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Abstract 

Background: We investigated the particles released due to abrasion of wood surfaces pressure‑treated with micro‑
nized copper azole (MCA) wood preservative and we gathered preliminary data on its in vitro cytotoxicity for lung 
cells. The data were compared with particles released after abrasion of untreated, water (0% MCA)‑pressure‑treated, 
chromated copper (CC)‑pressure‑treated wood, and varnished wood. Size, morphology, and composition of the 
released particles were analyzed.

Results: Our results indicate that the abrasion of MCA‑pressure‑treated wood does not cause an additional release 
of nanoparticles from the unreacted copper (Cu) carbonate nanoparticles from of the MCA formulation. However, a 
small amount of released Cu was detected in the nanosized fraction of wood dust, which could penetrate the deep 
lungs. The acute cytotoxicity studies were performed on a human lung epithelial cell line and human macrophages 
derived from a monocytic cell line. These cell types are likely to encounter the released wood particles after inhalation.

Conclusions: Our findings indicate that under the experimental conditions chosen, MCA does not pose a specific 
additional nano‑risk, i.e. there is no additional release of nanoparticles and no specific nano‑toxicity for lung epithelial 
cells and macrophages.
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Background
Thousands of tons of wood chips and sawdust are being 
generated each day by industry, domestic environ-
ment, or improper disposal of debris. Further, the pres-
ence of wood preservatives may pose an environmental 
and human health risk due to release of toxic metals like 
arsenic and copper (Cu). Such an exposure pathway has 
already been recognized for various preservatives, in par-
ticular for chromated Cu arsenate (CCA) [1, 2]. We are 
currently experiencing an increased use of particulate Cu 

wood preservatives in order to effectively protect wood 
from decay and lengthen its service life. More specifically, 
basic Cu carbonate particulate systems with a size range 
between 1 nm and 25 μm were introduced for wood pro-
tection in the US market in 2006 [3]. This has resulted in 
more than 11,800,000  m3 of wood treated with micro-
nized Cu (MC) formulations [4], which corresponds to 
over 75% of residential lumbers produced in the US [4].

Micronized Cu wood preservatives include a nanosized 
fraction of basic Cu carbonate, which may be of high 
concern: there is a strong indication that different Cu-
based nanoparticles (NPs) have a high toxicity for aquatic 
organisms [5–10], terrestrial plants [11], mammals [12–
17], and humans [18–23].

To date, the environmental fate of Cu carbonate parti-
cles from MC-pressure-treated wood has mostly assessed 
their leachability [24–28]. However particles generated 
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by abrasion of MC-treated wood may be more hazardous 
than wood dust untreated or treated with conventional 
wood preservatives, due to the presence of Cu-based 
NPs. Platten et  al. [29] and Santiago-Rodríguez et  al. 
[30] recently assessed how exposure to Cu from wood 
dust originated from MC-pressure-treated wood can 
occur via dermal transfer or oral ingestion. Therefore, it 
is extremely important to determine the dust composi-
tion that can be inhaled after exposure—occupational 
or not—to abraded particles from MC-pressure-treated 
wood and its hazard to human lungs.

The current study characterizes the particles released 
from MC azole (MCA)-pressure-treated wood and 
compares them with particles generated from wood 
untreated, pressure-treated with the conventional wood 
preservative chromated Cu (CC), and with varnished 
untreated and MCA-pressure-treated wood. Subse-
quently, it assesses acute cytotoxic reactions of MCA, 
its components tebuconazole and Cu2+, as well as parti-
cles abraded from MCA-, CC-pressure treated wood and 
untreated wood to lung epithelial cells and macrophages.

Methods
MC characterization
We used a commercially available MC azole (MCA) for-
mulation. This is the same as the formulation with high 
amount of tebuconazole MCA_HTBA we used in a previ-
ous investigation [31]. A full characterization of the Cu 
particles in the MCA formulation is available from the 
latter study. To summarize briefly, the measured particle 
size distribution of MCA was 104 ± 1.7 nm with an aver-
age zeta potential of −21 ± 0.4 mV.

Wood sample preparation
Octagonal specimens of Scots pine (Pinus sylvestris L.) 
sapwood (90 mm diameter × 20 mm height) were used 
for the abrasion study. The specimens were prepared and 
pressure-treated with 2% aqueous suspensions of MCA 
or CC reference preservative, prepared according to the 
European standard ENV 807 [32]. After an 8-week dry-
ing procedure, some of the MCA-pressure-treated sam-
ples were coated three times with intervals of 24 h with 
a primer, i.e. solution of deck lacquer (90%) and white 
spirit (10%). The control materials were composed of: 
untreated wood samples and samples pressure-treated 
with a 0% MCA solution in distilled water, varnished 
untreated wood samples.

Abrasion setup
The experimental setup has been described by Schlagen-
hauf et al. [33]. To simulate the abrasive process, a Taber 
Abraser (Model 5135, Taber, North Tonawanda, NY) was 
used. While the wood sample rotates, the Taber Abraser 

uses one abrasive wheel that abrades the sample con-
tinuously at the point of contact. The sample rotates 60 
times/min and the weight applied on the wheel is 0.75 kg. 
The samples were abraded with S-42 sandpaper strips 
(Taber) mounted on a CS-0 (Taber) rubber wheel. A con-
ductive silicone tube (TSI) with a rectangular inlet at the 
tube entrance with a 4.8  mm2 suction area was placed 
directly behind the abrasion area to collect the particles. 
The air flow was driven by a pump (N816.1.2KN.18, KNF, 
Germany). Devices for aerosol characterization and par-
ticle collection were included in the tubing system.

Wood dust characterization
The generated particles were characterized in tripli-
cates both in the aerosol form by particle size distribu-
tion measurements with an aerodynamic particle sizer 
(APS, Model 3321, TSI, Shoreview, MN) and a scanning 
mobility particle sizer (SMPS) consisting of a differential 
mobility analyzer (DMA) equipped with a long DMA 
column (Model 3080, TSI) and a condensation particle 
counter (CPC) (Model 3775, TSI). During each measure-
ment, three particle size distributions were recorded. The 
recording time for each distribution was 195 s. The back-
ground distribution (without abrasive processes) of each 
experiment was measured three times. The experimen-
tal setup was verified by means of an atomizer aerosol 
generator (Model 3079, TSI). The particle size distribu-
tions obtained were processed as described by Schlagen-
hauf et  al. [33]. In addition, the particles were collected 
on stubs and analyzed by means of scanning electron 
microscopy (SEM, Hitachi S-4800; Hitachi High-Tech-
nologies US and Canada, Illinois, USA). The stubs were 
plasma gold-sputtered (Polaron Equipment, SEM coat-
ing Unit E5100, Kontron AG, Switzerland; 5 mA, 1 mbar) 
prior to image acquisition.

The presence of Cu in the generated particles was 
assessed in the collected particles through ICP-MS 
(PerkinElmer Elan 6100, detection limit: 0.004  µg/L) 
and two distinct ICP-OES (Perkin-Elmer OPTIMA 
3000, Jobin–Yvon HORIBA Ultima 2, detection limit for 
both instruments: 0.005 mg/L) instruments. In this way, 
we could benefit from the two different detection lim-
its, as well as identify any effect of the instrumentation 
and–especially–of sample preparation on the detected 
amount of Cu. Analyses were carried out on the whole 
size range of abraded particles and on particles  <1  μm 
collected on Nucleopore track-etch membrane filter 
(111106, pore size 0.2 μm, Whatman, UK). For ICP-MS 
and Perkin-Elmer OPTIMA 3000 ICP-OES Cu content 
analysis, the collected particles were dissolved nitric acid 
(HNO3, 65%, Supra Pure) and hydrogen peroxide (H2O2, 
30%, Supra Pure) and subsequently underwent micro-
wave digestion (MLS 1200 MEGA, Milestone, Leutkirch, 
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Germany). Cu plasma standard solutions (1  g/L) were 
used for calibration. For Jobin–Yvon HORIBA Ultima 2 
ICP-OES analysis a similar procedure was used, but with-
out the addition of hydrogen peroxide. The detector volt-
age was set using a 100 mg/L standard solution, while a 7 
levels calibration curve was employed for quantification.

Cell culture
The human alveolar epithelial cell line A549 (ATCC: 
CCL-185) was grown in Roswell Park Memorial Institute 
(RPMI-1640) medium (Sigma-Aldrich) supplemented 
with 10% fetal calf serum (FCS) (Lonza), 2  mM  l-glu-
tamine (Gibco), 50  µg/mL penicillin (Gibco), 50  µg/mL 
streptomycin (Gibco), and 100 µg/mL neomycin (Gibco) 
at 37  °C in a humidified atmosphere containing 5% car-
bon dioxide (CO2, hereafter referred to as complete cell 
culture medium and standard growth conditions, respec-
tively). Cells were subcultured at approximately 80–90% 
confluency once a week using 0.5% Trypsin–EDTA 
(Sigma-Aldrich).

Formation of reactive oxygen species (ROS)
The formation of ROS in A549 cells was determined 
using the 2′,7′-dichlorodihydrofluorescein-diacetate 
assay (H2DCF-DA), as described by Roesslein et al. [34]. 
For experimental details see Additional file 1.

Cell viability
To assess mitochondrial activity as a measure of cell via-
bility/cell death in A549 cells Cell Titer96® Aqueous One 
Solution (Promega) containing 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxy phenyl)-2-(4-sulfophenyl)-
2H (MTS) as a water-soluble tetrazolium compound 
was used according to the manufacturer’s protocol. In 
brief, 1.5 ×  104 A549 cells were seeded in 200 µL com-
plete cell culture medium in a 96-well plate and grown 
over night under standard growth conditions. Thereaf-
ter medium was removed and cells were incubated for 
3 or 24 h in 200 µL complete cell culture medium con-
taining the respective stimuli (abraded particles from 
MCA-, CC-pressure-treated wood or untreated wood, 
or eluates derived thereof as described below). Cad-
mium sulfate (CdSO4) in different concentrations served 
as positive control, untreated cells as negative control. 
After appropriate incubation times (3, 24 h) medium was 
replaced by 120 µL of MTS working solution (composed 
of 20 µL MTS plus 100 µL of phenol-red-free RPMI-1640 
w/o supplements) per well and cells were incubated for 
60  min at standard growth conditions. Absorption was 
detected at 490  nm using an ELx800 microplate reader 
(BioTEK Instruments).

Data processing
Blank samples treated exactly the same way but contain-
ing no cells were run with every cell-based assay. Values 
given in the graphs are blank-corrected and subsequently 
normalized to the untreated sample. The mean of at least 
three independent experiments (each run with technical 
triplicates) and the corresponding standard deviations 
are shown.

Sample preparation for cytotoxicity analysis
Cytotoxicity was assessed in two different scenarios: (i) 
Abraded particles released from MCA-, CC-pressure-
treated as well as untreated wood were diluted in appro-
priate media and directly applied to cultured cells. (ii) 
Eluates from the same abraded particles were used to 
assess the cytotoxicity of active soluble components 
contained in and released from the wood. Therefore, 
4 mg of abraded wood particles per mL elution medium 
were incubated for 24 h at 37 °C on a rotating platform. 
Supernatant was collected after centrifugation at 500g 
for 5 min. Elution medium for ROS detection was Hank’s 
Balanced Salt Solution (HBSS; for experimental details 
see Additional file  1). For cell viability assessment and 
cytokine detection (see Additional file  1) eluates were 
produced in phenol-red free RPMI (without supple-
ments) which was supplemented after centrifugation 
with 10% FCS, 2  mM  l-glutamine, 50  µg/mL penicillin, 
50  µg/mL streptomycin, and 100  µg/mL neomycin. The 
HBSS supernatant as well as the supplemented RPMI 
supernatant contain the highest possible amount of 
released components and were labeled “100% eluate”. 
Serial 1:2 dilutions were performed in the respective 
media and concordantly termed “50, 25%, etc. eluates”.

Determination of Cu content in eluates
The Cu content in eluates of the abraded particles from 
untreated, CC- and MCA-pressure-treated wood was 
determined by ICP-MS (Sector Field SF-ICP-MS Element 
2 from Thermo Finnigan, detection limit: 0.004  µg/L). 
Prior to analysis, the specimens were acidified with nitric 
acid (HNO3, 65%, Supra Pure) and hydrogen peroxide 
(H2O2, 30%, Supra Pure) and subsequently underwent 
microwave digestion (MLS 1200 MEGA, Milestone, 
Leutkirch, Germany). Cu plasma standard solutions 
(1 g/L) were used for calibration.

Production of cytokines. The release of the pro-inflam-
matory cytokine TNF-α was assessed in macrophages 
derived from the monocytic cell line THP-1 (ATCC: TIB-
202) using the Ready-SET-Go!® Elisa kit (eBioscience) 
according to the manufacturer’s protocol. For cell culture 
conditions and experimental details see Additional file 1.
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Results and discussion
Wood dust particle size
The particle size distributions for the different wood 
samples (untreated, 2% MCA-pressure-treated, 2% CC-
pressure-treated, 0% MCA-pressure-treated, varnished, 
2% MCA-pressure-treated and varnished) are shown in 
Fig. 1(a, b). More specific, Fig. 1a represents the particle 
size distributions measured by SMPS below 1 μm, while 
Fig. 1b presents the distributions measured by APS above 
1 μm. All the samples show a similar pattern below 1 μm, 
with peaks at about 400 nm; while two different outlines 
are visible above 1 μm: one for the abraded particles from 
varnished samples, and another for the abraded par-
ticles of unvarnished samples. In the first case the peak 
is between 700 nm and 1.3 μm, while in the second one 
it is around 2.3 μm. Therefore, the set up maximizes the 
release of coarse (PM10), fine (PM2.5) and ultrafine par-
ticles (generally defined as smaller than 100  nm). These 
three particle size fractions are commonly associated 
with adverse health effects in humans, as demonstrated 
by Schwartz et al. [35], Raaschou-Nielsen et al. [36], and 
Oberdörster et al. [37]. In addition, the setting fitted the 
purpose of detecting any variation in the generated wood 
dust at the nanoscale, which may have occurred due to 
the presence of Cu carbonate NPs. In any case, no addi-
tional release of a nanosized fraction was observed for 
the 2% MCA-treated wood.

We could observe how the application of varnishes 
influences the particle size released increasing the aver-
age dimensions, reducing the exposure to ultrafine 
particles.

The APS results on the aerodynamic particle diam-
eter are in good agreement with the study from Thorpe 
and Brown [38], in which the wood dust size distribu-
tion after different sanding processes was assessed. The 
mean particle diameter was comprised between 1.52 and 
2.65  μm. However, further different abrasive processes, 
e.g. cutting, grinding, welding, may cause the release 
of wood dust with different particle size distributions. 
Despite that, as our abrasive set up maximizes the release 
of coarse, fine and ultrafine particles, we can suppose 
that different abrasive processes would not release more 
nanoparticles than our system.

Our tests focused on Scots pine only, however differ-
ent wood species may release particles that differ in the 
size distribution, due to the wood properties, as demon-
strated by Lehmann and Fröhlich [39] and Ratnasingam 
et  al. [40]. In the case of MCA-treated wood, the wood 
species features may also influence the amount of Cu car-
bonate particles present in the wood after impregnation.

In terms of human exposure, our results indicate that 
a fraction of the abraded particles produced by the dif-
ferent wood samples could penetrate the lower airways 

(tracheo-bronchiolar regions or even the alveolar sacs), 
due to their small size. The application of varnishes alter 
the size distribution of the abraded particles and by that 
would shift the particle deposition to the nasopharyn-
geal and tracheo-bronchiolar regions [41]. However, the 
broad size range of the particles does not allow a precise 
quantification of particle deposition in the respiratory 
tract.

Wood dust particle morphology
The generated particles from untreated, CC-, and MCA-
pressure-treated wood were morphologically assessed 
by SEM (Fig.  1c–e). Visual inspection of all the SEM 
images collected confirmed the presence of particles 
below 10 μm, as well as the presence of bigger particles 
(102 μm), beyond the APS and SMPS detection limits 
adopted. In addition, no difference between the different 
wood samples (Fig.  1d, e) was encountered, indicating 
no mechanical alteration due to the wood treatments, in 
accordance with the APS and SMPS results. In all cases, 
the generated particles appeared mostly fibrous, although 
irregular and heterogeneous in shape and size. The sur-
faces were not always flat.

Various studies reported similar features from SEM 
investigations on wood dust from various wood species 
[42, 43]. In particular, Mazzoli and Favoni [44] reported 
no difference in wood dust particle size and morphology 
from different wood species, suggesting no dissimilarity 
for in vitro cytotoxicity. However, wood species that are 
documented to be carcinogenic, e.g. beech [45], were not 
assessed. In that case, different structures responsible for 
the increased adverse effects may be observed. In addi-
tion, the abrasive process may also generate wood dust 
particles that differ in size and morphology.

Cu content in wood dust
By means of ICP-OES and ICP-MS analyses we could 
assess the different concentrations of Cu in wood dust 
from untreated and MCA-pressure-treated wood sam-
ples, as shown in Table  1. Combining the ICP-OES 
and ICP-MS results, which are concordant, we deter-
mined a baseline amount of Cu in untreated wood at 
0.01 ± 0.02 mg/g. Similarly, when the wood was varnished 
the baseline amount was found at 0.02  ±  0.01  mg/g. 
When MCA-pressure-treated wood was abraded, the 
amount of Cu released was 2.02  ±  0.09  mg/g, corre-
sponding to 0.20% w/w of the total amount of treated 
wood, and it drastically reduced when varnish was 
applied (0.23 ± 0.01 mg/g). This difference may be due to 
the higher release of varnish instead of wood, therefore 
implying that varnishes may prevent release of Cu dur-
ing mechanical abrasion of treated wood. The amount 
of Cu release was almost double in CC-pressure-treated 
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Fig. 1 Characterization of the abraded particles. a Particle size distributions of untreated wood (control), water‑treated wood (0% MCA), MCA‑
treated wood (2% MCA), and CC‑treated wood (CC) measured by SMPS. Most of the abraded particles had a diameter of 400 nm. Data represented 
as mean of three repetitions. b Particle size distributions of untreated wood (control), water‑treated wood (0% MCA), varnished wood (varnished), 
CC‑treated wood (CC), MCA‑treated wood (2% MCA), and varnished MCA‑treated wood (2% MCA varnished) measured by APS. Most of the abraded 
particles had a diameter of about 1 μm. When varnish is applied, the average diameter shifts towards 2.3 μm. Data represented as mean of three 
repetitions. c, d SEM images of wood dust generated by the abrasion process on 2% MCA‑treated wood. e SEM image of wood dust generated by 
the abrasion process on untreated wood (control)
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wood (4.26 ±  0.01  mg/g). This is due to differences in 
the formulations: in fact, the amount of Cu in the initial 
CC formulation doubles the amount in MCA. Since 2% 
is an economically feasible concentration, generally used 
in the timber industry, the result indicate that at simi-
lar dilutions (2%) MCA-pressure-treated wood would 
release less Cu due to mechanical abrasion. The percent-
age of Cu released from MCA-pressure-treated wood 
is in good agreement with studies on indoor sawing of 
CCA-treated wood: Decker et al. [46] reported 0.3% Cu 
in wood dust, while Nygren et al. [47] 0.1%. In addition, 
a comparison can be made between our results and the 
ones from the less invasive wiping experiment reported 
in the EPA report [24]. In fact, in the latter, the amount of 
Cu released from MCA-pressure-treated wood was lower 
and comprised between 0.0135 and 0.072 mg.

The amount of Cu detected in the wood dust nanosized 
fraction was below the Cu concentration in the whole 
wood dust, both from untreated and MCA-pressure-
treated wood. In particular the concentration of Cu in 
the nanosized dust generated by MCA-pressure-treated 
wood was 1.50 ± 0.30 mg/g (0.15% w/w). Therefore, com-
bining these data with the SMPS results we can conclude 
that most of the Cu released was bound to the larger 
wood particles, however a small amount of Cu bound to 
the nanosized fraction would deposit in the deep lungs, 
if inhaled. Therefore, toxicological studies are required to 
fully assess the hazard on human health.

Cytotoxicity assessment
The most critical exposure route for sawdust particles 
is the lung. Therefore, we focused our in vitro study on 
the lung epithelial cell line A549 and macrophages dif-
ferentiated from the monocytic cell line THP-1. Both cell 
types are likely to be among the first cell types getting 
in touch with inhaled particles. We investigated poten-
tial adverse effects of sawdust particles abraded from 
untreated wood, MCA-pressure treated wood and CC-
pressure treated wood. Furthermore, to assess the effects 
caused by soluble compounds, rather than by wood dust 
per se, eluates from these three types of wood parti-
cles were included in the cytotoxicity evaluation. These 
results were compared to the toxicity induced by direct 

treatment of lung epithelial cells with MCA and its active 
components tebuconazole and Cu2+ ions from copper 
sulfate pentahydrate (CuSO4·5H2O).

According to the ROS paradigm [34] the interaction 
of (nano) particles with cells is likely to induce elevated 
cellular levels of ROS. Subsequent oxidative stress reac-
tions can then cause severe damage to biomolecules 
(proteins, lipids and nucleic acids), induce inflammatory 
reactions and finally lead to cell death. Therefore we ini-
tially assessed the overproduction of ROS using the DCF 
assay. As shown in Additional file 1: Figure S1, only the 
positive controls Sin-1 and MWCNT led to a consider-
able increase of ROS levels in A549 cells. All eluates and 
abrasion particles tested did not elevate ROS formation. 
However, cell death can also be triggered by ROS inde-
pendent pathways. We therefore investigated cell viabil-
ity of A549 lung epithelial cells using the MTS assay. The 
assay internal positive control CdSO4 induces cell death 
in a dose-dependent manner (Fig. 2a) thus indicating that 
toxicity can be reliably detected under the experimental 
conditions.

The cytotoxicity of MCA itself was determined up to 
a concentration of 2% (v/v) in cell culture medium. In 
parallel, its active compounds tebuconazole and Cu2+ 
were analyzed in equivalent amounts (Fig. 2b; Additional 
file 1). Our results reveal a toxicity ranking of tebucona-
zole < Cu2+ < MCA, which indicates an additive effect of 
tebuconazole and Cu2+. Further, our results suggest that 
the cytotoxicity of MCA is likely to be caused by Cu2+ 
ions than nanoparticles.

The highest, technically feasible, concentration of 
abraded particles that could be applied to A549 cells was 
80 µg/mL equaling to a growth area of 47 µg/cm2. For all 
three types of sawdust particles no cytotoxicity could be 
detected up to this concentration and over an incubation 
period of 24 h (Fig. 2c). According to Table 1 the highest 
amount of 80  µg particles from MCA- or CC-pressure-
treated wood contain 0.16 or 0.34 µg Cu2+, respectively. 
Measurements of eluates of the respective abraded par-
ticles revealed that only a fraction of 4.4% of Cu2+ is 
released into the medium over a period of 24 h (Table 1). 
Therefore we do not expect concentrations above 
0.007 µg/mL or 0.015 µg/mL Cu2+ for the two samples, 

Table 1 Cu content in sawdust particles and eluates thereof

a 4 mg abraded particles were incubated in 1 mL phenolred free RPMI for 24 h at 37 °C on a rotating platform; after centrifugation at 500 g for 5 min supernatants 
were further processed for ICP-MS measurements

Wood treatment µg Cu/mg abraded particles µg Cu/mL medium (eluatesa) [release in  %]

Untreated 0.01 ± 0.02 0.01 ± 0.01

MCA‑pressure treated 2.02 ± 0.09 0.36 ± 0.01 [4.4%]

CC‑pressure treated 4.26 ± 0.01 0.75 ± 0.01 [4.4%]

RPMI medium (w/o wood) na 0.00 ± 0.01
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respectively. In relation to Fig.  2b, were Cu2+ ion cyto-
toxicity starts above 5  µg/mL (=0.01%), these values 
appear very low. However, the following considerations 
will relate the chosen in vitro doses to an inhalation sce-
nario for wood workers. If we consider an inhalation 
volume of 1.9 L per breath and roughly 26 breathes per 
min during heavy exercise [48] we can assume a total vol-
ume of 24 m3 air to be inhaled during an 8 h working day. 
According to Decker et al. [46], wood dust concentrations 
in air may range from 0.6  mg/m3 (sampled at outdoor 
working sites over a period of 229  min) to a maximum 
of 49 mg/m3 (sampled during indoor sanding operations 
over a period of 127 min). With these data a total amount 
of 3.8–555  mg inhaled particles per working day can 
be estimated. Considering 102  m2 of total lung surface 
area [49] and assuming all the wood dust particles to be 
deposited in the lung we can estimate a total deposited 
amount of wood dust particles of 0.004–0.545 µg/cm2. In 
this scenario the 47 µg/cm2 in vitro dose is a rather high 
concentration mimicking a repeated exposure over at 
least 17  weeks (indoor) to a whole lifetime (49 working 
years; outdoor). Nevertheless, spatially restricted effects 
due to particle deposition, cellular uptake of particles and 
potential intracellular Cu2+ release cannot be addressed, 

neither by in vitro toxicity tests nor by the above demon-
strated exposure calculations. In summary the doses cho-
sen in the present study adequately reflect a worst case 
exposure scenario for wood workers.

Furthermore, we analyzed eluates produced from the 
three types of abraded wood particles and assessed the 
cytotoxicity of soluble factors released from the sawdust 
on A549 cells. As shown in Fig. 2d no cytotoxicity could 
be detected after 24  h of incubation with eluates from 
untreated as well as MCA-pressure-treated wood. Eluates 
from CC-pressure-treated wood particles reduced cell 
viability at the highest concentration tested to 63% viable 
cells compared to untreated control cultures. This high-
est eluate concentration (Table 1) contained only 0.8 µg/
mL Cu2+. As Cu2+ ion cytotoxicity started at concentra-
tions beyond 5  µg/mL (=0.01%) (Fig.  2b) Cu2+ is most 
likely not the main reason for the observed effect, but 
rather chromium. Further investigations are necessary 
to prove a real human hazard from CC-pressure-treated 
wood, which was not the scope of the present study. 
Besides that, our results clearly indicate that there is no 
additional nano-specific effect, as abraded particles from 
MCA-pressure-treated wood as well as eluates thereof 
did not induce any cytotoxicity under the experimental 

Fig. 2 Cell viability assessment in A549 lung epithelial cells. Cells were treated for 24 h with the indicated concentrations of a CdSO4 as the positive 
control b MCA, tebuconazole and Cu c abraded sawdust particles from untreated, MCA‑pressure treated and CC‑pressure treated wood d eluates 
of the respective wood particles. Cell viability was assessed using the MTS assay. *Tebuconazole and Cu2+ were applied in the respective amounts 
present in MCA as described in Additional file 1
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conditions tested. This provides further evidence to the 
hypothesis that Cu2+ ions rather than nanoparticles are 
responsible for any adverse effects.

Besides cell viability, inflammatory reactions at suble-
thal concentrations can be an indication for non-acute 
but nevertheless relevant adverse effects. Therefore we 
assessed the release of the pro-inflammatory cytokine 
TNF-α from immune responsive cells in vitro using the 
enzyme-linked immunosorbent assay (ELISA) tech-
nique. We used macrophages differentiated from THP-1 
monocytes as the model cell line. Initially, cell viabil-
ity was investigated to assure sublethal concentrations 
were applied for subsequent cytokine release experi-
ments. THP-1 macrophages were exposed to the respec-
tive stimuli for 8  h and cell viability was assessed using 
the MTS assay. For technical details see Additional file 1. 
CdSO4 served again as the assay internal positive control 
and induced cytotoxicity in a dose-dependent manner 
(Additional file 1: Figure S2a). Following the same experi-
mental design as described for A549 cells MCA and its 
active components tebuconazole and Cu2+ were applied 
in equivalent amounts (Additional file 1: Figure S2b). In 
this case, the effects of Cu2+ and MCA were comparable, 
therefore even in this case the effects from MCA appear 
to be caused by Cu2+ ions rather than nanoparticles. 
Cell viability was affected at concentrations above 0.05% 
MCA in a dose-dependent manner. All three abraded 
wood particle types (up to 80  µg/mL) as well as eluates 
thereof did not induce an adverse response (Additional 
file 1: Figure S2c, d) in THP-1 macrophages. Accordingly, 
for cytokine release measurements MCA, tebucona-
zole and Cu2+ were used at concentrations below 0.05% 
MCA-equivalents and abraded wood particles were used 
up to 80  µg/mL. Lower eluate concentrations (6.25 to 
25.00%) showed an increase in cell viability rather than 
a decrease. Therefore we used concentrations below 
25.00% for ELISA experiments. Treatment with the posi-
tive control lipopolysaccharides (LPS) led to a 16- and 
25-fold increase in TNF-α release at 10 and 100  ng/mL 
LPS, respectively (Additional file 1: Figure S3). However, 
no significant release of TNF-α could be observed after 
treatment with MCA, its active components, abraded 
wood particles or eluates thereof at any of the concentra-
tions tested (Additional file  1: Figure S3). Thus, even in 
this case no specific nano effect was observed.

In summary our findings on the cytotoxicity reveal 
(1) a toxicity ranking of tebuconazole  <  Cu2+  <  MCA 
(2) no induction of cytotoxicity for abraded particles 
up to 80  µg/mL (3) only a minor toxicity was found for 
the highest concentration of eluates resulting from CC-
pressure-treated wood, which was only observed for 
A549 lung epithelial cells, and it is likely due to the pres-
ence of chromium in the formulation; most importantly 

(4) no additional nano hazard (caused by the presence of 
Cu-based NPs per se) was identified. Furthermore, our 
cytotoxicity study indicates low adverse effects for low-
frequency consumer exposure. However, woodworkers 
can be continuously exposed to wood dust, in particu-
lar since dust-exposed woodworkers do not always wear 
appropriate respirators approved for wood dust [50]. The 
wood being processed may have been pressure-treated 
with Cu-based formulations, and the particles released 
can increase the adverse effects due to the presence of 
Cu. However, MCA is likely to be the safest alternative: no 
nano hazard was evidenced, and the amount of Cu, espe-
cially easily bioavailable Cu, in CC was double the amount 
in MCA. Furthermore, both types of human cells tested 
showed lower adverse effects (higher cell viability) when 
compared to cells exposed to CC. In conclusion, the abra-
sion of MCA-pressure-treated wood does not constitute 
a nano-specific risk. Nonetheless, further more advanced 
toxicity studies on tissues and in vivo are required.
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