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explore the existence of a common AOP that allows comparative analysis of broad ECN NLRP3 inflammasome activation

categories. We established an ECN library comprising three different types of SWCNTS, Invitro (1.1 # TGF-g1%
. i i . 5 «Graphene oxide 3
graphene, and graphene oxide (two sizes) for comparative analysis according to a cell- (GO) -

In vivo

based AOP that also plays a role in the pathogenesis of pulmonary fibrosis. SWCNTs } GO-Small

GO-Large

synthesized by Hipco, arc discharge and Co—Mo catalyst (CoMoCAT) methods were

Lung Fibrosis

obtained in their as-prepared (AP) state, following which they were further purified

(PD) or coated with Pluronic F108 (PF108) or bovine serum albumin (BSA) to improve dispersal and colloidal stability. GO was prepared as two sizes, GO-small
(S) and GO-large (L), while the graphene samples were coated with BSA and PF108 to enable dispersion in aqueous solution. /n vitro screening showed that
AP- and PD-SWCNTS, irrespective of the method of synthesis, as well as graphene (BSA) and GO (S and L) could trigger interleukin-1/5 (IL-1/) and transforming
growth factor-31 (TGF-/31) production in myeloid (THP-1) and epithelial (BEAS-2B) cell lines, respectively. Oropharyngeal aspiration in mice confirmed that
AP-Hipco tubes, graphene (BSA-dispersed), GO-S and GO-L could induce IL-1/3 and TGF-31 production in the lung in parallel with lung fibrosis. Notably, GO-L
was the most pro-fibrogenic material based on rapid kinetics of pulmonary injury. In contrast, PF108-dispersed SWCNTs and -graphene failed to exert fibrogenic
effects. Collectively, these data indicate that the dispersal state and surface reactivity of ECNs play key roles in triggering a pro-fibrogenic AOP, which could

prove helpful for hazard ranking and a proposed tiered testing approach for large ECN categories.
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and GO are capable of inducing pulmonary
inflammation and fibrosis.>~® However, in
spite of overlapping properties and the

ials (ECN), including carbon nanotubes

E ngineered carbonaceous nanomater-
(CNTs), graphene, and graphene oxide

* Address correspondence to

(GO), have been shown to be capable of
inducing lung injury.' 8 For instance, single-
walled (SW) and multiwalled carbon nano-
tubes (MWCNTSs) generate acute lung injury
as well as subchronic granulomatous inflam-
mation and fibrosis in the rodent lung,
whether through intratracheal instillation or
aerosolized inhalation.'* Similarly, graphene
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ability to cause qualitatively similar lung
damage, these materials differ significantly
with respect to shape, aspect ratio, elec-
tronic properties and surface reactivity,
begging the question as to whether there
is a common adverse outcome pathway
(AOP) on which to base structure—activity
relationships (SARs) that can be used to
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categorize materials based on lung fibrosis potential.
Moreover, previous investigation of the hazard poten-
tial of SWCNTs has predominantly explored tubes
synthesized by one of the major synthesis methods,
without direct comparison of how different levels of
catalyst impurities, tube dimensions, aspect ratios or
structural defects of tubes synthesized by gas phase
decomposition of CO (Hipco), electric arc discharge, or
silica-supported Co—Mo catalyst (CoMoCAT) may con-
tribute to lung injury.’ Also, no systematic study has
been undertaken to directly compare graphene with
CNTs based on shared or different physicochemical
properties, including the possibility that a common
AOP could emerge for hazard ranking and material
comparisons that can be instructive for regulatory
decision-making.

We have previously demonstrated that MWCNTSs can
trigger pro-fibrogenic responses in cells and the intact
rodent lung, which allows a comparative analysis for a
large number of materials in one assessment, of how
dispersion, hydrophobicity, surface functionalization,
surface coating and bioavailability contribute to hazard
potential.>'°~"? These studies demonstrated that bet-
ter dispersed MWCNTSs are more prone toward induc-
ing interleukin-13 (IL-13) and transforming growth
factor-81 (TGF-31) production in macrophages and
epithelial cells, respectively. Alveolar epithelial cells
and macrophages constitute a trophic cellular unit in
which intercellular communication through cytokines
and growth factors plays a key role in the pathogenesis
of pulmonary fibrosis.'® Triggering of IL-15 production
in macrophages results from tube damage to lyso-
somes, leading to the assembly of the NLRP3 (NOD-like
receptor family, pyrin domain containing 3) inflamma-
some, which is responsible for converting pro-IL-15
to IL-18.79"" IL-18 acts in synergy with epithelial
produced TGF-f31 to promote epithelial-mesenchymal
transition, which cumulates in the formation of
fibroblast-like cells that deposit collagen in the lung.'
This march of events presents us with a series of
molecular biomarkers that can be tracked at cellular
and organ level to establish a predictive toxicological
paradigm, which can be used to compare the hazard
potential of large batches of ECNs other than
MWCNTSs."® This knowledge could be of potential use
to establish structure—activity relationships for group-
ing, ranking and risk assessment of a wide range of
ECNs, with the ability to establish decision trees for
further testing requirements.

In this study, we established an ECN library com-
prised of three different types of SWCNTs as well as
graphene and GO for comparative analysis and identi-
fication of overlapping and unique physicochemical
properties that trigger lung fibrosis. We demonstrate
that the state of dispersion and the type of dispersant
(e.g., BSA vs Pluronic F108) play major roles in the
pro-fibrogenic effects of SWCNTSs, irrespective of the
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method of synthesis, impurities, or length of these
materials. We also show that the dispersal state and
surface functionalization play major roles in determin-
ing the toxicological potential of ECNs in the mouse
lung. The relationship of these properties to a common
AOP could prove helpful for establishing provisional
SARs, which can be used to formulate further testing
strategies of a broad range of ECNs according to a
tiered approach that we will propose.

RESULTS

Characterization of SWCNT, Graphene, and Graphene Oxide.
We established an ECN library composed of SWCNTs,
graphene, and GO to perform a comparative analysis of
physicochemical properties that could lead to pulmo-
nary fibrosis. All materials were comprehensively char-
acterized as shown in Figure 1 and Tables 1 and 2.
SWCNTs were synthesized according to the Hipco, arc
discharge (Arc) and CoMoCAT (SG65) methods. The as-
prepared (AP) tubes were further purified (PD) by acid
treatment to reduce impurity levels (with the excep-
tion of SG65-SWCNTs supplied in purified format only).
While TEM analysis did not show obvious structural
differences in the tubes synthesized by the 3 different
methods (Figure 1A), ICP-MS analysis revealed dif-
ferences for the metal impurities (Table 1A). Thus,
AP-Hipco tubes had a Fe content of 31%, which
decreased to 16% after purification. PF108 surface
coating and centrifugational harvesting further de-
creased the Fe content to 6.5%. Similarly, the Y and
Ni contents of electric arc discharge tubes decreased
from 11.91% and 32.71%, respectively, to 0.55% and
1.60% after purification. These amounts decreased
to 0.06% and 0.15% after PF108 coating. Purified
CoMoCAT tubes had Co and Mo contents of 0.65%
and 4.73%, respectively, which decreased to 0.22% and
1.58% after PF108 dispersion. Following dispersion in
DI H,0, the hydrodynamic sizes of AP and PD Hipco
tubes were 1218 and 584 nm, respectively, which
decreased to 272 nm after PF108 coating. PF108 coat-
ing also decreased the bundle diameter from 10 nm to
less than this size. Similar trends could be seen in Arc
and CoMoCAT tubes (Table 1A). It should be noted that
the PF108 coating procedure involves ultrasonication,
which reduces the average size of the carbon nano-
materials, and centrifugation, removing sedimenting
species, including aggregates and large catalyst parti-
cles, more quickly, thus reducing the metal content
(see Materials and Methods for more details).'>'®

Our library also included 2-dimensional, sheet-like
graphene and GO flakes (Figure 1B). The primary size of
the small flakes (GO-S) was 329 nm, while that of the
large flakes (GO-L) was 2007 nm (Table 1B). Because of
the hydrophobicity of graphene and the lack of colloi-
dal stability in aqueous media, we used bovine serum
albumin (BSA) and PF108 to improve material disper-
sion by surface coating. The average flake size of

VOL.9 = NO.3 = 3032-3043 = 2015 F@L@Mi{\)

WWwWW.acsnano.org

3033



SWCNT library

PF108-Hipco |

i

Figure 1. Representative transmission electron microscopy (TEM) images of the SWCNTs, graphene, and graphene oxide
nanomaterials. TEM images were acquired using a JEOL 100 CX transmission electron microscope at 80 kV in the UCLA BRI
Electron Microscopy Core. AP, as prepared; PD, purified; PF108, PF108-dispersed.

TABLE 1. Physicochemical Characterization of SWCNTs*

SWCNTs

properties tools unit AP-Hipco PD-Hipco PF108-Hipco AP-Arc PD-Arc PF108-Arc PD-SG65 PF108-SG65
Tube diameter W—vis  nmm 07-11 0.7—-1.1 0.7—-1.1 12-20 1.2-20 1.2—-20 0.7-1.0 0.7-1.0
Bundle diameter ~ TEM nm 107 & 3.6 13.0 +35 5.0—10.0 63+ 20 715+£24 ~5.0 74+£123 ~5.0
Length TEM/AEM zm  1000—5000  500—1500 500—1500 100—1000 100—1000 100—1000  450—2000 450—2000
Metal Impurity ICP-MS % 3135 16.01 6.52 191 +3271 055+£160 006+ 015 065+ 473 022+ 1.58

Fe Y + Ni Co + Mo

C potential in H,0 ZetaPALS mV  —223+07 —399+27 —104+18 —254+£07 —293+24 —63+11 —234+£10 —9.0+06
Size in H,0 DLS nm 1218 =507 584180 272 £ 26 880 £ 175 644 £ 206 150 £ 23 458 £+ 128 154 £ 32
Size in BEGM DLS nm 1157 &+ 20 681 + 46 12242 974 + 14 566 + 35 121£2 327 £5 169 + 6
Size in RPMI DLS nm 920 £ 45 639 + 25 78+1 836+ 23 602 £ 15 79+1 305+ 4 97 £2

“The average lengths and diameters of the tubes were assessed by UV—vis and TEM microscopy (JEOL 100 CX transmission electron microscope). The elemental composi-
tion was determined by ICP-MS. The zeta potential was measured using a ZetaSizer Nano-ZS (Malvern Instruments, Worcestershire WR, U.K.). The hydrodynamic diameters
in H,0, BEGM and RPMI were determined using high-throughput dynamic light scattering (HT-DLS, Dynapro Plate Reader, Wyatt Technology). AP, as prepared; PD, purified;

PF108, Pluronic F108.
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TABLE 2. Physicochemical Characterization of Graphene and Graphene Oxide”

graphene graphene oxide
properties technique unit G PF108-G GO0-S GO-L
Diameter TEM/AFM nm 640 45 179 1676
G potential in H,0 ZetaPALS mV —271 4+ 06 —87+08 —309 + 27 —148 + 1.6
Size in H,0 DLS nm 179 £ 109 236+ 19 330 + 28 2007 + 136
Size in BEGM DLS nm 744 + 124 128 £ 10 2368 + 264 3432 + 394
Size in RPMI DLS nm 1036 + 247 109 £ 10 629 + 38 2134 £ 314

“The average diameter of the graphene and graphene oxide were assessed by UV—vis and TEM microscopy (JEOL 100 CX transmission electron microscope). The elemental
composition was determined by ICP-MS. The zeta potential was measured using a ZetaSizer Nano-ZS (Malvern Instruments, Worcestershire WR, U.K.). The hydrodynamic
diameters in H,0, BEGM and RPMI were determined using high-throughput dynamic light scattering (HT-DLS, Dynapro Plate Reader, Wyatt Technology). BSA, bovine serum
albumin; G, graphene; PF108:,Pluronic F108; GO, graphene oxide; S, small; L, large.

graphene decreased from 640 to 45 nm after FP108
coating (Table 1B). After aqueous suspension, the
hydrodynamic sizes of the BSA and PF108 coated
graphene yielded agglomerated flakes of sizes 1179.2
and 236.3 nm, respectively. GO-S and GO-L were
generated by varying the sonication power output,
resulting in flake sizes of 179 and 1676 nm, respec-
tively. No dispersant was needed for GO, which is
hydrophilic in nature. However, when performing the
cellular studies, GO may interact with BSA in the cell
culture medium but were not deliberately applied
as a coat. The zeta potentials of these materials were
in the range of —8.7 to —30.9 mV in distilled water. The
hydrodynamic sizes for GO-S and GO-L were 239.9 and
2007.8 nm, respectively.

Comparison of ECN Materials for Their Abilities To Induce
Lysosomal Damage and IL-1§ Production in THP-1 Cells. We
used the monocytic-derived cell line, THP-1, to assess
NLRP3 inflammasome activation and IL-13 production
as previously described.""'® Assessment of cell viability
showed that only BSA-dispersed AP- and PD-SWCNTs
showed a significant decline of cellular viability (as
determined by MTS and LDH assays) at relatively high
concentrations >50 ug/mL (Supporting Information
Figure S1A,B). In contrast, all PF108-dispersed materials
and GO failed to exhibit cytotoxicity (Supporting
Information Figure S1A,B). Assessment of IL-13 levels
in the culture supernatants showed that AP- and PD-
SWCNTs (BSA-coated), graphene and BSA-dispersed
GO induced significant increases above the nontreated
control, while PF108-dispersed tubes and graphene
showed little or no effect (Figure 2A,B). Both the cell
viability and cytokine data are correlated to the sus-
pension (colloidal) stability of these materials, with the
PF108-dispersed SWCNTs eliciting significantly less
IL-15 production compared to BSA-dispersed AP-
and PD-tubes (Figure 2A and Supporting Information
Figure S1A,B). This is in agreement with the enhanced
suspension stability of PF108 vs BSA-coated tubes
(Supporting Information Figure S2). Moreover, PF108-
coating also had improved the colloidal stability
of graphene compared to the BSA-coated material.
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The decreased sedimentation rate of PF108-coated gra-
phene flakes was accompanied by decreased cytotox-
icity and IL-153 production, likely as a result of decreased
cellular exposure at the bottom of the dish. Suspension
stability affects the bioavailability and the cellular uptake
of ECN materials in THP-1 cells as determined by side
scatter analysis (Supporting Information Figure S3). This
demonstrated that all the materials except for PF108-
coated graphene are taken up in THP-1 cells and are
capable of inducing IL-15 production.

Because NLRP3 inflammasome activation by
MWOCNTSs requires lysosomal damage and cathepsin B
release,>'" we used a fluorescent cathepsin B sub-
strate, Magic Red, to study lysosome integrity and
enzyme release by confocal microscopy. This demon-
strated that BSA-dispersed AP and PD tubes of the
Hipco variety, BSA-graphene (BSA-G), GO-S and GO-L
could induce lysosomal damage and the cytosolic
release of cathepsin B (Figure 2C). In contrast, PF108-
dispersed tubes and graphene did not result in lyso-
some damage, as demonstrated by the speckled fluo-
rescence of Magic Red in the intact organelle. Similarly,
BSA-dispersed AP and PD tubes obtained by Arc
discharge or PD tubes obtained through CoMoCAT
synthesis, induced lysosome damage, while PF108-
coated tubes had no effect on the lysosome (data
not shown). All considered, the confocal data agrees
with IL-18 profiles, confirming that lysosome damage
is instrumental in generating the NLRP3-mediated
inflammatory responses.

Comparison of the ECN Materials for Their Ability To Induce
TGF-f31 Production in BEAS-2B Cells. Because TGF-f31 pro-
duction by alveolar epithelial cells contributes to the
pathogenesis of pulmonary fibrosis (in synergy with
IL-18), we assessed TGF-A1 levels in the supernatant
of the transformed human lung epithelial cell line,
BEAS-2B. Although none of the ECN materials im-
pacted BEAS-2B cell viability (Supporting Information
Figure S4A,B), the BSA-coated AP- and PD-SWCNTs,
BSA-coated graphene and both types of GO induced
significant TGF-31 production (Figure 3A and B).
GO-L induced a more robust response (Figure 3B).
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Figure 2. Comparative pro-fibrogenic effect of SWCNTs, graphene (G) and graphene oxide (GO) ECNs, as reflected by IL-1/3
production and NLRP3 inflammasome activation in THP-1 cells. IL-15 levels were determined by ELISA, using the
supernatants of THP-1 cells treated with SWCNTs (A), graphene and graphene oxide (B) for 24 h. *p < 0.05 compared to
control. (C) Confocal microscopy demonstrating the effects of tube coating on lysosome damage in THP-1 cells. Lysosomal
damage and cathepsin B release were determined by Magic Red staining. THP-1 cells were seeded into 8-well chamber
slides and incubated with 100 #g/mL AP, PD and PF108-Hipco SWCNTSs, graphene and graphene oxide in complete RPMI
1640 for 24 h. After fixation and permeabilization, cells were stained with Magic Red (ImmunoChemistry Technologies),
wheat germ agglutinin 633 and Hoechst 33342 dye, followed by visualization under a confocal 1P/FCS inverted
microscope. Monosodium urate (MSU) crystals were used as a positive control demonstrating that the punctate Magic
Red staining seen in intact lysosomes (control cells) changes to diffuse cytosolic fluorescence after damage to the
lysosome.

In contrast, PF108 coating protected all of the listed with the colloidal suspension stability index (Supporting
ECNs from triggering TGF-31 production (Figure 3A,B). Information Figure S2C,D) of the various materials, as
All considered, the TGF-(1 data are in good agreement discussed for IL-1/5 production.
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Figure 3. Comparison of the pro-fibrogenic effects of SWCNTs, graphene (G) and graphene oxide (GO) nanomaterials on TGF-31
production in BEAS-2B cells. BEAS-2B cells were treated for 24 h with the SWCNTSs, graphene and GO nanomaterials at the dose
of 100 ug/mL and the supernatants were collected to measure the TGF-31 production by ELISA. *p < 0.05 compared to control.

SWCNTs, Graphene, and Graphene Oxide Induce Acute Lung
Inflammation in Mice. Oropharyngeal aspiration of 2 mg/kg 40 -
of each of the graphene materials as well as Hipco
SWCNTs was used to determine the possible effects on
pulmonary inflammation in C57BL/6 mice. This dose was
selected based on prior dose response studies that were
undertaken on MWCNTs and SWCNTSs; 2 mg/kg falls on
the linear part of the dose—response curve'""” The
mice were sacrificed after 40 h to collect bronchoalveolar
lavage fluid (BALF) and lung tissue. We have previously
shown that IL-14 is produced within this time window in S L L 2L PN
response to MWCNTs, while the production of TGF-/31
occurs over days to weeks. BALF analysis showed Q,e“
increased neutrophil counts and LIX (LPS-induced CXC
chemokine) levels for all the materials tested, including
for quartz (QTZ), which was used as a positive control

>

BALF (40 h)

30 -

10 -

IL-1B concentration (pg/mL)
S

IL-1B Kinetics (BAL)

N

'

1)
)

(Supporting Information Figure S5A—C). The occurrence 1 ——Ctrl
of acute inflammation was confirmed by H&E staining 180 4 +ggf
of lung sections, which showed mild inflammation ——QTZ

around small- and medium-sized airways, except for
the GO materials, which generated more intense
inflammation, particularly GO-L (Supporting Infor-
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mation Figure S4D). Measurement of IL-15 levels in 60 -
the BAL fluid showed that while AP-Hipco, BSA-G i
and GO-S induced statistically significant increases, 0 . ' . ' ' .

PF108-G and GO-L did not show increased produc- (1] 3 6 9 12 15 18 21
tion at 40 h (Figure 4A). QTZ also induced a robust Time postexposure (day)

response. The apparent failure of GO-L to induce an
IL-18 response was surprising in light of its robust
effect in THP-1 cells (Figure 2B). This unexpected
outcome prompted us to revisit the kinetics of the
IL-1/ production in the lung by sacrificing the animals
at6 h, 18 h, 40 h, 3 days, 7 days, and 21 days following
the aspiration of GO-L, GO-S and QTZ (Figure 4).
Interestingly, this experiment demonstrated high
levels of IL-18 production in response to GO-L by
6 h followed by a rapid decline and a second small rise
at day 3. In contrast, GO-S induced an early increase,

Figure 4. IL-1/3 production in response to bolus aspiration
of ECNs, followed by acute or kinetic analysis of the BALF in
mice. (A) C57BL/6 mice were exposed to Hipco-SWCNTs,
graphene and graphene oxide at 2 mg/kg by oropharyngeal
aspiration, followed by BALF collection after 40 h to deter-
mine IL-13 activity with an ELISA kit (n = 6 animals
per group). Min-U-Sil at 5 mg/kg served as positive control.
*p < 0.05 compared with control. (B) Kinetics experiment in
which C57BL/6 mice were exposed to graphene oxide mate-
rials (2 mg/kg) and Min-U-Sil (5 mg/kg) by oropharyngeal
aspiration, followed by sacrifice after 6 h, 18 h,40 h,3d, 7 d,
and 21 d. The BALF was collected to determine IL-15 levels by
ELISA. *p < 0.05 compared to control. There were 6 animals in
each group.
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but this was accompanied by a prominent second
IL-18 peak by 40 h (Figure 4B). The significant differ-
ence in the kinetics of IL-13 production by GO-L
and GO-S at 40 h explains the data in Figure 4A,
where 40 h after exposure to GO-L there is no
evidence of increased IL-15 production. QTZ also
induced two peaks of IL-18 production at 6 and
40 h, followed by prolonged cytokine elevation for
up to 21 days.

Selected ECN Materials Show Differential Effects on Lung
Fibrosis. We also assessed subchronic lung injury 21 days
after a single oropharyngeal instillation of 2 mg/kg
Hipco tubes (BSA and PF108-coated), graphene (BSA
and PF108-coated), GO-L and GO-S. Although the neu-
trophil counts were not increased in the BALF at this
time point (Supporting Information Figure S6A), H&E
staining showed pulmonary infiltrates around small-
and medium-sized airways for most tested materials
(Supporting Information Figure S6B). GO-L exerted the
most prominent effect besides QTZ. While IL-17 levels
returned to baseline after 21 days (Figure 4B), AP-Hipco
tubes, BSA-G, GO-S and GO-L generated significant TGF-
B1 elevations (Figure 5A). In contrast, PF108-dispersed
SWCNTs and graphene failed to exert similar effects
(Figure 5A). The kinetics of TGF-f1 production by gra-
phene oxide materials in the experiment described
in Figure 5B showed a rise in growth factor production
by 40 h, followed by a progressive rise over the next
20 days (Figure 5B). GO-L induced a more robust
response than GO-S. Clear evidence of increased
collagen production by AP-Hipco, BSA-G, GO-S,
GO-L nanoparticles and QTZ could be demonstrated
by the Sircol assay (Figure 5C) as well as the trichrome
staining (blue) (Figure 5D). GO-L induced the most
robust response besides QTZ, while PF108-dispersed
SWCNT and PF108-dispersed graphene failed to
show pro-fibrogenic effects. All considered, the
21 day study showed that all ECNs, except PF108-
dispersed materials, induce pulmonary fibrosis at
2 mg/kg, with GO-L providing the strongest response.
This study confirms the utility of the predictive
lung fibrosis paradigm for comparative analysis and
ranking of toxicological potential of the broad range
of ECNs.

DISCUSSION

In this study, we compared the cellular and pulmo-
nary responses of a library of SWCNTs and graphene
materials according to a predictive paradigm that link
lysosome injury and cytokine production to the patho-
genesis of pulmonary fibrosis. We demonstrate that in
spite of the differences in the physicochemical prop-
erties of the SWCNTs and graphene flakes in terms of
size, shape, metal content, and colloidal stability, all the
materials are capable of triggering NLRP3 inflamma-
some activation, IL-18 and TGF-1 production and
lung fibrosis, with variable levels of injury. GO-L

WANG ET AL.

induced the most pronounced pro-fibrogenic effects.
Coating of graphene and SWCNTs with PF108 de-
creased their pro-fibrogenic potential, demonstrat-
ing the importance of ECN surface reactivity in
determining bioavailability and lysosomal injury as
key ingredients of a lysosome/inflammasome-injury
pathway in the lung. All considered, these data
demonstrate the utility of a predictive toxicological
paradigm for SWCNTs and graphene (in addition
to MWCNTs), and show lysosome damage and NRLP3
inflammasome activation can be used as a final
common pathway for ranking of the lung fibrosis
potential of a wide range of ECNs. This ranking can be
used toward a tiered decision-making process for the
safety testing of ECNs.

Although it has been shown that the presence
of SWCNT metal impurities can play a role in cytotoxi-
city and acute pulmonary and cardiovascular re-
sponses,'®' we did not observe a major impact on cell
viability outcome during the purification and reducing
the metal content of the raw tubes (Table 1A). More-
over, there were also no major differences between the
raw and purified tubes in terms of their abilities to
trigger IL-18 and TGF-$1 production in THP-1 and
BEAS-2B cells, respectively (Figures 2A and 3A). These
data suggest that a tube characteristics such as a
reactive carbon surface plays an important role in the
pro-fibrogenic effects. This notion is further supported
by the finding that PF108 coating prevents the dama-
ging effects of SWCNT surfaces in the lysosome,
leading to reduced IL-18 production. In this regard,
we have recently shown that the generation of reac-
tive oxygen species (ROS) plays a role in the catalytic
injury by SWCNTs, in part through the activation
of NADPH oxidase during the phagocytic uptake
of these materials by macrophages.®® This suggests
that the long aspect ratio of the tubes is important
for contact and wrapping by the surface membrane,
where the assembled NADPH oxidase complex is
incorporated into the phagosome.?®> Moreover, the
space constraints in the lysosome allow close contact
of the tubes with the organelle membrane, allowing
the reactive surface and oxygen radical generation
to deliver an injurious impact to the lysosome mem-
brane. The combination of oxidative stress and
cathepsin B release leads to NLRP3 inflammasome
activation and IL-1/ production.®® This scenario could
also explain the protective effect of PF108, which
remains stably attached to the tube surfaces under
acidic lysosomal conditions, thereby interfering in
damage to the lysosomal membrane, as described
for MWCNTs."" While it is interesting that we did not
observe major differences between Hipco, Arc and
CoMoCAT SWCNTs in terms of cellular pro-fibrogenic
responses, it is important to explain that these
synthesis methods could nonetheless contribute to
a different set of biological outcomes that could
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Figure 5. Comparison of the fibrogenic effects of ECNs in a subchronic oropharyngeal installation study. The experiment
described in Figure 4A was repeated, except that the mice were sacrificed 21 days after oropharyngeal aspiration of Hipco-
SWCNTs, graphene and GO at 2 mg/kg (n = 6 animals per group). The BALF was collected to determine TGF-/31 (A) levels. We
also used the BALF collected from the kinetics experiment described in Figure 4B to measure the TGF-51 (B) levels. *p < 0.05
compared to control. (C) Total lung collagen in the 21 d experiment, using the Sircol soluble collagen kit (Biocolor Ltd.,
Carrickfergus, U.K.). *p < 0.05 compared to control. (D) Collagen deposition in the lung as determined by Masson's trichrome
staining. Lung tissues from (C) were embedded, sectioned, and stained with the Masson's trichrome. These lung images,
shown at 100x magnification, are representative of the findings in each group. The blue staining represents collagen
staining. Min-U-Sil exposed animals served as a positive control.

be triggered by different levels of metal impurities. These metals have been shown to play a role in ROS
These include the presence of iron (Fe) in Hipco generation, cytotoxicity and pro-inflammatory out-
SWCNT's, Ni in Arc and Co in CoMoCAT SWCNTs.  comes by non-lysosomal pathways. 2% 23
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Graphene is a two-dimensional (2D) material that
is currently being explored in a variety of possible
biomedical applications.®*~%” It is of interest that
BSA-coated graphene poses the same hazard potential
as one-dimensional SWCNTSs, in spite of the differences
in shape, size, aspect ratio, and metal content>'’
Although we lack a clear understanding of the earliest
mechanism of biological injury by graphene, this re-
port demonstrates that the graphene surface, similar
to SWCNTs and MWCNTSs, is capable of triggering
lysosomal injury and participating in a final common
AOP that culminates in pulmonary fibrosis. Decreased
engagement of this AOP by PF108 coating of the
graphene surface likely reflects dampening of the
epoxide, carboxyl, and hydroxyl groups on the reactive
GO surface. These groups are capable of oxygen radical
generation, which could contribute to the lysosome
damage and activation of NLRP3 inflammasome, simi-
lar to MWCNTs and SWCNTs.?® In addition to surface
reactivity, the size of the graphene flakes is important,
as shown by the enhanced impact of larger flake
surfaces capable of triggering IL-13 production and
pulmonary fibrosis. These data are in agreement with
previous findings showing that GO is more injurious
than graphene in the lung, whether introduced intra-
tracheally or intravenously.>?°~>' A further important
feature of GO is the hydrophilicity and aqueous stabil-
ity of this material from the perspective that these
features facilitate the razor-like morphology of GO
flakes, enabling them to slip through the cell mem-
brane and entering subcellular structures like lyso-
somes.>? This could explain why the GO flakes with
larger surface dimensions could speed up the kinetics
of IL-1/5 production in the lung, in addition to stimulat-
ing more organ fibrosis. It has also been demonstrated
previously that the size of GO flakes determines multi-
valent interactions between the functionalized surface
and Toll-like receptors on the cell surface.*®* The hydro-
philicity of GO flakes and their good dispersion may
also allow deeper and more homogeneous distribution
in the lung, compared to SWCNTs and pristine
graphene.>*’

An important outcome of this study is the ability to
achieve toxicological ranking of a diverse set of ECNs
based on an AOP that is involved in the pathophysiol-
ogy of disease. The capacity to compare large numbers
of materials according to a common predictive toxico-
logical paradigm holds great promise for expedited
ranking of ECNs, which can then be used for categori-
zation as well as integrative decision-making. Because
of a growing interest in multiwall and single-wall CNTs
as well as graphene for industrial and biomedical
applications, it is likely that increased commercializa-
tion will intensify the need to make decisions on
whether these materials are safe to enter the market-
place. Currently, for regulatory purposes, each nano-
material is treated on a case by case basis, which could
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lead to unnecessary duplication of effort toward safety
assessment. For inhaled materials, such as CNTs, cur-
rent regulations could require a 90 day inhalation
study, which could be very expensive and difficult
to accomplish for a large number of materials. Our
use of a predictive toxicological paradigm, which can
be implemented by rapid throughput methodology
based AOP that can be assessed in cells and easily
confirmed by short-term bonus instillation studies in
the rodent lung, could be used for a tiered testing
paradigm that could replace the 90-day inhalation
study (Figure 6). Thus, screening of pro-fibrogenic
responses in epithelial cells and macrophages could
allow newly introduced ECNs to undergo expedited
testing against a library of previously screened materi-
als (such as the one shown here) to obtain a provisional
Tier 1 hazard ranking. If the new material demonstrates
significant hazard potential in a Tier 1 assay, coupled
with information on possible inhalation exposure in
humans, it would be possible to perform a short-term
bolus instillation (Tier 2) study, which should include
positive and negative control materials to confirm or
refute the in vitro prediction. If the short-term aspira-
tion study confirms the hazard potential, this could
help to justify the performance of a 90 day installation
study (Tier 3) when significant uncertainty exists of
how a new ECN may perform under aerosolized
inhalation conditions. Hopefully, this scenario will only
be used sparingly in light of the costs and the labor
intensity of an inhalation study. We propose that the
iterative use of a tiered approach will, over time,
provide the incremental knowledge and data to allow
acceptance, validation and incremental shift toward
using in vitro approaches with sparing use of animals.
Such an approach will also allow the assembly of
libraries of ECN materials in which accentuation of
certain properties such as CNT length, aspect ratio,
surface functionality, surface coatings, surface defects,
impurities, chirality, electronic properties, and defects
can be introduced to allow the development of more
detailed quantitative SARs and categorization. Such a
knowledge base could have an important impact on
regulatory decision-making, and safer design of ECNs,
as demonstrated by the use of ECN surface coating
with PF108.

CONCLUSION

In this study, we compared diverse ECNs for their
ability to engage in pro-fibrogenic responses at the
cellular level and culminating in pulmonary fibrosis. We
demonstrate that the reactive surface of the ECNs is the
primary physicochemical characteristic in this mecha-
nistic paradigm, which can help predict the materials
that are likely to trigger pro-fibrogenic responses
in vitro and in vivo. This establishes an AOP that can
be used for hazard ranking and setting up a tiered
decision-making process for additional in vivo testing.
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Tiered Approach for ECN Materials

Various ECN sources for experimental studies:

Commercial materials:

=  MWCNTs

= SWCNTs

=  Graphene

=  Graphene oxide

- Custom-designed synthesis to accentuate key properties

. Raw material precursors (CNTs, graphene)

. Highly purified materials (e.g. metallic vs semiconductor
SWCNTSs)

- Nano-enabled materials , e.g., composites, electronics

. Released fragments from composite materials containing ECNs

Tier 1: Mechanistic in vitro assays

. Based on an AOP that is also involved in disease pathogenesis (there could be several for ECNs)

=  AOP Example: lysosome damage — IL-1B production

. Lysosome assay: Magic Red™ confocal microscopy
] Macrophage IL-1B assay (NLRP3 activation)
. Epithelial cell TGF-$1 production

v

. In vitro hazard ranking

= Assembly of libraries of ECNs (allows iterative and incremental testing)

. Ranking of new materials in a grid (incremental)

=  SARs for dominant properties (e.g. surface reactivity, surface coating)
- Material selection for in vivo testing, e.g. materials with shared AOP, SAR, hazard level

\

Tier 2: Short-term in vivo studies
. Bolus administration

= Confirmation of AOP through pathogenesis of disease (predictive / non-predictive)

. In vivo hazard ranking

. Decision about necessity of long-term inhalation study and more frequent use of Tier 1 if Tier 2 is predictive

2

Tier 3: Long-term in vivo studies (e.g. 90 days)
. Aerosolized inhalation
. Reserved for special circumstances

] Eliminate Tier 3 with confirmation of validity of Tiers 1 and 2

Figure 6. Outline of a possible tiered testing approach, according to which decision analysis can be developed for safety
assessment of broad groups of ECNs, with a view to expediting testing, and regulatory decision-making.

PF108 coating is capable of passivating reactive ECN
surfaces, which prevents lysosomal damage, NLRP3

MATERIALS AND METHODS

Source and Preparation of Carbonaceous Nanomaterials. We used
SWCNTSs prepared by three different methods. As-prepared (AP)
and purified (PD) HiPco SWCNTs were purchased from Nano-
Integris (Skokie, IL). AP- and PD-Arc-discharge SWCNTs were pur-
chased from Carbon Solutions, Inc. (Riverside, CA). PD-CoMoCat
(PD-5G65) SWCNTs were purchased from Southwest Nano Tech-
nologies (Norman, OK). Pluronic F108 (BASF Corporation, Iselin, NJ)
dispersed SWCNTs (Hipco, Arc and CoMoCat) were prepared
by sonicating the purified grade materials in 2% (w/v) PF108,
followed by centrifugation to remove large aggregates and
impurities as described previously."” PF108-dispersed graphene
(PF108-G) was produced by ultrasonication of graphite flakes
(3061 grade material from Asbury Graphite Mills) in a 2% aqueous
PF108 solution, followed by centrifugation at ~4620g for 30 min to
remove large flakes. Subsequent ultracentrifugation at 288000g
for 12 h was used to concentrate and further purify the
solution. Aggregated graphene was produced by flocculation
though the addition of four parts isopropyl alcohol to one
part dispersed graphene, followed by extensive washing in
deionized water. Graphene oxide (GO) was produced via a
modified Hummer's method from Asbury Mills 3061 grade
graphite.* After oxidation, samples were washed via filtration
and centrifugation. Small-sized GO (GO-S) was produced by horn
sonication of the washed material, using a Fisher Scientific Model
500 Sonic Dismembrator, fitted with a 1/2 in. tip. Sonication was
carried outat ~55 W (50% amplitude) in an ice bath for 1 h. Large-
sized GO (GO-L) was produced by bath sonication for 1 h. Both
GO-S and GO-L were subsequently centrifuged for 30 min in a
Beckman Coulter J26-XPI at 5000 rpm (~4620g) to remove large
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inflammasome activation, IL-153 production and lung
fibrosis.

aggregates. The top 80% of the supernatant was taken off as the
final use material.

Chemicals and Experimental Materials. Bronchial epithelial
growth medium (BEGM) was obtained from Lonza (Mapleton,
IL). BEGM is supplemented with a number of growth factors,
including bovine pituitary extract, insulin, hydrocortisone,
hEGF, epinephine, triiodothyronine, transferrin, gentamicin/
amphotericin-B and retinoic acid. Roswell Park Memorial Insti-
tute medium 1640 (RPMI 1640) was purchased from Invitrogen
(Carlsbad, CA, USA). Low-endotoxin bovine serum albumin
(BSA) and fetal bovine serum (FBS) were from Gemini
Bio-Products (West Sacramento, CA). Dipalmitoylphosphatidyl-
choline (DPPC) was purchased from Sigma-Aldrich (St. Louis,
MO). Min-U-Sil was obtained from U.S. Silica (Frederick, MD). All
the SWCNT, graphene or graphene oxide stock solutions were
prepared using pure deionized water (DI H,0) with resistivity
>18 Q cm.

Preparation of Nanoparticle Suspensions. For BSA/DPPC dispersal,
both dispersants were added at 0.6 and 0.01 mg/mL, respec-
tively, before adding a 5 mg/mL ECN stock solution. To obtain
highly dispersed PF108 tubes, ~33 mg of powder was added to
12 mL of 2% (w/v) PF108 aqueous solution, before sonication
with a Fisher Scientific Model 500 Scientific Dismembrator for
1 h at 20% amplitude. These tubes were subsequently centri-
fuged at 32000g for 30 min, and the supernatants were retained
as the PF108 dispersed stock solution.

Cell Culture and Co-incubation with SWCNT, Graphene and GO. BEAS-2B
and THP-1 cells were obtained from ATCC (Manassas, VA).
A total of 1 x10* BEAS-2B cells were cultured in 0.1 mL BEGM
in 96-well plates at 37 °C. THP-1 cells were pretreated with
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1 ug/mL phorbol 12-myristate acetate (PMA) overnight and
primed with 10 ng/mL lipopolysaccharide (LPS). Aliquots of
3 x 10* primed cells were cultured in 0.1 mL medium with
carbon nanoparticles in 96-well plates (Costar, Corning, NY) at
37 °C for 24 h. All the carbon nanoparticle suspensions were
freshly prepared. After 24 h of culture, the supernatants were
collected for the measurement of IL-15 (BD Biosciences, San
Diego, CA) and TGF-$1 (Promega, Madison, WI) using ELISA kits
according to manufacturer's instructions. Concentrations were
expressed as picograms per milliliter (pg/mL).

Confocal Microscopy Using Magic Red To Assess Lysosomal Damage and
Cathepsin B Release. A total of 1x10° primed THP-1 cells were
seeded into each well of an 8-well chamber and incubated
with 100 xg/mL SWCNTs, graphene or GO flakes in RPMI 1640
for 4 h. After fixation in 4% paraformaldehyde for 1 h in PBS,
cells were washed three times with PBS and stained with Magic
Red (ImmunoChemistry Technologies) at 26 nM for 1 h.
Following further washes with PBS, the cell membrane and
nucleus were costained for 30 min with 5 ug/mL Alexa
Fluor633-conjugated wheat germ agglutinin (WGA) and
Hoechst 33342, respectively. The chamber was visualized
under a confocal microscope (Leica Confocal 1P/FCS) in
the CNSI Advanced Light Microscopy/Spectroscopy Shared
Facility. High magnification images were obtained with the
100x objective. Cells without nanoparticle treatment were
used as control. Cells treated with 100 xg/mL monosodium
urate (MSU) crystals as the positive control.

Mouse Exposure and Assessment of Exposure Outcomes. Eight-
week-old male C57BI/6 mice were purchased from Charles River
Laboratories (Hollister, CA). All animals were housed under
standard laboratory conditions according to UCLA guidelines
for care and treatment as well as the NIH Guide for the Care and
Use of Laboratory Animals in Research (DHEW?78-23). The
animal experiments were approved by the Chancellor's Animal
Research Committee at UCLA and include standard operating
procedures for animal housing (filter-topped cages; room tem-
perature at 23 & 2 °C; 60% relative humidity; 12 hlight, 12 h dark
cycle) and hygiene status (autoclaved food and acidified water).
Animal exposures to nanoparticles were carried out by an
oropharyngeal aspiration method developed at NIOSH.3®
Briefly, the animals were anesthetized by intraperitoneal injec-
tion of ketamine (100 mg/kg)/xylazine (10 mg/kg) in a total
volume of 100 uL. With the anesthetized animals held in a
vertical position, a 50 uL PBS suspension containing 50 ug
nanoparticles was instilled at the back of the tongue to allow
pulmonary aspiration. The experiment included control animals
receiving the same volume of PBS with BSA (0.6 mg/mL) and
DPPC (0.01 mg/mL). The positive control group in each experi-
ment received 5 mg/kg crystalline silica in the form of quartz
(Min-U-Sil or QTZ). We performed two kinds of animal experi-
ments, namely a study in which SWCNT, graphene and GO were
compared for lung fibrosis potential, as well as performing a
kinetics study in which the animals were observed for various
lengths of time following oropharyngeal instillation. The mice in
the comparison experiments were sacrificed at 40 h and 21 days
postexposure, while the mice in the kinetics study were sacri-
ficed at 6 h, 18 h, 40 h, 3 d, and 7 d postexposure. The bron-
choalveolar lavage fluid (BALF) and lung tissues from each
experiment were collected as previously described.>® The BALF
was used for performance of total and differential cell counts
and the measurement of IL-1/3 and TGF-f31 levels. Lung tissues
were stained with hematoxylin/eosin or Masson's trichrome.

Sircol Assay To Assess Total Collagen Production. The right upper
lobe of each lung was suspended in PBS at ~50 mg tissue per ml
and homogenized with a tissue homogenizer (Fisher Scientific).
Triton X-100 was added at 1% and the samples incubated for
18 h at room temperature. Acetic acid was added to a final of
0.5 M and incubated at room temperature for 90 min. Cellular
debris was pelleted by centrifugation, and the supernatants
were used to assess total protein, using a BCA Assay kit (Pierce/
ThermoFisher Scientific). The Sircol Soluble Collagen Assay kit
(Biocolor Ltd., Carrickfergus, U.K.) was used to extract collagen
from duplicate samples, using 200 uL of supernatant and 800 uL
of Sircol Dye Reagent according to the manufacturer's instruc-
tions. Similar prepared collagen standards (10—50 xg) were run
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in parallel. Collagen pellets were washed twice with alcohol and
dried before suspension in an alkaline reagent. Absorbance at
540 nm was read on a plate reader (SpectroMax M5e, Molecular
Devices Corp., Sunnyvale, CA). Data were expressed as micro-
grams of soluble collagen per milligrams of total protein.

Statistical Analysis. Mean and standard deviation (SD) was
calculated for each parameter. Results were expressed as mean
+ SD of multiple determinations. Comparisons within each
group were conducted by a two-sided Student's t test. A
statistically significant difference was assumed with p < 0.05.
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