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Abstract

Organomodified nanoclays (ONCs) are increasingly used as filler materials to improve
nanocomposite strength, wettability, flammability, and durability. However, pulmonary risks
associated with exposure along their chemical lifecycle are unknown. This study’s objective was
to compare pre- and post-incinerated forms of uncoated and organomodified nanoclays for
potential pulmonary inflammation, toxicity, and systemic blood response. Mice were exposed via
aspiration to low (30 xg) and high (300 £g) doses of preincinerated uncoated montmorillonite
nanoclay (CloisNa), ONC (Clois30B), their respective incinerated forms (I-CloisNa and I-
Clois30B), and crystalline silica (CS). Lung and blood tissues were collected at days 1, 7, and 28
to compare toxicity and inflammation indices. Well- ammatory response characterized by
neutrophils, macrophages, and particle-laden granulomas. Alternatively, Clois30B, I-Clois30B,
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and CS high-dose exposures elicited a low grade, persistent inflammatory response. High-dose
Clois30B exposure exhibited moderate increases in lung damage markers and a delayed
macrophage recruitment cytokine signature peaking at day 7 followed by a fibrotic tissue signature
at day 28, similar to CloisNa. ICloisNa exhibited acute, transient inflammation with quick
recovery. Conversely, high-dose 1-Clois30B caused a weak initial inflammatory signal but showed
comparable pro-inflammatory signaling to CS at day 28. The data demonstrate that ONC
pulmonary toxicity and inflammatory potential relies on coating presence and incineration status
in that coated and incinerated nanoclay exhibited less inflammation and granuloma formation than
pristine montmorillonite. High doses of both pre- and post-incinerated ONC, with different surface
morphologies, may harbor potential pulmonary health hazards over long-term occupational

exposures.
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Organomodified nanoclays (ONCs), natural clays coated with organic modifiers, represent
an engineered nanomaterial (ENM) class that possesses the ability to achieve high
dispersibility in composite material.1-2 ONC-enabled composites, with marked improvement
in numerous physicochemical characteristics, have allowed for their wide use and
application across commercial, industrial, and construction sectors.3# With such a large
expansion of the ONC-enabled composite market, occupational airborne ONC exposures are
forecasted to increase;® however, extremely little is known about inhalation and resulting
pulmonary toxicity.

Specifically, montmorillonite represents a major class of nanoclay with favorable
physicochemical characteristics for organic modifier coatings to assist in adequate
dispersion in plastic composite materials.::” Montmorillonite is a 2:1 phyllosilicate smectite
deposit with platelet-shaped morphology composed of two SiO, tetrahedral sheets bounding
an alumina octahedral sheet. Mg2*, Fe2*, and AI3* substitutions within the sheets produce a
negative charge that is counterbalanced with occasional Na* and Ca2* deposits within the
interlayers. The resulting single platelets are typically 1 nm thick and 200-500 nm in length
and width dimensions, thus classifying them as high aspect ratio (HAR) particles. Given the
ionic surface charge in the galleries between each particle, platelets are usually stacked
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resulting in agglomerate particles in the fine particle scale;1:"8 however, manipulation of
these materials results in particle size distributions well within the nano- and fine particle
fractions.®19 Exposure to airborne montmorillonite results in robust pulmonary
inflammation, persistent lung particle burdens, silicosis-like lesions, and pneumoconiosis in
humans and in vivo models.211-14 Although past nanoclay composite materials have used
montmorillonite as filler material, their application is less than desirable since hydrophilic
nanoclay does not disperse well in plastic polymers, thus providing only moderate strength
characteristics. Recent advances in polymer chemistry have resulted in addition of coatings
comprised of quaternary ammonium compounds (QACSs) with short or long alkyl chains that
enter the intergallery spaces between nanoclay platelets. Through an ion-exchange process, a
hydrophobic and functional surface results, which provides excellent platelet exfoliation and
dispersion in plastic base composites.1®16 Well-dispersed ONC-enabled composites
demonstrate water and gas impermeability, excellent flame retardant characteristics, reduced
aqueous surface tension/friction, improved strength and flexibility, and durability. Given
their low cost, widespread availability, and compatibility with petroleum and “green” plant-
based polymers, ONC-enabled composites are projected to experience wide use across the
plastic industry including thin films, electronics, coatings, flame retardant surfaces, durables,
wovens, fabric, and 3D printing applications.1’~19 Consumer and industrial uses include
automobile and aerospace parts, food wrapping, plastic wrap, pipe coatings, low flammable
coatings, and durable consumer goods/cases.3:20:21

Recent research to assess ONC exposure health impacts has begun to use a life cycle
approach, which includes production, transport, use, breakdown, and disposal
considerations.1718 A life cycle modeling study of ONC polypropylene composite found
several instances for potential occupational exposure during ONC synthesis, milling,
bagging, composite synthesis with molding or extrusion, and waste incineration.22 Two
human occupational exposure studies reported airborne ONC concentrations ranging from
5.2 to 39.2 mg/mS and 7.73 t012.73 mg/m3 following ONC synthesis, which included
pulverization and packaging activities with no dust removal control strategies.2324 Limited
particle exposure studies report the release of nano- and submicron particles during both
ONC composite synthesis and breakdown.10:25.26 Recent reviews of ENM exposure studies
highlighted ONCs as an ENM class for potential occupational exposure, but with little
exposure or toxicological effect data to assess occupational risks.>27 Airborne ultrafine
particulate studies identified nanosized particulate containing Ca and Al as a significant
portion of fly ash following waste incineration.28 Incineration is projected as a major end-of-
life stream for nanomaterials, which poses several challenges in understanding how to
potentially control particle transformation, filtering, and fate.18:2% Moreover, nanomaterial
filler may influence the behavior of plastic composite and affect fly ash structure and
chemical composition during incineration.30

Currently, a majority of ONC toxicity data has been conducted in gastrointestinal /n vivo and
in vitro models given the interest in ONC composite thin film applications for food
wrappings. /n vitro studies indicate that ONCs caused increased oxidative stress, changes in
Golgi apparatus structure, genotoxicity, and mitochondrial degeneration with indication that
the organic modifier was driving the toxicological effect.8:31-33 However, in vivo
gastrointestinal exposure studies showed little to no inflammation, ROS, genotoxicity, nor
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tissue damage in the intestine, liver, and kidney. Very few data exist evaluating inflammatory
responses to ONCs compared to the robust pristine montmorillonite literature. Similarly,
little is known about inhalation ONC exposure and the resulting pulmonary toxicity and
immunomodulatory effects.®

Given the projected increase in airborne occupational exposure and the lack of pulmonary
toxicity data of ONCs across their life cycle, this study’s main objective was to assess and
characterize pulmonary inflammation and airway damage following exposure to pre- and
post-incinerated uncoated and organomodified nanoclay. We hypothesized that the presence
of the organic coating would cause lower inflammation but higher cytotoxicity than pristine
uncoated nanoclay upon pulmonary exposure and, upon incineration, produce differential
responses in exposed pulmonary tissue. C57BI/6J mice were exposed to either 30 or 300 /g
per mouse Via a single oropharyngeal aspiration to pre- or post-incinerated pristine uncoated
or organomodified montmorillonite. Doses were based on deposited montmorillonite and
crystalline silica (CS) doses used in previous chronic rat inhalation studies that model
human occupationally relevant exposures.34:35 Heat inactivated CS exposure served as a
benchmark control particle based on similar chemical composition, size, and a robust
pulmonary toxicity literature. Furthermore, use of CS provides an opportunity to compare
toxicity mechanisms of nanoclay. Lung damage and inflammation end points were assessed
in collected bronchoalveolar lavage fluid (BALF), lung tissue sections, and lung
homogenates at 1, 7, and 28 days postexposure. In addition, systemic circulatory effects
were measured by monitoring blood cell differentials and platelet activation. This study
provides data linking changes to physicochemical properties of an ONC material across its
prospective life cycle to pulmonary inflammation response and adverse effects. By
conducting this evaluation in a comparative particle and dose—response framework, the
effect of presence/absence of organic polymer coating and pre/post-incineration that
primarily influence inflammation response can improve prevention by design strategies to
safe guard against adverse outcomes following occupational exposure.

RESULTS AND DISCUSSION

Limited exposure studies along the forecasted ONC lifecycle indicate the potential for
airborne respirable particle release with maximum levels reported at 12.73 and 39.2 mg/m3
during ONC synthesis?4 and 131000 particles/cm?3 released from ONC composite materials.
10 However, no study has investigated in vivo pulmonary exposure to ONCs or their
incinerated end-of-life byproducts. This study evaluated pulmonary risks associated with
pre- and post-incinerated ONC /n vivo exposure. Mice were aspirated to 30 xg or 300 wg of
pre- or post-incinerated uncoated (CloisNa) or coated ONC (Clois30B) and evaluated for
changes in BALF cellularity, BALF cytokine profile expression, and lung histopathology at
1, 7, and 28 days postexposure. This study provides information on how physicochemical
properties associated with QAC coating and incineration status impact lung inflammation
and toxicity and potentially identify differences in underlying mechanism.
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Particle Characterization of Dispersed Pre- and Post-incinerated ONCs.

Given recent evidence for airborne ONC occupational exposures with unknown pulmonary
health risks, this study builds upon recent ONC life cycle particle characterization and /in
vitro toxicity reports36:37 by assessing dispersed particle physicochemical properties and
how they potentially influence /in vivo particle deposition and pulmonary inflammation and
toxicity response. Initial particle characterization results were reported in Wagner et al.36
Briefly, FTIR analysis of both preincinerated nanoclays confirmed the presence of the QAC
modifier on Clois30B, while both nanoclays exhibited Si-O-Si (1000 cm™1) and AlI-OH-Al
(900 cm™1) peaks. Following incineration, however, all peaks associated with organic
material had disappeared, which was confirmed by TGA analyses and SEM/EDX,
demonstrating a 35% mass loss and little surface carbon present, respectively. Shifts in both
Si—0O-Si and Al-OH peaks occurred for both incinerated nanoclays, suggesting deformation
of these bonds and dehydroxylation of nanoclay structure known to occur at 700 °C,
resulting in formation of amorphous surface morphologies. Notably, 1-CloisNa retained a
more pronounced Si-O-Si (640 cm™1) than I-Clois30B, indicating that ICloisNa may
possess surface activity associated with pyrogenic silica.38

Hydrodynamic light-scattering analysis (DLS) of all dispersed particles in saline suspension
indicated that CloisNa exhibited well-dispersed bimodal size distribution (a}, = 380.7) with
97% of particles at a mean peak of 438.8 nm, while 3% exhibited sizes approaching
nanosized range (113.8 nm; Table 1). Conversely, Clois30B with its hydrophobic coating
exhibited polydisperse suspension (dy = 1941 nm), including a 409.3 nm peak. Overagitation
(e.g., excessive handling) of sonicated Clois30B suspension caused mild reagglomeration of
submicron-dispersed particles due to their hydrophobic nature resulting in a peak shift from
141 to 675.3 nm over a 6 min time span. Both incinerated nanoclays exhibited polydisperse
suspensions similar to Clois30B, but did not show hydrophobic reagglomeration. I-CloisNa
(ah = 1537) exhibited near 50% smaller particle sizes than 1-Clois30B, with a submicron
peak at 493.5 nm. Conversely, I-Clois30B exhibited a df, = 3228 with a peak at 805 nm. CS
exhibited uniform and stable dispersion at g, = 1023 nm. On the basis of the fast settling rate
of agglomerates in polydisperse samples, peaks for large single micron particles were not
reliably determined by the Zetasizer software.

FESEM/EDX analysis largely supported the DLS data. Both CloisNa and Clois30B
exhibited both single and stacked platelet morphologies with CloisNa harboring more well-
dispersed single platelets (Figure 1a and b). EDX surface chemical analysis identified Al, Si,
C, and O on both particleswith occasional focal detection of K, Fe, and P (Table 1;
Supplemental Figure 1). Conversely, both I-CloisNa and 1Clois30B possessed amorphous
structure typical of pyrogenicsilica.38:42 However, a substantial fraction of I-Clois30B
exhibited a porous particle structure with some evidence of residual platelike structure,
possibly due to interactions of the organic modifier and deformation of Si—O or Al-O bonds
during incineration.#3 It is possible that (a) an interaction between the organic compounds
that come off in stages due to interactions with Si—O or Al-0O bonds and (b) increased
spacing between platelets due to presence of the organic modifier resulted in creation of
pores within the stacked platelet structure.*3 Incineration clearly caused larger agglomerates
to form for both nanoclays due to deformation of Si—O bonds,3¢ with 1-Clois30B possessing
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close to a unimodal dispersion around 1 gm while 1-CloisNa exhibited bimodal distribution.
Fe deposits were evident on both preincinerated CloisNa and both post-incinerated
nanoclays characterized by bright raised areas on particle surface, and were confirmed by
EDX analysis. Of note, a small fraction of all four nanoclay samples was composed of
colloidal Al/SiO, agglomerates (Figure 1b,e). No evidence of colloidal aluminum silicate
was found in water used to make stock solutions and CS samples.

Since platelet-shaped particles exhibit aerodynamics that influence pulmonary deposition,
estimation of particle aerodynamic diameter (D,¢) for nanoclays with underlying platelet
morphology was determined. D, calculations indicated that the 438 nm fraction of CloisNa
was less than 698 nm in size (Supplemental Figure 2). Given the well-dispersed nature of
CloisNa with minimal detection of agglomerates approaching 1 gm thickness, a majority of
CloisNa was estimated to be below 310 nm. The submicron fraction of Clois30B showed
comparable Dge (789 and 250 nm) to CloisNa. However, the df, of Clois30B exhibited D, at
2430 nm, indicating that large agglomerates were close to the upper limit (~3 gm) of a
respirable particle. These D, data suggested that both preincinerated nanoclay particles
were within respirable fraction range for the mouse and human lung.444° Based on
nonplatelet morphology of incinerated nanoclays and CS, D, was not calculated. These
dispersed particle size distributions closely matched those expected during machining or
breakdown in occupational settings and indicated that the resulting size fractions were
respirable in the mouse /n vivo pulmonary exposure model. Pristine montmorillonite is well-
known to possess dustiness qualities with airborne single micron particle sizes, while
ultrafine particle size ranges are generated following mechanical manipulation of natural
deposits including mining, processing, and ball milling.4¢ On the basis of CloisNa’s silica
and aluminum oxide chemistry,3® negative surface charge, and negative zeta potential in
solution, this uncoated nanoclay was easily dispersed in saline with a majority within the
size range expected for either single platelet or small stacked platelet aggregates, which
closely matched those reported in occupational exposures. Comparatively, dispersion of
Clois30B in aqueous solutions indicated that the QAC tallow coating possessed hydrophobic
tendencies, which resulted in larger particle size distribution for the smaller particle fraction.
Several studies of nanoalumina and ONC simulated exposures reported size ranges during
manufacturing (30-75 nm), nanoclay composite synthesis (50—-600 nm), and composite
breakdown (255-459 nm) that match our suspended size distributions.®:10:25 Conversely,
dustiness or mild sonication suspensions resulted in submicron to large single micron
particles in both pristine nanoclays and ONCs.26:36:47 Next, minimal endotoxin was detected
in all particle suspensions (<0.07 EU/mL) with no significant difference observed among
particles or with blank controls (Table 2). Both preincinerated nanoclays were observed to
bind significantly more internally spiked lipopolysaccharide (LPS) than post-incinerated
nano-clays and CS (p < 0.05).

Nanoclay Deposition in the Deep Lung Coincided with Its Aerodynamic Diameter.

Particles with platelet or stacked platelet morphologies can exhibit physicochemical
properties that dictate their aerodynamic behavior and respirable potential that determines
deep lung deposition.#849 platelet’s or platelet agglomerate’s movement is a function of
lateral size, layer number, aerodynamic resistance force, and density. Based on calculations
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with graphene platelets, 849 substantial deposition in the respiratory tract can occur across a
wide range of lateral dimensions, with submicron layered platelet particles reaching near
50% deposition in the alveolar region. Evaluation of H & E stained lung sections of day 1
300 tg-dosed animals indicated that CloisNa deposited primarily in the terminal bronchioles
(TB), alveolar ducts (AD), and alveoli Figure 2a), confirming D, estimates of deep lung
deposition. Particles appeared as abundant fine, grainy, bluish material, which often coated
alveolar walls and filled airspaces. Polarizing light microscopy revealed that CloisNa was
poorly birefringent, possibly due to abundant and overlapping nature of these platelet-shaped
particles (Figure 2b). Given the submicron lateral dimensions, single nanometer thickness,
and well-dispersed nature of hydrophilic CloisNa, polarized light and enhanced dark field
imaging were not preferable methodologies visualize pristine nanoclay in exposed lung
tissue. Compression of single or several layers of nanoclay within lung sections could
effectively block a majority of scattered or polarized light.*8 FESEM/EDX analysis of serial
lung sections indicated that blue, grainy deposits at both AD and in alveolar airspaces
contained Si, Al, Na, and occasional Fe and Mg, thus confirming CloisNa deposition (Figure
2b, upper right). Conversely, Clois30B exhibited variably sized particles with large
agglomerates primarily depositing in the TB and AD, whereas single platelet and small
agglomerate deposits were seen within the alveoli. These deposition data with single and
stacked platelets correlated well with the Clois30B D, estimate. These data were consistent
with modeled D, and known deposition patterns of single micron and submicron platelet-
shaped particles in the deep lung.4849 Both 1-CloisNa and I-Clois30B primarily deposited in
TB and AD with minimal alveolar deposition. CS exhibited well-disbursed particle and deep
alveolar deposition. All particle deposition in day 1 animals was confirmed with enhanced
darkfield imaging (Supplemental Figure 3).

QAC Coating Reduced Acute Leukocyte Recruitment Associated with Uncoated Nanoclay
but Caused Low, Persistent Elevated Macrophage Counts in Exposed Lung.

All tested particle exposures produced significant particle-, dose-, and time-dependent
increases in cell numbers in collected BALF. All high-dose particle exposures resulted in
significantly elevated BALF cell numbers on day 1 with decreasing counts over time (Figure
3A), except for Clois30B and CS. CloisNa-exposed mice exhibited a robust, dose-
dependent 9-fold increase in cell counts which reduced over time (4.8- and 2.4-fold,
respectively). Conversely, high-dose Clois30B-, I-Clois30B-, and CS-exposed mice
experienced moderate significantly elevated infiltrates (2.0 to 3.1-fold) on day 1 that
persisted to day 28. Clois30B cell counts peaked at day 7, while CS cell counts peaked at
day 28. Only low-dose CloisNa and high-dose I-CloisNa exposure caused a significantly
elevated cell count on day 1 that resolved by day 7. BALF samples from both low- and high-
dose CloisNa at day 1 possessed an enhanced number of erythrocytes. Both low- and high-
dose CloisNa-exposed animals experienced a significant increase (2- and 4.3-fold,
respectively) in macrophages at day 1 postexposure compared to controls, while all other
treatments showed no change (Figure 3b). These levels remained elevated through day 7 and
dropped to near control levels by day 28. Large humbers of BALF macrophage and
erythrocytes was consistent with known pulmonary damage following mont-morillonite
exposure.38:45.50 BALF cytospin analysis revealed macrophages laden with CloisNa and
Clois30B at each time point (Supplemental Figure 4a). Conversely, high-dose Clois30B
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animals experienced a significant 2-fold increase in macrophage infiltrate at day 7 and day
28. High-dose IClois30B and CS elicited significantly elevated macrophage counts (2.1- and
2.8-fold) at day 28.

Mean percentage of neutrophils and eosinophils in BALF ranged from 18 to 48.8% and 3.5
to 7.2%, respectively, of airway infiltrate response for high-dose particles on day 1 (Figure
3c and Supplemental Figure 4b). Specifically, high-dose CloisNa resulted in BALF with
48% neutrophils at day 1, which remained significantly elevated (10%) at day 7. Only CS
exposure exhibited a persistent, elevated neutrophil presence in the airways (4.6%) to day
28. Both Clois 30B and I-Clois 30B displayed elevated neutrophil airway infiltrate responses
(2 to 3%); however, these were the weakest responses compared with the other particles. All
high-dose particle exposures caused significantly elevated eosinophil counts (1 to 5%) at
days 1 and 7, which resolved by day 28. High-dose Clois 30B, I-Clois 30B, and CS showed
the weakest eosinophil response (1 to 2%) at day 1. Low-dose particle exposure did not
induce changes in eosinophilic counts relative to control.

Lymphocyte counts were significantly elevated (1 to 5%) at day 7 postexposure for low- and
high-dose CloisNa, high-dose Clois30B, and high-dose I-CloisNa (Figure 3d). Lymphocyte
counts increased over time for high-dose CS-exposed animals, while high-dose I-Clois30B
animals showed elevated counts at day 28. These findings, along with elevated macrophage
counts, suggested that incinerated ONC potentially harbors chronic pro-inflammatory
properties similar to CS.13:51-53 Interestingly, high-dose Clois30B at day 7 and day 28 and
high-dose CS at day 28 caused a significant elevation in BALF binucleated macrophages
(Supplemental Figure 4c), which represented 20% and 13% of the total BALF macrophage
population, respectively.

QAC Coating Delayed Airway Damage and Cytotoxicity of Preincinerated Uncoated

Nanoclay.

Lung cytotoxicity and airway—blood barrier damage (by BALF LDH and total protein levels,
respectively) was particle-, dose-, and time-dependent (Figure 4; p < 0.0001). Specifically,
both high-dose pre- and post-incinerated CloisNa nanoclay elicited significant 6- and 3-fold
increases, respectively, in BAL cytotoxicity (LDH) levels at day 1, which reduced over time.
Dispersed montmorillonite represents an aluminosilicate HAR particle with silanol and
aluminum oxide surface groups that are well known to cause biological membrane damage
and a robust inflammatory response.38:54 Moreover, two recent studies report that pristine
montmorillonite or nanoalumina particles may aggressively bind lung surfactant resulting in
disruption of the biofluidic properties of the lung lining fluid,5%:56 potentially resulting in
loss of the protective coating over epithelial cells and interfere with proper gas exchange.

Although not elevated on day 1, both high-dose Clois30B and CS exposure caused
significant 2- and 3.3-fold increases, respectively, in cytotoxicity on day 7 only. Both low-
and high-dose CloisNa elicited robust significant 4.6- and 8.6-fold increases in BALF LDH
and total protein, respectively, which subsided back to control levels by day 28. Both
Clois30B and CS caused a mild significant 1.7-fold increase in BALF LDH, which persisted
to day 7 and day 28, respectively. These findings of no acute Clois30B-induced airway
cellular damage and minimal macrophage or neutrophil infiltrate is in contrast with results
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typically reported in /n vitro studies.® The organic coating may have shielded against surface
silanol groups, aluminum oxide, and other bound ions (e.g., Ca, Fe) with known abilities to
induce cytotoxicity,38 from coming in direct contact with macrophage and epithelial cells in
the TB and alveoli. In addition, lung surfactant binding, less surface area per delivered mass
compared to CloisNa, and dissolution rate of the QAC coating may have delayed and
partially inhibited an acute cytotoxic response.

Traditional uses of QAC compounds include antimicrobial and preservative applications
including nasal sprays, eye drops, and workplace disinfectants. Acute exposure to a potent
QAC (benzalkonium chloride) alone is reported to cause epithelial cell and neutrophil
apoptosis and cytotoxicity viamembrane lysis.>’=9 Previous /n vitro studies with Clois30B
and other ONCs with different QAC modifiers reported cytotoxicity, ROS, altered
mitochondrial and golgi apparatus structure, DNA damage, and apoptosis,33:60-62 while
ONCs with other organic coatings report no toxicity, even at extremely high doses.6 Of note,
Janer et al.3! reported that the organic modifier drove observed adverse responses across five
different cell lines. Our previously published study reported that Clois30B exhibited
significant bronchial epithelial cytotoxicity compared to CloisNa.3® In this study, the
delayed cytotoxic and total cell infiltrate response to Clois30B, comprised of macrophages
and lymphocytes, compares to other submicron and ultrafine particles known to exhibit a
delayed inflammatory response. Particles containing partly soluble metal species, such as
welding fume particulate, quantum dots, and ZnO nano-particles, can exhibit a weak acute
inflammatory response followed by a delayed robust inflammation and pulmonary
cytotoxicity, in part due to slow dissolution of metal ions from the deposited particle.83-65
This suggests the possibility that the QAC coating on an ONC may undergo slow dissolution
once deposited in the deep lung.

Postincinerated nanoclays (I-CloisNa and I-Clois30B) showed mild significant increases in
cytotoxicity and barrier damage at only day 1, which is typical of large single micron silica
particle exposures.38 Animals exposed to CloisNa experienced a significant 13% decrease in
body weight when compared to vehicle-only animals, which resolved at day 7 for low-dose-
exposed animals (Supplemental Figure 5). High-dose-exposed animals gained weight by day
28, however, weight gain was significantly below (24%) control animals. The decreased
body weight in CloisNa-exposed animals at day 1 may partially be explained by reduced
oxygen availability,>>26 reduced basal aerobic respiration, increased acute stress, reduced
food intake, and use of systemic glycogen stores v/a anaerobic respiration.

QAC Coating and Incineration Status Influenced Time-Dependent Lung Inflammatory and
Fibrotic Cytokine Signatures.

A majority of the 20 assayed BALF cytokine expression was particle-, dose-, and time-
dependent (p< 0.0001). IL-18and FGFg levels at day 1 were significantly elevated (p <
0.032) for every exposure group compared to controls and day 7 and day 28 animals. On day
1 postexposure, all high-dose particle- and low-dose CloisNa-exposed animals exhibited
significant increase in pro-inflammatory (e.g. IL-6), macrophage (e.g., MIP-1a and MIP-2),
PMN chemokines (e.g., GM-CSF), and tissue damage markers (e.g., 11-6 and TNFa) (Figure
5, Supplemental Table 1). Of these, both doses of CloisNa and high-dose 1-CloisNa elicited
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the strongest response with 16 and 15 significantly elevated cytokines ranging 1.7-to 2060-
fold, respectively, above vehicle control animals. High MCPL1, IL-6, and eotaxin levels
distinguished CloisNa-exposed animals from other treatments and are known to coincide
with nanosized silica particle exposure in lung.56 Compared to CloisNa, Clois30B exposure
caused only 9 cytokines to significantly increase above controls. Notably, Clois30B still
elicited significant increases in IL-6, MIP-1a, MIP-2, and TNFa but did not overexpress
MCP1, MDC, eotaxin, OPN, TGFg, or PDGF-bb. The absence of these cytokines compared
to CloisNa samples indicated that mice exposed to ONC did not mount a strong day 1
inflammation recruitment signal, despite significantly elevated levels of TNFa, IL-6,
MIP-1a, and MIP-2. These last four elevated cytokines did suggest moderate cellular
damage, possibly from the QAC-based coating, since they are typically released by
macrophages and damaged epithelial and fibroblast tissues.87:68 |-Clois30B caused a similar
expression profile to CS, with only MDC and eotaxin being specific for I-Clois30B. All
other low-dose particle exposures caused significant 3.4- to 26-fold increases in MIP-1a
only, while low-dose Clois30B caused 16-fold increased MMP9 expression (Supplemental
Table 2).

By day 7 postexposure, only high-dose CloisNa, Clois30B, and CS exhibited similar
elevated inflammatory profiles compared to all other particle treatments and vehicle control
animals (Figure 6a). Discriminant canonical analysis (DCA), however, indicated that these
three exposures had distinct expression signature profiles (not shown). All three particles
elicited significant 2.5- to 47-fold increases in inflammatory (TNFa, MIP-1a, MIP-2,
MDC) and 1.8- to 124-fold increases in fibrosis-associated cytokines (OPN, MMP9, TIMP1,
TGFp), while 24-fold elevated PDGF-bb was specific for both nanoclays (Figure 6b). In
addition, Clois30B retained significant 2.2-fold elevated levels of IL-6 and exhibited
maximum peaks in MCP1, MDC, eotaxin, and TNFa expression suggesting prolonged
tissue damage in airways (Figure 4). This, coupled with continued elevated cytotoxicity,
suggested that persistent presence of the ONC particle elicited a delayed cytotoxic and pro-
inflammatory signal response compared to pristine CloisNa, possibly due to slow dissolution
of the QAC coating. Alternatively, CS exhibited overexpressed KC/GRO and decreased
IL-12 and IL-13 expression. High-dose incinerated nanoclays (I-CloisNa and I-Clois30B)
exhibited drastic 2.1- to 325-fold reductions in inflammatory cytokine expression compared
to day 1 animals. All low-dose particle-exposed animals exhibited cytokine profiles similar
to vehicle control animals.

On day 28 postexposure, high-dose I-Clois30B- and CS-exposed animals showed similar
significantly elevated proinflammatory and fibrosis-associated cytokine expression profiles
including several macrophage, neutrophil chemotactic, and extracellular matrix remodeling
proteins (MMP9, TIMP1, and OPN; Figure 7a,b). Compared to other treatments, 1.6- to 16-
fold elevated 1L-6, MCP1, MDC, KC/GRO, eotaxin, and TNFa were specific to this group.
MCP-1 is known as a potent promotor of inflammatory-driven fibrosis and is associated with
autophagy following CS exposure.89 Such a striking similarity between these treatments
potentially suggested that incinerated ONCs may represent a chronic pulmonary hazard
similar to CS.38:53.70 Although not as robust, both high-dose preincinerated nanoclays
(CloisNa and Clois30B) caused a significant1.5- to 40-fold elevation in fibrotic tissue
profile, including clustered MIP-1a, MIP2, MMP9, PDGF, OPN, and TGFg expression.
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DCA confirmed these two well-defined clusters of pro-inflammatory/fibrotic (I-Clois30B
and CS) and low inflammation/fibrotic tissue (CloisNa and Clois30B) cytokine signatures.
Of note, high-dose Clois30B exhibited a time-dependent increase in OPN from day 1 until
peak at day 28, which matched high-dose CS animals. Persistent elevation of a fibrotic tissue
BALF cytokine signature similar to CloisNa (TGFgB, OPN, PDGF, MIP2, and IL-6), coupled
with elevated macrophage counts, particle-laden macrophages, and significant increase in
binucleated macrophages suggests that ONC particle exhibits adverse effects on
macrophages that may promote chronic disease development similar to uncoated
montmorillonite, regardless of the absence of a robust acute inflammation response. IL-6 is
not only involved in lung inflammation, but is a major contributor to asthma and COPD
disease progression.’! Binucleated macrophages could be the result of endosome trafficking
disruption and improper trafficking of proteins involved in cytokinesis.”2 OPN is considered
a regulator of inflammatory and fibrotic response and is associated with collagen 1l
deposition, a major protein in reticular fiber, in mouse models.”374 Increasing evidence
suggests that lung fibrosis and airway remodeling may still occur without a significant
inflammatory presence.”® Future research should identify whether ONC persistence and
elevated fibrotic tissue cytokine signatures promote chronic, inflamma-tory-independent
adverse lung pathology.

QAC Coating Reduced Lung Inflammation and Granuloma Severity Following Uncoated
Nanoclay Exposure.

The incidence and mean severity of pulmonary. pathology is summarized in Table 3. The
severity of lung pathology was dose-dependent for each particle examined, with the high
dose eliciting more severe changes. In general, aspiration of CloisNa induced the most
severe lung toxicity at both doses, when compared with the other particles examined.
Specifically, inflammation following exposure to Clois30B, ICloisNa, and I-Clois30B
peaked at day 1 and resolved overtime, whereas inflammation following CloisNa peaked at
day 7and persisted through the 28 day recovery period.

In high-dose CloisNa-exposed mouse lung, small numbers of neutrophils were seen at the
TBs extending into the ADs and alveoli at day 1 postexposure (Figure 8 a2). Inflammatory
cells were associated with deposition of abundant fine, grainy, bluish material (presumably
nanoclay). The extent and severity of pulmonary inflammation was markedly increased at
day 7 following exposure, with large, nodular aggregates of macrophages that effaced
normal lung architecture (Figure 8 a3). Infiltrating macrophages were laden with a fine,
grainy, bluish material (EDX confirmed Si and Al nanoclay signature; Figure 8 a3) similar
to that observed at day 1. Inflammation tended to be centered at the TBs with extension into
ADs and alveoli. Prominent pneuomocyte hyperplasia and metaplasia near the TBs and ADs
were clearly evident and were often seen within foci of pneumonia, occasionally forming
tubular ductlike structures. At 28 days postexposure, prominent lymphoid nodules were
found within foci of granulomatous inflammation (Figure 8 a4). Low-dose CloisNa-exposed
animals showed similar pathology but less severe. On day 7 prominent Type Il pneuomocyte
hyperplasia near the TBs and ADs was clearly evident. Alveolar Type Il pneumocyte
hyperplasia is a typical response to alveolar lipoproteinosis following exposure to damaging
inorganic dusts, including crystalline silica and quartz.1# The appearance of these
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macrophage and lymphocyte lesions with grainy montmorillonite deposits closely match
those described in both previous /n vivo and human epidemiological studies following
occupational exposures to bentonite and Fuller’s earth.14.76 Montmorillonite lesions are
typically characterized as particle laden with foamy protoplasm, carbohydrate-rich, reticular
fibers, and little to no collagen deposition.1112:42 These foci typically possess low metabolic
levels and storage ability over months to years indicating relatively low clearance.1?
Inhalation studies reported rapid, but transient clearance ability to the gastrointestinal tract,
lymph nodes, and evidence of some dissolution in the lung,””+78 with long-term clearance
occurring primarily via mechanical or dissolution processes. Our high-dose CloisNa in a
mouse (15 mg/kg) approximated a 5 mg/rat dose (~20 mg/kg) with similar deposition,
inflammatory response, granulomas, and mild fibrosis with little increased collagen
deposition.*2

The organic coating of nanoclay (Clois30B) decreased the extent and severity of lung
toxicity when compared to uncoated particles (CloisNa) (Figure 8a). At day 1 after Clois30B
exposure, small numbers of neutrophils were seen at both TBs and ADs, often in association
with aggregates of particles (Figure 8 a5). This acute inflammation did not persist through
the 28 day recovery period (Figure 8 a6 and a7). In day 7 and day 28 animals, Clois30B
particulate was either engulfed or surrounded by alveolar macrophages (Supplemental
Figure 4a, right panel). Exposure to both doses of CloisNa and high-dose Clois30B resulted
in granulomas, first appearing at day 7 postexposure, containing nanoclay particles (Figure
8b), which were more pronounced in CloisNa-exposed tissue. The marked reduction in
pulmonary inflammation can possibly be attributed to the presence of the tallow coating. In
efforts to improve dispersibility and safe-by-design ENMs, development and application of
thin coatings has gained wide interest and implementation in nanotechnology’® since they
allow the ENM to retain its technological properties, and may shield exposed tissues from
the surface properties of the raw ENM. Based on the ENM technological purpose, coatings
can produce diminished or enhanced toxicological responses once exposed to tissues.
Numerous studies report that organic polymer coatings reduce inflammation and membrane
damage of the underlying raw ENM.80.81

In addition, cytokines and proteins associated with wound healing and extracellular matrix
remodeling (OPN, TGFg, TIMP1, MMP9, PDGF-bb) were elevated and coincided with
prevalence of granulomas with some evidence of increased collagen deposition within the
granuloma walls. Although not measured in this study, slow dissolution of the organic
coating31:80 either within the lung lining fluid or following macrophage phagocytosis could
partially explain the delayed cytotoxicity, inflammatory, and fibrotic tissue signal until day
7. Inhalation exposure to some QAC compounds caused acute decreased tidal volume,
reduced body weight, elevated MIP-2, IL-6, IgE, alveolar macrophage in the interstitium and
focal aggregates, and mild lipoproteinosis.8283 Furthermore, several QAC compounds in
nasal spray formulations are known to interfere with airway cilia beating.84 This raises a
question of whether dissolution of QAC-based coatings on ONCs slow mucociliary
clearance resulting in persistence of deposited ONC and represents an area of future
research. Increased deposition of extracellular matrix in the lung or within granulomas was
minimal in this study out to day 28 postexposure. Nevertheless, resolution of a majority of
the inflammatory signal by day 28, but retention of elevated fibrotic signaling, for both
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preincinerated nanoclays indicates several possibilities. First, regardless of initial acute
inflammatory response, the persistence of each particle within the lung drives a fibrotic
tissue cytokine signature associated with continued wound healing response. Second,
prolonged pro-fibrotic signaling may promote increased fiber deposition and development of
a collagen-poor, reticular fiber pathological response.#2 Prolonged elevated levels of
fibrosis-associated cytokines, including those in the ONC signature, are known to promote
several lung airway remodeling diseases including COPD, asthma, and fibrosis.85-87
Reticular fiber reorganization can be observed in early stages of lung fibrosis.88 Given the
known chronicity of montmorillonite ECM lung pathology, a reticular fiber-associated lung
remodeling may occur. Lastly, the fibrotic tissue signature will stay elevated until wound
healing is complete and majority of the persistent particle has cleared the lung. Future
studies may consider evaluating dose-response at longer postexposure time frames or
repeated dosing given the recently reported high occupational exposure levels and a longer
time frames for full development of montmorillonite-induced pathologies.

Incineration of uncoated CloisNa (I-CloisNa) altered both the type and kinetics of lung
inflammation elicited upon exposure when compared to CloisNa. Pulmonary exposure to
ICloisNa resulted in a robust neutrophilic infiltrate at TBs at day 1, which resolved during
the 28 day recovery period (Supplemental Figure 6). This is in contrast to CloisNa, which
elicited a prominent granulomatous response at 7 days that persisted throughout the 28 day
recovery period (Figure 8a). Exposure to high-dose 1-Clois30B elicited an acute
inflammatory response indistinguishable from that observed with exposure to I-CloisNa
(Supplemental Figure 6) which resolved over time (Table 3). Exposure to high-dose CS
induced minimal changes characterized by increased alveolar macrophages and few
neutrophils surrounding the bronchioles, which persisted to day 28 (Supplemental Figure 6;
Table 3). One of the most important factors in chronic development of pulmonary fibrosis is
unresolved inflammation.8 Lavagable PMNSs are usually not the best predictor of
fibrogenesis; rather, the inherent, prolonged inflammatory and known key signaling
promotors are (e.g., TGFB). Occupational pulmonary exposure to CS results in silicosis,
which is characterized by persistent levels of silica, inflammation, and collagen deposition in
the lung.13 Numerous rat inhalation studies report that the underlying mechanism is biphasic
characterized by initial persistent inflammation with no enhanced collagen deposition,
followed by rapid increases in inflammation, damage, and fibrosis.>1~53 Here, the CS was
not freshly fractured, hence the absence of an acute inflammatory response.%° The structure
and reactive surface moieties of CS has been shown to cause membrane lysis and ROS,
macrophage lysosome destabilization, and macrophage cytotoxicity, which promotes a
persistent inflammatory response that can drive chronic lung fibrosis.38 In general, fibrosis
was not a prominent feature following exposure to any of the particles examined up to day
28. Minimal fibrosis was occasionally seen in the lung of high-dose CloisNa- and Clois30B-
exposed animals associated with deposited particles in the noted granulomas (Figure 8b). In
our model, CS appeared to elicit more tissue damage over time (/.e., LDH and pathological
score) and elevated neutrophil infiltrate at day 28 than 1-Clois30B. Although no significant
observable increase in collagen production in CS-exposed lung tissue was observed, this
matches previous time course studies with similar doses in rat inhalation model where
fibrosis was first identified at 40 d with 0.525 zg/cm? deposition.>1:52 Given future market
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projections of ONC production and disposal, future studies may consider evaluating the
impact of longer recovery times following incinerated ONC exposure on pulmonary
inflammation, tissue damage, and potential enhanced collagen deposition.

Differential Inflammatory Signaling in Whole Lung Associated with Coating and
Incineration Status of Nanoclay.

To investigate ONC-exposed lung inflammatory status, several key proteins in major
inflammatory pathways were assessed. On day 1 postexposure, phosphorylated Akt (pAkt)
was significantly downregulated 2.2-fold for high doses of both preincinerated nanoclays in
exposed lung tissue. All other pAKt and basal Akt levels for other treatments showed no
significant effect compared to saline-exposed animals (Figure 9a). pAkt serves as a cell
survival response decreases downstream apoptotic signaling, and induces NF xB
transcription following PDGF and TNFa activation,®1:92 thus suggesting that high-dose
nanoclay exposure reduced cell survival signaling and NF xB-mediated inflammatory
induction. Next, activation of several members of the mitogen-activated protein kinase
(MAPK) family were measured. High-dose CloisNa exposure resulted in significant
increased activation ranging 1.6-to 2.1-fold of p38, ERK, and JNK indicating a robust stress
response in whole lung tissue. Only basal INK levels were significantly elevated 1.6-fold in
exposed high-dose CloisNa animals compared to all other treatments. These MAPK
signaling pathways reside downstream of numerous overexpressed cytokines found in
BALF, thus supporting a broad, robust stress and inflammatory response®3%4 and are
consistent with previous reactive silica particle studies.9%9 Conversely, low and high-dose
of all other particles caused significant decreased phosphorylated p38 to almost undetectable
levels compared to unexposed lung. Decreased p-p38 levels were shown to serve as a strong
anti-inflammatory signal in a rat cardiopulmonary model,%” thus suggesting that Clois30B
and incinerated nanoclay exposure elicited an acute anti-inflammatory effect at day 1
postexposure. High-dose Clois30B, both doses of incinerated nanoclays, and both doses of
CS significantly induced active ERK. Conversely, high-dose I-CloisNa and both doses of I-
Clois30B exposure caused significant activation of JNK, indicating an inflammatory signal
via INK signaling pathway common for silica particles.9

At day 7 postexposure, moderate increases were observed for pAkt, p-p38, and pJNK in
exposed lung; however, no particle treatments showed a significant difference in
phosphorylated or basal Akt, MAPK, or JNK proteins compared to saline controls (Figure
9c and d, p> 0.05). These data are consistent with silica particle acute stimulation of stress
and inflammatory signaling pathways with subsequent decrease over time. Acute silica
nanoparticle exposure is known to activate p38 MAPK and NFkB signaling in both /n vitro
and in vivo models.%8:99 Conversely, larger particulate (i.e., Clois30B and both incinerated
clays) were able to elicit an anti-inflammatory response (decreased p-p38), which correlated
with lower BALF inflammatory signature over the study’s time course.

Damaging ultrafine particles can damage phagosome membranes in macrophages and
epithelial cells resulting in NRLP3 inflammasome activation, caspase 1 cleavage and
activation, and release of active pro-inflammatory I1L-14and I1L-18.100.101 On day 1
postexposure, caspase 1 cleavage was significantly increased 14-fold for high-dose I-Clois
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Na (Figure 10a) while modest significant increases (3.5- to 4-fold) were observed for high-
dose Clois30B, low-dose I-CloisNa, and both doses of I1-Clois30B compared to saline
controls. High-dose CloisNa caused a significant decrease in 1L-18 expression, while all
other treatments showed no significant change compared to controls. Next, NFxB signaling
is a major signaling axis contributing to inflammation, with IKKa/g serving as the key
inhibitor complex in NFxB p65 activation. p-IKKa/g levels typically indicate IKKa/8
degradation and predictive of NFxB p65 activation.102 At day 1 postexposure, high-dose
CloisNa, both doses of I-Clois30B, and low-dose CS caused 2-fold significant increases in
p-1IKKa/B. Whole lung NF xB p65 levels, however, remained unaltered compared to saline
controls. Lastly, Nrf2, a key transcriptional regulator that promotes and controls several
oxygen radical stress response enzymes and signaling, 13 was observed to significantly
increase following high-dose Clois30B and I-CloisNa. All other treatments showed no effect
compared to saline controls. These data suggest that high-dose I-CloisNa exposure induced
inflammasome activation, NFxB activation, and antioxidant defense response. In addition,
NF xB activation in high-dose CloisNa-exposed lung is consistent with day 1 BALF
signature and a robust inflammatory response to a pyrogenic reactive silica particle.38

Coinciding with the day 7 delayed inflammatory response, cleaved Caspase 1 was
significantly elevated 4.2- and 2.6-fold in CloisNa- and Clois30B-exposed lung, respectively.
IL-18 levels were also significantly elevated 1.3-fold in CloisNa-, but not in Clois30B-
exposed lung. With no evidence of altered IL-12 levels, our data suggests that both pristine
and ONC exposure results in a delayed NRLP3 inflammasome response, evidenced by
caspase 1 cleavage; however, only high-dose CloisNa induces a pro-inflammatory 1L-18
signal. Next, no difference in p-IKKa/g levels were observed; however, all particle-exposed
whole lung exhibited decreased NF xB expression compared to saline control. Only CS-
exposed mice exhibited significantly elevated Nrf2 levels which is consistent with CS
induction of ROS which promotes chronic inflammation.51:52:70 NRLP3 inflammasome
induction following pathogenic particle exposure relies on increased ion flux, reactive
oxygen species, and/or lysosome rupture.191 IL-18and IL-18 release causes T-cell survival
and activation, B-cell survival, and leukocyte migration through stimulation of other
pathways to release other chemokines/cytokines including TGFS, TNFa, and PDGF, which
we observe in day 7 BALF fluid. In addition, caspase 1 activation is involved in pyroptosis, a
cell death pathway involving necrosis and apoptosis.194 Increasing evidence suggests that
NRLP3 inflammasome activation, IL-18 family cytokine release, and pyroptosis in airway
macrophages and epithelial cells promote COPD, fibrosis, and silicosis following silica
particle exposure.105106 Qur preliminary /n vitro data show that Clois30B-exposed human
macrophages exhibit Cathespin B release at subtoxic doses (=0.02 xg/cm?) and cytotoxicity
at /n vitro doses just above this study’s high dose on a mass per alveolar surface area dose
metric (=2 g/cm?; data not shown). It appears that both high-dose preincinerated nanoclay
produce a similar delayed caspase 1 activation until day 7 that correlates with similar
proinflammatory and pro-fibrogenic BALF cytokine profile (Figure 6) and may partially
explain the similar pro-fibrotic BALF signatures at day 28 postexposure. It remains unclear
if macrophage and lung epithelial cell damage and death following ONC exposure is
associated with caspase 1-dependent pyroptosis and is an area for future study.
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Nanoclay Exposure Induced Acute Systemic Platelet Activation and Altered Systemic
Leukocyte Populations.

Platelet activation in exposed animals was time- and particle-dependent (p < 0.0001). All
day 1 animals, except those exposed to high-dose 1-CloisNa and low-dose 1-Clois30B,
exhibited significantly decreased time to clot, ranging —25% to —49%, in the tail bleed assay
(Supplemental Figure 7). By day 7 postexposure, only low- and high-dose CloisNa- and
high-dose CS-exposed animals retained significantly decreased clotting times compared to
vehicle controls. Systemic platelet counts were significantly increased by 6.8% in day 1
postexposure animals (553 x 103/ml; p< 0.05) compared to other time points (518 x 103/ml)
while dose and particle had no effect. Inhalation of PM5 5, including submicron particulate
matter, can cause extra-pulmonary signaling, systemic pro-thrombotic effects, and adverse
cardiovascular effects.107 Although relatively understudied following pulmonary particle
exposures, recent evidence suggests that platelet function may play a role in not only the
lung response to damage, but aberrant activation may also drive adverse cardiovascular and
systemic responses.198.109 Thus, high doses of pre- and post-incinerated ONC may pose
cardiovascular risks in addition to lung injury.

Changes in total white blood cell (WBC) counts in whole blood collected from exposed
animals, compared to vehicle-controls, was dose-, time-, and particle-dependent (p = 0.049;
Supplemental Figure 8a). Specifically, only low-dose Clois30B exhibited significantly
suppressed WBC counts (—32% and —42%) at days 7 and 28. In addition, low-dose I-
Clois30B, low-dose CS, and high-dose I-CloisNa possessed decreased counts, ranging —32
to —39%, at day 28. Evaluation of each major cell type showed inflammation-associated
changes primarily at day 1 and evidence for immune suppression at day 28. Specifically,
dose- and particle-dependent effects on systemic neutrophil counts in day 28 animals
existed, which showed significantly suppressed neutrophil levels, ranging —49% to —54%, in
low-dose Clois30B, 1-Clois30B, and CS (Supplemental Figure 8b). In addition, high-dose I-
CloisNa and CS exhibited reduced counts at day 28. Systemic neutrophil counts were
significantly lower in day 7 and day 28 animals (p < 0.0001) compared to day 1 animals,
possibly due to reduced neutrophil recruitment over time following acute pulmonary
neutrophil infiltrate. Next, lymphocyte counts were dose-, particle-, and time-dependent (p =
0.026). High-dose CloisNa caused a significant decrease in lymphocyte counts on day 1 and
day 28 (-47% and —29%, respectively), while low-dose CloisNa caused a 30% decrease in
day 28 animals. These effects were mirrored by the robust lymphocytic infiltrate observed in
sectioned lung tissue (Figure 8; Supplemental Figure 8c). Of note, a majority of exposed
animals showed moderate, but significant lower lymphocyte counts, ranging —29% to —36%,
at day 28, except for IClois30B and low-dose I-CloisNa.

Systemic eosinophil levels were dose-, time-, and particle-dependent (p < 0.0001). High-
dose CloisNa exposure elicited a significant, dose-dependent decrease (—88%) in eosinophils
at day 1 followed by a significant increase (100%) on day 7 compared to vehicle controls
(Supplemental Figure 8d). This response was possibly due to large infiltrates into exposed
lung tissue. All particle-exposed animals on day 28, except for low-dose CloisNa and high-
dose I-CloisNa, exhibited significant decrease in eosinophils, ranging —45% to —58%,
compared to vehicle-exposed animals. No differences were observed in monocyte blood
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counts of exposed animals versus vehicle-only controls (not shown). These data suggest that
acute and low grade, persistent inflammatory response in the lung caused altered systemic
blood cell populations in nanoclay-exposed mice. Although most exposed treatment groups
showed near resolution of pulmonary inflammation at day 28 postexposure, the reduction in
systemic eosinophil and lymphocyte counts, even for low-dose exposed groups, suggest that
systemic impacts were still occurring. Reduced systemic counts of these two cell types
imply potential immunosuppression or increased risk of cardiovascular disease.11% Although
this study focused on characterizing and comparing ONC exposure response in the lung, it is
clear that potential systemic responses occurred well after a bolus-dose exposure and may
signify an area of important research in the near future.

CONCLUSION

In summary, the presence of an organic modifier coating and incineration status of ONCs
along their life cycle influences their inflammatory and tissue damage responses in exposed
lung in the animal model. Hydrophobic coating of pristine montmorillonite resulted in
reduced /n vivotoxicity and histopathology in particle-exposed mice, possibly due to its
polydispersity and larger particle size compared to well-dispersed, hydrophilic pristine
montmorillonite. Persistence of preincinerated ONC particle in lung caused a low grade,
delayed inflammatory response and tissue damage at day 7 resolving to a similar fibrotic
tissue cytokine signature at day 28 to that of pristine montmorillonite. Conversely,
incineration of the same particle resulted in a jagged morphological structure, which
associated with a delayed pro-inflammatory cytokine profile, similar to crystalline silica.
These data lend important pulmonary toxicological effect information for ONC occupational
exposure and hazard along its product life cycle.

METHODS

Particle Characterization.

Briefly, uncoated montmorillonite nanoclay Cloisite Na* (CloisNa) and organomodified
nanoclay Cloisite 30B (Clois30B) were purchased from Southern Clay Products (Gonzales,
TX). Clois30B possessed an outer methyl, tallow, bis-2-hydroxyethyl, quaternary
ammonium coating at 90 mequiv/100 g clay. Min-U-Sil 5 crystalline silica (CS; U.S. Silica,
Berkeley Springs, WV) was acquired and previously characterized as 298% quartz.53 CS
was chosen as an appropriate positive benchmark control given similar particle size and
chemical makeup. Incineration of both nanoclays to produce I-CloisNa and I-Clois30B was
conducted by thermogravi-metric analysis (TGA701, LECO, St. Joseph, MI) up to 900 °C as
previously described to evaluate particle composition and simulate municipal incineration.36
All nanoclay samples were exposed to UV light for 30 min to reduce potential microbial
contamination prior to in vivo exposure. Initial dry particle characterization on bulk prepared
samples, including Fourier transform infrared spectroscopy (FTIR) and field emission
scanning electron microscopy (FESEM) coupled with energy dispersive X-ray spectroscopy
(EDX), was previously reported3® to evaluate differences in surface groups on pre- and post-
incinerated particles. These analyses indicated that UV exposure had no detectable effects on
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particle morphology or chemistry and that incineration completely removed all water and
organic mass. Hence, UV-exposed particles were used for the entire study.

Since recent ONC exposure studies report nano and fine particle fractions either during
manufacturing or in product manipulation,®10.26.111 we prepared dispersed particle stock
solution to simulate these particle size distributions. Several milligrams of each test particle
were placed inside a clean, endotoxin-free glass test tube with sterile USP water to achieve
12 mg/mL stock solutions. Next, each particle was dispersed via sonication in a water-
immersed cup sonicator for 1 min per mL of stock solution at 40% intensity using Vibra-
Cell 500 (Sonics and Materials Inc., Newtown, CT). Initial DLS analyses with different
sonication durations was performed to ascertain the critical sonication energy delivered to
achieve relatively stable dispersed particle suspensions.}12 DLS and zeta potential of freshly
dispersed particles at 50 pg/mL were conducted on a Zetasizer ZS (Malvern Instruments,
Westboro, MA) using a dip cell within 1 min following sonication in 0.9% pharmaceutical
grade saline, the aspiration vehicle. To understand potential changes in particle dispersion
once in contact with lung surfactant, separate stock solutions in water with 150 pg/mL
Survanta, a natural lung surfactant, were prepared and briefly sonicated using previously
described methods.113

FESEM and EDX morphological and chemical surface analyses of dispersed particles were
conducted as previously described.113:114 Briefly, freshly dispersed nanoclay and CS
samples in water, saline, and lung surfactant were diluted to 1 gg/mL in an aspiration
vehicle, filtered onto a polycarbonate filter (Millipore, Billerica, MA), dried, mounted, gold/
palladium sputter coated, and imaged with a S-4800 FESEM (Hitachi, Tokyo) coupled with
EDX (PGT Inc., Princeton, NJ). Based on DLS and FESEM particle morphology data
showing exfoliated platelets, estimates for platelet aerodynamic diameter (D,¢) were
calculated on the basis of previous methodology*® using particle density, varied platelet
thickness, and particle diameter size fractions from DLS analysis.

Endotoxin concentration in prepared particle stock solutions was assayed using a
commercial Limulus amebocyte lysate kit (QCL-1000, Lonza, Walkersville, MD) using the
manufacturer’s and previously described methods.1° Briefly, freshly suspended and
dispersed particles in water (100 g/mL) were shaken in endotoxin-free glass test tubes for
10 min to extract endotoxin from samples (1SO 29701). Samples were centrifuged to pellet
particulate, and then the supernatant was diluted to 1-100 wg/mL, plated into a 96-well plate
in triplicate, incubated at 37 °C, and assayed for endotoxin at absorbance of 405 nm. An
internal positive LPS spike was supplied to an extra 10 xg/mL sample to validate assay
performance and ascertain nanoclay ability to adsorb LPS. Background blank values were
subtracted from all data to assess particle-associated endotoxin.

Animal Care.

Three week old male C57BL\6J mice (/7= 396) were purchased from Jackson Laboratories
(Bar Harbor, ME). Mice were group housed in Thoren Weaning cages with Harlan 7090C
SaniChip bedding for 3 weeks with three mice per cage supplied with filtered HEPA air to
acclimate animals to both laboratory and group housing conditions. Mice were closely
monitored for evidence of fighting or lack of food access due to group housing for the
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study’s duration. All animals were provided Harlan 7913 irradiated NIH-31 modified 6%
feed and water ad /ibitum in temperature- and humidity-controlled animal quarters with a
12:12 light/dark cycle. The NIOSH Health Effects Laboratory Division Institutional Animal
Care and Use Committee, which is AAALAC accredited, approved the study.

Study Design and Exposure.

Six week old mice were exposed via oropharyngeal aspiration to either low (30 £g) or high
(300 pg) dose per mouse for each of the five particles. Prior to the main exposure study, a
pilot dose-range finding study was conducted with CloisNa and Clois30B at 0, 10, 100, and
1000 wg/mouse to ascertain doses for the large study using inflammatory response and
airway damage end points at day 7. Low and high doses were chosen based on comparable
deposited crystalline silica doses in rat inhalation studies.>3 Maximum CS dose for a 60 d
inhalation exposure was 2.8 mg/rat lung, which equals 0.7 zg/cm? lung alveolar surface. The
30 and 300 g bolus dose in a mouse lung with 500 cm? surface area gives a 0.06 and 0.6
1glem? dose, respectively. A randomized 3 x 5 x 3 block design with four blocks was used
with 12 animals per treatment group. Each cage per block was randomly assigned to a
treatment group. Briefly, one at a time, each particle stock solution was sonicated,
immediately diluted in pharmaceutical grade saline vehicle to the reported dose, briefly
vortexed, and administered to each treatment group. This was done to keep polydisperse
particles and self-agglomeration to a minimum. Mice were anesthetized with isoflurane
(Abbott Laboratories, Chicago,lL) and suspended by their two front incisors on a board. The
tongue was gently held with forceps while 50 w4 of dispersed particle was placed on the
back of the tongue. Sham control mice received 50 y1 of vehicle only. Mice were allowed to
aspirate twice, placed on a scale to obtain initial body weights, and placed on their left side
in their cage to regain consciousness. All exposed mice were monitored for the first 4 h and
again at 12 h for signs of lethargy and stress.

Blood, BAL Fluid, and Tissue Collection.

On days 1, 7, and 28 postexposure, each mouse was removed from their cage and gently
restrained, and their tail was nicked with a sharp scalpel to measure time to clot as a measure
of platelet activation following nanoclay exposure. Next, a subset of mice (/7= 8) were
anesthetized with isoflurane until last breath in a bell jar. Immediately following last breath,
mice were weighed and then blood collected v7a cardiac puncture with an acid citrate
—dextrose (ACD; Sigma-Aldrich, St. Louis, MO) filled needle tip to avoid platelet activation
and clotting. Each blood sample was placed into Bio-one tubes (Greiner) containing 70 gl
of ACD and set on ice. A 50 4L aliquot of whole blood from each sample was used for
blood cell differential analysis on a ProCyte Dx (IDEXX Laboratories, Westbrook, ME). All
blood samples were spun at 250 g for 15 min at 25 °C and 3.2k RPMs for 5 min to obtain
platelet and platelet-poor plasma fractions, respectively. Each fraction was carefully
removed via pipet, placed into small Eppendorf tubes, and frozen at —80 °C for future
analyses.

Immediately following blood collection, each mouse underwent bilateral thoracotomy and
prepared for BAL fluid collection. Briefly, a small nick in the trachea was made followed by
insertion of a secured, sterile cannula. Next, 0.8 mL of sterile, cold phosphate-buffered
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saline (PBS; ThermoFisher, Grand Island, NY) was injected into the airways. The first
lavage was collected and placed on ice in small Eppendorf tubes. Samples were spun at 1500
rpm for 5 min to pellet all cells and particles. Supernatants were removed, placed in a
separate tube, and immediately frozen at =80 °C for airway damage marker and cytokine
analyses. Three more lavages of 0.8 mL PBS were performed, collected, and pooled in a
chilled 15 mL conical tube for cell differential analysis. Cell pellets from the first lavage
were resuspended in a small volume of PBS and combined with pooled lavages. BAL cells
were collected by centrifuging all samples at 1500 rpm for 5 min, aspirating supernatant,
and resuspending cells in 250 z1 of chilled PBS. Fifty microliter portions of sample were
placed in cups with 20 mL of isotone and analyzed for cell counts and sizing via
MultiCounter 4e (Beckman Coulter, Brea, CA). On the basis of the large amounts of
particulate, airway damage, and cytotoxicity present in some samples, 116 all BALF live cell
counts were performed via trypan blue staining on a Countess Automated Cell Counter
(ThermoFisher) and manually spot checked on a hemocytometer. Lastly, appropriate
volumes containing 1 x 104 cells were placed into centrifuge funnels holding glass slides
and centrifuged at 800 g for 5 min to cytospin fix BAL cells. All slides were air-dried, fixed,
and stained using HEMA 3 Giemsa staining kit (Fisher Scientific, Pittsburgh, PA). Cells
were viewed under bright field microscopy and cell types determined for each sample (>300
cells per slide).

The remaining subset of mice (7= 4) were euthanized with intraperitoneal injection of 2100
mg/kg of sodium pentobarbital followed by exsanguination. Briefly, the lungs were tied off
at the first bifurcation with the left lung lobe being removed and immediately frozen at

—80 °C for future protein analysis. The remaining right lung lobe was inflated with 10%
buffered formalin and placed in a formalin-filled container with the tracheobronchial lymph
nodes, liver, and kidney for current and future histopathological analyses. Briefly, tissues
were allowed to formalin fix, paraffin processed, and embedded. Right lung 5 xm sections
were prepared for hematoxylin and eosin (H & E), Picrosirius red (PSR), and Masson
trichrome staining.

BAL Airway Damage, Cell Differential, and Proteomic analyses.

First lavage supernatants were assayed for lactose dehydrogenase (LDH) activity by
monitoring NAD™ reduction during lactate conversion to pyruvate (Roche), and total protein
levels with BCA kit (ThermoScientific) in triplicate, respectively, using manufacturers’
protocols. Since ONC exposure effects on lung airway cytokine signaling is unknown,
collected frozen BALF samples from 100 wg dosed mice from the small pilot study (7= 4)
were shipped on dry ice to Ampersand Biosciences (Saranac Lake, NY) and subjected to a
42 multianalyte cytokine screening array (RodentMap 4.0). Based on these results, a smaller
17 target cytokine magnetic Luminex bead array (R & D Systems, Minneapolis, MN) was
designed (Supplemental Table 1) and used to assay all collected BAL samples from the large
animal study following manufacturer’s protocol. In addition, TGFg, MDC, and TIMP1
duoset or quantikine ELISA assays were conducted based following manufacturer’s protocol
(R & D Systems). Samples for TGFg analysis were hydrochloric acid activated and
neutralized prior to detection antibody incubation. All bead and ELISA assays were
conducted on neat samples. Next, all cytokine concentrations were converted to Log, fold
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change based on vehicle control concentrations, and subjected to unsupervised hierarchical
cluster analysis using Ward’s method in JMP 12.0 (SAS, Cary, NC) to identify similar
inflammatory expression profiles among particle exposures over time. Clusters were
validated using discriminant canonical analysis. Fold change and p-value data (see below)
for each cytokine compared to sham control was uploaded into Ingenuity Pathway Analysis
(IPA, Qiagen, Redwood City, CA) to identify differences among groups in major pulmonary
airway signaling responses. Core Analysis, using 1.5-fold criteria compared to vehicle
controls followed by comparison analyses, were conducted in IPA.

Histopathology Scoring.

H & E slides were scored by a veterinarian for overall extent and severity of inflammation,
airway damage, and early signs of lung disease. Stained slides were examined using
polarized light and enhanced dark field imaging (CytoViva, Auburn, AL) for visualizing
particles (H & E) and collagen (PSR). Due to CloisNa’s well-dispersed, platelet
morphology, uncoated serial lung sections were evaluated by FESEM/EDX to identify
deposited nanoclay in the lung. Severity of the histopathology was graded on a 5-point
scoring system according to the following parameters: 0 = within normal limits, 1 =
minimal, 2 = mild, 3 = moderate, 4 = severe. Images were capture using an Olympus BX53
microscope equipped with a DP73 camera.

Western Blot Analyses.

To investigate differences in inflammatory signaling, expression of several different key
proteins in major inflammatory pathways were measured. Lung tissue preparation and
Western Blot analysis were performed according to previously described methods.113
Briefly, frozen whole lung samples were thawed on ice and placed into lysis tubes
containing beads and ice cold RIPA buffer with sodium vanadate, PMSF, and protease
inhibitor cocktail. Lungs were lysed with a FastPrep system (MP Biomedicals, Santa Ana,
CA). Lysed samples were centrifuged at 2000 rpm, supernatants collected, and aliquoted.
Samples were centrifuged at 12,000 rpm for 15 min followed by protein concentration
determination by bicinchoninic acid assay (ThermoFisher Scientific, Grand Island, NY)
according to manufacturer’s directions. All primary antibodies were acquired from Cell
Signaling Technologies (Danvers, MA), except for IL-18 and caspase 1, which were
acquired from Abcam (Cambridge, MA). A 35 (g portion of protein was separated by 10%
or 12% sodium dodecyl sulfate—polyacrylamide gel electrophoresis followed by transfer to
nitrocellulose membranes viaa semidry transfer apparatus (Fisher Scientific). Membranes
were blocked in 0.5% nonfat dry milk in Tris-buffered saline with 1% Tween 20 and probed
with primary and HRP secondary antibodies (Santa Cruz Technologies, Santa Cruz, CA)
using an iBlot system (Millipore, Burlington, MA). Protein bands were visualized with
incubation with Immuno (Millipore) or SuperSignal Femto (ThermoFisher Scientific) and
film exposure. Films were digitally scanned and densitometry performed in ImageJ.
Phosphorylated proteins were compared to their basal protein expression, while all other
proteins were compared to S-actin (Sigma-Aldrich).
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Percent change in animal weight was calculated by subtracting final from initial divided by
initial. All BALF data were calculated to determine means * standard error (SE) followed by
multifactorial analysis of variance (ANOVA) tests to compare among treatment groups. All
data were log- or square-root transformed and residuals tested for normal distribution and
homoscedasticity to meet ANOVA assumptions. For those results showing significant
differences, either Tukey-Kramer HSD or Dunnett’s tests were employed to identify
significant treatment groups. Log 2 fold change and p-values were calculated for all cytokine
treatments compared to sham control for hierarchical cluster and ingenuity pathway analyses
(IPA). Since histopathological scoring was categorical, Fisher’s exact test was used to
identify significant differences. All statistical analyses were performed using JMP 12.0 with
a =0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
FESEM characterization of dispersed pre- and post-incinerated nanoclays in saline vehicle.

(a) Single (white arrow) and stacked platelets of pristine CloisNa and (b) organomodified
Clois30B exhibited stacked or exfoliated platelet morphology with occasional detection of
colloidal aluminum silicate agglomerates (black arrow). Inset shows exfoliated platelet with
250 nm scale bar. (c) 1-CloisNa possessed a large, amorphous particle structure, while (d) I-
Clois30B exhibited either a smooth or pocketed structure. (e) Aluminum silicate colloids
were observed in all samples. (f) Heat-inactivated crystalline silica.
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Figure 2.
Deposition of pre- and post-incinerated organomodified montmorillonite nanoclay (300 g/

mouse) in day 1 postexposure animals. (a) H & E staining of terminal bronchiole (TB) and
alveolar duct (AD) of exposed lung. 100x magnification. Green arrows indicate deposited
particle associated with alveolar macrophages. (b) Polarized light microscopy of deposited
particle in AD and alveoli of exposed lung. Images show particles (white) with polarized
filter. 1000x magnification. CloisNa deposited in TB and AD regions as loose, stacked
agglomerates or loosely dispersed in alveoli as small clusters and showed low polarization
imaging potential (white arrows). FESEM/EDX elemental analysis confirmation of CloisNa
within alveolar space (b, upper right). Clois30B was primarily found in TB and AD as large
aggregates, with small aggregates in alveoli regions (black arrows). Both ICloisNa and I-
Clois30B deposited primarily in TB and AD regions, while crystalline silica was found well-
dispersed in alveoli.
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Figure 3.
Bronchoalveolar lavage cell differential analysis following pre- and post-incinerated

organomodified nanoclay exposure. (a) Total cell counts, (b) macrophages, (c) neutrophils,
and (d) eosinophils. Different letters indicate those treatments significantly different from
each other (p< 0.05, n=8).

ACS Narno. Author manuscript; available in PMC 2019 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Stueckle et al.

[ V)
(2]
S
S

400

200

BALF LDH (U/L)

Total Protein (mg/ml) ©

Figure 4.

Page 32

b mDay 1

Cytotoxicity (LDH activity; a) and airway damage (total protein; b) markers in collected
BAL fluid following pre- and post-incinerated organomodified nanoclay pulmonary
exposure. Different letters indicate those treatments significantly different from each other (p

<0.05, n=8).
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Figureb.
Heat map and hierarchical cluster analysis of BAL cytokine expression profiles at day 1

following pre- and post-incinerated organomodified nanoclay pulmonary exposure. Color
scale bar represents Log2-fold change values. * indicate those treatments that were
significantly different from their time-associated vehicle controls (p < 0.05, 7= 8).
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Figure6.
Hierarchical cluster analysis of BAL cytokine expression profiles at day 7 following pre- and

post-incinerated organomodified nanoclay pulmonary exposure. (a) Heat map and (b) radar
plot depicting high-dose CloisNa, Clois30B, and CS with similar inflammatory and fibrotic
tissue signaling profiles. Color scale bar represents Log2-fold change values. * indicate
those treatments that were significantly different from their time-associated vehicle controls
(p<0.05, n=8).
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Figure7.
Hierarchical cluster analysis of BAL cytokine expression profiles at day 28 following pre-

and post-incinerated organomodified nanoclay pulmonary exposure. (a) Heat map showing
1-Clois30B and CS showing similar inflammatory profiles, while CloisNa and Clois30B
showed similar fibrotic tissue signature profiles. Color scale bar represents Log2-fold
change values. * indicate those treatments that were significantly different from their time-
associated vehicle controls (p< 0.05, 7= 8). (b) Radar plots depicting a more inflammatory
(left) vs more fibrotic profiles (right).
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AR
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Figure8.
Time course of C57BL/6 male lung histopathology response following 300 4g aspiration

exposure to pristine (CloisNa) or organomodified (Clois30B) montmorillonite nano-clay.
CloisNa exposure (a) caused pulmonary edema on day 1 and robust neutrophil and
macrophage inflammatory response that peaked at day 7 characterized by macrophage and
type Il pneuomocyte hyperplasia and focal lymphocyte infiltrate out to day 28. Conversely,
Clois30B exposure resulted in mild neutrophilic inflammation associated with particle-laden
macrophages. 400x magnification. Both CloisNa (b; left panel; day 28) and Clois30B (right
panel; day 7) exposures caused granulomas comprised of macrophages and nanoclay
particulate. 400x magnification. Blue and red arrows indicate free or macrophage engulfed
particles, respectively.
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Akt, MAPK, and NFxB signaling at day 1 and day 7 following exposure to pre- and post-

incinerated organomodified nanoclay. Western blot and quantitative densitometry analysis of
protein bands at (a) and (b) day 1 and (c) and )d) day 7 postexposure. Phosphorylated and

basal protein expression was normalized to basal and B-actin protein expression,

respectively. * and t indicate significant increase or decrease, respectively, compared to
saline-exposed animals (7= 4, p< 0.05).
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Figure 10.
Caspase 1, IL-18, and NF«B signaling at day 1 and day 7 following exposure to pre- and

post-incinerated organomodified nanoclay. Western blot and quantitative densitometry
analysis of protein bands at (a) and (b) day 1 and (c) and (d) day 7 postexposure.
Phosphorylated and basal protein expression was normalized to basal and B-actin protein
expression, respectively. * and 1 indicate significant increase or decrease, respectively,
compared to saline-exposed animals (7= 4, p< 0.05).
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Table 2.

Endotoxin Levels in UV or Heat-Inactivated Samples

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

particle endotoxin (Eu/ml)  LPSbound in internal spike (%)
CloisNa 0.0740.08 6357
Clois30B 0.05+0.08 5314
I-CloisNa 0.06 % 0.08 28.7%
I-Clois30B 0.06 +0.08 14549

crystalline silica (heat inactivated)

0.07 +£0.08

aSignificant differences compared to benchmark particle (o < 0.05).
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