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Until now, the adverse effects of toner powders on
humans have been considered to be minimal.
However, several recent reports have suggested
possible significant adverse health effects from
toner dust inhalation. The aim of this study was to
evaluate the genotoxic potential of black toner
powders in vitro. For the study of DNA damage,
A549 cells were exposed to toner-powder suspen-
sions and to their DMSO extracts, and then sub-
jected to the comet assay and to the in-vitro cytoki-
nesis block micronucleus test (CB-MNuvit). Cyto-
toxic effects of the toner samples were assessed
by the erythrosin B assay. Furthermore, size,
shape, and composition of the toner powders
were investigated. None of the three toner pow-
ders or their DMSO extracts reduced cell viability;
however, they did induce DNA damage and

formed micronuclei at concentrations from 80 to
400 pg cm™2, although to a varying extent. All
toner powders contain considerable amounts of
the pigments carbon black and magnetite (Fe3Oy)
as well as small amounts of polycyclic aromatic
hydrocarbons (PAHs). The overall results of our in-
vitro study suggest that the investigated toner-pow-
der samples are not cytotoxic but genotoxic. From
the results of the physical and chemical characteri-
zation, we conclude that metals and metalloids as
components of magnetite, or PAHs as components
of the carbon-bearing material, are responsible
for the genotoxic effects. Further research is neces-
sary to determine the relevance of these in-vitro
observations for private and occupational toner
powder exposure.

INTRODUCTION

As aresult of rapid progress in office and home automation,
the number of instruments used for computing, information,
and communication has increased steadily in developed coun-
tries. Among these are laser printers, facsimile machines, and
photocopiers, which use powdered toner for printing charac-
ters and images. Thus, a substantial section of the population
may currently be exposed to toner powder. Workers manufac-
turing the powders and technicians changing the toner car-
tridges or maintaining the active devices come into direct con-
tact with considerable amounts of toner powder, and thus
belong to the population groups that have frequent high expo-
sure to toner particles. Office staff, on the other hand, is more
likely to be exposed to the emissions produced by printing or
photocopying rather than to the toner powder itself. Exposure
to ultrafine particles (UFP, diameter <0.1 pm) emitted from

the hardcopy devices is a topic of high concern for this group
[He et al., 2007; Schripp et al., 2008; Wensing et al., 2008].
Exposure to toner powder may occur via dermal routes by
direct skin or eye contact, respiration by inhalation, or inges-
tion if toner powder is swallowed accidentally.

Toner powders consist of very small particles of a ther-
moplastic polymer, usually a styrene-acrylate copolymer,
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which is fixed onto the paper by fusion at about 170 °C.
Black toner powders contain carbon black (CB) or iron
(Fe) oxides as pigments, whereas color toners additionally
contain various organic pigments. In addition to these
main constituents, toner powders contain various addi-
tives, such as wax and silica, and in some cases minor
amounts of certain salts to control the electromagnetic
properties [Lin and Mermelstein, 1994; Moller et al.,
2004]. It is known that the main constituents CB and Fe
oxide can contain impurities, namely polycyclic aromatic
hydrocarbons (PAHs) and heavy metals [Lofroth et al.,
1980; Jungnickel et al., 2002]. The diameter of individual
toner particles ranges typically between 2 and 10 pm [Lin
and Mermelstein, 1994; Moller et al., 2004].

Until now, the health effects of toner powder on humans
have been considered to be minimal. However, several
reports have suggested that inhalation of toner powder may
have significant adverse health effects [Tencati and Novey,
1983; Yassi and Warrington, 1988; Wieriks, 1996; Rybicki
et al., 2004]. For example, Gallardo et al. [1994] reported a
case of siderosilicosis, and Armbruster et al. [1996] reported
a case of granulomatous pneumonitis possibly related to
toner-powder inhalation at the workplace. Various people
have reported to react sensitively when exposed to toner pow-
der or toner emissions, displaying allergic reactions of the
skin, the eyes, and the respiratory tract [Galun and Rubinow,
1989; Skoner et al., 1990; Zina et al., 2000; Wittczak et al.,
2003]. A few epidemiological studies evaluated the effects of
toner-powder exposure on respiratory health in a human pop-
ulation, but observed no relationship between toner-powder
exposure via inhalation and the risk of adverse respiratory
effects [Canham, 1996; Nakadate et al., 2006].

In animal experiments, accumulation of toner particles in
the lung following long-term inhalation exposure to high
toner concentrations may cause chronic inflammation and
lung fibrosis but does not show increased lung tumor rates
[Morimoto et al., 2005]. However, intratracheal instillation
of very high doses of toner powder produced significantly
increased lung tumor rates in rats [Moller et al., 2004; Pott
and Roller, 2005; Mohr et al., 2006]. According to Pott and
Roller [2005], these effects do not depend on the composi-
tion of the different powders, but rather on particle size or
particle volume and on the potential of small particles to be
deposited on the lung epithelial cells.

As stated, commercial toner powders typically contain
Carbon Black. CB-particles are known to be genotoxic in
in vitro and in vivo assay systems [Totsuka et al., 2009].
According to the International Agency of Research on
Cancer (IARC), there is sufficient evidence in experimen-
tal animals for the cancerogenicity of CB and its extracts
[Rosenkranz et al., 1980], but there is inadequate evi-
dence for carcinogenicity in humans [IARC, 1996].

In this study, we investigated the in-vitro genotoxic
potential of black toner powders on the A549 cell line
(human alveolar epithelial-like) using the single-cell gel

electrophoresis (SCGE, comet) assay and the cytokinesis
block micronucleus (CB-MNvit) test. Cytotoxicity was
evaluated by the erythrosin B vital exclusion assay (cell vi-
ability; used for concentration finding) and the cytokinesis
block proliferation index (CBPI; cytostatic effect). The in-
vitro model used is based on the human permanent lung
cell line A549, because the alveolar epithelium is presum-
ably the area of the respiratory tract that is most exposed to
fine particles [Don Porto Carero et al., 2001; Aufderheide
et al., 2003; Schwerdtle and Hartwig, 2006]. For the experi-
ments, we chose three commercially available black toner
powders designed by global market leaders for laser print-
ers. The effects of these samples were compared to those of
Dorentrup quartz DQ12, which has a genotoxic potential
and may contribute to the carcinogenicity of silica in
humans. Respirable quartz powder has been classified as a
Group 1 carcinogen [TARC, 1997] and has been investi-
gated in numerous studies [Donaldson and Borm, 1998;
Fubini, 1998; Rimal et al., 2005; Wang et al., 2007]. Fur-
thermore, benzo[a]pyrene (B[a]P), a PAH known to be a
human carcinogen, was chosen as a second positive control
in the genotoxicity assays. In addition to chemical composi-
tion, other particle properties, such as size, shape, and crys-
tal structure, may also affect the toxicity of particles,
whereby the effects of chemical composition may be
enhanced, reduced, or cancelled. Therefore, the toner pow-
ders and the reference particles used in this study were
characterized by mineralogical and geochemical methods,
including X-ray diffraction (XRD), atomic absorption spec-
troscopy (AAS), scanning electron microscopy (SEM), and
energy-dispersive X-ray (EDX) spectroscopy.

MATERIALS AND METHODS
Chemicals

Benzo[a]pyrene (B[a]P) with a purity of > 98% (CAS No 50-32-8) was
obtained from Aldrich (Miinchen, Germany). EMS with a purity of >99%
(CAS No 62-50-0) was obtained from Alfa Aesar (Karlsruhe, Germany).
B[a]P and EMS solutions were made with dimethylsulfoxide (DMSO). Dul-
becco’s Modified Eagle’s Medium (DMEM) supplemented with Low Glu-
cose (1 g L™") and with L-glutamine, FBS, trypsine, and phosphate buffered
saline (PBS) were purchased from PAA Laboratories (Parsching, Austria).
HEPES buffer, DMSO, cytochalasin B, erythrosin B, DAPI (4’6-diamidino-
2-phenylindole-dihydro-chloride) for microscopy were obtained from
Sigma-Aldrich (Miinchen, Germany). HBSS (Hank’s Buffered Salt Solu-
tion) was obtained from Life-Technologies (Karlsruhe, Germany). Tris
buffer was obtained from Merck (Darmstadt, Germany). DQI2 (batch 6,
TUF), used as a standard material, was kindly provided by Dr. Roel Schins
(Environmental Health Research Institute, IUF, Diisseldorf, Germany).

Toner Powders and Quartz DQ12

Toner powders A (Kyocera TK-16H), B (Kyocera TK-17), and C
(Hewlett-Packard LaserJet C4092A) used in our study are original toner
powders for use with laser printers and are commercially available.
According to the producers, toner powders A and B consist of styrene
acrylate copolymer (50-60 wt%), magnetite (30—40 wt%), titanium diox-
ide (CAS No. 13463-67-7), (1-5 wt%), silica (CAS No. 7631-86-9), (1-
5 wt%) and CB (<1 wt%). Additionally, toner powder A contains poly
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propylene wax (CAS No. 9003-07-0) and aluminia (Al,O3) (CAS No.
1344-28-1). Toner powder C consists of styrene acrylate copolymer (40—
50 wt%) and magnetite (40-50 wt%).

According to the supplier, the reference DQ12 exhibits a median di-
ameter of 1-2 pm and contains 87 wt% crystalline quartz and addition-
ally amorphous SiO, with small contaminations of kaolinite. SEM and
XRD analysis performed on DQ12 (same methods as for toner powders,
see next sections) affirmed that it consists of crystalline quartz showing
a size range of 80 nm to 3 um, with two peaks around 100 nm and 1
pm (data not shown).

Determination of Particle Size, Morphology, and
Composition of Toner Powders

The toner powders were investigated by SEM using two different proce-
dures: first, they were dispersed as powders directly onto carbon pads
mounted on the SEM sample holders. The samples were then studied in
secondary electron (SE) and backscattered electron (BSE) modes using a
Philips SEM (FEI XL 30 Sirion FEG). For SEM analysis (LEO FE 1525),
toner-powder suspensions were prepared according to the method
described below. After 20 min of sonication at room temperature (22°C) in
an ultrasonic water bath, the suspension was pipetted onto a carbon pad
(Toners A and B) or directly onto the SEM sample holder (Toner C).

SE images reveal the morphologic and surface features of the individ-
ual toner particles. BSE images, on the other hand, yield qualitative
chemical information, whereby the greyscale contrast depends on the
mean atomic number: particles containing heavy elements, such as Fe,
appear bright, whereas particles containing light elements (e.g., C)
appear darker. SEM has been used for imaging and energy-dispersive X-
ray spectra (EDX), thus providing information on particle composition.

Determination of the Phases in the Toner Powders

The toner powders were studied by powder X-ray diffractometry
(XRD) using a Bruker AXS D8 Advance diffractometer. The toners
were dispersed onto zero-background silicon sample holders and then
scanned from 2 to 65°26, with a step size of 0.02° and a dwell time of 6
sec/step using Cu Ko radiation. The spectra were compared with the
ICPDF database to identify the phases present in the toner.

Determination of Metals and Metalloids in the Toner
Powders and DMSO Extracts

The bulk contents of selected metals and metalloids in the toner pow-
ders were determined by atomic absorption spectroscopy (AAS) after
digesting the toner according to two different procedures: The first
method comprises total digestion, accomplished in a mixture of 8 mL
HNOs, 3 mL HBF,, and 1 mL H,O, in a microwave oven. The second
procedure, consisting of digestion in aqua regia, i.e., a mixture of 1.2
mL HNO3;, 3.6 mL HCI, and 0.5 mL H,O, does not dissolve the toners
completely, but reveals the environmentally relevant, i.e., more soluble
fraction of the toners [DEV, 2009]. Elements with low concentrations
(As, Pb, Sb, Ni, Cd) were analyzed by graphite-furnace AAS (Perkin-
Elmer 4110 ZL Zeeman), whereas elements with high concentrations
(Fe, Zn) were analyzed by flame AAS (Analytik Jena, AAS Vario 6).
The DMSO extracts from each toner were analyzed in the same way as
the digested toner dusts.

The bulk Si concentration in the toner powders was determined using
a Perkin Elmer Lambda 40 UV/VIS Photometer.

Determination of PAH Content in the Toner Powders

The PAH profile analysis in toner powders was performed using a meth-
odology described previously with some modifications [Grimmer et al.,

1997]. Briefly, an aliquot of each toner powder (5 g) was extracted with
toluene in a Soxhlet apparatus for 2 hr. The extract was concentrated under
vacuum and the residue was dissolved in cyclohexane. The cyclohexane
phase was partitioned against dimethyl formamide/H,O (9:1). The dime-
thylformamide (DMF) phase was reextracted with cyclohexane after dilu-
tion with water (1:1). The obtained cyclohexane phase was separated and
carefully concentrated under vacuum. The concentrate was chromato-
graphed on a partially deactivated silica gel column (5 g) and after
exchanging the solvent to toluene an aliquot of 1 pL was analyzed by GC-
MS using the splitless mode. An Agilent technologies 6890 N apparatus
was used equipped with a 7683 automated liquid sampler and connected to
a 5973 network mass selective detector (MSD, Agilent Technologies). A
Zebron ZB-35 MS capillary (35% phenyl-methyl polysiloxane, 30 m X
0.25 mm X 0.25 um [film thickness], Phenomenex('}”, Aschaffenburg, Ger-
many) was applied for separation of the PAH profile. As internal standards
the following PAH were used: dg-naphthalene, dg-acenaphthylene, d;-ace-
naphthene, 2-fluorfluorene, d,q-phenanthrene, d;o-fluoranthene, d,o-py-
rene, djp-benzo[a]anthracene, di,-benzo[b]fluoranthene, d;,-benzola]pyr-
ene, indenol 1,2,3-cd]fluoranthene, d,-benzo|ghi]perylene.

Preparation of Toner-Powder Suspensions

Prior to the experiments, different amounts of each toner (60-mg toner
for erytrosin B exclusion assay and comet assay, 120 mg toner for CB-
MNvit assay) were suspended in 30 mL complete culture medium, sup-
plemented with 2.5 pLL Tween 20 in a 100 mL glass vial. These mixtures
were sonicated for 20 min at 40°C in an ultrasonic water bath (Sonorex
Bandelin, Berlin, Germany) to ensure homogeneous suspensions. The
suspensions were diluted in culture medium to contain a stock solution
(1,000 pg cm2) and this stock solution was further diluted in culture
medium to obtain concentrations of 80, 100, 133, 200, and 400 pg cm 2
for each bioassay.

Preparation of Toner-Powder (DMSO) Extracts

Prior to use, 1 g of each toner powder was suspended in 5-mL DMSO
in a plastic Falcon tube and vigorously shaken in a Roto-Shaker (Scien-
tific Industries) for 24 hr at 30°C. The suspensions were then centrifuged
two times for 10 min at 5,000 rpm (21°C). The supernatant (DMSO
extract) was removed and sterile (<0.22 um) filtered into another tube.
The DMSO extract was further diluted in culture medium to obtain con-
centrations corresponding to 80, 100, 133, 200, and 400 pg cm” 2 of
toner powder for each bioassay. The final concentration of DMSO in the
tissue culture medium was 0.1 vol%.

Preparation of DQI2 Particle Suspension

Quartz DQ12 powder was weighed and baked for 16 hr at 220°C to
destroy endotoxins. A stock solution (5 mg mL™") was prepared by sus-
pending this treated quartz DQ12 in HBSS. The solution was sonicated
for 5 min in a water bath and then diluted into the culture dishes to
obtain the indicated final concentrations.

Cell Line and Cell Culture

The human lung adenocarcinoma Type-II alveolar epithelial cells
A549 were obtained from the DSMZ (Deutsche Sammlung von Mikroor-
ganismen und Zellkulturen GmbH, Braunschweig, Germany). The cells
derived from a 58-year-old male Caucasian with alveolar cell carcinoma
[Lieber et al., 1976; Giard et al., 1997] retain many of the characteristics
of normal Type-II cells and have been used extensively to assess Type-II
cell function [Lechner et al., 1983]. Adherent cells were cultured in plas-
tic flasks in DMEM supplemented with 10% FBS, 1% HEPES-Buffer (1
M), 1% gentamycine in a humidified incubator at 37°C with 5 vol%
CO,. A549 cells were harvested with 0.15% trypsin and 0.08% EDTA.
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Cell Treatment

For the experiments, cells were trypsinised at confluency, seeded into
12-well tissue culture plates (Greiner) for the viability assay and the
comet assay, or in chambers of QuadriPERM-dishes (Falcon, Heidelberg,
Germany) for the CB-MNvit test, and grown until confluency. The cells
were rinsed two times with phosphate buffered saline (PBS) and then
treated with the toner powder for 24 hr. As positive controls, cells were
treated with B[a]P (200 pmol L") and ethyl methanesulfonate (EMS,
2.8 mmol L™") for 24 hr. Both the culture medium and the sterile
DMSO were used as solvent controls. The positive controls and solvent
controls were included concurrently in each experiment. For a further
positive control, the cells were treated with suspensions of DQI12 (100
ne cm?). This treatment was carried out in FBS (fetal bovine serum)-
free medium for 4 hr (comet assay), due to interactions between the
quartz particles and serum proteins. These interactions may lead to
masking of the toxic effects of the positive particle control. According to
our own observations, however, this effect does not occur when exposure
is extended to 48 hr (CB-MNvit assay).

Erythrosin B Vital Exclusion Assay

A549 cells (state of confluence: max. 70%) were treated for 24 hr
with different concentrations of toner powder suspensions and DMSO
extracts (80, 100, 133, 200, and 400 pg cmfz). Untreated controls were
included in all treatment regimens. Cell viability was evaluated immedi-
ately after exposure. Treated cells and solvent control were washed
extensively with PBS buffer (PAA, Pasching, Germany) to remove toner
particles from each well, harvested by trypsin treatment, and cell count-
ing was performed following erythrosin B staining (1 mg mL™" in PBS)
using a light microscope. In this assay, the membranes of dead cells are
permeable to the dye, whereas living cells remain unstained. Addition-
ally, erythrosin B permeates into cells that have sustained critical dam-
age to their plasma membranes. Cell viability is expressed as the per-
centage of surviving cells compared to the total number of cells. A sam-
ple is considered to be cytotoxic to the A549 cells if the decrease in cell
viability is <50%.

Single-Cell Gel Electrophoresis (SCGE, Comet)
Genotoxicity Assay

The comet assay was carried out according to the protocols of Singh
et al. [1988] and Tice et al. [2000] with minor modifications. The cells
were washed extensively with PBS buffer (PAA, Pasching, Germany).
After trypsination with 1 mL trypsine (PAA, Pasching, Germany) for 5
min, the cell suspension was centrifuged. The supernatant was removed
and the cells were then resuspended in 100 pL of 0.5 wt% low-melting
point agarose before being transferred onto fully frosted slides and cov-
ered with a coverglass. The slides were prepared with a first layer of 1
wt% normal melting point agarose and a second layer of 0.7 wt% nor-
mal-melting point agarose. The slides were stored for 15 min at 4°C to
allow solidification. Following solidification, the coverglasses were
removed and the slides immersed in lysis buffer (2.5 M NaCl, 100 mM
EDTA-Titriplex, 0.2 M NaOH, 1 vol% Triton X-100, pH = 10) at 4°C
and stored for 24 hr at the same temperature. Thereafter, the slides were
rinsed with distilled water and placed in a horizontal gel electrophoresis
chamber (Pharmacia Biotech, Freiburg, Germany) filled with ice-cold
electrophoresis buffer (0.3 M NaOH, 1 mM EDTA-Titriplex, pH>13)
for 20 min subjecting to unwinding under alkaline conditions to allow
DNA supercoils to relax and express DNA single strand breaks and al-

CBPI =

kali labile sites. Electrophoresis was conducted at 25 V and 300 mA for
25 min, followed by a 10-min neutralization with Tris buffer (0.4 M
Tris, pH = 7.5) and washing twice in distilled water.

To analyze DNA damage in the comet assay, cells were stained with
60 pL of an ethidiumbromide solution (0.1 pL mL™"). Only the slides
treated with DQ12 were stained with 50 puL DAPI (0.2 pg mL™")
because of the high self-fluorescence of these particles. The slides were
coded and analyzed immediately by two observers using a fluorescence
microscope (DMLS, Leica, Germany) at 400-fold magnification. At least
100 randomly chosen cells from each slide were analyzed with an imag-
ing software (Kinetic Imaging, UK). With this imaging software the
comet parameter OTM (Olive Tail Moment) and additionally the param-
eter %Tail DNA were calculated. The % Tail-DNA is the percent of
DNA as fluorescence in the tail; OTM is the product of the percentage
of DNA in the tail (% tail DNA) and the distance between the means of
the head and tail fluorescence distributions. OTM was expressed in arbi-
trary units.

Cytokinesis Block Micronucleus (CB-MNVvit) Test

The CB-MNUvit assay is an in-vitro method that uses cultured human
or rodent cells. It provides a comprehensive basis for investigating the
chromosome-damaging potential in vitro because both aneugens and
clastogens can be detected. The CB-MNvit test was carried out accord-
ing to the guideline of an OECD draft [2007] and the protocol of Fenech
[2000]. The cell suspensions, adjusted to a cell density of 100,000 cells
per culture (5 mL), were spread onto microscope slides that were kept in
chambers of QuadriPERM-dishes, so that each single chamber was a
separate culture. After 24 hr-treatment, the cells were washed extensively
with PBS buffer to remove dust particles from each slide. Cells were
cultured for further 24 hr in the presence of cytochalasin B (final con-
centration 3 pg mL™") to block cell division. At the end of the incuba-
tion period, cells were washed with PBS twice and treated with 5 mL tri-
sodium-citrate solution (1.5 wt%) at 37°C for 3-5 min. After removing
the trisodium-citrate solution, cells were fixed two times with 5 mL of a
fixation solution containing 150 mL ethanol, 50 mL acetic acid, and 2.5
mL of 37 vol% formaldehyde. Three independent experiments were per-
formed for each toner powder as well as for the quartz DQ12 particles.

Microscopic Evaluation and Micronuclei (MN) Scoring

After fixation, the cells were stained with a solution of DAPI (0.2 pg
mL ™). About 50 pL of this solution are placed on the glass slide and covered
with a coverslip. The preparations were evaluated using a fluorescence micro-
scope (DML, Leica, Germany), with the filter set to 365-nm excitation and
420-nm emission wave length (specific for DAPI). Analysis was performed at
400-fold magnification by one observer. All slides were coded before scoring.
The binucleated cells (BNC) were selected according to criteria described by
Umegaki and Fenech [2000] and Fenech [2007]. Apoptotic and necrotic cells
were included in the total cell number; however micronuclei were not scored
in these cells. For each sample, the number of micronuclei (MNBNC) in at
least 1,000 BNC was examined and the MNBNC/1,000 BNC ratio was calcu-
lated. Round or oval, nonrefractile bodies detached from the nucleus, with
smooth outlines and with a diameter not greater than one-third the large diam-
eter of the main nuclei were considered as MN. To rule out cytotoxic effects,
the cytochalasin block proliferation index (CBPI) of each sample was
evaluated according to Suralles et al. [1995] by assessing 500 cells. The
CBPI indicates the number of cell cycles per cell during the period of
exposure to cytochalasin B, and is calculated as follows:

(No. mononucleated cells) + (2X No. binucleated cells) + (3X No. multinucleated cells)

total number of cells counted
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Fig. 1.

Toner B

Back-scattered electron images (BSE) showing size distribution of toner powders A, B, and C. Magnetite particles appear bright, whereas car-

bon-bearing substrate appears grey. Note that Toners B and C contain more submicrometer-sized magnetite particles than A.

Fig. 2. Secondary electron (SE) and BSE image of Toner B showing rounded magnetite particles (30—200 nm) on carbon-bearing toner particle.

Statistical Analysis

All data presented are given as mean * standard deviation (SD) of
three independent experiments. Data shown for the comet assay are
mean OTM * SD. One-way analysis of variance (ANOVA, SPSS
Statistics 17.0, Microsoft) was applied to examine whether the OTM
or % Tail DNA after in-vitro exposure was statistically significantly
affected by treatments of cultures with the toner samples. A post-hoc
Tukey’s test was then used to examine which treated cultures were
statistically significantly different from the results of the concurrent
untreated control culture. A difference was considered significant at P
< 0.05. Data shown for the micronucleus assay are mean MNBNC/
1000 BNC + SD. The y-test was used for comparison of treated
cultures with the untreated solvent controls in each set of experi-
ments.

RESULTS
Particle Size, Morphology, and Composition

Toner powders consist of carbon-bearing, rounded to
slightly elongated particles with typical diameters of 2—12
pm (Fig. 1). The particle surface is slightly rough and is
covered by rounded submicrometer-sized particles with a
diameter of 30-200 nm (Fig. 2). The EDX spectra docu-
ment that these nanoparticles are Fe-rich; consistent with
the bright appearance of these particles in back-scattered
electron (BSE) images (Figs. 1 and 2). The EDX spectra
further show that the Fe-rich particles contain consider-
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TABLEI. Concentrations (in mg kg_l) of Selected Elements in the Toner Powders A, B, and C as well as in Their DMSO

Extracts
Toner type Material analyzed Si Fe Ni Zn As Cd Sb Pb
Toner A Total digestion 76,500 30,000 5.85 35.7 31 <0.02 <2.5 1.1
Aqua regia digestion <1,000 29,100 5.73 26.5 3.38 <0.02 <25 <0.25
DMSO extract (1:50) n.a. 4.6 0.004 <0.03 <0.005 n.a. n.a. 0.003
Toner B Total digestion 62,100 230,000 17.5 31.2 24 <0.02 <2.5 0.8
Aqua regia digestion <1,000 205,000 15.6 30.7 2.54 <0.02 <2.5 0.54
DMSO extract (1:50) n.a. 291 0.004 <0.03 <0.005 n.a. n.a. 0.004
Toner C Total digestion 57,400 280,000 23.5 72.6 22.1 <0.02 <2.5 1
Aqua regia digestion <1,000 277,000 21.5 35.5 2.24 <0.02 <2.5 0.7
DMSO extract (1:50) n.a. 4.84 0.005 <0.03 <0.005 n.a. n.a. 0.004
Notes: n.a. = not analyzed. SiO, is not soluble in aqua regia.
able amounts of oxygen. The XRD patterns (Fig. 3) 220 M
reveal the presence of magnetite (Fe;04) in all three toner s B I
. . . 180 T Toner B
powders, demonstrating that the observed Fe-rich submi- 160 11— Toner A
crometer-sized particles are magnetite. In addition to the 140
magnetite peaks, the XRD patterns show a pronounced £ 120
broad hump in the background between ~ 10 and 25 °20, §100 M
which results from the diffuse scattering of X-rays due to :2 - ” -
the presence of an amorphous phase, which must be the a0 | |
. . . . " ™M
carbonaceous material. This hump in the XRD pattern is 20 \ i
especially pronounced for toner Powder A, which, how- 0+ —

ever, exhibits much smaller peaks of magnetite (Fig. 3).
The XRD patterns also indicate that small amounts of ru-
tile (tetragonal TiO, polymorph), cristobalite (tetragonal
SiO, polymorph), and possibly perovskite (CaTiO3z) might
be present in the toner; SEM-EDX spectra of toner par-
ticles reveal a small titanium (Ti) peak for toner B and
small silicon (Si) peaks for Toners B and C.

In the toner-powder suspension samples (see Materials
and Methods) the carbon-bearing particles still exhibit the
same size and remain covered by magnetite particles. As
a result of sonication for 20 min, however, some magne-
tite particles have been separated from their carbonaceous
substrate, and frequently form agglomerates or have reac-
cumulated in surface depressions. These features were not
observed in toner-powder samples which were not soni-
cated prior to SEM investigation.

Chemical Composition of the Toner Powders

Toner Powders B and C show bulk Fe and nickel (Ni)
concentrations that are eight to nine times, respectively
three to four times higher than those in toner A (Table I;
total digestion). These data are consistent with the higher
abundance of magnetite observed in the SEM images
(Fig. 2) and XRD patterns (Fig. 3) of toner Powders B
and C.

As opposed to total digestion, only the more soluble
compounds are dissolved during aqua regia digestion. The
data show that the concentration of the more soluble frac-
tion of arsenic (As) is ~ 10 times lower than in the bulk
toner. Silicon is not detected after aqua regia digestion,

5 10 15 20 25 30 35 40 45 50 55 6
Degrees 2-Theta

Fig. 3. XRD pattern (spectra) of toner Powders A, B, and C showing a
broad peak of amorphous C-compound and high characteristic peaks of
magnetite (M). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

With regard to the other elements analyzed, the two dif-
ferent digestion methods yield concentration differences
that are much less pronounced.

To determine whether or not elements had been
released from the toner powders to the DMSO extracts,
the extracts were also analyzed chemically with the same
procedures (see Materials and Methods). The data reveal
the presence of Fe, Ni, and Pb, albeit in very small con-
centrations in the DMSO extracts (Table I). Only Fe is
present on a ppm level. The other elements sought could
not be detected in the extracts with the chosen analytical
methods.

The three toner powders contain low amounts of PAH
(Table II): with the exception of naphthalene, acenaphthy-
lene, and phenanthrene, the concentrations of PAH are
below 100 pg kg™, i.e., <100 ppb. The sum of 32 PAH in
the toner powders ranged from 405 to 2,623 ppm. Toner
Powders A and B contain much higher amounts (1-2 orders
of magnitude) of most PAHs than toner Powder C.

Cell Viability

The cell viability of A549 cells treated with toner pow-
der suspensions and with DMSO extracts, as assessed by
the erythrosin B vital exclusion assay after 24 hr, is
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TABLEIl. PAH Concentrations (ug kg_l) in Toner Powders A,
B, and C

PAH Toner A Toner B Toner C
Naphthalene 325.55 577.08 376.91
Acenaphthylene 39.30 117.88 1.03
Acenaphthene 5.55 78.36 5.57
Fluorene 2.58 35.78 4.97
Phenanthrene 76.93 1657.37 9.25
Anthracene 1.04 42.69 0.56
Fluoranthene 14.22 8.97 1.19
Pyrene 54.39 47.26 1.73
Benzo[c]fluorene 0.09 0.06 <0.05
Benzo[b]naphtho[2,1-d]thiophene 0.06 0.13 0.10
Benzo[ghi]fluoranthene 441 3.50 0.10
Benzo[c]phenanthrene 0.21 0.16 0.05
Benzo[a]anthracene 0.33 0.56 0.18
Cyclopenta[cd]pyrene <0.07 25.14 1.84
Triphenylene 0.22 0.52 0.18
Chrysene 0.62 0.38 0.19
5-Methylchrysene <0.03 <0.03 <0.03
Benzo[b]fluoranthene 0.36 0.22 0.15
Benzo[k]fluoranthene 0.17 0.07 0.05
Benzo[j]fluoranthene 0.16 0.07 0.05
Benzo[b+j+k]fluoranthene 0.69 0.36 0.25
Benzo[e]pyrene 1.24 091 0.13
Benzo[a]pyrene 0.76 0.66 <0.08
Perylene 0.14 0.09 <0.05
Indeno[1,2,3-cd]pyrene 0.68 0.86 <0.06
Dibenzo[a,h]anthracene <0.02 <0.02 <0.02
Benzo[ghi]perylene 4.88 8.92 0.09
Anthanthrene 0.80 1.21 <0.04
Dibenzol[a,/]pyrene <0.04 <0.04 <0.04
Dibenzo[a,e]pyrene <0.04 <0.04 <0.04
Dibenzol[a,i]pyrene <0.04 <0.04 <0.04
Dibenzo[a,h]pyrene <0.04 <0.04 <0.04
Coronene 3.81 13.75 <0.04
Sum of 32 PAH 539.47 2623.17 405.10

shown in Figures 4A and 4B. None of the toner samples
was able to reduce cell viability by 50%. These results
reveal no impact of toner powder suspensions and DMSO
extracts (i.e., devoid of particles) on cell viability. In con-
clusion, neither toner powder suspensions nor DMSO
extracts were cytotoxic up to concentrations of 400 pg
cm™ % to A549 cells after 24-hr exposure.

Induction of DNA Migration

After 24-hr exposure of A549 cells, all the toner pow-
der suspensions induced statistically significant increases
in DNA migration in a concentration-dependent manner
(1.5-4 times higher than the solvent control; P < 0.05,
Tukey’s test), represented in terms of OTM (Fig. 5A).
These effects were lower for all toner samples than for
the positive controls quartz DQ 12 (4-hr exposure; 100 pg
em % OTM: 1.90 = 0.05) and B[a]P (200 pmol L™ ';
OTM: 1.66 = 0.07). The suspension of toner Powder C
was less active than either toner Powders A or B. Similar
results were obtained for the DMSO extracts (Fig. 5B; P
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—a—toner powder B
0 —a—toner powder C
0 80 100 133 200 400
concentrations [ug/cm?]
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100 —_—
=< 80
2
2 60
S
>
e 40
20 - "toner powder A (DMSO extract)
—s—toner powder B (DMSO extract)
0 —a—toner powder C (DMSO extract)
0 80 100 133 200 400

concentrations [ug/cm?]

Fig. 4. Cell viability in human lung cells (A549) monitored by the
erythrosin B vital exclusion assay following 24-hr exposure to toner sus-
pensions (A) or DMSO extracts (B). Positive controls: quartz DQ12 (100
ug cm”2; cell viability [%] = 76.66 = 1.53) and B[a]P (200 pmol L™ ;
cell viability [%] = 81.33 = 2.08). The percentage of cell viability is
shown in relation to the solvent controls (0 pg em 2 = 100%). Each
symbol represents the mean of three independent experiments.

< 0.05, Tukey’s test): the extract of toner Powder B
caused the highest level of DNA migration, and, at a con-
centration of 400 pg cm 2, was slightly less genotoxic
than the positive controls. Since OTM and % Tail DNA
are the most commonly used parameters in comet analy-
sis, we further evaluated the extent of DNA migration in
terms of % Tail DNA. These results are shown in Figures
6A and 6B.

DNA migration elicited by the toner samples was simi-
lar in trend for this parameter to that observed for OTM,
although statistically significant concentration-dependent
DNA migration was only observed for Toner B. The %
Tail DNA was significantly increased for suspensions of
Toner A and C, as well as for the DMSO extract of Toner
A at concentrations of 400 pg cm™ 2 (Figs. 6A and 6B; P
< 0.05, Tukey’s test). DMSO extract of Toner C showed
no statistically significant effect compared to the corre-
sponding control (P > 0.05, Tukey’s test).

In conclusion, the extent of DNA damage varied
depending on toner samples and preparations. Toner B
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Fig. 5. DNA damage as measured by the comet assay and expressed as
Olive Tail Moment (arbitrary units) in cultured human lung cells (A549)
after 24-hr exposure to various concentrations of toner powder suspen-
sions (A) and their DMSO extracts (B). Positive controls: quartz DQ12
(100 pg cm 2, 4-hr treatment) and B[a]P (200 pmol Lfl). Data are
mean * SD of three independent experiments. *These treatments
resulted in a statistically significant effect in comparison to solvent con-
trols (0 pg cm™?) in one-way ANOVA followed by Tukey’s test—post
hoc comparisons of means, at the level of significance of P < 0.05.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

showed the highest induction of DNA damage, followed
by Toner A. Toner C was the least genotoxic.

Induction of Micronuclei

Figures 7 and 8 shows the level of induced micronuclei
in A549 cells by the toner-powder suspensions and their
DMSO extracts after 24 hr of exposure to concentrations
of 80, 100, 133, 200, and 400 png cm” 2. MN formation in
BNC resulting from the treatment of the cells with the
solvent controls (culture medium, DMSO) was 4-8
MNBNC/1,000 binucleated cells (BNC). The positive
controls showed a higher incidence of micronuclei (16-35
MNBNC/1,000 BNC), whereby the effects were in the
following order: EMS (2.8 mmol L™' > B[a]P (200
umol L™') > DQI2 (48-hr exposure;100 pg cm 2).
DMSO extract of toner Powder C did not have any signif-
icant effect on MN formation at all concentrations up to
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Fig. 6. DNA damage as measured by the comet assay and expressed as
% Tail-DNA in cultured human lung cells (A549) after 24-hr exposure
to various concentrations of toner powder suspensions (A) and their
DMSO extracts (B). Positive controls: quartz DQ12 (100 pg cm 2, 4-hr
treatment) and B[a]P (200 pmol Lfl). Data are mean * SD of three in-
dependent experiments. *These treatments resulted in a statistically sig-
nificant effect in comparison to solvent controls (0 pg cm™?) in one-way
ANOVA followed by Tukey’s test—post hoc comparisons of means, at
the level of significance of P < 0.05. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

400 pg cm 2 (P > 0.05, % test). A clear concentration-
dependency was observed for both suspension and DMSO
extract of toner A (P < 0.05, x> test). Suspension and
DMSO extract of Toner-B induced MN formation only at
concentrations of 200 and 400 pug cm > (P < 0.05, ¥*
test). In contrast to the DMSO extract, the suspension of
toner C increased the number of MNBNC at concentra-
tions of 200 and 400 pg cm 2 (P < 0.05, y* test). Cell
cycle delays (cytostatic effects) induced by the toner pow-
ders were measured by the CB-MNyvit test and expressed
by the parameter CBPI. CBPI of <1.5 indicating a slight
inhibition of cell proliferation, was found for the positive
control B[a]P (200 pmol Lfl), for toner powder suspen-
sion A (200 pg cm™?) and for the highest concentration
of all other toner samples (400 pg cm™2). In conclusion,
CBPI was not markedly affected by treatment with con-
centrations of the toner samples.

In summary, our results show that all toner-powder sus-
pensions, which contain Si, Fe, other metals or metalloids
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Fig. 7. Frequency of micronucleated binucleate cells (MNBNCs) per
1,000 binucleate cells (BNCs) and cytokinesis block proliferation index
(CBPI) in cultured human lung cells (A549) after 24-hr exposure to vari-
ous concentrations of toner powder suspensions A, B, and C. Positive
controls: quartz DQ12 (100 pg cm 2, 48-hr treatment), B[a]P (200 pmol
L"), and EMS (2.8 mmol L™!). Data represent mean MNBNC/1,000
BNC = SD from three independent experiments. Asterisks show those
data points that were statistically significantly higher than the results
obtained from the untreated control cultures (0 pg cm™?) in the % test;
#P < 0.05; **P < 0.01; ***P < 0.001. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Fig. 8. Frequency of micronucleated binucleate cells (MNBNCs) per
1,000 binucleate cells (BNCs) and cytokinesis block proliferation index
(CBPI) in cultured human lung cells (A549) after 24-hr exposure to vari-
ous concentrations of toner powder DMSO extracts A, B, and C. Posi-
tive controls: quartz DQ12 (100 pg cm™ 2, 48-hr treatment), B[a]P (200
pmol L™"), and EMS (2.8 mmol L™"). Data represent mean MNBNC/
1,000 BNC = SD from three independent experiments. Asterisks show
those data points that were statistically significantly higher than the
results obtained from the untreated control cultures (0 pug cm™2) in the
x2 test; *P < 0.05; **P < 0.01; ***P < 0.001. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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TABLE lll. Summary of Observed Toxicological Effects of Toner-Powder Suspensions and Their DMSO Extracts at Concentra-
tions of 80, 100, 133, 200, and 400 pg cm” 2, Including Reduction of Cell Viability (Erythrosin B Vital Exclusion Assay), DNA
Damage (Comet Assay; Parameter OTM in Arbitrary Units) and Induction of MNBNC (CB-MNvit)

Experiment Toner-powder suspensions Toner-powder extracts (DMSO)

Endpoint Reduction of DNA damage Induction of Reduction of cell DNA damage Induction of
cell viablity MNBNC viablity MNBNC

Toner A - ++ +++ - ++ +++

Toner B - +++ ++ - +++ ++

Toner C - + ++ - + -

+, ++, and +++ are used to depict weak, moderate, and strong concentration-dependent effects, respectively; — is used to depict the absence of
an effect.

and PAHs, and the toner-powder DMSO extracts A and extensive chronic inhalation studies in rodents did not
B, which contain no particles >220 nm, and which are reveal toxic effects from exposure to toner powders
poor in metals and metalloids, can cause DNA damage [Moller et al., 2004; Slesinski and Turnbull, 2008]. In
and induction of micronuclei in human lung epithelial contrast, however, a study by Pott and Roller [2005]
cells in vitro. Only DMSO extract of toner Powder C was revealed that chronic inhalation exposure of rodents to
seen to be negligibly toxic in both genotoxicity assays. toner powders (concentration: >10 mg of toner powder
The outcome of the cell viability assay shows toner-pow- per m’ air) led to an increase in the weight of the lung
der suspensions, respectively DMSO extracts to be noncy- (due to fibrosis), cell proliferation, and reduced pulmonary
totoxic. A comparative qualitative summary of the results clearance, but it did not enhance carcinoma incidence.
of the toxicological effects induced by the investigated Furthermore, several in-vitro studies examined various
toner samples, including cytotoxicity (erythrosin B vital toner powders with regard to their cytotoxic, genotoxic,
exclusion assay) and genotoxicity (comet, CB-MNvit) is and mutagenic potential in bacteria and cell models. The
given in Table III. toxicological endpoints investigated included: DNA dam-

age and mutation in Salmonella/microsome assay [Lofroth

et al., 1980; Lin, 1999; Moller et al., 2004], induction of
DISCUSSION sister chromatid exchange (SCE) and cell transformation

[Lin, 1999]. Moreover, studies on cytotoxicity [Furukawa

For some years now, exposure to toner powders or to et al.,, 2002; Moller et al., 2004] and release of inflamma-
their emissions released into indoor air during laser tory and reactive oxygen species (ROS) [Nies et al.,
printer and photocopier operation and maintenance has 2000; Furukawa et al., 2002; Moller et al., 2004] have
been discussed as a possible cause of health complaints, been performed.
especially regarding effects on the respiratory tract and None of the results of these in-vitro studies indicate
the immunological and nervous systems. A growing num- that toner powders or their extracts are either cytotoxic or
ber of people have reported to react sensitively when genotoxic, or that ROS are produced. At very high con-
exposed to toner powder or toner emissions [Stelting, centrations, a weak release of Tumor Necrosis Factor-
2006]. In Germany, a registered society has been formed, alpha (TNF-a) and the cytoplasmatic enzyme LDH has
which to date has registered more than 2,000 suspicious been noted in alveolar macrophages from rats and guinea
cases of disorders possibly related to toner-powder or pigs, indicating some inflammatory and membrane dam-
laser printer-emission exposure [Stelting, 2006]. aging effects of toner powder [Moller et al., 2004].

As discussed below, data on the toxicity, especially the cy- Evidence for the mutagenicity of commercially avail-
totoxicity and genotoxicity of toner powders are inconsistent.  able toner powder as DMSO and acetone extracts was
Therefore, from a toxicological point of view, an investiga- found in two earlier studies employing the Salmonella
tion of size, shape, and chemical composition, as well as of assay with established S. typhimurium strains with and
the cell toxic effects caused by toner powders is essential. without S9-mix [Lofroth et al, 1980; Rosenkranz et al.,

There are numerous in-vivo studies with animals, 1980]. These findings were attributed to the content of the
human-exposure studies, investigations with human effect PAH nitropyrene as a contaminant in the CB. In contrast,
markers (biomonitoring), as well as epidemiological and Lin [1999] and Mdller et al. [2004] found no mutagenic-
occupational studies addressing the toxicity of toner pow- ity in the Salmonella assay for toner powders using ace-
ders. However, the results suggest that neither acute nor tone or DMSO extracts, even at concentrations of up to
chronic oral, dermal, or inhalative toxicity can be 10 mg per Petri dish.
expected from toner powders, even at high concentrations Cytogenetic and haematologic biomonitoring studies
[Gminski and Mersch-Sundermann, 2006]. For example, undertaken on photocopy machine operators exposed to

10
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toner emissions during their work found genotoxic effects
in lymphocytes and buccal mucosa cells [Goud et al.,
2001, 2004; Gadhia et al., 2005].

All these findings must be interpreted with caution,
because only a few toner powders were examined, mostly
in an unsystematic fashion, and the results are inconsis-
tent.

To examine a possible toxicological hazard associated
with this type of fine particle, we characterized three
selected individual toner particles in terms of their size,
shape, surface structure, and elemental composition by
using various mineralogical and geochemical techniques
(XRD; SEM combined with EDX spectrometry). The
bulk chemical composition of the toner powders was
determined by AAS, photometry and GC-MS. To assess
the cytotoxic and genotoxic potential of the toner powders
we used the erythrosin B vital exclusion assay, the comet
and the CB-MNvit assays. The erythrosin B assay detects
cells with functionally undamaged membranes to be via-
ble even if they have lost the ability to proliferate [Krause
et al., 1984]. The alkali version of the comet assay is a
sensitive method capable of detecting and quantifying
various levels of DNA damage, including double and sin-
gle-strand DNA breaks, which include indirect origins
from incomplete excision repair and alkali-labile sites
[Singh et al., 1988]. The comet assay endpoints % Tail-
DNA and OTM are considered to be sensitive and reliable
scores for measuring DNA damage [Kumaravel and Jha,
2006]. The CB-MNvit assay is an in-vitro method that
measures chromosome damage originating from chromo-
somal fragments lacking centromeres and/or whole chro-
mosomes that are unable to reach the spindle poles during
mitosis [Fenech, 2007]. The occurrence of induced MN
reflects the extent of chromosomal changes. We chose 24-
hr treatment because we wished to allow the toner par-
ticles to gain access to the cells and to interfere with
DNA. Considering that the branching of the airways may
yield hot spots where relatively high concentrations of
particulate matter can be reached, we investigated concen-
trations from 80 to 400 pg cmfz, i.e., the concentrations
that can be expected under ‘‘worst case conditions.’’
However, even under these conditions no cytotoxicity was
found for all tested concentrations of the toner samples.

Size

Particles smaller than 10 pm are considered to be respi-
rable, particles smaller than 2.5 pm penetrate into the
deeper lungs reaching the alveoli, while particles smaller
than 100 nm (ultrafine particles) are suspected to cross
the blood-brain-barrier, entering the blood stream and
reaching organs and the brain [Eschbacher et al., 2000;
BéruBé et al., 2007]. As described above, the toner par-
ticles studied here consisted of rounded particles with
diameters of 2—12 pum, covered by rounded submicrome-

11

ter-sized particles with diameters of 30 to 200 nm. The
results of the EDX and XRD analysis imply that the
nanoparticles are magnetite. No loose magnetite particles
were observed in toner-powder samples that had not been
sonicated, whereas after sonication some magnetite par-
ticles were separated from the carbonaceous substrate and
in many cases formed agglomerates (Fig. 2). Our observa-
tions are consistent with a previous toner-powder study in
which carbonaceous particles with Fe-bearing nanopar-
ticles attached to the surface were observed [Mersch-Sun-
dermann, 2008]. A recent study by Rodelsperger et al.
[2006] documented the existence of Al-Si nanoparticles
with a diameter of 10-20 nm in toner-powder suspensions
after sonication. However, these findings could not be
verified in our study.

The DMSO extracts proved to be genotoxic, but not cy-
totoxic. Since the DMSO extracts were filtered (< 220
nm; sterile environment), they only contained particles
smaller than 220 nm as well as the DMSO-soluble com-
ponents of the toner particles. Because most of the mag-
netite particles are attached to the larger carbonaceous
particles (2-12 um), it is unlikely that they are present in
the DMSO extracts.

Chemical Composition

According to the manufacturers’ specification, toner
powders are generally a mixture of plastic resin and CB,
often with other additives such as magnetite, SiO, and
TiO,, whereby the CB particles are incorporated into a
polymer matrix. Significant bioavailability in the smaller
airways of the lung is therefore unlikely. However, after
sonication (or heating during the printing process), the
polymer matrix may be destroyed, making CB including
PAH impurities bioavailable to epithelial cells. PAH bind
to cytosolic receptors and may therefore affect cell growth
and differentiation [Bayram et al., 1998]. Some PAHs are
human mutagens and carcinogens [Bostrom et al., 2002].
Since PAHs occurred in all three toner-powder samples
(Table II), we conclude that these compounds are respon-
sible for the genotoxic effects determined by the comet
and CB-MNvit assays.

The examined toner powders contain large amounts of
magnetite, which serves as a pigment. Preliminary in-vitro
experiments with human lung cells exposed to pure mag-
netite of different particle sizes (0.5-10 pm) revealed no
cytotoxic effects, but is also able to induce micronuclei in
human lung cells [Konczdl et al., in preparation]. This
crystalline (Fig. 3) ferrimagnetic phase, however, may
incorporate several types of metal impurities, including V,
Cr, Co, Ni, and Zn [Deer et al., 1992]. The elemental
analysis of the tested toner powders (Table I) documents
that Ni and Zn are present in the toners, in addition to
other metals and As (V, Cr, and Co have not been ana-
lyzed). The data in Table I show that Fe, Ni, and Zn are
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present in a relatively soluble form (aqua regia digestion),
whereas Pb and the metalloids Si and As are mostly pres-
ent in a more dissolution-resistant form (total digestion),
suggesting that they are associated with different materi-
als in the toner powders. We conclude that Ni and Zn are
associated with magnetite. The data for Si show that Si is
present mostly as SiO, particles (not soluble in aqua
regia), whereas we suspect that As and Pb are associated
with the carbonaceous fraction. Several of these elements
are suspected of causing toxic effects. For example, Ni
and As are known to be harmful to human health [Seilkop
and Oller, 2003]. Nickel can elicit allergic skin reactions
in humans who are sensitive to this element. Based on
studies of nickel workers and laboratory animals, all Ni
compounds, except for metallic Ni, have been classified
as human carcinogens [Ott et al., 1974]. The toxicity of
Ni compounds may be related to enhance ROS produc-
tion, which plays an important role in carcinogenesis
[TARC, 1990]. Another harmful compound present in the
toner powders is As. Inhalation is the primary route of ex-
posure to As at the workplace and is known to occur dur-
ing several industrial processes [Ott et al., 1974; Enterline
et al., 1995]. Overall, IARC classified As and inorganic
As compounds as ‘‘carcinogenic to humans’’ (Group 1),
[Straif et al., 2009].

Crystalline silica is able to induce cytotoxicity, in addi-
tion to increased production and release of proinflamma-
tory cytokines, and has been extensively investigated both
in vitro and in vivo [Donaldson and Borm, 1998; Fubini,
1998; Hetland et al., 2001; Ovrevik et al., 2004; Rimal
et al.,, 2005; Wang et al., 2007]. The concentrations of
bulk Si (Table I) are similar in all the investigated toner
powders (Si = 5.7-7.6 wt%), but they did not show any
cytotoxic effects in human lung cells.

We found significant genotoxicity for toner powder sus-
pensions A and B, as well as for the filtered DMSO
extracts, which contain hardly any metals or metalloids
(Table I). Therefore, we conclude that these genotoxic
effects are not only linked to the metal or metalloid con-
tent of the samples. PAHs, which are known to be muta-
genic and carcinogenic to humans, are present in the
investigated toner-powders. It is therefore more likely that
the PAHs are responsible for the observed genotoxic
effects of Toner A and B. Especially the B[a]P content in
Toners A and B correlates very well with the concentra-
tion-response for MN induction and DNA damage
expressed as OTM. Moreover, Toner C, which contains
no Carbon Black and consequently fewer PAHs, and, in
particular, which has no detectable B[a]P content (Table
II), either showed no or at most moderate concentration-
dependent genotoxic effects in the bioassays. Furthermore,
as seen in the case of Toner-powder C suspension, the
particles themselves or the metal content may be in part
responsible for causing a genotoxic effect, because the
effect was diminished in the DMSO extracts, which con-

12

tain no particles and no metals or metalloids. In this con-
text, the mechanism of secondary genotoxicity can be
mentioned: Particle deposition deep in the lung can lead
to generation of ROS followed by chronic inflammation
and fibrosis. This imbalance of ROS cannot be compen-
sated by intracellular mechanisms and serves to promote
cancer [Rodelsperger and Roller, 2003]. Therefore, these
authors concluded that potential health hazards of toner-
powder suspensions cannot be excluded.

In conclusion, this is the first study indicating that the
commercially available black toner powders examined are
genotoxic in human lung cells in vitro. These effects can-
not be linked to one particular substance or mechanism,
but to a complex interaction of particles, their metal con-
tent and their PAH contaminants. The genotoxicity
observed is most likely either caused by the PAH content
and partly by the particles themselves, or by the presence
of particles and their metal content.

Since technology advances rapidly, the composition of
toner powders is subject to constant change, and the size
of the toner particles will decrease to achieve higher print
quality. Especially the smaller particles should be sub-
jected to further scrutiny, because their physicochemical
properties differ on the nanoscale [Hochella et al., 2008]
and therefore probably have other toxicological effects.
To evaluate the relevance of our in-vitro findings for
induction of heritable mutations or for induction of cancer
from exposure of humans to toner-powders or to their
emissions during laser printing, more detailed studies,
especially human biomonitoring studies or studies apply-
ing in vivo toxicity tests, are necessary.
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