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Abstract
Thermal spray coating is an industrial process in which molten metal is sprayed at high velocity onto a surface as a protec-
tive coating. An automated electric arc wire thermal spray coating aerosol generator and inhalation exposure system was 
developed to simulate an occupational exposure and, using this system, male Sprague–Dawley rats were exposed to stainless 
steel PMET720 aerosols at 25 mg/m3 × 4 h/day × 9 day. Lung injury, inflammation, and cytokine alteration were determined. 
Resolution was assessed by evaluating these parameters at 1, 7, 14 and 28 d after exposure. The aerosols generated were 
also collected and characterized. Macrophages were exposed in vitro over a wide dose range (0–200 µg/ml) to determine 
cytotoxicity and to screen for known mechanisms of toxicity. Welding fumes were used as comparative particulate controls. 
In vivo lung damage, inflammation and alteration in cytokines were observed 1 day post exposure and this response resolved 
by day 7. Alveolar macrophages retained the particulates even after 28 day post-exposure. In line with the pulmonary toxic-
ity findings, in vitro cytotoxicity and membrane damage in macrophages were observed only at the higher doses. Electron 
paramagnetic resonance showed in an acellular environment the particulate generated free radicals and a dose-dependent 
increase in intracellular oxidative stress and NF-kB/AP-1 activity was observed. PMET720 particles were internalized via 
clathrin and caveolar mediated endocytosis as well as actin-dependent pinocytosis/phagocytosis. The results suggest that 
compared to stainless steel welding fumes, the PMET 720 aerosols were not as overtly toxic, and the animals recovered from 
the acute pulmonary injury by 7 days.
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Introduction

Thermal spray coating is a process that involves spraying 
a metal coating product that is melted by extremely high 
temperatures (up to 16,000 °C) and then deposited under 
pressure onto various surface substrates made of metal and 
alloys, ceramics, or plastics (ASM; Oerlikon). When heated, 
the molten metal spray coating particles impact the surface 
at very high speeds, causing them to flatten and spread out 
over the substrate upon impact. The heated particles transfer 
heat to the cooler substrate, shrink, and solidify, resulting in 
a tight bond to the surface to be coated. Thermal spray coat-
ing processes are economical, simple to use, and beneficial 
to applications across nearly all industrial sectors includ-
ing biomedical, automobile, aeronautical and construction 
(ASM; Gérard 2006; Hardwicke and Lau 2013; Herman 
et al. 2000; Malek et al. 2013). Uses of thermal spray coating 
include wear prevention, repair and restoration, decoration, 
insulation, conduction, sealing, corrosion resistance, and the 
manufacture of free-standing components.

A complex mixture of potentially toxic metals [e.g., chro-
mium (Cr), nickel (Ni), zinc (Zn), iron (Fe), and aluminum 
(Al)] is generated during thermal spray coating processes 
that may pose an adverse health risk to the operator who 
often performs the process manually. The generated metal 
particulates are mostly in the fine and ultrafine size ranges 
(Antonini et al. 2021; Bemer et al. 2010). Workplace expo-
sure levels of total and specific metals produced during 
thermal spray coating have been reported to be quite high 
(Bemer et al. 2010; Chadwick et al. 1997; Darut et al. 2021a; 
Huang et al. 2016; Petsas et al. 2007). However, informa-
tion about the potential health effects associated with expo-
sure to thermal spray coating aerosols is limited, and little 
is known about the physical and chemical properties of the 
aerosols generated during thermal spray coating (Antonini 
et al. 2021).

Occupational exposure to thermal spray coating aerosols 
is a potential emerging hazard, as the global market for ther-
mal spray applications is predicted to be approximately 14.1 
billion dollars by 2028 (ASM; GrandViewResearch). Nearly 
138,000 workers were employed in coating and spraying 
machine operations in May 2020 (BLS). It is expected that 
these numbers will grow as the demand for thermal spray 
coating increases. Because thermal spray coating is an 
emerging industry and little is known about the associated 
health effects, studies are needed to characterize the aero-
sols generated as well as assess their potential toxicity in a 
controlled laboratory setting.

National Institute for Occupational Safety and Health 
(NIOSH) investigators have recently developed a novel and 

automated thermal spray coating aerosol generator and ani-
mal exposure system (Afshari et al. 2022). It was the goal of 
the current study to assess the pulmonary toxicity potential 
of the aerosols generated during flame spray thermal spray 
coating using a common consumable stainless-steel wire 
(PMET720). The PMET720 stainless steel wire is widely 
used for machine elements repair, dimensional restoration 
and wear resistant applications. Male Sprague–Dawley rats 
were exposed to a target animal chamber concentration of 
25 mg/m3 of the stainless-steel thermal spray coating aerosol 
for 4 h/day × 9 day. Lung inflammation, alteration in lung 
cytokine/chemokine response, injury and resolution with 
time, were assessed by evaluating lung parameters 1, 7, 14, 
and 28 d after the final exposure. Material characterization, 
acellular and in vitro toxicity were evaluated on two sets 
of PMET720 stainless steel samples, collected at settings 
of (1) 200 A, 60 psi, 30 V or (2) 200 A, 50 psi, 30 V. This 
allowed assessment about whether the process parameters 
affected the physicochemical characteristics and cellular tox-
icity of the thermal spray coating particles. The mechanism 
of internalization in macrophages was determined by using 
pharmaceutical inhibitors for clathrin-dependent endocy-
tosis, caveolae-dependent endocytosis, and actin-depend-
ent pinocytosis/phagocytosis. In addition to determining 
a dose–response relationship for in vitro toxicity to the 
PMET720 thermal spray coating particles in macrophages, 
cells were also screened for known cellular and molecular 
mechanisms of toxicity induced by well-characterized stain-
less steel welding fumes that were used as particle controls 
to estimate relative potency of the novel PMET720 thermal 
spray coating particles.

Materials and methods

Animals

Male Sprague–Dawley rats, from Hilltop Lab Animals 
(Scottdale, PA), were used. They weighed 250—300 upon 
arrival grams and were free of viral pathogens, parasites, 
mycoplasmas, Helicobacter, and CAR bacillus. The rats 
were acclimated for up to one week after arrival and were 
provided HEPA-filtered air, irradiated Teklad 2918 diet, 
and tap water ad libitum. All animal procedures used were 
reviewed and approved by the Centers for Disease Control 
and Prevention (CDC), Morgantown-NIOSH Animal Care 
and Use Committee (ACUC). The animal facilities are spe-
cific pathogen-free and environmentally controlled. The 
program and the facility are accredited by the AAALAC 
International (Frederick, MD).
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Thermal spray coating aerosol generation 
and exposure

A computer-controlled thermal spray coating generator and 
inhalation exposure system was constructed to perform ani-
mal studies to mimic workplace exposures in a laboratory 
[see diagram in Fig. 1; (Afshari et al. 2022)]. Rats were 
exposed by inhalation to aerosols (target concentration: 
25 mg/m3 × 4 h/day × 9 day) generated from electric arc 
wire thermal spray coating using a stainless-steel consum-
able wire (PMET720; Polymet Corporation, West Chester, 
OH) at settings of 200 A, 60 psi, and 30 V. Control animals 
were exposed to filtered air in a separate, identical exposure 
chamber.

The stainless-steel thermal spray coating aerosol was gen-
erated in a closed spray booth and transported to an animal 
exposure chamber where it was collected and characterized. 
At different post-exposure time points (1, 7, 14, and 28 d), 
the animals were humanely euthanized, and different makers 
of lung toxicity were measured. For the mechanistic in vitro 
studies, two sets of PMET720 stainless steel samples were 
collected onto filters at settings of (1) 200 A, 60 psi, 30 V or 
(2) 200 A, 50 psi, 30 V to assess whether the process param-
eters affect the physicochemical characteristics and cellular 
toxicity of the particles. In most assays, the responses were 

compared to different, well-characterized stainless steel 
welding particles that served as sample controls.

The thermal spray coating exposure system was divided 
into two separated areas (Fig. 1): (A) an enclosed room 
where the spray coating occurred that contained a com-
pressed air tank, thermal spray machine with wire holder 
and feeder unit (AT-400 Wire Arc Spray System; Thermach, 
Inc., Medina, WI), the rotary and reciprocating system that 
holds and rotates the stainless-steel pipe to be spray coated 
in an up and down manner, and a spray coating booth that 
housed the torch gun and rotary sample holder system; (B) 
the animal exposure chamber with different particle charac-
terization and chamber condition devices and air flow con-
trollers. The room that contained the thermal spray coating 
booth was separated from the investigators by a set of pro-
tective curtains and glass door dividers to prevent exposure 
to the generated fumes and particles should the booth leak 
outward.

Within the spray booth, two consumable PMET720 stain-
less steel metal wires were fed independently into the spray 
gun. The wires were then charged, and an arc was generated 
between them. The heat from the arc melted the incoming 
wires, and the molten metal particles were suspended in a jet 
of air from the gun. The suspended molten metal particles 
were deposited onto the metal pipe substrate with the help of 
compressed air. A rotary motor rotated the feedstock pipe in 

Fig. 1   Schematic diagram of the electric arc wire-thermal spray coat-
ing aerosol generator and exposure system (modified from Antonini 
et al. 2021; Afshari et al. 2022). Electric arc wire-thermal spray coat-
ing was performed in one room (A), and the aerosols transferred to an 
animal exposure chamber in a separate room (B) divided by shaded 

glass door divider with a protective curtain. Abbreviations: Data 
Ram = real-time aerosol monitor; MOUDI = Micro Orifice Uniform 
Deposit Impactor; SEM = scanning electron microscopy; Temp = tem-
perature; LPM = liters per minute; MFC = mass flow controller
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circular and up-and-down directions to allow for continuous, 
sequential coating during the 4-h exposure time within the 
spray booth. The spray gun was controlled by a computer 
program and was fired in 1 s intervals approximately 25 
times total during the exposure period to produce a target 
concentration of 25 mg/m3 in the exposure chamber.

The aerosols generated during the thermal spray coat-
ing process were delivered to an adjacent exposure chamber 
using a slight negative pressure. After leaving the booth the 
aerosol passed through a large particle trap then mixed with 
an automatically adjusted amount of diluted air. After the 
aerosol and dilution air mixed, it passed through a home-
made large particle trap and mixed with diluted air before 
passing through a cyclone (URG-2000-30EP, URG Corp, 
Chapel Hill NC) to further remove large particles. The cut 
size of the cyclone was 6 µm at a flow of 31 L/min. The 
flow into the cyclone was maintained at 31 L/min, by using 
a mass flow controller connected to house vacuum on the 
exhaust side of the air-tight exposure chamber. Large par-
ticles were removed so that the animals would receive only 
the respirable portion of the particles.

The mass concentration in the chamber was monitored 
by a real-time aerosol monitor (DataRAM, MIE, Inc., Bed-
ford, MA). The sensors and measurement devices were 
managed and controlled through a custom computer soft-
ware programed written in LabVIEW (National Instruments 
Corporation, Austin, TX). To maintain a constant particle 
concentration in the exposure chamber, the software would 
make adjustments to the amount of dilution air that made up 
the 31 L/min entering the exposure chamber. For example, if 
the concentration needed to be higher than its current level 
it would automatically lower the dilution air thus pulling 
more aerosol from the spray booth. The feedback control 
algorithm used to control the dilution air was a Proportional-
Integral-Derivative feedback (PID) controller. When the 
amount of dilution air dropped below 4 L/min the custom 
software would trigger first the feedstock pipe to rotate and 
move up and down in front of the thermal spray gun for 
few seconds before activating the thermal spray gun for a 
1-s spray. This would increase dilution air flow to keep the 
exposure concentration from climbing too high, then the 
amount of dilution air needed would slowly drop until it 
was below 4 L/min and another spray would trigger. This 
process would repeat, typically 1 spray every 5 to 20 min, 
until the end of the desired exposure duration. Particle mass 
concentrations inside the animal chamber were determined 
by collecting airborne particles with two, 47-mm closed-
face cassettes loaded with polytetrafluoroethylene filters fol-
lowed by gravimetric analyses. These filter data were used 
every exposure run to calibrate the DataRAM. The target 
exposure chamber mass concentration could be selected in 
the software and was typically set to 25 to 30 mg/m3 for all 
experiments.

Additional ports were located on the top of the chamber 
and used to measure chamber pressure and to collect addi-
tional particle samples for size distribution, chemical com-
position, and electron microscopy analyses. The air pressure 
and temperature and relative humidity inside the chamber 
were continually measured during the exposure period (Vais-
ala Temperature-Humidity Probe, model# HMP60; Woburn, 
MA). The levels of generated carbon dioxide (Vaisala CO2 
Probe, model# GMP252; Woburn, MA) were continuously 
monitored in the chamber during animal exposures and 
maintained below 5000 ppm.

Gas metal arc‑stainless steel (GMA‑SS) and manual 
metal arc stainless steel (MMA‑SS) welding fume

For the in vitro toxicity and potency studies of the novel 
thermal spray coating particles, aerosol was collected from 
the exposure chamber and compared with the well-charac-
terized welding fume particle samples from gas metal arc-
stainless steel (GMA-SS) and a flux-covered manual metal 
arc stainless steel (MMA-SS) welding fumes. The GMA-SS 
and MMA-SS particle samples were generated and kindly 
gifted by Lincoln Electric Co. (Cleveland, OH). The fume 
samples were generated in an open fume chamber (volume 
of 1 m3) by an experienced welder using stainless steel elec-
trodes and collected on a 0.2 µm Nuclepore filters (Nucle-
pore Co.; Pleasanton, CA).

Thermal spray coating aerosol characterization

The generated thermal spray coating aerosols were col-
lected in the breathing zone of the animals in the exposure 
chamber during the daily 4-h exposure. The animal chamber 
held 12 animals at a time. Multiple runs were performed to 
assess the responses at 1 and 7 d (n = 12 rats) and 14 and 
28 d (n = 12 rats). Matching sets of controls were exposed 
to filtered air in a separate, identical chamber. The actual 
chamber concentration for the thermal spray coating aerosol 
was determined to be 24.9 mg/m3 ± 2.1 standard error (SE) 
and 30.0 mg/m3 ± 10.2 SE for the first and second exposures 
as measured by DataRAM and filter readings, respectively. 
Importantly, size distribution, particle morphology (FE-
SEM), and metal composition profile (ICP-AES) did not 
change during the 4-h exposure period.

Aerodynamic particle size and morphology

The aerodynamic size distribution of the different thermal 
spray coating aerosols inside the exposure chamber was 
determined using a Micro-Orifice Uniform Deposit Impactor 
(MOUDI; MSP Model 110, MSP Corporation, Shoreview, 
MN). Particles were collected between the size ranges of 
0.056–18 µm that were separated into 11 fractions. The 



3205Archives of Toxicology (2022) 96:3201–3217	

1 3

mass median aerodynamic diameter (MMAD) and geo-
metric standard deviation (GSD) of the aerosol were deter-
mined from gravimetric measurements. To assess particle 
morphology, the different thermal spray coating particles 
were collected onto 0.2 µm pore size 47-mm Nuclepore 
polycarbonate filters (Whatman, Clinton, PA). The filters 
were mounted onto aluminum stubs using double-stick car-
bon tape and viewed using a Hitachi S4800 field emission 
scanning electron microscope (SEM; Hitachi High-Tech 
America, Boston, MA).

Hydrodynamic size and zeta potential

The hydrodynamic size or agglomerated particulate in aque-
ous suspensions was determined by Dynamic light scattering 
(DLS). Malvern Zetasizer Nano ZS90 (Worcestershire, UK) 
equipped with a 633 nm laser at a 90° scattering angle was 
used to estimate the agglomerate charge (zeta potential) and 
hydrodynamic size. Particles were prepared in stock solution 
of phosphate buffered saline (PBS) containing 0.6 mg/ml 
bovine serum albumin (BSA) at 5 mg/ml. All measurements 
were performed at a particle concentration of 25 µg/ml in 
water and cell culture media, while maintaining a constant 
temperature of 25 °C. Samples were equilibrated inside the 
instrument for two min, and five measurements, each con-
sisting of at least five runs, were recorded.

Metal composition

Particle samples were collected inside the exposure chamber 
onto 5 µm pore size polyvinyl chloride membrane filters 
(SKC, Inc., PA) in 37-mm cassettes during thermal spray 
coating using a PMET720 consumable wire. The particles 
were digested, and the metals analyzed using inductively 
coupled plasma-atomic emission spectroscopy (ICP-AES) 
by the NIOSH contract laboratory, according to NIOSH 
method 7303 modified for hot block/HCl/HNO3 digestion 
(NIOSH, 1994). Metal content of blank filters were also ana-
lyzed for control purposes.

Bronchoalveolar lavage

At 1, 7, 14, and 28 days after the final inhalation exposure, 
bronchoalveolar lavage (BAL) was performed to assess 
lung injury and inflammation. Animals were euthanized 
with an overdose of a pentobarbital-based euthanasia solu-
tion (> 100 mg/kg, IP; Fatal-Plus Solution, Vortech Phar-
maceutical, Inc., Dearborn, MI) and then exsanguinated by 
severing the abdominal aorta. The right lung was first lav-
aged with a 1 ml/100 g body weight aliquot of calcium- and 
magnesium-free PBS, pH 7.4. The first fraction of recovered 
BAL fluid (BALF) was centrifuged at 500 × g for 10 min, 

and the resultant cell-free supernatant was saved for lung 
cell damage analysis. The right lung was further lavaged 
with 6-ml aliquots of PBS until 30 ml were collected. These 
samples also were centrifuged for 10 min at 500 × g and the 
cell-free BALF fraction was discarded. The cell pellets from 
all washes for each rat were combined, re-suspended in 1 ml 
of PBS buffer, counted, and differentiated.

Assessment of lung injury and inflammation

Lactate dehydrogenase (LDH) was measured in the first frac-
tion of the cell-free supernatant recovered from the BALF as 
a general marker for lung toxicity. LDH activity was deter-
mined by measuring the oxidation of lactate to pyruvate 
coupled with the formation of NADH at 340 nm. Meas-
urements were taken with a COBAS MIRA auto-analyzer 
(Roche Diagnostic Systems, Montclair, NJ). For the deter-
mination of lung inflammation, total cell numbers recovered 
by BAL were determined using a Coulter Multisizer II and 
AccuComp software (Coulter Electronics, Hialeah, FL). Cell 
suspensions (5 × 104 cells) were spun using a Cytospin 3 
centrifuge (Shandon Life Sciences International, Cheshire, 
England) for 5 min at 800 rpm onto a slide. Cells (200/rat) 
were identified after labeling with Leukostat stain (Fisher 
Scientific, Pittsburgh, PA) as monocytes/alveolar mac-
rophages (AM) and polymorphonuclear leukocytes (PMN).

Multiplex analysis of in vivo lung cytokines

Changes in the levels of cytokines and chemokine in the 
lung after exposure to PMET720 or air were determined 
by measuring the cytokine/chemokines in the first fraction 
of the bronchoalveolar lavage at day 1 and 7 after exposure 
using 27 Plex Rat Cytokine/Chemokine Array (Eve Tech-
nologies, Calgary, Canada; #RD27). The 27 cytokines meas-
ured, included vascular endothelial growth factor (VEGF), 
regulated upon activation, normal T cell expressed and pre-
sumably secreted (RANTES), growth-regulated oncogen/
keratinocyte chemoattractant (GRO/KC), tumor necrosis 
factor-α (TNF-α), granulocyte colony-stimulating factor 
(G-CSF), granulocyte–macrophage colony-stimulating fac-
tor (GM-CSF), monocyte chemoattractant protein-1 (MCP-
1), interferon γ-induced protein 10 kDa (IP-10), leptin, 
liposaccharide-induced CXC chemokine (LIX), interleukins 
IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12(p70), 
IL-13, IL-17A, IL-18, macrophage inflammatory protein 
1-α (MIP-1α), macrophage inflammatory protein 2 (MIP-2), 
epidermal growth factor (EGF), fractalkine and interferon-γ 
(IFN)-γ. The standard curves for each cytokine/chemokine 
had a range of 0 to > 25,000 pg/ml. Regression analysis of 
the standard curves helped determine the concentration of 
the cytokine/chemokine in the BAL samples. The assay 
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sensitivity for these markers ranged from 0.1 to 33.3 pg/ml. 
Data are presented as a heatmap of fold change in protein 
expression from control group (air-exposed) at 1 and 7 d 
after last day of inhalation exposure. The protein concentra-
tions in pg/ml from the 24 animals, control air group (n = 6, 
2 × time points) and PMET720 (60 psi) thermal spray coat-
ing group (n = 6, 2 × time points) is provided in the supple-
mental table.

Electron paramagnetic resonance

To detect and measure short-lived free radical intermediates, 
electron paramagnetic resonance (EPR) spin-trapping was 
used. To assess whether the thermal spray coating suspen-
sions were capable of producing hydroxyl radicals (OH.), 
they were exposed to H2O2 through a Fenton-like reaction. 
Final concentrations were 100 mM of the spin-trap DMPO 
(5,5’-dimethylpyrroline N-oxide, Sigma-Aldrich, St. Louis, 
MO), 5 mg/ml the PMET720 samples, the GMA-SS and 
MMA-SS welding fumes (particle controls) or potassium 
dichromate [2 mM; Cr (VI) positive control], and 1 mM 
H2O2 suspended in PBS and mixed in the order listed. All 
reagents were mixed in test tubes for 3 min at room tempera-
ture, filtered through a Titan3 nylon 0.45 mm filter to halt 
the reaction and remove any metal particles. The sample was 
then transferred to a quartz flat cell for EPR measurement in 
a Bruker EMX spectrometer (Bruker Instruments Inc., Bill-
erica, MA). For each sample, the instrument was set to run 
3 scans with a 41 s scan time, a receiver gain of 1.0 × 104, a 
40 ms time constant, 1.0 G modulation amplitude, 63.4 mW 
power, 9.751 frequency, and 3515 G magnetic field center. 
Samples were run in independent experiments (n = 3). Sam-
ple data were attained and processed as previously described 
(Leonard et al. 2004, 2003; Stefaniak et al. 2009). Briefly, 
signal intensity (peak height) from the 1:2:2:1 spectrum 
(characteristic for. OH) was used to measure the relative 
proportion of the short-lived radicals trapped.

In vitro cell culture, particulate collection 
and dispersion

The RAW 264.7 monocyte/macrophage cell line was 
obtained from American Type Culture Collection (Manas-
sas, VA; ATCC TIB-71). The cells were cultured in Dul-
becco’s Modified Eagle medium (DMEM, Invitrogen) 
supplemented with 10% fetal bovine serum (FBS, R & D 
Systems, Minneapolis, MN), 1% antimycotic and 1% peni-
cillin–streptomycin (Invitrogen, Waltham, MA) Subcultures 
were prepared by scraping and a sub-cultivation ratio of 1:4 
was maintained. Cell culture media was replaced every 2 to 
3 days. Cells were tested for mycoplasma; no mycoplasma 
contamination was detected.

The PMET720 particulate samples used for the in vitro 
study were collected directly from the generation chamber 
by gravity. The turbulence in the generation chamber was 
minimized by controlling flow, thus allowing the formed 
particulates to settle by gravity for 24 h into a clean collec-
tion vessel placed on the bottom of the floor of the genera-
tion chamber. The collected particulate samples were gently 
brushed from the collection vessel and stored into sterile, 
glass scintillation vials.

Aqueous stock suspensions of the dry PMET720 and 
welding fume control samples were prepared in PBS with-
out calcium and magnesium at 5 mg/ml concentration and 
contains 0.6 mg/ml bovine serum albumin (BSA, Sigma-
Aldrich). The stock suspension was sonicated for 1 min at 
70% amplitude using a cup horn sonicator (Sonics Vibra-
Cell VCX-750 with Cup-type Sonicator; Newton, CT) and 
immersed in continuous flowing cold water. Samples were 
vortexed for 10 s intermittently after 30 s of sonication. The 
stock solution at 5 mg/ml was dispersed in cell culture media 
by diluting to the highest test concentration, and serial dilu-
tions were performed to obtain other concentrations.

In vitro cytotoxicity

Cytotoxicity due to particle exposure was accessed in RAW 
264.7 cells by measuring the cells’ ability to reduce water 
soluble tetrazolium salt (WST-1) and in parallel by measur-
ing lactate dehydrogenase (LDH) released as a marker for 
membrane damage. Cells (25,000) were exposed for 24 h in 
96 well plates to 0, 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50, 100 
and 200 µg/ml of PMET720 particles generated at 50 and 60 
psi, and their potency was compared with the GMA-SS and 
MMA-SS welding particle samples in 100 µl of cell culture 
media. After 24 h of exposure, the supernatant was trans-
ferred to a new plate, and cells were challenged with fresh 
media containing 10% volume/volume WST-1 cell prolif-
eration reagent (Sigma-Aldrich, Cat #5,015,944,001). After 
2 h of incubation, the WST-1 consumption was recorded by 
measuring the absorbance at 450 nm subtracted with absorb-
ance at 660 nm to account for turbidity/background. Data 
were presented as % change from control cells with no par-
ticulate treatment. Total LDH was evaluated by lysing cells 
with 0.1% volume/volume Triton X-100 (Sigma-Aldrich) 
for 1 h. Equal volume of cell culture media and CytoTox-
ONE™ Reagent (Promega, Madison, WI) was reacted at 
room temperature and change in fluorescence was meas-
ured at excitation 560 nm and emission 590 nm. All experi-
ments were repeated three times, and each measurement had 
quadruplicate technical replicates. Half-maximal inhibitory 
concentration (IC50) and half-maximal effective concentra-
tion (EC50) were determined by regression analysis of the 
experimental dose–response relationships.
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In vitro oxidative stress

Intracellular oxidative stress due to particle exposure was 
determined using CellROX® Green (Invitrogen, Waltham, 
MA). Cells (7.5 × 105) were seeded in a 6-well plate and, 
after 18 h, they were challenged with 2 ml fresh media con-
taining 0, 6.25, 25, 50 and 100 µg/ml of PMET720 sample 
generated at 50 and 60 psi or the GMA-SS welding fume 
sample. After 24 h of exposure, the cells were detached, 
washed, and incubated with 5 μM CellROX for 20 min. The 
CellROX treated cells were further washed and fixed with 
a 10% formaldehyde solution in PBS. The change in oxida-
tive stress was quantified by evaluating the change in mean 
fluorescence per cell using a BD LSR II flow cytometer (BD 
Biosciences, San Diego, CA). At least 10,000 cells were 
quantified per treatment group and this was repeated three 
times.

In vitro NF‑κB/AP1 activity

Monocyte/macrophage reporter cell line, RAW-Blue™ Cells 
(Invivogen, San Diego, CA) were used to evaluate NF-κB 
and AP-1 induced due to particulate exposure. Cells were 
exposed to the PMET720 particle sample generated at 50 
or 60 psi, and their potency was compared with the GMA-
SS and MMA-SS particle control samples. Cells were chal-
lenged with these four particle samples at 0, 1.56, 3.125, 
6.25 and 12.5 µg/ml for 16 h. These doses were chosen 
based on cytotoxicity. The RAW Blue cells secrete alkaline 
phosphatase (SEAP) due to NF-κB and AP-1 activation. 
The induced SEAP was detected using alkaline phosphatase 
detection medium (QUANTI-Blue™ Solution, Invivogen, 
San Diego, CA) by measuring absorbance at optical den-
sity (OD) at 655 nm using a Varioskan™ LUX multimode 
microplate reader (Invitrogen).

In vitro mechanism of uptake

The mechanism of uptake of the PMET720 (60 psi) and 
GMA-SS particle samples in RAW 264.7 cells was evalu-
ated as previously described (dos Santos et al. 2011; Ibuki 
and Toyooka 2012; Plummer and Manchester 2013; Suzuki 
et al. 2007; Vranic et al. 2013; Zucker et al. 2010). Chlor-
promazine (15 µM; Invitrogen), 3 µM filipin III (Cayman 
Chemical Company, Ann Arbor, MI) or 8 µM cytochalasin 
B (Sigma-Aldrich) were used for inhibiting clathrin-medi-
ated endocytosis, caveolin-mediated endocytosis and actin-
dependent pinocytosis/phagocytosis, respectively. Cells 
were preincubated for 30 min with fresh media containing 
the inhibitors or media alone and then co-challenged with 
50 µg/ml of PMET720 (60 psi), or GMA-SS with and with-
out the inhibitors for 3 h. The cells were lifted and washed, 
and uptake was quantified by determining the granularity by 

flow cytometry (BD Biosciences, San Diego, CA). At least 
10,000 cells were quantified per treatment group and is an 
average of three runs. Data were normalized by subtracting 
background with no particle exposure and is presented as 
percentage change from particulate uptake by control cells 
with no inhibitor treatment.

Statistical analysis

Statistical analyses were performed using either JMP version 
13 (SAS Institute, Cary, NC) or using Prism (Graphpad Soft-
ware LLC, CA). IC50 and EC50 values were determined by 
four-parameter logistic regression analysis in Prism. All the 
treatments were compared for statistical significance using 
factorial analysis of variance (ANOVA), either one- or two-
way depending on the experimental design. ANOVA was 
followed by multiple comparison post hoc test for pairwise 
comparison using Tukey's or Fisher’s Least Significant Dif-
ference (LSD). Differences were considered statistically 
significant at p ≤ 0.05 (95% confidence level).

Results

Particle characteristics

Field-emission scanning electron microscopy (FE-SEM) 
and the size distribution graphs of the thermal spray coat-
ing aerosols generated at 60 and 50 psi are shown in Fig. 2. 
FE-SEM showed agglomerated chains of ultrafine-sized 
primary particles for the two generated PMET720 ther-
mal spray coating aerosols (Fig. 2A, B). The mass median 
aerodynamic diameter (MMAD) and geometric standard 
deviation (GSD) of the aerosolized particles in the expo-
sure chamber was 0.28 µm with a GSD of 1.8 at 50 psi and 
0.31 µm with a GSD of 2.11 at 60 psi (Fig. 2C). To examine 
the in vitro toxicity of the PMET720 thermal spray particu-
late, macrophages in a 2-D submerged model was utilized, a 
stock dispersion of samples was prepared in PBS containing 
0.6 mg/ml BSA and further diluted to the required concen-
tration in cell culture media. DLS showed the thermal spray 
particle samples had a wide size distribution as indicated by 
the large polydispersity index (PDI). There was no statisti-
cally significant change in mean cumulative diameter with 
increasing pressure of the thermal spray (Table 1). There 
was a small but statistically significant decrease in charge of 
the thermal spray particulate with increasing pressure. The 
welding fume particle samples had narrower size distribu-
tions compared to the thermal spray particles. In addition, 
MMA-SS had a lower cumulative hydrodynamic diameter 
and GMA-SS had a larger diameter when compared to the 
PMET720 particle samples.
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Metal composition analysis using ICP-AES showed 
that the major constituents in PMET720 thermal spray 
coating aerosols included Fe, Cr, Mn, Zn, Ni, and Cu 
(Table 2). The stainless-steel aerosols were predominantly 
composed of Fe and Cr. A change in pressure from 50 to 

60 psi had little effect on the metal composition of the 
generated particles. Compared to GMA-SS and MMA-
SS welding fumes, the thermal spray coating particles 
generated from PMET720 contained a greater amount of 
Fe but less Cr.

Fig. 2   A, B Representative FE-SEM micrographs of generated parti-
cles during electric arc wire-thermal spray coating (50 psi, 30 V, 200 
A) and (60 psi, 30 V, 200 A) using a PMET720 stainless steel con-

sumable wire, respectively, and (C) MOUDI particle size distribution 
graphs of each. Scale bar in A and B is 1 µm

Table 1   Particle sample characteristics

a Measurements were performed in PBS. bMeasurements were performed at 25 °C at 25 µg/ml

Particulate Hydrodynamic Sizea,b Zeta Potentiala,b 
(mV ± Stdev)

Mass Median Aerodynamic 
Diameter (MMAD, µm)

Geometric Stand-
ard Deviation 
(GSD)Cumulative Mean 

Diameter (nm ± Stdev)
Polydispersity 
Index (PDI)

PMET720,
50 psi
Thermal Spray Coating

472.3 ± 252.3 0.7 ± 0.2 – 13.5 ± 1.1 0.28 1.8

PMET720,
60 psi
Thermal Spray Coating

431.3 ± 118.7 0.5 ± 0.2 – 15.5 ± 0.6 0.31 2.11

GMA-SS
Welding Fume

868.3 ± 43.2 0.3 ± 0.1 – 14.8 ± 0.6 0.25 1.35

MMA-SS
Welding Fume

338.5 ± 7.3 0.1 ± 0.1 – 11.3 ± 1.4 0.30 1.25

Table 2   Metal composition of the collected particulate

Relative weight % to all metals analyzed. ND: not detected or below detection limit

Fe Cr Mn Zn Ni Cu Ti Al

PMET720
(50 psi)

81.7 ± 0.24 14.9 ± 0.19 2.61 ± 0.04 0.35 ± 0.08 0.26 ± 0.04 0.16 ± 0.002 ND ND

PMET720
(60 psi)

82.2 ± 0.24 13.4 ± 0.14 2.37 ± 0.09 1.31 ± 0.13 0.397 ± 0.14 0.18 ± 0.013 ND ND

GMA-SS
Welding Fume

57.2 ± 1.2 20.3 ± 1.6 13.8 ± 0.47 ND 8.51 ± 0.40 ND ND 0.085 ± 0.08

MMA-SS
Welding Fume

42.0 ± 0.47 28.1 ± 0.26 16.2 ± 0.27 ND 2.84 ± 0.17 0.41 ± 0.0030 10.1 ± 0.30 ND
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In vivo pulmonary injury and resolution

The pulmonary injury induced by PMET720 (60 psi) ther-
mal spray coating aerosols was assessed after inhalation 
exposure by measuring LDH in the first acellular fraction 
of the BALF at 1, 7, 14, and 28 d post-exposure to determine 
the resolution of the response. BALF LDH was significantly 
elevated at 1 d after the final exposure to the PMET720 
stainless steel aerosol compared to the air control (Fig. 3A). 
By 7 day, the elevated LDH value had returned to control 
levels, and the groups were not significantly different up to 
28 day after exposure.

In vivo pulmonary inflammation

In the determination of lung inflammation, the number 
of total BAL cells as well as BAL AMs and PMNs were 

counted at 1, 7, 14, and 28 d after the final exposure to the 
PMET720 thermal spray coating aerosol. At 1 d after the 
last exposure, total BAL cells and AMs were significantly 
increased in the PMET720 group compared to the control 
group (Fig. 3B, C). As was observed with the LDH response, 
the elevated total cell and AM numbers returned to air con-
trol levels by 7 d. No significant differences were observed 
for the number of BAL PMNs recovered when comparing 
the two treatment groups at any of the time points after expo-
sure (Fig. 3D).

Figure 4A–E depicts representative images of recov-
ered BAL cells after exposure to the PMET720 stainless 
steel thermal spray coating aerosols at 1, 7, 14, and 28 d. 
As indicated by the asterisks, numerous AMs had phago-
cytized particles (black pigmented material) inhaled by the 
lungs 1 d after exposure. As expected, the number of AMs 
that contained particles decreased with time after exposure, 

Fig. 3   Lung responses at 1, 7, 14, and 28 d after inhalation expo-
sure to PMET720 stainless-steel thermal spray coating aerosol: A 
BAL LDH; B Total BAL cells; C BAL AMs; D BAL PMNs. Male 
Sprague–Dawley rats (n = 5–6/group) were exposed to 25  mg/m3 of 

electric arc thermal spray aerosol using a PMET720 wire for 4 h/d × 9 
d at 60 psi, 30 V, and 200 A. *Significantly different from air control 
exposure (p < 0.05)
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although numerous cells still contained engulfed particles at 
28 d after exposure. In agreement with cellular differential 
data (Fig. 4 D), few PMNs were observed at any time point 
after exposure to the PMET720 (60 psi) aerosols.

Alteration in pulmonary cytokine/chemokine 
response

Alteration in lung cytokine/chemokines was assessed by 
screening 27 proteins in BAL fluid at 1 and 7 d after inhala-
tion exposure to either air control or PMET720 (60 psi) ther-
mal spray coating aerosols. Compared to air control, animals 
exposed to PMET720 thermal spray coating aerosols caused 
a significant change in seven BAL fluid proteins at 1 d after 
exposure (Fig. 5). The proteins that were altered included 
IL-18, MIP-1α, VEGF, LIX, fractalkine, IP-10, and EGF. 
The protein expression increased with all these proteins and 
was in the range of 1.5- to fourfold change from air control 
animals. The altered cytokine/chemokines play a vital role 
in tissue repair after a cytotoxic response and act as beacons 
for recruiting immune cells. At 7 d after PMET720 thermal 
spray coating exposure, the cytokines/chemokines reached 
homeostasis and only 2 proteins, MIP-1α and fractalkine, 
were significantly altered compared to air controls. The 
altered proteins at 1 d post-exposure were up-regulated while 
at 7 d they were down-regulated compared to air controls. 

The cytokine response was in line with the observed lung 
injury and cellular influx observed (Fig. 3A–D).

Comparative in vitro toxicity

The cytotoxicity potential of the PMET720 thermal spray 
coating particle samples generated at 60 and 50 psi was 
assessed using cell proliferation reagent WST-1 and in 
parallel, membrane damage evaluated by measuring LDH 
released. GMA-SS and MMA-SS, two well-characterized 
welding fumes, were used as controls to understand rela-
tive potency of the novel PMET720 thermal spray coating 
particles. The cells challenged with PMET720 (50) psi 
did not induce any cytotoxicity in the tested concentra-
tion range of (0–200 µg/ml). Only the highest dose tested 
(200 µg/ml) caused a significant change in cytotoxicity 
with the PMET720 (60) psi particulate. Both GMA-SS 
and MMA-SS welding fumes showed a dose-dependent 
increase in cytotoxicity and a significant change in cytotox-
icity at and above 12.5 µg/ml (Fig. 6A). The IC50 for the 
PMET720 sample was > 200 µg/ml. The IC50 for GMA-
SS and MMA-SS welding particles was 35 µg/ml (R2 = 0.9, 
95% CI 20.3–114.7 µg/ml) and 13 µg/ml (R2 = 0.99, 95% CI 
11.3–13.8 µg/ml), respectively.

Exposure of cells to PMET720 (50 psi) at 0–200 µg/
ml did not induce significant membrane damage, whereas 

Fig. 4   Representative cytospin photomicrographs of recovered BAL 
cells after exposure to air (A; control) or 25  mg/m3 of PMET720 
stainless steel thermal spray coating aerosols at 1 (B), 7 (C), 14 (D), 

and 28 d (E). Red asterisks indicate particles (black pigmented mate-
rial) within lung macrophages. Magnification is 40x
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Fig. 5   Protein expression in 
BAL fluid after inhalation expo-
sure to PMET720 (60 psi) stain-
less steel thermal spray coating 
aerosols accessed at 1 and 7 
day after exposure. Data are 
represented as heat map of fold 
change from air control group. 
Two-way ANOVA was per-
formed. *Denotes significance 
(p < 0.05) compared 1-day Air 
group; @ denotes significance 
from 7-day Air group

Fig. 6   A Cytotoxicity measured by evaluating the change in WST-1 
metabolism in macrophages exposed to 0 to 200  µg/ml of either 
GMA-SS, MMA-SS, PMET720 (50 psi) or (60 psi) particle samples. 
B Dose–response relationship in membrane damage induced by expo-

sure to GMA-SS, MMA-SS, PMET720 (50 psi) or (60 psi) particle 
samples. The bars above the charts represent significant responses 
(p < 0.05) from control, unexposed cells
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PMET720 (60 psi) induced a significant change only at 
the two highest tested concentrations of 100 and 200 µg/
ml (Fig. 6B). GMA-SS particle exposure altered WST-1 
metabolism but did not cause membrane damage in the dose 
range tested. MMA-SS treatment induced a dose-dependent 
increase in membrane damage and a statistically significant 
change from 12.5 µg/ml. The EC 50 for PMET720 (50 psi), 
(60 psi) and GMA-SS was > 200 µg/ml (i.e., the highest dose 
tested). The EC 50 for MMA-SS was 21 µg/ml (R2 = 0.99, 
95% CI 18.6–23.9 µg/ml).

Acellular and in vitro screening for oxidative stress

The acellular oxidative stress potential of PMET720 (50) 
and (60) psi thermal spray coating particles was assessed 
by their ability to produce Fenton-like short-lived free 

radical intermediates in a cell-free system using EPR in the 
presence of a spin trap (DMPO, 5,5-dimethyl-1-pyrroline 
N-oxide) and an oxidant (H2O2). Chromium (VI) was used 
as positive control and had the highest change in the EPR 
peak (Fig. 7A, B). The two PMET720 samples did produce 
the typical 1:2:2:1 spectrum, which is characteristic for OH. 
However, the average signal intensity was significantly less 
than what was observed for the two well-characterized stain-
less steel particle samples and the Cr (VI) positive control. 
Although small, the PMET720 (60 psi) sample produced 
significantly more radicals compared to the PMET720 (50 
PSI) sample. The rank order in which the particulate pro-
duced free radicals was MMA-SS > GMA-SS > PMET720 
(60 psi) > PMET720 (50 PSI). The amount of intracellu-
lar reactive oxygen species (ROS) generated in the mac-
rophages was assessed after 24 h of exposure to 0, 6.25, 25 

DMPO + H2O2 in PBS

DMPO + H2O2 in PBS + Cr(VI)

DMPO + H2O2 in PBS + MMA-SS

DMPO + H2O2 in PBS + GMA-SS

DMPO + H2O2 in PBS + PMET720(50)

DMPO + H2O2 in PBS + PMET720(60)

A B

C

Fig. 7   A EPR spectra and B EPR peak height with negative control, 
positive control [(2  mM Cr (VI)], MMA-SS and GMA-SS weld-
ing fumes, thermal spray coating samples generated with PMET720 
50 psi and 60 psi. Data analyzed by one way ANOVA. *, #, δ and π 
denote p < 0.05 vs. PMET 720 (50 psi), PMET 720 (60 psi), GMA-
SS and MMA-SS, respectively. C Intracellular ROS produced after 

exposure to 0–100 µg/ml thermal spray coating particulate PMET720 
(50 psi and 60psi) and welding fume particulate, GMA-SS. Statisti-
cal significance was determined by modeling across dose and treat-
ment group by two-way ANOVA, * and α denote p < 0.05 from 0 and 
6.25  µg/ml treatments within the group. #Denotes significance from 
GMA-SS exposure at equivalent dose
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and 100 µg/ml of PMET720 (50 psi), PMET720 (60 psi), or 
GMA-SS (Fig. 7C). There was no difference in the level of 
intracellular ROS generated due to exposure of PMET720 
(50 psi) and PMET720 (60 psi). GMA-SS caused a signifi-
cant change from PMET720 (50 psi) and PMET720 (60 psi) 
at all the doses evaluated. Compared to control cells with no 
exposure, all the tested particle samples caused a significant 
change in intracellular ROS generated from 25 µg/ml.

Screening for NF‑κB/AP‑1 activity in vitro

The signaling transduction pathway NF-kB/AP-1 has been 
shown to play a critical role in the induction of toxicity due 
to exposure of welding fumes (Hałatek et al. 2018; McNeilly 
et al. 2005). NF-kB/AP-1 activity due to exposure of the 
novel PMET720 (50 psi) and (60 psi) thermal spray coat-
ing particles was assessed using the macrophage NF-kB/
AP-1 reporter cell line (RAW-Blue™ cell line). These cells 
secrete embryonic alkaline phosphatase (SEAP) when 
NF-κB/ AP-1 signaling pathway gets activated due to expo-
sure of the particulate. A dose-dependent increase in NF-kB/
AP-1 activity was observed with all the four particle groups 
compared to unexposed control cells (Fig. 8A). The high-
est dose evaluated (12.5 µg/ml) induced a 10-, 7-, 3- and 
two fold increase in NF-kB/AP-1 activity with the MMA-SS, 
GMA-SS, PMET720 (60 psi) and (50 psi) particle samples, 
respectively. The lowest dose evaluated (1.56 µg/ml) first 

showed significant induction in NF-kB/AP-1 activity with 
both the MMA-SS welding fume and the PMET720 (60 psi) 
thermal spray coating sample. GMA-SS and PMET720 (50 
psi) particle samples showed statistical significance at and 
above 3.12 µg/ml.

Mechanism of uptake

Assessing the uptake after inhibiting various internalization 
pathways revealed that within the 3 h of exposure, PMET720 
thermal spray particles were internalized using both endo-
cytic and phagocytic/pinocytic mechanisms. The change 
in uptake observed with clathrin-, caveolin-, and actin-
dependent pinocytosis/phagocytosis was 54%, 76% and 63%, 
respectively (Fig. 8B). While the particulate was internalized 
by various mechanisms, particle uptake through clathrin-
mediated endocytosis appears to be the major mechanism 
of uptake. The heterogeneity in internalization may be due 
to the wide size distribution of the PMET720 thermal spray 
coating sample (Fig. 2).

Discussion

Thermal spray coating processes generate high emissions 
of metal rich ultrafine particulates. These emissions have 
been reported to be far higher than particulates generated 

Fig. 8   A NF-kB/AP-1 activation after exposure to 0–12.5  µg/
ml GMA-SS, MMA-SS, PMET720 (50 psi) and (60 psi) particle 
samples. The colored bars above highlight statistical significance 
(p < 0.05) from unexposed control cells. B Mechanism of uptake 

of PMET720 (60 psi) thermal spray coating particles and GMA-SS 
welding particle samples. *Significant (p < 0.05) change in uptake 
from control cells without inhibitor treatment
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(concentrations > 108 particles/cm3) using other metal pro-
cessing procedures, like electric arc welding (Bemer et al. 
2010). Despite efforts to provide adequate ventilation, occu-
pational exposure limits have been observed to be exceeded 
in multiple evaluations, such as 34.2 mg/m3 for the total dust 
in China (Huang et al. 2016) and 12.4–22.5 mg/m3 for total 
suspended particle concentration in Greece (Petsas et al. 
2007). Like welding fumes, aerosols from thermal spray 
coating processes contain comparable metal constituents, 
some of which are carcinogenic (e.g., Cr). Because of this, 
welding fumes have been classified by the World Health 
Organization’s International Agency for Research on Cancer 
(IARC) as Group 1 carcinogen (IARC 2018).

Hexavalent Cr exposures have been measured in differ-
ent facilities performing thermal spray coating by different 
industrial hygiene groups to be as high as 100 times the 
OSHA permissible exposure limit of 5 µg/m3 and 20–40 
times higher than the permissible exposure limit for a 12-h 
work shift (Antonini et al., 2021). Also, Cr levels were 
measured to be 15 times higher than the occupational expo-
sure limit after spray coating metal materials containing Cr 
and Cr oxides at worksites in France (Darut et al. 2021b). 
Because thermal spray coating is an emerging industry and 
adverse health effects from thermal spray coating have not 
been thoroughly investigated, there is a need to evaluate the 
potential of pulmonary toxicity caused by exposure of these 
spray coating aerosols.

In the current work, the aerosols generated by thermal 
spray coating were studied using a recently developed, 
automated thermal spray coating generator (Afshari et al., 
2022) with a consumable stainless steel PMET720 wire, the 
most commonly used wire in U.S. industries. The metal-rich 
aerosol was composed of Fe (82%), Cr (13%), Mn (2%), 
and Zn (1%) and had a MMAD of approximately 0.30 µm. 
SEM images of the collected spray coating aerosols showed 
chain-like aggregates of ultrafine primary particles, similar 
to what was observed by others for thermal spray coating 
particles (Bemer et al. 2010). Based on the similarity of the 
processes and composition of the consumable metal wires 
used, it is not unexpected that the particles formed during 
stainless steel thermal spray coating were not that differ-
ent in terms of metal profile as well as particle size and 
morphology to stainless steel particles generated during 
welding. There were differences observed when comparing 
the metal amounts measured in thermal spray coating sam-
ples (Fe: 81.7–82.2%; Cr: 13.4–14.9%; Mn: 2.37–2.61%; 
Ni 0.26–0.40%) versus the welding fume samples (Fe: 
42.0–57.2%; Cr: 20.3–28.1%; 13.8–16.2%; Ni: 2.84–8.51%) 
used in the current study. These differences were due to dif-
ferent metal profiles of the consumable wires used in either 
the welding or thermal spray coating processes as the com-
position of the generated particles have been shown to come 
primarily from the consumption of the metal wire (Antonini 

2003). Importantly, the most toxic metals (e.g., Cr, Ni, Mn) 
were elevated in the welding fume samples compared to the 
thermal spray coating samples.

Using the inhalation exposure system rats were exposed 
by inhalation to 25 mg/m3 of PMET720 (60 psi) thermal 
spray coating aerosol for 4 h a day for 9 consecutive days. 
Pulmonary injury, inflammation, and alteration in cytokine 
and chemokines in the lung were evaluated. Resolution and 
kinetics of the lung injury and inflammation were assessed 
at 1, 7, 14, and 28 d after the last day of exposure. The 
level of LDH in BAL fluid, a marker of lung damage, and 
lung inflammation, as assessed by BAL cellularity, was sig-
nificantly increased compared to air-exposed controls only 
after 1 day after exposure, with the animals recovering by 
day 7 after exposure. The kinetics of this response to the 
thermal spray coating aerosol was observed to be quite dif-
ferent compared to stainless steel welding fume inhalation 
exposure.

Animals that were exposed to GMA-SS welding fume 
(40 mg/m3) for 3 day did not show elevations in lung inflam-
mation until after 6 day after the last exposure (Antonini 
et al. 2007). It was previously observed that the GMA-SS 
particles inhibited chemotactic signaling in the lung as well 
as altering the function of alveolar macrophages. Exposure 
to the GMA-SS welding fume delayed the overproduction 
of the chemokine, MIP-2, and had no effect on production of 
the inflammatory cytokine, TNF-α. A significant elevation 
in MIP-2 was not observed until 4 day after exposure. This 
elevation in MIP-2 immediately preceded the increase in 
lung PMN influx. In addition, alveolar macrophage function, 
as measured by chemiluminescence, was suppressed early 
after welding fume exposure.

Unlike the previous stainless steel welding fume study, 
animals exposed to PMET720 thermal spray coating aero-
sols in the current study developed a significant up-regu-
lation in seven chemokines or cytokines (IL-18, MIP-1α, 
VEGF, LIX, fractalkine, IP-10, and EGF) in BAL fluid at 1 
day after exposure. By 7 day, only MIP-1α and fractalkine 
were significantly different, both being down-regulated, 
from air controls after thermal spray coating aerosol expo-
sure. This cytokine response after thermal spray coating 
exposure was in line with the quick resolution of the lung 
injury and inflammatory response that was observed in the 
animals, despite the persistence of the particles in the mac-
rophages at 28 day after exposure.

In many cases, welding fumes have been observed to per-
sist in the lung macrophages for weeks to months with little 
to no injury or inflammation present (Antonini et al. 2013, 
2011; Hicks et al. 1983).The difference in the lung response 
of stainless-steel welding fumes compared to what was 
observed with the thermal spray coating aerosol exposure 
is likely do to the difference in the amounts of Cr, Ni, and 
Mn present in the samples. The results of previous welding 
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fumes studies have indicated that the pulmonary response 
was primarily dependent on metal composition (Taylor et al. 
2003; Erdely et al. 2011; Antonini et al. 2011). It is also 
important to note that some forms of Fe and Fe-abundant 
particulate matter exposure may contribute to the lung 
responses (Zeidler-Erdely et al. 2019), sometimes presenting 
without toxicity but causing immunosuppression and lung 
tumor promotion (Falcone et al. 2018; Kodali et al. 2013). 
To address these challenges, further studies over a longer 
period are currently ongoing to evaluate more chronic lung 
responses and the persistence (half-life) of a variety of ther-
mal spray coating particles with different metal profiles.

The intracellular uptake mechanism of particles is 
dependent on the physicochemical properties of the par-
ticulate (i.e., size, shape and charge). The intracellular traf-
ficking, signaling and fate of the particle after exposure are 
dependent on the mechanism of internalization. The mech-
anism of uptake of the PMET720 (60 psi) thermal spray 
coating sample was systematically evaluated using pharma-
ceutical transport inhibitors. Chlorpromazine and filipin III 
were used to inhibit clathrin- and caveolin-mediated endo-
cytosis, respectively. Actin cytoskeleton-driven pinocytosis 
and phagocytosis were inhibited by treating the cells with 
cytochalasin B. Clathrin-coated pits occupy 0.5–2% of the 
cell surface and the upper limit for particulates internal-
ized via clathrin-coated vesicles is ~ 100 nm (Rennick et al. 
2021). Caveolae are 50–80 nm flask- shaped membrane 
invaginations that are abundant on the cell surface and play 
an important role in the uptake of several pathogens and 
viruses. Particles larger than 200 nm are typically internal-
ized by actin-driven pinocytosis and phagocytosis (Behzadi 
et al. 2017). For the thermal spray particulate, character-
izing the route of uptake using pharmaceutical inhibitors 
showed all the pathways had a role in the uptake. Inhibition 
of clathrin-mediated endocytosis caused the most inhibition. 
The wide size distribution of the particles could be the rea-
son for internalization via a myriad of pathways.

In vitro, exposure to the thermal spray aerosols induced 
cytotoxicity and membrane damage only at the highest dose 
tested. The cytotoxicity of PMET 720 coating particulate 
was low (IC50 > 200 µg/ml) compared to stainless steel 
welding fumes GMA-SS (IC50 = 35 µg/ml) and MMA-SS 
(IC50 = 13 µg/ml) used as particulate controls. The weld-
ing fumes were chosen as controls as they are metal rich 
incidental particulate that have similar morphology (chain 
like aggregates) similar to thermal spray coating particulate. 
The toxicity profile of the welding fumes is well charac-
terized, and the molecular mechanisms of toxicity induced 
by these welding fumes has been extensively investigated 
(Antonini 2003; Antonini 2014; Kodali et al. 2020; Leonard 
et al. 2010; McCarrick et al. 2019; McNeilly et al. 2005; 
Shoeb et al. 2017; Zeidler-Erdely et al. 2010). NF-kB/AP-1 

pathway activation and regulation of oxidative stress and 
inflammation have been shown to be the leading mechanisms 
of toxicity for welding fumes and other metal rich particulate 
(Graczyk et al. 2016; Kodali and Thrall 2015; Lodovici and 
Bigagli 2011; McNeilly et al. 2005; Riccelli et al. 2020). 
The PMET720 thermal spray particulates were screened for 
these known mechanisms of toxicity and their potency was 
compared with welding fume particulates. Acellular evalua-
tion of oxidative stress potential by EPR indicated the weld-
ing fume spray particulate was reactive and generated free 
radicals. In line with the acellular findings, in vitro studies 
indicated that these particulates induced intracellular ROS. 
The acellular reactivity and intracellular ROS produced was 
several fold lower than that produced by welding fume par-
ticulate. The spray coating particulate activated NF-kB/AP-1 
and at the highest dose tested, i.e., 12.5 µg/ml, PMET720 (60 
psi), particulate caused 2- to threefold lower activation than 
GMA-SS and MMA-SS welding fumes. The cytotoxicity 
and mechanism-based screening also showed that although 
there were some changes between the PMET720 thermal 
spray coating aerosols generated at 50 psi and 60 psi, the 
toxicity profile did not substantially change in relation to 
the coating pressure. In comparison with the stainless-steel 
welding fume particulates evaluated, the PMET720 thermal 
spray coating particulates were less toxic. Thermal spray 
coatings contained twice as much Fe and half of the more 
toxic metals like Cr; the altered toxicity observed could be 
due to the different metal composition and the resulting dis-
solution. In the current work, we evaluated the toxicity of 
thermal spray particulate generated using PMET720.

Conclusion

The current work demonstrates that thermal spray coating 
particulates generated from PMET720 stainless steel wire 
exhibited acute pulmonary toxicity and inflammation, albeit 
to a smaller extent compared to welding fumes. The toxicity 
induced by the PMET720 thermal spray coating particulates, 
like other metal rich aerosols, induced toxicity by activat-
ing NF-kB/AP-1 and oxidative stress pathway. The in vivo 
lung damage and inflammation was resolved by day 7 after 
the last day of the inhalation exposure. The particles were 
retained in the lung even after 28 days after exposure and 
were internalized via clathrin-mediated endocytosis, cave-
olae-mediated endocytosis and actin-driven phagocytosis/
pinocytosis. Additional studies are needed to determine 
effects of thermal spray coating aerosols generated using 
wires composed of other metal compositions, and the bio-
persistence of the particulate and the potential health hazards 
resulting from bio- persistence.
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