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Abstract

The exposure to respirable crystalline silica (RCS), e.g. quartz, in industrial settings can induce sili-
cosis and may cause tumours in chronic periods. Consequently, RCS in the form of quartz and cris-
tobalite has been classified as human lung carcinogen category 1 by the International Agency for
Research on Cancer in 1997, acknowledging differences in hazardous potential depending on source
as well as chemical, thermal, and mechanical history. The physico-chemical determinants of quartz
toxicity are well understood and are linked to density and abundance of surface silanol groups/radi-
cals. Hence, poly-2-vinylpyridine-N-oxide and aluminium lactate, which effectively block highly reac-
tive silanol groups at the quartz surface, have formerly been introduced as therapeutic approaches in
the occupational field. In the traditional ceramics industry, quartz-containing raw materials are indis-
pensable for the manufacturing process, and workers are potentially at risk of developing quartz-
related lung diseases. Therefore, in the present study, two organosilanes, i.e. Dynasylan® PTMO and
Dynasylan® SIVO 160, were tested as preventive, covalent quartz-coating agents to render ceramics
production safer without loss in product quality. Coating effectiveness and coating stability (up to 1
week) in artificial alveolar and lysosomal fluids were first analysed in vitro, using the industrially rel-
evant quartz Q1 as RCS model, quartz DQ12 as a positive control, primary rat alveolar macrophages
as cellular model system (75 ng cm-?; 4 h of incubation + aluminium lactate to verify quartz-related
effects), and lactate dehydrogenase release and DNA strand break induction (alkaline comet assay)
as biological endpoints. In vitro results with coated quartz were confirmed in a 90-day intratracheal
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instillation study in rats with inflammatory parameters as most relevant readouts. The results of the
present study indicate that in particular Dynasylan® SIVO 160 (0.2% w/w of quartz) was able to effec-
tively and stably block toxicity of biologically active quartz species without interfering with technical
process quality of certain ceramic products. In conclusion, covalent organosilane coatings of quartz
might represent a promising strategy to increase workers’ safety in the traditional ceramics industry.

Keywords: coating of quartz; organosilane; quartz toxicity; rat alveolar macrophages; respirable crystalline silica;

silanol groups; silicosis; traditional ceramics industry

Introduction

Prolonged exposure to respirable crystalline silica (RCS)
can induce silicosis and may cause lung tumours in
chronic periods. In 1997, the International Agency for
Research on Cancer (IARC) therefore classified RCS, in
the form of quartz or cristobalite, as category 1 human
carcinogen. But, differences in the hazardous potential of
RCS were acknowledged, depending on its source (inher-
ent characteristics), chemical, thermal, and mechani-
cal history and the specific industrial scenario. Namely,
certain external factors/events can lead to activation or
passivation of biologically active RCS surfaces, resulting
in ‘chemical agents’ with the same nominal composition
(8i0,), but with radically opposed toxicities (Fubini,
1998a, 1998b).

Schlipkoter and Brockhaus (1961) postulated that
silanol groups (Si-OH), abundant on the quartz surface
and also generated mechanically and by hydrolysis of
siloxane bridges (Si-O-Si) (Nolan et al., 1981), repre-
sent, besides surface radical formation (Fubini, 1998a,
1998b), the main determinants of RCS-mediated patho-
logical effects. By using as-grown quartz crystals with
intact surfaces, Turci et al. (2016) recently demonstrated
that the biological activity of quartz thereby seems not
be determined by silanol groups per se but that it needs
conchoidal surface fractures and thus a disordered panel
of silanols, siloxanes, and rings for quartz—cell mem-
brane interactions. But, it should in any case be possible
to neutralize these active centres and to reduce silanol
heterogeneity by strong adsorption of certain molecules
such as aluminium salts, metal iron, proteins, or phos-
pholipids to prevent deleterious quartz—cell membrane
interactions, which can result in formation of reactive
oxygen species, membrane damage/haemolysis, cyto-
toxicity, DNA damage, cytokine release, and subse-
quently lung toxicity, inflammation, silicosis, and even
tumour formation (Fubini, 1998a, 1998b; Schins et al.,
2002; Albrecht et al., 2004). Interestingly, clear correla-
tion between quartz-mediated haemolytic activity and
inflammasome activation could be demonstrated by
Pavan et al. (2014), pointing to the same physico-chemi-
cal structures as determinants.

Polyvinylpyridine-N-oxide (PVPNO) and aluminium
salts have already been tested as non-covalent surface
modifications to treat or prevent silicosis, however,
with limited success (Weller, 1975; Zhao et al., 1983;
Priigger et al., 1984; Bégin et al., 1986; Goldstein and
Rendall, 1987; Dubois et al., 1988; Dufresne et al.,
1994; Bégin et al., 1995). PVPNO forms strong hydro-
gen bonds via NO- groups, thus masking negatively
charged SiO- groups (reviewed by Castranova, 1995),
whereas aluminium lactate (AL) can block surface
charges and radical formation via the aluminium cat-
ion and related ionic forces (Bégin et al., 1986; Brown
et al., 1989; Duffin et al., 2001; Albrecht et al., 2004,
2007). AL seems to be less effective in vivo than PVPNO,
perhaps because of different modes of action and differ-
ential modification of cell type-specific uptake and elimi-
nation of treated quartz by alveolar macrophages (AM)
(Hohr et al., 2002; Albrecht et al., 2007, 2009). Irrespec-
tive of non-covalent binding, however, PVPNO was able
to clearly reduce NLRP3 inflammasome activation by
quartz DQ12 in the rat lung, using IL-1f and caspase-1
immunostaining as readouts (Peeters et al., 2014). Unlike
PVPNO and AL, organosilane compounds, which were
already shown to attenuate quartz toxicity in vitro and
in vivo (Wiessner et al., 1990; Vallyathan et al., 1992;
Castranova et al., 1995), react chemically with Si-OH
groups, leading to potentially more durable, covalent,
thin quartz surface coatings.

Though the research line on passivation of reactive
quartz surfaces was already started in 1960, mainly for
therapeutic purposes (Weller, 1975; Zhao et al., 1983;
Prugger et al., 1984; Dubois et al., 1988), none of the
mentioned coating agents appear to have been used so
far preventively on an industrial scale to increase work-
ers’ safety. Only Vallyathan et al. (1991) proposed to
incorporate organsilanes into water sprays of drill bits.
To close this gap, the EU-funded project SILICOAT was
set up, which aimed at increasing workers’ safety in the
traditional ceramics’ industry (tiles, tableware, sanitary
ware) by developing and implementing cost-effective,
covalent RCS-coating technologies into ceramic pro-
cesses. RCS-containing materials are indispensable for
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ceramics’ production, and many workers are thus poten-
tially at risk. The coatings should stably saturate reactive
surface Si-OH groups and inhibit quartz-specific toxic-
ity, while maintaining product quality.

As an integral part of the SILICOAT project, the
present study primarily aimed at biologically analysing
and proofing in vitro and in vivo quartz-coating effec-
tiveness and stability of two different organosilane-
based quartz coatings. Organosilanes are widely used
industrially in treating/functionalizing siliceous (Plued-
demann, 1991) and metal surfaces and are available at
affordable prices.

Methods

Model quartz

The industrial quartz Q1, used in a sanitary ware com-
position, was selected as model quartz for the coating
trials. Crystalline silica content (100% w/w) was deter-
mined by X-ray diffraction (Philips 1820/00 diffrac-
tometer, The Netherlands), particle size distribution
(d,=1.9,d,=12.1,and d,, = 37.2 ym) by laser diffrac-
tion (Malvern Mastersizer 2000, UK), and surface area
(0.87 m? g!) by the Brunauer-Emmett-Teller method
(TriStar 3000, Micromeritics, USA).

Negative and positive controls

For both in vitro and in vivo experiments, highly active
quartz, DQ12 midsize Dorentrup (87% a-quartz, 13%
amorphous silica; geometric mean diameter, weighted
by mass: 3.0 pm; Bergbauforschung, Essen, Germany),
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served as technical/methodological positive control for
quartz-dependent biological effects. DQ12 is a very
active and stable quartz dust, showing no aging effect
(i.e. loss of toxic potency with time). It is the number
1 quartz in a ranking list of the most active quartzes.
Therefore, DQ12 has become the standard reference pos-
itive control quartz for experimental biology in Europe
(Robock, 1973; Clouter et al., 2001; Creutzenberg
et al., 2008). Water-sized aluminium oxide (Al,O;
geometric mean diameter, weighted by mass: 4.1 pm),
derived from fused, active, neutral Al,O, type 507 C
(Sigma-Aldrich, Taufkirchen, Germany) served as in
vitro particulate negative control. Al,O, was relatively
inert in previous short-term assays with cultured rat AM
(Ziemann et al., 2009, 2014a, b). As non-particulate in
vitro and in vivo negative controls, cell culture medium
and physiological saline (0.9%) were used, respectively.

Coating agents and quartz-coating procedures

As coating agents, two commercially available organosi-
lanes were selected with help of Evonik Degussa
International AG (Essen, Germany), i.e. hydrophobic
Dynasylan® PTMO [propyltrimethoxysilane (PTMO);
Fig. 1] and hydrophilic Dynasylan® SIVO 160 (SIVO160;
oligomeric, amino-modified siloxane), to have clearly
varying technical options in the industrial implementation
trials. For quartz coating, PTMO was first suspended in
water. To accelerate initial hydrolysis 0.01 M hydrochloric
acid was added (HCI:PTMO ratio by mass of 1:2.5). Lig-
uid was stirred until homogeneity, before Q1 was added
and allowed to react with hydrolysed PTMO (0.1, 0.5,
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Figure 1. Hydrolysis of PTMO and coating reaction with reactive silanol groups on the quartz surface.
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or 1.4% w/w of quartz) under stirring for 3 h at room
temperature. SIVO160-coated Q1 was prepared similarly,
but without the hydrolysis step, as SIVO160 represents a
stabilized, pre-hydrolysed suspension. SIVO160 (0.2, 0.4,
or 1.0% w/w of quartz) was incubated with Q1 for 2 h.
All quartz suspensions were finally filtered using Biichner
flasks and then repeatedly washed with ethanol to remove
any surplus of additive. Uncoated reference Q1 particles
were treated equally, but without organosilane addition.
The coating procedures were initially developed under
laboratory-scale conditions, before being adapted to pro-
duction plant conditions.

Endotoxin content and sizing of particle fractions
To avoid biological test artefacts, endotoxin content of
all investigated particles was initially determined, using
the ‘limulus amebocyte lysate (LAL) assay’ (Lonza,
Cologne, Germany), and was shown for all samples to
be clearly below the detection limit or below 8 ng rat™!
lung, as threshold for in vivo relevance (Elder et al.,
2000). Whereas in vitro experiments were performed
with the bulk materials, water-sizing was done for in
vivo use. For this, 2.5 or 2 x 2.5 g of bulk material were
added to a ~10 cm water column (volume ~110 ml) in
a glass container. After sedimentation for 15-35 min,
90-95 ml of supernatant were freeze-dried using stain-
less steel dishes. Particle size distribution was checked
by scanning electron microscopy. Geometric mean diam-
eters, weighted by mass, were 4.17 (Q1), 4.49 (0.5%
PTMO), and 4.85 pm (0.2% SIVO160).

Cell isolation, cell culture, and particle treatment
in vitro

Primary rat AM, as main regulators of inflammation
and clearance in the lung, were used as i vitro model.
AM were previously shown to be highly quartz-respon-
sive after in vitro exposure (Ziemann et al., 2009). AM
were isolated from pathogen-free female Wistar rats
[strain: Crl:WI(Han); Charles River, Sulzfeld, Germany]
by bronchoalveolar lavage (BAL) with physiological
saline. About 1.5-2 x 10° cells per well were plated in
hydrophobic 24-well plates (NUNC, Wiesbaden, Ger-
many) and pre-cultured for 24 h, as described previously
(Ziemann et al., 2014b). Twofold concentrated particle
stock suspensions were prepared in cell culture medium
without FCS and antibiotics by ultrasonication for
5 min in a water bath. To avoid cell activation, particles
were added to the cultures (final concentration: 75 nug
cm~2) without medium exchange. AM were incubated
for 4 h in the dark at 37°C and 5% CO, in a humidified
atmosphere. One of two parallel cultures additionally
received 100 pM AL (Aldrich, Taufkirchen, Germany) to

verify quartz-specific effects. The quartz-quenching effect
of AL had previously been confirmed in AM (Monfort
et al., 2008; Ziemann et al., 2009, 2014a). After incu-
bation, supernatants were taken for determination of
lactate dehydrogenase (LDH) activity. For gentle cell
detachment, needed for the alkaline comet assay, AM
were then placed on ice for 10 min. For the LDH assay,
a ‘background control’ (wells without cells, but with cul-
ture medium) and a ‘maximum control’ (cells treated for
10 min with 1% Triton X-100 = maximum amount of
releasable enzyme activity) were included.

LDH assay in vitro

LDH release/activity, indicating disturbance of cell
membrane integrity, was chosen as in vitro cytotoxic-
ity endpoint. This endpoint had previously been used
to compare different quartz-containing ceramic dusts in
AM (Ziemann et al., 2009), and was additionally used
in the present study as early i vivo biomarker in BAL
fluid. LDH activity was determined in culture super-
natants using the ‘Cytotoxicity Detection Kit’ (Roche,
Mannheim, Germany). Absorbance was measured in
triplicate at 490 and 630 nm with an ELISA reader. Per-
cent LDH activity was finally calculated by subtracting
the ‘background control’ absorbance value and setting
the ‘maximum control’ value to 100%.

Alkaline comet assay in vitro

To detect direct DNA damage, the alkaline comet assay
was used (Singh et al., 1988; Tice et al., 2000). This
test had previously demonstrated good quartz DQ12
responsiveness, with complete inhibition by parallel AL
treatment (Ziemann et al., 2009, 2014a). Detailed meth-
odology had been described previously (Ziemann et al.,
2014b). All methodological steps following cell detach-
ment were done under red light to avoid unspecific DNA
damage. Coded slides were semi-automatically analysed
using an Axioskop fluorescence microscope (Zeiss, Gottin-
gen, Germany) and the Comet Assay III software (Percep-
tive Instruments, Bury St. Edmunds, UK). Tail intensities
(TT) of 100 nuclei were determined per slide/treatment
and experiment, precluding so-called ‘hedgehogs’ or over-
lapping nuclei/comets from analysis. For every question,
three independent experiments were performed. Means =
standard deviation (SD) were finally calculated from the
mean TIs of the independent experiments.

Artificial physiological fluids and in vitro testing
of coating stability

Coating stability of 0.5% PTMO-coated Q1, show-
ing the best in vitro results, was tested for up to 1
week in both artificial alveolar fluid (AAF; pH 7.4) and
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lysosomal fluid (ALF; pH 4.5; representing macrophages’
lysosomal ambience). AAF was prepared as described
in detail by Kirkland et al. (2015). ALF preparation
resembled that described by Hedberg et al. (2010), with
slight modifications. Na,HPO, content was 0.095 g I!,
and 2.3 ml of a 16% (w/w) formaldehyde stock solu-
tion were added. For both AAF and ALF preparation
HPLC grade, ultrapure water and salts of highest purity
were used. For testing of coating stability 250 mg of Q1
or 0.5% PTMO-coated Q1 were incubated in 40 ml of
AAF or ALF in a drying chamber at 37°C for 24, 48,
72, or 168 h. Tubes were rotated at low frequency to
avoid sedimentation and to enable good particle wetting.
After incubation, particles were washed 3x to remove
free coating material. To this, samples were centrifuged
(10 min, 1932 g), supernatant was discarded, and parti-
cles were resuspended in ultrapure water. After washing,
samples were resuspended in 25 ml of water, transferred
to glass staining tanks, and freeze-dried. As references
(0 h), coated and uncoated Q1 samples, not incubated
with AAF or ALF but subjected to the whole washing
and freeze-drying procedure were used to minimize dif-
ferences in sample activity from dissimilar handling.
Finally, cytotoxicity and genotoxicity of the AAF- and
ALF-treated samples were determined in vitro.

In vivo validation study

To finally investigate coating stability in vivo, a 90-day
study with five treatment groups was set up: (i) physi-
ological saline, (ii) Q1, (iii) Q1 + 0.5% hydrolysed
PTMO w/w of quartz, (iv) Q1 + 0.2% SIVO160 w/w
of quartz, and (v) quartz DQ12. This study was per-
formed in compliance with the German Federal Act
on the Protection of Animals (2013). Male Wistar rats
[strain: Crl:WI(Han); Charles River] were randomized
into groups of five animals. Animal age was ~7 weeks at
delivery and ~9 weeks at treatment start. Particles (total
dose 1 mg animal~') were administered to the lungs
by intratracheal instillation of two 0.5 mg aliquots in
0.3 ml of physiological saline on consecutive days. To
minimize particle agglomeration and assure homog-
enous distribution in the alveolar region, application
suspensions were ultrasonicated and shaken moderately
prior to instillation. On day 28 or 90 post-instillation,
rats were sacrificed after anaesthesia with an overdose
of pentobarbital sodium (Narcoren™) by cutting the
vena cava caudalis. BAL was subsequently performed
using the method of Henderson et al. (1987) with minor
modifications. Lungs were lavaged twice with 5§ ml of
0.9% NaCl each. BAL fluid was collected in calibrated
tubes on ice and harvested volumes were recorded.
Study endpoints comprised body weights (before treat-

ment, at weekly intervals in the post-treatment obser-
vation period, terminally), terminal lung wet weights,
and total leukocyte counts in the BAL fluid. Total leuko-
cytes were counted light microscopically using a Fuchs-
Rosenthal counting chamber (unit: cells per millilitre
of lavagate). Differential cell counts were assessed by
preparing two cytoslides (cytocentrifuge, Shandon Co.,
Frankfurt, Germany) and microscopically analysing 400
leukocytes per rat regarding macrophage, polymorpho-
nuclear neutrophil (PMN; unspecific inflammation) and
lymphocyte (specific inflammation) numbers. Results
were given in absolute numbers per BAL fluid volume.
After centrifugation of the BAL fluid, biochemical indi-
cators, relevant for diagnosis of lung damage, i.e. LDH
release (membrane damage), B-glucuronidase activ-
ity (phagocytic activity and/or lysis of macrophages),
and total protein levels (transudation and epithelial
cell damage) were determined in supernatants. All bio-
chemical parameters were analysed according to routine
clinical chemistry protocols using a Cobas Fara device
(Roche Co., Grenzach, Germany).

Statistics

In the in vitro experiments, statistically significant differ-
ences from the particulate negative control were calcu-
lated by Student’s #-test for unpaired values (two tailed),
whereas Student’s ¢-test for paired values (two tailed)
was used to evaluate differences between uncoated and
coated and between AL-untreated and AL-treated sam-
ples. The in vivo tests were statistically analysed using
Dunnett’s test (treated groups versus negative control)
and #-test for unpaired values (two-tailed, single treat-
ment groups versus control and uncoated versus coated
quartz). Both in vitro and in vivo data were considered
significant, if P < 0.035. For statistical analyses, the Sigma
Stat 3.1® software package (Systat Software, Inc., Point
Richmond, CA, USA) was used.

Results

In vitro determination of coating efficiency—
laboratory scale

Q1 was coated with hydrolysed PTMO or SIVO160
under laboratory-scale conditions, using differ-
ent amounts of the coating agents. Both PTMO
and SIVO160 concentration dependently quenched
Q1-induced LDH release. Hydrolysed PTMO was most
effective at 0.5 and 1.4% w/w of quartz. Complete inhi-
bition of LDH release by SIVO160 was noted at 0.2 and
0.4% w/w (Figs 2A and C), whereas 1.0% SIVO160
was substantially less potent. Both PTMO and SIVO160
clearly reduced Q1-enhanced mean TI and thus direct
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DNA damage. Nevertheless, slight quartz-dependent
effect persisted, as determined by parallel AL incubation.
DNA damage was maximally inhibited with the 0.5%
PTMO (81% inhibition) and 0.2% SIVO160 (83% inhi-
bition) coatings, but did not reach statistical significance
(high variability in mean TT of pristine Q1). Based on
highest quenching efficiencies, subsequent experiments
were performed with 0.5% PTMO and 0.2% SIVO160.
The toxicity-reducing potential of the organosilane
coatings was proven with 0.5% PTMO-coated quartz
DQ12. As observed for Q1, a 0.5% PTMO coating
significantly inhibited (by 97%) both the strong DQ12-
induced increase in LDH release and induction of direct
DNA damage (Fig. 3).

In vitro determination of coating stability
Coating stability was investigated in vitro by incubat-
ing pristine/uncoated and 0.5% PTMO-coated Q1 in
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AAF or ALF for up to 168 h at 37°C. DNA damage, as
the most sensitive endpoint, was used as readout. Pris-
tine Q1, incubated in AAF, significantly induced DNA
damage, however, reduction in activity was noted with
time (mean TI fresh Q1: 4.8 = 0.7% and after 168 h:
1.8 + 0.8%). After 0, 24, and 48 h of incubation in
AAF, 0.5% PTMO-coated Q1 induced significantly less
DNA damage than uncoated Q1. After 72 and 168 h
quenching of genotoxicity was still obvious, but did
not reach statistical significance. All mean TI values for
coated Q1 were within or slightly above the range for
the particulate negative control AL, O, indicating good
coating stability at pH 7.4 (Fig. 4A). After incubation in
ALF (pH 4.5), pristine Q1 predominantly demonstrated
mean TIs like fresh Q1 (Fig. 4B). Mean TI was maxi-
mal after 168 h of incubation (4.8 + 1.7%), compared to
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damaging potential of 0.5% PTMO-coated Q1 was
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Figure 2. In vitro determination of coating effectiveness. AM were incubated + 100 uM AL for 4 h with 75 pg cm~2 of uncoated
Q1 or Q1, coated with different amounts of hydrolysed PTMO (A and B) or SIVO160 (C and D), Al,O, as particulate negative (PNC)
or DQ12 as quartz positive control. LDH release (A and C) and the alkaline comet assay (B and D) were used to detect membrane
and direct DNA damage, respectively. Data represent means + SD of three independent experiments. */**/***Sjignificantly differ-
ent from PNC: P < 0.05/0.01/0.001, respectively, Student’s t-test for unpaired values, two tailed. °/°°/°°°Significantly different from
uncoated Q1: P < 0.05/0.01/0.001, respectively, Student’s t-test for paired values, two tailed.
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culture medium as negative (NC), or Al,O, as particulate negative control (PNC). LDH release (A) and the alkaline comet assay (B)
were used to detect membrane and direct DNA damage, respectively. Data represent means + SD of three independent experi-
ments. */***Significantly different from PNC: P < 0.05/0.001, respectively, Student’s t-test for unpaired values, two tailed. °/°°Sig-
nificantly different from the uncoated DQ12 sample: P < 0.05/0.01, Student’s t-test for paired values, two tailed.
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times and finally freeze-dried. Primary rat alveolar macrophages were then incubated for 4 h at 37°C with the different quartz
samples or culture medium as negative (NC), Al,O, as particulate negative (PNC), and DQ12 as quartz positive control, using a
concentration of 75 pg cm-2 and subjected to alkaline comet assay analyses. Data represent means + SD of three independent
experiments. */**/*** Significantly different from Al,O,: P < 0.05/0.01/0.001, respectively, Student's t-test for unpaired values, two

tailed. °/°°Significantly different from uncoated Q1: P < 0.05/0.01, respectively, Student’s t-test for paired values, two tailed.

significantly lower than that observed for uncoated Q1,
however, with a tendency towards slightly higher mean
TIs with time. Nevertheless, good quenching potential
and appropriate coating stability was also demonstrated
for PTMO at slightly acid conditions.

In vivo determination of coating efficiency and
stability

To estimate in vivo coating efficiency and stability of the
organosilane-based surface coatings, biological activity
of pristine and 0.5% PTMO or 0.2% SIVO160-coated

Q1 was investigated in rat lungs after intratracheal
instillation (3-month post-treatment period). To avoid
unspecific overload effects, a relatively low dose (1 mg
dust lung™') was selected. There were no effects on
body weights in quartz-instilled rats (data not shown),
but mean relative lung wet weights of DQ12-treated
[5.9 = 0.66 g kg' body weight (b.w.); P < 0.01] and
Q1-treated animals (5.2 = 0.94 g kg™! b.w.; not statisti-
cally significant) were increased 90-day post-treatment,
compared to saline-treated controls (4.2 = 0.83 g kg™!
b.w.). Animals exposed to 0.5% PTMO-coated Q1
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showed only slightly lower mean relative lung wet
weight (4.8 + 0.59 g kg™! b.w.; no statistical significance)
than Q1-treated animals, whereas mean relative lung wet
weight of SIVO160-treated animals was clearly reduced
to almost control level (4.3 = 0.53 g kg™! b.w.; no sta-
tistically significant difference to saline-treated animals),
but without reaching statistical significance with regard
to the Q1-treated group.

When evaluating biochemical endpoints in BAL
fluid (Table 1A), DQ12 and uncoated Q1 showed the
well-known latency period before full display of quartz
effects (group mean values on day 90 post-instillation
> day 28 post-treatment). Ninety-day post-instillation,
pristine Q1 induced 4.2-, 3.8-, and 3.1-fold higher
LDH release, B-glucuronidase activity, and total pro-
tein, respectively, compared to saline-treated controls.
DQ12 was even more potent (11.0-, 18.9-, and 3.8-fold
increases). Protective effects of the 0.5% PTMO and
0.2% SIVO160 coatings were clearly evident 28-day
post-instillation and were strongly more pronounced
for SIVO160. SIVO160 significantly inhibited the
Q1-induced increase in LDH release, $-glucuronidase
activity, and total protein by 94, 86, and 100%, respec-
tively. Irrespective of its very promising in vitro effects,
PTMO only slightly reduced Q1-induced LDH release
(26%) and increase in total protein (49%). On day 90
post-instillation, significant reduction in Q1-mediated
biochemical effects was still evident for SIVO160 (LDH
activity: —56 %; B-glucuronidase activity: —79%; total
protein: —69%). The 0.5% PTMO coating displayed
only slight, non-significant inhibition (total protein:
~28%).

On days 28 and 90 post-instillation (Table 1B),
DQ12 mediated the strongest increase in total leukocytes
and PMN:s, followed by Q1 (total leukocytes: 2.4-fold
induction 28- and 90-day post-instillation; PMNs: 85.0-
and 49.5-fold increase on days 28 and 90, respectively).
Additionally, a 16.6-fold (day 90 post-instillation) higher
mean lymphocyte count was noted, compared to saline-
treated controls. At day 28 post-instillation, the 0.2%
SIVO160 coating offered high protection with complete/
nearly complete inhibition of Q1-mediated increase in
mean leukocyte number (100%) and PMNs (98%). The
0.5% PTMO coating was slightly less effective with 78
and 80% reduction, respectively. On day 90 post-instil-
lation, PTMO nearly lost its protective effect, as indi-
cated by only 10, 28, and 34% inhibition of Q1-induced
increase in total leukocytes, PMNs, and lymphocytes. In
contrast, SIVO160 still markedly protected lung tissue,
with 75% (total leukocytes), 72% (PMNs), and 84%
(lymphocyte number) reduction in Q1-mediated increase
in cell counts.

In vitro determination of coating efficiency—
industrial scale

Due to promising performance of the 0.2% SIVO160
coating in the in vivo 90-day study, the coating step
was upscaled for a corresponding production plant,
again with Q1 as model quartz. Coating efficiency was
subsequently tested in vitro. Also under industrial scale
conditions, coating with SIVO160 significantly inhibited
Q1-mediated LDH release and DNA damage by 84 and
80%, respectively (Fig. 5), without compromising prod-
uct quality due to integration of the SIVO160-based
coating step into the ceramics’ production line (Escrig
etal.,2014).

Discussion

Most likely due to limited in vivo coating stability and/
or a reduced availability of already lung-resident quartz
particles for curative post-exposure coating, neither
PVPNO nor aluminium salts brought a real break-
through in quartz passivation from the preventive and
more importantly curative point of view (Weller, 19735;
Zhao et al., 1983; Priigger et al., 1984; Goldstein and
Rendall, 1987; Bégin et al., 1993; Dufresne et al., 1994;
Bégin et al., 1995), raising the need for more promis-
ing preventive quartz-coating strategies for industries
with potentially hazardous quartz exposure. In contrast
to AL and PVPNO, exhibiting mechanisms based on
ionic forces and hydrogen bonding, respectively (Fubini,
1998a, 1998b; Albrecht, et al., 2007), organosilane com-
pounds, with their hydrolysed products organosilanols
and organosiloxanes, are able to react covalently with
quartz surface silanol groups (Wiessner et al., 1990),
envisaging potentially more stable quartz coatings.
Indeed, as shown here, particularly the oligomeric,
amino-modified siloxane SIVO160 seemed to possess
considerable quartz toxicity-quenching potential and
sufficient coating stability and/or potential to enhance
quartz clearance from lungs over time. In 1986, Mor-
rison et al. investigated the protective potential of a
hydrophobic organosilane layer to reduce cytotoxicity of
chrysotile asbestos. However, using human pulmonary
AM as in vitro model, organosilane-mediated decrease
in mortality was only observed in the presence of dipal-
mitoyl lecithin. Later, Wiessner et al. (1990) studied
the influence of certain organosilane-based coatings on
pro-inflammatory and pro-fibrotic effects of a-quartz
in the mouse lung after intratracheal injection, address-

ing well-defined surface charges [i.e. -N(CH,), and

3
-NH, (positive) versus -CH, (neutral)]. Aiming to cor-
relate crystal surface structure characteristics with bio-

logical activity, they observed that pulmonary effects of
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Figure 5. In vitro determination of coating effectiveness using Q1 under industrial scale conditions. AM were incubated + 100 uM
aluminium lactate for 4 h with 75 pg cm=2 of pristine Q1 or Q1 coated with 0.2% (w/w quartz) SIVO160, Al,O, as particulate nega-
tive (PNC), or DQ12 as quartz positive control. Culture medium only served as negative control (NC). LDH release (A) and the alka-
line comet assay (B) were used to detect membrane and direct DNA damage, respectively. Data represent means + SD of three
independent experiments. */**/***Sjgnificantly different from PNC: P < 0.05/0.01/0.001, respectively, Student’s t-test for unpaired
values, two tailed. °Significantly different from pristine Q1: P < 0.05, Student’s t-test for paired values, two tailed.

pristine a-quartz were quenched by organosilane surface
coatings. Thereby, an -N(CH,), containing organosilane
was less effective than organosilanes with -CH, (hydro-
phobic) and -NH, groups (hydrophilic). Therefore, the
authors concluded that electrostatic rather than hydro-
gen bonding interactions may be primarily responsible
for the biological activity of quartz surfaces. But, they
did not envisage organosilane-based coatings as a poten-
tial preventive approach in industrial settings. First
hints towards industrial usage came from Vallyathan
et al. (1991). They used fresh quartz, coated with the
organosilane Prosil 28 (CAS no. 81138-65-0), to inves-
tigate effects of fresh versus aged quartz on viability and
activity of AM in vitro. They convincingly demonstrated
a protective effect of Prosil 28, i.e. inhibition of quartz
cytotoxicity, hydroxyl radical formation, and, addition-
ally, red blood cell haemolysis, an endpoint which seems
to be directly correlated with quartz inflammogenicity
(Pavan et al., 2014). The authors hence contemplated to
use organosilanes in water sprays of drill bits to reduce
quartz hazard in a specific occupational setting. Never-
theless, to our knowledge, organosilane-based coatings
to date have not found their way into practical use as
preventive agents in quartz-handling industries. Thus,
the present study is setting the stage for a new field in
occupational hygiene.

After intense physico-chemical characterization of
several different organosilane-based coatings and speci-
fication of appropriate coating procedures, efficient and
concentration-dependent inhibition of Q1-mediated
adverse effects by organosilane coatings could be dem-
onstrated in vitro, using the commercially available
compounds PTMO and SIVO160. This was in line with

previous studies (Wiessner et al., 1990; Vallyathan et al.,
1991) and further supported the hypothesis of Wiessner
et al. (1990) that electrostatic interactions might be piv-
otal to the biologic activity of quartz surfaces. SIVO160,
which clearly inhibited adverse effects of Q1, effectively
modified the negative, biologically active surface charge
of Q1 to net-positivity. An isoelectric or even positive
surface charge is thereby supposed to minimize adverse
interactions between quartz surfaces and cell mem-
branes.

In the present study, it was possible to passivate
both Q1 and DQ12 by the same organosilane-treat-
ment regime, indicating that the developed coating
procedures might be universal tools for efficient quartz
hazard reduction in the traditional ceramics industry.
Nevertheless, the organosilane-to-quartz ratio seemed to
be of utmost importance, particularly for SIVO160, as
the highest SIVO160 concentration tested (1% w/w of
quartz), in contrast to lower ones, was nearly inactive in
quenching Q1-mediated effects in vitro. SIVO160 repre-
sents a pre-hydrolysed, waterborne silane system. As an
oligomeric, amino-modified siloxane it possesses highly
reactive but stabilized (at low pH) silanol groups. These
can react with both silanol groups on the quartz surface,
but also with other STVO160 molecules in a condensa-
tion reaction at relatively low curing temperatures, form-
ing a dense network/layer (Evonik, 2009; Mack et al.,
2012). It can be speculated that in the environment used,
and at higher concentrations, a shift towards condensa-
tion and high cross-linking activity may have occurred
between the reactive silanol groups and the functional
amino groups of the silane system. This may in turn have
led to aggregate formation (personal communication:
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Dr. Burkard Standke, Degussa International AG, Essen,
Germany) and hindrance of the quartz-coating reac-
tion. However, it cannot be excluded either that a pro-
foundly altered quartz surface charge may also have
been responsible for loss in protective potential at higher
concentrations.

After promising in vitro results, a confirmatory
in vivo experiment in rats was performed with 0.5%
PTMO- and 0.2% SIVO160-coated Q1. A study design
with a 90-day post-treatment observation period was
selected to enable evaluation of both coating efficiency
and constancy of the surface-protective properties.
A protective effect could be demonstrated in rat lungs
for both PTMO and SIVO160 on day 28 post-treatment,
with markedly higher efficiency for SIVO160. The abso-
lute number of cells was more informative here than
relative cell counts. For SIVO160 a marked quartz-
quenching effect was still detected 90-day post-treat-
ment, when PTMO had unexpectedly lost its protective
properties, indicating a limited potential of the in vitro
test to really predict in vivo long-term tissue reactions.

Marked loss in protective activity of PTMO might be
based on slow, time-dependent destruction of the PTMO
surface coating. Interestingly, Albrecht et al. (2004) pre-
sumed partial, mechanistically unclear removal of also
PVPNO coating over time in vivo, as having observed
that a considerable lung-protective effect of PVPNO at
least partially persisted over 90 days, however with some
adverse effects reappearing at later time points (180- and
360-day post-instillation). As an approach to go more
profoundly into conceivable mechanistic details, PTMO
coating can be chemically understood as being covalent.
An explanation for progressive bondage loss could be a
partial disintegration of the particles’ mineral surface
under the conditions of lung fluid ambience, i.e. mechani-
cally small debris may be formed or it is simply a disso-
lution effect by water reaching the surface of the coated
quartz particles. Additionally, one can hypothesize that
lysosomal enzymes may cause partial removal of coating
material with time, as discussed for delayed lung reactivity
of some quartz species through delayed removal of ALLO,
surface contaminations (Adamis et al., 2000). This might,
at least in part, explain the obviously higher PTMO coat-
ing stability in vitro because the acellular AAF incubation
approach lacked enzyme activities. Reduced stability of
PTMO coating in vivo might also be based on avoidance
of a high-temperature curing step at 100-200°C to pre-
clude disturbance of the production process and nega-
tive impact on product quality by early integration of the
coating step into the ceramics production lines. Such a
curing step is, however, important for a standard silane
system like PTMO to favour condensation. Without an

adequate curing step, coating defects and back reactions
can occur (B. Standke, Degussa International AG, Essen,
Germany, personal communication).

In the lung environment, the markedly higher protec-
tive effect of SIVO160, compared to PTMO, may also
be caused by different chemistry and a different steric
outcome of the coating reaction. While PTMO forms
rather ‘hedgehog-like’ coatings, the molecular weight of
the SIVO160 molecule has been tailored for optimized
wetting behaviour and cross-linking activities, leading
to formation of homogeneous cross-linked surface lay-
ers (ideally monomolecular films) on substrates. Due
to optimized wetting properties, high reactivity, and
high cross-linking activity/density through amino func-
tional groups of SIVO160, water penetration through
the resulting tight coating layer is prevented, leading to
unavailability of potentially free quartz surface silanol
groups. Furthermore, SIVO160, in contrast to PTMO,
does not need a curing step to build up a tight inorganic—
organic network without defects and thereby effectively
modifies the quartz surface charge by rendering the sur-
face isoelectric or even positive, with subsequent blunt-
ing of biological activity.

Comparable particle size distributions suggest no
impact of particle size on observed differences seen in
coating efficiency and perhaps stability of SIVO160 and
PTMO in vivo, but a role of differential modification of
particle uptake and clearance cannot be ruled out. Albrecht
et al. (2007) showed that quartz coating with PVPNO or
AL resulted in reduced particle lung burden 90-day post-
instillation in rats, compared to pristine quartz. They
found lower lung burden with PVPNO-treated quartz
than with AL-treated quartz, perhaps due to better and
earlier uptake of PVPNO-coated quartz particles com-
pared to AL-coated quartz particles by AM, as observed
in vitro. These authors concluded that the surface proper-
ties of quartz particles are crucial for their uptake by AM,
thus dictating their clearance kinetics. As SIVO160-coated
quartz particles exhibited a clearly stronger protective
effect in vivo, compared to the PTMO-coated particles,
with differential surface charges and properties of the two
materials, it might be hypothesized that the SIVO160 coat-
ing perhaps better favoured particle clearance than the
PTMO coating. To confirm this working hypothesis, it
would be crucial to determine particle lung burdens and
the resulting clearance half-times for differentially coated
quartz species in future experiments.

Conclusions

As a progress in industrial hygiene, quartz-induced
adverse lung effects in coal industry workers were
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previously cured by inhalation of protective coating
agents (Holt, 1985), used as retroactive risk manage-
ment tool. In contrary, in the present study, a proactive
approach was designed to mitigate quartz toxicity at the
beginning of the ceramics production flow. The obtained
results show strong evidence for covalent organosilane-
based quartz surface coatings being a promising pro-
tection strategy to reduce quartz-specific toxicity in the
traditional ceramics industry, at least for short- and
mid-term periods after occupational exposure. However,
considering the human lung with clearance half-times of
~1 year for lung-deposited dusts, further optimization
should be pursued, aiming at an in vivo stability period in
the lung of >1 year. Furthermore, it should be evaluated
whether integration of the coating step into ceramics pro-
duction processes or working with already organosilane-
coated quartz raw materials in the production line would
provide better and more effective workers’ protection.

Acknowledgements

This study was part of the SILICOAT project, funded under
the Seventh Framework Programme of the European Union
(FP7/2007-2013) under the Grant Agreement n® 285787. The
authors wish to thank the personnel at all centres, organiza-
tions, and companies who participated in the SILICOAT proj-
ect: APICER (Portugal), ATOMIZADORA, PORVASAL, and
ASCER (Spain); FLAMINIA (Italy); and WALKURE, ZIEGEL,
and BVKI (Germany), and also Dr Burkard Standke (Degussa
International AG, Essen, Germany) for his helpful comments on
organosilane chemistry and behaviour.

Declaration

The authors declare no conflict of interest relating to the mate-
rial presented in this article. Its contents, including any opinions
and/or conclusions expressed, are solely those of the authors.

References

Adamis Z, Tatrai E, Honma K et al. (2000) In vitro and in vivo
tests for determination of the pathogenicity of quartz, dia-
tomaceous earth, mordenite and clinoptilolite. Ann Occup
Hyg; 44: 67-74.

Albrecht C, Hohr D, Haberzettl P et al. (2007) Surface-depen-
dent quartz uptake by macrophages: potential role in pul-
monary inflammation and lung clearance. Inhal Toxicol; 19
(Suppl 1): 39-48.

Albrecht C, Knaapen AM, Demircigil GC et al. (2009) Genomic
instability in quartz dust exposed rat lungs: is inflammation
responsible? | Phys Conf Ser; 151: 012014.

Albrecht C, Schins RP, Hohr D ef al. (2004) Inflammatory time
course after quartz instillation: role of tumor necrosis fac-
tor-alpha and particle surface. Am | Respir Cell Mol Biol;
31:292-301.

Bégin R, Cantin A, Massé S et al. (1993) Aluminium inhalation
in sheep silicosis. Int | Exp Pathol; 74: 299-307.

Bégin R, Massé S, Dufresne A. (1995) Further information on
aluminium inhalation in silicosis. Occup Environ Med; 52:
778-80.

Bégin R, Massé S, Rola-Pleszczynski M et al. (1986) Alumi-
num lactate treatment alters the lung biological activity of
quartz. Exp Lung Res; 10: 385-99.

Brown GM, Donaldson K, Brown DM. (1989) Bronchoalveolar
leukocyte response in experimental silicosis: modulation by
a soluble aluminum compound. Toxicol Appl Pharmacol,
101: 95-105.

Castranova V. (1995) Suppression of the cytotoxicity and fibro-
genicity of silica with PVPNO. In Castranova V, Vallyathan
V, Wallace WE, editors. Silica and silica-induced lung dis-
eases. Boca Raton, FL: CRC Press, pp. 293-8.

Castranova V, van Dyke K, Wu L ez al. (1995) Suppression of
silica-induced toxicity with organosilane surface coating. In
Castranova V, Vallyathan V, Wallace WE, editors. Silica and
silica-induced lung diseases. Boca Raton, FL: CRC Press, pp.
283-91.

Clouter A, Brown D, Hohr D et al. (2001) Inflammatory effects
of respirable quartz collected in workplaces versus standard
DQ12 quartz: particle surface correlates. Toxicol Sci; 63:
90-8.

Creutzenberg O, Hansen T, Ernst H ez al. (2008) Toxicity of
a quartz with occluded surfaces in a 90-day intratracheal
instillation study in rats. Inhal Toxicol; 20: 995-1008.

Dubois F, Bégin R, Cantin A et al. (1988) Aluminium inhalation
reduces silicosis in a sheep model. Am Rev Respir Dis; 137:
1172-9.

Duffin R, Gilmour PS, Schins RPF et al. (2001) Aluminium lac-
tate treatment of DQ12 quartz inhibits its ability to cause
inflammation, chemokine expression, and nuclear factor-xB
activation. Toxicol Appl Pharmacol; 176: 10-7.

Dufresne A, Sébastien P, Michaud D et al. (1994) Influence of
aluminum treatments on pulmonary retention of quartz in
sheep silicosis. Exp Lung Res; 20: 157-68.

Elder ACP, Gelein R, Finkelstein JN et al. (2000) Endotoxin
priming affects the lung response to ultrafine particles and
ozone in young and old rats. Inhal Toxicol; 12 (Suppl. 1):
85-98.

Escrig A, Ibafez MJ, Monfort E et al. (2014) Selection of addi-
tives for reducing the toxicity of quartz in ceramic composi-
tions. cfi/Ber DKG; 91: E1-7.

Evonik. (2009) New sol-gel based silane systems for metal treat-
ment formulations. Smart Formul J/Resins; 6: 10-11.

Federal Act on the Protection of Animals (Animal Protection Act
—TSchG), Bonn, Germany. 13 July 2013.

Fubini B. (1998a) Surface chemistry and quartz hazard. Ann
Occup Hyg; 42: 521-30.

Fubini B. (1998b) Health effects of silica. In Legrand AP, editor.
The surface properties of silica. New York, NY: Wiley. pp.
415-64.

Goldstein B, Rendall RE. (1987) The prophylactic use of polyvi-
nylpyridine-N-oxide (PYNO) in baboons exposed to quartz
dust. Environ Res; 42: 469-81.



Annals of Work Exposures and Health, 2017, Vol. XX, No. XX 13

Hedberg Y, Gustafsson J, Karlsson HL ef al. (2010) Bioacces-
sibility, bioavailability and toxicity of commercially relevant
iron- and chromium-based particles: in vitro studies with an
inhalation perspective. Part Fibre Toxicol; 7: 23.

Henderson RF, Mauderly JL, Pickrell JA et al. (1987) Compara-
tive study of bronchoalveolar lavage fluid: effect of species,
age and method of lavage. Exp Lung Res; 13: 329-42.

Hohr D, Schins RPF, Borm PJA. (2002) Uptake of native and
surface modified quartz in epithelial cells and macrophages.
Ann Occup Hyg; 46 (Suppl. 1): 39-42.

Holt P. (1985) Polymer protects lungs against silica. New Sci;
1439: 22.

IARC. (1997) Silica, some silicates, coal dust and para-aramid
fibrils. Lyon, France: IARC Press, pp. 41-242.

Kirkland D, Brock T, Haddouk H ez al. (2015) New investiga-
tions into the genotoxicity of cobalt compounds and their
impact on overall assessment of genotoxic risk. Regul Toxi-
col Pharmacol; 73: 311-38.

Mack H, Albert P, Borup B et al. (2012) Cr (VI)-free,
water-based sol-gel systems for metal corrosion protection.
Proceedings of Coatings Show Indianapolis. 8-10 May
2012.

Monfort E, Ibafiez MJ, Escrig A et al. (2008) Respirable crystal-
line silica in the ceramic industries. Sampling, exposure and
toxicology. cfi/Ber DKG; 85: 36-42.

Morrison DG, McLemore TL, Lawrence EC ef al. (1986) In
vitro cytotoxicity of chrysotile asbestos to human pulmo-
nary alveolar macrophages is decreased by organosilane
coating and surfactant. Cell Biol Toxicol; 2: 293-309.

Nolan RP, Langer AM, Harington JS et al. (1981) Quartz hemo-
lysis as related to its surface functionalities. Environ Res;
26: 503-20.

Pavan C, Rabolli V, Tomatis M et al. (2014) Why does the hemo-
lytic activity of silica predict its pro-inflammatory activity?
Part Fibre Toxicol; 11: 76.

Peeters PM, Eurlings IM]J, Perkins TN et al. (2014) Silica-
induced NLRP3 inflammasome activation in vitro and in rat
lungs. Part Fibre Toxicol; 11: 58.

Plueddemann EP. (1991) Silane coupling agents. New York, NY:
Plenum Press.

Priigger F, Mallner B, Schlipkoter HW. (1984) Polyvinylpyri-
dine N-oxide (Bay 3504, P-204, PVNO) in the treatment of
human silicosis. Wien Klin Wochenschr; 96: 848-53.

Robock K. (1973) Standard quartz DQ12 < § pm for experi-
mental pneumoconiosis research projects in the Federal
Republic of Germany. Ann Occup Hyg; 16: 63—6.

Schins RP, Duffin R, Héhr D et al. (2002) Surface modifica-
tion of quartz inhibits toxicity, particle uptake, and oxida-

tive DNA damage in human lung epithelial cells. Chen Res
Toxicol; 15: 1166-73.

Schlipkoter HW, Brockhaus A. (1961) Die Hemmung der exper-
imentellen Silikose durch subkutane Verabreichung von
Polyvinylpyridin-N-Oxyd. | Mol Med; 39: 1182-9.

Singh NP, McCoy MT, Tice RR et al. (1988) A simple technique
for quantitation of low levels of DNA damage in individual
cells. Exp Cell Res; 175: 184-91.

Tice RR, Agurell E, Anderson D ef al. (2000) Single cell gel/
comet assay: guidelines for in vitro and in vivo genetic toxi-
cology testing. Environ Mol Mutagen; 35: 206-21.

Turci E Pavan C, Leinardi R et al. (2016) Revisiting the paradigm
of silica pathogenicity with synthetic quartz crystals: the role
of crystallinity and surface disorder. Part Fibre Toxicol; 13: 32.

Vallyathan V, Castranova V, Dalal NS, Van Dyke K, inventors;
The United States of America as represented by the Secre-
tary of the Dep. of Health and Human Services; assignee.
(1992) Prevention of the Acute Cytotoxicity Associated
With Silica Containing Minerals. United States Patent
US5,096,733. 17 March 1992. p. 7.

Vallyathan V, Kang JH, Van Dyke K ez al. (1991) Response of
alveolar macrophages to in vitro exposure to freshly frac-
tured versus aged silica dust: the ability of Prosil 28, an
organosilane material, to coat silica and reduce its biologi-
cal reactivity. | Toxicol Environ Health; 33: 303-15.

Weller W. (1975) Long-term test on rhesus monkeys for the PVNO
therapy of anthracosilicosis. Inbaled Part; 4 (Pt 1): 379-87.

Wiessner JH, Mandel NS, Sohnle PG et al. (1990) The effect
of chemical modification of quartz surfaces on particulate-
induced pulmonary inflammation and fibrosis in the mouse.
Am ] Respir Crit Care Med; 141: 111-6.

Zhao JD, Liu JD, Li GZ. (1983) Long-term follow-up observa-
tions of the therapeutic effect of PVNO on human silicosis.
Zentralbl Bakteriol Mikrobiol Hyg B; 178: 259-62.

Ziemann C, Harrison PT, Bellmann B et al. (2014a) Lack of
marked cyto- and genotoxicity of cristobalite in devitrified
(heated) alkaline earth silicate wools in short-term assays
with cultured primary rat alveolar macrophages. Inhal Tox-
icol; 26: 113-27.

Ziemann C, Jackson P, Brown R ez al. (2009) Quartz-containing
ceramic dusts: in vitro screening of the cytotoxic, genotoxic
and pro-inflammatory potential of 5 factory samples. | Phys
Conf Ser; 151: 1-6.

Ziemann C, Reamon-Buettner SM, Tillmann T et al. (2014b) The
SILICOAT project: in vitro and in vivo toxicity screening
of quartz varieties from traditional ceramics industry and
approaches for an effective quartz surface coating. Naunyn
Schmiedebergs Arch Pharmacol; 387 (Suppl 1): S23.



