammatory responses (lung and immune cells)

Cytokine and chemokine release

The secretion of human IL-6 and IL-8 in A549 alveolar epithelial cells (24 h and 48 h post-
exposure to rGO and abraded composite materials) was quantitatively detected by enzyme-linked
immunosorbent assay (ELISA; Human IL-6 and IL-8 Uncoated Elisa Kit, Invitrogen, USA)
according to manufacturer’s instructions. Cells treated apically with 1 pg/mL TNF-a for 24 h were
used as positive control. Measurements were performed on high binding 96-well plates (Coating
Costar, New-York, USA) and at 370 nm optical absorbance using a microplate reader (Mithras 2
Plate Reader, Berthold Technologies, Germany).

Differentiated THP.1 were exposed to rGO (20 pg/mL). The exposed cell media were collected
and stored at -80°C for further analysis. IL-1p release was determined by using a human IL-1f3
ELISA kit (Invitrogen, Sweden) according to the manufacturer’s instruction. Absorbance was
measured at 450 nm using a Tecan Infinite F200 plate reader. Results are expressed as pg/60 000
cells of released cytokine. To assess the role of the NLRP inflammasome, cells were preincubated
for 1 h with either zZVAD-fmk (20 pM) and MCC950, an NLRP3 inhibitor (10 uM) (both from
Sigma).

The release of TNF-a (BD OptEIA, BD Biosciences) and IL-6 (BD OptEIA, BD Biosciences) in
RAW 264.7 macrophages, following 24 h treatment with the tested materials was determined using
ELISA kits (BD Biosciences), following the manufacturer’s instructions. Optical absorbance
measurements were performed using a microplate reader (Thermoscientific, VARIOSKAN LUX)
at 450 nm. LPS (1 pg/mL for 24 h, Sigma) served as the positive control to stimulate inflammatory
response.

Multiplex analysis-based cytokine profiling on immune cells

The Meso Scale Discovery (MSD) (Rockville, MD, USA) plate-based electrochemiluminescence
(ECL) assay was employed to quantify cell supernatant concentrations of IFN-y, IL-1p, IL-2, IL-
4, IL-6, IL-8, IL-10, IL-12 p70, IL-13, and TNF-a. As a positive control, cells were exposed to
0.1 pg/mL LPS for 24 h. The stored cell supernatant was thawed on wet ice just prior to use.
Samples were diluted 1:2 using Diluent 2, and each sample was run in duplicate. The V-PLEX
Human Pro-inflammatory Panel 1 Human Biomarker 10-Plex Kit was used. Plates were processed
according to the manufacturer’s instructions and read using the MSD MESO Sector S 600
instrument. The assay data were analyzed using MSD Discovery Workbench 4.0. The cytokine
expression data retrieved from the multiplex assay were analyzed using hierarchical clustering
analysis. Complete linkage and Euclidean distances were employed as metrics to draw association
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dendrograms between cytokines and the different treatment conditions, as described previously.'**

The cluster analysis and the corresponding heat maps were prepared by using R, as previously
reported.'**

Cell morphology

Following the 24 h and 48 h material exposure, A549 alveolar epithelial cells were fixed in 4%
paraformaldehyde (PFA) and incubated at 4°C. In order to prepare the cells for staining, cultures
were incubated with 0.1 M glycine in PBS for 15 min. Then, cells were permeabilized with 0.2%
Triton X-100 in PBS for another 15 min, prior the application of fluorescent dyes. DAPI (4',6-
diamidino-2-phenylindole) (Thermo Fischer, USA), and Alexa Fluor 488 (Thermo Fisher, USA)
were used to stain nuclei and cytoskeleton of the cells respectively. DAPI and Alexa Fluor 488
were diluted to ratio of 1:1000 and 1:50 respectively in 0.3% Triton X-100 and 1g BSA in PBS.
Following the staining, cells were incubated with fluorescent dyes for 1.5 h in darkness, at room
temperature. Subsequently, cells were washed three times with PBS and mounted on microscopy
slides using Mowiol® 4-88 (Sigma-Aldrich) on both sides of the membranes. Visualization of the
cellular morphology was achieved using a confocal LSM fluorescence microscope (CLSM,
LSM780, 60x magnification oil, Carl Zeiss AG, Switzerland).

The morphology of keratinocytes was evaluated by confocal microscopy after membranes staining
with 1 pM 1,1’-Dioctadecyl-3,3,3°,3’-tetramethylindocarbocyanine perchlorate (DiL) probe
(Sigma-Aldrich; Milan, Italy), as previously described.!** Cells (2x10° cells/well) were cultured
for 24 h before exposure to each material (40 pg/mL) for 48 h. Cells were then washed twice with
PBS, probed with 1 uM DiL for 10 min at room temperature, fixed with 4% PFA for 30 min at
room temperature and washed twice with PBS. Samples were mounted on coverslips of 1 mm
thickness using the Prolong Gold antifade reagent (Life Technologies; Milan, Italy). Images were
taken by a confocal microscope (Eclipse Clsi, on an inverted microscope TE2000U, Nikon) at
60x magnification. GBMs presence in each sample was visualized by the reflection mode property
during the confocal acquisitions. Reconstructions of the images were performed offline using the
image-processing package Fiji.

RAW 264.7 macrophages were plated in the 96-well plates (1x10* cells per well) and incubated
for 24 h. Abraded materials were added to the cells at increasing concentrations (5, 10, 20, 40
pg/mL) upon dispersion in cell culture medium. Untreated cells cultured in cell culture medium in
absence of materials were used as negative control. The cell morphology was observed under an
optical microscopy (Zeiss Axiovert 40 CFL, 20x magnification) at 24 h post-exposure.

In vivo exposure experiments and post-exposure tissue analyses

Animal husbandry

Prior to any experiment, C57BL/6 female mice (Envigo, UK) of 6 to 8-week old were acclimatized
for 7 days after arrival. Animals were kept randomized in groups of 5 with free access to water
and food, at a temperature of 19°C-22°C, relative humidity of 45%—65%, under a regular 12 h

15



524
525
526

527

528
529
530
531
532
533
534
535
536
537
538
539

540

541
542
543
544
545
546
547

548

549
550
551
552
553
554
555
556
557
558
559
560

light/dark cycle between 7 am and 7 pm. All procedures were conducted in accordance with the
ARRIVE guidelines for animal research and after ethical approval from the UK Home Office,
under Project License no. POS9E2EOA.

Animal exposure

All materials were prepared on the day of exposure by dispersion in water (water for injection,
ThermoFisherScientific, Gibco) containing 0.1% BSA (Merck, Sigma-Aldrich). After anesthesia
with 3% of isoflurane, mice were maintained on a slanted board and 30 pL of materials or vehicle
was put at the basis of the tongue, allowing distribution of the materials into the lungs through
physiological breathing. Mice (n=3) were exposed by oropharyngeal aspiration to 15 pg (in 30
puL) of PA6-rGO (2.5% of rGO, which represents about 0.3 pg of rGO for 15 ug of PA6-rGO) or
controls: neat PA6 (15 ng), rGO-0.3 pg (low dose, representing approximately 2.5% of the high
dose) or rGO-15 pg (high dose) and vehicle (0.1% BSA in water). The applied dose of 15 ug per
animal equals to 0.75 mg/kg, while 0.3 pg per animal equals to 0.015 mg/kg for animal weighing
on average 20 g at the time of exposure. Outcomes were assessed at 1, 7, and 28 days after single
exposure. At each time point, mice were euthanized by intraperitoneal injection with an overdose
of pentobarbitone.

Bronchoalveolar lavage (BAL) analysis

At the end of the post-exposure recovery period, bronchoalveolar lavages (BAL) were performed
on the right lung (isolated via litigation of the right bronchia) using 3 times 0.8 mL ice cold PBS
(Merck, Sigma-Aldrich). BAL fluids were analyzed for composition in cell population (differential
counting by Kwik-Diff Stains, Epredia, Shandon), LDH (LDH colorimetric assay, Promega) and
total protein content (Bi-cinchoninic Acid (BCA) assay, Pierce BCA Protein Assays,
ThermoFisherScientific). IL-6 and TNF-a concentrations in BAL fluids were assessed using
Mouse ELISA MAX deluxe Sets (Biolegend).

Whole lung inflammation profile analysis

After BAL, the right lungs were lysed in RIPA buffer (Merck, Sigma-Aldrich ) containing EDTA-
free protease inhibitor (cOmplete Mini, Roche). After homogenization using 5 mm stainless steel
beads for 10 min at 50 Hz (TissueLyser LT system, Qiagen), cell lysates were centrifuged for 5
min at 2600 g to remove cell debris. Collected supernatants were stored at -80°C until analysis.
Total protein concentrations were measured using a BCA assay (ThermoFisherScientific, Pierce),
and cytokine levels were evaluated using a Mouse Inflammation Panel (13-plex: IL-1a, IL-1b, IL-
6, TNF-a, MCP-1, GM-CSF, IL-17A, IL-23, IL-12p70, IFN-y, IFN-B, IL-27 and IL-10, v-plate,
Biolegend) following manufacturer’s recommendations. A FACSVerse flow cytometer (BD
biosciences) was used to measure fluorescence intensities. Sample concentrations were determined
using a standard curve and then expressed in pg/mg of protein after normalization by total protein
concentration. IL-12p70 values were below the test sensitivity and were not considered.
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Histopathological analysis

The left lungs were collected, fixed in formalin, paraffin embedded, sectioned on microtome, and
finally stained using Hematoxylin and Eosin stain for further histopathological analysis.

Statistical analysis

In vitro results are presented as the mean + standard error of the mean (SEM) of at least 3
independent experiments, and presented as the mean + standard deviation for in vivo experiments
(n=3). Statistical analysis was performed by one-way ANOV A followed by Bonferroni’s post-test,
Dunnett's or Sidak’s multiple comparison test analysis, using the software GraphPad Prism
(version 9.0). The results were considered significant if p<0.05. For each in vivo time point,
Kruskall-Wallis followed by Dunn’s post-hoc test was used to evaluate statistical differences
compared to the negative control; p<0.05: *.

Results and Discussion

Characterization of rGO and abraded particles from PA6-rGO composites

The rGO samples were produced by thermal reduction from GO dispersions synthesized using the
modified Hummers method.*® Subsequently, tGO was functionalized with aminopropyl silane.
The surface functionalization of rGO was verified by Raman, x-ray photoelectron spectroscopy
(XPS), thermogravimetric analysis (TGA), Brunauer-Emmett-Teller (BET) and Fourier-transform
infrared (FTIR) analysis. SI la presents a comparison of the Raman spectra of the GO, non-
functionalized rGO and aminopropyl silane functionalized rGO). An intense D peak (~1350 cm™)
which confirmed lattice distortions and the G peak (~1585 cm™) which corresponds to the overlap
of G and D’ peaks are observed. The 2D peak (~2700 cm™), and D+D’ and 2D’ peaks which are
different overtone and combination peaks of the previous ones, show minimal intensity,
corresponding to stage 2 defects. Non-functionalized rGO shows the highest I[(D)/I(G) [I[(D)/I(G)
1,15 (functionalized rGO), 0,70 (non-functionalized rGO), 0,86 (GO)] in agreement with the
evolution of I(D)/I(G) in stage 2 of defects. A decrease in full width half maximum (FWHM) of
D and G peaks were observed for non-functionalized rGO material FWHMg: 73 (GO), 103 (non-
functionalized rGO), 70 (functionalized-rGO) cm™'; FWHMDp: 107 (GO), 186 (non-functionalized
rGO), 78 (functionalized-rGO) cm™!, which is associated to a decrease in disorder and in alignment
with a decrease of the oxygen content due to a reduction process during the functionalization of
rGO.3"3? The reduction process was further confirmed by XPS where a decrease in the oxygen
content was reported: 30.4% (GO), 13.5% (non-functionalized rGO), decreased to 6.7%
(functionalized rGO), during the silanization process (SI 2). It should be noted, that the rGO is
intentionally a partially rGO, because this characteristic (together with the functionalisation)
enables a better integration and improved mechanical properties in the polymer composite for
automobile applications. Hence, this rGO is not representative of graphene that would be used in
electronics or for conductivity purposes. In the case of functionalized rGO, 0.4% of Si and 0.44%
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of N was observed corresponding to a 0.4% of functionalization of the rGO. FTIR spectra of the
functionalized rGO in region 620-1300 cm™ showed two width and high intensity peaks, which
involved different components typically assigned to Si-O-Si, Si-O-C (1083 and 1047 cm™' is
typically assigned to the Si-O-C and Si-O-Si bonds, respectively, and indicates the successful
chemical functionalization) and Si-C vibrations (appears at 870 cm™ as broad peak) (SI 1b).
Similar patterns were observed by Wan et al.** TGA revealed a mass loss of 3.9 wt% below 525°C,
in agreement with the 4.3 wt% loss calculated when assuming a degree of functionalisation of
0.4% (SI 3). The starting non-functionalized rGO showed a BET surface area of 736,3 m%/g, while
the functionalised rGO incorporated in the composites, demonstrated a BET surface area of 178,7
m?/g. The reduction in the surface area is attributed to the non-accessible area of the gases due to
the stacking during the filtration and drying process.*' Transmission electron microscopy (TEM)
observed that the functionalized rGO comprised of folded structures and was agglomerated (SI 4).
The functionalized rGO was either embedded in the PA6 composites (2.5 wt%) or used for further
characterization and toxicological analysis (hereafter, rGO refers to functionalized rGO).
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Figure 2. Characterization of rGO and abraded particles from PA6-rGO composites. (a) SEM images of rGO, abraded
particles from PA6-rGO composite and abraded particles from neat PA6. (b) Raman spectra of the tested materials
(rGO, abraded PA6-rGO and abraded PAG6). (c¢) Particle size distributions of the abraded particles in the micrometer
range, measured by APS. The results show mean + S.D. from at least three independent measurements.

The morphology of the rGO and the abraded composites (PA6 and PA6-rGO) was studied using
scanning electron microscopy (SEM), atomic force microscopy (AFM), as well as optical
microscopy (Figure 2a, SI 5a-b). The SEM micrographs of the rGO showed aggregated nanoflakes
with broad cluster sizes that range from 10 to 100 um (Figure 2a). Such an arrangement of
graphene sheets is typical of rGO powders.*” Moreover, the large SEM magnification allows
distinguishing crumpled nano-scaled flakes of rGO stacked together. The abraded PA6 particles
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form a worm-like structure with morphologies comparable to other previous reports.*® The abraded
PA6-rGO composites display similar worm-like topography with worm sizes in the range of 10-
100 pum. The presence of rGO could not be detected by SEM imaging in the abraded PA6 particles.
Similarly, Sachse et al., observed that particles generated from PA6-foam glass crystal (FGC),
PA6-SiO> composites after a drilling process, showed very similar structures of particles.**

AFM was employed to evaluate the thickness of the flakes/agglomerates in the tested materials.
Height profiles indicated areas of increased thickness of rGO flakes, which are predominantly
stacking or folding on each other (SI 5a). Similarly, in the abraded PA6-rGO, the stacking of
several layers was monitored, which is verified by the variation in thickness values. The average
thickness for rGO and PA6-rGO was similar (6-10 nm and 4-10 nm, respectively). In addition,
AFM showed that lateral dimensions of GO ranged from 1 to 5 um, while PA6-rGO ranged from
0.75 to 5 um. Due to difficulties to disperse PA6 to a non-aggressive solvent, it was not possible
to achieve AFM measurements for the neat PA6.

The presence of rGO in the PA6-rGO composite, after the abrasion process could be confirmed by
the presence of the characteristic D and G peaks in the Raman spectra. The Raman spectra of the
neat abraded PA6 particles presented a strong fluorescence contribution (Figure 2b). The main
peaks of this sample and the correspondent vibration modes were analysed in a previous report.*’
The Raman spectra of the rGO and abraded PA6-rGO were analysed through Lorentzian fitting.
The rGO showed the typical D peak at approximately 1335 cm™ and the G at = 1579 cm™!, which
is consistent with previous studies (Figure 2b).***’ The I(D)/I(G) ratio was = 1.2. The
characteristic 2D peak could be observed between 2500 and 2800 cm™'. The abraded PA6-rGO
composite instead presented a blue shift of approx. 10 cm™ resulting in a D peak at = 1345 cm’!
and a G at 1587 cm™ (I(D)/I(G) was = 1.1).

The presence of surface radicals was examined by EPR and fluorescence spectra analysis as
reactive oxygen species (ROS) account one of the main drivers for particle toxicity.* As reported
in the SI 6a, no radicals were observed in the neat PA6, while low amounts of radicals were
detected in the rGO containing samples (both powder and dispersed form) with likely no influence
on the biological responses in the concentrations tested (SI 6b).

The particle size distribution of the abraded composites was measured online, during the abrasion
process, using the aerodynamic particle sizer (APS) and the scanning mobility particle sizer
(SMPS) that quantify the aerodynamic diameter and the electrical mobility of the abraded particles,
respectively. Online APS measurements of the released particles during the abrasion process
revealed a mean aerodynamic diameter of 3.16 um for the neat PA6 and 1.91 pum for the PA6-rGO
composite particles (Figure 2c). For both abraded materials, the obtained aerodynamic diameter
values were under 4 um, which falls into the respirable fraction in the alveolar region.** More
specifically, particles with an aerodynamic diameter smaller than 100 um can be inhaled, but only
particles with an aerodynamic diameter smaller than 4 pm can reach the alveolar region of the
lung.>** Another peak was observed towards the lower detection limit of the instrument (at 0.5
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um) for both abraded materials, indicating the presence of particles with an aerodynamic diameter
smaller than 0.5 pm. It should be noted that the aerodynamic diameter of the abraded particles
measured by APS was notably smaller than the particle size estimated by the SEM. This
observation, which was reported previously by Schinwald et al., could be explained by the fact
that in contrast to the particle size estimated by SEM from the projected area, the aerodynamic
diameter measurements depend on both the shape, the density and the orientation of the particles
with respect to its direction of motion.*® Furthermore, the APS results suggested that the addition
of 2.5 wt% functionalized rGO in the polymer matrix resulted in a decrease in the average particle
size compared to the particles released from the neat PA6. Recent studies have shown that the
addition of GRMs at concentrations as low as 0.5 wt% could significantly improve the mechanical
properties of polymer composites.’’>> The presented PA6-rGO composites demonstrated
improved mechanical properties as confirmed by the increased Young’'s modulus and tensile
strength, compared to other GRM-PA6 and neat PA6 composites.>® This increase in toughness
could make the composites more challenging to crack, leading to the generation of smaller
particles, as shown in the PA6-rGO. In contrast, the lower hardness of neat PA6 resulted in
separation of larger sized particles.’* In addition, a larger number of particles was collected from
PA6-rGO composite samples than from the neat PA6 samples. This could be explained by the
observed electrostatic charging in the neat PA6 particles during abrasion and their scattering, prior
to their collection by the vacuum probe. Jian ef al. reported that the electrostatic potential and the
tribological behavior of PA6 during a wear process is not a simple mechanism and can be affected
by internal phenomena, such as heat friction accumulation, physical adsorption, wear rate, and
surface, as well as external conditions.”> Even though the underlying mechanisms were not
defined, the electrostatic charging due to the abrasion and the subsequent heat production was
observed in the neat PA6 particles, resulting in lower particle concentration. Focusing on the
SMPS results only background signal was observed up to ~400 nm, which was followed by an
increase in particles concentration at approximately 700 nm (detection limit of the instrument),
indicating the existence of particles in larger dimensions, in accordance with the APS results (SI
7).

Detection of endotoxin content in PA6, PA6-rGO and rGO

An important aspect that needs to be evaluated before any biological assessment of a
(nano)biomaterial is the possible contamination by endotoxins. It has been shown that endotoxin
contamination of carbon-based nanomaterials may generate artifacts, which could distort
biological outcomes, when investigating effects on immune-competent cells.’® According to the
chromogenic endotoxin assay, the endotoxin content in the tested materials was negligible (below
0.10 EU/mL). Since it has been reported that GRMs may interfere with traditional endotoxin
assays, we further evaluated endotoxin, using the tumor necrosis factor o (TNF a) expression
test (TET).>” As shown in SI 8, none of the materials (PA6, PA6-rGO and rGO) triggered tumor
necrosis factor alpha (TNF-a) secretion in human monocyte-derived macrophages (HDMD) in the
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presence or absence of the specific lipopolysaccharide (LPS) inhibitor, polymyxin B, indicating
that our tested materials were endotoxin-free.

Qualitative detection of rGO released from the PA6 matrix

It has been shown that fillers such as GRMs may be released from the polymer composite matrix
as a result of the matrix degradation (e.g., thermal degradation, hydrolysis, UV exposure), during
the routine use of GRM enriched composites.>*>® The released particles can either be GRMs fully
embedded, partially protruding, or completely released (free-standing) from the polymer matrix.
Hence, depending on their aerodynamic size and shape, they may pose a threat to human health.

Previous studies have shown that the release of fillers from polymer composites could be related
to intrinsic failure mechanism. Release of rGO either as protruding or as free-standing from the
PA6-rGO composite, during the abrasion process, could be explained by an interfacial debonding
between the rGO and PA6 molecules or an adhesive failure as a result of the weak interaction
between the rGO and PA6 matrix, as reported by previous studies.’®*®* In addition, failure of
graphene sheets is also highly possible, i.e., graphene layer breakage. The failure mechanism of
PA6-rGO composites can be examined by visualizing the surface of fractured composites by SEM
imaging.®® The fractured surface of PA6-rGO composites showed rougher structure and deeper
cracks compared to that of neat PA6, since the incorporation of rGO could affect the crack
propagation of the PA6 composite (SI 9a). Moreover, the characteristic layered and platelet-like
structure of rGO was observed as it is released from the PA6 matrix, due to the adhesion failure
between rGO and the matrix. Indeed, the exposed rGOs suggested a weak interaction between the
rGO and the PA6 matrix, which could also be implied when the composites undergo an abrasion
process. In addition, high-resolution TEM analysis of the abraded particles from PA6-rGO
composites revealed the layered structure of rGO, appearing as protruding part from the PA6
matrix (SI 9b), thus confirming that rGO can be released from the polymer during the abrasion
process. It is worth mentioning, that this layered structure can only be observed when rGO is
wrinkled or when observed from the side of the stacked layers. Although we observed signs of
possible rGO release, it was not possible to draw conclusions on the quantity of rGO released from
the polymer. Considering the low percentage of rGO (2.5%) in the PA6 composite and the
sensitivity of PA6 polymer even in mild acid conditions, it is technically very complex/impossible
to determine the amount of rGO that would be present at the surface of the abraded particles of
PA6-rGO or totally released from the polymer matrix.

Impact on lung cells in vitro

Numerous studies have proven that among the different routes of engineered nanomaterial (NM)
exposure, the pulmonary exposure and consequently the respiratory tract is of the highest
concern.!!3*% Once inhaled, carbon-based materials can reach the deepest regions of the
respiratory tract (alveolar region) where they can accumulate for months and distribute to other
organs.®*% Upon inhalation, respirable particles deposit mainly in the alveolar lung region.>*%¢
Potential effects were therefore evaluated in this part of the respiratory tract, using the A549 cell
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line (human adenocarcinoma derived-alveolar epithelial type II cells), which is the most commonly
applied cell culture model of human alveolar lung epithelium for hazard assessment. In most
studies A549 cells are grown in 2D conformation and submerged in cell culture medium, which is
not representative of the conditions in the human lung. However, when growing on permeable
supports, A549 cells are able to form a polarized tight monolayer and can be maintained at air-
liquid interface (ALI) conditions, comparatively resembling native alveolar epithelia.’”%® In
addition, when cultured 24 h at ALI conditions, A549 cells actively secrete surfactant proteins,
resulting in a surface tension similar to values measured in vivo, in pulmonary alveoli.®>”° Taking
into consideration these important features, A549 cells were selected to assess the biological
effects of pristine rGO, abraded PA6 and PA6-rGO composite materials on the alveolar epithelium.
Material exposures were performed using a pseudo-ALI approach (where a thin layer of material
suspension is applied apically on the insert), without disturbing the surfactant production.
Furthermore, pseudo-ALI exposures are more relevant than fully submerged conditions since they
result in faster particle deposition, lower particle agglomeration, and higher particle-cell
interactions.®%71-72

An important consideration when performing safety assessment studies is the use of realistic
exposure concentrations. In case of GRMs, human realistic exposure concentrations can only be
estimated from the existing limits for CNT pulmonary exposure, where a full working life-time
exposure would result in an alveolar mass retention of 10-50 pg/cm? and an acute lung exposure
(24 h-48 h) would be in the range of 1 pg/cm?.> The tested doses (2.5-40 pg/mL) in the present
study correspond to 1.3—44 pg/cm? in the different plate formats used for the different cell types
and therefore cover the human realistic doses (from low (2.5 pg/mL) to slightly overload (40
pg/mL) doses). The selected dose-range is based on human inhalation exposures as it is considered
the primary and riskiest exposure route for nanomaterials. Considering other exposure routes (e.g.
dermal, ingestion exposure) no human exposure data are available. For that reason and for
comparability purposes, the same dose range was applied in the different biological systems under
investigation.

To determine the acute impact (24 h and 48 h post-exposure) of the materials under investigation
on the alveolar cells, cell viability, alterations in morphology and induction of pro-inflammatory
reactions were evaluated, at different concentrations of materials (2.5-40 ug/mL). Adverse effects
of particles released from the abrasion wheel on the cell culture models were not anticipated as the
quantified amount of released particles was negligible. Moreover, no effects were noted in
previous studies using a similar experimental setup.®>7

Acute 24 h exposures to either pristine rGO or abraded PA6 and PA6-rGO composite particles did
not significantly alter the mitochondrial activity of alveolar epithelial cells at pseudo-ALI
conditions, as shown by the MTS viability results (Figure 3a). Similarly, no reduction in cell
viability was detected in the alveolar barrier, following 48 h exposure to the tested materials. In
accordance with the viability results, no signs of morphological alterations were observed in cells
exposed to the highest concentration of abraded particles and rGO (40 pg/mL) for 48 h, when
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compared to the negative control cultures (Figure 3b). Importantly, the alveolar epithelial cell layer
was maintained, without ruptures or signs of apoptosis (i.e., fragmented cell nuclei or cellular
blebbing) to the nuclei and cytoskeleton.

Analysis of interleukin-8 (IL-8), a critical airway epithelial-derived pro-inflammatory chemokine
primarily implicated in acute inflammation and accumulation of neutrophils in inflammatory
diseases, revealed that both abraded materials did not induce any effect on IL-8 secreted levels
even after 48 h of exposure (Figure 3c).”® In addition, interleukin-6 (IL-6) a key inflammatory
marker (in both acute and chronic inflammation) pivotal for the pathogenesis and exacerbation of
numerous pulmonary diseases was evaluated.”” Exposure to different concentrations of abraded
PA6 and PA6-rGO composite materials for up to 48 h did not elicit an increase in IL-6 levels
compared to untreated cultures. Since IL-6 and IL-8 are fundamental for the initiation and
activation of pivotal inflammatory pathways, evaluation of the secretion of these cytokines
provides a valid indication of possible pro-inflammatory reactions. The absence of significant pro-
inflammatory responses is in agreement with Wohlleben ez al. who did not observe any significant
toxicity in lung tissue exposed to polyurethane/3% CNT composites.”® Consistent with our results,
Irfan et al., demonstrated that dust particles released from silicon-PA6 composites and neat PA6
composites after a crash and drilling process, did not exhibit significant cytotoxicity following 48
h of submerged exposure in non-polarized A549 cells.** Similar observations were also reported
in another study where no signs of acute adverse effects (e.g., reduction in mitochondrial activity,
or increased secretion of pro-inflammatory mediators) were detected in A549 cells, from neat
epoxy or from the addition of CNTs (1%) to the epoxy matrix.”®

The reliability and sensitivity of the pseudo-ALI A549 model was validated using crystalline
quartz (DQ). DQ is a well-known inflammogenic material, classified as a group 1 human
carcinogen.” 8! Several studies reported significant inflammatory effects both in vitro and in vivo
after DQ administration.”®%2-%¢ Hence, it is frequently used as a positive control for inflammatory
responses in hazard assessment studies. As shown in SI 10, 24 h exposure to DQ (100 pg/mL)
elicited significant release of both IL-6 and IL-8 in A549 cells, thus further confirming the
responsiveness of the A549 cells under the specific culture and exposure conditions.

Similar to the abrasion materials, rGO-exposed A549 cells for 24 h and 48 h did not show evidence
of increased pro-inflammatory response, neither in IL-8 nor in IL-6 secretion (Figure 3c). On the
contrary, Reshma et al., demonstrated that rGO treatment for 24 h resulted in a dose-dependent
reduction in cell viability and NF-kB mediated inflammatory response in A549 2D cultures.®’
Dose-dependent toxicity in rGO exposed BEAS-2B (bronchial epithelial) and A549 (alveolar
epithelial) cells was also noted by Mittal et al.'® These differences in biological response could be
ascribed to differences in the physicochemical properties of the tested materials as well as
differences in cell culture conditions and pseudo-ALI versus submerged conditions.
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Figure 3. (a) Cell viability of A549 epithelial cells, measured by the MTS assay after 24 h and 48 h treatment with
rGO and the abraded particles from neat PA6 and PA6-rGO composites. 1000 pM CdSO4 was used as a positive
control. (b) Confocal LSM images of A549 cells after exposure to the tested materials (scale bars: 10 um). The green
color shows F-actin (cytoskeleton), red color shows DNA (cell nuclei). (c¢) Pro-inflammatory response of A549
epithelial cells after treatment with the tested materials. Concentrations of IL-6 and IL-8 were measured after 24 h and
48 h of materials exposure. One pg/mL TNF-a was used as the positive control. The results are shown as mean +
standard error of the mean (SEM) from at least three independent experiments. * indicates statistical significance
compared to the negative control at 24 h of exposure (p < 0.05). # shows a statistically significant response (p < 0.05)
at 48 h of material exposure.
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Impact on gastrointestinal cells in vitro

Another important exposure route for NMs is through the GI tract, where NMs can either directly
be ingested or indirectly enter the GI tract by oral breathing and during the clearance process of
formerly inhaled airborne NMs.*® In contrast to large number of studies focusing on GRM
inhalation, the impact of GRMs on the GI system has been largely overlooked, despite the potential
implications on human health in both consumer and occupational settings.?® Caco-2 cells, a human
colon adenocarcinoma-derived cell line, is the gold-standard for in vitro studies of the human
intestinal epithelium, with wide-spread application in pharmaceutical and toxicological
research.?>*° The existing in vitro studies have predominantly been performed with non-polarized
undifferentiated Caco-2 cells (representing pre-enterocytes) for fast and high-throughput screening
of potential substances. Nevertheless, differentiated Caco-2 cells (21 days cultivation on
microporous inserts) represent a more reliable model to mimic the small intestine’s enterocyte
barrier as they more realistically reflect the mature human enterocytes, both morphologically and
functionally (e.g., tight and polarized enterocyte-like epithelial cell layers with brush border and
tight junction formation).”®? Therefore, a toxicological assessment of pristine rGO and abraded
PA6 and PA6-rGO, using pseudo-ALI approach to induce the physiologically relevant, fully
differentiated Caco-2 cells in vitro model of the human small intestinal epithelial barrier was
performed.

To evaluate the effects of the tested materials on the intestinal cell viability, the mitochondrial
activity was assessed after exposure to material concentrations ranging from 0 to 40 pg/mL for 24
h and 48 h. As shown in Figure 4a, the enterocyte epithelial barrier initially demonstrated high
resistance to abraded PA6 and PA6-rGO, as well as, to pristine rGO cytotoxicity. More
specifically, cell viability at 24 h was unchanged, without significant reduction of mitochondrial
activity, regardless of materials or concentrations tested. At the 48 h time-point, PA6-treated cells
remained unaffected, while a slight reduction of viability was reported in PA6-rGO cultures at
high concentrations (non-significant p>0.05, 20 pg/mL; 77% viability, 40 pg/mL; 79% viable

cells). For rGO, the decline in cell viability was more pronounced even at lower material
concentrations (10 pg/mL; 72% viability, significant p<0.05, 82% and 66% viability at 20 and 40
ng/mL respectively, non-significant p>0.05) at 48 h. As only a few reports are available on the
effects of GRMs on human enterocytes in vitro, and none of the existing studies have investigated
the effects of rGO or GRM-embedded composite materials, a comparison with our in vitro
intestinal results was limited. Nevertheless, the lack of acute effects on mitochondrial activity even
at high concentrations (up to 80 pg/mL) was noted by Kucki er al. who investigated the
toxicological impact of four types of GOs on undifferentiated Caco-2 cells for 48 h.?* Similarly,
the viability of undifferentiated Caco-2 cells remained unaffected, following exposure to GO and
few layer graphene (FLG) repeatedly for 4 days.” It is pertinent to note that previous studies
reported that NM and, in particular, GRM uptake is significantly lower in differentiated Caco-2
barrier models compared to undifferentiated cells due to the lack of typical structures (e.g.,
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microvilli and tight junctions), which hinder NM internalization.”***** Hence, despite higher
internalization, no acute toxicity GRM effects were noted in the existing studies.

To evaluate the functional integrity of the intestinal barrier, the transepithelial electrical resistance
(TEER) values before and after material exposure were measured. No significant TEER reduction
was reported when differentiated Caco-2 cells, were exposed to abraded PA6 or PA6-rGO even
after 48 h of exposure (Figure 4b). Similarly, no effect on barrier integrity was observed following
exposure to pristine rGO, suggesting that the observed loss in mitochondrial activity did not have
any impact on the barrier function. Consistent with our results, Domenech ef al. found that neither
GO nor graphene nanoplatelets (GNP) exposures were able to affect the functional/structural
integrity of an intestinal co-culture barrier model (Caco-2/HT-29 cells), as reported by TEER and
permeability measurements.”' In addition, membrane integrity of cells was maintained even after
treatment with digested GOs in a Caco-2 undifferentiated monolayer and a triple co-culture (Caco-
2/HT-29/Raji) intestinal model.”**

The lipid absorption at the brush borders of the enterocytes is a fundamental physiological function
of the intestinal barrier.”® To investigate possible alterations in the fatty acid uptake of
differentiated Caco-2 cells after treatment with abraded composite materials and rGO, a lipid
uptake assay was performed. Cell treatment with fatty acid synthase inhibitor C75 resulted in a
significant decrease in lipid uptake at both 24 h and 48 h (Figure 4c), suggesting a major defect in
lipid absorption, in agreement with the observations of Hempt et al., and Accioly et al.””*® On the
contrary, no significant changes in fatty acid absorption were detected after treatment with abraded
PA6, PA6-rGO and pristine rGO for 24 h. At 48 h of treatment with abraded PA6 and PA6-rGO a
significant reduction was only observed at the concentration of 10 pug/mL (79% and 75%
respectively, p<0.05), however the higher material concentrations did not induce any evident effect
in lipid uptake. In the case of rGO, a notable loss of fatty acid uptake was shown at the highest
concentration tested, following 48 h of exposure (40 pg/mL; 64%, p>0.05). It should be
emphasized that no previous studies have analyzed possible alterations in the lipid absorption
function of the intestinal barrier after GRM or other carbon-based material exposure. Interestingly,
a previous study using synthetic amorphous silica did not observe any decline in the lipid uptake
in a triple intestinal culture (Caco-2/HT-29/Raji co-culture) after 48 h of exposure.’’
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Figure 4. (a) Impact of abraded particles (PA6, PA6-rGO) and rGO on cell viability of differentiated CaCo-2 intestinal
epithelial cells after 24 h and 48 h of exposure (MTS assay). CdSOs served as a chemical positive control.
(b)Assessment of the barrier integrity by TEER measurement before and after exposure to the tested materials (c)
Lipid absorption was determined following 24 h and 48 h of exposure to the tested materials. Treatment of cells with
the fatty acid synthase inhibitor C75 (50 pg/mL) for 24 h served as a chemical positive control for the investigation
of lipid uptake. The results are shown as mean + SEM from at least three independent experiments. * indicates
statistical significance compared to the negative control at 24 h of exposure (p < 0.05). # shows a statistically
significant response (p < 0.05) at 48 h of material exposure.
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Impact on skin cells in vitro

The skin as the largest organ in the human body, with primary functions to defend and maintain
physiological conditions, is considered one of the most common routes for GRM exposure, during
the life cycle of GRM containing products.**>**"1% Epidermal cells consist mainly of keratinocytes,
structurally involved in maintaining the barrier function of the epidermis, but also exerting a key
role in the initiation and perpetuation of skin inflammatory and immunological responses at the
skin level.!”! Therefore, the potential dermatoxic effects of abraded rGO-composite materials and
pristine tGO were investigated on human HaCaT skin keratinocytes, a non-tumorigenic,
spontaneously immortalized human keratinocyte cell line, already employed to study skin toxicity
of pristine GRMs.!0>-103

Initially, the acute effects on cell viability were evaluated by means of mitochondrial activity of
HaCaT cells after two exposure times (24 h and 48 h) by the MTS assay (Figure 5a). The pristine
rGO induced a significant reduction of cell viability only after 48 h exposure to the highest
concentration (40 pg/mL; 78% cell viability, p < 0.05), in line with the weak cytotoxic effects
induced by other pristine GRMs such as FLG and GO on the same cell type.'** However, treatment
of keratinocytes with abraded particles from neat or rGO-reinforced PA6 composites did not
induce any decrease in mitochondrial activity. In contrast, a slight increase on cell viability was
observed after 24 h exposure, which was more pronounced after 48 h exposure (significant from
the concentration of 5 pg/mL, p < 0.01). In particular, after 48 h, abraded PA6 and PA6-rGO
particles increased cell viability at 143% and 148%, respectively, at the highest concentration. To
further validate the results from the MTS assay, the WST-8 assay was also performed, as a widely
used assay to evaluate the mitochondrial damage caused by different GRMs on a wide range of in
vitro models, including HaCaT keratinocytes.!9%104106.197 \WST.8 confirmed the results obtained
by the MTS, although more substantial effects were reported (Figure 5b). More specifically, rGO
induced a significant reduction of cell viability after 48 h exposure to the highest rGO
concentration (40 pg/mL; 64% cell viability, p < 0.001). Moreover, as observed with the MTS
assay, abraded PA6 and PA6-rGO particles significantly increased cell viability, already after 24
h exposure and starting from the concentration of 10 pg/mL (142% cell viability, p < 0.05) for
PA6 and at the highest concentration of 40 pg/mL PA6-rGO (156% cell viability, p < 0.05). The
effect was more pronounced after 48 h exposure, being significant starting from the concentration
of 5 pg/mL (p < 0.05), inducing a maximum increase of 167% and 173% for abraded PA6 and
PA6-rGO particles, respectively, at the highest concentration. To quantify the viable attached cells,
without relying on metabolic activity measurements that might lead to false positive
overestimation of cell viability, the cell mass was determined using the well-established SRB
assay.!®® A similar trend to the mitochondrial activity assays was observed. Pristine rGO resulted
in a slight but significant reduction of cell mass at 40 pg/mL (90%, p < 0.05), while abraded
composite particles significantly increased cell mass (113%, p < 0.05, and 117%, p < 0.05, for
PA6 and PA6-rGO, respectively) at the same concentration, and after 48 h of exposure (Figure
5¢). To further investigate whether abraded PA6 can promote cell proliferation, the % of
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proliferating cells was determined as shown in Figure 5d. No alteration of cell proliferation was
induced by exposure to pristine rGO for neither 24 h nor 48 h. On the contrary, abraded PA6-rGO
and PAG6 increased cell proliferation already after 24 h at the highest concentrations (p < 0.05). At
48 h of exposure to abraded composites, cell proliferation was more evident, being significant
already at the concentration of 10 pg/mL and inducing maximum effects of 147% and 144% for
abraded PA6 and PA6-rGO, respectively (p < 0.05). These results suggest that: i) the increased
cell viability induced by abraded PA6 and PA6-rGO may be dependent on a proliferative stimulus
and i7) the proliferative stimulus seems to be exerted by abraded PA6. Indeed, Dias et al. recently
reported the ability of PA6 to promote cell proliferation in murine fibroblasts when employed as a
nanostructured scaffold, indicating its potential of modulating skin regeneration and wound
healing parameters at cellular and histological levels.!” This phenomenon may be explained by
the structural similarities between PA6 and proteins. Indeed, the amide groups of the polymer can
interact by hydrogen bonds with cellular molecules, providing a structural environment able to
improve cell growth.!” In addition, cell proliferation may be promoted and sustained by the
hydrophilic wetting behavior of PA6.!1°

Possible alterations in cell morphology were visualized by confocal microscopy after staining
plasma membranes of HaCaT cells with the DiL fluorescence dye. Negative control cultures
displayed the typical cobblestone morphology of skin keratinocytes, which was slightly condensed
in cells treated with 40 pg/mL of each material for 48 h, particularly for rGO-treated cultures.
Moreover, the morphology of rGO-treated cells showed a moderate cell shrinkage, in line with the
observed cytotoxic effect.

Fusco et al. recently reported that keratinocytes are able to selectively sense and interact with
GRMs at amounts as low as 1 pg/mL."! In addition, further analysis reported that GRM cytotoxic
effects on HaCaT cells are only partially reversible, probably because of their ability to be
internalized inside keratinocytes.!®? To investigate the interactions between the materials and
epidermal cells, HaCaT cells exposed to pristine rGO, abraded PA6-rGO and PA6 (40 pg/mL) for
48 h were subjected to confocal microscopy analysis, in which materials were visualized in white
exploiting their light reflection properties during the confocal acquisition. As shown in Figure Se,
rGO and PA6-rGO were able to interact with cells, where the presence of rGO, and to a far less
extent PA6-rGO, was visualized bound to the membranes and inside keratinocytes. In line with
this observation, using reflection mode acquisition, different GRMs (e.g. GO, FLG) were captured
to interact and penetrate the plasma membrane of HaCat cells.!®* Reflection mode, however did
not allow the detection of the abraded PA6 polymer in the cells, due to low contrast of these
particles. Similarly, the low signal given by PA6-rGO acquired in reflection mode by confocal
microscopy analysis could be ascribed to a quenching effect by PA6 polymer bound to rGO. This
hypothesis is supported by the lack of light reflection properties of PA6, which could partially
mask the signal given by rGO.
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Figure 5. Effect of rGO and abraded PA6 and PA6-rGO on the mitochondrial activity of HaCaT cells evaluated by
(a) the MTS assay and (b) the WST-8 assay. Potential effects of the tested materials on skin cell proliferation assessed
by (c) the SRB incorporation assay and (d) the BrdU assay. Data are the mean + SEM of 3 independent experiments.
* indicates statistical significance compared to the negative control at 24 h of exposure (p < 0.05). # shows a
statistically significant response (p < 0.05) at 48 h of material exposure. (¢) Confocal micrographs of HaCaT cells
exposed to 40 pg/mL of rGO, abraded PA6-rGO and abraded neat PA6 for 48 h. Plasma membrane of HaCaT cells
was labeled with the fluorescence DiL dye (red, left panel). rGO is visualized by reflection mode acquisition (white,
middle panel); confocal reconstruction of red DiL labeled HaCaT cells merged with white reflecting rGO (merged
images, right panel). Original magnification: 60x. Scale bar: 50 um.

Impact on immune cells in vitro

The immune system identifies and protects the body from infections and other exogenous
materials. Therefore, understanding the interaction of GRMs with the pivotal cells of the innate
immune system is of particular importance.!'?"!'> The key front-line cells of the immune system
assigned to eliminate foreign materials and assist in tissue remodeling after injury across the whole
body are macrophages.''° In a pulmonary exposure scenario, macrophages will be the first immune
cells interacting with GRMs and dealing with their clearance or long-term persistence.>%66-117.118
The effect of abraded particles and pristine rGO was therefore assessed in human macrophage
differentiated THP-1 cells. The biological response was also tested in murine macrophage-like
cells (RAW 264.7) to determine possible difference in the behavior of the tested materials towards
human or murine cells. THP-1 and RAW 264.7 macrophage models act as proxy for either tissue-
recruited macrophages upon inflammation signaling or tissue resident macrophages, such as
alveolar macrophages in the lungs.

Cell viability of THP-1 differentiated and RAW 264.7 macrophages exposed to PA6, PA6-rGO
and rGO was determined using the MTS assay. As seen in Figure 6 a-b, abraded PA6 and PA6-
rGO did not decrease the mitochondrial activity of either THP-1 differentiated or RAW 264.7
macrophages even at the highest concentration (40 pg/mL). In agreement with our findings,
Netkueakul ef al. did not observe any significant cytotoxic effects of abraded particles from
epoxy/1%GRM (GOs, rGO or GNPs) composites on THP-1 differentiated macrophages, at the
same exposure concentrations.®? In the same study, pristine GRMs, including rGO, did not reduce
the cellular mitochondrial activity upon exposure to concentrations of up to 40 pg/mL. In addition,
studies focusing on abraded polymer composites reinforced with other carbon-based materials,
i.e., CNTs, found that the abraded particles from epoxy/1%CNT composites did not cause acute
effects on mitochondrial activity of THP-1 cells, while pure CNTs resulted in a significant decrease
in cell viability.” In accordance with the above reported cell viability results in the skin and GI in
vitro models, pristine rGO did induce a dose-dependent loss of cell viability in both macrophage
cell lines (significant at concentrations of 20-40 pg/mL for THP-1 cells and 10-40 pg/mL for RAW
264.7 cells, respectively). Moreover, no induction of cytotoxic reactions was reported for RAW
264.7 macrophages after exposure to abraded materials, while a significant release of lactate
dehydrogenase (LDH) was observed, following 24 h exposure to 20 and 40 pg/mL of pristine rGO,
supporting the MTS data (SI 11). Consistent with our results a dose-dependent decline in cell
viability, especially at higher rGO concentrations (from 20 ug/mL), has been observed in bone
marrow derived macrophages as well as in the J774A.1 macrophage cell line.!'® This stands in
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contrast with the work of Netkueakul ef al. and Li ef al. where no significant cytotoxicity was
shown in rGO-treated THP-1 cells.?"> Those differences in biological responses may depend on
differences in the lateral dimensions, thickness and the amphiphilic properties of the materials.

Macrophages are also known to be involved in the initiation, progression, and resolution of
inflammation.'?® Hence, to further evaluate the immunological impact of the tested materials in
differentiated THP-1 cells, a multiplex-cytokine array analysis of ten crucial pro-inflammatory
mediators was conducted at a sub-toxic concentration (20 pg/mL). In parallel, hierarchical
clustering was carried out to draw associations between cytokine responses evidenced for pristine
rGO, the abraded PA6-rGO and PA-6, the LPS positive control, versus the negative control in
human macrophages (Figure 6e). The cytokine profiling analysis clearly demonstrated that the
effects induced by the tested materials are distinctly different from the effects of LPS. Moreover,
the cluster analysis suggested that the cytokines could be broadly separated into two main clusters:
those affected by high secretion of cytokines generated by the LPS treatment and those affected
by rGO, PA-6-rGO, and PA-6 treatment. More specifically, a significant increase in the secretion
of interferon gamma (IFN-y) was revealed in THP-1 cells when exposed to rGO and PA-6,
comparable to the effect induced by the positive control LPS, a well-known stimulator for cytokine
secretion in these cells. Moreover, two classical Thl pro-inflammatory cytokines, TNF-a and
interleukin-1beta (IL-1B), were significantly upregulated following acute exposure to all three
materials (SI 12a), and IL-1B production was blocked by the pan-caspase inhibitor, zZVAD-fmk
and the selective NLRP3 inhibitor, MCC950 (SI 12b), suggesting that these materials triggered
inflammasome activation, as shown for several other NMs.!?! No significant release of IL-2, 1L-4,
IL-6, IL-8, IL-10, IL-12 and IL-13 was reported in material-treated THP-1 cells compared to the
untreated cells. Similar to the results obtained with human macrophages, murine RAW 264.7 cells
did not show significant upregulation of the crucial cytokine IL-6 regardless of the material
applied, while significant TNF-a release was noted following exposure to all three materials (20
and 40 pg/mL for PA6 and PA6-rGO, all tested concentrations for rGO), as shown in Figure 6d.
Comparing THP1 and RAW 264.7 cells, no species-to-species variations in the investigated
biological responses were observed, as similar effects were reported in both human and mouse
cells.
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Figure 6. Cell viability (MTS assay) of (a) THP-1 and (b) RAW 264.7 macrophages and (c) neutrophil-like HL.-60
cells (ATP assay) exposed to increasing concentrations of rGO and abraded PA6 and PA6-rGO composites for 24 h.
(d) Cytokine release by RAW264.7 macrophages. IL6 and TNF-a levels were determined after incubation with
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increasing concentrations of PA6, PA6-rGO and rGO. Cells exposed to 1 pg/mL LPS were used as positive control.
Data are the mean + SEM of 3 independent experiments. The * symbol represents p<0.05 as compared to the negative
control. (e) Cytokine profiling and hierarchical cluster analysis of inflammatory mediators released in differentiated
THP-1 macrophages exposed to rGO, abraded PA6-rGO and PAG6. Cells exposed to 0.1 pg/mL LPS were used as
positive control. Each branch in the dendrograms shows the similarity between samples; the shorter the branch, the
more similar the samples.

Previous reports showed that neat polymer matrix materials such as epoxy did not trigger
significant pro-inflammatory responses on immune cells.®>”> However, the present study
demonstrated that abraded neat polymer PA6 did elicit significant release of three pivotal pro-
inflammatory proteins in THP-1 cells. More specifically, upregulation of IFN-y, a key player in
host-defense against pathogens, might indicate that abraded particles from this polymer matrix
may be recognized as intracellular parasites by THP-1 cells, leading to increased IFN-y
secretion.!?? Moreover, both abraded materials (neat polymer PA6 and composite PA6-rGO)
resulted in secretion of TNF-a and IL-1f cytokines that would typically lead to recruiting more
immune cells i.e., neutrophils, monocytes/macrophages to the affected areas, as a hallmark of acute
inflammation.'?* In addition to the endogenous inflammogenic potential of the polymer matrix,
the potential inflammation of PA6-rGO could be explained by the transformation of rGO during
the production process of the composite or due to protruding or released GRMs from the polymer
matrix. However, the magnitude of the pro-inflammatory effect induced by the abraded PA6-rGO
particles was notably lower compared to that induced by pristine rGO or the LPS control,
suggesting only a minor pro-inflammatory response (SI 7b). Since the PA6-rGO composite
material contains only a small percentage of rGO (2.5%), the observed limited toxicity of the
composite material (containing a small % of rGO) compared to the pristine rGO is probably due
to the low amount of rGO in the composite, the endogenous inflammogenicity of the neat polymer
PAG6, and not to a different mechanism of toxicity. Previous studies showed that GRM (particularly
GO) treatment could provoke inflammatory responses, including the production of inflammatory
cytokines by macrophages.!!>!?212> The cytokine profiling experiments revealed that rGO
triggered the cytokine production of the M1 markers TNF-a and IL-1P in THP-1 cells, suggesting
possible inflammasome activation. These findings support those recently reported by Gurunathan
et al. who observed significant stimulation of TNF-a and IL-1p secretion, following exposure to
vanillin-functionalized rGO in THP-1 cells.'?* A similar trend was found for TNF-o secretion in
primary and J774A.1 macrophages after treatment with two types of rGO.!"’

To gain more insights into the interaction of the tested materials with macrophages, the cellular
morphology was closely examined. Conventional light microscopy images of RAW 264.7
macrophages upon 24 h exposure to abraded PA6 and PA6-rGO materials revealed no signs of
modification in cellular morphology even at the highest concentration of 40 pg/mL (ST 13).
Correspondingly, no major alterations were observed in THP-1 cells after 24 h exposure to abraded
GRM epoxy composites.® In the case of pristine rGO, although increased rGO accumulation was
observed on the cells surface, the shape of the RAW264.7 macrophages was not affected at low
concentrations (5-20 pg/mL). However, macrophages treated with 40 pg/mL of pristine rGO
showed a rounder appearance compared to untreated control cells. In good agreement with our
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observations a loss of protrusions with a subsequent morphological shift towards rounded cells has
been previously demonstrated after rGO exposure (20 pg/mL) in primary macrophages.'!® The
observed morphological alterations might indicate an increased rGO internalization by the
macrophages. Moreover, the significant TNF-a secretion in RAW 264.7 cells could lead to the
activation of macrophages into a pro-inflammatory state, which can lead to similar alterations in
the cellular shape and could be a hint for the intrusion of rGO onto the plasma membrane, as shown
by Wu et al.'' In support to that Li et al. demonstrated that while GO nanosheets are mostly
associated with the surface membrane in THP-1 cells, rGO was principally internalized by by
phagocytosis.?!

Several studies have shown that macrophages may be more susceptible than other cell types to the
biological effects of particles, due to the greater dose of internalized particles. A previous study of
a panel of metal oxide nanoparticles showed that the alveolar macrophage cell line was the most
sensitive cell model among the 12 cell models tested.'?® The toxicity of metal/metal oxide particles
may be explained by the rapid dissolution of the particles in the acidic environment of the
lysosomes. In addition, high aspect ratio materials may cause lysosomal destabilization, and
subsequently lead to pro-inflammatory cell activation. However, the materials tested here are not
considered high aspect ratio materials as abraded particles and GRMs are not necessarily fiber-
like and their biological effects depend on different material properties, not only the lateral
dimensions.?” Nonetheless, the lateral dimensions of graphene oxide (GO) have been shown to
play a role for interleukin-1f (IL-1B) and transforming growth factor-B1 (TGF-B1) production and
a more recent study has confirmed that the lateral dimensions may impact on cellular uptake and
subsequent biological effects in liver cells. 25127

Another important immune cell type often neglected in toxicological studies is neutrophils, the
most abundant circulating leukocytes and among the first cells to be recruited in the airways, upon
lung exposure to GRMs.'?® These cells also play a key role in the initiation of inflammation in
several tissues as well as in GRM biodegradation processes.'?* 13! There is a paucity of data on the
biological effect of GRMs on neutrophils and the few available studies mainly focused on the
degradation of GRMs by a myeloperoxidase-dependent mechanism in neutrophils and not on
immunotoxicity. Mukherjee et al. recently reported that GO sheets with differing lateral
dimensions triggered a dose-dependent loss of mitochondrial activity in neutrophils as measured
by the ATP assay. At the same time, GO acted directly on the neutrophil cell membrane, leading
to cell activation.'?® Therefore, it is important to know if pristine rGO and abraded particles from
rGO-reinforced composite materials have an impact on neutrophils. Focusing on neutrophils, cell
viability was determined on differentiated HL-60 cells using the ATP assay, as the MTS assay was
not appropriate for this non-adherent cell line (data not shown). Consistent with the macrophage
viability results, no significant effect on the viability of PA6 or PA6-rGO exposed HL-60 cells
was observed (Figure 6c), but a 24 h rGO treatment revealed a dose-dependent loss of
mitochondrial activity, only significant at the highest concentration (40 pg/mL, 50% viability). In
addition to the viability assay, a cytokine array was performed in neutrophils to examine possible

36



1220
1221
1222
1223
1224

1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247

1248

1249

1250
1251
1252
1253
1254
1255
1256
1257

induction of pro-inflammatory processes (SI 14). In contrast to THP-1 cells, cluster analysis in
exposed HL-60 cells revealed a large single cluster with low cytokine secretion for all tested
cytokines, suggesting that neutrophils might not be a good model for cytokine screening.
Furthermore, in HL-60 cells, no distinct cytokine upregulation was reported, except for LPS-
treated cells (SI 1).

An important, non-trivial matter in relation to the in vitro results obtained with respect to pristine
rGO, abraded neat PA6 or rGO-reinforced PAG6 is the in vitro dosimetry. It has been shown that
cellular uptake of gold nanoparticles depends on their sedimentation and diffusion velocities, while
it is independent of size, shape, density, surface coating and the initial concentration of the
nanoparticles. '*> More recent studies of so-called "bouyant" nanoparticles (e.g. polypropylene)
have shown that their biological activities may be underestimated when using conventional
submerged cell culture methods.!*® In the present study, A549 and Caco-2 cells were exposed
using a more physiologically relevant (for the lung and the GI) pseudo-ALI approach, which
allows faster particle sedimentation and more particle-cell interaction compared to the
conventional submerged exposures. Regarding the skin (HaCaT) and immune (THP-1, RAW
264.7, and HL-60) cells, such pseudo-ALI exposures are not relevant; therefore, submerged
exposures were applied. The existing models to estimate in vitro concentration of nanomaterials
in submerged conditions (e.g. the in vitro sedimentation, diffusion, and dosimetry (ISDD) model,
the distorted grid (DG) model, or the 3D-sedimentation-diffusion-dosimetry (3DSDD) model)
were developed and are suitable only for spherical particles, such as spherical silica, gold, and
metal oxide nanoparticles. They have a limited applicability for non-spherical materials (e.g.
GRMs and CNTs) due to their different form factor and heterogeneity.'**!3® Consequently,
determining the GRM cell delivered dose in submerged conditions is still a challenge due to the
analytical difficulties of quantifying the GRM dose delivered to cells, as it would require several
analytical techniques and cellular uptake quantification. Particularly, for the abraded PA6 and
PA6-rGO materials, it would be almost impossible as the cellular internalisation cannot be
visualised with the existing methodology i.e., TEM, Raman microscopy or optical microscopy and
LSM reflection mode (as we have shown for RAW 264.7 and HaCaT cells).

Pulmonary effects in mice

The in vitro investigations demonstrated that pristine rGO was the material of highest concern
amongst the tested materials, and that the immune cells and in particular the macrophages were
the most responsive in vitro models both with respect to abraded materials (neat PA6 and PA6-
RGO) and pristine rGO. Amongst all exposure routes, inhalation is the most rapid route of entry
into the body and the only route in which macrophages would interact immediately, and without
any intervening barrier, with the materials, should these respirable materials reach the alveoli.
Considering that macrophages and neutrophils along with epithelial cells are the key drivers of the
pulmonary response to respirable materials reaching the alveoli, we sought to study whether the
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rGO results obtained in vitro would translate into a macrophage-driven inflammatory response in
the lungs of mice. Based on the in vitro results, we anticipated that abraded (neat PA6 and PA6-
rGO) materials would cause limited inflammation in vivo while the response to pristine rGO would
be more pronounced but still moderate. Moreover, the comparative results obtained using
epithelial A549 lung cells (negative) and THP-1/RAW264.7/HL-60 immune cells (positive)
suggested that the pulmonary response to rGO would be mostly driven by the resident
macrophages, but would not prevent the resolution of this inflammation with time.

After a single exposure to abraded PA6-rGO, histopathological analysis of lung sections did not
reveal any alteration of the lung tissue at the tested time-points (Figure 7a). Absence of obvious
cell recruitment or tissue damages was also noted after exposure to the low dose of pristine rGO
(rGO-0.3 ng), neat polymer alone (PA6) or vehicle control. In contrast, exposure to high dose of
pristine rGO (rGO-15 pg) induced macrophage-driven granuloma-like formations at all considered
time points, and a clear infiltration of immune cells at 1 and 7 days. Interestingly, the location of
those inflammatory structures were overlapping with material accumulation sites. Such reactions
to foreign materials occur when materials cannot be easily eliminated from the tissue.'3”!3® The
key component of granuloma-like formation is the fusion of numerous macrophages into
multinucleated cells, which are able to phagocytize particles that can be larger than 10 pm.'*
Noteworthely, the pronounced inflammatory structure formation observed at day 1 and 7 was
followed by an obvious tissue recovery by day 28 (i.e., with notable reduction in granuloma size,
Figure 7a). These results are not consistent with the findings of a previous study in which a
prolonged inflammation over 90 day after exposure was associated to the presence of large, black
and compact rGO agglomerates that persisted in lung tissue for up to 90 days without being
phagocytosed.'!'® These results suggest that bio-persistence of materials was the leading cause for
a prolonged inflammation, hence material clearence could in contrast be associated to
inflammation resolution. In our study, the decrease in granuloma size and resolution of cell influx
and inflammation over time is therefore likely to result from a successful rGO internalization and
elimination by macrophages. Moroever, the in vivo pulmonary impact of rGO has been largely
overlooked in comparison to other GRMs.?® In the few existing studies comparing GO and rGO,
GO seemed to provoke more inflammogenic responses compared to rGO. 1313

Adverse effects were also assessed by measuring total protein and LDH release to the airways.
These two markers are typically used as hallmarks of lung epithelium tissue damage.'*’ For the
abraded PA6-rGO and PA6 materials, no significant variations of protein concentration or LDH
activity in bronchoalveolar lavage (BAL) fluid were observed (Figure 7b-7c), suggesting no
disruption of the air-blood barrier and the lung epithelium, in agreement with the absence of
responses found in the A549 cell model (Figure 2). Despite the observation of granulomatus
formation after exposure to high dose of rGO (rGO-15 pg), no significant (p>0.05) effects on BAL
proteins or LDH release were seen at 1, 7, or 28 days post-exposure, suggesting that the response
to rGO was mostly driven by immune cells.
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In BAL fluid, no variation in the total cell number was observed for any of the materials tested
(Figure 7d), but there was an increase in neutrophil numbers at day 1 after exposure to either
abraded PA6-rGO or PA6 (Figure 7e). Nevertheless, this neutrophil recruitment was not
stastistically significant compared to the negative control. In contrast, a significant increase in
neutrophils was found after exposure to rGO-15 pg, whereas no difference was observed for the
lowest dose (rGO-0.3 pg) compared to the negative control. Interestingly, 7 days after exposure,
an increase in eosinophils was found in the alveolar space of mice treated with either PA6-rGO
(»p=0.1217) or rGO-15 pg (p=0.0543). However, after 28 days, we did not detect any difference in
eosinophils or neutrophils compared to the negative control for any of the materials tested. This
suggested a recovery from the inflammatory stressor and is in agreement with the histological
evaluation. Despite this recovery, the presence of multinucleated macrophages was still significant
at 28 days for rGO-15 pug in comparison to the negative control or other conditions, suggesting
that the higher amount of materials was delaying clearance and complete resolution.

To further characterize the lung inflammatory response, the concentration of 13 inflammatory
mediators was evaluated in digested lungs at days 1, 7 and 28. As shown in Figure 8, there was no
significant change in any of the mediators tested, suggesting a low inflammatory profile for all the
materials tested. In addition, the concentration of TNF-a and IL-6 was assessed in the BAL fluid
and found to be below the detection limit (7.8 pg/mL) of the assay (SI 16). Taken together, neither
BAL fluid nor whole lung measurements showed significant cytokine secretion, which is in line
with the moderate influx of immune cells in BAL fluids (PMNs, macrophages, or lymphocytes),
irrespective of the materials considered (Figure 7e).

It should be noted that the unaligned significant response observed for one animal (out of 3) for
all tested cytokines (and total cell number) after exposure to abraded PA6 at 28 days (Figures 7
and 8) was not anticipated. The discrepancy could not be attributed to technical or instrumental
errors as the measurements were repeated and obtained the same results. In addition, the health
and behaviour of this specific animal before the terminal procedure was not of concern (data not
shown); hence, there was no valid reason for removing the animal from the study. The observed
odd response should therefore be attributed to animal variability.

In summary, pulmonary exposure to abraded PA6-rGO in mice induced a weak but not significant
lung inflammation characterized by a transient influx of neutrophils and eosinophils in the alveolar
space. In contrast, a high dose of pristine rGO induced a persistent presence of immune cells in
the alveolar space, in particular macrophages associated with the clearance of materials, without
affecting the overall resolution of inflammation with time. Importantly, this inflammation in the
form of cell recruitment but without cytokine secretion was not associated with any tissue
remodelling within the time-frame investigated. Since the administrated bolus dose of 15 ng is
considered a high dose, representing a worst-case scenario, the limited animal findings underline
the likely low toxicity of the tested abraded composites or the pristine rGO, in any realistic
exposure scenario. Overall, the in vivo results are in good agreement with the in vitro biological
assessment data, in particular the lung epithelial cells (A549), the macrophages (THP-1 and RAW
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264.7) and neutrophils (HL-60), for which no or limited effects were observed in the tested
biological systems upon exposure to PA6-rGO or rGO. At the same time, the in vivo results
highlight the limitations of single cell type in vitro models as alternative models to animals for
predictive toxicology and support the current trend to adopt co-culture in vitro models to better
replicate in vivo outcomes. Future studies should therefore investigate the applicability of co-
cultures of A549/dTHP-1 cells, lung-on-a-chip, or whole alveoli organoid models for the screening
of GRMs.
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(rGO, 0.3 pg or 15 pg; 2.5% of 15 pg equals to about 0.3 pg), or negative control (BSA 0.1% in water). (a)
Representative images of H&E-stained lung sections from mice exposed to rGO and abraded composites, following
1, 7 and 28 days after oropharyngeal aspiration. Arrows indicate the formation of granulomas after treatment with
rGO. (b) Protein concentration and (¢) LDH activity in BAL fluid of exposed mice(d) Total cell number and (e) cell
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42



1356

1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376

1377

1378

1379
1380
1381
1382
1383
1384
1385

1386
1387
1388
1389
1390
1391
1392

Conclusions

Numerous studies have addressed the hazard potential of GRMs using a variety of model
systems.?® These studies attest to the key importance of defining the properties of the tested
materials including the lateral dimensions, thickness, number of layers, and C:O ratio.?’ It is noted
that most, if not all of these studies have been carried out using pristine (as-produced) materials.
However, this may not accurately reflect the actual handling and use of GRMs during their life
cycle as components of GRM-enabled products.'*! In a previous study conducted using multi-
walled carbon nanotubes (MWCNTs), the as-produced MWCNTs were shown to elicit
inflammation when administered to mice via pharyngeal aspiration whereas the aerosols generated
from sanding of composites containing polymer-coated MWCNTs, representative of the actual
end-product, did not exert such toxicity.'*> Herein, we applied similar product life cycle
considerations to assess the toxicological impact of rGO in the context of its embedding in a
thermoplastic PA6 polymer matrix and its potential release during the life cycle of rGO-reinforced
PA6 composites. A multi-endpoint comparison was performed between as-produced rGO, abraded
PA6-rGO composite and abraded neat PA6 using a panel of robust and commonly used in vitro
models as well as a mouse model of pulmonary exposure. Overall, the present findings show a
negligible impact of rGO-reinforced PA6 composites on all the models tested, suggesting a likely
low risk to human health at acute exposure conditions. Nevertheless, the results found for rGO
alone, in particular in vivo, suggest that long-term effects after repeated exposure cannot be
excluded and further studies are required to address the possible chronic impact of rGO-reinforced
composite materials.
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