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Abstract

The use of graphene and carbon nanotubes as part of commercial products has already
been implemented in a wide variety of industrial sectors thanks to their outstanding
physicochemical properties, opening the door to possible occupational and consumer
exposure. Macrophages hold major importance in phagocytosis and immune activation
against nanomaterials, so human primary macrophages are the most appropriate human
models to obtain adequate information about health effects of nanomaterials. In this study,
different types of industrially-employed graphene and carbon nanotubes were compared,
to understand how their physicochemical properties affect cell behaviour using primary
macrophages extracted from human blood donors. The phagocytic profiles were
correlated with the toxicity effects provoked in the macrophages, looking to cell viability,
membrane disruption and production of reactive oxygen species. To understand how
these commercial nanomaterials could affect immune responses, this work was completed
with a comprehensive study involving the activation of macrophages after interaction
with the nanomaterials. This study provides conclusive results about the activated
macrophage phenotypes and cytokine production profiles, including how the
nanomaterials affect the communication of macrophages with the rest of immune cells
and providing new insights about how the immune system is able to degrade these carbon-

based nanomaterials.
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1. Introduction

The interest and importance of carbon-based nanomaterials has increased exponentially
during the last decades. The use of graphene and carbon nanotubes for industrial
applications has already been implemented in a wide variety of industrial sectors thanks
to their remarkable physicochemical properties and multiple applications.>? However, the
employment of these nanomaterials as part of commercial products opens the door for the
possibility of occupational exposure and consumer exposure.>* For this reason, obtaining
adequate information about the health effects of these nanomaterials in appropriate
human models is of great importance.

Macrophages, as one of the most important cells involved in the mononuclear phagocytic
system (MPS), pose major importance in phagocytosis and immune activation against
exogenous agents, including nanomaterials, acting as one of the first barriers after
exposure in many human tissues.® In agreement, macrophages represent one the most
relevant human models to predict and understand the possible effects of nanomaterials in
human health.

Although few studies have previously focused on the possible effects of graphene or
carbon nanotubes in macrophages, the diversity on the experimental conditions and
macrophage models employed, and the low number of comparative studies involving
different types of graphene and carbon nanotubes make it difficult to extract general
conclusions. Between the different commonly employed macrophage models, the
majority of these studies were performed in murine macrophages®® or immortalized
macrophage cell lines.2%2 It has been extensively reviewed how the immune system
differs between mice and humans,** and how gene expression levels varies significantly
between immortalized cell lines and healthy actual cells,*® revealing both as not highly-
realistic models in contrast to the primary cell model, one of the most true-to-life
models.’® The use of human primary macrophages obtained directly from healthy donors
for carbon nanotoxicity studies is scarce.'®'® However, it currently represents the most
convenient and realistic human macrophage model.

Even though the usage of human primary macrophages is not usual for general toxicity
experiments, the employment of nanomaterials industrially used for commercial products
already available in the market is highly unusual. Most of these studies are performed
with graphene and carbon nanotubes produced for research purposes, even if the real
human exposure risk of these samples is extremely low in these cases. In contrast, limited

studies have been performed to date with graphene or carbon nanotubes employed in
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commercial products available in the market, whose exposure is generally occurring daily
for workers and consumers. In addition, endotoxin has been described as a common
contaminant in nanomaterial samples, which strongly affects and modulates the
immunological response provoked by the nanomaterials, distorting the results obtained
specially related to macrophage activation and cytokine production.’® However, the
number of studies which tested the presence of endotoxin on the studied nanomaterials is
only a small fraction of what is available in the literature.®

One of the main goals of this study consisted on shedding light on these important aspects
of nanotoxicity. In this work, different types of industrially-employed graphene and
carbon nanotubes have been selected to assess their impact.. After a careful
physicochemical characterization of the nanomaterials, they were dispersed by a
standardized protocol to ensure uniform dispersion and comparable results. The
interaction with macrophages was performed in human primary macrophages derived
from monocytes and extracted from blood donors, ensuring the fidelity and reliability of
the results. Using these cells, several studies were performed to test the toxicity associated
with these nanomaterials, including membrane damage and oxidative stress, along with
the characterization of nanomaterial phagocytosis. Macrophage activation and cytokine
secretion assays were carried out to understand the inflammatory and immunologically-
related responses in order to predict possible exposure outcomes. Even if a profuse
phagocytosis was detected for both nanomaterials, carbon nanotubes evidenced a
significant oxidative stress, while all tested graphene nanomaterials caused an increase of
cytokine IL-8 expression. This study not only analyzes the potential of macrophage
effects of these nanomaterials, but it also paves the way for future standardization of
macrophage-nanomaterial studies and extracts insights about their possible

biodegradation mechanisms.

2. Materials and methods

2.1. Characterization of carbon nanomaterials

Industrially employed graphene nanoplatelets and carbon nanotubes were Kkindly
provided by the companies Creative Nano, Graphene-XT and OCSiAl Europe Sarl in the
framework of the DIAGONAL European project. Graphene nanoplatelets provided by
Creative Nano (GCN) are commercially available (av-PLAT-7, Avanzare). Graphene-XT
provided two different samples. GXTs sample is composed of commercially available
graphene nanoplatelets xGnP® grade C-500 (XG Sciences), while GXTm sample is a
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mixture 1/1 in weight of xGnP® grade M-15 (XG Sciences) and GXNAN Pellet/Powder
(Nanesa). Single-walled carbon nanotubes (SWCNTs) were provided by OCSIAl
company, commercially available as TUBALL™., Thermogravimetric analysis (TGA)
was performed on a STARe TGA 1 (Mettler Toledo) instrument with a ramp of 10 °C/min
from 30 °C to 900 °C, under N2 flow rate at 50 mL/min and samples deposited on
platinum pans. X-ray photoelectron spectroscopy (XPS) analysis was performed on a
Thermo Scientific KAlpha X-ray photoelectron spectrometer with a basic chamber
pressure of 10%-10° bar and an Al anode as the X-ray source (1486 eV). The samples
were analysed three times as powder, with a spot size of 400 um, the survey spectra were
collected as an average of 10 scans with a pass energy of 200 eV, with a step size of 1 eV
and a flood gun turned on during analysis. A Quanta 250 FEG (FEI) equipped with a
retractable scanning transmission electron microscopy (STEM) detector was employed
for the electron microscopy observation of the dispersed nanomaterials working at a
voltage of 30 KeV in STEM mode. The hydrodynamic diameter and polydispersity index
(PDI) of dispersed nanomaterials were determined by dynamic light scattering (DLS)
analysis using a Zetasizer Lab DLS instrument (Malvern Panalytical). Samples were
diluted at 0.1 mg/mL concentration in Milli-Q® water or complemented RPMI (CRPMI),
DLS measurements were performed at 25 °C and data were represented in intensity. (-

potential was measured in similar conditions in Milli-Q water.

2.2. Dispersion of carbon nanomaterials

For the dispersion of graphene samples, the standard operation procedure (SOP)
corresponding to a generic dispersion protocol developed under EU NANOGENOTOX
Joint Action,?® was employed. Briefly, 30 uL of EtOH were added to 15.36 mg of each
nanomaterial prior to the addition of 5.97 mL of bovine serum albumin (BSA) (Millipore,
ref. 126579-10GM) aqueous solution at 0.5 mg/mL. The suspensions were sonicated in
scintillation vials inside an ice bath by probe sonication for a total energy delivery of 7053
J, in our case using a previously calibrated sonicator VC 505 (Sonics & Materials) with a
probe of 6 mm for 11 min and 15 s at an operation amplitude of 20 %. Prior to macrophage
addition, the nanomaterials were freshly dispersed. Endotoxin-free BSA was filtered
employing a 0.2 pm just after dispersion in water to avoid contamination or endotoxin-
related problems. For the dispersion of the carbon nanotubes, it was necessary to modify
the NANOGENOTOX SOP by changing the BSA dispersing agent by Pluronic F-127
(Sigma-Aldrich, ref. P2443) at 2 mg/mL and dispersing the nanomaterial at a final
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concentration of 1 mg/mL without the need of pre-wetting with EtOH. The endotoxin
quantification of the dispersed nanomaterials was carried out according to manufacturer
instructions employing the CHROMO-LAL kit (Associates of Cape Cod, ref. C0031-5).

2.3. Isolation and Differentiation of PBMC-Derived Monocytes to Macrophages

Human peripheral blood monocytes were isolated from buffy coats obtained from the
French Blood Bank (Etablissement Frangais du Sang, Strasbourg, France, contract no.
ALC/PIL/DIR/AJR/FO/606). The blood samples were from anonymous healthy donors
and they do not require ethical approval. CD14+ cells were isolated from healthy donor
PBMCs using a positive selection kit (Miltenyi Biotech, ref. 130-050-201) and
differentiated to macrophages using 40 ng/mL of M-CSF (Biolegend, #574804) for 5 days
with refreshment of the cell culture medium at day 2-3. Unless otherwise stated, 1x10°
macrophages/well in 96 well plates were employed for most of the macrophage-related
experiments. Cells were treated with 100 pL of the nanomaterials diluted in cRPMI or
with the controls for 24 h on day 5 and analysed on day 6. Cells were cultured in cRPMI
(Lonza) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1%
penicillin/streptomycin at 37 °C with 5% CO. To estimate the concentration of
nanomaterials interacting with the cells, light absorbance measurements of the cells
incubated with the nanomaterials or of nanomaterials in cell culture medium were
collected using a Varioskan LUX (ThermoFisher Scientific) plate reader at 500-800 nm.
To this end, the absorbance spectra of different concentrations of each nanomaterials were
measured in the cell culture medium to produce calibration curves at 500, 600, 700 and
800 nm. After that, the absorbance spectra of the nanomaterials internalized by the cells
were measured, interpolating their absorbance at 500, 600, 700 and 800 nm with the
corresponding calibration curve to increase the accuracy of the measurement. All
experiments with macrophages conducted in this study were performed in triplicate and
analysing independently the responses produced in macrophages extracted from at least

3 different blood donors.

2.4. LDH release assay
LDH release was analyzed employing the kit CytoTox 96 Non-Radioactive Cytotoxicity
Assay (Promega, ref. G1781) according to manufacturer instructions. Briefly, 50 pL/well



of culture supernatants from the treated macrophages were collected and mixed with 50
puL of the Cytotox reagent of the kit in a new 96 well-plate. After light-protected
incubation of 30 min at room temperature, 50 pL of stop solution (1 M acetic acid) was
added and absorbance at 490 nm was measured using a Varioskan LUX (ThermoFisher
Scientific) plate reader. Positive controls of released LDH were treated with 15 pL of
lysis buffer (included in the kit) for 45 min at 37 °C before starting the protocol.

2.5. ATP content viability assay

Viability of the cells was determined by quantifying the ATP content by the employment
of CellTiter-Glo 2.0 Assay (Promega, ref. G9242). Nanomaterial-treated macrophages
were washed with 100 puL of PBS and 100 uL of cRPMI were added. Fifty uL of CellTiter-
Glo 2.0 reagent were added and the plate was orbitally shaken for 2 min. After 10 min
incubation at room temperature, luminescence was recorded for an integration time of 1

s on a Varioskan LUX plate reader (ThermoFisher Scientific).

2.6. Reactive oxygen species (ROS) production quantification assay
Nanomaterial-treated macrophages were washed with 100 pL/well of PBS and the
macrophages were incubated with 100 puL of 10 uM CM-H2DCFDA (ThermoFisher
Sciencific, ref. C6827) in PBS for 30 min at 37 °C. Samples were washed with 100
puL/well of PBS and 100 pL of cRPMI were added. Fluorescence emission was recorded
using an excitation wavelength of 495 nm and an emission wavelength of 527 nm in a
Varioskan LUX (ThermoFisher Scientific) plate reader. Positive controls were treated
with 100 uM of H20».

2.7. Electron microscopy visualization of the macrophages

For TEM imaging, macrophages were cultured in 24-well plates over glass slides at a
density of 6x10° cells per well and exposed to 600 pL of nanomaterials at 50 ug/mL in
completed RPMI for 24 h along with control untreated cells. Then, macrophages were
washed with PBS and twice with cacodylate buffer. The fixation in 2.5 % glutaraldehyde
in cacodylate buffer was performed at 4 °C overnight, followed by rinsing thrice with
cacodylate buffer. Macrophages were post-fixed with 0.5% osmium tetroxide in water
for 1 h at room temperature and washed thrice with Milli-Q water. Macrophages were

then dehydrated through a series of ethanol baths: 25% ethanol for 10 min, 50% ethanol



for 10 min, 70% ethanol for 10 min, 95% ethanol for 15 min and 3x100% ethanol for 15
min. After that, macrophages were soaked in 1:1 ratio of 100% ethanol and Epon
overnight at 4 °C. The day after, the cells were rinsed with Epon for 4 h. Final inclusion
of Epon into the cells was done by polymerizing Epon at 60 °C for 48 h. Afterward, the
polymerized blocks containing the macrophages were sliced into ultrathin sections of 80
nm of thickness using a diamond knife attached to a ultramicrotome cutter (Leica EM
UCB6). Each of the ultrathin sections were then collected on copper grids, stained with 1%
uranyl acetate for 5 min followed with lead citrate staining for 2 min. Finally, the
macrophage ultrathin sections of 80 nm thickness were examined by TEM at 80 kV
(Hitachi H7500, Hitachi High Technologies Corporation) equipped with an AMT

Hamamatsu digital camera (Hamamatsu Photonics).

2.8. Macrophage activation assays

Activation of the macrophages were assessed using flow cytometry (Beckman Coulter
Gallios). Control (untreated) and nanomaterial-treated cells were washed with 100 pL of
PBS and cells were detached by pipetting PBS with 2% FBS and 2 mM EDTA. Positive
controls of M1 activation were incubated with LPS at 10 ng/mL and for M2 activation
with 20 ng/mL IL-4 (Peprotech, #200-04) and 20 ng/mL IL-13 (Biolegend, #571102) for
24 h prior to analysis. The cells were washed with 2% FBS in PBS and stained with the
respective antibody at 1:50 dilution in 2% FBS in PBS at room temperature for 15 min.
The anti-human antibodies used were CD14-FITC (BD Pharmingen, ref. 555397), CD86-
FITC (BD Pharmingen, ref. 555657) and CD206-FITC (BD Pharmingen, ref. 551135).
After staining, cells were washed with FACS buffer, resuspended in FACS buffer and

analyzed by a flow cytometer.

2.9. Cytokines secretion analysis

Secretion of the cytokines IL-1p (BD Opt-EIA #557953), TNF (BD Opt-EIA #555212),
IL-6 (BD Opt-EIA #555220), IL-8 (BD Opt-EIA #555244), IL-10 (BD Opt-EIA
#555157) and IL-12 (BD Opt-EIA #555183) were assessed by ELISA kits according to
the manufacturer’s instructions. Briefly, polyvinyl microtiter 96-well plates (Falcon)
were coated overnight at 4 °C with 50 pL/well of purified capture antibodies diluted in
coating buffer (carbonate/bicarbonate buffer 0.05 m, pH 9.6). After washing with PBS



containing 0.05% Tween (PBS-T) for 3 times, a blocking step was performed by adding
2% FBS in PBS (50 pL per well) for 1 h at room temperature. After washing thrice with
PBS-T, 50 uL of a respective series of standards dilutions provided in the kits or 50 uL.
of culture supernatants from the treated macrophages were added in the respective wells.
The plates were incubated at room temperature for 2 h and washed thrice with PBS-T.
Secondary antibodies and horseradish peroxidase provided in the kit were then added
together and incubated for 1 h at room temperature. Then, the plates were washed five
times with PBS-T and the detection reaction was started by adding tetramethylbenzidine
in the presence of H>O». The reaction was stopped after 15 min at room temperature by
the addition of 2 N HCI and the resulting absorbance was measured at 450 nm in a

Varioskan LUX (ThermoFisher Scientific) plate reader.

2.10. Statistical Analysis

Experiments were conducted at least three times with macrophages obtained from
different blood donors and results were expressed as mean + standard deviations.
Statistical analysis was processed using GraphPad Prism 8 software and one-way
ANOVA followed by Bonferroni’s test was performed to determine the statistical
differences among samples versus control untreated cells (*p < 0.05; **p < 0.005, ***p
<0.0005).

3. Results and discussion

3.1. Physicochemical properties of the nanomaterials

The physicochemical properties of carbon nanomaterials determine their impact in a
biological context. Properties such as size, thickness, surface composition and shape
control the interaction with the rest of biological environment components, govern the
protein corona formation and the cellular interaction and internalization, determining the
toxicity profiles and the immune response. In this study, different industrially employed
carbon nanomaterials with different shapes, sizes and compositions, employed in a wide
variety of applications, were selected for their comparison in terms of macrophage
interaction, nanotoxicity and immune response (Figure 1). GCN graphene is employed
by Creative Nano company to produce anticorrosion composite coatings of metal
matrixes, with industrial application in automotive and oil and gas tanks. GCN is in the
form of nanoplatelets showing a lateral size of 7.2 um, a thickness of 12 nm composed
by a multi-layered structure with an average number of 40 layers (Figure S1) and a
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Brunauer—-Emmett—Teller (BET) surface area of 70 m?/g, according to suppliers. GXTs
and GXTm are employed by Graphene-XT to produce textiles with electrical and thermal
properties and reinforced coating formulations for paints. GXTs graphene nanoplatelets
possess a particle lateral size below 2 um, thickness of few nm (Figure S2) and a BET
surface area of 500 m?/g, while GXTm sample was composed of a mixture of graphene
sheets of 15 um, with 6-8 nm thickness (Figure S3) and surface area 120-150 m?%/g.
SWCNTSs are utilized by OCSIAl as ingredient in an epoxy floor additive for industrial
floor coatings in order to take advantage of their antistatic and mechanical properties.
These single-walled carbon nanotubes are produced with a diameter of 1.6+0.4 nm,
approximately 5 um length (Figure S4), a BET surface area between 300 and 700 m?/g
and they can contain until 10-15% of iron nanoparticles inside the carbon nanotubes due

to the fabrication process according to the manufacturer.

Technique GXTs GXTm T GON SWCNT
Z-Average (nm) 38866 6767 540+118 468+67
Z-Potential (mV) -35.320.5 -18.8+0.6 -6.9+0.3 -25.6+0.5
TGA (%) 28.4 16 0.7 2.2

XPS %0 10.2 3.0 2.7 2.9

% C 89.8 97.0 97.3 97.1

Figure 1. Physicochemical characterization of the carbon nanomaterials employed in the study:
GXTs, GXTm, GCN and SWCNTSs. Top panels, STEM images of the nanomaterials after their
dispersion employing NANOGENOTOX protocol. Bottom table, Z-Average size measured by
DLS after nanomaterial dispersion and Z-Potential, % of weight loss at 700 °C using TGA and

XPS elemental quantification.



The different nanomaterials were also analyzed by TGA (Figure 1 and Figure S5).
Almost no mass loss (<2.2%) was measured during the analysis of GCN, GXTm and
SWCNTSs, indicating the absence of organic components or functional groups in their
structure. GXTs showed instead an unexpected loss of mass of about 28% starting at 300
°C indicative of the presence of some functional groups or organic compounds in this
sample.

As the surface composition of a nanomaterial or a nanoparticle determines the protein
corona formation and their interaction with the cellular membranes,® the surface
characterization was of great importance in this study. Using XPS, it was possible to
determine the atomic percentage in the surface of the nanomaterials (Figure 1 and Figure
S6). No other atomic elements than carbon and oxygen were detected in concentrations
beyond the limit of detection of the technique in any of the samples. As expected, C
appeared as the major element in all the samples, while O was found in low percentages
in CGN, GXTm and SWCNTs, indicating almost any degree of oxidation of the samples.
However, GXTs showed a 10.2 % of O, indicating a higher degree of oxidation or organic
groups on its surface, in agreement with TGA result.

To properly evaluate the nanomaterial-biological interaction in aqueous environments, it
IS necessary that the nanomaterial remains colloidally dispersed, since non-dispersed
nanomaterials will behave as macroscale materials without interactions at the cellular
scale.?! For this reason, the dispersion of the nanomaterials is a crucial parameter for their
hazard assessment, which is not always taken into consideration. The wide range of
dispersing agents and dispersing methodologies employed in the literature complicate
severely their comparison in the nanosafety field. In this context, we would like to
encourage the employment of standardized dispersion protocols for hazard assessment.
For this study a standard operation procedure (SOP) for nanomaterial dispersion
developed under EU NANOGENOTOX Joint Action, based on BSA as dispersing agent
and probe sonication, was adopted for the dispersion of GXTs, GXTm and GCN.
However, SWCNTSs remained particularly difficult to disperse and this protocol was not
efficient to obtain a homogeneous colloidal dispersion. Although the risk of exposure to
SWCNT in aqueous media is extremely low, there are other exposure routes such as
dermal exposure or inhalation where carbon nanotubes can interact as nanoforms with
cells and macrophages.?? For this reason, the standard dispersion protocol was adapted
employing Pluronic F-127 to have the opportunity to study macrophage-carbon nanotube

interaction.
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DLS is commonly employed as the gold standard technique to analyse dispersion of
nanoparticles and nanomaterials.?® DLS was employed to analyze the nanomaterial
dispersion degree after their suspension on BSA/water and in cell culture medium
determining the Z-average size according to 1SO22412:2008 (Figure 1, Figure S7 and
Figure S8). We would like to underline that it has to be taken into account that DLS is a
technique designed to measure the size of spherical particles with a monodisperse
distribution and with a total colloidal stability. When one of these conditions are not
fulfilled, the equipment registers the scattering pattern of the sample and tries to model it
to the scattering of a perfectly dispersed spherical particle.?* For this reason, the size
provided by the equipment is the hydrodynamic diameter of a spherical nanoparticle with
a scattering patterning similar to the one measured for the sample. In conclusion, it is not
possible to precisely measure the size of 2D or rod-like nanomaterials and the DLS size
obtained would something intermediate between the largest and shortest dimensions.
However, this technique is highly useful to estimate the dispersion of anisotropic
nanomaterials and in all the cases the nanomaterials employed in this study showed a Z-
average size below the sub-micron scale, enough dispersed for cellular studies. As
expected, the Z-average size of the four nanomaterials studied showed an intermediate
value (from 380 nm to 680 nm) between the largest dimension (several microns) and the
shortest dimension (few nm) observed in the STEM images. The surface charge was also
analyzed after the dispersion of the nanomaterials (Figure 1), showing a negative Z-
potential (from -7 to -35 mV) in the four cases as expected.

As previously mentioned, endotoxin strongly affects and modulates the immunological
response provoked by the nanomaterials,*® although its presence is not sufficiently
analyzed in an important portion of the available studies, misrepresenting their results.
To ensure that endotoxin levels were not affecting our study, an endotoxin LAL assay
previously employed to ensure endotoxin-free carbon nanotubes'® was employed to prove
the absence of endotoxin in our study. In this line, we found particularly important to
employ endotoxin-free BSA in sterile conditions for the dispersion protocol to avoid
bacteria proliferation and endotoxin contamination of the samples. When endotoxin-free
BSA in sterile conditions was employed, the endotoxin levels of the four nanomaterials
studied remained below the limit of detection.

3.2. Macrophage cytotoxicity, membrane integrity and cell stress
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After ensuring the absence of undesired endotoxins in the tested nanomaterials and their
proper dispersion, a study was carried out to analyze the basal cytotoxicity associated
with the four types of carbon nanomaterials. Human primary macrophages obtained from
blood donors!’ were exposed to the nanomaterials at different concentrations (10, 25, 50
and 100 pg/mL) for 24 h and the ATP content was determined to evaluate the viability of
the cells (Figure 2A). No signs of toxicity were detected for any of the graphene samples
or for the dispersing agents BSA and Pluronic F127 (Plur 127). However, a slight but
non-significant decrease of viability was observed for the carbon nanotubes at 50 ug/mL
and a significant decrease of 26 % when exposed to SWCNTs at 100 pg/mL in
comparison with untreated cells, proving a certain degree of cytotoxicity associated to
carbon nanotubes at higher doses. It is noteworthy that ATP content assay was compared
in preliminary studies with MTS assay and other commonly employed fluorescent
techniques for viability determination (data not shown) and that ATP content assay
showed the most consistent results without interferences related to carbon nanomaterials
thanks to the employment of luminescence for the quantification instead of absorbance
or fluorescence. For these reasons, we would like to suggest this technique as a
complementary additional alternative for the standardization of viability measurements
concerning carbon-based nanomaterials or other nanomaterials with strong optical
absorption properties. The results obtained with ATP content determination were
consistent with complementary measurements using Fixable Viability Dye eFluor® 450

during flow cytometry analysis (data not shown).
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Figure 2. A) ATP content viability assay results of the macrophages after incubation for 24 h
with the nanomaterial samples: GXTs, GXTm, GCN and SWCNT at different concentrations (10,
25, 50 and 100 pg/mL) and with the dispersant agents at the highest concentration employed. B)
LDH release assay results of the macrophages after incubation for 24 h with the nanomaterials
including a positive control of the untreated macrophages artificially lysed. C) ROS quantification
assay of the macrophages after incubation for 24 h with the nanomaterials at different
concentrations (10 and 50 pug/mL) including a positive control of the untreated macrophages
exposed to 100 uM of H20,.

In order to complement the previous results, LDH release assay was employed to
determine the cytoplasmic membrane disruption as a sign of toxicity and/or damage
caused to the cells (Figure 2B). This test has been proposed as one of the gold standards

in cell cytotoxicity assessment.?® The tendency of LDH results was aligned with ATP
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content, with non-significant slight increase of LDH release for GXTs and GCN at 100
pug/mL and a clear membrane disruption for GXTm (24 %) and SWCNTs (21 %) in
comparison with the fully lysed macrophage control. In conclusion, taking into account
the ATP content study along with LDH release assay, the studied nanomaterials did not
display a remarkable macrophage toxicity, and signs of toxicity were only detected for
GXTm and SWCNTs at the highest doses. The importance of macrophages as the main
immune cells that interact with nanomaterials along with the employment of a highly
realistic model (human primary macrophages extracted for blood donors) confers great
importance to the obtained results. Given the large number of commercial products
incorporating CNMs and the high likelihood of consumer exposure, this issue is of
paramount importance for future legislation, regulation and use.

Differences in cytotoxicity of different carbon-based nanomaterials have been attributed
to the variances in size, degree of dispersion, degree of oxidation and the various cellular
models applied. Although all these variables condition the toxicity assessment, these
results are in agreement with previous studies reported in the literature, where multi-
walled carbon nanotubes displayed LDH release at concentrations of 50-100 pg/mL in
monocyte-derived macrophages.'®2® Other carbon-based nanomaterials displayed
associated toxicities at 100 pg/mL measured by other techniques such as staining with
propidium iodide.’

As the different mechanisms of toxicity or death can interfere with the rest of metabolic
pathways in macrophages, the rest of the present study including ROS production,
phagocytosis and macrophage activation was carried out at non-toxic nanomaterial
concentrations of 10 and 50 ug/mL. The increase of ROS production was measured using
CMH2DCFDA, a commercial dye derivative of HZDCFDA with improved retention in
living cells, to monitor general ROS generation inside the cells. SWCNTSs produced a
clear increase in ROS generation, proportional to the concentration of the nanomaterial,
to 160 % at 10 pg/mL and 210 % at 50 ug/mL. Increase of ROS production was not
detected for any of the graphene samples nor the control of activation of the macrophages,
namely LPS at 10 ng/mL. It is not very common to report nanomaterial-exposure ROS
production, although it has been described that ROS play an important role in the
activation of pro-inflammatory signaling pathways.?’ Between the few studies carried out,
it was reported that pulmonary surfactant coated multi-walled carbon nanotubes displayed

high ROS production in human primary macrophages.?® However, similar to this study,
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graphene oxide did not produce any significant ROS response in monocyte derived
macrophages.’

3.3. Nanomaterial interaction with macrophages and phagocytosis

It has been reviewed how nanomaterials can interact and be endocytosed by the cells in
different manners: clathrin-mediated endocytosis, clathrin-independent/dynamin-
dependent  endocytosis, clathrin-independent/dynamin-independent  endocytosis,
micropinocytosis, and phagocytosis.?® In addition, it has been extensively proven how the
amount of nanomaterials that interacts with the cell is critical for their cellular effects.3%3!
The quantification of the nanomaterials that is internalized by the cells and the different
cellular compartments in which they are accumulated have been reported as crucial
parameter to determine nanomaterial associated toxicity.3**? However, most of the works
in the field do not take into account these variables and it is common to find studies where
the amount of nanomaterials inside the cells is not quantified or not even confirmed by
any technique, extracting conclusions without any information regarding the actual
presence of the nanomaterials inside the cells.

To increase the relevance of this work, we were highly interested in understanding if these
nanomaterials were highly internalized by macrophages, despite their rather large size,
and the amount taken up. For other types of nanomaterials like metal nanoparticles of
other 2D materials made of other elements than only carbon, it is common to employ
elemental analytical techniques, such as ICP-MS, to quantify the elements which are part
of the nanomaterials but are not commonly found in cells (e.g., carbon, nitrogen and
oxygen).21*2 Nevertheless, in carbon-based nanomaterials these approaches cannot be
implemented due to the major presence of C as cell component. To date, between the few
studies which quantifies carbon-nanomaterials internalization, most of them employ
highly complex, time-consuming and expensive techniques difficult to implement for
toxicological studies. As an illustrative example, some of these elaborate strategies
includes single-cell mass cytometry,3® confocal Raman microscopy3* and the indirect
conjugation of other elements followed by ICP-MS quantification,® not easy available
for most laboratories involved in nanomaterial exposure assessment.

However, thanks to the high optical contrast provided by carbon-based nanomaterials, it
was easy to recognize them once they were internalized by the cells, especially in the case

of the graphene samples (Figure 3A-E).
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Figure 3. Representative optical microscopy images of the macrophages untreated (A), after
incubation for 24 h with 50 pg/mL of GCN (B), SWCNTs (C), GXTs (D) or GXTm (E).
Quantification of nanomaterial interaction based on visible light absorbance of the nanomaterials
inside the cells after incubation (measured at 500-800 nm), according to total amount quantified
(F) and as percentage of nanomaterials originally added to cells (G).

As can be observed in Figure S9-S12, the quantity of nanomaterials internalized and the
increase of contrast on the images is proportional to the dose of nanomaterials incubated
with the macrophages. This fact made us to propose a novel approach to determine the
quantity of nanomaterial interacting with the macrophages based on the increase of light
absorbance caused by these carbon nanomaterials. As an exploratory approach, the
spectrum of light absorbance was recorded for the untreated cells and for the cells
incubated with the nanomaterials after extensive washing to discard all non-internalized
nanomaterials (Figure S13). Using the untreated cell spectrum as the blank, it was
possible to extract the absorbance spectra of the nanomaterials interacting with the cells.
These spectra were employed to estimate the amount of nanomaterials internalized by the
cells, by correlating their absorbance intensity at 500, 600, 700 and 800 nm with a
calibration curve of the same nanomaterial at known concentrations in cell culture
medium. These wavelengths were selected to avoid interference with macrophages and
cell culture medium components. Although light absorbance has been employed rarely
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for carbon nanomaterial quantification in cells employing more complex strategies,®3’
we would like to highlight that this is the first time that the absorbance has been directly
measured in living cells seeded in wells without intermediate steps. Thanks to this
strategy developed in this study, it was possible to easily measure the total amount of
nanomaterial interacting with the macrophages (Figure 3F) and it was possible also to
correlate the results to the initial amounts employed for the incubation to determine the
percentage of the nanomaterials interacting with the macrophages (Figure 3G). As
expected, the quantity of nanomaterials interacting with macrophages was higher for the
50 pg/mL dose in comparison with the 10 pg/mL dose, with ratios between 2 and 4 times
higher depending on the nanomaterial (Figure 3F), in accordance with the nanomaterial
phagocytosis observed in the optical microscopy images. When the percentage of
nanomaterials interacting with the macrophages is analyzed (Figure 3G), it can be
observed how the percentage of nanomaterial internalized was slightly slower for the
higher doses, probably due to a saturation phenomenon commonly observed in dose-
response curves. The percentages of the nanomaterial interaction were maintained
between 10 and 20 % approximately for all cases.

Considering TEM as the gold standard technique to confirm material uptake within cells,
the subsequent step was to compare the uptake of all the carbon-based nanomaterials
studied. In this regard, TEM imaging revealed that the four types of nanomaterials
exhibited cellular uptake by the macrophages (Figure 4). The high contrast produced by
the nanomaterials made it easy to recognize the graphene flakes and carbon nanotubes in
comparison with the low-contrast cellular structures. All materials were observed to be
internalized within phagocytic vacuoles, in different amounts and in varying degrees of
aggregation (Figure 4 and Figures S14-S18). However, in some of the images it was not
possible to elucidate if the nanomaterials were localized inside intracellular organelles or
remained inside the cytoplasm of the cells. GXTs uptake was found to involve
invaginations that could be attributed to either phagocytosis or endocytosis (Figure S15).
It is noteworthy that the three types of graphene were extensively found in the majority
of the macrophages, occupying broad areas in the interior of the macrophages, inside
vacuoles or forming large aggregates of several microns of size. However, SWCNT
aggregates were observed in lower frequencies in the images taken, likely indicating a
lower internalization rate or a more difficult detection and observation in the images. This
appears to be in high agreement with the previously described optical images (Figure 3).

In the case of SWCNTSs, they were found forming aggregates resembling a skein, showing
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a complete bending of the nanotubes inside cellular compartments as previously
described in other studies.®® The strips and small holes that can be observed in some of
the images were produced due to the hardness of the carbon nanomaterials aggregates,
which were damaging the diamond blade employed to cut the ultrathin slices observed on
the TEM and provoking the small holes in the resin embedding the cells. No apparent
differences in mitochondria, in terms of distortion or damage, were observed for any of
the nanomaterials, neither were double-stranded autophagosome-like organelles nor other

abnormal structures identified containing the four materials.

Figure 4. Representative transmission electronic microscopy images of macrophages after
incubation for 24 h with 50 pg/mL of GXTs (A), GXTm (B) GCN (C), or SWCNTSs (D) showing
the nanomaterials inside the macrophages.

3.4. Macrophage activation and cytokine secretion

Once it was proved that 50 pg/mL remained as a nontoxic concentration for all tested
nanomaterials and that all nanomaterials were internalized by the macrophages in high
doses, their effect on the macrophage immune response was evaluated. In the first part of
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the study, the activation of macrophages was evaluated by the expression of surface
markers CD86 and CD206 (Figure 5A and 5B). CD86 is a pro-inflammatory marker
commonly employed to monitor the activation of M1 macrophages. The macrophages
incubated with the nanomaterials were compared with untreated cells and cells incubated
with 10 ng/mL LPS, one of the most potent activators of pro-inflammatory response,
frequently employed as a positive control. In this study, GXTs and GCN did not display
any CD86 activation change. However, the SWCNTs provoked a strong pro-
inflammatory CD86 response, even at the low dose of 10 pg/mL of nanomaterial. The
iron content of SWCNTSs described by the manufacturer could contribute to increase the
macrophage activation, as it has been described that iron nanoparticles can provoke a M1
macrophage polarization.3® GXTm exhibited an intermediate CD86 expression response,
showing an activity similar to LPS only when GXTm were added at 50 pg/mL. It has
been previously reported that CD86 was overexpressed in human primary macrophages
after their exposure to high concentrations of graphene oxide,'” in concordance with our
research.

In parallel, the anti-inflammatory response caused by the nanomaterials was evaluated on
the basis of CD206 expression changes. CD206 represents a common marker of M2
macrophage differentiation and this response can be artificially induced by the addition
of interleukins (IL) like IL-4 and 1L-13, usually employed as efficient positive controls
of anti-inflammatory responses. In this case, none of the nanomaterials provoked any
remarkable CD206 activation, although SWCNTSs at 50 pg/mL produced a slight non-
significant increase of CD206 expression. It has been described before that carbon
nanotubes (both SWCNTs and MWCNTSs) were able to stimulate M2 polarization in
murine macrophage,*® however this study was carried out in M2 polarization conditions

in contrast to our studies.
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Figure 5. A) CD86 expression quantification by flow cytometry after incubation of macrophages
with the nanomaterials at 10 or 50 ug/mL for 24 h. B) CD206 expression quantification by flow
cytometry after incubation of macrophages with the nanomaterials at 10 or 50 pg/mL for 24 h. C)
IL-6 expression quantification by ELISA after incubation of macrophages with the nanomaterials
at 10 or 50 ug/mL for 24 h. D) IL-8 expression quantification by ELISA after incubation of
macrophages with the nanomaterials at 10 or 50 pg/mL for 24 h.

Once the activation profile of the macrophages caused by the nanomaterials was analyzed,
our last attention was to understand how these nanomaterials could affect the response of
the macrophages to modulate the rest of the immune system. It has been proposed that
macrophages are able to sense carbon nanotubes via Toll-like receptors causing the
release of interleukin and other cytokines.*? In order to study this issue, the production
of interleukins and other cytokines was analysed after 24 h incubation with the different
nanomaterials. Several cytokines commonly produced by macrophages in response to
different stimuli and with different functions on the rest of the immune cells were chosen:
pro-inflammatory IL-6, IL-1p, IL-8 and TNF-a and anti-inflammatory IL-10 and IL-12.
In summary, no significant alterations were found for IL-6, IL-13, TNF-a, IL-10 or IL-
12 after the exposure to any of the nanomaterials (Figure 5 and Figure S19). The only
significant clear increase in the production of these cytokines was observed after the
incubation with the positive control LPS. In detail, slight non-significant increases were
observed in the case of GXTm at 50 pg/mL for IL-10 and in the case of the three graphene

samples at 50 pg/mL for IL-12. However, these increases were negligible in comparison
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with the increases produced during activation with the positive controls. These results
suggest that these nanomaterials would not affect substantially crucial immune networks
controlled by macrophages, such as B-cell differentiation (IL-6), phagocyte activation of
macrophages (TNF-a) or general pro-inflammatory response caused by IL-1B. They
would also not affect the important pathways controlled by IL-10 and IL-12, involved in
inhibition of cytokine production and activation of NK cells and phagocyte cells,
respectively.

In comparison with these results, it was reported that graphene oxide was able to cause a
slight production of TNF-a without increasing IL-1B or IL-6 release.’ Interestingly, it
has been described that human primary macrophages were less reactive to carbon
nanotubes than the THP-1 macrophage cell line, displaying no cytokine production in
contrast to THP-1 activated macrophages,'® in agreement with our results. In
concordance, graphene and carbon nanotubes did not display any release of TNF-a, IL-6
or IL-10 in human primary monocytes,*? and graphene oxide was not producing TNF-a
or IL-10 secretion, unless human primary macrophages were primed with LPS,
reiterating the absolute importance of endotoxin nanomaterial quantification in these
studies.

However, a totally different situation occurred when the pro-inflammatory IL-8
expression was analysed. It should be highlighted that all the nanomaterials provoked a
clear increase in the production and liberation of IL-8 by the macrophages in a dose-
dependent manner. The response was more intense in the case of graphene samples than
for the SWCNTSs, and in particular the response was even more severe for the bigger
graphene GXTm and GCN with IL-8 expression levels similar to LPS exposure. These
results correlate with the evidences found in other simpler models, such as macrophage
cell lines,** other cell lines derived from various tissues,*® and in vivo models such as the
zebrafish* and the lungs of rodents,%% where the exposure to carbon nanotubes or
graphene resulted in a significant increase production of IL-8. However, as long as we
know, this study proved for the first time an increased release of IL-8 by human primary
macrophages due to graphene exposure. This supports previously published data showing
an increase in 1L-8 secretion in THP-1 macrophages after treatment with graphene.*
Interestingly, another study in primary human macrophages did not show an increase in
IL-8 after GO exposure,*® alluding to possible differences in macrophage response with

regards to different types of nanomaterials.
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To date, increased levels of IL-8 after nanomaterial exposure have been considered as
signs of potential toxicity and altered immune response.®*® This conclusion remains
logical as higher levels of IL-8 have been correlated with several health problems and
diseases. As an illustrative example, there has been a significant association between
higher levels of IL-8 during second-trimester maternal and a greater risk of schizophrenia
spectrum disorders in the offspring.*” However, IL-8 has also been extensively described
as a potent chemotactic molecule with a key role on neutrophil attraction to the site of
action and neutrophil granule-content release.®® In another study, it was shown how
graphene was able to activate neutrophils, provoking the release of myeloperoxidase at
the same time that ROS were generated.*® In parallel, our group previously reported how
neutrophil myeloperoxidase was highly efficient in graphene degradation.>®! Although
these findings have been described in independent studies, to date nobody has tried to
interrelate them and nobody has explored the importance of IL-8 production increase in
the biodegradation of carbon nanomaterials. Based on all evidences from these different
studies together, we would like to propose a possible alternative mechanism for the
biodegradation of carbon nanomaterials to be comprehensively studied in future (Figure
6). In this mechanism, macrophages and other cells would produce IL-8 in response to
the nanomaterial exposure, as shown in Figure 5D. IL-8 would provoke neutrophil
attraction to the site of action. Once neutrophils reach a threshold of exposure, their
interaction with carbon nanomaterials would provoke their activation and degranulation,
as described in the literature. The degranulation of neutrophils would lead to the release
of myeloperoxidase. Finally, myeloperoxidase and other possible factors would play an
important role in the biodegradation of these nanomaterials through their oxidation, as

previously described.5%%2
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Figure 6. Hypothesized mechanism describing the role of IL-8 mediating carbon-nanomaterial
degradation. 1) The presence of carbon nanomaterials produces the liberation of IL-8 by
macrophages and other cells. 2) IL-8 has a key role in neutrophil attraction to the tissues where
carbon nanomaterial exposure takes place. 3) Neutrophils secrete myeloperoxidase in the
presence of carbon nanomaterials. 4) Myeloperoxidase has been described as a potent peroxidase
enzyme with the capacity to degrade carbon nanomaterials.

IL-8 increase has also been described as a consequence of nanomaterial exposure during
extended periods of time. 90-day chronic inhalation of carbon black nanoparticles
produced a significant increase in I1L-8 levels and neutrophil counts in rats.>® Interestingly,
coal workers’ pneumoconiosis, a chronic inflammation of the lung, which occurs when
coal dust is inhaled, has been correlated with increased levels of IL-8 in patients’ serum.>
This finding could support our proposed mechanism for carbon nanomaterial degradation
in the human body or, at least, to remark the importance of IL-8 as a possible key element
in these nanomaterial degradation. Probably, the proposed mechanism is not fully
complete and additional steps are still to be described, e.g. eosinophil peroxidase has also
been described as a possible enzyme involved in carbon nanomaterial degradation.®!
However, according our criteria, this mechanism and the role of IL-8 could represent a
crucial starting point to completely unravel the critical issue for carbon nanomaterial
regarding their human biodegradation and safety. As a conclusion, increased production
of IL-8 by macrophages observed in this study could represent not only a change in the
immune response but also a possible alternative process to activate the human

biodegradation pathways of these nanomaterials.
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4. Conclusions

Although the use of graphene and carbon nanotubes as part of commercial products has
already been implemented in a wide variety of industrial sectors, there is still a clear lack
of knowledge concerning risks associated with consumers and occupational exposure.
The lack of realistic models along with the inconsistencies and the absence of
standardization during the assessment process make it almost impossible to extract
general conclusions or to predict the safety or hazard of the nanomaterial exposure.

In this work, we have improved the reliability of the employed models, testing conditions
and standardization of the assessment in comparison with previous studies. Actual
industrially employed carbon nanomaterials with different shapes and different
physicochemical characteristics have been selected for the study along with the
employment of human primary macrophages freshly extracted from blood donors,
considered one of the most realistic models to study phagocytosis and immune activation
against nanomaterials. The reliability and comparability of the results was also improved
by the employment of standardized operation protocols for nanomaterial dispersion and
endotoxin-free testing, and employment of cellular biology techniques with lower
interferences caused by nanomaterials properties.

In this realistic model, it has been confirmed that the nanomaterials tested were
internalized in high amounts, especially in the case of the different tested graphene
samples. Despite high internalization, the cytotoxicity and membrane disruption
associated with these nanomaterials was quite low, only remarkable at higher
concentrations difficult (if not impossible) to achieve in real exposure scenarios.
However, cell stress measured by ROS production was clearly produced by SWCNTSs
even at lower doses, highlighting that even if the nanomaterials are not provoking cell
death, they can affect cell metabolism and cellular functions.

The most interesting and unexpected results appeared to our eyes when immune
activation of the macrophages was analyzed. Although some slight pro-inflammatory
differentiated macrophage profiles were provoked by GXTm and SWCNTSs, common
pro-inflammatory and anti-inflammatory cytokine production was absent. However, a

high production of the pro-inflammatory IL-8 was detected for the four carbon
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nanomaterials, providing a result never reported for graphene interaction with human
primary macrophages. These findings along with other previously reported studies using
other models allows us to hypothesize a link between the response provoked by carbon
nanomaterials in macrophages, the neutrophil attraction and the carbon nanomaterial
degradation, suggesting an important role of this interleukin in the human biological
mechanism for carbon-based nanomaterial degradation. This work opens the door for
additional future studies to fully prove in the future this alternative mechanism associated

to 1L-8 overexpression.
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