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• Nanoparticles (NP) tend to aggregate when in aqueous suspensions.
• Chemical composition revealed to be very important in the ecotoxicity of NP.
• Observed effects suggested diversified modes of action of different NP.
• White-rot fungi species exhibit great differences in their sensitivity to NP.
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The rapid development of nanoparticles (NP) for industrial applications and large-volume manufacturing, with
its subsequent release into the environment, raised the need to understand and characterize the potential effects
of NP to biota. Accordingly, this work aimed to assess sublethal effects of five NP to the white-rot fungi species
Trametes versicolor, Lentinus sajor caju, Pleurotus ostreatus, and Phanerochaete chrysosporium. Each species was
exposed to serial dilutions of the following NP: organic-vesicles of SDS/DDAB and ofMo/NaO; gold-NP, quantum
dot CdSe/ZnS, and Fe/Co. Fungi growth ratewasmonitored every day, and at the end of assay themycelium from
each replicate was collected to evaluate possible changes in its chemical composition. For all NP-suspensions the
following parameters were characterized: hydrodynamic diameter, surface charge, aggregation index, zeta poten-
tial, and conductivity. All tested NP tended to aggregate when suspended in aqueous media. The obtained results
showed that gold-NP, CdSe/ZnS, Mo/NaO, and SDS/DDAB significantly inhibited the growth of fungi with effects
on the mycelium chemical composition. Among the tested NP, gold-NP and CdSe/ZnS were the ones exerting a
higher effect on the four fungi. Finally to our knowledge, this is the first study reporting that different types of NP
induce changes in the chemical composition of fungi mycelium.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Within the last decade nanotechnology exhibited a massive growth,
producing a large number of new nanoparticles (NP), already being
used in a wide variety of industry sectors (medicine, cosmetics, elec-
tronics; Kahru and Dubourguier, 2010). Such NP use needs a parallel-
improved understanding of their potential impacts on environment,
as their new features (e.g. electrical conductivity, increased reactivity)
may influence their toxicity comparatively with corresponding bulk
nte e doMar, Departamento de
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material (Bar-Ilan et al., 2009). Accordingly, within the last few years,
studies on the ecotoxicity of several NP greatly increased, accounting for
their potential effects in biota: bacteria (Pereira et al., 2011; Lopes et al.,
2012), fungi (Navarro et al., 2008), algae and plants (Navarro et al.,
2008), crustacean (Heinlaan et al., 2011), fish (Bar-Ilan et al., 2009), am-
phibians (Mouchet et al., 2011; Salvaterra et al., 2012), among others;
and at different levels of biological organization (e.g. mortality, oxidative
stress, DNA damage; Landsiedel et al., 2009; Scown et al., 2010; Manzo
et al., 2011). Though such high amount of knowledge has been generated,
it can still be considered limited, since NP consist in an infinite number of
chemical composition, size/shape, surface coatings, which provide them
specific properties that influence their ecotoxicity. Also, imbalance knowl-
edge still exists regardingNP effects to aquatic and soil organisms, the for-
mer beingmore extensively studied than the latter ones (Bernhardt et al.,
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2010). Thus, given the considerable uncertainty existing about the safety
of many NP, it is essential to generate more information to better under-
stand and minimize environmental risks. Namely, few data still exists re-
garding NP effects in the terrestrial compartment. Solid phase of soils
provides a large and reactive sink for NP, which may easily attain surface
soils by disposal of wastewater treatment plant sewage sludge as well
through intentional applications for remediation purposes (Klaine et al.,
2008; Tourinho et al., 2012; Wiesner et al., 2006). Once in this matrix
NP can be uptake by biota inducing harmful effects (Dinesh et al.,
2012). Within soil biota, microorganisms play an important role in the
proper health, production and functions of most ecosystems. Specifical-
ly, white-rot fungi play important roles in carbon and nitrogen cycling,
decomposing organic matter and biotic interactions (Bing-Ru et al.,
2006). Thus, if NP negatively affects the growth of this group of organ-
isms, repercussions in the structure of soil and function of the respective
ecosystem are expected to occur.

According, the present study aimed at assessing the effects of
aqueous media contaminated with three inorganic (gold nanorods;
QD— quantum dots of CdSe/ZnS, and Fe/Co) and two organic (vesicles
of SDS/DDAB and of Mo/NaO) NP in four species of white-rot fungi.
These selected NP are already being used/commercialized in our socie-
ty. For example, magnetic Fe/Co NP, which are commonly synthesized
through diffusion cloud chamber setup within pulsed laser deposition
(PLD) equipment (Ong et al., 2008), are largely used in ultrahigh den-
sity data storage, biosensors, and biomedicine (Behrens et al., 2006).
Regarding QD, they are largely applied in biomedical imaging and elec-
tronics industries (Hardman, 2006), being one of themost recentmeth-
odologies used to produce it, microwave electromagnetic irradiation
(for an overview about a multitude of QD synthesis methods please
see Schumacher et al., 2009). Gold nanorods are synthesized using dis-
persions, such as toluene andwater. They can be grown by the so-called
seed mediated process in water solutions of a cationic surfactant
cetyltrimethylammonium bromide (C16H33)N(CH3)3Br, abbreviated as
CTAB. These NP are also used in biomedicine (e.g. biodiagnostic assays;
Dreaden et al., 2012). Finally, the organic vesicles of SDS/DDAB and
Mo/NaO are usually prepared by self assemblage, and can be used
in detergents, paints, cosmetics, and have recently been proposed for
controlled drug delivery (Antunes et al., 2004; Borné et al., 2003;
Ferreira et al., 2006).

2. Material and methods

2.1. Test species

Four Basidiomycota species were used: Lentinus sajor caju (Fries) Fries
(formerly known as Pleurotus sajor caju (Fries) Singer) and Pleurotus
ostrearus (Jacquin) P. Kummer were obtained from UNESP (São Paulo
State University, Brazil), and Phanerochaete chrysosporium (Burdsall
38388) and Trametes versicolor (Pilát 38412), obtained from BCCMTM/
MUCL Culture Collection (Belgium). All species were cultured at 25 °C
for 3 days (P. chrysosporium) or 8 days (L. sajor caju, P. ostreatus and T.
versicolor) in Potato Dextrose Agar (PDA, Merck, Darmstadt, Germany)
before assays.

2.2. Tested NP-suspensions

Three inorganic (Fe/Co, CdSe/ZnS-QD, gold nanorods–NP-Au)
and two organic (vesicles of sodium dodecyl sulfate and didode-
cyldimethylammonium bromide-SDS/DDAB and of monoolein and
sodium oleate–Mo/NaO) NP were studied in this work. The Fe/Co
(particle size: 7 nm), CdSe/ZnS (particle size: 3.4 nm, 5 mg/mL tolu-
ene), NP-Au (particle size: axial dimension = 10 nm and long size
dimension = 35 nm, absorbance peak: 750 nm), SDS/DDAB (particle
size: 30 nm; Antunes et al., 2004), and Mo/NaO (particle size: 60 nm;
Borné et al., 2003) were supplied by: StremChemicals, Inc. (Cambridge,
England), Sigma-Aldrich (St. Luis, MO, USA), Nanopartz™ (Salt Lake
City, UT, USA), Akzo Nobel Surface ChemistryAB (Stenungsund, Sweden),
Sigma-Aldrich, Danisco Ingredients (Braband, Denmark), and Nu-Chek
Prep, Inc. (Elysian, MN, USA), respectively. Inorganic NP were ordered
as dispersions: Fe/Co (information provided by the manufacturer — 97%
of toluene, 0.3% of cashew nut shell liquid and 2% of metallic com-
pound); QD and NP-Au were dispersed in toluene and in Milli-Q®
water with ascorbic acid and cetyltrimethylammonium bromide sur-
factant capping agent, respectively. The stock dispersion of sodium
dodecylsulfate/didodecyldimethylammonium bromide (SDS/DDAB)
vesicles was prepared as follows: a 55 mM surfactant stock solution
(sodium dodecylsulfate + didodecyldimethylammonium bromide)
with a mole fraction of sodium dodecylsulfate corresponding to
0.71 ((XSDS) CSDS/(CSDS + CDDAB)) (C refers to concentration
in mol/L, while X means the mole fraction-dimensionless) was pre-
pared by mixing a sodiumdodecylsulfatemicellar solution and a
didodecyldimethylammonium bromide homogenized dispersion.
Conditions for preparing the stock suspensions of the two vesicles
followed previous reports (Pereira et al., 2011; Lopes et al., 2012).
For all NP, the highest tested concentrationwas prepared by direct dilu-
tion of dispersionswith sterilizedMilli-Q®water, being the subsequent
concentrations prepared by diluting the highest one with sterilized
Milli-Q® water. Tested concentrations were selected according with
data obtained by Pereira et al. (2011) and Nogueira et al. (2012) for
these NP: 965, 1157, 1389, 1667 and 2000 μL/L for Fe/Co; 0.5, 1.0, 2.0,
4.0 and 8.0 mg/L for QD; 15.9, 19.1, 22.9, 27.5 and 33 (last concentration
corresponds to 100% of the NP-Au dispersion) mg/L for NP-Au; 3.3, 3.9,
4.7, 5.8 and 6.8 g/L for SDS/DDAB; and 9.8, 11.7, 13.9, 16.8 and 20.0 g/L
for Mo/NaO.
2.3. Characterization of NP in suspension

Hydrodynamic diameter (a measure of NP size), aggregation index,
polydispersity index (PDI; measure of particle size distribution width),
zeta potential (measure of dispersion stability), and surface charge
were characterized at the highest NP-concentrations, by using dynamic
light scattering (DLS) and electrophoretical light scattering (ELS) in
Zetasizer Nano-ZS (Malvern Instruments Ltd, Worcestershire, UK), at
20 °C and backward scattering (173°). Inorganic NP were also visual-
ized by emission transmission-electron microscopy (TEM; Philips
CM100; Fei Company) (for organic NP this technique could not be
used as vesicles collapse when not in aqueous suspension), operating
at 80 keV, at different magnifications (60,000×; 64,000×). Samples
were prepared by slow evaporation, at room temperature, of one drop
of NP-suspension placed on a carbon coated copper grid (70–90 nm
thickness, 200 mesh) for field emission TEM.
2.4. Exposure of fungi to NP-suspensions

Each fungus was exposed to each NP in Petri dishes (diameter:
80 mm) containing 3.9% of PDA (prepared with Milli-Q® sterilized
water) and 500 μL of each NP-suspension or Milli-Q® water solely
(control) that were directly applied and evenly spread in agar surface.
Afterwards, for each fungus, Petri dishes were inoculated with a single
circular 7-mmmycelia plug removed from the edge of an actively grow-
ing colony and incubated at 28 °C in the dark. Three replicates were
performed for control and NP-concentrations.

During assays, three measurements (minimum, maximum and di-
agonal diameters; using a ruler-mm)were performed daily to compute
an average diameter of the colony. For each fungus, the assay was con-
sidered endedwhen control Petri disheswere totally covered by the re-
spective mycelium. At the end of assays, the mycelium of each fungus
was collected by careful scraping from the three replicates in sterile
tubes, frozen at−80 °C, lyophilized and stored in a dry controlled envi-
ronment until Fourier Transform Spectroscopy (FTIR) analysis.
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2.5. FTIR analysis

FTIR spectroscopy was used to analyze changes in chemical composi-
tion of the fungi mycelium (Movasaghi et al., 2008). Naumann (2009)
correspondence between wavenumber ranges and molecular vibrations
of specific chemical bonds was used: i) 3700–2996 cm−1 for O\H
bond vibrations from carboxyl, hydroxyl or phenol groups, and from am-
ides N\H vibrations; ii) 2996–2800 cm−1 for lipids with functional
groups, CH; iii) 1800–1485 cm−1 for proteins with functional groups,
amides I and II; iv) 1485–1185 cm−1 for proteins and lipids with func-
tional groups, CH2 and CH3 as well as phosphate compounds with func-
tional group P_O; and v) 1185–900 cm−1 for polysaccharides with
functional groups C\O\C and C\O\P.

Therefore, the infra-red (IR) spectra of lyophilized mycelia were
recorded between 4000 and 400 cm−1 using a Brucker FTIR with
4 cm−1 resolution. Pellets were prepared mixing 5 mg of lyophilized
mycelia with 50 mg KBr (dried at 105 °C/72 h) and compressing the
mixture under vacuum.
2.6. Data analysis

Nominal (size given by themanufacturer) and secondary sizes of NP
(when in aqueous suspensions) were compared by using a one tailed
t-test. Repeated measures ANOVAs followed by Dunnett's multiple
comparison test were carried out (STATISTICA 6.0 Software™). As sig-
nificant interactions between concentrations and time were observed,
the mean square errors of repeated measures ANOVA were used to
compute the standard error of the differences between groups (treat-
ments and control) in the Dunnett's test aiming to correct for simple
main effects. The effective concentrations provoking 20 (toxic effects
threshold) and 50% of growth inhibition (EC20 and EC50, respectively)
were computed for the mycelia diameter measured at the end of the
assay by using a logistic model.
Fig. 1. Transmission-electron microscope images of NP-Au (A; 64,000×), Fe/Co (B; 64,000x
3. Results

3.1. Characterization of NP in suspension

Average conductivity values of NP-suspensions ranged from 0.06
(Fe/Co) to 0.830 mS/cm (Mo/NaO) and the average hydrodynamic
diameter (Z-average diameter) ranged from 11.3 nm (NP-Au) to
718 nm (Fe/Co), being higher than nominal size (for NP-Au this
was only valid for the axial size, being the length size smaller than
measured Z-average) (Table 2; t2 ≥ 2.92, p ≤ 0.05). These results
suggest occurrence of NP aggregation after being suspended in Milli-Q®
water. This was corroborated by TEM-images (Fig. 1), where aggregates
of Fe/Co (~200 nm) and QD (~500 nm) were observed, by relatively
high values of PDI (0.36 to 0.63) and aggregation index (0.199 to 3.92),
and by the low zeta potential (b30 mV; as a higher instability is associat-
ed with a higher particle aggregation). Suspensions of Fe/Co and SDS/
DDAB were within the category of incipient instability (10 to 30 mV),
those of NP-Au and QD were within the category of moderate stability
(30 to 40 mV), andofMo/NaOwaswithin the category of excellent stabil-
ity (>60 mV). All NP exhibited a negative surface charge, except for
NP-Au that presented a positive surface charge (Table 1).
3.2. Effects of NP-suspensions in mycelial growth

Themycelium of L. sajor caju, P. ostreatus, and T. versicolor required, on
average, 8 days to cover the all surface of agar in control Petri dishes,
while mycelium of P. chrysosporium required 3 days (Fig. 2).

Except for Fe/Co, exposure to NP provoked a significant growth inhi-
bition of the mycelium of the four fungi species (Fig. 2; F5,11 ≥ 24.2,
p ≤ 10−4). The QD started to inhibit growth of L. sajor caju at day 3
for concentration 4.0 mg/L and day 5 for 1.0 and 8.0 mg/L (q ≥ 2.73,
p ≤ 0.05). Growth of P. chrysosporium was inhibited at 1.0 and
4.0 mg/L since day 1, and of T. versicolor at 4.0 and 8.0 mg/L since day
), QD (C; 60,000×), suspended in Milli-Q® water at the highest tested concentrations.



Table 1
Characterization of the highest tested concentrations of nanoparticles, through dynamic light scattering and electrophoretical light scattering.

Nominal size
(nm)

Zeta potential
(mV)

Conductivity
(mS/cm)

Z-average
(nm)

PDIa Agregation index

Fe/Co 7.0 −11.1 (9.31) 0.006 (0.007) 718 (188) 0.630 (0.075) 0.260 (0.260)
NP-Au 10 (axial) 35 (length) 44.6 (3) 0.299 (0.003) 11.3 (0.07) 0.390 (0.002) −0.670 (0.130)
QD 3.4 −31.1 (2.90) 0.009 (0.011) 491 (15.3) 0.360 (0.038) 0.199 (0.110)
SDS/DDAB 30 −9.58 (1.40) 0.097 (0.007) 193 (4.80) 0.458 (0.043) 1.52 (0.290)
Mo/NaO 60 −105 (2.00) 0.009 (0.011) 159 (29.5) 0.442 (0.200) 3.29 (1.46)

Standard deviation in brackets.
a PDI — Polydispersity index.
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3 (q ≥ 2.54, p ≤ 0.05). Growth inhibition of P. ostreatus occurred at the
highest concentration from day 2 until the end of the assay (q ≥ 2.67,
p ≤ 0.05), and by 0.5 and 4.0 mg/L from day 5 forward (q ≥ 2.67,
p ≤ 0.05). Regarding NP-Au, growth inhibition of L. sajor caju was in-
duced since day 5 at concentrations 15.9, 19.1, 27.8, and 33.0 mg/L
(q ≥ 2.72, p ≤ 0.05). All NP-Au concentrations reduced growth of
P. ostreatus from day 2 until the end of assay (q ≥ 2.53, p ≤ 0.05).
For P. chrysosporium only the highest tested concentration decreased its
growth and only at day 2 (q = 3.74, p ≤ 0.05). For T. versicolor this
same concentration significantly reduced growth from day 2 until the
end of assay (Fig. 2; q ≥ 2.55, p ≤ 0.05). All Mo/NaO concentrations de-
creased the growth of L. sajor caju and of P. ostreatus from day 3 until
the end of assay (q ≥ 2.51, p ≤ 0.05). For P. chrysosporium only the two
highest concentrations inhibited growth (at days 2 and 3), while for
Fig. 2. Mean diameter (cm) and standard deviation (error bars) of mycelium after exposure
SDS/DDAB (D; g/L).
T. versicolor a decrease in growthwas observed at days 4 and 5, at concen-
trations 9.8, 13.9, and 20.0 g/L (Fig. 2; q ≥ 2.63, p ≤ 0.05).

All SDS/DDAB concentrations reduced growth of the four fungi spe-
cies. For L. sajor caju, P. chrysosporium, and T. versicolor these effects
started to be observed at day 2, while for P. ostreatus significant effects
only started to be observed at day 3 (Fig. 2; q ≥ 2.86, p ≤ 0.05).

At the end of assays, the effective concentrations provoking 20 and
50% (EC20 and EC50, respectively) of growth inhibition were computed
for each NP and each fungus. Regarding NP-Au, these parameters could
only be computed for T. versicolor (Table 2). However, EC20 and EC50
for P. ostreatus and L. sajor caju are expected to be lower than those for
T. versicolor, since at the lowest concentrations growth inhibitions of
57% and 45% were observed for these species, respectively. Values of
EC20 and EC50 computed for QD ranged from 0.759 to 5.16 mg/L and
to CdSe/ZnS (A; QD — mg/L), gold nanorods (B; NP-Au — mg/L), Mo /NaO (C; g/L) and

image of Fig.�2


294 T.P.S. Galindo et al. / Science of the Total Environment 458–460 (2013) 290–297
from 2.04 to 9.10 mg/L, respectively (Table 2). Lowest values were ob-
served for L. sajor caju and the highest for T. versicolor. Regarding
Mo/NaO, it provoked a growth inhibition higher than 20% only in
P. ostreatus, being computed, for this species, an EC20 and EC50 of 7.8
and 33.4 g/L, respectively. Finally, SDS/DDAB caused a growth inhibi-
tion higher than 20% for all fungi. For L. sajor caju and P. ostreatus, the
lowest observed growth inhibition was 43 and 66%, respectively. The
EC20 and EC50 for P. chrysosporium and T. versicolor were similar: 2.4
and 5.1 g/L, and 3.9 and 7.1 mg/L, respectively.

3.3. Effects of NP-suspensions in mycelial composition

Independently of the NP, IR of mycelia from the four fungi exhibited
the same pattern in comparison with non-exposed mycelia (control) in-
dicating that no remarkable qualitative changes in fungus biomass com-
position occurred due to the exposure to each NP. Only slight variations
were observed in the absorption band intensities in IR-spectrum of
the four fungi exposed to Fe/Co, in comparison to non-exposed mycelia
(data not shown), indicating no substantial quantitative changes in
mycelia composition. For the other NP, in general, changes due to
NP-exposure only affected absorption band intensities but their pattern
of variation was different among species, NP and its concentration. QD
caused a general increase of bands intensities comparatively to the
control, at lower concentrations, with a decreased tendency as NP con-
centration increased. Fig. 3 shows an example of this response pattern
for P. ostreatus, with variations in themajority of compounds especial-
ly those corresponding to carboxyl, hydroxyl, phenol or amides with
O\H and N\H functional groups (3700–2996 cm−1), lipids (2996–
2800 cm−1, 1485–1185 cm−1), proteins (1800–1485 cm−1, 1485–
1185 cm−1), and polysaccharides with C\O\C and C\O\P functional
groups (1185–900 cm−1).

Concerning NP-Au, minor changes were observed in band intensities,
which decreased relatively to control as NP concentration increased, for
P. ostreatus, P. chrysosporium and T. versicolor. L. sajor caju IR-spectra
presented similar tendencies as those observed when exposed to QD.
For P. chrysosporium exposed to NP-Au main variations in bands absorp-
tionwere observed for those corresponding to carboxyl, hydroxyl, phenol
or amides with O\H and N\H functional groups, lipids, proteins and
polysaccharides. Regarding Mo/NaO a general slight increase of all
bands intensity was observed in P. ostreatus and T. versicolor, with a
decrease tendency as NP increased. However, for L. sajor caju and
P. chrysosporium slight general decrease in band intensities was ob-
served, followed by a slight increase with increasing concentrations
of Mo/NaO. This reflected variations in the carboxyl, hydroxyl, phe-
nol or amides with O\H and N\H functional groups, lipids, proteins
Table 2
Concentrations of the tested nanoparticles, provoking 20 and 50% of growth inhibition (EC2
brackets) in the four fungi species, computed at the end of the assay.

Nanoparticles Fungi EC20

(mg/L)

NP-Au (mg/L) L. sajor caju n.c.
P. ostreatus n.c.
P. chrysosporium Highest observed gr
T. versicolor 27.1 (20.5–33.7)

QD (mg/L) L. sajor caju 0.759 (0.573–0.938)
P. ostreatus 2.71 (2.21–3.21)
P. chrysosporium 1.38 (n.c.)
T. versicolor 5.16 (2.83–7.49)

Mo/NaO (g/L) L. sajor caju Highest observed gr
P. ostreatus 7.78 (2.74–10.9)
P. chrysosporium Highest observed gr
T. versicolor Highest observed gr

SDS/DDAB (g/L) L. sajor caju 96.3 (n.c.)
P. ostreatus n.c
P. chrysosporium 2.40 (1.46–2.96)
T. versicolor 3.89 (2.87–4.39)

n.c. — means that the value could not be computed.
and polysaccharides; smaller changes being observed in mycelia ex-
posed to the highest concentrations (Fig. 3b).

Finally, for SDS/DDAB, in general band intensities decreased as its con-
centrations increased, especially from 3.3 to 4.7 mg/L for T. versicolor; the
main variations corresponded to proteins with functional groups, amides
I and II (1800–1485 cm−1) and to polysaccharides with functional
groups, C\O\C and C\O\P.

4. Discussion

In agreement with previous works, the tested NP tended to aggregate
when suspended in Milli-Q® water (e.g. Lopes et al., 2012; Pereira et al.,
2011). This was expected since it is known that Brownian motion in-
creases as particle size decreases, thusNP exhibit a high probability to col-
lide; jointly with the fact that NP have a high surface area for interactions
and that van derWalls attractive force also works for NP, these collisions
have a high probability to promote aggregation (Iijima and Kamiya,
2009). It has been reported in literature that largerNP exert lower toxicity
than smaller ones (Bar-Ilan et al., 2009). Here, despite the high NP aggre-
gation (larger sizes); QD, NP-Au, Mo/NaO, and SDS/DDAB significantly
inhibited the growth of the four fungi and induced changes in the
IR-spectrum band intensities. These effects were not size dependent, i.e.
could not be associated with the NP-hydrodynamic size, suggesting that
most probably the NP chemical composition exerted a higher influence
on its ecotoxicity. Bar-Ilan et al. (2009), after observing that similar sizes
of silver and gold-NP exerted significantly different toxicity profiles, pro-
posed that NP chemistry is as important, if not more, as size at inducing
adverse effects in vivo. Nevertheless, it would be expected that the large
size of NP aggregates would make difficult their transport through the
pores of cell wall, suggesting that observed toxicity would be mainly
due to the dissociating elements from the NP. It is known that during re-
production the cell wall permeabilitymay change, newly synthesized cell
wall being more permeable to NP (Navarro et al., 2008). In addition, cells
may interact with NP, which may cause the formation of new bigger
pores, thus increasing the possibility of NP internalization through the
cell wall (Navarro et al., 2008). This has been related with the fact that
higher NP concentrations would promote a higher particle aggregation,
and therefore, reduce toxic effects compared to lower concentrations. In
the present study, and as mentioned earlier, a relationship between con-
centration and particles size was not observed, and, thus, this could ex-
plain the lack of a concentration-effect relationship (both for growth
inhibition and IR-spectra).

Among tested NP, QD exerted the highest toxicity: a concentration
as low as 0.759 mg/L induced a significant growth inhibition and caused
changes in the composition of the mycelia. Pereira et al. (2011) and
0 and EC50, respectively; with the corresponding 95% confidence limits, depicted within

EC50

(mg/L)
EC50/EC20

n.c. n.c.
n.c. n.c.

owth inhibition: 3% n.c.
38.0 (29.3–46.7) 1.40
2.04 (1.69–2.57) 2.69
4.19 (3.76–4.63) 1.55
3.36 (n.c.) 2.44
9.10 (6.32–11.89) 1.76

owth inhibition: 13% n.c.
33.5 (22.2–23.3) 4.29

owth inhibition: 13% n.c.
owth inhibition: 2% n.c.

3497 (n.c.) n.c
n.c. n.c.
5.13 (4.58–6.07) 2.80
7.09 (6.27–9.45) 2.46



Fig. 3. FTIR-spectra of Pleurotus ostreatus (a) and Phanaerochaete chrysosporium (b) mycelia exposed to control (A) and to 9.6, 11.6, 13.9, 16.7 and 20.0 g/L (B to F, respectively) of Mo/NaO;
FTIR-spectra ofP. ostreatus (c)myceliumexposed to control (A) and to0.5, 1.0, 2.0, 4.0, and8.0 mg/L (B to F, respectively) ofQD. FTIR-spectra of P. chrysosporium (d)myceliumexposed to control
(A) and to 15.9, 19.1, 22.0, 27.5 and 33.0 mg/L (B to F, respectively) of NP-Au; i) peak in 3700–2996 cm−1 range for O\H bond vibrations from carboxyl, hydroxyl or phenol groups, and from
amidesN\Hvibrations; ii) peak in 2996–2800 cm−1 range for lipidswith functional groups CH; iii) peak in 1800–1485 cm−1 range for proteinswith functional groups, amides I and II; iv) peak
in 1485–1185 cm−1 range for proteins and lipids with functional groups, CH2 and CH3 as well as phosphate compoundswith functional group P_O; and v) peak in 1185–900 cm−1 range for
polysaccharides with functional groups C\O\C and C\O\P.
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Lopes et al. (2012) also observed a high toxicity of QD to the bacteria
Vibrio fisheri at low concentrations (EC20 of 0.007 mg/L). Furthermore,
other researchers also reported a high toxicity of QD on a wide range of
species, inducing effects like, for example, damage to the plasma mem-
brane and mitochondrion, DNA fragmentation, leading to cell death
(Hardman, 2006). The highest concentrations of QD were associated
with a growth inhibition of the mycelia and with a decrease in
IR-spectra bands intensity, while the lowest concentrations were as-
sociated with a smaller growth inhibition and an increase in the
bands of carboxyl, hydroxyl, phenol or amides with O\H and N\H
functional groups, lipids, proteins, and polysaccharides. It is known
that, during hypha growthmetabolic reactions occur being produced
compounds to enable extending tips and hyphae branching, namely
polysaccharides (Szeghalmi et al., 2007). Therefore, the lower bands
intensity at the highest concentrations may be related to the fact that
the fungi are not producing new hyphae and/or to the toxic action of
the NP that may lead to the lysis of cells, with concomitant decrease
in protein, lipid and polysaccharide contents (Baldrian, 2003). Dhawale
et al. (1996) observed that 50 ppm ofmercury inhibited P. chrysosporium
growth, provoking a concomitant decrease in protein content. The ob-
served increase in bands intensity, even with a significant decrease
in growth, could suggest that the fungi, at lower concentrations of
QD NP its elements (Cd, Zn, Se, S), are investing in the activation
of detoxification/resistance mechanisms to cope with NP exposure.
These mechanisms are commonly based on the immobilization of
chemicals using extra- and intracellular chelating compounds. It has
been shown that fungi exposed tometal contamination produce proteins
(metallothioneins) and other phenolic molecules (melanins) to chelate
metals (Baldrian, 2003). Furthermore, extracellular hyphal sheath (main-
ly composed of polysaccharides) may also contribute to the immobiliza-
tion of metals, decreasing its uptake by the fungi (Baldrian, 2003). Since
QD are composed of Cd and Zn, it could be expected the fungi to activate
this type of defensemechanisms, explaining at least in part, the higher in-
tensity of bands corresponding to proteins and polysaccharides. The
NP-Au also induced high toxicity to the four fungi, with concentrations
of 27 mg/L causing a significant growth inhibition ofmycelium.However,
excepting for L. sajor caju, the pattern of changes observed in IR-spectrum
were different from those observed for QD. Here the bands intensities
were slightly lower than those observed in control, but these differences
decreased as NP concentration increased. Therefore, the lower bands in-
tensity within wave numbers corresponding to lipids, proteins and poly-
saccharides could suggest that fungi are most probably not producing
new hyphae and/or the lysis of cells are occurring due to the toxic action
of the NP, both being consistent with growth inhibition at the highest
concentrations. However, as for QD, L. sajor caju seems to be able to acti-
vate defense mechanisms at lower concentrations of NP-Au, as an in-
crease in the bands intensity was observed at such concentrations.
Lopes et al. (2012) andPereira et al. (2011) have also reported the toxicity
of NP-Au forV. fisheri. TheseNPwere shown to induce upregulation of an-
tioxidants, stress response genes and protein expression for human fetal

image of Fig.�3
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lung cells (Li et al., 2010), and oxidative stress in Mytilus edulis (Tedesco
et al., 2010).

Regarding organic NP, fungi exhibited a higher resistance to Mo/NaO
and to SDS/DDAB comparatively to QD and NP-Au, which was expected
since these organisms are known to be able to degrade organic com-
pounds (Ryu et al., 2000). In the present study, different responses of
the fungi to these two NP were observed when analyzing the IR-spectra.
For Mo/NaO this pattern varied with concentrations and fungi, reflecting
the variation in growth inhibition along the tested concentration. For ex-
ample, for P. chrysosporium, L. sajor caju and T. versicolor the lowest con-
centrations of Mo/NaO started first to inhibit growth. In the case of P.
chrysosporium and L. sajor caju this may explain the registered lower in-
tensity in bands. For P. ostreatus, all concentrations started to inhibit
growth at day 3, which was accompanied by an increase in bands inten-
sity followed by a decrease, suggesting again the activation of defense
mechanisms at lower concentrations. Regarding SDS/DDAB, all tested
concentrations significantly inhibited growth of the four fungi since day
3 or 4, being accompanied by a decrease in the bands intensity. Thus,
suggesting that the fungi weremost probably not producing new hyphae
and/or the lysis of cells was occurring due to the toxic effects of the vesi-
cles or of its components (SDS; DDAB).

In general, the four fungi exhibited different sensitivities to the tested
NP and as well different responses. P. ostreatus was the most sensitive
species toMo/NaO; comparatively, the other three specieswere quite tol-
erant to this NP, as all exhibited a growth inhibition ≤13%. Conversely,
P. chrysosporium and T. versicolor were the least sensitive species to
NP-Au and QD, respectively.

Finally, regarding the toxicity of the tested NP, according to the re-
sults for growth inhibition and to the classification of the European
Union Commission Guideline 93/67/EEC-Annex 1 (1996), NP-Au
should be placed in the category of harmful as at least one tested
fungi species exhibited an EC20 (effects threshold) within the range
of 10 to 100 mg/L. The QD was the NP exerting the highest effects in
growth of fungi, the most sensitive responses (EC20) measured for this
NP was 0.759 mg/L for L. sajor caju, thus, within the categories of “very
toxic”. The toxicity category “not harmful” can be used for NP with an
EC20 above 100 mg/L: Mo/NaO (lowest computed EC20 = 7.78 g/L),
SDS/DDAB (lowest computed EC20 = 2.40 g/L), and Co/Fe (which did
not significantly inhibit the growth of any tested species of fungi).

5. Conclusion

Data gathered here support the fact thatNPmay adversely affectmi-
croorganism, contributing to the increased concern on their release into
the environment, in this case specifically into the soil compartment.
This is one of the first studies demonstrating NP effects in growth and
in mycelium chemical composition of terrestrial fungi. Furthermore,
the results here obtained reinforce the need to generate more knowl-
edge on the behavior and ecotoxicity for specific NP, since they suggest
that NP may exhibit diversified modes of action and the sensitivity of
species.
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