First publ.in: Altex; 29 (2012),2. - S.183-200

Characterization of Biologically
Avcuiable Wood Combustion Parhcles

in Cell Culture Medium

Susanne Gauggel’, Cassandra Derreza Greeven'?, Julia Wimmer '*
Mark Wingfield?, Bart van der Burg?, and Daniel R. Dietrich’
'Human and Env1r0nmenta1 Toxicology, University of Konstanz, Konstanz, Germany; ?Malvern Instruments GmbH,

Herrenberg, Germany; 3Current address: Institut fiir Energie und Umweltforschung (IFEU), Heidelberg, Germany;
*Current address: Kompetenzzentrum Obstbau-Bodensee, Ravensburg-Bavendorf, Germany; ~BioDetection Systems b.v.,

Amsterdam, The Netherlands

Summary

Combustion of wood produces particulate matter (PM) emissions having the potential to induce respiratory
tract diseases in humans. To date, however, few, if any, in vitro submerse exposure adverse effect studies
characterized the actual particle characteristics within the culture medium. Indeed, the availability of
particles and adsorbed toxic compounds in liquids may depend on particle characteristics, i.e. aggregation,
size, composition, type (complex solids, salts, etc.) and thus affect toxicity. Using polystyrene nanoparticles
as reference, the particle size distribution and aggregation status of wood furnace PM and quartz

particles in standard cell culture medium and water was characterized. Characterization was carried

out via scanning electron microscopy (SEM), light microscopy, dynamic light scattering (DLS),

and laser diffraction. Moreover, the biological availability of particles and adsorbed polycyclic aromatic
hydrocarbons was tested using an Ah-receptor reporter gene assay, which demonstrated that particle
characterization and knowledge of toxin bicavailability prior to experimentation is key for understanding

potential biological interactions.

Keywords: particulate matter, wood combustion, particle characterization, polycyclic aromatic

hydrocarbons (PAH), bioavailability

1 Introduction

Although humans have always been exposed to particulate mat-
ter (PM) emerging from natural sources, industrialization-asso-
ciated PM (traffic, combustion sources, power plants, etc.) has
continuously increased. The latter represents a risk for human
health (Pope et al., 2002), as anthropogenic PM has longer at-
mospheric residential times and may contain toxic compounds.
The recent focus on PM from traffic, industry, and combustion
processes, and the corresponding adverse health effects (Billet
et al., 2008; Danielsen et al., 2011; Gualtieri et al., 2008; Pope
and Dockery, 2006) have resulted in a mandatory reduction of
traffic exhausts and of PM in general within the European Com-
munity (European Union, 2008).

In contrast, potential adverse health effects of PM originat-
ing from the combustion of wood are less well characterized
(Naeher et al.,2005). However, increased pricing and perceived
shortage of primary energy sources resulted in an increasing
demand for affordable renewable energy sources, e.g., wood.
Moreover, carbon-based renewable fuel is regarded as CO3 neu-

tral, hence politically supported and considered important for
climate protection (Quaak et al., 1999), resulting in increased
use of wood burners for residential heating. The latter contrib-
utes to high local particulate matter emissions (Naeher et al.,
2007) which have led to restrictions of wood burners in smog-
prone cities, e.g., Christchurch, New Zealand.! Wood burners
allowed in New Zealand have a maximum emission of 1.5 g
PM per kilogram of dry wood burned and a thermal efficiency
of 265%. However, reality shows that once a wood burner is
installed, woods with differing levels of dryness are burnt, re-
sulting in incomplete combustion and PM emissions that differ
dramatically with regard to particle size and toxin composition.

As the latter parameters govern the potential adverse ef-
fects of PM in humans once inhaled, testing of wood com-
bustion PM for health effects assessment largely relies on in
vitro suspension experiments with particles collected on filters
in smoke tubes or obtained via electrostatic precipitators and
roughly characterized in the air flow with special devices, e.g.,
mobile particle size scanners. However, to investigate their
toxic potential via in vitro studies, cell cultures are challenged

1 hitp//www.mfe.govt.nz/laws/standards/woodburners/authorised-woodburners.html
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with PM samples via submerse exposure or exposure at the
air-liquid-interface. Similar to the in vivo situation, where PM
contacts the epithelial lining fluid, PM in submerse cultures or
at the air-liquid-interface interact with the cell culture medium.
Upon suspension in liquids the physico-chemical characteris-
tics of PM may change, due to aggregation, wetting or dis-
solution, with ensuing consequences for the bioavailability of
particulates and/or adsorbed toxins and thus for the type and
intensity of the effects observed. Hence, toxicological studies
of PM must always be accompanied by a characterization of
particles in liquids.

Indeed, particle aggregation or dissociation is influenced
by physico-chemical characteristics of the particles them-
selves, as well as by characteristics of the suspension media
(Teeguarden et al., 2007). Particle properties governing ag-
gregation and dissociation, and thus the bioavailability of PM
in the in vitro cell system are morphology, size, mass, shape,
surface area, surface coating, charge, and composition, in-
cluding hazardous compounds, e.g., polycyclic aromatic hy-
drocarbons and heavy metals. Conversely, the characteristics
of the liquids used for the cell culture system, e.g., viscosity,
pH, protein content, and other constituents will influence PM
behavior and availability.

In contrast to in vitro toxicology of nanoparticles where an
adequate particle characterization is a prerequisite for mean-
ingful outcomes of nanotoxicity studies (Warheit, 2008), the
sitnation with PM is much more complex. Indeed, contrary to
the homogeneous synthetically produced nanoparticles, PM is
much less homogeneous in size and composition. Thus aggre-
gation of PM and size distribution will affect the outcome of
toxicity tests dramatically, as larger particles may settle faster
in cell culture and are less available to cells than smaller ones
remaining in suspension longer and thus being available for
incorporation via endocytosis (Teeguarden et al., 2007).

Obviously there are numerous methods for characterization
of nanomaterials (Jones and Grainger, 2009), but no single
method will permit a description of PM characteristics suf-
ficient to support an improved interpretation of the in virro
effect data. Consequently, the aim of this study was to as-
semble a combination of methods (light microscopy, scanning
electron microscopy, laser diffraction, dynamic light scatter-
ing) assumed to be appropriate for estimation and confirma-
tion of particle properties. This combination of methods was
then tested across a variety of particle sample types, including
synthetic particles with a given size, as well as PM gener-
ated from wood combustion furnaces. Moreover, differences
in media were tested by employing water and cell media as
particle mixing media, although our expectation was that
no overt differences would be observable between particles
suspended in ultrapure water and cell culture media. In ad-
dition, incompletely and completely combusted PM samples
from wood furnaces were compared with regard to particle
characterization, salt, elementary carbon, organic carbon, and
PAH content as well as to potential differences in toxic ef-
fects. The latter allowed us to test the hypothesis that PM from
incomplete combustion would be more toxic than PM from
complete combustion.
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2 Material and methods

Chemicals

Cell culture medium RPMI 1640 with L-Glutamine (Cat. No.
E15-840), MEM Alpha modification (Cat. No. E15-832),
DMEM/Ham’s F12 (Cat. No. E-15813), penicillin/strepto-
mycin (P/S) 100x (Cat. No. P11-010), 1 M HEPES (Cat. No.
S11-001) and foetal bovine serum (FBS) (Cat. No. A15-151)
were purchased from PAA (Pasching). RPMI cell culture
medium for particle characterization was supplemented with
25 mM HEPES, 10% FBS and 1x P/S. RPMI cell culture me-
dium with 10% FBS and Ix P/S, referred to as cell culture me-
dium (-HEPES) was employed to control for potential interfer-
ences of HEPES in the particle characterization with selected
representative samples. Steady-Glo® (Cat. No. E2520) was
purchased from Promega. MTT (3-(4,5-dimethyithiazol-2-y1)-
2,5-diphenyltetrazolium bromide) (Cat. No. M5655) was pur-
chased from Sigma Aldrich.

Reference particles

Fluorescent and non-fluorescent labeled polystyrene particles
of three different sizes each were purchased from Polyscienc-
es (17149-10, 17151-10, 17154-10, 08691-10, 07304-15, and
07310-15). Aerosil200 (Cat. No. 112 945-52-5) was purchased
from Evonik industries and crystalline quartz DQ25 was ob-
tained from Dorentruper Quarz. The corresponding tables (Tab.
1, 2, 3) tist the different particles and their respective sizes, as
well as other characteristics according to the manufacturers’
specifications.

PM sampling

Sampling of PM#01 was carried out in a test station of the Ger-
man Biomass Research Centre in Leipzig over a period of three
days and thus represents a sample from an incomplete combus-
tion: a common wood stove (9.0 kW nominal output), was fired
with commercially available non-pretreated standard beech split
logs (1.3 kg, specific humidity: 8.9%) via hand loading every 30
min. PM was collected in the ash pan of a standard electrostatic
precipitator connected to the smoke tube 3-4 m away from the
furnace. PM#02 was obtained from a field experiment in a pri-
vate household (incomplete combustion) during the 2008/2009

Tab. 1: Overview of polystyrene particles and
their respective sizes

Polystyrene, fluorescent Fluoresbrite YG 0.05 ym
Polystyrene, fluorescent Fluoresbrite YG 0.2 ym
Polystyrene, fluorescent Fluoresbrite YG 1pm
Polystyrene Polybead 0.05 ym
Polystyrene Polybead 0.2um
Polystyrene Polybead 1um




heating period. A tile stove (9.0 kW nominal output) with an
ancillary heating unit was fired with non-pretreated wood bri-
quettes, a mixture of hard and soft wood. An electrostatic pre-
cipitator was installed in the smoke tube (¢ 180 mm) between
the combustion chamber and the ancillary heating unit to collect
the PM sample. The associated smoke tube length after the filter
was 3 m after the ancillary heating unit, PM#05 was obtained
from a wood combustion experiment with an automatic pellet
boiler (15 kW nominal output) at the German Biomass Research
Centre using “DIN plus” wood pellets. The latter was carried
out under optimal combustion conditions and thus represents
a complete combustion. The PM#05 sample was collected in
the ash pan of a standard electrostatic precipitator connected to
the smoke tube 3-4 m away from the furnace of the automatic
pellet boiler.

Tab. 2: Overview of Aerosil200 and its characteristics
according to the manufacturer’s data sheet

- lue
Specific surface (BET) mafg 200 £25
Average size of primary particles nm 12
Tamped density gll 50
(ex works, variations possible)

Loss on drying, 2 h at 105°C weight % =15
(ex works, variations possible)

Loss on ignition, 2 h at 1000°C, weight % =<1
based on dry substance

pH value, 4% dispersion 3.7-47
SiO2 content, based on ignited weight % =298.8
substance

Particle characterization

Several methods were employed for particle characterization.
The methodology is described below, while the advantages and
limitations of each method are listed for each particle type in
Table 4.

Light microscopy

PM and quartz samples were diluted to a final concentration of
1 mg/ml in cell culture medium and ultrapure water. Images
were taken with a Nikon Eclipse TS100 microscope equipped
with a Nikon DS Camera Head DS-5M.

Scanning electron microscopy (SEM)
For electron microscopy, PM and quartz samples were dry scat-
tered onto stubs and a conductive coating of gold palladium

Tab. 3: Overview of DQ25 and its characteristics according
to the manufacturer’s data sheet

Upper grain size dgze,

Mean grain size dgpe, um 4
Bulk density DIN 53468 glem3 0.61
Density (DIN 53193) gfem3 2.65
pH-value (DIN 1984) 7.0
Si0, . % 99.50
Al,O4 % 0.20
Fey04 % 0.03
Ca0 +MgO ‘ % <0.04
NayO + K0 % <0.04
Loss on ignition 1000°C % <0.20
(DIN EN ISO 3262-7) :

Tab. 4: Overview of applied measurement methods and their suitability for the different particle samples

(PS, polystyrene; n.m.: no measurement; ++: optimal; +: acceptable; +: suboptimal;

inadequate)

"Light microécopy ++ ++ - + + + + n.m.
SEM 505, Phillips 4 + - + + + + +
SEM $-4700, Hitachi n.m. n.m. * n.m n.m. n.m. n.m. nm.
Zetasizer (ZetaPot.) 5 nm-10 ym ++ ++ o + + + + +
Zetasizer (DLS) 0.6 nm-6 ym ++ 4 ++ + + + + +
Mastersizer 20 nm-2,000 ym ++ ++ + ++ ++ ++ ++ ++
Nanosight 10 nm-1,000 nm * ++ ++ + * * £ n.m.
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(5 nm) was applied. Polystyrene particles were diluted with
ethanol and a subsample dropped onto stubs and air dried be-
fore a conductive coating of gold palladium (5 nm) was applied.
SEM was performed with a Phillips (FEI) SEM 505. Because
of limited resolution of the SEM 505 a Hitachi Field-Emission
SEM 8-4700 was used for the smallest polystyrene particles (50
nm).

Sample preparation for Zetasizer, Mastersizer
and Nanosight measurements
All PM suspensions were freshly prepared in ultrapure water
and cell culture medium prior to measurement. Polystyrene par-
ticle suspensions of 1 mg/ml, 50 pg/ml, 0.525 mg/ml, 2.5 pg/mi
for measurements with the Zetasizer (zeta potential), Zetasizer
(DLS), Mastersizer (laser diffraction) and Nanosight were pre-
pared, respectively. Prior to measurements, polystyrene suspen-
sions were ultrasonicated in a volume of 2 ml with a frequency
of 35 kHz for 5 min (Elma T470/H, 50/60 Hz) in 2 ml micro-
centrifuge tubes. Quartz and PM sample suspensions for meas-
urements contained 0.5, 1, and 2 mg/ml, whereas suspensions
used for centrifugation experiments contained 1 mg/m! of PM
or quartz. Because of the limited sample amount only 1 mg/ml
suspensions were prepared for PM#05. PM suspensions were
centrifuged (Heraeus Megafuge 1.0/ HeraeusMegafuge 1.0 R)
for 5 min at 1,000, 2,000 and 3,000 x g, quartz suspensions at
111 x g. Supernatants were collected and the resulting pellets
resuspended in 10 ml cell culture medium or water. As sonica-
tion may dramatically influence the suspension characteristics
(Taurozzi et al., 2010), all available details for suspension soni-
cation are described below. All PM and quartz suspensions were
ultrasonicated with an ultrasonic frequency of 35 kHz (Elma
T470/H, 50/60 Hz) for 15 min in 50 ml centrifuge tubes (coni-
cal bottom) with volumes of 5-10 ml. A higher volume was re-
quired for Mastersizer measurements of polystyrene, quartz and
" PM particles. For these 50 ml centrifuge tubes (conical bottom)
were chosen and filled with volumes of 20-50 ml (depending on
particle type). The time delay between ultrasonication and ac-
tual measurement of the samples was 1.5 h, 0.5 h, and 1.5 h for
the Nanosight, Zetasizer, and Mastersizer, respectively.

Zeta potential (Zetasizer) and pH

The zeta potential gives an indication of the potential stability
(i.e., likelihood of aggregation) of a suspension. In general, a
potential between +30 mV and -30 mV is regarded as instable
(aggregated suspensions), whereas values lower than -30 mV or

higher than +30 mV represent “homogenous” suspensions?, A

Zetasizer Nano ZS (Malvern Instruments GmbH, Herrenberg,
Germany) was used to measure the zeta potential at 25°C in zeta
cells in three measurements with 30 cycles each. As the medium
measurements with the standard zeta cells with gold electrodes
appeared problematic due to potential interactions between the
electrodes and the media, most likely induced by its high ionic
strength, control measurements using PM#01, PM#02, PM#05,
Aerosil200, and DQ2S at concentrations of 1 mg/ml in cell cul-

ture medium and the more robust zeta dip cell with a platinum
electrode were carried out. The latter comparison confirmed the
values obtained with normal zeta cell measurements, thus sug-
gesting no interference of the electrode types used with particle
measurements. The particle size range for determinations of the
zeta potential ranges between 5 nm and 10 ym. As pH is an
important parameter influencing zeta potential, determination
of the pH of selected samples (1 mg/ml Aerosil200, DQ25 and
PM#02) in cell culture medium with and without HEPES was
performed with a 691 pH Meter equipped with a Primatrode
(Metrohm).

Dynamic light scattering (DLS, Zetasizer)

Measurement of hydrodynamic diameter was determined with
a Zetasizer Nano ZS (Malvern Instruments GmbH, Herren-
berg, Germany) by dynamic light scattering (DLS) and values
were reported as intensity, volume, and number weighted par-
ticle size distribution (PSD). The measureable size range for
the Zetasizer using DLS ranges between 0.6 nm and 6 pm.
Although the principle distribution value obtained from DLS
measurement is an intensity weighted particle distribution, the
volume and number weighted distributions are displayed as
well. The scattering intensity of a particle is proportional to the
sixth power of its diameter (from Rayleigh’s approximation)
(Chylek, 1986). As larger particles scatter much more light than
smaller ones, the intensity of bigger particles may be overes-
timated. For example, the weighted intensity ratio of 2 5 nm
in comparison to a 50 nm particle is 1:1,000,000, whereas the
weighted volume ratio of a 5 nm in comparison to a 50 nm par-
ticle is 1:1,000. In comparison, the weighted number size dis-
tribution is relatively independent of the particle size and thus,
a priori, appears of greater value for particle size distributions
in particle suspensions. However, the principle measurement is
the intensity weighted particle distribution, which is then trans-
formed to a volume or number weighted distribution. Both of
the latter parameters contain a systematic transformation error.
Measurement adjustments were set as follows: 2 measurements
with 3 runs each (10 sec), 25°C, measurement angle 173° back-
scatter.

Laser diffraction (Mastersizer)

A continuous flow measurement of a particle suspension rang-
ing between 20 nm and 2000 ym diameter can be achieved with
the Mastersizer (Mastersizer 2000, Malvern, Herrenberg) and
provides particle volume size distributions. Similar to Zetasizer
measurements, larger particles may provide an overestimation
in the volume weightéd size distribution. Employing similar
transformation algorithms as for the Zetasizer (Mastersizer
2000 Malvern Application 5.60), the number weighted size dis-
tribution was determined. The refractive index of the material
was set to 1.52 and 1.33 for the dispersant. Measurement adjust-
ments were 15 sec for measurement and background time and
15,000 measurement and background snaps. Sodium polyphos-
phate was used as diluent.

2 Zetasizer Nano User Manual, MANG317 Issue 5.0 August 2008, © Malvern Instruments Ltd. 2003 to 2008, 2009
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Nanosight

The Nanosight (LM20, NANOSIGHT, Wiltshire) visualizes and
tracks particle movement over a certain time period based on
Brownian movement of the particle. In conjunction with track-
ing analysis software and the individual particle tracks, a parti-
cle size distribution in a given suspension is obtained. The Na-
nosight measurable particle diameters range between 10 nm and
a maximum of 500 to 1000 nm. Measurements were performed
for polystyrene particles, DQ25, Aerosil200, PM#01 as well as
PM#02 between 24 and 25°C; because of limited sample mate-
rial PM#05 was not measured with Nanosight. Particles were
tracked for 20 sec.

PAH analysis in PM samples

PM#01, PM#02, and PM#05 were extracted according to
DIN EN 15549 and resulted in Extract#01, Extract#02 and
Extract#05, respectively. Extraction was realized with Acceler-
ated Solvent Extraction (ASE) with dichloromethane at 120°C
and 100 bar (Dionex ASE 150 Extractor and Dionex SE 500
Concentrator). 16 US EPA PAHs (Mumtaz and George, 1995)
were analyzed via adjacent GC-MS (Agilent gas chromatograph
6890 and Agilent mass selective detector 5975C).

Salt, elementary (EC) and organic carbon (OC) analysis

in PM samples

Determination of EC and OC was realized by extraction
and thermo-desorption on the basis of the German protocol
VDI 2465-1, delivering the EC value, whereas a second sub-
sample was analyzed for the total carbon (TC). The difference
between TC and EC is defined as OC. Results are displayed as
% of dry weight (dw). For analysis of anions the samples were
extracted with water for 30 min under permanent shaking. The
resulting water extracts were analyzed via isocratic ion chroma-
tography (DIONEX ICS 90) and photometry (nitrite).

Cell culture

The human lung epithelial cell line A-549 was obtained from
the German Collection -of Microorganisms and Cell Cultures
(Braunschweig, Germany) and cultured in DMEM/Ham’s F12
supplemented with 10% FBS, 25 mM HEPES and 1x P/S. Cells
were passaged once to twice a week with a ratio of 1:10. PAH
CALUX® cells were obtained from BioDetection Systems and
cultured according to the manufacturer’s instructions using
MEM Alpha modification, supplemented with 10% FBS and
1x P/S. All cells were maintained under standard conditions at
37°C, 100% humidity and 5% COxz. Subculturing was performed
twice a week with a ratio of 1:5. All cells were subcultured for a
maximum of 20 passages.

Cytoroxicity assay

Cytotoxicity was assessed using the MTT assay. MTT
(3-(4,5-dimethylthiazol-2-yl)-2 5-diphenyltetrazolium bromide)
is transformed by enzymes of the mitochondria and the endo-
plasmic reticulum to formazan, which is detected spectropho-
tometrically. In short, 7,000 cells/well were seeded in 96 well
plates. After 48 h cells were treated with different concentra-
tions of PM (0.01, 0.04, 0.1, 0.5, 2, 8, and 25 pug/cm?). After

48 h of exposure, 10 1 MTT (5 mg/ml) per 100 pl medium was
added to the wells and incubated for another 1.5 h in the incuba-
tor. Supernatant was discarded and 100 pl/per well solubiliza-
tion solution (95% isopropanol, 5% formic acid) was added and
the plates were shaken on a plate shaker for 5-10 min. Absorb-
ance was measured at 550 nm. Because of artifacts in measure-
ment due to the intense absorbance characteristics of the black
particles, a reference plate for each PM was exposed with the
same concentrations but without cells. The resulting absorbance
values were subtracted from the absorbance values obtained for
the exposed cells.

PAH CALUX® assay

The PAH CALUX® (chemically activated luciferase expression)
cell line is a genetically engineered rat hepatoma cell line from
BioDetection Systems. Upon exposure to Ah receptor agonists,
e.g., PAHs, dioxins and dioxin-like PCBs a luciferase signal is
produced which is proportional to the quantity of receptor bind-
ing. The assay was performed according to the manufacturer’s
protocol. Briefly, 40,000 cells/well were seeded on 96-well
plates. After 24 h, the cells were treated with conditioned me-
dium containing either the benzo[a]pyrene (B[a]P) reference in
different concentrations (0 M, 1.25E-09 M, 1.25E-08 M, 3.75E-
08 M, 1.25E-07M,3.75E-07M, 1.25E-06 M, | 25E-05 M, 1 25E-
04 M, 1.25E-03 M) or the sample in three technical replicates.
Plates were incubated for 4 h at 37°C, 5% CO;. After exposure
the cells were lysed by addition of 80 I Steady Glo® per well.
After 5-10 min 70 pl of the lysate was transferred into a white
96-well flat bottom plate and luminescence was measured. For
analysis, the value for the vehicle control (0.8% DMSO) was
subtracted from all other values measured, and a standard dose-
response curve was calculated using the values measured for the
B[a]P treatment in the different concentrations. Luminescence
values measured with the cells treated with the PM samples or
extracts were normalized by dividing them by the maximum
value obtained from the B[a]P treatment on the same plate and
given as a percentage of this maximum value.

Statistical analysis

All results are expressed as the mean + standard error of means
for = three replicates unless otherwise noted. All pair-wise mul-
tiple comparisons were analyzed with the unpaired t-test while
multiple comparisons were carried out via a one-way ANOVA
followed by a Bonferroni post-test as indicated (Graph Pad
Prism® version 5.04.)

3 Results

Scanning electron microscopy (SEM)

Particulate matter samples as well as the reference (polystyrene
and quartz) particles were first analyzed via SEM in a dry state.
SEM images revealed a spherical shape for all three polystyrene
particles-(non-fluorescent), and confirmed their round shape and
size (Fig. 1A-C). Small deviations in diameter were observed,
albeit a coefficient of variance of 15%, 8% and 3% for the
50 nm, 200 nnm, and 1,000 nm particles, respectively, is possible
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and 50 nm (C)

Fig. 1: Representative SEM images of non-fluorescent polystyrene particles with a diameter of 1,000 nm (A), 200 nm (B),

Fig. 2: Representative SEM images of DQ25 (A, B) and
Aerosil200 (C, D)

according to the manufacturer. The comparison of the different
polystyrene particles demonstrated that diameters <50 nm are
difficult to characterize via the SEM types used for this study
because of limited size resolution. In contrast, the two quartz
samples showed a less homogeneous particle size distribution
(Fig. 2). The particle size of DQ25 largely corresponded to the
diameter/size defined by the manufacturers, whereas Aerosil200
particles exceeded the manufacturer’s guaranteed diameter of
12 nm, i.e., some particles with diameters ranging between 10
pm and 70 ym. As expected, PM#01, #02, and #05 (Fig. 3)
presented an inhomogeneous particle size distribution, where-
as PM#02 generally contained larger particle aggregates than
PM#01 and PM#0S.

Light microscopy

No aggregation was observed for fluorescent and non-fluores-
cent polystyrene particles, irrespective of the medium (water
or cell culture media) and particle diameters. Similarly, no vis-
ible differences were observed for DQ25 or the PM samples
suspended in media and water (data not shown). In contrast,
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Fig. 3: Representative SEM images of PM#01 (A, B), PM#02 (C,
D), and PM#05 (E, F)

Aerosil200 suspensions in media resulted in more and larger
aggregates than water suspensions (Fig. 4).

Zeta potential and pH

In contrast to the light microscopic observations, determina-
tions of the zeta potential suggested an increased trend for pol-
ystyrene particles to aggregate in cell culture media, whereas
homogeneous suspensions were found in water suspensions
(Fig. 5A, S1). Indeed, a significant difference in zeta poten-
tial between cell culture media and water was observed for all
particle suspensions, irrespective of the particle type and thus
sample homogeneity, suggesting a generally higher suspen-



Fig. 4: Representative images of Aerosil200 suspensions in ultrapure water (A) and celi culture medium (B)
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Fig. 5: Zeta potential measurements of 50, 200, and 1,000 nm non-fluorescent polystyrene particles (A), 1 mg/ml PM#01, PM#02,

and PM#05 (B), DQ25, and Aerosil200 (C)

Mean £SEM is shown (n=3). Unpaired t-test, * p<0.05, ** p<0.01, *** p<0.001

sion stability and lower tendency to form particle aggregates in
water (zeta potential around <-30 mV) than in cell culture media
(Fig. 5A, Fig. S1). Control measurements of water and RPMI
culture medium (Fig. 6) without particles also revealed a sig-
nificantly higher zeta potential for medium (-4.41 mV) than
for water (-9.53 mV). Zeta potential measurements of PM#02,
DQ25 and Aerosil200 in cell culture medium (-HEPES) resulted
in-11.3mV x1.1 (n=3), -124 mV 0.1 (n=3), and -17 mV %3
(n=3), respectively. The comparison values obtained for PM#02,
DQ25 and Aerosil200 in cell culture medium (+HEPES) nor-
mally used for particle characterization, i.e., -10.2 mV £0.1
(n=3), -9.9 mV 0.8 (n=3), and -15.1 mV x1.1 (n=3), respec-
tively, demonstrated a negligible influence of HEPES on the
zeta potential determinations.

Measurement of RPMI (-HEPES) resulted in a pH value of
7.56 £0.03 (n=3). The addition of HEPES led to a slight decrease
in pH 7.27 £0.03 (n=3), also visible by slight color change of
phenol red. Upon addition of PM#02, DQ25 and Aerosil200

to RPMI (-HEPES) a slight, but not significant increase in pH
was observed 7.75 +0.11 (n=3), 7.85 +0.28 (n=3), and 8.23
+0.28 (n=3). The pH of the RPMI (+HEPES) did not change
significantly upon addition of PM#02 (7.24 +0.07 (n=3)), Aer-
0sil200 (745 +0.05 (n=3)), or DQ25 (7.38 +0.06 (n=3)). The
pH measurement of ultrapure water without any particles was
not possible, because of quasi-absence of ions, however the
theoretical pH value is about 6.998 (Nora et al., 2002). The
observation that comparable zeta potentials were registered
for all particle types in RPMI (Fig. S1, see supplementary
data at www.altex-edition.org) is presumably due to the pH
(7.27 £0.11 (n=3)) of the RPMI. As pH is known to influence
zeta potential values (Berg et al., 2009), a stable pH will most
likely result in similar zeta potential readings, whereas zeta po-
tentials obtained in water are more strongly influenced by the
respective particle composition. Cell culture media are buffered
to prevent pH changes. The RPMI medium used in this study,
additionally contained HEPES - a buffer substance ~ thus possi-
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The frequency curves are shown. Mean £SEM is shown (n=5).
Unpaired t-test, * p<0.05.

bly stabilizing the pH independent of the particle type suspend-
ed in the media. Comparative measurements with RPMI supple-
mented with FBS and P/S (-HEPES) resulted in a slightly, but
insignificantly, lower zeta potential and pH (7.56 £0.03 (n=3)),
compared to RPMI (+HEPES) (7.27 £0.11 (n=3)).

Particle Size Distribution measured with Zetasizer

Zetasizer measurements of the suspension media showed that

medium components (with/without HEPES) resulted in a peak
at around 6 nm, whereas the ultrapure water without any par-
ticles had several small peaks between 1 and 250 nm, poten-
tially resulting from impurities (Fig. 6B). A trend for particle
suspension aggregation in cell culture media, although not as
pronounced, was observed when polystyrene particles were
analyzed via the Zetasizer particle size distribution (Fig. 7, 8),
generally displaying larger particle diameters than expected
from the particle diameters defined via SEM. The fluorophore in
the polystyrene particles had no significant influence on meas-
ured particle size distribution (Fig. 8). All polystyrene particle
measurements resulted in one single peak, except for the meas-
urement of the 50 nm non-fluorescent beads in medium. The
second peak at ~13 nm might result from media components
(Fig. 7B). The trend to larger measured particle diameters, i.e.,
to form aggregates, was more pronounced for Aerosil200 com-
pared to crystalline quartz. Specifically, two peaks at 1 484 and
1,106 nm were visible for Aerosil200 in cell culture medium,
whereas the frequency curve for the water suspensions had two
peaks at 712 and 105 nm (Fig. 9). Statistical analysis of mean
particle sizes revealed significant differences between water and
cell culture medium (Fig. 10B, S2D-F). Similarly, larger mean
particle diameters were recorded in cell culture media than in
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water for PM#01 but not for PM#02 and PM#05 (Fig. 11, 12,
S3), suggesting a slightly higher tendency for PM#01 to form
aggregates in comparison to PM#02 and PM#05.

Particle size distribution measured with Mastersizer

Based on the detection capabilities of the Mastersizer (Tab. 4),
measurement of the 200 nm and 1,000 nm polystyrene particle
suspensions reflected their expected diameters. Considering the
mean particle size, the diameters of the 50 nm particles were par-
tially overestimated (Tab. 5, Fig. 13A), irrespective of whether
a volume or number weighted mean was calculated. This is con-



Fig. 8: Zetasizer measurements
of particle size distribution
1204 hadadad 1207 — E for fiuorescent (A-C) and non-
E 1004 F 1004 fluorescent particles (D-F) in
E wok % Hdk ke £, kel .
s 804 e S 80+ Frm—————y water and cell culture medium
N E] k& ¥
2 6o 2 e ey for 50 nm (A, D), 200 nm (B, E),
2 401 £ ‘@ and 1,000 nm (C, F) particles
o . . N
a 2 a 2 The intensity weighted, number
g . § weighted, and volume weighted
A intensity  Number  Volume D Intensity  Number  Volume means are shown. Mean +SEM
S, . A is shown (n=3). One-way ANOVA
k¥ * kK *k % *kow " . -
T 32, . - with Bonferr.om pqst test was used
£ 280 frmm—— £ to compare intensity, number, and
§ 2404 § volume weighted means in cell culture
2 2001 £ medium and water. * p<0.05, **
H :gg: - p<0.01, *** p<D.001
£ 4
£ £
40
o
B intensity Number Volume intensity Number Volume
*
'g' 1400+ p— 14004 *
;‘ 1200 £ 1200+
3 1000+ 1000+
ﬁ 800+ $00-
£
g 6007 6004
§ 400 400+
E 200 2004
0.. - )l
C intensity Number Volume F intensity Number Volume
S cell culture medium
£ water
Size Distribution by Number 5000
£ 50001
) 8§ 40004
§ £ 3000
31 & 2000
E~4
g 10004
[X] 1 160 10000 e
A Sizs {d.nm) A intensity Number Volume
Size Distribution by Number 60001 ,i, ‘—ﬁ—. ,*—*-,
2 g_ 50004
& 40004
" 5 4000
P 2 30004
i; . 5 2000+
4 o
s g 10004
B”
o 1 10 intensity Number Volume
B Size {d.nm)
W cell culture medium
2 water

Fig. 9: Zetasizer measurements of particle size distribution

of 1 mg/ml DQ25 (A) and Aerosil200 (B) in water (red area) and

cell culture medium (green area)
The number weighted particle size distribution is shown. Mean
of three independent measurements.

Fig. 10: Zetasizer measurements of particle size distribution
of 1 mg/ml DQ25 (A) and Aerosil200 (B) in water and cell
culture medium

The intensity weighted, number weighted, and volume weighted
means for Aerosil200 and DQ25 are shown, respectively. Mean
+SEM is shown (n=3). Unpaired t-test, * p<0.05, ** p<0.01.
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sistent with the frequency curves obtained from the Mastersizer,
where the 50 nm particles in general had a broader size distribu-
tion than the 200 and 1,000 nm particles (Fig. 14). The calcu-
lated undersize values revealed that 90% of the non-fluorescent
50 nm, 200 nm, and 1,000 nm polystyrene particles in medium
are below 86.66 nm, 236.0 nm and 947 .0 nm, respectively (Tab.
5). Similarly, the mean diameter of Aerosil200 was severely
overestimated (Fig. 15A-B, S4A-B), while the diameter of DQ25
was correctly determined (Fig. 15A-B, S4C-D). The latter could
suggest aggregation of Aerosil200 in cell culture media as well
as in water, as well as inhomogeneity of the diameters of the sus-
pended material (Fig. 16B, Tab. 6). Notably, smaller differences
with regard to aggregation between suspensions in cell culture
media and water were observed for DQ25, where the peaks for
the medium and the water suspensions were between 405-550
nm and 348-473 nm, respectively (Fig. 16A, Tab. 6). The number
weighted Mastersizer measurements for the PM samples suggest-
ed small particle sizes for PM#01, having a peak between 57-77
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Fig. 12: Zetasizer measurements of particle size distribution
of 1 mg/m} PM#01 (A), PM#02 (B), and PM#05 (C) in water and
cell culture medium

The intensity weighted, number weighted and volume weighted
means for PM#01 and PM#02 are shown, respectively. Mean
+SEM is shown (n=3). Unpaired t-test, ** p<0.01.

nm, whereas PM#02 peaked between 190-308 nm and PM#05
between 278-428 nm (Fig. 17). Similar to Zetasizer, the Master-
sizer measurements could not definitively confirm a higher trend
to aggregation of PM#01, PM#02, and PM#05 in cell culture me-
dia than in water (Tab. 6, Fig. 17, 18C-D, S5B).

Particle size distribution measured with Nanosight

Measurement of the 1,000 nm polystyrene particles with Na-
nosight appeared critical, lead to conflicting results and thus
particle sizes were effectively undeterminable as this size was
at the resolution limit of the Nanosight. In contrast, measure-
ments obtained for the 200 nm polystyrene particles correctly
reflected the expected diameters. The 50 nm beads appear to
form aggregates of at least two particles, because diameters up
to 100 nm were measured, as already reported for colloidal gold
nanoparticles in human blood (Dobrovolskaia et al., 2009). Aer-
0sil200 suspension revealed particle sizes in water of approx.
25 nm while double this diameter was determined for suspen-
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Fig. 18: Summary of Nanosight measurements for the
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Fig. 19: Amount [% dw] of elementary (EC) and organic
carbon (OC) of PM#01, PM#02, and PM#05




Tab. 5: Overview of number weighted undersize values of non-fluorescent and fluorescent latex beads

measured in the Mastersizer
Mean £8D (n=3)

50.66 +29.0

31.0 0.0 118.67 2.0 454.66 £0.5 54.33 £39.5 117 £0.0 445 £1.0
54.66 0.5 155.66 5.0 643.33 £0.5 . 77.33+38.6 148 £1.0 624 0.0
86.66 £0.5 236.00 £8.5 947.00 £1.0 116.0 £48.5 221.33 £0.5 914.0 £0.0

480.00 £0.0

31.00 £0.0 86.66 +41.2 412.33 £16.9 108.33 £1.5
54.33 £0.5 134.00 £13.8 502.66 +26.6 80.33 +24.3 140.66 2.0 670.66 £0.5
86.00 +0.0 212.66 + 4.1 966.00 £20.5 119.66 £30.2 214.33 £4.1 975.00 £0.0

Tab. 6: Overview of number weighted undersize values of 1 mg/ml Aerosil200, DQ25, PM#01, PM#02 and PM#05

in cell culture medium and water measured in the Mastersizer

Mean xSD (h=3)

m

3.56+2.2 6.84 £4.6 17.7 £10.6 4.47 0.8 9.87 2.1 23.8812.6
0.36 £0.01 0.56 +0.02 1.21 £0.03 0.35 x£0.002 0.54 £0.005 1.18 +0.008
0.08 0.0 0.06 £0.0 0.11 £0.0 0.03 0.0 0.06 £0.0 0.1 £0.0
0.21 £0.01 0.31 +£0.02 0.66 £0.04 0.19 £0.008 0.28 £0.007 0.58 £0.027
0.33 +0.03 0.46 £0.03 1109.0 x14.1 0.27 £0.02 0.39 +0.03 0.86 +0.07

sion in cell culture media, again supporting earlier findings of
aggregation of Aerosil200 (Fig. 18). Similarly, no differences
between media and water were observed for DQ2S5 confirming
the findings of lack of aggregation of DQ25 suspensions deter-
mined with other methods. Confirming the trend of the Mas-
tersizer evaluations above, Nanosight measurement of PM#01
showed smaller particles (cell culture medium: 81 +43 nm, wa-
ter: 76 +24 nm) than PM#02 (cell culture medium: 315 40 nm,
water: 256 +27 nm). PM#05 was not evaluated.

Centrifugation

Centrifuged samples were measured with Zetasizer and Master-
sizer and are displayed as intensity and volume weighted size
distributions, respectively (Fig. S6, S7). Generally the Zetasizer
determinations. suggested that centrifugation pellets contained
larger particles than the supernatant, irrespective of the parti-
cle type (Aerosil200, DQ25, or PM) and medium. Similarly, the
Mastersizer determinations demonstrated that, with the excep-
tion of Aerosil200, all particle types appeared larger (more ag-
gregates) in cell culture media than in water and larger particles
were found in the pellet than in the supernatant.

PAH analysis in PM samples

Quantitative analysis of the three PM samples revealed the
highest PAH amounts in samples from incomplete combus-
tion processes, i.e., PM#01 with 84.7 mg/kg and PM#02 with
~648 mg/kg (Tab. 7). PM#05, resulting from a complete com-
bustion process, had only 10.6 mg/kg.

Salt, elementary (EC) and organic carbon.(OC)

analysis of PM samples

Correspondent to the PAH analysis, the highest total carbon
amount was measured for PM#02 (EC: 18% dw, OC: 6.7% dw),
followed by PM#01 (EC: 5.2% dw, OC: 9.5% dw) and PM#05
(EC: 2% dw, OC: 2.5% dw) (Fig. 19). PM#01 presented the
highest salt content (Tab. 8), albeit a direct comparison is mis-
leading as the type and characteristics of the wood fuels used
for generating the three different PM samples were different. In-
deed, Ragland and coworkers demonstrated that salt content in
wood fuels largely depends on wood type as well as on handling
conditions (contamination) during wood harvesting (Ragland et
al., 1991). '
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Tab. 7: Amounts of the 16 US EPA PAHSs detected in
the PM samples

Naphthalin' 0.7 <4 <0.4
Acenaphthylene <07 6 <0.4
Acenaphthene <0.7 <4 < 0.4
Fluorene <07 <4 <0.4
Phenanthrene 2.5 75 0.8
Anthracene <07 15 < 0.4
Fluoranthene 2.9 142 1.3
Pyrene 2.8 137 1.2
Benzo(a)anthracene 2 42 0.7
Chrysene 2.2 55 1

Benzolb]fluoranthene 8.9. 63 1.8
Benzo[k]fluoranthene 2.6 20 0.5
Benzofa]pyrene 7.8 26 0.7
Indenol[1,2,8-c,djpyrene 25.4 35 1.4
Dibenzol[a,h]anthracene 2.8 4 < 0.4
Benzoig,h,ilperylene 241 28 1.2
Sum 84.7 648 10.6

Tab. 8: Amounts of ions detected in the PM samples

Fluoride 806

Chloride 47581 42.4 55.2
Nitrite 6573 0.004 27.2
Nitrate 6008 1.080 0.004
Phosphate 806 0.004 4.8
Sulfate 233065 151.6 287.2

Cytotoxicity assay

None of the three PM samples tested presented with overt cyto-
toxicity upon submersion exposure of A-549 cells, irrespective
of the concentrations employed (Fig. 20).

PAH CALUX® assay

As expected from the PAH dndlyses (Tab. 7), PM#01 and #02
from incomplete combustions also induced the highest luci-
ferase activity, irrespective of the application form (extract
or as particles) in the transactivation assay, when compared
to PM#05 thh a low PAH content and correspondingly low
PAH CALUX® activity (Fig. 21). However, contrary to expec-
tations, the total PAH content did not linearly correspond to
a comparably high PAH CALUX® response. Indeed, PM#02
contained approximately 61-fold more PAH than PM#05, but
resulted in only a 9-fold higher response in the PAH CALUX®
when using PM-extracts, whereas a 252-fold higher response
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Fig. 20: Measurement of cytotoxicity via MTT reduction

(in % of control) upon 48 h exposure of A-549 cells to PM#01,
PM#02 and PM#05

Mean xSEM is shown (n=3).
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Fig. 21: Luciferase activity of PM#01, PM#02 and PM#05 (A) as
well as their respective extracts #01, #02, #05 (B) in the PAH
CALUX® assay.

Mean +SEM is shown (n=3).

was observed when PM particles were tested (Tab. 9). Simi-
larly, PM#01 had an approximately 8-fold lower PAH content
than PM#02. However, contrary to expectations, the PAH
CALUX® response for PM#01 extract was approximately
1.3-fold higher than for PM#02, whereas the response to PM
particles was comparable. The latter strongly suggests that to-
tal PAH is a poor reflection of real PAH bioavailability in a cell
system. Indeed the data suggest that PAH bioavailability from



Tab. 9: Comparison of total PAH amount and EC5, values of PM#01, PM#02 and PM#05

the PM is the determinant potentially driving the biological ac-
tivity, thus indicating that the combination of PM particle type
(soot, salt, etc.), size, and PAH generated during the combus-
tion process are the critical factors for the potential biological
activity (toxicity) of the PM.

4 Discussion

A careful particle characterization in suspension has become an
important prerequisite for nanomaterial toxicity testing (War-
heit, 2008). Characterization is sometimes hindered by typical
characteristics of nanomaterials, such as aggregation. Engi-
neered nanoparticles have the advantage of being homogenous
with regard to particle size, form, and composition and thus are
ideally suited for size measurement via multiple methods. In
contrast to the latter, wood combustion particles represent very
complex and inhomogeneous mixtures.

Due to their presumed adverse effects on human health, as
suggested by epidemiological studies, these particles have re-
ceived increasing regulatory attention in the past years. How-
ever, toxicity testing and corresponding extrapolation to the
human for proper risk assessment and risk management has
proven extremely difficult. Indeed, very few animal studies
have been carried out, many of which appear irreproducible
due to variable and poor characterization of wood fuel and ex-
perimental conditions used, while a number of in vitro studies
are difficult to compare to the animal and human findings and
vice versa. The major caveat in the latter studies, irrespective
of their nature (in vivo, in vitro or epidemiologic), is a proper
characterization of the PM employed (Iba et al., 2006), thus
rendering a comparison of data nearly impossible and not
allowing a proper interpretation of the biological effects ob-
served.

Indeed, PM from wood combustion exhaust are extremely
complex and variable with regard to their type (soot, salt, etc.),
form, size, and toxic contaminant content, which are largely de-
pendent on the wood fuel used for combustion as well as on
the furnace type and combustion conditions employed. Con-
sequently, this study focused on the characterization of three
different PM samples, whereby engineered fluorescent and non-
fluorescent polystyrene particles (latex beads) as well as defined
size mixtures of quartz particles were employed as reference
materials for different size measurement methods. Moreover,
a chemical characterization, determination of cytotoxicity, and
the potential biological response of PM adsorbed toxins was

specifically carried out for the wood combustion PM, thus pro-
viding for a better insight as to which PM characteristics would
be important for an improved interpretation of potential health
effects of wood combustion PM.

In view of the fact that particles, once inhaled, are dissolved
in the fluid lining of the airways, the question was raised wheth-
er or not the airway lining fluid would have any influence on
the physical characteristics of particles, i.e., whether aggregates
could be formed within the airway lining fluid (ALF), thus pre-
venting deeper penetration of particles into the alveolar area
and enhancing mucociliary clearance (Goerke, 1998). Indeed,
Lankoff and coworkers showed that aggregated Ag and TiO;
nanoparticles had cytotoxic effects. However, these effects were
more pronounced for the least aggregated particles. Moreover,
aggregation was influenced by the type of suspension prepara-
tion. The effects also were influenced by the type of particle and
cell type used (Lankoff et al., 2012). As it was impossible to
obtain sufficient amounts of human ALF for thorough testing of
the particle types chosen, a comparison was carried out between
particle suspensions in water and submersion culture medium
(with/without HEPES), the latter representing the typical me-
dium used for in vitro submerse cultures, as well as approximat-
ing the physico-chemical characteristics of airway lining fluid
(Goerke, 1998).

The comparison of size measurements of latex beads suspend-
ed in nanopure water and culture medium did not demonstrate
the presence of large aggregates. Indeed, none of the particle or
PM types demonstrated an increased trend to form large size ag-
gregates in cell culture media, with the exception of Aerosil200,
as also demonstrated by the various methodologies employed
for particle characterization (Fig.4,5,9, 10, 15, 16, 18, S4). The
concurrent analysis of PM also did not demonstrate the occur-
rence of larger aggregates, thus supporting the initial hypothesis
that particles would behave similarly in nanopure water and cell
culture medium. Thus it may be hypothesized that particles or
particle mixtures, e.g., PM, would have comparable suspension
characteristics in cell culture media under submerse in virro cell
culture conditions as in the fluid film covering the epithelial lin-
ing of the lung and nasopharyngeal space.

The analysis of Aerosil200 demonstrated the presence oft
large aggregates in cell culture media by qualitative light mi-
croscopy (Fig. 4), as well as following Zetasizer analyses (Fig.
9B, 10B, S2D-F), irrespective of the evaluation format of the
Zetasizer data employed. As the corresponding Mastersizer
analyses did not demonstrate the presence of an increased
number of Aerosil200 aggregates in cell culture medium (Fig.
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16, 15A-B), it must be assumed that the number of aggregates
formed was too low for detection or that the stability to form
aggregates was limited in the cell culture medium suspensions
or was more pronounced for the water suspensions in the so-
dium polyphosphate medium used for the Mastersizer analyses
(Fig. 16B). The latter data confirmed the potential of Aero-
si1200 to form large aggregates in cell culture media, possibly
as a result of particle protein interactions and other compounds
present in the cell culture medium, as already reported earlier
for gold nanoparticles by Dobrovolskaia et al. (2008, 2009). It
is thus considered likely that Aerosil200 also would form ag-
gregates in the fluid film covering the epithelial lining of the
lung and nasopharyngeal space.

Thus the current data demonstrate that, beside other poten-
tial factors (medium characteristics, suspension preparation
techniques), specifically the particle type, here Aerosil200, ap-
peared to influence aggregation behavior of the suspensions
(Fig. S2D-F). The latter findings are corroborated by Ji et al.
(2010) who found that the concentration of BSA in the respec-
tive media was negatively correlated with TiO2 aggregate size,
suggesting that BSA enhanced homogeneous suspensions of
TiOz particles. Proteins in the medium influence, for exam-
ple, the particle size upon building a protein corona around it
(Dobrovolskaia et al., 2009). Moreover, nanoparticle size and
surface properties also determine the protein corona that is de-
veloped (Lundgvist et al., 2008). Despite the latter, it remains
unexplained why of all particle types employed in this study
only Aerosil200 formed visible aggregates in cell culture me-
dia, while more inhomogeneous and chemically diverse parti-
cle mixtures, €.g., the combustion particulate matter (PM#01,
PM#02 and PM #05), did not.

However, the data do demonstrate that particle size and ag-
gregation characterization can be achieved even for complex
mixtures with a small subset of methods. Indeed, as demon-
strated in Table 4, SEM evaluation is clearly helpful in provid-
ing a first impression of the homogeneity of the PM samples of
interest, while light microscopy provides a first indication of the
potential of a PM for forming aggregates in suspensions. Zeta-
sizer or Mastersizer analyses will provide acceptable to optimal
determination of particle size, as well as proof of PM aggre-
gates, provided the number of aggregates is sufficiently high to
be detected with the Mastersizer.

Indeed, for example, an upper grain size of dg74 with
18 uym and dso% with 4 ym for DQ25 (Tab. 3) was provided
by the manufacturer of DQ25. However, according to number
weighted measurements with Zetasizer and Mastersizer, as well
as Nanosight measurements, smaller sizes were detected. The
Zetasizer measurements yielded sizes between 600 and 2,000
nm, consistent with Mastersizer measurements with sizes in cell
culture medium and water between 300 and 4,000 nm, whereas
the Nanosight was able to detect the smaller size fractions be-
tween 250-300 nm (Fig. 16, 18).

Consequently, Nanosight determinations may be helpful for
size characterization. With an upper range of <1 ym Nanosight,
however, measurements may prove unreliable, especially when
analyzing complex particle mixtures with highly variant particle
sizes and forms, e.g., PM (Tab. 4).
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Although the data generated suggest that Zetasizer analy-
ses are optimal, even for complex and inhomogeneous PM,
sedimentation of bigger particles in an inhomogeneous parti-
cle suspension may profoundly influence the result of dynamic
light scattering measurements. The latter was especially ap-
parent in the quartz samples and PM samples requiring shorter
measurement times to avoid the potential influence of particle
sedimentation. Indeed, additional centrifugation experiments
(Fig. 56, S7) suggested that larger particles could influence
measurements of inhomogeneous suspension, as larger parti-
cles were detected in the centrifugation pellet than in the cor-
responding supernatant.

In contrast, due to measurement in a steady liquid flow pass-
ing the laser beam, the problem of sedimentation is avoided in
the Mastersizer measurements. However, as particle suspen-
sions have to be diluted in a sodium polyphosphate solution, an
additional factor influencing particle aggregation is introduced
that may affect Mastersizer measurements. In the latter method-
ology, inherent specificities may explain part of the differences
observed between Zetasizer and Mastersizer results. Although
the Mastersizer measurements of nanometer size particle sus-
pensions should be interpreted with caution, the Mastersizer
provides a larger determinable size range than the Zetasizer or
Nanosight (Tab. 4).

As shown in the detailed evaluation of the Zetasizer and Mas-
tersizer data, a true effect should be concluded from the data on-
ly when all data formats (intensity, volume, or number weighted
means) of the same methodology demonstrate significant differ-
ences (Fig. 9B, $S2D-F) and when differences are large. The lat-
ter also suggest that “false positive” significant differences can
be generated in these analyses when differences are small and
when only one of the data formats shows a significant difference
whereas the others do not (Fig. S2A-C, 5§3-S5).

Thus careful data interpretation of the particle suspension
characteristics is key to understanding particle distribution
within a cell culture medium and thus understanding the po-
tential availability of individual particles to the exposed cells
(Dobrovolskaia et al., 2008; Lundqvist et al., 2008), as well as
the ensuing biological effects determined (Baulig et al., 2004;
Kocbach et al., 2008; Schwarze et al., 2007; Wick et al., 2007).
Taken together, the current data suggest that i) both the Zetasiz-
er and Mastersizer analyses will provide reliable size and aggre-
gation characterization, even for inhomogeneous samples with
unknown size distribution, e.g., PM from wood combustion;
and ii) despite the possible advantages of Mastersizer measure-
ments, one single method will not suffice for particle charac-
terization or size determination, as limitations of the individual
methods (Tab. 4), as well as individual sample preparation, will
strongly influence the outcome of the analysis and the cellu-
lar responses observed (Lankoff et al., 2012). Consequently,
a minimum of two methods not employing the same physical
principle for aggregate or size determination will be required for
a reliable particle characterization.

Beyond size and aggregation potential characterization, the
type (nature) of the particles is of utmost importance. While la-
tex beads and quartz particles are homogenous with regard to
their composition, this is not the case for PM. Indeed, the three



PM samples analyzed differ dramatically with regard to their
content of salts, soot, and toxic contaminants, e.g., PAH (Tab.
7). The latter is a result of the type and form of wood employed,
the water, bark, and salt content of the wood (Ragland et al.,
1991), as well as of the type of furnace and combustion condi-
tions chosen. As suggested in Figure 3, an incomplete combus-
tion process is more likely to produce an inhomogeneous PM,
e.g., PM#01 and #02, than a complete combustion (PM#05)
with a predominant proportion of smaller size particles. How-
ever, under medium suspension conditions PM#05 with its
smaller particles is more prone to produce an increased number
of larger size aggregates (Fig. 17C, 15D). Obviously, the latter
would most likely be an indication of whether these PM can
reach the deep alveolar space or whether a major proportion of
the material is aggregated in the ALF and then excreted via mu-
cociliary clearance (Goerke, 1998). Thus the physico-chemical
behavior within respiratory system, the type (primary salt or
soot particles) and the toxin content of the PM will govern the
biological response.

Upon testing the three different PM, none of the PM dem-
onstrated an overt cytotoxicity, thereby corroborating earlier
findings by Danielsen and coworkers (2011) who found no cy-
totoxicity with the LDH assay in A-549 and THP-1 cells after
exposure to PM of different sample sites and of different com-
bustion conditions. However, when a more refined biological
endpoint was employed, i.e., the determination of whether any
of these PM could interact with the Ah-receptor, using the PAH
CALUX® Ah-receptor transactivation assay, a dramatic differ-
ence in response was observed (Fig. 21). Organic extracts of
the tested PM should contain nearly all of the PAHs present.
Dissolved in DMSO, all of the PAH originating from the PM
samples should be biologically available for binding to the Ah-
receptor in vitro. Concomitant with the latter, the higher the
PAH content of the PM samples, the stronger the response in
the PAH CALUX® Ah-receptor transactivation assay.

However, as demonstrated in Figure 21 and Table 9, the total
amount of PAH detected in the PM samples did not correspond
to the response observed in vitro. Indeed, although PM#02
contained approximately 8-times more PAH than PM#01, the
exttracts of PM#01 and #02 were nearly equipotent (0.7-fold)
in the PAH CALUX® assay. Moreover, PM#02 contained ap-
proximately 61-times more PAH than PM#05, but the extracts
of PM#02 were only 9-fold more potent than those of PM#05.
Obviously the latter interpretation is based on the incorrect as-
sumption that all PAH are equipotent in their binding affinity
and capacity to the Ah-receptor. Indeed, it is the individual PAH
congener and its respective concentration that drives the PAH
CALUX® assay response.

As the total concentration of PAH with known high affin-
ity for the Ah-receptor and transactivation capability is much
higher in PM#02 than in PM#01, it is assumed that the high
concentrations of the other PAH present (phenanthrene, anthra-
cene, fluoranthene, pyrene) may have weakly or nonspecifically
bound to the Ah-receptor and thus competed with the specific
binding of the Ah-receptor interactants in the assay. Moreover,
the chemical PAH analysis only encompassed the 16 US EPA

PAHs. Of these, only a fraction are capable of interacting (acti-

vating) with the Ah-receptor in the PAH CALUX® assay. How-
ever, there are many more PAHs known with activity towards
the Ah receptor, that are not detected via the 16 US EPA PAH
analysis. Consequently, differences, or the lack thereof, be-
tween extracts of PM#01 and #02 also may have resulted from
Ah-receptor active PAHs in the extracts not detected with the
routine 16 US EPA PAH analysis.

When comparing the response of PM as suspensions in the
PAH CALUX® assay, the potency of the mixtures were PM#02
>PM#01 >>PM#05 (Fig. 21 A, Tab. 9). However, contrary to the
finding with the extracts, PM#01 was approximately 65-times
less potent than PM#02, suggesting that not all relevant PAHs
for Ah-receptor interaction were biologically available from
the PM#01 particle suspension. The same holds true for the
comparison of particle suspensions and extracts of PM#02 and
PM#0S5, where the particle suspension of PM#05 was 252-fold
less potent than an equal amount of PM#02, despite the fact that
PM#02 only had a 68-fold higher PAH content.

The above findings, albeit preliminary and certainly requir-
ing more in-depth investigation, suggest that the bioavailabil-
ity of toxins (toxicokinetic component), in this case PAH, is
governed by the physico-chemical composition of the PM and
that the latter strongly influences the biological response (toxi-
codynamic component). More importantly, these data strong-
ly suggest that the mere chemical analyses of PAH in a PM
sample, as is current practice for the risk assessment of PM
(Mumtaz and George, 1995), will not suffice to predict poten-
tial adverse effects.

Supplementary data

The supplementary data file at www.altex-edition.org displays the
results of all conducted measurements not shown in this manu-
script. Beside the 1 mg/ml concentration measurements presented
in this paper, two further concentrations (0.5 and 2 mg/ml) were
measured for PM and quartz samples. Moreover, all result transfor-
mations of Zetasizer and Mastersizer measurements are shown.
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