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Abstract

We have recently shown that the toxicological potential of GaAs and InAs particulates in cells is
size- and dissolution-dependent, tending to be more pronounced for nano- vs. micron-sized
particles. Whether the size-dependent dissolution and shedding of ionic I11-V materials also apply
to pulmonary exposure is unclear. While has been demonstrated that micron-sized I11-V particles,
such as GaAs and InAs, are capable of inducing hazardous pulmonary effects in an occupational
setting, as well as in animal studies, the effect of sub-micron particles (e.g., the removal of
asperities during processing of semiconductor wafers) is unclear. We used cytokine profiling to
compare the pro-inflammatory effects of micron- and nanoscale GaAs and InAs particulates in
cells as well as the murine lung 40 h and 21 days after oropharyngeal aspiration. Use of cytokine
array technology in macrophage and epithelial cell cultures demonstrated a proportionally higher
increase in the levels of extracellular matrix metalloproteinase inducer (EMMPRIN), macrophage
migration inhibitory factor (MIF), and interleukin 18 (IL-1p) by nano-sized (n) GaAs and n-InAs
as well as As(l11). n-GaAs and n-InAs also triggered higher neutrophil counts in the
bronchoalveolar lavage fluid (BALF) of mice than micronscale particles 40 h post-aspiration,
along with increased production of EMMPRIN and MIF. In contrast, in animals sacrificed 21 days
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after exposure, only n-InAs induced fibrotic lung changes as determined by increased lung
collagen as well as increased levels of TGF-B1 and PDGF-AA in the BALF. A similar trend was
seen for EMMPRIN and matrix metallopeptidase (MMP-9) levels in the BALF. Nano- and
micron-GaAs had negligible sub-acute effects. Importantly, the difference between the 40 h and 21
days data appears to be biopersistence of n-InAs, as demonstrated by ICP-OES analysis of lung
tissue. Interestingly, an ionic form of In, InCl3, also showed pro-fibrogenic effects due to the
formation of insoluble In(OH)3 nanostructures. All considered, these data indicate that while
nanoscale particles exhibit increased pro-inflammatory effects in the lung, most effects are
transient, except for n-InAs and insoluble InCl3 species that are biopersistent and trigger pro-
fibrotic effects. These results are of potential importance for the understanding the occupational
health effects of 111-V particulates.
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I11-V materials; size; occupational disease; pro-inflammatory cytokine; lung inflammation; lung
fibrosis

I11-V semiconductor materials, including GaAs and InAs, are widely used for device
applications such as light-emitting diodes (LEDs), lasers, detectors in communication
devices, biosensors and bio-imaging.: 2 Manufacturing of these materials makes frequent
use of abrasive techniques such as chemical-mechanical planarization (CMP) of
semiconductor wafers to prepare the material surface for further processing. CMP relies on
the use of engineered nanomaterials (ENMs) such as SiO,, CeO, and Al,O3 in primary
slurries to remove asperities from the wafer surface.3 These include the release of 111-V
materials, which together with other noxious chemical substances may contribute to the
formation of even more hazardous spent slurries.3 4 Both the primary and spent slurry
materials could exert adverse health effects to semiconductor workers, including the
potential of pulmonary hazard due to exposure to aerosolized emissions.3 5 6 While
occupational studies have suggested that the nanoparticles (NPs) contained in primary
slurries for the performance of CMP can become aerosolized, leading to inhalation exposure,
the collection of filter samples and direct-reading instruments for detecting metal oxides
indicate that the particle counts can be kept low in a well-controlled working environments
in the semiconductor industry.” However, there are no contemporary data about the presence
and concentration of 111-V particulates or fragments which may attach to or be co-mixed
with primary particles in aerosolized materials released in the semiconductor workspace.8
This is important from the perspective of the large workforce in the industry as well as
evidence that micronscale GaAs particulates can induce pro-inflammatory effects in the
lung,® 10 while InAs and InClz may induce fibrotic changes and restrictive pulmonary
function abnormalities.11: 12

We have recently shown that commercially acquired GaAs and InAs particulates can exert
size and dissolution-dependent toxicity in macrophages and epithelial cells.13 Interestingly,
nanoscale 111-V particles were more toxic than micron-sized particles.1® However, while it is
known that micron-sized I11-V particulates can lead to /7 vivotoxicological changes, no
experimental /n vivo studies have been undertaken to assess the toxicity of nano-sized
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particulates. For instance, in a 2-year inhalation study in rats performed by the National
Toxicology Program (2000), it was demonstrated that micron-sized GaAs particles can result
in inflammatory and proliferative changes in the respiratory tract, with occasional
appearance of lung tumors in female rats.14 Moreover, the US Environmental Protection
Agency (EPA) classified GaAs as an immunotoxicant based on the As and Ga release,® in
addition to the demonstration that GaAs particles can induce dose- and time-dependent
suppression of the immune system after intratracheal administration in mice.1® A study by
Webb et al. demonstrated that the As release from dissolving micronscale GaAs particulates
can lead to pulmonary fibrosis.17~19 A two-year study of InAs toxicity in the golden hamster
found that micron-sized InAs induced more severe pulmonary lesions and higher serum
indium levels than InP due to differences in particle dissolution.20 Tanaka et a/. reported that
micron-sized InAs particles induced more severe pulmonary effects in golden hamsters than
GaAs and As,O3, while Blazka ef al. demonstrated acute inflammatory and fibrotic lung
changes in response to ionic InCl3.13: 21 22 |n contrast, the impact of GaAs and InAs
exposure in humans is much less clear. Luo ef a/. found that male Taiwanese fabrication
workers employed in process-, maintenance- and equipment engineering had an increased
prevalence of restrictive pulmonary function abnormalities and decreased white blood cell
counts compared to non-fabrication workers.23 24 A study in Scotland also found that
female workers in the semiconductor industry showed an increased incidence of lung cancer
and increased mortality compared to normal population.2> However, the sample size was
limited and the study also stated that more investigation is required to confirm the
significance of the findings.5: 26

We have previously demonstrated that there is a significant tendency for nanoscale metal
oxides to exert increased pulmonary impacts compared to micronscale particulates, based on
size and nanoscale biophysicochemical interactions that could lead to triggering of adverse
outcome pathways in the lung.2”- 28 Considering the knowledge gap about the impact of
micron- vs. nanoscale 111-V particulates, as well as the hazard potential of ionic 111-V
species that may be released from the particles, we engaged in a systematic examination of
acute and sub-acute pulmonary effects of commercially acquired 111-V materials. Utilizing
cytokine profiling in epithelial cells and macrophages as guidance, this discovery was used
for conducting oropharyngeal aspiration studies in mice to determine if selected
micronscale, nanoscale and ionic I11-V materials exert pro-inflammatory effects in the
murine lung, 40 h and 21 D after oropharyngeal instillation. The results indicate that while
both n-GaAs and n-InAs induce transient pro-inflammatory in the lung, n-InAs and
insoluble InCl3 induced fibrotic changes, which could be related to increased biopersistence
after 21 D. These results are important in considering to what extent monitoring of sub-
micron 111-V particulates and ionic species should be considered for assessing the
occupational hazards of related materials in the workplace.

Physicochemical Characterization and Cytotoxicity Profiling of llI-V Materials

The physicochemical properties of micron- (m-) and nano-sized (n-) 111-V arsenides under /n
vitroand in vivo conditions were determined in water and cell culture media (RPMI and
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BEGM), as well as /n vitro simulated bronchoalveolar lavage fluid (SBALF) and simulated
interstitial lung fluid (Gamble’s solution). Particle size (Table 1) and zeta potential (Table 2)
were determined by the use of dynamic light scattering (DLS) and a zeta potential analyzer,
respectively. Transmission electron microscopy (TEM) images showed that m-GaAs and m-
InAs core sizes ranged from 100 to 800 nm, while nano-sized particles were <100 nm in size
(Figure 1). Also, the micron-sized particles had larger hydrodynamic diameters than the
nanoscale particles in all media, with the trend being most pronounced in PBS and Gamble’s
solution, where the hydrodynamic diameter was >1 um (Table 1). Nanoscale particles have
the tendency to aggregate, yielding a hydrodynamic size range of 200-600 nm. All the
particles showed negative zeta-potentials in the media tested (Table 2).

Since our goal is to study the pulmonary effects of I11-V materials, two representative cell
lines, a differentiated macrophage (THP-1) and a human bronchial epithelial cell line
(BEAS-2B), were used to perform cytotoxicity studies over a 24 h period. Both cell death as
well as viability studies were performed using a molar weight metric to compare the
particles to ionic 111-V materials, as shown in Table 3. We found n-GaAs had similar toxicity
as As(l11), capable of inducing the highest rate of cell death (~ 65%) at 0.7 umol/mL (100
mg/mL) (Figure 2A). By comparison, the cell death rate was ~ 50% for As(V) and 30% for
m-GaAs. Both InAs particulate sizes, GaClz and InCl3 exerted little toxicity in THP-1 cells
at 24 h. The assessment of cellular viability, as reflected by ATP levels, showed the same
outcome as the CellTox assay, where n-GaAs and As(l11) induced the highest cytotoxicity at
24 h (Figure 2B). BEAS-2B cells showed similar cytotoxicity and viability results as THP-1
cells (Figure S1).

Since it is known that I11-V arsenides induce oxidative stress,2? we measured cellular
glutathione (GSH) levels with a luminescence-based GSH-Glo assay. This demonstrated that
exposure of THP-1 cells to 0.35 umol/mL n-GaAs could induce a significant decrease in
cellular GSH levels compared to m-GaAs (Figure 2C). There was also a significant decrease
in luminescence activity in response to As(l11) and As(V), as well as Coz04 NPs (used as a
positive control). In contrast, both InAs particulate sizes, GaCls and InCl3 had little effect on
GSH levels in THP-1 cells. The same trend was seen in BEAS-2B cells, with n-GaAs,
As(111) and As(V) inducing the most noticeable decreases in GSH (Figure S1C). We have
previously demonstrated that 85% and 15% of the As released from GaAs is in the form of
As(111) and As(V), respectively.13 All considered, these data indicate that the arsenic moiety
in GaAs induces cellular oxidative stress as one of the mechanisms contributing to an
adverse cellular outcome.

In vitro Pro-inflammatory Effects of Ill-V Materials in THP-1 Cells

According to the hierarchical oxidative stress response paradigm for pro-oxidative materials,
moderate levels of ROS production, are capable of inducing pathways that lead to the
production of pro-inflammatory cytokines.30 In order to screen for cytokines that may be
induced by I11-V materials, we use a commercial cytokine array, Proteome Profiler™
Human XL Cytokine Array Kit, to analyze 102 individual cytokines and proteins (Table S1)
released from THP-1 cells during treatment with micron- and nanoscale GaAs at 0.043 and
0.173 pmol/mL. As(V) was used as a comparative control. Among 102 possible cytokines,
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THP-1 cells produced 18 of these (Table 4 and Figure S2A). ImageJ analysis was used to
assess the pixel density of the array films, as shown in the example in Figure S2A-B. While
n-GaAs either had no or down-regulatory effects on cytokine production (Figure S2B), the
relative abundance of (i) extracellular matrix metalloproteinase inducer (EMMPRIN) and (ii)
macrophage migration inhibitory factor (MIF) were increased at n-GaAs concentrations of
0.043 and 0.173 pmol/mL (Table 4, Figure S2C). m-GaAs had a lesser effect while As(V)
was comparable to n-GaAs (Figure S2C).

EMMPRIN and MIF play important roles in the recruitment of lymphocytes and
granulocytes to the inflamed tissue.31: 32 To validate the cytokine array data, ELISA assays
for EMMPRIN and MIF were used to assess the effect of particle size in THP-1 cells (Figure
3). n-GaAs and n-InAs induced a significantly greater increase in EMMPRIN levels than
micron-sized particles at doses of 0.174 and 0.7 pmol/mL (Figure 3A). This was comparable
to the effect of As(l11) (Figure 3A). The ionic forms Ga, In and As(V) also induced dose-
dependent increases of EMMPRIN but not as high as As(l11). Positive control ZnO NPs
triggered the highest EMMPRIN response at 0.7 umol/mL. n-GaAs and n-InAs induced a
higher MIF responses than m-GaAs and m-InAs, respectively, with n-GaAs approximating
the effect of As(l11) (Figure 3B). These results indicate that the arsenic moiety, particularly
As(I11), released from n-GaAs and n-InAs induce EMMPRIN and MIF production in THP-1
cells.

[1I-V Particles and lonic Forms Induce Acute Pulmonary Inflammation

To determine if the /n vitro pro-inflammatory effects of 111-V materials predict /n vivo
response outcomes, we used oropharyngeal aspiration in C57BL/6 mice, which were
sacrificed after 40 h. The calculated dose for the study was based on cleanroom airborne
exposure levels for As in factory workers, as shown in Table 5. To date, only As
concentrations have been monitored to reflect the exposure of GaAs because no analytical
methods are available to reliably assess aerosolized GaAs compounds.33 Moreover, As is
generally considered as the most toxic I11-V element and its occupational exposure limits
have been established for global use, while the analytical methods to determine the Ga and
In are very limited.33 Based on a frequently cited historical report by Sheehy et a/. in 1993,
who detected aerosolized As concentrations as high as 2.7 mg/m3 in a factory producing
optoelectronic devices and integrated circuits,3* we calculated a GaAs exposure level of 5.2
mg/m3. This likely represents a worst case scenario that is based on a high minute
ventilation, high rate of deposition, and absence of clearance. An exposure level of 5.2
mg/m3 translates into a weekly exposure dose of 74.88 mg GaAs (8 h/day, 5 days/week) in
this hypothetical situation, assuming a ventilation rate of 20 L/min and a NP deposition
fraction of 30% in a healthy human subject. When converted to surface area dose based on a
human alveolar surface area of 102 m2, this translates to a deposition level of 734.12 ug/m2.
This is equivalent to a one-time murine exposure dose of 1.468 mg/kg per mouse, assuming
an alveolar surface area of 0.05 m2 in a 25 g mouse. Consequently, we chose an installation
dose of 0.014 mmol/kg for each of the 111-V materials (equal to 1-4 mg/kg based on the
molar weight in Table 3) to perform pulmonary aspiration in mice. ZnO NPs were used at
the same molar dose as a positive control and induced a robust neutrophilic collection and
cytokine responses in the BALF after 40 h (Figures 4 and S3). Most of the particulate and
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ionic 111-V materials also induced neutrophilic inflammation in the lung, with GaClz and
InCl3 inducing the highest levels, followed by n-InAs (Figure 4A). These responses were
significantly higher than m-InAs, both forms of GaAs, As(l11) and As(V). n-GaAs and n-
InAs induced higher levels of EMMPRIN, matrix metallopeptidase (MMP-9) and
lipopolysaccharide-inducible CXC chemokine (L1X) in the BALF than micronscale particles
(Figure 4B-4D). However, for MIF, all particles, InCl3 and As ions induced approximately
the same level of increase except for GaCls (Figure 4E). These cytokines play important
roles in monocyte and neutrophil recruitment to the lung.3>-37 LIX, has the same role as
IL-8 in humans. It is interesting, therefore, that all nano-sized 111-V particulates induce dose-
dependent increases in IL-8 production in human-derived THP-1 cells (Figure S4). The
presence of mild inflammatory changes in the lung was confirmed by H&E staining (Figure
S5). While n-GaAs, n-InAs, As(l11) and ZnO NPs induced focal cellular infiltration in the
area of alveoli and blood vessels, along with alveolar membrane thickening, micron-sized
particles as well as ionic Ga, In and As(V) had no noticeable effect.

The acute pro-inflammatory changes were compared to elemental analysis of the lung tissue,
using ICP-OES analysis (Figure 4F). This demonstrated that nanoscale GaAs and InAs led
to comparable increases in the As content in the lung, while micronscale particles had lesser
effects. This likely reflects higher retention of the nanoscale compared to the micron scale
I11-V particles as a result of the lower clearance of nanoscale particles by macrophages /n
vivo.38-40 The same trend was found for Ga and In levels in the lung, with nanoscale
particles inducing bigger increases. No lung deposition was seen during aspiration of ionic
forms of As and Ga. In order to confirm the role of NPs dissolution in pulmonary
accumulation, dissolution studies were performed in s simulated BALF (SBALF) and
Gamble’s solution (Figure S6). Highly soluble GaAs of both size ranges showed a dramatic
increase in dissolution in SBALF over 24 and 40 h compared to InAs. The dissolution of n-
GaAs led to the dissolution of 40% As and 15% Ga after 40 h, which is twice the level of As
shedding and 1.5 times that of Ga from m-GaAs (Figure S6A). To the contrary, InAs in both
sizes resulted in <5% As and negligible In release from the particles. Dissolution in
Gamble’s solution, which is representative of interstitial lung fluid, showed the same trend
as in sBALF, except that n-GaAs sheds up to 50% As and 30% Ga at 40 h. Even though the
higher As release from n-GaAs vs. n-InAs is correlated to more robust /in vitro effects
(Figure 2), the same materials had comparable acute pulmonary effect at 40 h (Figure
4A-4E), possibly due to more rapid clearance of n-GaAs from the lung (Figure 4F).

n-InAs and InCl3 but not GaAs Induce Sub-Acute Pulmonary Fibrosis in Mice

InAs and indium compounds have been reported to induce chronic damage in the hamster
lung.11 12 Since we have determined for a number of biopersistent nanomaterials (e.g.,
carbon nanotubes, rare earth oxides) that IL-1p production and downstream triggering of
pro-fibrotic growth factor production can lead to fibrotic changes in the lung,*1-43 IL-1pB
release by I11-V materials were assessed in vitroand /n vivo. Cellular studies, using
differentiated THP-1 cells, demonstrated a dose-dependent increase in IL-1f3 production by
all 111-V particulates and ionic materials (Figure 5). Monosodium urate (MSU) was used as a
positive control. These effects were most prominent at a dose more than 0.174 umol/mL,
where nanoscale particles had a stronger effect than micronscale particles. Subsequent

ACS Nano. Author manuscript; available in PMC 2018 February 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jiang et al.

Page 7

pharyngeal aspiration in C57BL/6 mice, using the same dosimetry as in the acute study
(Table 3), allowed us to assess pro-fibrotic effects in the lung. Alpha-quartz (Min-U-Sil,
MUS) was used as a positive control that produces a strong pro-fibrogenic effect at 21 D
after initial pharyngeal aspiration of 5 mg/kg.** BALF cell counts in the animals, euthanized
after 21 D, demonstrated that n-InAs has the most robust effect for increasing infiltration of
eosinophils, neutrophils and lymphocytes, followed by InCl3, m-InAs and MUS (Figure
6A). In contrast, IL-1p production occurs earlier and cytokine levels do not remain elevated
for 21 D (Figure S7). There was a significant response to n-InAs and InCl3 in the production
of the pro-fibrogenic growth factors, PDGF-AA and TGF-B1 (Figure 6B and 6C). In
contrast, there were lesser or no responses to m-InAs, GaAs, As(l11) and As(V). Moreover,
we also observed higher EMMPRIN and MMP-9 levels for n-InAs and InCl3 with smaller
effects for m-InAs and little or no effect for GaAs (Figure 6D and 6E).

Histological examination, using Masson’s trichrome staining, showed prominent fibrotic
changes in the lung in response to n-InAs and MUS, while m-InAs and InCl3 induced milder
effects (Figure 7A). Moreover, biochemical quantification of the collagen content in the lung
showed a good agreement with trichrome staining, with n-InAs, m-InAs, InClz and MUS
inducing significant increases in collagen as determined by the Sircol assay (Figure 7B).
Additionally, ICP-OES analysis of the elemental content of the lungs after 21 D showed
results that are consistent with the pro-fibrogenic changes, namely higher levels for As and
In during exposure to n-InAs, compared to m-InAs or n-GaAs (Figure 7C). While In could
be detected in the lung following exposure to InClg it was not as high as n-InAs. These data
seem to indicate that the biopersistence of In (and perhaps As) during n-InAs exposure as
well as InCl3 precipitation (Figure S8) in the lung plays a role in triggering of pro-fibrotic
responses that do not occur for GaAs.

DISCUSSION

We conducted /n vitro and in vivo studies to understand whether nanoscale I11-V particulates
and ionic species pose a hazard to the lung during acute and sub-acute exposure. /n vitro
protein array data and ELISA measurements demonstrated that nanoscale GaAs and InAs
particles induce a series of cytokines (EMMPRIN, MIF, IL-8 and IL-1) that were elevated
to the same degree during exposure to micronscale particulates. The 7 vitro cytokine profile
was consistent with the generation of more prominent neutrophilic inflammation in the lung
40 h after the aspiration of n-GaAs, n-InAs, GaClz and InClg, which also induced higher
production of LIX, EMMPRIN, and MIF in the BALF. In contrast, assessment of the
pulmonary hazard 21 D after oropharyngeal instillation demonstrated that n-InAs and InCl3
induced fibrotic changes accompanied by pro-fibrogenic factors such as TGF-p1 and PDGF-
AA. No fibrotic effects were seen with all sizes of GaAs. The sub- acute effects of n-InAs
could be ascribed to biopersistence, as demonstrated by ICP-OES analysis of lung tissue.
This analysis also demonstrated that InCl3 leads to the formation of insoluble, biopersistent
precipitates that are harmful. Collectively, these data indicate that, dependent on size and
composition, specific 111-V particulates and ionic species do have the potential to induce
acute and sub-acute pulmonary effects that can be related to the cytokine profile and
biopersistence of the materials.
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The key finding in this study was the importance of particle size in generating harmful
pulmonary effects by 111-V materials, with nanoscale particulates being more harmful than
micronscale particles /n7 vivo. Particle size is important for dissolution and release of ionic
I11-V species as well as clearance from the lung (Figure 4F, Figure 7C). The slow clearance
of nanoscale I11-V particles could be related to slow uptake and removal by pulmonary
macrophages,38-40 while the dissolution of n-GaAs leads to rapid release of As(I11) and
As(V). In contrast, n-InAs is less soluble (Figure S6) and leads to biopersistence (Figure
7C). Consequently, there are significant differences between n-GaAs and n-InAs in terms of
their impact on the lung. While the rapid release of As(l11) and As(V) by n-GaAs induces
oxidative stress and the production of a specific set of cytokines that contribute to acute pro-
inflammatory changes in the lung, the slower and incomplete (<5%) n-InAs dissolution
leads to pro-fibrogenic effects that are not seen with GaAs (Figures 6). Moreover, the
biopersistent InAs NPs may be taken up into the acidic lysosomal compartment in
macrophages, where a faster initial rate of dissolution could lead to the In release and the
formation of insoluble In(OH)3 precipitates, which are biopersistent and capable of driving
pro-fibrogenic responses (Figure 7, Figure S8). This effect is mimicked by InCl3 precipitates
formed in sBALF. In addition to triggering the release of LIX, EMMPRIN and MMP-9, In
precipitates are capable of inducing IL-1p production, which could explain the fibrotic
changes in the lung (Figure SBC-S8F).

Another important finding is the elucidation of EMMPRIN, MIF and MMP-9 as potential
biomarkers for the adverse pulmonary effects of I11-V arsenide materials. These cytokines
were picked up during cellular screening by cytokine array technology and differ from the
cytokines that typically contribute to the toxicological effect of metal oxide NPs.27: 28
Interestingly, EMMPRIN, MIF and MMP-9 were produced during the acute as well as sub-
acute pulmonary responses (Figure 4 and Figure 6). EMMPRIN and MIF production
requires transcriptional activation of the respective genes by the NF-xB cascade.*>: 46 In this
regard, it is known that arsenic-induced toxicity involves NF-xB activity in vitro,*7=4° as
well as in arsenic-exposed human subjects.?? Thus, As release from I11-V arsenides (Figure
S6) could induce EMMPRIN and MIF production through the activation of the NF-xB
cascade. EMMPRIN is a transmembrane glycoprotein belonging to the immunoglobulin
superfamily, and plays an important role in the recruitment of immune cells to sites of
inflammation.31: 51 EMMPRIN is up-regulated in a number of human inflammatory
diseases, where it plays a role in enhancing the invasiveness of monocytoid cells, in addition
to inducing the synthesis of MMPs in adjacent fibroblasts.>2 EMMPRIN is involved in both
acute and chronic lung inflammation.51-53 This includes the demonstration of spontaneously
enhanced EMMPRIN production in the macrophages of patients with lung fibrosis.>3 MIF is
a multifunctional cytokine that can trigger the production of a cascade of downstream
cytokines and mediators, including IL-1p and I1L-8.32: 5 The upregulation of MIF plays an
important role in lung injury, fibrosis and cancer.38: 55-58 MIF production can be triggered
by ROS,8 32 and it promotes the generation of MMPs.5%-61 The MMPs are a diverse family
of extracellular proteinases, which are known to be involved in various inflammatory disease
processes, tissue remodeling and healing process.52 Among them, MMP-9 plays an
important role at different stages of lung injury and repair of the alveolar epithelium.62 63
MMP-9 is mainly released by neutrophils.37- 62: 64 byt it could be produced by fibroblasts in
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response to EMMPRIN stimulation.52 It is responsible for neutrophil transmigration,3”
degradation of extracellular matrix components, as well as TGF-p mediated collagen
deposition and airway remodeling.53 Collectively, the 111-V arsenides may induce pulmonary
effects by releasing arsenic ions to induce NF-xB activation and further promote
EMMPRIN, MIF production, which activate MMP-9 generation to induce lung
inflammation and fibrosis. The consistent association of EMMPRIN, MIF and MMP-9 to
the toxicological effects of 111-V arsenides (Figure 3, Figure 4 and Figure 6) introduces
possible biomarkers that can be used to track adverse pulmonary responses to 111-V
materials, and could also serve as targets for anti-inflammatory therapy.>1: 65 However,
further studies are required to confirm the molecular mechanisms and production of these
proinflammatory products in humans during occupational exposure.

What relevance, if any, do these findings have for the assessment and control of the potential
hazards from the aerosolized release of particulates in the semiconductor industry? There is
evidence that the use of SiO,, CeO», and Al,03 NPs during CMP can be detected by direct
readout and on filter samples retrieved from the wastewater treatment area in semiconductor
facilities.” %6: 67 However, little is known about the presence and amounts of aerosolized 11-
V fragments. While the analysis of spent CMP slurries clearly demonstrate the presence of
micron and submicron scale I11-V particulates on the surface of pristine particle
components,8 not much is known about actual 111-V airborne exposure levels in
contemporary manufacturing facilities. Until now, the concentration of toxic As served as
the metric for tracking occupational exposures to 111-V arsenides because no analytical
methods are available for other 111-V compounds.33 The recommended exposure limit (REL)
of As (0.002 mg/m3 every 15 minutes) as well as In (time-weighted average 0.1 mg/m?3)
from the National Institute for Occupational Safety and Health (NIOSH) are designed for
elemental As and In, but not for aerosolized I11-V particles. Additionally, no occupational
exposure limits have been set for Ga. Because of the limitations of the current technology to
characterize aerosolized NPs, no RELs have been established for 111-V NPs, and there are no
contemporary reports for assessing I11-V particulate concentrations in the semiconductor
industry. However, in a comprehensive review of As levels in the semiconductor
manufacturing industry, Park ef a/. have documented an exposure level as high as 218.6
pg/m3 among 423 airborne As measurements.%9 This is approximately 10 fold lower than the
historical data (2.7 mg/m3) that we have used for our animal dosimetry calculations (Table
5) and may reflect improvement in engineering and environmental control processes since
1993.34 The /n vivo dosimetry based on the report in 1993 is comparable to /i vitro study
through normalizing the surface area dose in the murine airways compared to the normalized
surface area dose of particles in the tissue culture dish. Accordingly, exposure to 2 mg/kg
GaAs is equivalent to a surface area dose of 1 mg/m? in the mouse lung. Assuming that 1
mg/m? of GaAs in vitro is homogeneously distributed in the tissue culture dish, covered by a
cellular layer 10 um deep, the cellular surface area dose would be 100 ug/mL. Thus, our /n
vitro dose range of 6.25-100 pg/mL is in the ballpark of the /n vivo dose. It is also possible
to establish the /n vitro exposure dose based on using the /n vitro Sedimentation, Diffusion
and Dosimetry (ISDD) model.”® The Jn vivo high dose used in this study represents a worst
case scenario from an occupational perspective. In contrast to the response to the bolus dose,
the exposure to lower doses may not reach a threshold toxicological effect; however,
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repeated or chronic low dose exposures could lead to a sufficient lung burden due to changes
in the rates of dissolution or lung clearance to result in biopersistence and toxicity. For
logistical reasons it was not possible to explore this consideration in the current studies, but
have previously shown how this type of scenario could be studied by comparing bolus vs.
repetitive dose administration of fumed silica in the lung.”® It is also important to consider
that the release of arsenic from I11-V arsenides at chronic low exposures might induce lung
cancer.24 71 In spite of using what may currently constitute an unrealistic high-dose in our
studies, it is important to be aware of dosimetry considerations when assessing exposures to
[11-V particulates in the semiconductor industry, particularly in the maintenance areas.
Successful technology has been implemented to assess the airborne spread of nanoparticles
contained in the primary CMP slurries.”2 73 Moreover, recent NIOSH guidelines called the
necessity for improved identification and quantification of aerosols during the CMP
process.’

CONCLUSION

We compared the pulmonary effects of nano- and micron-sized 111-V materials /n7 vitroand
in vivo. Our study elucidates the critical role of particle size, dissolution and biopersistence
in the potential of these materials to induce acute and sub-acute pulmonary effects in mice.
We demonstrated that nanoscale GaAs and InAs are more prone to inducing adverse
pulmonary effects than micronscale particles. While nanoscale GaAs and InAs particulates
could induce acute pulmonary inflammation that was accompanied by the increase of
EMMPRIN, MIF, and LIX levels in the lung, only n-InAs induced pro-fibrotic effects that
were accompanied by the presence of TGF-p1, PDGF-AA, EMMPRIN and MMP-9 levels
in the BALF. The transient effects of GaAs could be ascribed to rapid rate of dissolution and
clearance from the lung, but the sub-acute effects of n-InAs are related to slow dissolution
and biopersistence. These data demonstrate the importance of particle size, composition and
biopersistence in the impact of respirable I11-V materials in the lung.

MATERIALS AND METHODS

[1I-V Material Dispersion and Physicochemical Characterization

Micron-sized GaAs and InAs particles were purchased from American Elements (LA, CA,
USA). Nano-sized GaAs and InAs were obtained from NN-lab (Fayetteville, AR, USA). All
the particles were washed 3 times in DI water (resistivity>18Qcm) and reconstituted as 10
mg/mL stock solutions by probe sonication for 1 min. The ionic forms, GaCls, InCls,
NaAsO, (As'!) and NagHAsO4+7H,0 (AsY) were purchased from Sigma-Aldrich. All the
particles and ionic forms were prepared as 10 mg/mL stock solutions. The primary particle
sizes and morphologies were determined by Transmission Electron Microscopy (TEM) in a
JEOL 1200 EX microscope, with 80 kV accelerating voltage. DLS data and zeta potential
were obtained using a ZetaPALS instrument (Brookhaven Instruments Corporation,
Holtsville, NY). I11-V stock solutions (10 mg/mL) were diluted to a final of 50 pg/mL in
water, cell culture media, simulated bronchoalveolar lavage fluid (SBALF) or simulated
interstitial lung fluid (Gamble’s solution). THP-1 cells were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium (Invitrogen, USA), supplemented with 10% FBS
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(Gemini Bio-Products, West Sacramento, CA), while BEAS-2B cells were cultured in
Bronchial Epithelial Growth Medium (BEGM) (Lonza, USA), supplemented with growth
factors (SingleQuot Kit Suppl. & Growth Factors, Lonza) and 2 mg/mL bovine serum
albumin (BSA). The sBALF was made from PBS, supplemented with 0.6 mg/mL BSA and
0.01 mg/mL dipalmitoylphosphatidylcholine (DPPC). Gamble’s solution was reconstituted
according to Marques’ protocol, using 0.095 g/L MgCly, 6.019 g/L NaCl, 0.298 g/L KClI,
0.126 g/L NayHPOy, 0.063 g/L Na,S0Oy4, 0.368 g/L CaCl, - 2H,0, 0.574 NaOAc, 2.604 g/L
NaHCOs, as well as 0.097 g/L sodium citrate carbonate dissolved in DI water, with pH
adjusting to 7.4.74

Assessment of llI-V Cytotoxicity and Intracellular GSH Content

THP-1 and BEAS-2B cells were obtained from ATCC (Manassas, VVA). Briefly, 3x104
THP-1 cells were pretreated with 1 ug/mL phorbol 12-myristate 13-acetate (PMA) in 0.1
mL RPMI 1640. BEAS-2B cells were cultured at 2x10% in 0.1 mL BEGM in each well. All
the cells were plated at 37 °C in a humidified 5% CO, atmosphere overnight. The cell
culture medium in each well was replaced by 100 uL of a media suspension, containing
freshly made particulates, ionic forms, ZnO or MUS (Min-U-Sil, a-quartz) solution in either
RPMI 1640 (THP-1) or in BEGM (BEAS-2B cells) at a final concentration range of 0.07-
0.7 umol/mL (Table 3). Cell death was determined by the CellTox™ Green Cytotoxicity
Assay (Promega Corporation, Madison, W1, USA) in a Costar™ 96-well black-bottom plate.
The CellTox™ Green fluorescence kit was diluted in Assay Buffer (1:500) and 100 pL
added to each cell culture well for 1 h. The fluorescence intensity was read on a SpectraMax
M5 microplate spectrophotometer at 485nmg,/525nmgp,. The ATP content as a measure
metric for cell viability was assessed by ATPlite 1step Assay (PerkinElmer, Boston, MA,
United States) in white-bottom Costar™ 96-well plates. After incubation with 111-V
materials or the positive control for 24 h, the culture media were saved for the measurement
of cytokines. The cells were incubated with 100 pL reconstituted ATPlite 1step reagent for
15 min. The luminescence intensity was read on a SpectraMax M5 microplate
spectrophotometer. Cellular GSH content was determined by using a luminescence-based
GSH-Glo assay (Promega, USA) at the dose of 0.35 umol/mL. Luciferin-NT and
Glutathione S-Transferase were diluted in the GSH-Glo™ Reaction Buffer at a ratio of
1:100 and incubated with cells for 30 min. Subsequently, reconstituted the Luciferin
Detection Reagent was added for 15 min. The luminescence intensity was read in the same
spectrophotometer.

Assessment of Cellular Cytokine Release by Microarray and ELISA Methods

The Proteome Profiler™ Human XL Cytokine Array Kit (Cat. No. ARY022, R&D System),
comprised of pre-coated antibody arrays attached to a membrane, was used to profile 102
cytokines in the supernatant of THP-1 cells. The cells were prior exposed to micron-, nano-
sized GaAs and As(V) at 0.043 and 0.173 pmol/mL for 24 h. Duplicate samples were used
for each cytokine in the panel. The array membranes were blocked with 2 ml blocking buffer
for 1 h. After decanting the blocking buffer, the membranes were overlaid with 1.5 mL of
diluted supernatants and incubated overnight at 2-8 °C. The membranes were washed 3
times, followed by adding 1.5 mL of the diluted detection antibody for 1 h. After repeating
the washing procedure, 2.0 mL Streptavidin-HRP was added to each well and incubated for
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30 min. 1.0 mL Chemi Reagent Mix was added onto each membrane after washing and
reacted for 1 min. The membranes were exposed to X-ray film for 2 min. The pixel density
of each spot was determined using an Epson Perfection V500 Photo Scanner. The positive
signals seen on the developed film is shown in Figure S2A. The average pixel density of the
each pair of spots was determined by ImageJ 1.46r software, and compared to the pixel
density on different arrays, according to which the relative change in each cytokine
concentration could be determined. For ELISA analysis, THP-1 cells were exposed to I11-V
materials over the concentration range 0.043-0.7 pmol/mL for 24 h, and cellular
supernatants collected. Human EMMPRIN and MIF levels were measured in the supernatant
using the DuoSet® ELISA Development System (Cat. DY972, DY 289, R&D Systems,
USA). Human IL-1p and IL-8 levels were analyzed in the same supernatants by using the
BD OptEIA™ human ELISA Set Il (Cat. 557953, 555244, BD Bioseciences, USA). All the
assays were performed according to the manufacturers’ instructions. Absorbance was
measured at 450 nm with a SpectraMax M5 microplate spectrophotometer and the cytokine
quantities were calculated through the use of standard curves for each recombinant cytokine.

Assessment of Acute and Sub-acute Pulmonary Responses to IlI-V Materials in the Murine

Lung

Eight-week-old male C57BL/6 mice were purchased from Charles River Laboratories
(Hollister, CA, USA). The animal experiments followed standard procedures for animal
housing (filter-topped cages; room temperature at 23 + 2 °C; 60% relative humidity; 12 h
light, 12 h dark cycle) and hygiene status (autoclaved food and acidified water). Each group
included 6 animals. Animal exposure was carried out by an oropharyngeal aspiration method
developed at NIOSH. Briefly, all the particles and ion solutions were freshly suspended in
PBS to keep the particle and ionic concentrations at 0.014 mmol/kg. Positive control ZnO
NPs were used at 0.014 mmol/kg and MUS (Min-U-Sil) at 0.083 mg/kg (Table 3). Under
ketamine/xylazine (100/10 mg/kg) anesthesia, the mice received oropharyngeal aspiration of
a 50 pL volume of each material suspension at the back of the tongue. The same volume of
PBS was used as a control. The mice were sacrificed after 40 h and 21 D exposures to assess
acute and sub-acute effects, respectively. The BALF was collected by cannulating the
trachea and gently lavaging the lung 3 times with 1 mL sterile PBS. BALF cells were
cytospun (600 rpm, 5 min) onto microscopic slides and stained with PROTOCOL ™ Hema
3™ Fixative and Solutions to perform differential cell counts. A total of 200 cells were
counted on the stained slides, in blinded fashion, to assess the differential cell counts,
premised on the well-recognized morphological features of macrophages, neutrophils,
eosinophil or lymphocytes. The BALF was also used to determine cytokines and proteins
using mouse ELISA kits, including for EMMPRIN (Cat. 205575, Abcam, USA), MMP-9,
LIX and MIF (Cat. DY16718, DY443 and DY1978, R&D Systems, USA), IL-1p (Cat.
559603, BD Bioseciences, USA), PDGF-AA (Cat. DAAOOB, R&D Systems, USA) and
TGF-B1 (Cat. G7590, Promega Corporation, Madison, W1, USA). All the ELISA
experiments were performed in triplicate, according to the manufacturer’s instructions.

Histological Analysis

Lung tissue, harvested at 40 h and 21 D, was fixed in 4% paraformaldehyde and embedded
in paraffin. The embedded samples were cut into 4-um-thick sections and stained with
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hematoxylin/eosin to visualize inflammatory infiltrates or Masson’s trichrome stain to
visualize collagen deposition in the lung, respectively.

Sircol Assay for Total Collagen Quantification

The right lobes of lungs collected after 21 D were homogenized for 3 minutes in PBS at 50
mg tissue per ml, using a tissue homogenizer (Fisher Scientific, USA). 100 uL of each
sample was transferred into low protein-binding microtubes, followed by adding 400 uL
acetic acid (0.5 M) and pepsin (0.1 mg/mL in 0.5 M acetic acid) for overnight incubation at
4 °C. Cellular debris was pelleted by 10 min centrifugation at 3500rpm. 30 pL supernatant
from each sample was analyzed for total protein content, using the Quick Start™ Bradford
Protein Assay (BIO-RAD, USA) according to the manufacturer’s instructions. The
remaining 470 pL supernatant was used for collagen extraction by the Sircol™ Soluble
Collagen Assay kit (Biocolor Ltd., Carrickfergus, UK) according to the manufacturer’s
instructions. Similar prepared collagen standards (0-50 pg) were run in parallel. After
collecting the collagen pellets and adding alkali reagent, absorbance was read at 555 nm in a
plate reader (SpectraMax M5 microplate, Molecular Devices Corp., Sunnyvale, CA). Data
were normalized by total protein content and expressed as pg of soluble collagen per mg of
lung protein.

ICP-OES Analysis to Determine IlI-V Content in the Murine Lung

ICP-OES analysis was used to detect the presence of 111-V elements in the mice lung at 40 h
and 21 D exposure. The intact lungs were collected and homogenized for 3 minutes in 1.5
mL PBS with a tissue homogenizer (Fisher Scientific, USA). The total protein content in
each sample was determined by the Quick Start™ Bradford Protein Assay. All the
homogenates were transferred to Teflon containers and digested with concentrated HNO3
and hydrogen peroxide at 80 °C for 6 h, followed by liquid evaporation at 95 °C. The dried
samples were diluted with 2% (v/v) nitric acid for 3 h to extract the analytes. These extracts
were transferred to 15 mL ICP-OES tubes and additional HNO3 was added to reach a final
volume of 8 mL. A calibration curve was established using standard As, Ga and In solutions
(Elements Inc., 100 mg/L in 2% HNO3). Each sample and standard was analyzed in
triplicate in the presence of 2% (v/v) nitric acid. The final element content was expressed as
umol of I11-Vs/ug of protein.

Statistical Analysis

All the experiments were done in triplicate with results expressed as mean + standard
deviation (SD). Statistical significance was evaluated using two-tailed heteroscedastic
Student’s t-tests according to the TTEST function in Microsoft Excel. Statistically
significant results were considered as p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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——
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Figure 1.
TEM characterization of micron- and nano-sized GaAs and InAs particles. The particles

were suspended at 50 pg/mL and applied to TEM grids. Images were taken using a JEOL
2010 microscope operated at 200 keV. Scale bars represent 0.2 um for micron-sized
particles, and 100 nm for nano-sized particles.
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Figure 2.

Cell viability and oxidative stress analysis in THP-1 cells, following treatment with
particulate and ionic materials. (A) Assessment of cell death by the CellTox assay. (B)
Assessment of THP-1 viability by the ATP assay. The materials were added to the cell
culture medium at 0.07-0.7 pmol/mL for 24 h. The corresponding mass doses are listed in
Table 3. (*) p < 0.05 compared to control; (#) p < 0.05 compared to n-GaAs. (C)
Intracellular GSH depletion was determined by a luminescence-based GSH-Glo kit. THP-1
cells were exposed to I11-V materials at 0.35 pmol/mL (=50 pg/mL GaAs) for 24 h. GSH
abundance was calculated as the fractional luminescence intensity of treated vs. untreated
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cells. The relative GSH abundance in non-treated cells was regarded as 1.0. (*) p < 0.05
compared to control.
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Comparative effects on EMMPRIN and MIF production in THP-1, following exposure to

particulate and ionic 111-V materials at 0.043, 0.174 and 0.7 pmol/mL for 24 h. The

corresponding mass doses were listed in Table 3. ZnO NPs were used as a positive control.
EMMPRIN (A) and MIF (B) levels were assessed in the cell culture supernatant by ELISA.

(*) p < 0.05 compared to control. (#) p < 0.05 compared to nano-sized I11-V particles.
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Figure 4.
Acute pulmonary effects of 111-V materials in mice after exposure for 40 h. Anesthetized

C57BL/6 mice were exposed to I11-V particles and ionic forms by a one-time oropharyngeal
aspiration of 0.014 mmol/kg (=2 mg/kg GaAs). The corresponding mass doses are listed in
Table 3. There were 6 mice per group. Mice were euthanized after 40 h and BALF was
collected to determine (A) neutrophil cell counts, (B) EMMPRIN, (C) MMP-9, (D) LIX and
(E) MIF levels. (*) p < 0.05 compared to control. (#) p < 0.05 compared to nano-sized I11-V
particles. (F) Uptake of 111-V materials in the lung tissue was reflected by ICP-OES analysis
of Ga, As and In levels, normalized for protein content. The intact lungs were collected and
digested by concentrated nitric acid and hydrogen peroxide before determining the elemental
content by ICP-OES. No I11-V element was detected in the lung tissues of animals exposed
to ionic GaCls, As(l11) and As(V). (**) p < 0.05 compared to m-GaAs. (##) p < 0.05
compared to m-InAs.
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Figure 5.
Assessment of IL-1f production in differentiated THP-1 cells exposed to I11-V particles and

ionic materials. Three doses (0.043, 0.174 and 0.7 umol/mL) were tested over 24 h to assess
IL-1p release in the cell culture supernatant by ELISA. MSU served as a positive control. (*)
p < 0.05 compared to control. (#) p < 0.05 compared to n-GaAs.
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Figure 6.

Assessment of sub-acute lung injury potential of 111-V materials in the murine lung, 21 D
after initial exposure. The experiment was performed similar to the methods in Figure 4,
except that the mice were sacrificed 21 D after the oropharyngeal aspiration of I11-V
particles and ionic forms at a dose of 0.014 mmol/kg (=2 mg/kg GaAs). The corresponding
mass doses are listed in Table 3. The BALF was collected to assess (A) differential cell
counts, including macrophages, eosinophils, neutrophils and lymphocytes, (B) pro-
fibrogenic PDGF-AA and (C) TGF-p1 levels by ELISA. (D) EMMPRIN and (E) MMP-9
levels were also assessed by ELISA. MUS served as a positive control. (*) p < 0.05
compared to control. (#) p < 0.05 compared to nano-sized 111-V particles.
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Figure 7.
Pro-fibrogenic effects and elemental analysis, 21 D after initial exposure to particulate and

ionic 11-V materials. (A) Visualization of collagen deposition (blue-color staining) in the
lung by Masson’s trichrome staining (100x magnification). MUS served as a positive
control. (B) Assessment of total collagen content by using a Sircol kit (Biocolor Ltd.,
Carrickfergus, UK). (*) p < 0.05 compared to control. (C) Elemental Ga, As and In content
of the lung by ICP-OES, normalized for protein content in the lung tissue. The intact lungs
were collected and processed for ICP-OES analysis as similar as Figure 4. None of the
above I11-V elements were detected in lung tissue 21 D after m-GaAs, GaCls, As(l11) and
As(V) exposure. (**) p < 0.05 compared to m-GaAs. (#) p < 0.05 compared to m-InAs.
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Table 1

Hydrodynamic size (nm) of 111-V particles in different aqueous media.

Medium m-GaAs n-GaAs m-InAs n-InAs
WATER 465.6 +9.2 450.8 £ 135 317.4+ 24 213.7+53
PBS 1018.9+115.3 358.1+84.3 7358%416.9 365.5%147.4
RPMI 1640 695.2 +13.8 4024 +£8.2 408.7+5.9 267.5+7.1
BEGM 761.3+15.4 5455+ 121 493.8+29.7 343.7+£9.9
SBALF 864.7+ 65.7 251.7+3.3 369.3+169 251.4+111.1

Gamble’s solution  1243.2+257.9 561.1+104 1078.5+49.6 633.7+365.0
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Table 2

Zeta potential (mV) of 111-V particles in different aqueous media.

Medium m-GaAs n-GaAs m-InAs n-InAs
Water -178+13 -143+22 -2456+1.88 -43+26
PBS -16.51+6.4 -1423+13 -29.12+7.18 -85%20
RPMI 1640 -11.48+27 -8.04+11 -1123+557 -144+29
BEGM -1438+32 -973x10 -8.38£1.62 -6.3+3.8
SBALF -897+134 -1151+10 -1426+3.61 -15.9+10.2

Gamble’s solution -8.32+291 -7.29+245 -838+3.40 -3.33+3.08
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The effect of n-GaAs on the cytokines production in THP-1 cells by using Cytokine Array.?

Table 4

No. Cytokines Dose 0.043 umol/mLP  Dose 0.174 pmol/mLP
1 Chitinase 3-like 1 — v
2 Complement Factor D — |
3 EMMPRIN 0 t
4 GDF-15 — \
5 IL-1ra d d
6 IL-8 d nd
7 IL-17A ¥ N/A
8 IP-10 Y N/A
9 MCP-1 V 1
10 MIF 0 1
11 MIP-1a/MIP-1b — 1
12 MIP-3a V |
13 MMP-9 — \
14 Osteopontin — |
15 PDGF-AA 0 —
16 RANTES — \
17 Serpin E1 — —
18 UuPAR d nd

Page 34

aTHP—l cells were incubated with n-GaAs NPs at 0.043 and 0.173 p mol/mL (=6.25 and 25 pg/mL) for 24 h. The supernatant was collected for
cytokines and proteins analysis by using Proteome Profiler™ Human XL Cytokine Array Kit. Only 18 were detected among 102 cytokines and
proteins (Table S1).

The up- (1) and down-arrows (V) indicate an increase or decrease in cytokine levels, while the horizontal arrow (—) indicates no change.
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Table 5

Dosimetry Calculations for GaAs in the workplace.?

1. GaAs exposure calculation premised on detecting As concentration of 2.7 mg/m?3 in the workplace

2.7(mg As) " 144.645(g GaAs/mol)
m3 74.92(g As/mol)

=5.2(mg Ga As)/m?

2. Calculated weekly nanoparticles lung deposition (mass) in a worker exposed to 5.2 [mg/m] GaAs
Assumptions:
- Ventilation rate of a healthy human adult: 20 [L/min]
- Deposition fraction: 30%
- Weekly exposure period: 8 [h/day], 5 [d/week]
Weekly lung deposition:
5.2mg y 20L 60min  8hour 5day m?

x 30% x X X X
m?3 min - person *” hour day  week 1000L

=74.88mg

3. Weekly deposition level converted to mass/surface area in the human lung
Assumptions:
- Human alveolar surface area: 102 [m /person]

Calculation:

74.88mg person  1000ug

= =734.12pg /m?
person - week ~ 102m? Hg/m

4. Comparable deposition level in a mouse receiving a one-time installation exposure
Assumptions:
- Alveolar epithelium surface area of a mouse: 0.05 [m /mouse];
- Weight of a mouse: 25 [g]

Calculation:

734.12ug y 0.05m? . Img , mouse 1000g
m?2-week  mouse  1000ug 25g ke

=1.468mg/kg

a . . . . . - .
Our animal experiments were based on a real-life As exposure measurement in a manufacturing facility, where airborne As levels were
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documented to be as high as 2.7 mg/m3.34 The chosen dose of 0.014 mmol/kg for each of the 111-V materials equals to 1-4 mg/kg based on the

molar weight in Table 3, which overlaps with the calculated mouse exposure dose of 1.468 [mg/kg].
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