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ORIGINAL ARTICLE
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Objective: Rats exposed to high airborne mass concentrations of low-solubility low-toxicity particles (LSLTP)
have been reported to develop lung disease such as fibrosis and lung cancer. These particles are regulated on
a mass basis in occupational settings, but mass might not be the appropriate metric as animal studies have
shown that nanoparticles (ultrafine particles) produce a stronger adverse effect than fine particles when
delivered on an equal mass basis.
Methods: This study investigated whether the surface area is a better descriptor than mass of LSLTP of their
ability to stimulate pro-inflammatory responses in vitro. In a human alveolar epithelial type II-like cell line,
A549, we measured interleukin (IL)-8 mRNA, IL8 protein release and glutathione (GSH) depletion as markers
of pro-inflammatory effects and oxidative stress after treatment with a range of LSLTP (fine and nanoparticles)
and DQ12 quartz, a particle with a highly reactive surface.
Results: In all the assays, nanoparticle preparations of titanium dioxide (TiO2-np) and of carbon black (CB-
np) produced much stronger pro-inflammatory responses than the same mass dose of fine TiO2 and CB. The
results of the GSH assay confirmed that oxidative stress was involved in the response to all the particles, and
two ultra-fine metal dusts (cobalt and nickel) produced GSH depletion similar to TiO2-np, for similar surface-
area dose. As expected, DQ12 quartz was more inflammatory than the low toxicity dusts, on both a mass and
surface-area basis.
Conclusion: Dose–response relationships observed in the in vitro assays appeared to be directly comparable
with dose–response relationships in vivo when the doses were similarly standardised. Both sets of data
suggested a threshold in dose measured as surface area of particles relative to the surface area of the
exposed cells, at around 1–10 cm2/cm2.
These findings are consistent with the hypothesis that surface area is a more appropriate dose metric than
mass for the pro-inflammatory effects of LSLTP in vitro and in vivo, and consequently that the high surface
area of nanoparticles is a key factor in their inflammogenicity.

L
ow-solubility low-toxicity particles (LSLTP), regulated in
the USA as ‘‘particulate not otherwise classified’’ and in the
UK as ‘‘nuisance dusts’’, include particles of non-reactive

material with neither fibres nor free silica. Occupational
exposure limits for the (8-hour time-weighted average)
respirable dust concentrations of such particles are set at
5 mg/m3 in the USA1 and 4 mg/m3 in the UK.2 In the last
decade or so, it has become clear from rat studies that chronic
exposure to high airborne mass concentration of LSLTP such as
carbon black (CB) or titanium dioxide (TiO2) can lead to
development of the features characteristic of ‘‘rat lung over-
load’’, namely failed clearance with build-up of particles,
leading to persistent inflammation, epithelial cell proliferation,
fibrosis and cancer.3 4

The breakdown in normal alveolar macrophage (AM)-
mediated particle clearance seen in overload was initially
thought to be a consequence of volumetric overload of the
AMs and the resulting loss of AM mobility.5 As volumetric
particle lung burden increased, the clearance was considered to
become progressively more impaired. Thus particle-laden AM,
activated to release harmful oxidants and proteases as well as
mitogens for epithelial cells, aggregate in the alveolar region,
allowing interaction of their secretions and unphagocytosed
particles with the epithelium, so enhancing injury, inflamma-
tion and tissue remodelling, leading to the typical pathology.5

However, recent studies suggest that volumetric overload is not
a complete explanation for impairment of clearance. Exposure

of rats to nanoparticles, with a large surface area per unit mass,
showed features of overload at a lower lung burden (in terms of
mass and volume of particles) compared with larger size
particles with same mineral and chemical properties.6

Tran et al7 compared the inflammatory response to two very
different LSLTP types with different particle size. At equal lung
mass burden, the smaller particles produced more inflamma-
tion but the two LSLTP types were equally inflammogenic when
the lung burden was expressed as particle-surface area.7 For a
fixed mass of particles, their surface area increases as particle
size becomes smaller, thus a dose-dependence on surface area
may explain the well-documented greater toxicity of nanopar-
ticles compared with the same mass of fine particles of the
same material.8 The finding that surface area rather than mass
or volume appears to be a better metric of dose for predicting
overload inflammation may imply a need to reconsider the
regulation of workplace exposure, as current occupational
exposure limits for airborne dusts are defined in terms of mass
per m3 of air.

Abbreviations: AM, alveolar macrophage; AP-1, activator protein-1;
BaSO4, barium sulphate; CB, carbon black; Co, cobalt; DMEM, Dulbecco’s
modified Eagle’s medium; IL, interleukin; FCS, fetal calf serum; GAPDH,
glyceraldehyde-3-phosphate; GSH, glutathione; LDH, lactate
dehydrogenase; LSLTP, low-solubility low-toxicity particles; NF, nuclear
factor; Ni, nickel; np, nanoparticle; ROS, reactive oxygen species; TiO2,
titanium dioxide
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The mechanism underlying surface area-driven LSLTP-
induced inflammation is believed to be the generation of
reactive oxygen species (ROS), leading to oxidative stress in
lung cells. Nanoparticles have been shown to induce oxidative
damage both in vivo9 and in vitro.10 Nanoparticle surface-
derived free radical activity has been shown in cells10 and in a
cell-free system.11

Quartz is an insoluble mineral particle that has a very high
surface reactivity, generating free radicals,12 13 and consequently
it produces inflammation at much lower mass and surface area
dose than do LSLTP particles.14

Particles can induce oxidative stress,15 seen as depletion of
GSH, which in turn activates transcription factors such as
nuclear factor (NF)-kB and activator protein-1 (AP-1) that
control the transcription of pro-inflammatory genes.16 Recent in
vivo studies from our laboratory confirmed that for a range of
LSLTP, particle surface area was the driving factor in the
initiation of the inflammatory response in vivo.14 Quartz
showed enhanced inflammation relative to surface-area dose,
consistent with its surface reactivity.

The nature of the stress response elicited in epithelial cells
that line the airspaces of the lungs may be key to understanding
the influence of particle characteristics, and it has been studied
extensively.17 18 IL8 is an oxidative stress-responsive pro-
inflammatory chemokine, released from epithelial cells follow-
ing particle-induced oxidative stress leading to neutrophil
influx and inflammation, which has been extensively investi-
gated in particle studies.19–22

We selected assays and time points to elucidate the key
sequence of events following contact between particles and
cells. We measured oxidative stress in the form of GSH
depletion at 4 h, IL8 mRNA levels at 6 h and IL8 protein
release at 12 and 24 h in A549 human alveolar type II epithelial
cells in vitro. The 12 and 24 hour time points were chosen to
allow translation, secretion and accumulation of IL8 protein
without allowing time for the excessive accumulation in the
culture of cell products that might produce effects on the cells
that are secondary to treatment effects.

We hypothesised that type II alveolar epithelial cells might
show pro-inflammatory responsiveness to LSLTP surface-area
dose in vitro, as has been seen in vivo. We used A549 lung
epithelial cells and determined the above responses in relation
to mass and surface-area dose of the challenge dusts. First, we
determined the cell viability after treatment with particles to
establish doses suitable for the other assays. We then compared
the response obtained with the LSLTP to that obtained with
quartz, as a particle with a reactive surface. The aim of the work
was to examine the relative importance of particle size, surface
area and surface reactivity in producing pro-inflammatory
responses in epithelial cells.

MATERIALS AND METHODS
Particles and their characteristics
The dusts were obtained from either manufacturers or
laboratories that had used the material in previous studies:
fine CB (Huber 990; H Haeffner, Chepstow, UK); fine TiO2

(Tioxide Europe, London, UK); CB nanoparticles (CB-np)
(Printex 90) and TiO2 nanoparticles (TiO2-np) (both Degussa,
Cheshire, UK; barium sulphate (BaSO4) (Institute of
Occupational Medicine);7 DQ12 a quartz particles (character-
istics described by Robock23).

For one of the assays, cobalt (Co) nanoparticles, and nickel
(Ni) nanoparticles were also included.

The specific surface area characteristics of the particles were
measured by a nitrogen gas adsorption method,24 giving the
values shown in table 1.

Cell culture
Cells from a human alveolar type II-like epithelial cell line,
A549, obtained from the European Collection of Animal Cell
Cultures (Porton Down, UK) were maintained in continuous
culture at 37 C̊ with 5% CO2 in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma-Aldrich, Poole, Dorset, UK) contain-
ing 10% heat-inactivated fetal calf serum (FCS), 2 mmol/l L-
glutamine (Life Technologies, Paisley, UK) and 100 IU/ml
penicillin and 100 mg/ml streptomycin (Life Technologies).For
the assays, cells were plated in 96-well or 6-well plates at,
respectively, densities of 96104 cells/ml or 0.26106 cells/ml.
The cells were grown to 80% confluency in 10% FCS for 24 h,
washed with Ca2+/Mg2+-free phosphate-buffered saline and
starved of serum for 24 h before treatment.25

A549 cell treatment
A549 cells were treated for 4, 6, 12 or 24 hours, with fine and
ultrafine LSLTP (ie all particles except quartz) at final concentra-
tions of 15, 31, 62, 125 and 250 mg/ml and with DQ12 quartz at
final concentrations of 48, 96, 192 and 384 mg/ml. Cells were
suspended in DMEM without FCS for 24 hours (prior to
treatment) to starve them of serum and arrest their growth.
The particle suspensions were sonicated for 5 min prior to adding
to the wells. TNFa was used as a positive control at a
concentration of 10 ng/ml.

Lactate dehydrogenase assay
Cell viability after particle treatment was assessed in triplicate
in 96 well plates by measurement of lactate dehydrogenase
(LDH) activity released from cytosol of damaged cells into the
medium (LDH Cytotoxicity Detection Kit; Roche Molecular
Biochemicals, Basel, Switzerland). Data were expressed as a
percentage of LDH released by cells totally lysed by detergent
treatment.

Measurement of interleukin-8 mRNA by reverse
transcription PCR
Following 6 h or 24 h treatment with particles, human IL8
mRNA was detected using semi-quantitative reverse transcrip-
tion PCR. Total RNA was extracted from treated cells (TRIzol
reagent; Life Technologies) using the recommended protocol.
The obtained RNA was suspended in 50 ml of diethyl
pyrocarbonate-treated H2O and quantified. RNA (2 mg) was
reverse transcribed using M-MLV reverse transcriptase
(Promega UK, Southampton, UK) according to the manufac-
turer’s instructions. cDNA sequences, corresponding to IL8
mRNA and to the human housekeeping gene glyceraldehyde-3-
phosphate (GAPDH), were amplified by PCR. IL8 and GAPDH
primers were chosen according to Jiminez et al26 (MWG-Biotech
AG; Milton Keynes, UK) and PCR products were separated on a
1.5% agarose gel containing 1 mg/ml ethidium bromide. The
expected sizes for IL8 and GAPDH were 300 and 600 bp,
respectively. Bands were scanned using an ultraviolet transil-
luminator (Ultra Violet Products, Cambridge, UK) and quanti-
fied by densitometry. The quantity of IL8 mRNA was obtained
as a ratio of the intensity of IL8 band over the corresponding
GAPDH band, and expressed as a fold increase over the control.

Measurement of IL8 protein by ELISA
The ELISA assay measures IL8 protein that has been released in
the culture medium. As with the LDH assay, all of the LSLTP
were analysed on the same day in triplicate. Following
incubation with the particles for 6 or 24 h, cell supernatants
were recovered and centrifuged at 13 000 rpm for 10 min and
the particle-free cell supernatants were stored at 280 C̊ until
analysis. ELISA (ELISA Kit; National Institute for Biological
Standards and Control, Hertfordshire, UK) was performed in
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accordance with the manufacturer’s instructions and results
expressed as pg/ml.

Assessment of total glutathione
Cells were cultured in 6-well plates, treated for 4 h with
particles and suspended in 1 ml of cold 0.6% sulphosalicyclic
acid, sonicated and vortexed several times. They were then
centrifuged at 5000 rpm for 5 min at 4 C̊. The supernatant was
immediately used to measure total intracellular glutathione by
the glutathione reductase–dinitrothiocyanobenzene recycling
assay adapted for microtitre plates.27 28 The rate of 2-nitro-5-
thibenzoic acid formation (change in absorbance at 412 nm per
minute) in each sample was calculated and expressed in nmol/
mg of proteins contained in the sample.

Statistical analysis
Data were summarised as tables and graphs of means with
standard errors, and analysed using analysis of variance to
assess the significance of trends.

RESULTS
Cytotoxicity in A549 cells
At the different doses tested (15, 31, 62, 125 and 250 mg/ml),
the fine particles (CB, TiO2 and BaSO4) and nanoparticles of
TiO2 (TiO2-np) did not produce any substantial cytotoxicity
(,20%) (data not shown). In the case of CB-np there was slight
cytotoxicity evident at low concentration (15, 31 and 62 mg/ml)
but not at higher concentrations. However, we believe the
apparent lack of effect at high concentrations to be caused by
interference of CB-np with the assay, as separate tests
suggested adsorption of LDH onto the surface of CB-np (data
not shown). DQ12 quartz produced release of LDH that
increased linearly with dose, reaching substantial cytotoxicity
at 192 and 384 mg/ml with 27% and 54% respectively. The
details of the results are available in the study report25 (http://
www.hse.gov.uk/research/rrhtm/rr154.htm). The cytotoxicity
results identified or confirmed dose ranges suitable for the
main assays.

IL8 gene expression
Figure 1A shows an agarose gel of IL8 mRNA expression in
A459 cells after 6 h at a dose of 250 mg/ml for the LSLTP
particles and 192 mg/ml for DQ12 quartz. The intensity of the
IL8 mRNA band is clearly much greater for the nanoparticles

Table 1 Specific surface area of the particles used in the
study

Particle type Abbreviation
Surface area
(m2/g)

Carbon black nanoparticle CB-np 254.
Titanium dioxide nanoparticle TiO2-np 50.6
Nickel nanoparticles� Ni 36.9
Cobalt nanoparticles� Co 36.2
Carbon black CB 7.92
Titanium dioxide TiO2 6.64
Barium sulphate BaSO4 3.68
Quartz DQ12 10.1

�These particles (Ni and Co) were included in the glutathione assays only.

Figure 1 IL8 mRNA expression in A549
cells treated for 6 h or 24 h with fine
particles, nanoparticles and DQ12 quartz.
(A) Agarose gel showing IL8 mRNA intensity
upon 6 h treatment with 10 ng/ml of TNFa,
250 mg/ml of fine particles (CB, TiO2,
BaSO4) or nanoparticles (CB-np and TiO2-
np) and 192 mg/ml of DQ12 quartz. (B) fine
particles; (C) nanoparticles; and (D) DQ12
quartz. Graphs of dose–response in cells
treated for 6 hours, showing mean and
standard error from four experiments.
#Cytotoxicity at these doses. Significant
difference from control: *p,0.05 and
**p,0.01. (E) Histogram for cells treated for
24 hours at 250 mg/ml for fine particles and
nanoparticles, and at 192 mg/ml for DQ12.
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and the quartz. The IL8 band intensity expressed as a fold
increase over the control (GAPDH) band intensity is plotted
against the particle concentration in the assay (figure 1B,C).

After the 6 h treatment of A549 cells with particles, the dose–
response experiments with fine particles showed only slight
increases in IL8 mRNA at some of the higher doses (figure 1B).
For the nanoparticles, a significant trend of increase in IL8
mRNA with dose (figure 1C) was found by analysis of variance.
There was also a general trend towards increase with dose
(expressed as surface area) over all particles, as described later.
DQ12 quartz also induced a dose-dependent increase in IL8
mRNA (figure 1D).

Following 24 h treatment, nanoparticles showed a sustained
increase in IL8 gene expression whilst quartz alone induced
almost doubling of IL8 gene expression by 24 hours compared
with 6 hours (figure 1E).

IL8 protein release
After 24 h treatment (figureure 2), fine particles (figure 2A)
showed an indication of an effect only at the highest
concentration. The nanoparticles (figure 2B) and quartz
(figure 2C) produced increases in IL8 protein that mirrored
the increases in IL8 mRNA observed after 6 h. DQ12 quartz
induced a higher release of IL8 protein compared with ultrafine
particles. In the case of CB-np, the effect increased with dose
initially but then decreased at the highest concentrations (125
and 250 mg/ml) although these concentrations are non-toxic
(with the caveat that adsorption of LDH may have masked
some toxicity).

Total glutathione levels
To assess the involvement of oxidative stress in particle-
mediated inflammation, we measured the amount of total
glutathione (both oxidised (GSSG) and reduced GSH, with the
GSSG converted to GSH) after 4 h treatment with the different
particles. These assays included the two extra nanoparticles, the
metals Ni and Co.

There was a significant depletion of GSH with the fine
particles: at 250 mg/ml for BaSO4, 125 mg/ml and 250 mg/ml for
CB and at all concentrations for TiO2. The nanoparticles, (CB,
TIO2, Ni and Co) and DQ12 quartz produced significant
decreases in GSH at each of the three particle concentrations
tested. With all particle results taken together, there was a
general trend towards depletion being dependent on the surface
area dose (figure 3). The dose was expressed as surface area (of
particles) per unit surface area of the (cell-covered) test well.

In figure 3, a clear and significant relationship between GSH
levels and surface area can be seen. As surface area dose
increases above 1 cm2/cm2, the level of GSH decreases below
the level measured in controls, and all the LSLTP collapsed
almost onto a common trend. DQ12 quartz follows a separate
trend; for the same surface area dose as LSLTP, the DQ12
produces more GSH depletion, consistent with extra reactivity
at the surface of quartz.

Dependence on surface area dose for IL8 mRNA and
protein
We examined the dependence of the response (IL8 protein
release, IL8 mRNA) on particle surface area by replotting these
data against the dose converted from mass to surface area.
Again, the dose was expressed as surface area (of particles) per
unit surface area of the (cell covered) test well.

Figure 2 IL8 protein release from A549 cells, after 24 h treatment with (A)
fine particles or (B) nanoparticles at 15, 31, 63, 125 and 250 mg/ml, or
(C) DQ12 quartz at 48, 96, 192 and 384 mg/ml. Means and standard
errors of 4 experiments. Significant difference from control: *p,0.05,
**p,0.01, ***p,0.001.

Figure 3 Effect of particle surface area on GSH depletion in A549 cells
exposed for 4 h to LSLTP and DQ12 quartz. The GSH data are expressed
as geometric means.
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The results for IL8 protein release (in figure 4) show that, for
LSLTP, between a dose of 1 and 10 cm2/cm2, the amount of IL8
released starts to increase with dose (except for CB-np at the
two highest doses, which as discussed before is considered to be
due to interference at the highest doses). DQ12 starts to rise at a
lower dose than the LSLTP and shows higher response than any
LSLTP, but shows an unexplained non-linear dose dependence.

For IL8 mRNA (figure 5), there is no single relationship
between surface area and IL8 mRNA expression, although a
surface-area dose threshold is suggested. Above this dose, three
different lines are observed: the steepest is DQ12, followed by
TiO2-np, and finally a flatter line relating to CB-np.

Pooling the results to distinguish quartz from other
particles
The results for IL8 protein release were pooled by normalising
the response as IL8 protein per unit of dose, with dose
expressed (as for figures 4 and 5) as surface area of particles
per unit area of (cell-coated) well surface. This gives IL8
protein/cm2/cm2 relative to unit dose (1 cm2/cm2). The IL8
protein was measured as a concentration (pg/ml) in the
medium in the well, but by multiplication by the volume of

medium in the cell (0.2 ml), that concentration converts to a
quantity (pg) of protein.

When the IL8 protein production was divided by the particle
surface-area dose to give an IL8 production per unit surface-
area dose, all of the different LSLTP fell into one cluster with a
value ,10 pg/cm2/cm2. In contrast, quartz gave a value around
240 pg/cm2/cm2, suggesting that a given area of quartz surface
is .20 times more active in stimulating IL8 release than the
same area of LSLTP surface.

This demonstrates that LSLTP surfaces of very different types
have a very similar ability to stimulate epithelial cell pro-
inflammatory response. It also emphasises the extra part that
surface reactivity/chemistry plays in the ability of quartz to
elicit inflammation.

DISCUSSION
As there is considerable potential for particle exposure in
workplaces, there is interest and debate on the basis for
regulating LSLTP. Experimental data in rats have shown that
exposures at average concentrations around the occupational
exposure limits are associated with ‘‘overload’’-related adverse
effects that are attributed to the particle physical characteristics
rather than chemical structure. Studies on nanoparticles
(particles ,100 nm diameter and sometimes called ultrafine
particles) have provided an important part of the evidence
leading to the hypothesis that particle surface-area dose is
important in determining pathology29 and inflammation.6

From previous studies in vivo7 14 we hypothesised that (1)
surface area of the LSLTP would be the metric that describes
their ability to cause epithelial cells to synthesise IL8 protein
and (2) a quartz sample would be much more active per unit
surface area because of its greater surface reactivity. This study
investigated the role of particle surface area and surface
reactivity in initiating pro-inflammatory effects on epithelial
cells in vitro, to elucidate their relative importance in the ability
of LSLTP to stimulate inflammation.

IL8 is a potent chemoattractant and activator of neutrophils,
the transcription of which is NF-kB-dependent.30 31 We inves-
tigated IL8 gene expression and the subsequent release of IL8
protein by A549 epithelial cells in vitro, as indicators of
potential to initiate inflammation. IL8 mRNA expression
occurred for cells treated with LSLTP for 6 h, returning to
basal levels by 24 h. Only high surface-area dose switched on
substantial IL8 gene expression.

DQ12 quartz upregulated IL8 mRNA at both 6 h and 24 h
with low surface-area dose. In line with these findings, several
investigators have reported persistent upregulation of NF-kB-
controlled genes in response to pathogenic dust particles such
as asbestos and quartz.32–34

Production of IL8 protein showed contrasts between dusts.
After 6 h of treatment, there were significant increases in
production with quartz but not with LSLTP. At 24 h of
treatment, nanoparticles elicited a modest dose-dependent
increase, most strongly for TiO2-np. Also at 24 h treatment,
quartz had a still more pronounced effect. For the CB-np at the
high (but non-toxic) doses, an apparent decrease in IL8 protein
levels appeared to be a contradiction to the increase in IL8
mRNA observed at those doses. This decrease with CB-np is a
problem that we have previously encountered, and is possibly
explained by artefactual adsorption of the cytokine protein onto
their large surface.11 35 36 Previous experiments in our laboratory
have confirmed significant protein (albumin) adsorption onto
the surface of CB-np.11 Further investigations would be needed
to confirm this hypothesis with IL8 protein adsorption.

With TiO2, the IL8 gene expression and protein release
showed dose dependence on particle surface area for fine and
nanoparticles. Clearly, surface-area dependence implies that

Figure 4 Effect of surface area on IL8 protein release following 24 h
exposure of A549 cells to LSLTP and DQ12 quartz. The dose is expressed
as surface area (of particles) per unit area of (cell covered) test cell surface.

Figure 5 Effect of surface-area dose on IL8 mRNA expression after
exposure of A549 cells to LSLTP and DQ12 quartz for 6 h.
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relative to mass dose, the nanoparticles had a greater effect
than the fine particles.

Recent studies have shown a role for ROS in promoting the
cellular effects of nanoparticles10 37 and that CB-np has a greater
free radical activity than the same mass of fine particles,10 so we
measured GSH depletion as a marker of particle-induced
oxidative stress. After 4 h exposure, GSH was depleted in a
dose- dependent manner relative to dose expressed as surface
area. For given mass doses, the nanoparticles produced
correspondingly more depletion than fine particles. These
findings are consistent with the hypothesis that production of
free radicals and the subsequent oxidative stress exerted on
epithelial cells is the mechanism by which nanoparticles elicit
inflammatory gene expression. A549 cells are known to have a
higher level of GSH than primary epithelial cells,38 and they
have been in long-term culture, so can be expected to show
variation in phenotype. However, we have used this cell line
extensively to show oxidative stressing and pro-inflammatory
effect of a range of harmful particles. These have included
welding fumes, where the potency ranking of different welding
fume samples for oxidative stress and pro-inflammatory effects
with A549 cells in vitro were replicated in an in vivo model of
lung inflammation.39 40

In order to determine whether the surface area is a unifying
factor driving the inflammatory response in vitro, we replotted
the IL8 protein release, IL8 mRNA and GSH response against
particle dose expressed as surface area. For LSLTP there was
evidence of a surface area-related pro-inflammatory effect with
a threshold, but the various particles produced trends with
slightly different slopes for IL8 mRNA. For IL8 mRNA, TiO2-np
showed greater potency than other LSLTP including CB-np,
whereas in previous animal studies we have found CB-np to be
more biologically active.41 The greater transcription seen with
TiO2 is reflected in the IL8 protein; there were greater levels
with TiO2 suggesting that the low IL8 mRNA found with CB
might not only be a consequence of adsorption artefact as
previously proposed. All of the LSLTP fall on a common general
trend for GSH depletion plotted against surface-area dose.
Taken together, these results suggest that the processes
dictating gene expression are more complex than the simple
depletion of GSH, otherwise, the GSH results would imply that
all of the LSLTP should produce approximately the same
amount of gene expression.

Plotting the data relative to surface area clearly showed that
very low surface area doses of quartz are highly pro-
inflammatory. Additionally, prolonged IL8 expression (at the
24 h time point) was seen only with quartz and this may be a
factor in its well-documented severe and chronic inflammatory
effects.12

These in vitro data support the contention that the effects
observed with nanoparticles relate to the large surface-area dose
they deliver to the epithelial cells and also that surface area is the
dose metric that relates best to the inflammatory response for a
range of LSLTP. This finding accords with our previous in vivo
studies, in which surface area of LSLTP was found to be the factor
driving the inflammatory response in rats.12

In the present study, we also showed that the surface area of
the particles is the important factor responsible for oxidative
stress-mediated depletion of GSH in A549 cells. This finding is
in keeping with previous studies with nanoparticles, in cell free
systems37 42 and in cells in vitro.10 43

The greater ability of quartz to cause inflammation is related
to its surface oxidative activity,12 although there is uncertainty
over the nature of the surface moieties that are responsible for
the increased biological activity in some quartz samples. We
predicted that the inflammogenic potential of quartz samples of
similar surface reactivity but variable size would also be related

to their total surface area,25 and this has been confirmed
recently.44

Previous studies have shown both in vitro and in vivo the role
of surface area in the harmful effects of particles of various
types, including CB,45 manganese dioxide46 and TiO2.47

However, we contend that the present study is the first to
describe a quantitatively similar pro-inflammatory effect of
surface area across a range of three different types of LSLTP. We
believe that this in vitro approach could form the basis of a
screening test that could be used with particles of unknown
toxicity, to discriminate LSLTP from those with greater toxicity
due to an element of surface reactivity e.g. quartz. An in vitro
predictive assay such as this represents a cost-effective and
ethical approach to testing that may reduce testing in animals.
There is a need for such a testing system to screen the new
generation of nanoparticles that are being produced, in order to
identify potential problem particle types; the in vitro model
developed in our studies has the potential to fulfil such a need.
Such a model would benefit from evidence that the in vitro
dosimetry scaled with in vivo dosimetry data on LTLS particles.
We have been working on such an analysis and, although this is
beyond the scope of the present manuscript, it will form the
basis of a separate future publication.

Extension of this research should include a larger array of
types of LSLTP to determine their general conformity with the
’’surface area’’ paradigm. Furthermore, additional and more
refined endpoints of in vitro pro-inflammatory effects, such as
activation of transcription factors, should be used.

These findings on the role of the surface area of LSLTP in
driving the inflammatory response are of special importance
with regard to regulation of workplace exposure, which is
currently based on airborne mass concentrations. As inflam-
matory potential is driven by surface area rather than mass,
then a given airborne mass concentration of a material in the
form of fine particles could be much less inflammogenic than
the same airborne mass concentration of same material in the
form of ultrafine particles.

In summary, the data suggested a threshold in dose,
measured as surface area of LSLTP relative to the surface area
of the exposed cells, at around 1–10 cm2/cm2. These findings
are consistent with the hypothesis that surface area is a more
appropriate dose metric than mass for the pro-inflammatory
effects of LSLTP in vitro and in vivo, and consequently that the
high surface area of nanoparticles is a key factor in their
inflammogenicity. For particles with a highly reactive surface
like quartz, lower surface area doses are required to reach a
threshold to stimulate pro-inflammatory responses.
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