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Introduction

Graphene is a two dimensional single atomic layer material
consisting of hexagonally arranged sp> carbon. This allows gra-
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Due to their mechanical strength, thermal stability and electrical conductivity, graphene-related materials
(GRMs) have been extensively explored for various applications. Moreover, GRMs have been studied and
applied as fillers in polymer composite manufacturing to enhance the polymer performance. With the
foreseen growth in GRM production, occupational and consumer exposure is inevitable, thus raising con-
cerns for potential health risks. Therefore, this study aims (1) to characterize aerosol particles released
after mechanical abrasion on GRM-reinforced epoxy composites, (2) to quantify the amounts of protrud-
ing and free-standing GRMs in the abraded particles and (3) to assess the potential effects of the pristine
GRMs as well as the abraded particles on human macrophages differentiated from the THP-1 cell line
in vitro. GRMs used in this study included graphene nanoplatelets (GNPs), graphene oxide (GO), and
reduced graphene oxide (rGO). All types of pristine GRMs tested induced a dose-dependent increase in
reactive oxygen species formation, but a decrease in cell viability was only detected for large GNPs at
high concentrations (20 and 40 ug mL™). The particle modes measured using a scanning mobility particle
sizer (SMPS) were 300-400 nm and using an aerodynamic particle sizer (APS) were between 2-3 um,
indicating the release of respirable particles. A significant fraction (51% to 92%) of the GRMs embedded in
the epoxy composites was released in the form of free-standing or protruding GRMs in the abraded par-
ticles. The abraded particles did not induce any acute cytotoxic effects.

phene to possess exceptional properties such as a high charge
carrier mobility of 2.5 x 10> cm® V™' 57" at room temperature,’
superior elastic properties of 1 TPa,> and excellent thermal
conductivity with reported values of up to 5300 W m™* K *.?
Despite graphene’s unique characteristics, it is challenging in
terms of costs and processing to produce high quality gra-
phene in bulk. Graphene-related materials (GRMs) such as gra-
phene nanoplatelets (GNP), graphene oxide (GO), and reduced
GO (rGO) are derivative species of graphene containing a few

bLaboratory for Advanced Analytical Technologies, Empa, Swiss Federal Laboratories
for Materials Science and Technology, 8600 Diibendorf, Switzerland
“Particles-Biology Interactions Lab, Empa, Swiss Federal Laboratories for Materials
Science and Technology, 9014 St Gallen, Switzerland. E-mail: Peter.wick@empa.ch
dAdolphe Merkle Institute, University of Fribourg, 1700 Fribourg, Switzerland
‘Laboratory for Advanced Fibers, Empa, Swiss Federal Laboratories for Materials
Science and Technology, 9014 St Gallen, Switzerland

ITransport at Nanoscale Interfaces Laboratory, Empa, Swiss Federal Laboratories for
Materials Science and Technology, 8600 Diibendorf, Switzerland

SUniversity of Basel, Department of Physics, Basel, 4056, Switzerland

hUnz’versity of Basel, Swiss Nanoscience Institute, Basel, 4056, Switzerland
tElectronic supplementary information (ESI) available. See DOI: 10.1039/
c9nr10245k

1 Shared first author contribution.

§ Shared corresponding author contribution.

This journal is © The Royal Society of Chemistry 2020

to multiple graphene layers. They can be classified according
to their thickness, C/O ratio or lateral size.*

GRMs are studied and applied as fillers to enhance the pro-
perties of polymers. Epoxy is a widely used thermoset polymer
with a variety of applications as a structural, coating and
adhesive material in several fields such as automotive, aero-
nautics and electronics, due to its high chemical resistance,
good adhesive strength, ease of processing, and reasonable
price. However, it is brittle and has poor thermal and electrical
conductivity.>® The addition of GRMs can improve the
electrical properties,””® thermal conductivity,”'® mechanical
properties," " and flame retardancy'*"® of epoxy composites.
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Due to increased interest in the possible applications of
GRMs, concerns about their risk and potential adverse effects
on human health have been raised, in particular upon inhala-
tion that represents the most likely route of exposure. Several
in vitro and in vivo studies, with different exposure conditions,
doses and time points, have shown that some types of GRMs
can induce cell apoptosis, oxidative stress or DNA damage,
while others did not induce any adverse effects.’®>* The tox-
icity of GRMs is generally dependent on their physicochemical
properties including lateral dimension, surface structure, and
functionalization, as well as on their dispersion state and
exposure dose.'®?%?*?® For example, Mittal and colleagues
revealed that both lateral dimension and functional groups
play an important role in the internalization of graphene
derivatives including GO, thermally reduced GO and chemi-
cally reduced GO by human lung cells.”” Thermally reduced
GO, having a smaller lateral size than GO and sharp corners
that promoted cellular uptake, showed increased adverse
effects on cell viability, oxidative stress and genotoxicity as
compared to GO and chemically reduced GO.?” Surface pro-
perties such as the C/O ratio of GRMs also play an important
role in their toxicity effects. GNPs are hydrophobic, while GO
is more hydrophilic due to oxygenated groups. The hydrophili-
city of rGO is between that of GNP and GO. GO was reported to
cause significantly less cytotoxicity to A549 human alveolar
basal epithelial cells than rGO probably due to the differences
in hydrophilicity.”® Moreover, because of a higher oxygen
content and higher hydrophilicity of GO, which facilitates the
formation of a protein corona®® and prevents particle agglom-
eration,® GO showed less cytotoxicity to human erythrocytes
and skin fibroblasts (CRL-2522) than GNPs.*!

During the use phase of GRM-containing composites,
GRMs might be released from the composite due to the degra-
dation of the matrix by means of mechanical force, thermal
degradation, hydrolysis or UV exposure.*>** The released par-
ticles might be in the form of free-standing GRMs, GRMs fully-
embedded in the polymer matrix, or GRMs partially protrud-
ing from the polymer matrix. They might pose risks to human
health depending on their size and shape. Particles with an
aerodynamic diameter smaller than 100 pm can be inhaled,
but only a certain percentage of the particles with an aerody-
namic diameter smaller than 10 pm can penetrate to the alveo-
lar region of the lung.** The 2D morphology of GNPs and
other GRMs leads to a significant difference between the geo-
metric dimensions (thickness and lateral size) and the aerody-

.. 2 . .
namic size (d, =, /Eﬁdpmjt, where d, is the aerodynamic
Po

diameter, dp; is the projected diameter, ¢ is the platelet thick-
ness and p and p, are the unit density and particle density,
respectively).”’ This means that the aerodynamic size of such
2D materials can be much smaller than their lateral dimen-
sion, represented by the projected area diameter. Su and col-
leagues studied the deposition of graphene nanoparticles with
a lateral size of 2 um using human upper airway replicas
including nasal and oral-to-lung airways. Only a small fraction
(less than 4%) of the graphene nanoparticles were deposited
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on the studied airways with a deposition efficiency lower than
0.03, implying that the inhalable fraction of graphene nano-
particles could penetrate and deposit into the lower lung
compartments.*?

In contrast to pristine nanoparticles, hazard assessment of
processed particles released from nanoparticle-containing pro-
ducts is scarce and there is, to the best of our knowledge, no
study available on the biological impact of particles released
from GRM-reinforced composites. For example, the toxicity of
the particles generated in the workplace by the machining
process of six different epoxy/carbon fiber composites was
investigated in vitro using rabbit alveolar macrophages and
in vivo using direct intratracheal injection into rat lungs.®
They found that in vitro and in vivo results showed similar
ranking for all samples. The toxicity results showed that two of
the composites were more toxic than the reference inert par-
ticle (Al,0;) for alveolar macrophages, while other four compo-
sites showed little toxicity. The inconsistent results among
different composites suggested that the composition of the
matrix material, i.e. types of epoxy and hardener, could play an
important role for the different biological impacts.>*® For
epoxy/carbon nanotube (CNT) composites, Schlagenhauf and
co-workers found that abraded particles contained a low frac-
tion of free-standing or protruding CNTs but they did not sig-
nificantly induce reactive oxygen species (ROS) formation,
DNA damage, release of inflammatory cytokines, or cytotoxicity
in differentiated human THP-1 macrophages and A549 human
alveolar epithelial cells.® Pang et al. investigated the in vitro
toxicity of released particles from the sanding process of nano-
scale copper phthalocyanine (n-CuPc)-containing automobile
coatings on mouse macrophages. They demonstrated that
although n-CuPc itself induced the formation of ROS, the
released particles did not induce the ROS formation because
n-CuPc particles were embedded in the polymer matrix.’* A
recent study found that the released nano-clay particles from
low-density polyethylene (LDPE) composites by the aging
process using UV and ozone did not induce ROS formation
nor a decrease in cell viability on A549 alveolar epithelial cells
at both 24 h and 48 h time points.**

Overall, there is inconsistency in the biological impacts of
pristine GRMs and a lack of studies on the released particles
from the GRM-containing composites, which is critical to the
safe and sustainable design of novel GRM-reinforced compo-
sites. To fill this knowledge gap, we aim to perform a compre-
hensive analysis on the safety of GRMs along some stages of
the life cycle of epoxy/GRM composites i.e. the occupational
exposure to pristine GRMs and the exposure to released par-
ticles during the use phase simulated by an abrasion process.
This includes investigations on the acute toxicity of pristine
GRMs (commercial GNP, GO and rGO) with distinct physico-
chemical properties on human macrophages differentiated
from the THP-1 cell line, particle size distributions (PSDs) of
the released particles from the abrasion of epoxy/GRM
composites, quantification of the amount of free-standing
and protruding GRMs from the abraded particles and the
acute cytotoxicity of released particles on differentiated

This journal is © The Royal Society of Chemistry 2020
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THP-1 macrophages. In this study, epoxy resin, which is an
important and frequently used polymer, was chosen as a
polymer matrix to produce GRM-reinforced composites due to
its transparency and ease of manufacturing. We used human
macrophages differentiated from the THP-1 cell line for cyto-
toxicity evaluation because they are important for the host
defense mechanism and cellular response to foreign particles
deposited in the lungs, which signify the acute inhalation tox-
icity in vitro. The results are essential for the hazard and risk
evaluation of occupational and consumer exposure and will
support the safe development and use of GRM-reinforced
polymer composites.

Materials and methods
Fabrication of epoxy/GRM composites

Five types of GRMs were assessed including two types of GNP:
GNP-1 (Cheaptubes, USA) and GNP-2 (XG Science, USA), two
types of GO: GO-1 (Cheaptubes, USA) and GO-2 and one type
of reduced GO (rGO). GO-2 and rGO were provided by
Université Paul Sabatier, CNRS, Toulouse, France. The epoxy
and hardener used were diglycidyl ether of bisphenol A,
DGEBA (Araldite GY 250, Huntsman, USA) and Jeffamine
D-230 (Huntsman, USA), respectively. In order to manufacture
the epoxy/GRM composites, epoxy resin and 1 wt% GRMs were
mixed manually and homogenized using a high speed mixer at
2000 rpm for 5 min. Then GRMs were evenly dispersed in the
epoxy matrix using a three-roll-mill (SDY 200, Biihler AG,
Switzerland). After addition of the hardener, mixing and
degassing, the mixture was poured into a metal mold and
cured at 80 °C for 12 h and post-cured at 120 °C for 4 h. The
fabricated composites were cut to the desired size for an
abrasion process.

Characterization of pristine GRMs and abraded particles

The morphology of pristine GRMs and the released particles
from the composites was characterized using a scanning elec-
tron microscope (SEM) (Nova NanoSEM 230). A SEM equipped
with EDX was used to analyze the elemental composition of
the materials. Atomic force microscopy was conducted with a
Solver Nano atomic force microscope (NT-MTD Spectrum
Instruments, Moscow, Russia) to analyze the thickness of pris-
tine GRMs. Raman spectra were obtained using a Raman
spectrometer (Senterra, Bruker, Billerica, MA). Diffuse reflec-
tance Fourier transform spectroscopy (DRIFTS) was performed
using a VECTOR 22 spectrometer (Bruker Optics). X-ray photo-
electron spectroscopy was performed with a Scanning XPS
Microprobe system (PHI VersaProbe II spectrometer, Physical
Electronics) using monochromatic Al Ka radiation (1486.6 eV).
Two random spots per sample were analyzed with a microfo-
cused X-ray beam of 100 um diameter and dual beam charge
neutralization. The samples were pressed onto an indium foil
producing flat and continuous areas (no indium signal was
observed in the spectra). Survey scan spectra (0-1100 eV) were
acquired with 0.8 eV energy step width, 187.85 eV pass energy
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and 200 ms acquisition time per data point. In addition,
higher resolution scans over carbon C 1s and oxygen O 1s were
measured (0.125 eV energy step width, 29.35 eV pass energy,
2.4 s acquisition time per data point). More details about the
XPS measurements are given in ref. 26. X-ray diffraction was
performed on an X-ray diffractometer with the scan range
between 5 and 80 degrees and a scan rate of 0.017. The zeta
potential and hydrodynamic size distribution of both the
pristine GRMs and released particles was characterized
using a Zetasizer (model Nano ZS, Malvern Instruments,
Worcestershire, UK). For zeta potential measurement, the par-
ticles were dispersed in 10% PBS in water. It was not feasible
to measure the zeta potential in biological medium since the
high ionic strength and the biological constituents in the
medium could induce electrode blackening, which could
cause errors to the measurement results. The average values of
three consecutive measurements were reported. The particle
dispersions were prepared in water and complete RPMI-1640
cell culture medium followed by ultra-sonication prior to
hydrodynamic size measurement. Due to the instability of the
particle dispersion, ultra-sonication was performed just before
each size measurement. The mean Z average (Z,.) size was
obtained from three separate measurements. GRMs were
tested for endotoxin contamination with an Endosafe® PTS
portable test system (PTS100, Charles River Laboratories;
temperature control 37 + 1 °C; photodetectors at 395 nm wave-
length) and Endosafe®PTS Cartridges (Charles River
Laboratories, Charleston, USA; assay sensitivity 0.01 EU mL_l)
according to the manufacturer’s instructions. Further techni-
cal details were reported in previous studies.>*>°

Abrasion process and particle collection

The schematic of the experimental setup is depicted in
Fig. S17 (adapted from Schlagenhauf et al., 2012*%). In this
study, we used a Taber abraser (Model 5135, Taber, North
Tonawanda, NY) equipped with an S-42 sandpaper strip
wrapped around a CS-0 wheel and an additional weight of 1 kg
to simulate the sanding process on the surface of the compo-
sites. The released particles from the abrasion were drawn
from the abrasion area by a rectangular probe, that was placed
next to the abrasive wheel above the composite, with a small
suction area of 40 mm? to increase the air flow rate near the
sample surface, while the suction area used in the study of
Schlagenhauf et al., 2012 was 48 mm?®. The samples were ana-
lyzed using two instruments including an aerodynamic par-
ticle sizer (APS) (Model 3321, TSI) and a scanning mobility par-
ticle sizer (SMPS) consisting of a differential mobility analyzer
(DMA) (Model 3080, TSI, Shoreview, MN) and a condensation
particle counter (CPC) (Model 3775, TSI). These instruments
enable online measurement of the particle size distribution of
the release particles. After that, the particles were collected on
Nuclepore track-etched polycarbonate membranes (Whatman)
with a pore size of 0.2 pm. 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).
With our setup, the SMPS analyzed the particles with the elec-
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trical mobility diameter ranging from 13 to 573 nm, while the
APS analyzed the particles with the aerodynamic diameter
ranging from 0.54 to 19.81 pm. At least three particle size dis-
tributions were collected from each sample. The collection of
abraded particles for in vitro toxicity analysis and for further
characterization was performed without the SMPS and the APS
to reduce the loss of particles through tubing.

To validate the experimental setup, we also performed
experiments with polystyrene latex (PSL) particles with well-
defined sizes of 105 nm, 1 pm and 2 pm. A house-made atomi-
zer was employed to generate aerosol particles of PSL disper-
sions. After the diffusion dryer (silica gel), the aerosol particles
entered the instrumentation (either SMPS or APS). The results
demonstrated that using a rectangular probe did not affect the

particle size distributions of the aerosolized particles
(Fig. S27).
The Origin 2018 software (OriginLab Corporation,

Northampton, MA) was used to fit the particle size distri-
butions to lognormal distribution (eqn (1)) (coefficient of
determination >0.99). The parameters in eqn (1) are listed as
follows: f(d) is the normalized fraction of the measured par-
ticle size distributions as a function of particle size, d; n is the
number of the fitted modes; y, is the baseline of the lognormal
distribution; 4; is the area under the graph of each fitted
mode; w; is the standard deviation of each fitted mode; y; is
the mean of each fitted mode.

(1)

2w;2

n A In(d) — u;)*
fld)= ;yoji + me){p (_ M)

Detection and quantification of free-standing and protruding
GRMs

Raman spectroscopy mapping was employed to differentiate
between the GRMs from epoxy in the abraded particles. The
abraded particles from the epoxy/GNP-2 composite were used
as a representative for Raman spectroscopy mapping. Raman
mapping was performed with a WITec Alpha 300 R confocal
Raman microscope in backscattering geometry. For excitation,
a laser with a wavelength of 532 nm and 0.25-5 mW power was
employed. To focus the light on the sample a 50x objective
(Zeiss, NA = 0.55) is used. The backscattered light was coupled
to a spectrometer: a 300 mm lens-based spectrometer with a
grating of 600 ¢ mm™" equipped with a thermoelectrically
cooled CCD. An area of 35 um x 35 pm (115 x 115 points) was
scanned with an integration time of 2 s per point. The area
intensity map was plotted with a spatial average size of 2.

The released particles might contain particles with free-
standing GRMs, GRMs fully-embedded in the polymer matrix,
or GRMs partially protruding from the polymer matrix. The
GRMs that are not completely covered by the epoxy matrix are
called exposed GRMs, including the free-standing and the par-
tially protruding forms. To determine the exposed fraction of
GRMs in the abraded particles, an indirect quantification
approach using lead-labeling techniques combined with
inductively coupled plasma - optical emission spectrometry
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(ICP-OES) was applied.’® Lead ions adsorbed on the GRMs can
be desorbed from the exposed part of the GRMs, whose
amount can be correlated with the desorbed lead ions
detected. Therefore, this method can quantify the amount of
the exposed GRMs, but it cannot differentiate between free-
standing and protruding GRMs. It is important to emphasize
that the Pb**-labelled GRMs were only employed for quantifi-
cation of the free-standing and protruding fraction of GRMs by
ICP-OES. Other experiments were performed using the Pb*'-
free specimen.

Lead-labeling of GRMs and determination of Pb>* adsorption
and release capacity

Three GRMs, GNP-1, GNP-2 and GO-1, were used as represen-
tatives for a wide range of different species of GRMs. Adapting
the lead uptake and release approach of Schlagenhauf et al.,
2015, master batches of lead-labeled GRMs were produced.
The lead ion (Pb**) was used as the labeling element for GRM
detection. Pb**-loaded GRMs were produced by immersion of
1.5 g of GRMs in 400 mL of Pb*" solution. The Pb** solution
was prepared by dissolving 200 mg of lead(u) acetate trihydrate
in 1 L of Millipore water. The GRMs were dispersed in the solu-
tion by ultra-sonication for 30 min. After further stirring for
2.5 h, the Pb**-loaded GRMs were collected by filtration and
dried at 50 °C under vacuum for 14 h. The Pb*" uptake
capacity was analyzed by immersion of 100 mg Pb**-loaded
GRMs into 5 mL of 0.1 M HNOj; for 1 h. Then the GRMs were
filtered out by centrifugal filtration (Amicon Ultra-4 30 kDa,
Merck Millipore) at 3000 rpm for 10 min. The filtrate was col-
lected for Pb>" analysis by ICP-OES (Vistra-PRO, Varian Inc.,
Palo Alto, CA).

Detection of Pb>* by ICP-OES

100 mg of abraded epoxy/Pb*"-loaded GRM particles were
immersed in 5 mL of 0.1 M HNO; for 1 h. The GRMs were
removed by centrifugal filtration and the Pb*>* concentration in
the filtrate was analyzed by ICP-OES. Three independent
measurements of each GRM sample were performed. In
addition, two control samples were produced to detect the
potential leaching of lead ions into the epoxy (control A) and
to determine, after adding the hardener, how much lead ions
might be released into the epoxy matrix and later exposed by
the abrasion process (control B). For control A, 1 g of epoxy
resin was mixed with 0.1 g of lead-coated GRMs and ultra-soni-
cated for 1 h. Then the GRMs were removed by filtration. The
remaining epoxy was dissolved in acetone and 0.1 M HNO;,
consecutively. The solution was analyzed for Pb*>" by ICP-OES.
For control B, the highest possible amount of Pb** that could
be absorbed and released by GRMs was added into epoxy.
Then hardener was added and the mixture was cured at 80 °C
for 12 h and post-cured at 120 °C for 4 h. After curing, the
abrasion process was performed for control B. Control B was
assumed as an extreme case when all of the loaded lead ions
were released from GRMs into the epoxy matrix due to the
addition of the hardener and tested how much such lead ions
could be detected in the abraded particles after the abrasion

This journal is © The Royal Society of Chemistry 2020
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process. The abraded particles were analyzed for Pb>" by
ICP-OES as described above.

Cell culture and cell treatment

Human THP-1 monocytes were obtained from the European
collection of cell cultures (Lot number13 C011, ECOCC,
England). After thawing, the cells were grown in suspensions
in T75 cell culture flasks, sub-cultured at least three times
prior to experiments and grown in complete cell culture
medium (RPMI-1640 medium, Sigma-Aldrich) supplemented
with 10% fetal calf serum (FCS, Sigma-Aldrich), 1%
L-glutamine (Sigma-Aldrich) and 1% penicillin-streptomycin—
neomycin (PSN, Sigma-Aldrich). Cells were maintained at
37 °C and 5% CO, in a humidified atmosphere and routinely
sub-cultured twice a week at 70-80% confluency. For experi-
ments, THP-1 monocytes were differentiated to macrophages
with 200 nM phorbol 12-myristate 13-acetate (PMA; Sigma-
Aldrich) for 72 h before particle exposure. THP-1 cells were
seeded in well plates with densities of 4 x 10* cells per well (96
wells per 0.35 cm?> growth area) in 200 pl medium (MTS, LDH
and DCF assay), 2.5 x 10° cells per well (24 wells per 1.9 cm?
growth area) in 500 pl medium (for ELISA) or 5 x 10’ cells per
well (12 wells per 3.9 ecm?” growth area) in 1000 pl complete cell
culture medium (for GSH) and cultivated for 72 h in the pres-
ence of 200 nM PMA. After differentiation, PMA containing
medium was removed and the cells were washed with pre-
warmed phosphate buffered saline (PBS) twice before experi-
ments. For all experiments, stock dispersions of the tested
materials of 1 mg mL™" in ultrapure water (GOs, rGO and
abraded particles) or sterile filtered (0.22 pm pores) 160 ppm
Pluronic F-127 (Sigma-Aldrich) in ultra-pure water (GNPs) were
prepared by sonication for 10 min (ultrasonic bath, Sonorex
Super RK 156 BH, Bandelin) prior to usage and used for
maximum one month. Stock dispersions were diluted to the
final experimental concentrations in complete cell culture
medium, with a percentage of 10% dispersion in medium and
suspensions were gently pipetted on top of the cells growing in
well plates.

Analysis of cell viability and cytotoxicity (MTS and LDH assay)

Cell viability was assessed after 24 and 48 h of exposure by
measurement of the metabolic activity via the MTS (3-(4,5-di-
methylthiazol-2-yl)-5-(3-cyrboxymethoxy-phenyl)-2-(4-sulfophe-
nyl)-2H-tetrazolium, inner salt) assay obtained as CellTiter96
Aqueous One Solution (Promega). The assay was performed
according to the manufacturer’s protocol considering the
intrinsic GRM absorbance. Differentiated THP-1 cells were
exposed to 200 pL of GRMs or abraded particles diluted in
complete cell culture medium at a concentration in the range
of 0-40 pg mL™" for 24 and 48 h. Cadmium sulphate (CdSO,,
Sigma-Aldrich) was applied as the positive control at a concen-
tration of 1000 pM. After exposure, the medium was replaced
by 120 pL MTS working solution (20 pL MTS reagent plus
100 pL phenol-red free RPMI-1640). Background absorbance
was measured at 490 nm directly after addition of the working
solution to consider the intrinsic absorbance of the residual
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GRMs. The final absorbance was measured at 490 nm in a
microplate reader (Mithras2 Plate reader, Berthold
Technologies, Germany) after incubating the cells under stan-
dard cell culture conditions for 60 min. Absorbance values
were corrected for intrinsic GRM absorbance by subtraction of
the background values and normalized to untreated samples.

In addition, cytotoxicity was assessed by the lactate-dehy-
drogenase assay (LDH, CytoTox96® Non-Radioactive
Cytotoxicity Assay, Promega) according to the manufacturer’s
instruction. Differentiated THP-1 cells were exposed to GRMs
and abraded particles as mentioned before. 0.2%Triton X-100
(Sigma-Aldrich) served as the positive control. After exposure,
the cell culture medium was collected, centrifuged to remove
GRMs and analyzed for LDH release. The assay reagent was
added to each well containing the collected cell culture
medium and the background absorbance was measured at
490 nm right after application to consider the intrinsic absor-
bance of the GRM in the medium. The 96-well plates were
incubated at room temperature for 30 min and the final absor-
bance was measured at 490 nm in the Mithras2 microplate
reader. The background absorbance was subtracted from the
final values and normalized to untreated samples. Cell free
interference assays were performed for the pristine GRMs and
abraded particles from neat epoxy with the MTS assay at a con-
centration range of 0-40 pg mL™' to exclude the potential
interference reactions of GRMs with the assay reagents along
with possible wrong interpretation (Fig. S127).**

Detection of reactive oxygen species and oxidative stress (DCF
and GSH assay)

The formation of reactive oxygen species (ROS) was detected
using a 2',7'-dichlorofluorescein assay (H,DCF-DA).** The cell-
permeant H,DCF-DA (2’,7'-dichlorodihydrofluorescein-diace-
tate; Molecular Probes, Invitrogen) enters the cells and intra-
cellular esterases cleave off the diacetate part. The resulting
H,DCF is ROS sensitive. Its transformation to the fluorescent
form DCF serves as a measure of total ROS production. GRMs
and abraded particles were diluted in Hank’s balanced salt
solution (HBSS). Differentiated THP-1 cells were loaded with
50 uM H,DCF-DA in HBSS per well and incubated in a humidi-
fied incubator under standard growth conditions for 60 min.
After washing twice with pre-warmed HBSS, the cells were
exposed to 100 pL of particle dilutions followed by incubation
in a humidified incubator under standard growth conditions
for 2 h. The positive control was 50 uM 3-morpholinosydnoni-
mine (Sin-1, Sigma-Aldrich). Fluorescence was measured in
the Mithras2 microplate reader with excitation at A = 485 nm
and emission at 4 = 528 nm. Fluorescence values were blank-
corrected and normalized to untreated controls. To address
the possibility of false-positive and false-negative results, we
performed cell free interference assays to evaluate the reactivity
towards H,-DCF of the materials alone (Fig. $121).**

The intracellular total reduced glutathione (GSH) content of
the exposed THP-1 cells was measured using the Glutathione
Assay Kit (Cayman Chemical) for deprotonated cell lysates. For
cell deproteination, the cells were collected by gently scrapping
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them from the well plate. The cells were then homogenised in
50 mM cold MES buffer (2-(N-morpholino)ethanesulphonic
acid) and centrifuged (10 000g for 15 min at 4 °C). The lysates
were deproteinated by the addition of equal volumes of meta-
phosphoric acid (MPA) reagent to each sample. After 5 min
incubation at RT, the samples were centrifuged (2000g for
5 min at 4 °C) and assessed for their GSH content according to
the manufacturer’s protocol. r-Buthionine-sulfoximine (BSO;
300 uM; Sigma-Aldrich) for 24 h was used as a positive control.
GSH analysis was performed following GRM exposure as
described above for 24 h and 48 h. Absorbance was measured
at 405 nm in the Mithras2 microplate reader. Values are pre-
sented as fluorescence percentage relative to the negative
control, which contained the cells without the treatment with
the tested materials.

(Pro)-inflammatory cytokine detection

The  (pro)-inflammatory  response of  differentiated
THP-1 macrophages after 24 h and 48 h of exposure to GRMs,
and abraded particles was analyzed with enzyme-linked
immunosorbent assays (ELISA) for the inflammatory markers
interleukin 8 (IL-8), interleukin 6 (IL-6), interleukin 1-beta
(IL-1B) and tumor necrosis factor alpha (TNF-a), where the
exposure time ranged from 6 h and 24 h. Lipopolysaccharide
(LPS, from Escherichia coli, 1 mg mL™" in complete cell culture
medium, Sigma Aldrich) served as the positive control to
stimulate inflammatory response. The amount of inflamma-
tory proteins released in the supernatant was quantified using
the commercially available uncoated ELISA kits (Invitrogen)
according to the manufacturer’s protocol. Prior to analysis cell
supernatants were centrifuged to remove GRMs. The measured
(Mithras2 Plate reader, Berthold Technologies,
Germany) were blank corrected and are shown relative to the
negative control. Interference assays for the pristine GRMs and
abraded particles from neat epoxy were performed as
described by Drasler and collegues,?® to exclude false-positive
and false-negative results (data not shown).

values

Cell morphology

Phase contrast (Axio Imager 10%/20x/40x, Carl Zeiss AG,
Switzerland) and fluorescence microscopy (CLSM, LSM780,
60%/1,40 oil, Carl Zeiss AG, Switzerland) analysis of differen-
tiated THP-1 macrophages were conducted after 24 h and 48 h
of exposure to GRMs and abraded particles. For fluorescence
microscopy, the cells were washed 3 times with PBS, fixed in
4% paraformaldehyde (PFA, in PBS, Sigma Aldrich) for 15 min
and incubated in 0.1 M glycine in PBS for 15 min to remove
the remaining PFA. Thereupon, the cells were permeabilized
with 0.2% Triton X-100 (in PBS, Sigma Aldrich). F-actin was
stained with Alexa-488 conjugated phalloidin  (Life
Technologies, Thermo Fisher Scientific, Switzerland), and
nuclei were counterstained with DAPI (4',6-diamidino-2-pheny-
lindole Life Technologies, Thermo Fisher Scientific,
Switzerland). DAPI (1:1000) and phalloidin (1:50) were
diluted in 0.3% Triton X-100 and 1 g bovine serum albumin in
PBS. Staining was performed for 1.5 h at room temperature.
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Cells were washed 3 times with PBS and mounted with mowiol
(Sigma-Aldrich) and kept at 4 °C until microscopic analysis.

Statistical analysis

The results are expressed as mean + standard error of mean
(StEM) with at least three independent experiments (n > 3).
Comparison between groups was evaluated by Student’s t-test
and two-way analysis of variance (ANOVA) using the Graph Pad
Prism (GraphPad Software Inc., La Jolla, CA, USA). A statistical
significance was defined as p < 0.05 compared to the control

group.

Results

Characterization of the pristine GRMs and abraded particles
from epoxy/GRM composites

The characterization results of the physicochemical properties
of the pristine GRMs and abraded particles from epoxy/GRM
composites are summarized in Fig. 1. The SEM micrographs of
the pristine GRMs showed loose agglomerates of micrometer-
sized platelet-like (GNP-1, GNP-2, GO-2) or sheet-like structures
with some wrinkles (GO-1, rGO) (Fig. la-c and S3f). The
abraded samples showed a broad range of differently sized par-
ticles with irregular morphologies and rather flat surfaces. The
presence of GRMs in the abraded particles could not be
detected by SEM imaging. The dispersion stability from the
zeta potential measurement revealed that the pristine GRMs
were fairly stable in water (absolute zeta potential >30 mV),
whereas the abraded particles were more likely to agglomerate
(Fig. 1e).

Raman spectra showed similar absorption peaks of GNP-1
and GNP-2 containing D, G, and 2D bands* at around
1355 cm™', 1581 cm™" and 2700 cm ™", respectively (Fig. S4at).
For GO-1, GO-2 and rGO, strong D and G bands were observed
while the 2D band appeared only weakly. The intensity of the
G band relates to the vibration of sp> hybridized carbon atoms,
whereas that of the D band is associated with the vibration of
sp® hybridized carbon atoms, missing atoms or added atoms
of species other than carbon in the carbon structures and the
defects in the crystal.”®*” The intensity ratio I(D)/I(G) of GNP-1
and GNP-2 was clearly lower than that of GO-1, GO-2 and rGO,
suggesting that GO-1, GO-2 and rGO accommodated more oxi-
dized carbons with sp® hybridization than GNPs did. This is in
agreement with the XPS results showing a higher oxygen
content of GOs and rGO than that of GNPs (Fig. 1d).
Reproducible results were obtained with XPS from the two
different measurement points, pointing towards the homogen-
eity of the investigated samples. Moreover, the fitting of func-
tional groups to the obtained XPS spectra demonstrated that
both GNPs were similar in terms of composition and bonding
with only a low amount of oxygen-containing functional
groups. These groups are significantly enhanced in the GO-1,
GO-2 and rGO samples. Thereby, slight differences in the dis-
tribution of C-O, C=0O and COO type bonds were found
between the GO-1 and GO-2 samples.

This journal is © The Royal Society of Chemistry 2020
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(d) Summary of physicochemical properties of pristine GRMs

Pristine GRMs GNP-1 GNP-2 GOA1 GO-2 rGO
Lateral dimension
1-10 pm 50-150 pm 1-50 pm 1-25 ym 1-25 ym
(SEM)
Number of layers or 6-8 nm @)/ Few to single layer @/ ~5 layers @/ < 4 layers @/
4.56 £ 1.06 nm ®
Thickness 239+ 174 nm ® 21.6+21.1nm® 97.5+46.7nm® 108 +85.9 nm ®©
Raman I{D)/I{G) ratio (532 nm) 0.36 1.56 233 2.05 2.04
C/O ratio © 20.3 33.5 1.8 21 4.7
Zeta-Potential
-54.9+3.56 -49.6 + 3.65 -45.8 +2.93 -39.8+1.79 47.3+291
in 10%PBS (mV) + SD
(e) Summary of zeta potential of abraded particles
Abraded particles Neat epoxy E/GNP-1 E/GNP-2 E/GO-1 E/GO-2 E/rGO
Zeta-Potential
-19.1+2.76 -19.4+1.76 -16+15 -21.2+£0.46 -21.8+1.23 -15.5 + 1.35

in 10% PBS (mV) £ SD

@ Value from manufacturer
® Obtained from atomic force microscopy (AFM)

© Obtained from X-ray photoelectron spectroscopy (XPS)

Fig. 1 Characterization of pristine GRMs and abraded particles from epoxy/GRM composites. SEM images of (a) pristine GO-2, (b) abraded particles

from neat epoxy, and (c) abraded particles from an epoxy/GO-2 composite.
zeta potential of the abraded particles.

Regarding the FTIR results (see Fig. S4bt), all GRMs
showed an absorption peak around 1400 cm™', which is the
vibration peak of the O-H deformation.*® The peaks between
1635 and 1683 cm™, which were observed for all GRMs, can
be assigned to either the stretching vibration of the C=C back-
bone or to the resonance of the O-H stretching of the
absorbed water molecules or hydroxyl groups between
3100-3600 cm ".*° The bending of the C-OH bond was
observed as a sharp peak at 1521 cm™" for GO-1 and a small
peak at 1540 cm™' for GO-2,°° in agreement with the XPS
results, where GO-1 contained more C-O than GO-2.

The XRD patterns of GNP-1 and GNP-2 displayed sharp
diffraction at a 2-theta of 26.7° and 26.9°, which corresponded
to the 002 crystal plane with a d-spacing of 3.31 A and 3.33 A,
respectively (Fig. S4ct). The 001 crystal plane of GO-1 and
GO-2 was observed at a 2-theta of 12.3° and 12.2° associated
with the d-spacing of 7.2 A for both GOs. The higher d-spacing
in the case of GO indicates the presence of oxygen-containing

This journal is © The Royal Society of Chemistry 2020

(d) Summary of the physicochemical properties of pristine GRMs. (e) The

functional groups (epoxy, hydroxyl, carboxyl) on graphene
sheets constructing GO.*®>' The disappearance of the peak
around 12° was observed for rGO, since the reduction of GO to
rGO significantly removed the oxygen-containing functional
groups from the graphene sheets. This is consistent with the
FTIR results showing the disappearance of O-H vibration
peaks from rGO.

EDX mapping was employed to analyze the elemental
compositions of the abraded particles, specifically to ident-
ify whether the abrasive materials could be released from
the sanding paper. Since Al,O; was the main component of
the abrasive material, we used aluminum as an identifi-
cation element. The representative SEM/EDX image of the
abraded particles from neat epoxy showed only small
amounts of aluminum (Fig. S5f). This indicates that the
release of abrasive materials was negligible and is not
expected to affect the particle size distribution nor toxic
effects.*?
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Particle size distributions of the abraded particles

The particle size distributions of the abraded particles from
neat epoxy and epoxy/GRM composites were analyzed and the
results are shown in Fig. 2. Particle size distributions fitted
with lognormal distribution are presented in Table S3,7 which
includes the particle mode, electrical mobility (d.), aerody-
namic diameter (d,), the count median diameter CMD (pm),
the geometric standard deviation o,, and the area fraction F.
During abrasion, the total concentrations measured by SMPS
ranged from 0.5 x 10 to 1 x 10> particles per cm® with back-
ground concentrations between 1000 and 1500 particles per
cm?® (CMD ~100 nm) and those analyzed by APS ranged from
4000 to 6000 particles per cm® with background concen-
trations between 6 and 15 particles per cm® (CMD ~0.7 pm).
The abraded particles from neat epoxy and epoxy/GNP com-
posites showed three modes, while those from epoxy/GO and
epoxy/rGO composites showed four modes. The first mode was
below 500 nm and analyzed by SMPS (Fig. 2a), while the other
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modes were in the micrometer range and measured by APS
(Fig. 2b).

The first modes of all abraded particles were between
300 nm and 400 nm, and no clear difference in the particle
size distributions among all abraded particles was observed.
For the other modes, there was no significant difference
between the particle size distributions of neat epoxy and those
of epoxy/GNP, whereas a notable divergence in the particle size
distributions between neat epoxy and epoxy/GO, epoxy/rGO
was apparent. For neat epoxy and epoxy/GNP, two modes were
detected. Mode 3 that ranged from 2 to 2.5 pm was more domi-
nant than mode 2 at 1 um. The particle size distributions of
epoxy/GO and epoxy/rGO from APS contained 3 modes. Mode
2 at 0.6 um was the least significant mode. For epoxy/GO, the
third mode at 0.8 pm was more prevalent than the fourth
mode at 2 pm. For epoxy/rGO, the difference between the frac-
tions of mode 3 at 0.9 um and mode 4 at 2 pm was not as large
as that of epoxy/GO. Considering cumulative fractions, larger
amounts of sub-micrometer particles were released from

(a) (b) 2 Measurementdata —— Fit 2" mode
A Meazurement data Fit 3" mode Fit 4" mode
Fit 1% mode Cumulative Fit Peak
20 - Neat epoxy Neat epoxy 7
1.0 E
00 i ;

E/GNP-1 ]

E/GNP-2

Fraction/dlogdg (-)
Fraction/dlogd, (-)

100
Electrical mobility, dg (nm)

1 10
Aerodynamic diameter, d, (um)

(c) Summary of mode size of the PSD measured by SMPS and the size range measured by

APS of abraded particles

Neat
Abraded particles E/GNP-1 E/GNP-2 E/GO-1 E/GO-2 E/rGO

epoxy
Mode size measured by SMPS (um) 0.333 0.302 0.314 0.338 0.327 0.341
Size range measured by APS (um) 1-2 1-2 1-2 0.6-2 0.6-2 0.6-2

Fig. 2 Particle size distributions (PSD) of the abraded particles from neat epoxy or epoxy/GRM (E/GRM) composites. (a) Particle size distributions in
the sub-micrometer range (13-573 nm) measured by SMPS. (b) Particle size distributions in the micrometer range (0.54-19.81 ym) measured by
APS. The measurement data were the average of at least three experiments. (c) Summary of the mode size of the PSD measured by SMPS and the

size range measured by APS of the abraded particles.
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epoxy/GO and epoxy/rGO as compared to neat epoxy and
epoxy/GNP composites.

Detection and quantification of free-standing and protruding
GRMs

Raman spectroscopy mapping was employed to differentiate
GRMs from epoxy in the abraded particles. The abraded par-
ticles from the epoxy/GNP-2 composite were used as a repre-
sentative for Raman spectroscopy mapping. To quantify the
fraction of the exposed GRMs from the abraded particles,
epoxy/GRM composites were produced using GRMs (GNP-1,
GNP-2 and GO-1) that had been pre-labeled with lead ions.
Abraded particles were subsequently subjected to acid treat-
ment and ICP-OES analysis to quantify the amount of Pb**
released from protruding and free-standing GRMs.>®

Detection of free-standing and protruding GRMs from the
abraded particles by Raman spectroscopy mapping

Owing to the distinctive Raman spectra of GNP, Raman
mapping was performed in order to differentiate GNPs from
epoxy in the abraded particles obtained from the epoxy/GNP-2
composites. The presence of free-standing and protruding
GRMs was confirmed by the Raman mapping of a representa-
tive area as shown in Fig. 3(a) and (b), which qualitatively
demonstrated the release of GNP-2 from the abrasion process
of the composites. The Raman spectrum of the reference
abraded epoxy particles exhibited the vibration of the epoxy
backbone at 1114, 1185, and 1460 cm™", the vibration of aro-
matic C=C at 1610 cm™" and the stretching vibration of the
aliphatic C-H bond at 2800-3000 cm™'. The reference spec-
trum of GNP-2 shows the typical D band at around 1355 cm™,
the G band at 1581 cm™ and the 2D band at 2700 cm™.
Fig. 3a shows a map of the intensity ratio of the 2D band
(center 2700 cm™", width 200 cm™") to an epoxy related band
(center 3065 cm™", width 60 cm ™). The non-selected area indi-
cated in gray was mainly the bare substrate not covered by the
abraded particles. The color scale indicated the darker color as
higher epoxy content and the brighter color as higher GNP
content. The fate of GNPs in the epoxy composites after the
abrasion process could possibly be explained by the represen-
tative Raman spectra in Fig. 3b. GNPs might be released from
the composite without notable transformation represented by
spectrum A, which was almost identical to the GNP reference
spectrum. GNPs might be transformed and released from the
composite during the fabrication or abrasion process resulting
in a defected structure as evidenced by spectra B and C
showing different I(D)/I(G) ratios from the reference GNP-2.
GNPs might be still embedded in a thin layer of epoxy (spectra
C and D) since the spectra show both the epoxy signature and
GNP peaks. The representative spectra from the flat surface
and cross-sectional surface of the composite (Fig. S6T) always
showed the epoxy feature because GNPs were covered by epoxy,
which could represent the GNP in the embedded form.
Therefore, we can assume that spectra A and B in Fig. 3b were
more likely to represent free-standing and/or protruding GNPs
because the epoxy feature did not appear. With Raman spec-

This journal is © The Royal Society of Chemistry 2020
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troscopy mapping, the presence of free-standing and/or pro-
truding GNPs (exposed GNPs) can be verified.

Quantification of free-standing and protruding GRMs by the
Pb”* labelling method

Pb>* adsorption and release capacity by GRMs. The release
of Pb** per unit mass of GRMs was determined to understand
the adsorption and release capacity from lead-loaded GRMs
(Fig. 3(c)). GO-1 released the highest amount of Pb** with a
value of 18.47 pg mg™" followed by GNP-2 with a value of
13.88 pg mg~'. A significant lower concentration of 4.39 pg
mg ™! was detected for the release of Pb>" by GNP-1.

Detection of exposed GRMs by lead ion release. Two control
samples, controls A and B, were analyzed to verify that the
lead ions measured by ICP-OES were correlated wih the
amount of GRMs and not due to unspecified leakage of lead
ions caused by the manufacturing and/or abrasion process.
Control A was evaluated to study whether lead ions can leach
from GRMs into the epoxy matrix. The results showed that
the concentrations of leaching Pb** ions from the control A
sample were not detectable by ICP-OES with a detection limit
of 0.1 mg L™". Therefore, prior to curing, lead ions did not
detach from the GRMs to leach into epoxy. However, Pb**
ions might be released from the GRM by dissolving to the
added hardener during the curing process under 80 °C,
which means that the detected Pb>" ions from the abraded
particles were not correlated with the amount of the exposed
GRM. It is not possible to confirm whether the lead ions were
released or not after adding the hardener and/or during the
curing process because the GRM cannot be removed from the
mixture of the epoxy, GRM and hardener after curing.
Therefore, control B was produced by directly adding the lead
ions into the epoxy to account for the maximum possible
fraction of Pb®>" ions leached out from the cured epoxy com-
posite by an abrasion process. The amount of added Pb**
ions was decided based on the worst-case scenario that all
Pb>" ions absorbed on the GRM can be released from the
GRM. Since the Pb*>" absorption and release capacity of GO-1
was the highest among the considered GRMs, the corres-
ponding amount of Pb*>" that can be absorbed and released
by GO-1 was selected as an extreme case assuming that all of
the Pb>* from GO-1 could be transferred into the matrix after
adding the hardener and then released by an abrasion
process. The released Pb>" detected from control B was 9.04 +
0.69% of the total amount of lead ions added to the epoxy,
which was the maximum possible fraction of lead ions
leached out from the epoxy matrix and the minimum was
0%. This range contributed to the final uncertainty of the
GRM release fraction.

Fig. 3(d) shows the amounts of free-standing and protrud-
ing GRMs (the exposed fraction of GRMs) calculated as the
ratio of the free-standing or protruding GRMs divided by the
total amount of GRMs embedded in the composite. The frac-
tion of 51% to 92% of the added GRMs in the composites was
present as free-standing and protruding GRMs. Highly exposed
fractions were measured for GNP-1 and GO-1 as 86.2 + 10.8%
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Fig. 3 Qualitative and quantitative detection of GRMs released from abrasion. Raman spectroscopy mapping of the abraded particles from E/
GNP-2 showing (a) map of the ratio of the intensity of the 2D band (center at 2700 cm™) as a marker of GNP-2 to the intensity of an epoxy related
Raman band (center at 3065 cm™). The compared Raman bands are indicated in (b) by gray areas. (b) Representative Raman spectra from different
regions in the mapping area as compared to the reference GNP-2 and abraded neat epoxy. Red lines are a guide to the eye indicating the GNP-2
related Raman bands. (c) Pb?* release capacity of GNP-1, GNP-2, and GO-1 from one representative example of each material. (d) Bar chart of the
release fraction of Pb?* from the control samples and the exposed fraction of GRMs from three epoxy/GRM composites. Three measurements were
performed for each sample. The average mean values are reported with the standard deviations. The concentration of Pb?* in control A (uncured
samples) was below the detection limit of 0.1 mg L™, which is marked by *.

and 92.0 + 15.5%, respectively. The fraction of the exposed
GNP-2 was 51.7 + 16.3%, lower than the other two GRMs.
Assessing the cellular effects of GRMs and abraded particles.
To understand the acute effects of the GRMs and abraded par-
ticles on lung macrophages in vitro, we assessed four end-
points from the oxidative stress paradigm including the for-
mation of ROS, depletion of GSH, induction of pro-inflamma-
tory responses, and additionally alterations in the cell mor-
phology and cell viability/cytotoxicity. Due to the high hydro-
phobicity of GNP-1 and GNP-2, a biocompatible detergent
Pluronic F127** was used to disperse these materials prior to
exposure to the cells. Other pristine GRMs and all of the
abraded particles were dispersed in endotoxin-free water.
Special attention was given to the potential interference of the
pristine GRMs with the different biological assays by the

10712 | Nanoscale, 2020, 12,10703-10722

inclusion of appropriate controls to test for catalytic activity,
quenching or intrinsic absorption. Interference was observed
only for GO-2 in the DCF assay at concentrations above 10 pg
mL™" (Fig. S12bt). Moreover, all pristine GRM particles
quenched the fluorescence signal in immunocytochemical
staining (Fig. S137). Toxic effects from particles released from
the abrasion wheel on differentiated THP-1 cells were not
expected as confirmed by the measurement of the marker
element of the wheel and in a previous study using a similar
experimental setup.*’

Impact on oxidative stress. Changes in ROS and antioxidant
glutathione are indicators of oxidative stress, which is fre-
quently observed as a response to nanoparticle exposure
caused by an imbalance of the generation of intracellular ROS
and a limited antioxidant capacity of cells.”>”>* GSH is an anti-

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Oxidative stress measured by DCF and GSH assays. ROS accumulation was assessed after 2 h of exposure to (a) pristine GRMs or (b) abraded
particles. 50 pM Sin-1, a morpholino compound, was used as a positive control. Antioxidant glutathione levels of THP-1 cells were measured after
24 h and 48 h of exposure to (c) GRMs and (d) abraded particles. 300 pM BSO was used as the positive control. The results show the mean + StEM
from at least three independent experiments. The * symbol represents p < 0.05 as compared to the negative control (untreated cells).

oxidant peptide that balances the production and destruction
of ROS. At high ROS levels, cells initiate a protective response
to promote their survival by activating transcription factors
and increasing the antioxidant defense (GSH). At high levels of
ROS, the protective response is overtaken by inflammation
leading to cytotoxicity. Pristine GRMs induced a dose-depen-
dent accumulation in the ROS formation after 2 h of exposure
in differentiated THP-1 cells (Fig. 4a) which was significant for
', Only GO-2
showed an initial increase in ROS formation followed by a

GO-1 at the highest concentration of 40 pg mL™

strong decrease at higher concentrations, which was due to the
quenching of the fluorescence signal (Fig. S12}). No signifi-
cant formation of ROS was observed for all abraded particles
(Fig. 4b). GSH levels were slightly decreased for all GRMs;
however, a significant dose-dependent reduction of GSH was
observed only after exposure to GNP-2 for 24 h (Fig. 4c). No sig-
nificant reduction in glutathione levels was detected after 24 h
and 48 h of exposure to the abraded particles (Fig. 4d).

Impact on pro-inflammatory responses. Pro-inflammatory
cytokines and chemokines, which are endogenous mediators
of the immune system, are a group of cytokines or chemokines
that are produced in response to inflammatory stimuli to
control the inflammatory response. To investigate the cytokine
production, we determined the release of four crucial pro-
inflammatory cytokines, i.e. TNF-a, IL-1f, IL-6 and IL-8, in the
supernatant. The pristine GRMs did not trigger a significant
release of IL6 and TNF-a, but there was a slight trend for a
dose-dependent increase of cytokine levels for GNP-1 and

This journal is © The Royal Society of Chemistry 2020

GNP-2 (Fig. 5). GNP-2 caused a significant increase in IL-1p
and IL8, but only at the two highest concentrations (20 pg
mL~" and 40 pg mL™"). The abraded particles from neat epoxy
and epoxy/GRM composites did not significantly elevate the
level of TNF-a, IL-1p, IL-6, and IL-8 in differentiated THP-1
cells after treatment of 6 h and 24 h for TNF-a and treatment
of 24 h and 48 h for the other cytokines (Fig. 5).

Impact on cell viability and cell morphology. Cell viability
and cytotoxicity were determined using the MTS assay that
measures the mitochondrial activity of cells and the LDH
assay, which determines the levels of released LDH following
cell membrane rupture. The pristine GRMs did not reduce
mitochondrial activity upon exposure to 40 pg mL™" for up to
48 h with the exception of GNP-2, which induced a time- and
concentration-dependent decrease in the cell viability
of differentiated THP-1 cells (Fig. 6a) and a subsequent but
transient increase in cytotoxicity (Fig. S14t). Treatment of
THP-1 macrophages with abraded particles from neat or GRM-
reinforced epoxy composites did not induce any decrease in
mitochondrial activity (Fig. 6b) or increase in the amounts of
released LDH (Fig. S147) after 24 h and 48 h of exposure.

No major alterations of the cell morphology, i.e. the cell
nuclei and F-actin cytoskeleton, were observed 48 h post-
exposure to the pristine GRMs or abraded particles (Fig. S137).
Some pristine GRMs quenched the fluorescence signal at
488 nm, in particular for GO-1 and GO-2. The deposition of
particles on the cells was confirmed from the phase contrast
images (Fig. S137).
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24 h of exposure. 1 pg mL™! LPS was used as the positive control. The results are shown as mean + StEM from at least three independent experi-
ments. The * symbol represents p < 0.05 as compared to the negative control (untreated cells).

Discussion

In this study, we focused on the human health risks of
GRMs concerning both occupational exposure to pristine
GRMs during the manufacturing process and consumer
exposure to the GRM-containing products. Therefore, we
investigated the particles released from GRM-reinforced
epoxy composites by an abrasion process. Moreover, the cyto-
toxicity of the pristine GRMs and the abraded particles was
assessed.

Particle size distributions

Addition of 1 wt% GO and 1 wt% rGO, enough to improve
the material properties of epoxy, induced considerable
changes in the particle size distributions of the abraded par-
ticles in the micrometer size range as compared to particles

10714 | Nanoscale, 2020, 12, 10703-10722

released from neat epoxy or epoxy/GNP composites. These
changes included the presence of an additional mode at
0.6 pum and an increase in the fraction of the particles with
the aerodynamic diameter around 1 um. This might be
related to the improvement in dispersion of GO in the epoxy
matrix as compared to the dispersion of GNPs in the epoxy
matrix because of an increase in interfacial adhesion
between GO and epoxy due to the presence of carboxylic
groups on the GO surface. A better dispersion could result in
an enhancement of mechanical properties, tensile
strength and toughness of the composites.”> As reported by
Chandrasekaran et al., the epoxy/thermally reduced GO com-
posite demonstrated higher fracture toughness than the
epoxy composite filled with GNPs.’>® The increase of tough-
ness could make the composites more difficult to crack,’”
leading to delamination of smaller particles. Since the

Le.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Cell viability measured by the MTS assay. MTS was performed to evaluate the cell viability of THP-1 macrophages after treatment for 24 h
and 48 h with (a) pristine GRMs or (b) abraded particles. 1000 uM CdSO,4 was used as a positive control. The results show mean + StEM from at least
three-independent experiments. The * symbol represents p < 0.05 as compared to negative controls (untreated cells).

addition of GO and rGO provoked the release of smaller par-
ticles as compared to the addition of GNPs, this indicated
that the released particles can be tuned or controlled via the
properties of GRMs. Nevertheless, this will need further
investigations and is not the aim of this study.

The PSDs of the abraded particles from all of the investi-
gated epoxy/GRM composites were in the same range
(between 70 nm and 3 pm) as the previously reported PSDs
for the epoxy system.*” In particular, the value of the first
mode of abraded particles from neat epoxy (0.333 =
0.0073 pum) was comparable to the value reported for neat
epoxy by Schlagenhauf and co-workers (0.326 + 0.040 um).*?
However, in contrast to our study where we did not observe a
noticeable shift of the first mode by adding 1 wt% GRMs,
they found that addition of 0.1 wt% and 1 wt% of CNTs
shifted the first mode of the abraded particles from 326 nm
to 392 nm and 415 nm, respectively. CNTs were found to

This journal is © The Royal Society of Chemistry 2020

form interconnected structures in the epoxy composites,®®
while GRMs could not form such interlinked structures due
to their innate 2D morphology. Consequently, the size of the
abraded particles from the composites containing an inter-
connected particle network might be increased because such
structures could reinforce the epoxy matrix. Total concen-
trations of the abraded particles measured by SMPS in our
study were around 5-fold higher than those reported by
Schlagenhauf et al., while the total concentrations measured
by APS from both studies were comparable. This suggested
that the experimental conditions used in this study could
generate a higher fraction of smaller particles as compared
to those used by Schlagenhauf et al.*> The divergence in the
PSDs of the abraded particles might be due to the use of
different abrasive materials (alumina and silica- versus
alumina-containing abrasive materials) or different abrasion
conditions (applied load of 0.5 kg versus 1 kg).

Nanoscale, 2020, 12,10703-10722 | 10715
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Detection and quantification of free-standing and protruding
GRMs

Pb>" adsorption and release capacity by GRMs. Adsorption
sites of metal ions include oxygen-containing functional
groups and delocalized = electron systems between the carbon
atoms or sp”> carbon of graphene sheets.”® The high Pb>*
uptake capacity of GO can be ascribed to the presence of
oxygen-containing functional groups on the surface of GO,
which can be confirmed from the Raman intensity ratio I(D)/
I(G). The intensities of D and G peaks are an indication of sp®
carbon and sp> carbon, respectively.®® As sp> carbons are the
main component of graphene sheets, the existence of sp’
carbon is associated with oxygenated functional groups. These
oxygenated groups facilitate the adsorption of metals on the
GO surface via three mechanisms, namely electrostatic attrac-
tion, ion exchange and surface complexation.®>*> In our study,
the I(D)/I(G) ratio of GO-1 was higher than those of GNP-2 and
GNP-1. Therefore, the high release capacity observed for GO
can be attributed to its high I(D)/I(G) ratio that correlated with
the high amount of oxygenated functional groups. The surface
of GNPs contained much lower amounts of oxygen and thus
GNPs had a lower capacity for lead ions than GOs. Other
studies reported a similar trend for rGO, whose surface con-
sists mainly of non-oxygenated carbons. For example, Li and
coworkers found a decrease in the maximum adsorption
capacity of rGO (47 mg g~ ") as compared to GO (299 mg g ').*

Detection of exposed GRMs by lead ion release. The potency
of the lead labelling method was evaluated using two control
samples (control A and B), which could identify the undesired
leaching of lead ions from GRMs. The amount of lead ions
leaching from GRMs into the epoxy matrix (control A) was
below the detection limit. Control B was carried out in the
worst-case scenario when all of the lead ions would detach
from GRMs after adding the hardener to understand how
much of the lead ions can be leached out of epoxy after the
abrasion process. We found substantially higher amounts of
lead ions released from Control B (9.04 + 0.69%) as compared
to the previous study for epoxy/CNT composites (0.1%).>° The
difference might originate from the use of 1 kg additional

E
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weight for abrasion in our study as compared to 0.5 kg
employed by another study.>® A higher applied weight could
result in smaller abraded particles as shown by the higher
total concentrations measured by SMPS in our study as com-
pared to another study.** Smaller particles, due to their larger
surface area, could lead to more leached lead ions. Even in
this worst-case scenario, the detached and leached ion fraction
(9%) was still substantially lower than the released ion frac-
tions measured from the abraded particles (51%-92%), which
demonstrated that the majority of the released ions were from
the exposed GRMs. In addition, we took the detached and
leached ion fraction into consideration in the assessment of
the uncertainty.

We measured the fraction of the GRMs that was presented
as a free-standing and protruding form relative to the amount
of added GRMs. The results showed a substantially high frac-
tion of protruding and free-standing GRMs in the abraded par-
ticles, which was 86.2 + 10.8%, 51.7 + 16.3% and 92.0 + 15.5%
for GNP-1, GNP-2 and GO-2, respectively. The highly exposed
fraction of GRMs from the abraded particles of the epoxy/GRM
composite could be explained by the failure mechanism of the
composite, which led to release of GRMs embedded in the
epoxy matrix. The failure mechanism of GRM-reinforced epoxy
nanocomposites was investigated in previous studies.®*
Interfacial debonding between the GRM and epoxy molecule
or adhesive failure could occur due to the weak interaction
between the GRM and epoxy resin. The cohesive failure inside
graphene sheets such as the breakage of the graphene layer
could simultaneously occur as evidenced in the previous
study.®*

The failure mechanism of epoxy/GNP composites could be
identified from the SEM images of the fractured surface of the
composite.®* Fig. 7 shows the SEM images of the freeze-frac-
tured surface of neat epoxy resin and the epoxy/GNP-2 compo-
site. The fracture morphology of neat epoxy (Fig. 7a) shows a
smooth and mirror-like surface with parallel ridges along the
direction of crack propagation. In the presence of GNP-2, the
fracture surface (Fig. 7b and c) is rougher in comparison to
neat epoxy resin and shows bulges and a fracture structure.

Fig. 7 SEM images of the crack surface of the freeze-fractured samples of (a) neat epoxy resin and (b), (c) epoxy/GNP-2 composite. Solid arrows in
(c) indicate pulled-out GNPs. Some parts of the pulled-out GNPs, seen as brighter areas when tilted upward from the fractured surface, detached
from the epoxy matrix. Dashed arrows in (c) indicate broken GNPs. Broken GNPs were still attached to the epoxy matrix and could be identified from

cleavages and voids on the fractured surface.

10716 | Nanoscale, 2020, 12,10703-10722
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Fig. 8 (a) TEM image of the abraded particles from the epoxy/GNP-2
composite showing the protruding GNP-2 (pulled-out GNP-2) from
epoxy resin marked with a dashed line and (b) layered structure of
GNP-2 at higher magnification.

This was due to the fact that the mechanical reinforcement
effect of GNP-2 could hinder and alter the path of crack propa-
gation.®* When the crack approached the GNP layer, it could
propagate along the interface between the GNP and epoxy
resin matrix. Since GNPs in our study were not functionalized,
they bound to epoxy resin by van der Waals force and not by
the covalent bond. Therefore, interfacial debonding could
occur between the epoxy matrix and GNP, which could be
described by pulled-out GNPs marked by solid arrows in
Fig. 7c. Since the pulled-out GNPs were partially or entirely
detached from the epoxy matrix, they could be identified from
the brighter areas implying that the pulled-out GNPs tilted
upward from the surface. In the abraded particles, the pulled-
out GNPs from epoxy matrix could be observed in the TEM
images in Fig. 8.

GRM agglomerates could also act as a stress concentrator
leading to cohesive failure inside the graphene layer since the
increasing number of graphene layers could reduce the
efficiency of stress transfer between graphene layers.’” In
Fig. 7c, ruptured GNPs, which could be identified from clea-
vages and voids on the fractured surface, were indicated by
dashed arrows. Therefore, interfacial debonding between the
GRM and epoxy matrix as well as the cohesive failure inside
graphene sheets can explain the high freely accessible fraction
of the GRM in the abraded particles.

The highly released fraction of GRMs is in strong contrast
to that reported in a previous study’® on the release of CNTs
from epoxy composites, which found only a minor amount of
exposed CNTs from the abraded particles of 0.4%. This might
be explained by the fact that GRMs and CNTs are extremely
different in terms of morphology and size. GRMs are a two-
dimensional material and their agglomerates are still a platelet
structure, while a CNT is one-dimensional material, but CNT
agglomerates can be formed by CNTs entwining together.
CNTs reported by Schlagenhauf et al>*** had an outer dia-
meter of about 13 nm and a length of 1-10 pm. In the epoxy
matrix, some CNTs can be coiled into a compact structure in
the range of 200-300 nm, while some CNTs can be chopped
during a three-roll milling process resulting in an average tube
length of 0.7 + 0.2 um.®® GRMs have a lateral size in the range

This journal is © The Royal Society of Chemistry 2020
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of tens to hundreds of pm. The sizes (projected area equi-
valent diameter) of the pristine GNP-2 from the SEM images
(Fig. S7t) ranged from 10 pum to 150 pm. The optical micro-
scopic images (Fig. S8a-ct) showed that after high speed
mixing, particles smaller than 10 um were observed and par-
ticles larger than 100 pm were still detected. This implied that
agglomerates of GNP-2 could be disintegrated by shear force
caused by a high speed mixer. After three-roll milling, the sizes
of GNP-2 particles were substantially reduced (Fig. S8d-f}) and
all particles observed were smaller than 16.5 pm. Similar
results after three-roll milling from the optical microscopic
images were also observed for GNP-1 (Fig. S91) and GO-1
(Fig. S107t) as their particle sizes were smaller than 8.5 pm and
11.5 pm, respectively. Detailed analysis of GRMs’ sizes during
processing is described in the ESIL.{ The sizes of the abraded
particles ranged from a few hundred nanometers to several
micrometers, which could be bigger than the size range of
CNTs, but smaller than that of the pristine GRMs. In other
words, GRMs were less likely to be entirely covered in the
epoxy matrix in comparison to CNTs, which was in agreement
with the TEM results in Fig. 8.

GNP-2 had the least amounts of exposed fraction and the
largest lateral dimension. GNP-1 and GO had smaller lateral
dimension and higher exposed fraction. If we consider a single
particle of GRMs, a smaller particle has a less accessible
surface and thus a weaker interaction between the surface of
GRMs and epoxy molecules. Therefore, smaller GRMs could be
more easily pulled out from the composites when the abrasive
force is applied on the composite’s surface. However, further
studies are needed to confirm this hypothesis. Nonetheless,
this lead-labelling approach provides the necessary quantitat-
ive values that are of extreme importance to properly assess
the cytotoxicity of the released particles.

Cell effects. Several studies propose oxidative stress as a key
mechanism for cytotoxicity of nanomaterials®*® including
GRMs’®’' leading to cell damage and eventually cell
death.”>”? Therefore, we assessed different relevant endpoints
of the oxidative stress paradigm including ROS formation,
GSH depletion, pro-inflammatory cytokines as well as cell via-
bility/cell death in differentiated THP-1 human macrophages.
We focused this study on macrophages, since they are phago-
cytic cells that are an important part of the host defense and
play a key role in cellular responses to particles that deposit in
the lungs.*>”"7* Alveolar macrophages are present in the
surface-lining layer of the alveoli and in the interstitial space
of the lung parenchyma. They respond to and internalize
foreign substances and particles and are a major source of
cytokine/chemokine production, underlining their importance
for acute inhalation toxicity assessment in vitro.”*’> Another
important consideration is the use of realistic concentrations.
Occupational exposure to GRMs can only be estimated from
the existing limits of CNT exposure, where a full working life-
time exposure would result in an alveolar mass retention of
10-50 pg cm~> and acute respiratory exposure (24 h) would be
in the range of 1 ug cm >.”° The doses from 5-40 pg mL ™"
used in this study correspond to 1.3-25 pg cm™> in the
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different plate formats and therefore cover realistic doses at
5 ug mL™" and slightly overdose levels at 40 ug mL™".

All GRMs induced ROS after 2 h of cell exposure, but we
only found a slight decrease in GSH, which indicates some oxi-
dative stress. For GNP-2 the strong drop in the GSH level does
not necessarily occur due to the induction of oxidative stress
by the particles but could be partly a secondary response fol-
lowing the induction of cell death. The slight increase of GSH
levels from 24 h to 48 h exposure might indicate that the cells
partially adapted with the oxidative stress response by acti-
vation of antioxidative responses and enzyme scavenging
systems. According to the oxidative stress paradigm, prolonged
oxidative stress to cells may result in the activation of inflam-
matory responses.”* Studies with different types of immune
cells (Jurkat, THP-1, PBMC and RAW 264.7)>"""7* showed an
induction of cytokine release as a consequence of GRM
exposure. Additionally, Schinwald and colleagues confirmed
that cytokine release was stimulated by phagocytosis of
GRM.*"! However, we did not detect a significant pro-inflamma-
tory response although we observed that the cells were in close
contact with particles. Only GNP-2 slightly induced the
expression of the different pro-inflammatory cytokines at the
two highest concentrations (20 and 40 pg mL™"). As the ulti-
mate and most deleterious outcome of the oxidative stress
paradigm, we analyzed if GRM exposure did reduce the cell
viability and result in cell death. GNP-2 induced a time- and
concentration-dependent decrease in the mitochondrial
activity of differentiated THP-1 macrophages as measured by
the MTS assay, while membrane rupture as an indicator of cell
death followed a dose-but not time-dependent response. This
could suggest a more sustained impact of GNP-2 on the mito-
chondrial enzyme activity that did however not lead to cell
death. The decrease in cytotoxicity from the 24 h to 48 h time
point may be explained by a partial adaptation of the cells to
GNP-2 induced oxidative damage. For the other pristine
GRMs, we did not observe any significant acute adverse effects
on cell viability or cytotoxicity up to 48 h of exposure.
Nevertheless, further studies should address if prolonged
exposure to relatively biopersistent GRMs*> may induce a more
pronounced oxidative stress response with oxidative damage to
proteins and DNA in the cells and long-term adverse effects.
Furthermore, addition of radical scavengers such as
N-acetylcystein could help to further corroborate the role of
ROS in GNP-2 induced cell death since some of the observed
effects may also be secondary due to cell death.

It is well known that there is a strong correlation between
the biological activity of nanoparticles and their physico-
chemical properties.”® This is also the case for many carbon-
based materials, where a complex interaction of several charac-
teristics is defining their toxicity.”® By choosing five GRMs, we
intended to cover a large part of GRM characteristics and to
relate their properties to their biological activity. In general the
biological activity of particles increases as the particle size
decreases.® Similar results have been reported for GO,
showing a more significant impact on the immune cells of
smaller GO flakes in comparison to bigger GO flakes.”

10718 | Nanoscale, 2020, 12, 10703-10722
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Additionally, it was shown that GRMs with a smaller lateral
size and increased functional group densities showed a larger
impact on epithelial cells.>” For GNPs, we found a positive cor-
relation between the lateral size of the particles and their tox-
icity while no such effect was apparent for the different GO
materials, probably due to the relatively small difference in
their lateral dimensions. Another study from Mendes and co-
workers®* further showed the size affected uptake of GO by
macrophages with a preferential internalization of larger GO
flakes and clusters. However, we could not verify the preferen-
tial uptake of larger particles since it is technically challenging
to quantify the internalization of label-free GRMs.

Studies focusing on composites found that the abraded par-
ticles from polymer/CNT composites did not cause acute toxic
effects,>’””’® which is comparable to our findings. Wohlleben
and colleagues, who investigated the in vitro toxicity of the
abraded particles from polyurethane/3% CNT composites on
lung tissue, also found no significant increase in toxicity from
the addition of CNTs to the polymer matrix.”” Similarly, the
abraded particles from epoxy/1% CNT composites did not
show any acute cytotoxic effects, i.e. an increase in ROS for-
mation, DNA damage, an increase in TNF-a and IL-8, and a
decrease in mitochondrial activity, on A549 human alveolar
epithelial cells or THP-1 differentiated macrophages.*® They
reported only a very low release of free-standing or protruding
CNTs (0.4%) and that CNTs were mostly embedded in the
polymer matrix, which could explain the absence of cytotoxic
effects. However, in our study, we found substantially high
fractions of exposed (free standing or protruding) GRMs in the
abraded particles (86%, 92% and 51% for GNP-1, GO-1 and
GNP-2, respectively). While 20 ug mL ™" GNP-2 were cytotoxic to
THP-1 macrophages, even 40 pg mL™"' of abraded particles
from epoxy/GNP-2 composites did not affect any of the investi-
gated endpoints.

Previous studies showed that the neat epoxy or other
polymer matrix materials did not induce (pro-)inflammatory
responses.®®”*%® Similarly, this study also confirmed that the
abraded particles from neat epoxy do not elicit any inflamma-
tory responses. Therefore, the potential inflammation could
only be expected due to the protruding or released GRMs or due
to the formation of new materials from the mixing of GRM with
epoxy and from the fabrication process of the composite. In the
former case, where the toxicity was caused by the released
GRMs and assuming no transformation of the GRMs from the
processing, we did not expect significant pro-inflammatory
responses since we did not find any pro-inflammatory response
for pristine GRMs with the exception of a low response from a
high concentration of GNP-2 exposure, which was confirmed in
our experiments. Moreover, only 1 wt% GRM is added to the
epoxy composite and thus, even with a release of 100% of
GRMs, the cells would be mostly exposed to epoxy materials.
For example, 20 pg ml™" exposure to abraded particles would
correspond to 0.15 pg ml™" exposure to pristine GRMs. In the
latter case, where the transformation of the materials could
occur during the processing, we showed that the abraded par-
ticles did not induce cytokine expression. This indicated that

This journal is © The Royal Society of Chemistry 2020
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the transformation of the materials did not result in the for-
mation of new particles with immunotoxic properties.

Conclusions

The release of the particles from the GRM-reinforced epoxy
composites is dependent on the GRM type as evidenced by our
findings showing that the addition of GO and rGO induced
the release of a new mode at around 0.6 pm of the abraded
materials as compared to innate epoxy or epoxy/GNP compo-
sites. This reveals the potential to tune the release of the par-
ticles. In order to evaluate potential health risks of particles
released from GRM-reinforced epoxy composites and pristine
GRMs, we assessed the acute toxicity of physicochemically
distinct GRMs and epoxy/GRM composites on human macro-
phages. A significant fraction of the embedded GRMs
(51-92%) was released in the free-standing and protruding
form in the abraded particles. Pristine GRMs induced some
oxidative stress responses and in the case of GNP-2 even cell
death. However, the abraded particles from epoxy/GRM com-
posites did not reveal any adverse cell responses in human
THP-1 macrophages, which was probably due to the low per-
centage of GRMs used in the composites and limited intrinsic
in vitro toxicity of the GRMs. Therefore, GRMs with appropriate
size and chemical properties in the appropriate concentration
range may be good options as nanofillers with limited human
health impact.
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