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Abstract:  We have utilized a range of manufactured or commercial nanoparticulate materials, including surrogate 
carbon nano-PM along with combustion-generated carbonaceous (soot) nano-PM characteristic of environmental nano-
PM (both indoor and outdoor) to investigate and compare their cytotoxic response in vitro with an immortalized human 
epithelial (lung model) cell line (A549).  These have included nano-Ag, Al2O3, TiO2, Fe2O3, ZrO2, Si3N4, chrysotile 
asbestos, BC, 2 types of MWCNT-aggregate PM (MWCNT-R and MWCNT-N), and high-volume glass fiber collected 
soots:  candle, wood, diesel (truck), tire, and 3-types of natural gas kitchen burner-generated soots:  yellow (fuel-rich) 
flame, low-flow blue flame, and normal flow blue flame soot PM.  These carbonaceous nano-PM species can be found in 
either the indoor and outdoor environments or microenvironments.  Two-day and two-week in-vitro cultures of A549 
showed cell death (or decreased cell viability) for all nanoparticulate materials, but especially significant for all but the 
TiO2 and candle, wood, and diesel PM.  The natural gas kitchen burner combustion PM cell death response was 
characteristic of BC and MWCNT PM.  There was no correlation with total PAH content of the soot PM.  Cytokine 
release (IL-6, IL-8) was detected for the Ag, Fe2 O3, asbestos, BC and the MWCNT PM.  Reactive oxygen species (ROS) 
production was also detected for Ag, Fe2 O3, ZrO2, asbestos, BC, and the MWCNT aggregate PM, as well as the natural 
gas kitchen burner combustion PM.  TEM, FESEM, and optical microscopy examination of these nanomaterials illustrate 
the wide range in PM morphologies and crystallinities as well as cell morphologies.  Taken together, these results 
illustrate proinflammatory and related respiratory health issues in relation to environmental nanoparticulates.  
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Introduction 
 

It is now quite apparent that nanoparticulate materials 
of virtually all types (morphologies, chemistries, crystal 
structures, crystallinity variations, etc.) pose a variety of 
health hazards, particularly respiratory hazards.  This 
includes a variety of natural (mineral or geologic), 
manufactured, and other anthropogenic nanoparticulate 
materials in the ambient and microenvironments, as well 
as a variety of occupational environments [1-17].  Both in 
vivo and in vitro assays have provided information on 
common biological exposure responses, although it 

remains unclear what biomaterials or nanomaterials 
properties or physicochemical parameters are specifically 
related to this biological activity either individually or 
collectively.  In addition, it is often unclear whether in 
vitro assays over the short term (2 days to 2 weeks) can 
sensibly predict in vivo response, especially since animal 
models are themselves inconsistent and do not always 
predict human responses because of the inherent variations 
in the specific state of health and exposure tolerance.  
Correspondingly, in vitro assays are more controlled than 
in vivo studies and can provide rapid and potential 
assessments of health effects.  Human cell cultures 
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eliminate, to some extent, the complexity and variability 
of human metabolisms and biochemical phenomena.  Both 
in vitro and in vivo assays assess acute exposure and not 
chronic exposure to nanomateirals, and while in vitro 
assays demonstrate the ability to compare relative 
toxicities in terms of cell viability or cell death over short 
time periods, standardized dosing protocols are not well 
established, and the interconversion to ambient 
environmental nanoparticulate concentrations (either 
particle concentrations or mass concentrations) are 
nonexistent.  In addition, there is the question of how 
effectively short term assay results can predict, or even 
suggest, potential, longer-term health effects; particularly 
serious diseases involving mutagenicity and 
carcinogenicity.  

In addition to in vitro cell viability or cell death 
assays using MTT-based optical densitometry, or cytokine 
Enzyme Linked Immuno Sorbent Assay (ELISA) studies 
which measure the up-regulation and release of interlekins 
by the cells, and measurement of reactive oxygen species 
(ROS) production in response to cellular insults can 
provide a range of markers of inflammatory of 
inflammatory response.  Cytokines are soluble peptides 
involved in a range of signal transduction pathways which 
regulate cell differentiation, growth, and cell death; 
cytokines also recruit neutrophils, macrophages, and other 
mobile-immune cells to specific sites of injury or insult 
[18-20].  Many recent ELISA studies have utilized the 
immortalized A549 human epithelial lung cell line which 
provides an effective in vitro lung cell model.  Interleukin-
6 (IL-6) and IL-8 have been studied as markers of 
inflammatory response both in the A549 cell culture 
models, and in bronchial alveolar laverage fluid of animals 
[21-27], providing a biomarker link between in vitro and 
in vivo studies.  IL-6 has been linked to allergic responses 
involving asthma, while IL-8 has been associated with 
chronic obstructive pulmonary disease (COPD) [28].  A 
large body of research has examined the role of ultrafine 
or nanoparticulate matter in exacerbations of COPD in 
particular [13].  

Inflammatory response as well as longer-term chronic 
disease has been historically predicated upon the 
generation of reactive oxygen species (ROS).  This has 
been true for respiratory and asthma-related phenomena 
and COPD, as well as the production of fibrosis, lung 
lesions, cancer, etc.  [2, 5, 29-32].  Nel, et la. [33] have 
proposed that ROS generation and oxidative stress is the 
“best developed paradigm to explain the toxic effects of 
inhaled nanoparticles”.  These ROS include superoxide 
(•O2¯), hydrogen peroxide, H2O2 (HOOH), and hydroxyol 
radical (•OH); which is one of the strongest biological 
oxidizing radicals [34].  Jung, et al. [35] recently found 
that •OH is formed by flame soot particles (FSP), black 
carbon (BC), and fine ambient particles (PM2.5) in 
surrogate lung fluid where the mass-normalized •OH 
generation for FPS was ten times that for BC.  Lung cells 
normally generate ROS concentrations easily neutralized 

by antioxidant defenses such as glutathione (GSH) and 
other antioxidant enzymes [36].  If nanoparticulates in the 
lungs produce excess ROS, then these defenses can be 
overwhelmed.  Oxidative stress results when the GSH is 
depleted while the oxidized GSH accumulates.  This 
results in airway inflammation and interstitial fibrosis.  
While somewhat controversial, Polansky [37] has 
described exogenous events that move a biological system 
from “good health” to “hronic disease” as a 
microcompetition with foreign DNA, characterized by 
excessive oxidative stress.  

Nel, et al. [33] have recently suggested that in vitro 
assays of cell death and inflammatory biomarker cytokines 
along with ROS analysis and appropriate characterization, 
can serve as an example of a predictive paradigm for 
toxicity screening of nanoparticulate materials.  In this 
study, we have implemented this analytical strategy to 
examine the toxicity, especially the comparative 
cytotoxicities, for a range of manufactured nanoparticulate 
materials, including carbon-based and carbonaceous 
materials, along with a range of anthropogenic, 
carbonaceous nanoparticulate materials, especially 
combustion-generated soots.  These nanoparticulate 
materials have been carefully characterized, either in this 
study or in previous research, utilizing field-emission 
scanning electron microscopy (FESEM), and/or 
conventional transmission electron microscopy (CTEM) and 
scanning transmission electron microscopy (STEM) [38].  

 
Experimental Methods and Materials 

  
We have previously characterized and assayed a wide 

range of manufactured nanoparticulate materials [39].  
More recently we have compared viability assays for these 
nanoparticulate materials for a murine macrophage cell line 
(RAW 264.7), a human alveolar macrophage cell line 
(THB-1), and a human general epithelial cell line (A549); 
illustrating that these cell lines each represent very similar if 
not identical cell viabilities (or cell death data) in the 
presence of the nanocarbon material relative to controls, 
calculated by absorbance at 570 nm, for exposure times 
ranging from 48 hrs  (2 days) to 336 hrs (2 weeks) [12, 40, 
41].  In addition, we have also developed a new assay for 
measuring the relative viability for human epithelial (A549) 
cells in culture exposed to a wide range of carbonaceous 
(soot) nanoparticulate materials, including candle soot or 
candle particulate matter (CPM), diesel particulate matter 
(DPM), wood particulate matter (WPM), tire particulate 
matter (TPM), and a variety of kitchen (natural gas) burner 
combustion nanoparticulates; which can include aggregates 
of multiwall carbon nanotubes and other multiconcentric 
fullerenes [41-43].  These soot nanoparticulate materials 
were collected on high-volume air-flow glass fiber filters 
which were placed in contact with the human epithelial cells 
(A549) in large flat-well arrays [41, 42].  In this study, we 
utilized these same nanoparticulate materials (both 
manufactured and anthropogenic/combustion-generated) to 
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provide a broad comparative assessment of cytotoxicity and 
release of proinflammatory cytokines, as well as the 
production of ROS, in the widely used in vitro lung cell line 
model A549 human epithelial cells [7, 24].  
Correspondingly, we compared the variation in these 
phenomena as a means to assess the potential health hazards 
for these nanoparticulate materials in the ambient air as well 
as specific micro-environments, including occupational 
environments.  

 
Viability/Cell Death Analysis 

  
We assessed A549 human epithelial cell death (as a 

percentage of dead or non-viable cells) using a high-affinity 
nucleic acid fluorescent strain (Sytox:  Molecular Probe, 
Eugene, OR) that penetrates compromised cell membranes, 
but not the membranes of viable cells.  The A549 cells were 
cultured in 6-well plates at 3 x 106 cells per well.  As 
controls, the cells remained untreated (media only) or were 
given the vehicle control (dimethyl sulfoxide – DMSO) as 
described in detail elsewhere [12, 15, 39, 41].  The cells 
were treated with manufactured nanomaterials diluted in 
DMSO.  The nanomaterials included:  commercial black 
carbon (BC), on arc evaporation-grown multiwall carbon 
nanotube aggregate material (MWCNT-R), A Ni-catalyst-
grown multiwall carbon nanotube material (MWCNT-N), 
Fe2O3, ZrO2, Al2O3, Si3N4, Ag, TiO2 (rutile and anatase 
forms), and mineral (chrysotile) asbestos (Mg3Si2O5 (OH)4).  
The cells were treated with 5 μg/mL of material for 48 h (an 
acute exposure) or with 0.5 μg/mL of material (a non-
cytotoxic concentration for 48 h) for 336 h (a relative 
chronic exposure).  For the 336 h treatment, all wells had 
80% of the media removed and were given fresh media 
(with or without the nanocarbon materials at 5 μg/mL) 
every 48 hrs, so as to provide a continuous nutrition source 
and a relatively constant concentration of the nanocarbon 
materials.  Following the treatment period, all media was 
removed, the cells were trypsinized (0.250% trypsin), and 
were resuspended in a 3% protein-containing PBS buffer.  
The cells were then treated with Sytox (10 nM) for 20 min. 
at 37°C.  Afterwards, the cells were analyzed by flow 
cytometry (FC500 flow cytometer by Beckman Coulter).  
To determine the percentage of Sytox-positive cells, i.e., 
those exhibiting cell death, a total of 10,000 events were 
assessed per sample using the CXP Software.  After 48 h 
and 336 h after incubation in 96-well plate arrays, media 
was removed, trypsinized, and resuspended in medium 
before addition of Sytox (10 nM) for 20 minutes at 37°C.  
The cells were then analyzed using fluorescence-activated 
cell sorter (FACS) to determine the percentage of Sytox-
positive cells, i.e., those exhibiting cell death.  

 
Cytokine ELISA Analysis 

  
We determined the concentrations of IL-6 and IL-8 in 

A549 cell culture media supernatants using sandwich 
enzyme-linked immunosorbent assays (ELISA).  The 

supernatants were collected after 48 h viability assays for 
the manufactured nanoparticulate materials and the filter-
collected carbonaceous nanoparticulate materials 
described in detail elsewhere [39, 41].  The microtiter 
ELISA plates were coated over night with capture 
antibody and incubated at 40ºC Plates were blocked at 
room temperature with 3% bovine serum albumin in PBS 
for 2-3 hours.  After washing, the samples were added in 
duplicate and incubated for 2 hours at room temperature.  
The plates were later incubated with biotin conjugated 
anti-cytokine antibody and were subsequently incubated 
with horseradish peroxidase-labeled avidin (Vector 
Laboratories).  The enzyme substrate O-phenylenediamine 
(Sigma) was utilized for color development.  Cytokine 
concentration was calculated against human recombinant 
cytokines using the BD pharmigen cytokine detection kits.  
 
ROS Analysis 

  
To determine the production of ROS, the A549 cells 

were grown in 96-well, flat-bottomed plates (50,000 cells 
per well) in the presence or absence of the manufactured 
nanoparticulate or nanocarbon materials (along with a 
DMSO vehicle control).  Following a 48 h incubation, 
media was removed, the cells were washed with PBS, and 
were loaded with 10 μM DCF-DA (2,7-
dichlorofluorescein diacetate) in PBS containing 25 mM 
HEPES, for 30 min. at 37°C.  DCF-DA is a cell-permeant 
indictor for reactive oxygen species that is nonfluorescent 
until the acetate groups are removed by intracellular 
esterases and oxidation occurs within the cell.  The cells 
were then washed twice and fluorescence intensity was 
determined at 485 nm excitation and 590 nm emissions, 
using an automated fluorescence reader (Fluorocount, 
Hewlett-Packard Instrument, IL).  Cultures in media and 
DMSO were included and 600 μM H2O2 was added to 
serve as an ROS reference for the media.  

 
Nanoparticulate Materials Characterization 

  
We examined the nano and microstructures as well as 

the crystallinity and crystal-structure details of all of the 
nanoparticulate materials tested using a variety of 
collection substrates amenable to either scanning electron 
microscopy, transmission electron microscopy, or both.  
The manufactured nanoparticulate materials were placed 
between silicon monoxide/formvar-coated 200 mesh Ni 
grids for observation in the TEM.  Carbonaceous (soot) 
nanoparticulates were either collected upon these grids 
using thermophoretic precipitation [44,45] for TEM 
analysis, scrapped from filter collections onto the coated 
grid (sandwiches) for TEM, or observed directly on 
collection filters (either Ir sputter-coated or uncoated) in 
the SEM [38,42].  The SEM was a Hitachi S-4800 field-
emission (FE) SEM.  Samples were normally observed at 
low voltage to avoid charging and enhance resolution, 
either coated with ~4 nm Ir, or uncoated; in the secondary-
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electron emission mode.  Uncoated samples were also 
observed in the STEM mode in the FESEM as well.  The 
TEM utilized was a Hitachi H-8000 analytical TEM 
operated at 200 kV and employing a goniometer-tilt stage.  
Bright and dark-field imaging was performed along with 
selected-area electron diffraction (SAED) analysis.  

The morphology of the human epithelial (A549) cells 
following various exposure regimes with the 
nanoparticulate materials was also observed using light 
microscopy (Fisher Scientific Micromaster inverted 
microscope).  Intervals of observation ranged from 48 h to 
336 h; at 48 h intervals.  

 
Results 

 
Viability Assays 

  
Figure 1 shows for comparison the Sytox (dead cell) 

results for the manufactured nanoparticulate materials 
including carbon surrogate nanoparticulate aggregates 
(BC, MWCNT-R, MWCNT-N) for short (48 h) and 
longer-term (336 h) exposure in culture.   

 

 
 

Figure 1: Cell death induced by manufactured nano-PM 
in vitro using human epithelial (A549) cells.   

A549 cells were exposed to the indicated nano-PMs 
for 48 h (a) at 5 μg/mL or for 336 h (b) at 0.5 μg/mL.  
Media treated cells are the “untreated” control cells and 
DMSO-treated cells are the “vehicle-treated” control cells.  
Following the treatment period, cell death was determined 
by flow cytometry to determine the percentage of Sytox 
positive cells (dead cells).  The data is presented as the 
mean ± SEM of triplicate samples and is one of three 
representative experiments. 

In comparison, fig. 2 reproduces recent [41] direct 
filter contact cell (A549) viability results for the surrogate 
BC and MWCNT-R nanoparticulate materials and various 
carbonaceous (soot) nano-PM.   

 

 
 

Figure 2: Relative cell viability assays for direct contact 
filter collections in 48 h cultures with human epithelial 
(A549) cells.   
 

A549 cells were exposed to glass fiber filters on 
which the indicated materials were collected.  Media-
treated cells are the “untreated” control cells sands the 
blank are cells treated with a filter on which nothing had 
been collected.  Following a 48 hrs exposure period, the 
filters were removed, the cells were harvested and 
assessed for relative cell viability by an MTT assays (as 
described elsewhere [42]).  The data is presented as the 
mean ± SEM of triplicate samples and is one of two 
representative experiments.  

Figure 2 also shows the corresponding, total PAH 
concentrations (in mg/g or thousand ppm) determined by 
Shi et al. [42].  It can be noted in Figs. 1 and 2 that all of 
the nanoparticulate materials exhibit some in vitro 
cytoxicity, and this increases with time.  Moreover, the 
surrogate carbon nanoparticulate materials (BC, 
MWCNT-R and MWCNT-N) are the most cytotoxic, 
along with the blue-flame, natural gas soot nano-PM.  The 
nano-silver PM is also highly cytotoxic along with the 
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chrysotile asbestos.  As noted previously, Fig. 2 shows 
that there is no correlation between PAH content and 
A549 epithelial cell viability for soot nano-PM.  While 
there is some increase in cytoxicity with longer exposure 
time (Fig. 1(b)), the general trends seem to be adequately 
represented by the 48 h assay shown in Fig. 1(a).  It is 
interesting to note on comparing Fig. 1(a) and (b) that the 
chrysotile asbestos response is unchanged from 48 hrs to 
336 hrs respectively.  This is also true for the TiO2 
allotropes (rutile and anatase) which exhibit only slight 
cytotoxicity.  

Figures 3-5 compare the A549 human epithelial cell 
morphologies and nanoparticle inclusions (endocytosed) 
as a function of exposure time for rutile (TiO2), Fe2O3, and 
BC, respectively, while fig. 6 shows for comparison the 
corresponding results for the morphology of the A549 
cells upon exposure to carbonaceous nano-PM on filters 
after 48 hrs.  Cell death is generally indicated by cell 
rounding or reduction in cell density in contrast to the 
media with no nano-PM additions.  These morphological 
variations and ingested nano-PM aggregates generally 
characterize the trends implicit on comparing Fig. 1(a) and 
(b) and Fig. 2.  

 

 
 

Figure 3: Light optical microscopy of A549 cell 
morphology suspended in TiO2 (rutile).   
 

A549 cells were cultured in the presence of 0.5 
μg/mL of rutile for 48 hrs (a), 96 hrs (b), 144 hrs (c), 192 
hrs (d), 240 hrs (e), 288 hrs (f) and 336 hrs (g) (the cells 
were given fresh media and rutile every 48 hrs).  At each 
time point, the cells were photographed by light 
microscopy to assess overall morphology of the treated 

cells.  Data was obtained at 40X magnification and is one 
of two representative experiments.  

 
 

Figure 4: Light optical microscopy of A549 cell 
morphology suspended in Fe2O3.    
 

A549 cells were cultured in the presence of 0.5 μg/mL 
of Fe2O3 for 48 hrs (a), 96 hrs (b), 144 hrs (c), 192 hrs (d), 
240 hrs (e), 288 hrs (f) and 336 hrs (g) (the cells were given 
fresh media and rutile every 48 hrs).  At each time point, the 
cells were photographed by light microscopy to assess 
overall morphology of the treated cells.  Data was obtained 
at 40X magnification and is one of two representative 
experiments.  

 
Figure 5: Light optical microscopy of A549 cell 
morphology treated with black carbon.   
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A549 cells were cultured in the presence of 0.5 
μg/mL of black carbon for 48 hrs (a), 96 hrs (b), 144 hrs 
(c), 192 hrs (d), 240 hrs (e), 288 hrs (f) and 336 hrs (g) 
(the cells were given fresh media and rutile every 48 hrs).  
At each time point, the cells were photographed by light 
microscopy to assess overall morphology of the treated 
cells.  Data was obtained at 40 X magnification and is one 
of two representative experiments.  
 

 
 

Figure 6: Comparative light optical microscopy (A549) 
cells after direct filter contact assays.    
 

A549 cells were photographed at 40X after 48 h 
exposure to media only (control) (a), a blank filter (b), a 
blue flame natural gas soot filter (c), a yellow flame 
natural gas soot filter (d), a commercial BC on filter (e), 
and a MWCNT-R aggregate on filter (f).  Data is one of 
two representative experiments.  
 
Cytokine Response 

 
Notable IL-6 release was observed for Ag, Fe2O3, 

ZrO2, chrysotile asbestos, and the carbon nano-PM 
surrogates (BC, MWCNT-R, and MWCNT-N) as 
illustrated in Fig. 7(a) while notable IL-8 release was 
observed for the Ag, Fe2O3, chrysotile asbestos, and the 
carbon surrogate nano-PM as shown for comparison in 
Fig. 7(b).  The IL-6 release relative to the media and 
DMSO control cultures (for the human epithelial (A549) 
cells) ranged from roughly 3X for nano-Ag, to >6X for the 
MWCNT-N nanoparticulate material (Fig. 7(a)). In 
contrast, the IL-8 release relative to the media and DMSO 
control cultures ranged from <2X for the nano-Ag to 
~1.5X for the MWCNT-N nanoparticulate material.  Of 
course these comparisons are within the respective ranges 
of relative measurements in Figs. 7(a) and (b), 
respectively and do not represent actual differences in 
concentration data.  This difference in the relative IL-6 

release in contrast to the IL-8 release for the carbon 
nanoparticulate materials (BC, MWCNT-R, MWCNT-N) 
is consistent with cytokine release (or secretion) data for 
carbon and carbonaceous PM composing mineral dusts 
along roadsides determined from human bronchial 
epithelial cell (BEAS-2B) culture assays recently reported 
by Veranth, et al. [46].  There was no detectable IL-6 or 
IL-8 release for the carbonaceous PM on filters.  
 
 

 
 

Figure 7:  Production of cytokines by A549 cells upon 
exposure to nano-PMs.   
 

A549 cells were exposed to 5 μg/mL of the indicated 
nano-PMs for 48 h and supernatants were assessed for the 
production of IL-6 (a) or IL-8 (b). Media-treated cells are 
the “untreated” control cells and DMSO-treated cells are 
the “vehicle-treated” control cells.  Following the 
treatment period, a sandwich ELISA was conducted to 
evaluate the presence of cytokine in the cell supernatants.  
The data is presented as the mean ± SEM of duplicate 
wells and is one of two representative experiments.  
 
ROS Analysis 

  
Figure 8 is representative of the ROS generated by the 

A549 cells upon treatment with the manufactured 



Int. J. Environ. Res. Public Health 2008, 5(1) 
 

 

18

nanoparticulate materials as well as the carbon and 
carbonaceous (soot) nano-PM in reference to hydrogen 
peroxide (H2O2) and the media or DMSO controls.  The 
generation of ROS fell into four general categories:  I) no 
production of ROS in comparison to controls (TiO2 – 
rutile); II) an intermediate level of ROS production which 
was either equal to or slightly above that generated by the 
H2O2 positive control (Al2O3, TiO2 – anatase, and SiN3); III) 
high levels of ROS production, above that generated by the 
positive control (Ag, Fe2O3, ZrO2, asbestos and MWCNT-
R); and IV) extremely high levels of ROS that are produced 
very rapidly (black carbon and MWCNT-N).  

 

 
 

Figure 8: ROS generation by A549 cells upon treatment 
with manufactured nano-PM.   
 

 
 

Figure 9: ROS generation by A549 cells upon treatment 
with manufactured nano-PM.   

 
 

Figure 10: ROS generation by A549 cells upon treatment 
with manufactured nano-PM.   

 
A549 cells were exposed to 5 μg/mL of nano-PMs for 

48 h; the cells were then washed and assessed for the 
production of ROS using dye that becomes fluorescent in 
an oxidative environment.  Media-treated cells and H2O2-
treated cells were used as negative and positive controls, 
respectively and DMSO-treated cells functioned as a 
vehicle control.  Presence of ROS was determined by the 
relative increase in fluorescence over time.  The nano-PMs 
generated no detectable levels of ROS (represented by 
rutile in Fig. 8, intermediate levels of ROS (equal to that 
generated by the positive control as represented by Al2O3 
in Fig. 8), high levels of ROS (as represented by Ag in 
Fig. 8), and extremely high levels of ROS (as represented 
by black carbon in Fig. 10).  The data is presented as the 
mean ± SEM of quadruplicate wells and is one of three 
representative experiments.  
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In Figure 9, the levels of ROS produced in response 
to carbon and carbonaceous (soot) nano-PM is shown.  
The materials were obtained from mass collections of 
combustion soot or mass collection of natural gas kitchen 
burner soot on glass fiber filters.  All of these materials 
generated ROS although to different extents; above 
background but not equal to the H2O2 control (candle, 
diesel, and wood) or equal to the H2O2 control (tire, 
yellow flame, blue flame, and low flame soots).  The ROS 
data is somewhat consistent with the IL-6 cytokine data 
(Fig. 7) in that the materials that generated ROS above the 
levels induced by H2O2 (Fig. 10) also induced the 
production/secretion of IL-6.  
 
Microstructures and Nanostructural Issues 

  
Observations and comparisons of the morphologies of 

aggregated nanoparticles, including their crystallinity, 
chemical compositions and nanostructures (including 
intercalation of irregular graphene fragments and PAH 
isomers composing primary soot nanoparticles, as well as 
specific surface area) and related phenomena have not 
revealed any significant or obvious toxicitiy-related 
microstructural mechanisms [12, 15, 17, 39-42, 47].  
However, there are clearly notable trends (Figs. 1, 2, 7, 
13) with cytotoxic cellular response, cytokine release, and 
ROS production for several of the nano-PM examined in 
this study.  These include the silver, Fe2O3, BC, MWCNT-
R, and especially the MWCNT-N nano-PM.  Of the 
carbonaceous nano-PM, the kitchen burner (natural gas) 
combustion PM exhibits a notable response.  

 

 
 
Figure 11:  ROS generation by A549 cells upon treatment 
with mass collections of combustion soot nano-PM on 
glass fiber filters.   

 
 

Figure 12:  ROS generation by A549 cells upon treatment 
with mass collections of combustion soot nano-PM on 
glass fiber filters.   

 
A549 cells were exposed to 5 μg/mL of nano-PMs for 

48 h; the cells were then washed and assessed for the 
production of ROS using dye that becomes fluorescent in 
an oxidative environment.  Media-treated cells and H2O2-
treated cells were used as negative and positive controls, 
respectively and DMSO-treated cells functioned as a 
vehicle control.  Presence of ROS was determined by the 
relative increase in fluorescence over time.  The nano-PMs 
generated low levels of ROS levels that were above 
background but below the positive controls (represented 
by candle soot in (a)) and intermediate levels of ROS 
equal to that of the positive control (represented by tire 
soot in (b)).  The data is presented as the mean ± SEM of 
quadruplicate wells and is one of three representative 
experiments.  
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Figure 13: Summary of ROS generation. 
 

ROS generation by A549 cells 240 minutes after the 
addition of the DCA-DF dye following a 48 hrs treatment 
with manufactured nano-PM (b) or combustion soot nano-
PM (b).  The data is presented as the mean ± SEM of 
quadruplicate wells and is one of three representative 
experiments.   

 
Figure 14 compares the Ag and Fe2O3, TEM images 

and SAED patterns.  Both are cubic crystal structures and 
the primary particle morphologies and size distributions 
are very similar.  Unlike Ag, which has a wide range of 
systemic hazards for humans versus animals and notable 
antibacterial effects on humans [48], Fe2O3, is generally 
less hazardous with no corresponding antibacterial 
features.  But transition metal ions such as Fe, Ni, Ti, etc. 
have long been tauted as important mediators in  cytokine 
release [6] and ROS production n[6,31].  In contrast to fig. 
14, fig. 15 shows a considerable morphological difference 
between the arc-evaporation produced MWCNT-R nano-
PM, and the Ni-nanoparticle catalyzed production of 
MWCNT-N. The only significant microstructural or 
nanostructural difference here may be the Ni catalyst 
particles which, as discussed by others, may symbiotically 

exaggerate the cytokine (IL-6) release and ROS 
production.   

 
 

Figure 14:  TEM bright-field images of manufactured 
nano-PM.  (a) Silver, (b) Fe2O2.  SAED pattern inserts 
illustrate cubic crystal structures.  (From Soto, et al. [48]).  
 

 
Figure 15:  TEM images of commercial multiwall carbon 
nanotube aggregate materials.  (a) MWCNT-R, arc-
evaporation growth aggregate PM, (b) MWCNT-N, Ni 
nano-catalyst grown aggregate PM.  
 

Figure 16 compares the commercial BC and the diesel 
PM aggregates which do not exhibit any notable 
morphological or primary spherule particle variations.  As 
shown in fig. 2, the significantly higher PAH content of 
the diesel PM might suggest a more cytotoxic-related 
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nanoparticulate material [49-51], but the DPM produces 
no cytokine and a factor of 6 less ROS (Fig. 13).   
 

 
 

Figure 16:  TEM images of commercial (Cabot Corp.) BC 
(a) and diesel particulate matter (DPM) from a heavy-duty 
truck exhaust collected by thermal precipitation (b).  The 
SAED pattern insert in (b) shows prominent graphite 
reflections.  (From Murr, et al. [17]).  
 

 
 

Figure 17:  (a) FESEM image of yellow flame natural gas 
kitchen burner soot collected on glass fiber filter.  (b) 
TEM bright-field image of MWCNT aggregate PM 
collected by thermal precipitation above a natural gas 
kitchen burner blue flame.  

Correspondingly, fig. 17 compares the natural gas 
flame (yellow) soot and efficient low blue/regular blue 
flame emission of MWCNT aggregate/soot PM mixture.  
While Fig. 17(a) and (b) exhibit a marked 
microstructural/nanostructural difference, comparison of 
Fig. 17(a) with the DPM in Fig. 16(b) or the BC in Fig. 
16(a) does not provide any compelling evidence for the 
marked differences in cytotoxic-related responses shown 
on comparing Figs. 1, 2, and 13. It is particularly 
significant to note that the BC in Fig. 16(a) and the natural 
gas yellow flame soot nano-PM appear to be nearly 
identical in microstructure/nanostructure, and the PAH 
content is also very similar (Fig. 2), and correspondingly 
much lower than the DPM shown in Fig. 16(b).  It might 
be recalled that in the recent work of Jung, et al. [35], 
flame-derived soot nano-PM induced ten times the ROS 
response in surrogate lung fluid than BC.  This significant 
variance is not supported in the ROS data shown on 
comparing Fig. 13(a) and (b) where collectively the BC an 
MWCNT surrogate PM is more than a factor of 2 greater 
ROS producer than the collective natural gas (kitchen 
burner) flame nano-PM.  

 
Discussion  

  
Salvi and Holgate [5], among others, have proposed 

that nano-PM toxicity and cytotoxicity ultimately involve 
some form of mediated generation of ROS.  In the human 
body nano-PM penetrates the interstitium and contacts 
interstitial macrophages which release ROS that enter the 
blood stream and lead to cardiovascular dysfunction, e.g., 
COPD.  ROS generation has also been associated with 
asbestos carcinogenicity as well as high molecular weight 
PAHs [31, 32, 49].  While soots with absorbed PAHs, and 
PAHs alone, such as benzo[a]pyrene are able to produce 
ROS [50], recent work by Gerde, et al. [51] have 
concluded that inhalation exposure to DPM with adsorbed 
PAHs is likely dominated by the desorbed PAH fraction 
deposited on the lining layer of the conducting airway, and 
it is unknown whether the range of toxicity and related  
respiratory health effects of DPM are a consequence of the 
PAHs or the intrinsic turbostratic graphene structure of 
primary nano-spherules composing DPM [3,31,52]. 
Nikula et al. [53] also concluded that the organic fraction 
(presumably intercalated PAHs) of DPM may not play an 
important role in its carcinogenicity in rats, while 
Heinrich, et al. [54] and Brightwell et al. [55] 
demonstrated that a pulmonary carcinogenic response in 
rates required the presence of DPM and not diesel exhaust 
gases.  Heinrich et al. [56] also demonstrated that the so-
called carbon core of DPM was mainly responsible for the 
occurrence of diesel engine exhaust-related lung tumors in 
rats.  This suppressed role of PAHs in ROS production in 
vivo is supported by the ROS release data shown 
summarized in this study in Fig. 13; as this relates to the 
total PAH content of nano (soot) – PM shown in Fig. 2.  
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Amongst the carbon and carbonaceous 
nanoparticulate materials in this study, DPM did not 
exhibit either extensive cytotoxicity (A549 human 
epithelial cell death or viability decline (Fig. 2)) or ROS 
production (Fig. 13(b)) in contrast to natural gas flame 
nano-PM (soot) components, BC, or MWCNT aggregate 
PM; especially the MWCNT-N catalytically grown 
aggregate PM.  Neither did the other carbonaceous nano-
PM (candle, wood, or tire PM).  The cell death, cytokine 
release, and ROS production associated with the BC and 
Fe2O3, were particularly significant.  Transition metal 
components of ultrafine PM have been hypothesized to be 
important factors in toxicity [57,58],  and transition metals 
(Ni, Ti, Fe, Cu especially) have been associated with 
carcinogenicity and hypoxia [59].  However, the cytotoxic 
response of the TiO2 in this study was insignificant in 
contrast to many in vivo and in vitro studies where TiO2 
nano-PM in particular has been shown to induce oxidative 
injury, inflammation, cytotoxicity, and the like [33,60-62].  

At the risk of introducing some speculation, it may be 
useful to explore the context in which the results of this 
study may be important.  First, there is the evidence that 
many carbonaceous nano (soot)-PM especially prominent 
in the outdoor air:  diesel, wood, or tire may not, under 
more normal (or low) concentrations pose more concern 
for respiratory health than indoor air with varieties of 
natural gas combustion soots, especially in kitchens.  Tire 
wear, especially BC release, may contribute significantly 
to respirable, inflammatory nano-PM, while natural 
hematite (Fe2O3,) may, as nano-PM, pose additional 
inflammatory concerns in some areas; especially in the 
context of inducing synergistic effecdts in concert with 
BC or other carbonaceous nanoparticulate materials.  

Of particular concern may be the significant, short-term 
production of ROS by BC, Fe2O3, natural gas-derived 
carbonaceous (soot) nano-PM, and multiwall carbon 
nanotubes which often compose natural gas combustion 
PM, and of course are finding their way into a range of 
commercial products and applications as nanotechnology, 
as it applies to commercial product development.  Little is 
known about dose-related issues and even less is known 
about intermittent-long term exposures which are 
characteristic of natural gas or even other gas cooking on a 
regular basis.  Microenvironments which contain higher 
concentrations of mineral dusts which include wear-related 
BC (near major highways) or regions compromised by 
various burning cycles (wood, tire, or agricultural burning) 
may also be associated with higher incidences of 
compromised health issues such as asthma.  At the very 
least, the results of this study should encourage 
epidemiological strategies consistent with these prospects.  
 
Summary and Conclusions 
 
• Cytotoxicity assays utilizing an immortalized human 

epithelial cell line (A549) indicated significant cell 
death for exposure to a range of manufactured 

nanoparticulate materials:  Ag, Al2O3, Fe2O3, ZrO2, 
Si3N4, chrysotile asbestos, BC, and two types of  
MWCNT aggregate PM; after 2 days and 2 weeks 
exposure respectively, in vitro.  

• Decreasing cell viability (increasing cell death) was 
observed in the following order for filter-collected 
carbonaceous nanoparticulate (soot) PM, and 
surrogate MWCNT-R aggregate PM after 48 H (2 
days) in contact with the human epithelial cells 
(A549) in culture:  candle PM< wood PM< diesel 
PM< tire PM< yellow flame natural gas (fuel rich) 
PM, low flow, blue-flame natural gas PM< MWCNT-
R aggregate PM.  The implications are that nano-PM 
released from kitchen natural gas burners is more 
cytotoxic than other carbonaceous (soot) nano-PM; 
including other cooking-related kitchen soot.  

• Cytokine release (IL-6) was detected for the Ag, 
Fe2O3, ZrO2, chrysotile asbestos, BC, and the 
MWCNT aggregate PM in the human epithelial cell 
line (A549).  

• Cytokine release (IL-8) was detected for the Ag, 
Fe2O3, chrysotile asbestos, BC, and the two types of 
MWCNT aggregate PM in the human epithelial cell 
line (A549).  

• The cytotoxic response for carbonanceous (soot) 
nano-PM was not correlated with total PAH content.  
The lowest PAH content was associated with the 
kitchen natural gas burner nano-PM emissions and the 
MWCNT-R aggregate PM, which exhibited the 
greatest propensity for cell (A549) death.  

• Significant reactive oxygen species (ROS) production 
was detected in in vitro assays for the Ag, Fe2O3, ZrO2, 
chrysotile asbestos, BC, and the MWCNT aggregate 
PM, especially the MWCNT-N PM commercially 
produced utilizing Ni nano-PM catalysts.  

• ROS was detected at or slightly above the reference 
H2O2 level only for the kitchen natural gas burner 
nano-PM emissions:  yellow flame, low-flow blue 
flame, and high-flow (normal) blue flame operation 
although the other carbonaceous (soot) PM exhibited 
ROS slightly above the media and blank filter control.  

• Very significant cytotoxic responses (cell death, 
proinflammatory cytokine release, and ROS 
production for an immortalized human epithelial cell 
line (A549) was observed for Fe2O3, nano-PM, BC, 
MWCNT aggregate PM, and kitchen natural gas 
burner nano-PM emissions, all of which are 
components of ambient environments and particularly 
microenvironments to which humans may be 
intermittently exposed over long time periods.  These 
responses may be related to both short-term and long-
term health effects in humans.  

• There is no clear mechanism either for provoking 
cytotoxic responses or for related respiratory, 
inflammatory responses in humans.  Parameters such 
as PM size, morphology, crystallinity, chemistry, 
specific surface area, or related phenomena have not 
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been identified as significant contributors to cytotoxic 
responses.  
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