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Bacteria based ecotoxicology assessment of manufactured nanoparticles is largely restricted to Escher-
ichia coli bioreporters in laboratory media. Here, toxicity effects of model OECD nanoparticles (Ag NM-
300K, ZnO NM-110 and TiO, NM-104) were assessed using the switch-off luminescent Pseudomonas
putida BS566::1luxCDABE bioreporter in Luria Bertani (LB) medium and artificial wastewater (AW). ICsq
values ~4 mg L~',100 mg L' and >200 mg L~ ! at 1 h were observed in LB for Ag NM-300K, ZnO NM-110
and TiO, NM-104, respectively. Similar results were obtained in AW for Ag NM-300K (ICso ~5 mg L™ 1)
and TiO; NM-104 (ICso >200 mg L~!) whereas ZnO NM-110 was significantly higher (ICso >200 mg L™ 1).
Lower ZnO NM-110 toxicity in AW compared to LB was associated with differences in agglomeration
status and dissolution rate. This work demonstrates the importance of nanoecotoxicological studies in
environmentally relevant matrices.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Manufactured nanoparticles (NPs), defined as anthropogenic
materials exhibiting all three external dimensions at the nanoscale
(i.e. between 1 and 100 nm), are being increasingly used in com-
mercial products and industrial processes due to new or enhanced
physico-chemical properties compared to their bulk counterparts
(Ju-Nam and Lead, 2008). Despite offering benefits, the wide use of
NPs has raised questions regarding their potential release and
impact to humans and the environment (Peralta-Videa et al., 2011;
Scown et al,, 2010). However, toxicological and more specifically
ecotoxicological studies with NPs are still limited and as such the
potential adverse effects of NPs remain largely unknown. Conse-
quently, whereas nanoparticle science is leading to new interfacial
materials (i.e. materials birthed by meeting two different parent
materials at the atomic level), nanoecotoxicological science
currently lags behind in developing suitable tools and approaches
for identifying fate and effect of parent materials (Kahru and Ivask,
2013; Kim et al., 2012; Klaine et al., 2008).
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A key issue in the assessment of the safety of nanoparticles is
the appropriateness of standard protocols (such as OECD or ISO)
to assess nanoparticle hazard. In this study we focus on three of
the most widely used NPs, namely silver (Ag), zinc oxide (ZnO)
and titanium dioxide (TiO;); inorganic NPs are of particular in-
terest due to their physico-chemical properties. Ag is commonly
used for its anti-microbial properties and is frequently incorpo-
rated in NP form in many products including clothes, paints and
kitchen appliances (Chernousova and Epple, 2013). ZnO and TiO;
are well known for their UV-protection and photo-catalytic
properties, and are widely used in cosmetics, sunscreens and
paints (Di Paola et al., 2012; Smijs and Pavel, 2011). These NPs are
now available in a variety of forms, with various sizes, shapes,
coatings, and thus different properties, and consequently fate and
behaviour, challenging further the establishment of harmonised
and reproducible nanoecotoxicological approaches as currently
much debated in the scientific literature (Oomen et al., 2014;
Paterson et al., 2011).

Given the above situation, bacteria, and notably genetically
modified bacteria (GMB), represent particularly interesting
screening tools already validated in ecotoxicology over the last two
decades for drug and chemical testing (Girotti et al., 2008). A large
number of GMB bioreporters have been developed to either
‘switch-on’ or ‘switch-off’ emitting a quantifiable signal, usually
luminescence or fluorescence, in the presence of toxicant(s) or
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particular stress(es). Examples of applications with pesticides,
pollutants, drugs or antibiotics, involving either pathogenic or non-
pathogenic Gram positive or Gram negative GMB as inducible
(switch-on) or constitutive (switch-off) bioreporters, are abundant
(van der Meer and Belkin, 2010; Xu et al., 2013). Due to their ease of
handling, rapid growth and potential to be compatible with field
portable devices light-emitting GMB offer clear advantages for
screening approaches in nanoecotoxicology as well (Holden et al.,
2013; Sadik et al., 2009).

A few luminescent and fluorescent switch-off and switch-on
GMB bioreporters have recently been used to either monitor the
toxicity and evaluate inhibitory concentrations (Choi et al., 2008;
Deryabin et al, 2012; Gogoi et al, 2006; Jiang et al., 2011;
Sotiriou and Pratsinis, 2010) or to investigate nucleic acid, mem-
brane, protein damage and oxidative stress associated to the
toxicity (Bondarenko et al., 2013; Hwang et al., 2008; Li et al., 2013)
of some silver, zinc, copper and titanium NPs or carbon nanotubes.
This literature attests above all to the potential of light-emitting
GMB based tools for NP testing. However so far, applications have
been almost exclusively based on Escherichia coli bioreporters and
restricted to NP testing in rich undefined laboratory media such as
Luria Bertani (LB). A luminescent switch-off Pseudomonas putida
has been recently proposed but only employed for silver testing in
LB media (Dams et al., 2011). Therefore, although NPs are described
as emerging contaminants given their widespread use and known
to end up in the environment (e.g. in wastewaters and in soils due
to sludge applications) (Eduok et al., 2013; Marcoux et al., 2013),
reproducible approaches with relevant GMB suitable for testing in
more relevant environmental matrices are scarce.

Consequently, in line with current needs in the assessment of
hazard of manufactured nanoparticles the aims of this work were:
1) to assess the relative ecotoxicity of model OECD nanoparticles Ag
NM-300K, ZnO NM-110 and TiO; NM-104 in Luria-Bertani medium
and artificial wastewater using the Pseudomonas putida
BS566::luxCDABE bioreporter (originally isolated from wastewater)
and, 2) to relate ecotoxicity results to NP fate through their char-
acterisation in the two matrices, specifically agglomeration status
and dissolution rate.

2. Experimental
2.1. Materials

Silver (Ag NM-300K), zinc oxide (ZnO NM-110) and titanium dioxide (TiO; NM-
104) OECD model NPs were obtained from the European Commission's Joint
Research Centre (Ispra, Italy). Supplier related information is presented in Table 1.
Ammonium sulphate ((NH4)2SO4), calcium chloride (CaCly), p-glucose, di-sodium
hydrogen orthophosphate (NaHPOy), iron (IIl) chloride (FeCls), magnesium chlo-
ride (MgCly), potassium dihydrogen orthophosphate (KH,PO4), sodium chloride
(NaCl), silver nitrate (AgNO3), zinc sulphate (ZnSO4), tryptone and yeast extract were
purchased from Fisher Scientific UK Ltd. Kanamycin sulphate and Pseudomonas
isolation agar were from Sigma—Aldrich Company UK Ltd. Silver and zinc pure single
element standards were from Perkin Elmer UK Inc.

Table 1
Ag NM-300K, ZnO NM-110 and TiO, NM-104 supplier information.

Appearance Primary Mean Specific surface Other

particle  particle area(m?g~!) information
size (nm) size (nm)
Ag Suspension 15 15 N/A Uncoated
NM-300K (brown) In dispersant”
ZnO Powder 42 150 13 Uncoated
NM-110  (white)
TiO, Powder 20 67 60 Rutile
NM-104 (white) Hydrophilic

N/A - not available.
" 4% each of Polyoxyethylene Glycerol Trioleate and Polyoxyethylene (20) Sorbitan
mono-Laurat (Tween 20).

2.2. Methods

2.2.1. Bacterial bioreporter preparation

The constitutively luminescent (switch-off) Pseudomonas putida BS566::1luxC-
DABE was used as bacterial bioreporter. P. putida BS566::1uxCDABE was constructed
by transposon (Tn5) mutagenesis based insertion of the full lux operon from Pho-
torhabdus luminescens, along with a kanamycin resistance gene as marker, into the
genome of a P. putida BS566 strain originally isolated from a wastewater treatment
plant (Wiles et al., 2003). Bacterial bioreporters were maintained on Pseudomonas
isolation agar plates supplemented with 100 mg L~! of kanamycin. Prior to each
experiment, bacterial bioreporters were pre-cultured overnight at 28 + 2 °C under
shaking conditions (140 rpm) to late exponential stage then freshly diluted in order
to reach a final concentration per well of ~108 cfu mL ™" (early exponential phase) as
previously described (Dams et al., 2011). Bacteria were pre-cultured either in LB
laboratory rich medium (10.0 g L~ of tryptone, 5.0 g L~ of yeast extract, 5.0 g L' of
NaCl, pH 7) or in AW consisting of AB mineral medium (2 g L~! (NH,4);S04, 6 g L ™!
NayHPO4, 3 g L' KHaPOy, 3 g L~ ! NaCl, 0.1 mM CaCl, 1 mM MgCly, 3 uM FeCls, pH 7)
supplemented with 0.5% (w/v) of glucose as carbon source (Aspray et al., 2005). AB
mineral medium with 0.5% glucose has been proposed as artificial wastewater due to
being similar in composition to artificial wastewaters as described elsewhere
(Martin et al., 2008; Shim et al., 2005).

2.2.2. Nanoparticle preparation

Ag NM-300K, ZnO NM-110 and TiO, NM-104 NPs were received conditioned
under argon and preserved in the dark until use. Stock suspensions were freshly
prepared in matrices of exposure (LB and AW) prior to each experiment, sonicated
(2 x 8 min in a Kerry ultrasonic water bath at 38 + 10 KHz), then serially diluted to
give final concentrations per well ranging from 0 to 200 mg L' (i.e. 0, 0.781, 1.562,
3.125, 6.25, 12.5, 25, 50, 100, 200 mg L), as previously described (Gaiser et al.,
2013). Ag and Zn ions, applied as AgNO3 and ZnSO4, were prepared as above for
final testing ranging from 0 to 25 mg L~! and 0 to 200 mg L™, respectively.

2.2.3. Screening of nanoparticle ecotoxicity

Based on a switch-off approach the toxicity of Ag NM-300K, ZnO NM-110 and
TiO, NM-104 NPs (as well as Ag and Zn ions) was tested in 96-well flat bottomed
black microtitre plates (Greiner bio-one, Germany) on Pseudomonas putida
BS566::luxCDABE by real time monitoring of the emitted luminescence evolution
(i.e. reduction) with a SpectraMax M5 reader (Molecular Devices, USA). Assays were
realised in 100% LB or 100% AW with final element and cell concentrations of
0—200 mg L ! and 10® cfu mL~', respectively, in a final volume of 100 pL per well.
Plates were incubated at 28 °C in the reader and the luminescence monitoring
undertaken in a kinetic mode with measurements taken every 15 min for 120 min.
Control wells containing cells without toxicant were used to determine ratios of
luminescence defined as treated/untreated samples. Results arbitrarily expressed in
Relative Light Units (RLU) against time (min) by the reader were transformed to
percent Relative Luminescence (%RLU) and plotted against toxicant concentrations
(mg L") for selected time points (e.g. 0, 1, 2 h). Time point of 0 h corresponds to the
first measure registered in a 5 min time window after exposure of bacterial bio-
reporters to the nanoparticles. NP toxicity was then expressed as ICso when
applicable.

2.2.4. Nanoparticle characterisation

2.2.4.1. Agglomeration. Agglomeration status of Ag NM-300K, ZnO NM-110 and TiO,
NM-104 NPs were evaluated in LB and AW by dynamic light scattering (DLS) as well
as by UV-—visible spectrophotometry (UV—vis), both conducted with fresh NP
preparations. Size distribution (i.e. z-average) was determined by DLS in dedicated
clear disposable capillary cells (DTS1070) with a Nano Zetasizer (Malvern, UK)
equipped with a 633 nm laser set at a scattering angle of 173°. UV—vis was con-
ducted in clear disposable cuvettes (semi micro 1.5 mL, Kartell, UK) with an Evo-
lution 600 spectrophotometer (Fisher Scientific, UK) between 300 nm and 800 nm
in a scan mode with measures taken every 1 nm at a speed of 240 nm min .

2.2.4.2. Dissolution. Dissolution rates of Ag NM-300K and ZnO NM-110 NPs were
evaluated in LB and AW by atomic absorption spectroscopy (AAS) using an
AAnalyst 200 Spectrometer (Perkin Elmer, UK) via the quantification of either Ag or
Zn released ion concentration from each type of NP using dedicated lamps specific
to each element (Lumina Hollow Cathode, diameter 50 mm). Briefly, NPs suspen-
sions were prepared as described above and analysed immediately or incubated at
room temperature (RT) for 1 h, respectively. Samples were pelleted by centrifu-
gation (Avanti Centrifuge J-26XP, Beckman Coulter UK Ltd.) at 4 °C in 15 mL open-
top polycarbonate tubes at 20 000 rpm (JA-25.15 rotor, Beckman Coulter UK Ltd.)
for 30 min, as described elsewhere (Li et al., 2011; Zook et al., 2011). Supernatants
were collected and used for AAS analysis without acidification. Dissolution rates
were calculated as ratios between the AAS measured concentration of released
element from NPs and the original prepared concentration of NPs. AAS was cali-
brated with Ag or Zn pure single element standards at concentrations of 0.156,
0.312, 0.625, 1.25, 2.5 and 5 mg L. Uncentrifuged and unacidified Ag and ZnO NPs
at 1 mg L' were also measured by AAS, validating preparation conditions (data
not shown).
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2.2.5. Data analysis

All presented results are mean =+ standard error of the mean from three inde-
pendent experiments with different batches of cells, suspensions of NPs and
matrices. ICso values were calculated by fitting a four parameter dose—response
model to the logarithm of the concentration by weighted least squares with Prism
software (GraphPad Software, USA). Size distribution (z-average) values were
determined with Zetasizer Software (Malvern, UK). Data were tested for normality
and homoscedasticity and found to comply with parametric requirements. Statis-
tical significant differences between results were tested using a two-way analysis of
variance (two-way ANOVA) followed by the multiple comparison Tukey test.

3. Results
3.1. Screening of nanoparticle ecotoxicity
Light output reductions over time by P. putida BS566::1uxCDABE

when exposed to a range of concentrations of Ag NM-300K, ZnO
NM-110 and TiO; NM-104 NPs (from 0 to 200 mg L~!) either in LB
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or in AW are shown in Fig. 1. Calculated ICsq values are presented in
Table 2.

For Ag NM-300K, toxicity was apparent from 0 h (i.e. time point
of 0 h corresponds to the first measure registered in a 5 min time
window after exposure of bacterial bioreporters to the nano-
particles) in LB at higher concentrations (12.5—200 mg L)
(Fig. 1A.). After 1 h, toxicity was displayed at lower concentrations
(i.e. below 12.5 mg L) and remained consistent to 2 h of exposure
(Fig. 1C. and E.). As Ag NM-300K was supplied in dispersant
(Table 1), a dispersant only control was also tested which showed
no toxic effects to P. putida BS566::1luxCDABE (data not shown). In
AW, comparable results were obtained (Fig. 1B., D. and F.). Based on
derived ICsq values (Table 2), there was no significant difference in
toxicity between 15 min and 2 h of exposure in either matrix. In
addition, no cellular recovery phenomenon over time was observed
(i.e. a recovery of the emitted luminescence due to regrowth of the
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Fig. 1. Ag NM-300K, ZnO NM-110 and TiO, NM-104 toxicity on P. putida BS566::luxCDABE in Luria Bertani (LB) medium and artificial wastewater (AW). Relative luminescence
output reductions by P. putida BS566::luxCDABE when challenged with 0—200 mg L~" of Ag (blue circles), ZnO (red squares) and TiO, (green triangles) nanoparticles in LB (A., C. and
E.) orin AW (B., D. and F.) for various time points (0 h, 1 h and 2 h, respectively). Data are mean + standard error of the mean (n = 3). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Table 2
Ag NM-300K and ZnO NM-110 calculated ICsg on P. putida BS566::luxCDABE in Luria Bertani (LB) medium and artificial wastewater (AW).
ICso (mg L")
0 min 15 min 30 min 60 min 90 min 120 min
Ag LB 62.8 (+16.2)° 9.3 (£1.3)*® 4.8 (+0.3) 3.8 (£0.1) 4.0 (+0.1) 4.0 (+0.2)*
NM-300K AW 32.0 (+4.9)° 13.8 (+1.5)° 6.4 (£0.4)° 5.0 (+0.7)° 44 (+0.9) 4.0 (+0.8)
Zn0 LB 58.8 (£6.1)° 79.8 (£1.3)%¢ 88.5 (+1.3)%° 100.4 (+2.3)%¢ 1004 (+0.3)* ND®
NM-110 AW ND¢

Data are mean =+ standard error of the mean (n = 3).

ND — ICso were not determined due to non-observed toxicity (considered higher than 200 mg L™1).

@ Significantly different from the first time point (p < 0.001).
b Significantly different from the previous time point (p < 0.05).
¢ Significantly different from the other matrix (p < 0.001).

bacterial bioreporter population). In summary, toxic effects of Ag
NM-300K were found to be similar in LB and AW and were
observed from early stages of exposure. Comparatively, ICs5g values
at 1 h for Ag ions (applied as silver nitrate) were respectively
0.39 + 0.05 mg L' and 0.36 + 0.03 mg L~ ! in LB and AW.

For ZnO NM-110, relative luminescence reduction patterns
(Fig. 1, red curves) showed overall lower toxicity over time than was
obtained for Ag. More specifically, ZnO NM-110 showed transient
toxicity on P. putida BS566::1luxCDABE in LB, characterised by ICsg
values evolving from 58.8 + 6.1 mg L~ to 100.4 + 2.3 mg L~! for the
first hour of exposure before becoming incalculable at 2 h (Table 2).
Zn0O NM-110 was therefore as toxic as Ag at the first time point in LB
before toxicity patterns diverged. In AW, no toxicity was monitor-
able for ZnO NM-110, so no ICsg could be derived either. Conse-
quently, toxic effects of ZnO NM-110 occurred exclusively and
transiently in LB for the first hour of exposure along with cellular
recovery over time as suggested by the relative luminescence
reduction plots (Fig. 1, red curves) and supported by the derived
IC5q values (Table 2). Comparatively, ICsg values for Zn ions (applied
as zinc sulphate) evolved from 469 + 66 mg L' to
73.3 + 8.3 mg L1 in LB during first hour of exposure and were not
derived in AW as no toxicity was observed.

For TiO, NM-104, exposures at concentration up to 200 mg L™
resulted in no detectable toxicity over time in either LB or AW
(Fig. 1, green curves). Due to absence of detected toxicity, no ICsq
could be derived.

3.2. Nanoparticle characterisation

Nanoparticle characterisation was carried out in both LB and AW
by UV—vis (Fig. 2) and DLS (Fig. 3) to evaluate agglomeration status,
as well as by AAS (Fig. 4) to quantify dissolution rates (i.e. the
proportion of released ions from the nanoparticles).

As presented in Fig. 2A., Ag NM-300K showed characteristic and
comparable UV—vis spectra with a unique and narrow peak in both
matrices. Peak positions were observed at 413.6 + 0.6 nm and
415.2 + 0.3 nm with absorbance intensities of 1.06 + 0.04 a.u. and
0.89 + 0.02 a.u. in AW and LB, respectively. DLS data showed non-
significantly different mean hydrodynamic sizes of 140 + 7 nm in LB
and 40 + 1 nm in AW, in addition to the polydispersity of the ma-
terial (PDI ~0.5) in both matrices (Fig. 3). AAS analyses indicated
low and time independent dissolution rates of Ag NM-300K close to
4% in LB and to 2% in AW, which were not found significantly
different either (Fig. 4A.). Consequently, Ag NM-300K showed
comparable fates in LB and AW in terms of agglomeration and
dissolution, which both appeared very low.

As shown in Fig. 2B., ZnO NM-110 exhibited characteristic (one
peak close to 380 nm followed by a long tail) but non-comparable
UV—vis spectra between matrices. Peak positions were observed at
374.8 + 0.3 nm and 385.4 + 4.5 nm with absorbance intensities of
20 + 03 au. and 0.78 + 0.8 a.u. in LB and AW, respectively.

Significantly different mean hydrodynamic sizes of 177 + 4 nm in
LB and 1537 + 265 nm in AW, in addition to the polydispersity of
the material (PDI ~0.6) in both matrices (Fig. 3) were observed as
well. AAS analyses indicated matrix dependent and time inde-
pendent dissolution rates of ZnO NM-110 NPs close to 40% in LB and
to 2.5% in AW (Fig. 4B.). Consequently, ZnO NM-110 exhibited non-
comparable fates in LB and AW attesting overall to high aggregation
and low dissociation phenomena in AW compared to LB.

As shown in Fig. 2C., TiO, NM-104 showed similar UV—vis
spectra between matrices. Peak positions were observed at
325.1 + 5.2 nm and 340.5 + 6.8 nm with absorbance intensities of
0.38 + 0.03 a.u. and 0.29 + 0.02 a.u. in LB and AW, respectively. DLS
data showed significantly different mean hydrodynamic sizes of
244 + 8 nm in LB and 677 + 11 nm in AW, in addition to the
polydispersity of the material (PDI ~0.3) in both matrices (Fig. 3). No
dissolution studies were carried out for TiO, NM-104 since it was
not considered relevant (i.e. TiO, NM-104 is essentially non-soluble
in aqueous media and did not exhibit detectable toxicity in our
assays). Consequently, TiO, NM-104 showed non-comparable fates
in LB and AW attesting to more aggregation in AW compared to LB.

4. Discussion

This study aimed to evaluate the suitability of the Pseudomonas
putida BS566::luxCDABE bioreporter based approach for the
screening of nanoparticle ecotoxicity in defined matrices (ie. a
nutrient rich undefined laboratory medium and an artificial
wastewater) with three model inorganic nanoparticles (Ag NM-
300K, ZnO NM-110 and TiO, NM-104), as a preliminary step
before considering applications with more complex matrices such
as real wastewaters. When applicable, ecotoxicity results were
related to NP characterisation information, such as agglomeration
status and dissolution rates assessed by DLS, UV—vis and AAS.

Overall, data presented here demonstrated higher toxicity of Ag
NPs, followed by ZnO NPs and TiO, NPs with derived ICsq values at
1 h close to 4—5 mg L~! in both matrices for Ag NPs, evolving from
60 mg L~ ! to 100 mg L~ in LB exclusively for ZnO NPs, and higher
than 200 mg L' in both LB and AW for TiO2 NPs. In addition, ICsq
values of 0.3—0.4 mg L~! for Ag ions in both matrices and between
50 and 70 mg L~! for Zn ions in LB exclusively were also deter-
mined, attesting to the higher toxicity of ions compared to their NP
counterparts. Toxicity of various inorganic NPs has been recently
reviewed for different organisms. Regarding bacteria based infor-
mation, Bondarenko et al. (2013) discussed median inhibitory
concentrations of 7.1 mg L' for Ag NPs (over 46 studies), 3.3 mg L~}
for Ag ions (over 27 studies), 500 mg L~! for ZnO NPs (over 15
studies) and 30 mg L~! for ZnO ions (over 9 studies). Similarly,
Chernousova and Epple (2013) reported the mode of Ag NP and ion
toxicity values on prokaryotes in the range 1-10 mg L~! (over 32
studies) and 0.1-1 mg L~! (over 10 studies), respectively; whereas
toxicity of TiO, NPs was generally reported above 200 mg L~! when
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Fig. 2. Ag NM-300K, ZnO NM-110 and TiO, NM-104 characterisation by UV—visible in
Luria Bertani (LB) medium and artificial wastewater (AW). Specific absorption spectra
(from 300 nm to 800 nm) of 10 mg L~! Ag (A.), 200 mg L~ ZnO (B.) and 10 mg L' TiO,
(C.) in both matrices (— LB and - AW, respectively). Spectra are typical examples of
obtained results in each replicate.

observed (Suresh et al., 2013; von Moos and Slaveykova, 2014).
Consequently, results presented here appear most of all directly in
line with discussed nanoecotoxicological trends on various bacteria
(despite differences in tested materials, used matrix of exposure or
method of assessment amongst aforementioned information),
attesting to the suitability of the used P. putida bioreporter.
Specifically regarding Ag NM-300K, results indicated compara-
ble toxicity patterns in both LB and AW with main effects occurring
during the very first stages of exposure. Although Ag NM-300K
appeared toxic at slightly lower doses in AW (i.e. lower ICs5g at
0 h, time point corresponding to the first measure registered in a
5 min time window after exposure of bacterial bioreporters to the
nanoparticles) compared to LB, consistent ICsy values around
4-5 mg L~! were derived over time in both matrices. Low disso-
lution rates were consistently observed over time and matrices and
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Fig. 3. Ag NM-300K, ZnO NM-110 and TiO, NM-104 characterisation by DLS in Luria
Bertani (LB) medium and artificial wastewater (AW). Mean hydrodynamic size (z-
average, A) and polydispersity index (PDI, 0) of 10 mg L~' Ag, ZnO, and TiO, in both
matrices (LB and AW). Data are mean + standard error of the mean (n = 3). Signifi-
cantly different at **p < 0.01 and ****p < 0.0001.

mean hydrodynamic sizes were not found significantly different
either, as described elsewhere (Gaiser et al., 2013; Kermanizadeh
et al,, 2013). In addition, UV—vis spectra showing narrow and
specific peaks very close to 413 nm would attest to the nanosize of
Ag NM-300K preparations in both matrices (primary particle
size <15 nm). Observed low agglomeration as well as consistent
low dissolution and toxicity indicate that although ionic strength of
AW was almost four times that of LB (~300 mM and ~80 mM,
respectively, at pH 7), it was not instrumental in determining
hazard over the full time period.

Dams et al. (2011) recently reported on P. putida BS566::1uxC-
DABE bioreporter (in LB) higher toxicity of nano Ag compared to
micro Ag as well as higher toxicity of nano Ag when dispersed, but
they did not discuss the relative effect of released ions from par-
ticles. Obtained ionic silver (applied as silver nitrate) ICso values
ranged from 0.44 mg L~ to 0.18 mg L~ ! between 0.5 h and 1.5 h of
exposure were however proposed. Considering in our case at 1 h a
dissolution rate of ~4% and an ICsg of ~4 mg L™! for Ag NM-300K in
LB, we might estimate an jon based ICsy around 0.16 mg L™'. Our
own assays with Ag ions (applied as silver nitrate) led to a ICsg at
1 h between 0.3 and 0.4 mg L' in both matrices; results which are
therefore directly comparable to previously published data (Dams
et al, 2011). Consequently, Ag ions are at least one order of
magnitude more toxic than the tested NP counterparts; observed
Ag NM-300K toxicity is therefore likely to be driven by ion release,
even at low dissolution rates, linked to the size of NPs as described
elsewhere (Chernousova and Epple, 2013; Choi et al., 2008; Gaiser
et al., 2013; Kermanizadeh et al., 2013; Sotiriou and Pratsinis,
2010), consistent for the different matrices. In addition, the
toxicity of the same Ag NM-300K NPs and Ag ions was recently
reported to be in the range 10—100 mg L~! for a different bacte-
rium, Salmonella spp. (Losasso et al, 2014). These authors
concluded similarly, that dose-dependent effects occurred in the
early stages of exposure for both NPs and ions with one order of
magnitude of difference.

For ZnO NM-110, results indicated different toxicity patterns in
both matrices. In LB ZnO NM-110 exhibited transient toxicity to
P. putida BS566::luxCDABE, whereas, in AW no toxicity was
observed. ZnO NPs are widely described to have high dissolution
rates and to exhibit a toxicity mostly ion based (Kim and An, 2012;
Li et al,, 2011; Ma et al., 2013). Consequently, the detection of ZnO
NM-110 toxicity in LB (i.e. ICso between 60 and 100 mg L™! during
the first hour of exposure) might be at least partly associated to
high dissolution rates (close to 40%) observed in this medium,
whereas in contrast absence of toxicity in AW is likely to be linked
to low dissolution rates (calculated as close to 2.5%). Dissolution of
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Fig. 4. Ag NM-300K and ZnO NM-110 characterisation by AAS in Luria Bertani (LB) medium and artificial wastewater (AW). Dissolution rates (%) of 50 mg L™ of Ag (A.) and
200 mg L' of ZnO (B.) in LB and AW after O h or 1 h of incubation. Mean R? + standard error obtained for AAS machine calibration between 0.156 mg L™! and 5 mg L~ were
0.9998 + 0.0001 and 0.9880 + 0.0010 for Ag and ZnO, respectively. Data are mean + standard error of the mean with n = 3. Significantly different at ****p < 0.0001.

ZnO NPs is known as highly influenced by agglomeration, which
tends to occur particularly in real waters and more generally under
increasing ionic strength conditions (Keller et al., 2010; Li et al,,
2011). DLS and UV—vis information confirmed occurring agglom-
eration in AW via higher z-average and non-comparable spectra
between the two matrices. Consequently, final presence or absence
of toxicity might likely be explained by the fate of ZnO NM-110 NPs
leading, or not, to dissolution in each matrix governed mainly by
ionic strength effects on the agglomeration status.

There is no comparable assessment of zinc oxide NPs or zinc
ions on any similar P. putida bioreporters. However zinc ion toxicity
on other bacteria species is reported to be in the range of
10—100 mg L~ ! in laboratory media depending on NP type and size,
matrix of exposure and method of assessment (Bondarenko et al.,
2013; Suresh et al,, 2013; Kim and An, 2012). Considering here a
dissolution rate of 40% and ICsq values between 60 and 100 mg L™!
in LB, an ion based ICsq around 25—40 mg L~! might be estimated.
Our own assays with Zn ions (applied as zinc sulphate) led to
transient toxicity (with ICso evolving from about 50 to 70 mg L™1)
during the first hour of exposure in LB and to no toxicity in AW.
Consequently, the observed ZnO NM-110 toxicity is likely to be
driven by Zn ions and to be a transient phenomenon (in LB) as well
as absence of toxicity (in AW) to be associated with readily occur-
ring Zn ion complexation (with anions such as CI-, SOF~ and PO3 ")
and/or precipitation in addition to Zn NP aggregation/precipitation
between matrices, as reported in the literature (Kim and An, 2012;
Li et al,, 2011; Ma et al., 2013).

For TiO; NM-104, results indicated similar and non-detectable
toxicity despite non-comparable NP fates in both matrices. TiO,
NPs are however widely described to be toxic at high doses (up to
the g L~1) by the triggering of cellular oxidative stress pathways via
their catalytic properties especially after photo-activation rather
than by any ion based mechanisms (Bondarenko et al., 2013; Jiang
et al., 2011; Keller et al., 2010; Kim and An, 2012; Shi et al., 2013;
von Moos and Slaveykova, 2014). Non-detectable toxicity of TiO»
NM-104 here might be therefore mainly explained by the concen-
trations used (up to 200 mg L™') and the absence of pre-photo-
activation of materials. However, increasing concentrations or
pre-activating materials, even if leading to monitorable toxicities,
would not have been environmentally relevant thus was not
explored. A TiO, dose-dependent increase in the output signal
could be discussed, however as this occurs similarly from the first
time point in both matrices this is likely to be associated with the
intrinsic optical properties of TiO, (rutile form especially) to scatter

and reflect light, as discussed elsewhere (Smijs and Pavel, 2011).
Our own experiments using a luciferase based reaction with TiO,
NM-104 (data not shown) support this. The following points should
also be considered: 1) there is no comparable assessment of tita-
nium dioxide NPs on similar P. putida bioreporters in the literature,
and 2) not observing evident patterns via this P. putida bioreporter
does not necessarily mean there was no stress based pathways
triggered inside the cells. It does mean, however, this bioreporter
(as all bioreporters) presented limitations when used on its own.

Modelled and measured environmental concentrations of Ag,
ZnO and TiO, NPs ranging between 1072—10~3 pg L1, 1072 pg L!
and 10°-10~' pg L' in surface waters and 107'-10~2 pg L},
1072 pg L 'and 107! pg L7 in effluent wastewaters were recently
reviewed and discussed by Gottschalk et al. (2013). Disregarding
massive accidental or intentional discharges, there are still at least
theoretically several orders of magnitude between expected or
measured environmental concentrations of NPs and their threshold
for toxicity (at least on bacteria). In addition, tested TiO, and ZnO
NPs were not observed to be toxic in artificial wastewater following
the experimental approach used in this study. Their environmental
adverse effects might be therefore limited in real matrices as well.
However, ZnO NPs were observed toxic in classical laboratory
medium (i.e. LB), hence the importance to test in more realistic
matrices and standardising suitable methods for this assessment,
as stressed here. Ag NM-300K NPs showed consistent toxicity in
both matrices, their adverse effect might be therefore more detri-
mental to the environment if released. It is likely that the tested Ag
NPs were less subject to agglomeration and more protected from
matrix effects due to being provided as suspension in a dispersant
compared to the other NPs which were supplied as powders
(Table 1). However, for industrial and commercial purposes, NPs are
likely to be used (and ultimately released) in combination with
dispersants or stabilisers in order to preserve or enhance their
physico-chemical properties. Fate and toxicity of NPs following
actual release from waste streams and industrial processes, etc. are
likely to be different from their pristine counterparts especially
when tested in laboratory media. Consequently, though located at
the bottom of the aquatic food chain bacteria are unlikely to be the
most dramatically affected at such modelled or measured concen-
trations. However, because of the advantages of using bacteria as
bioreporters for environmental testing, they definitely offer rele-
vant opportunities as high-throughput screening and patterning
tools for standardised assessment of NPs in various matrices,
including real and complex ones, as emphasised here.
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5. Conclusions

Ecotoxicity of Ag NM-300K, ZnO NM-110 and TiO, NM-104
OECD model nanoparticles (as well as Ag and Zn ions) was
assessed using a constitutively luminescent P. putida BS566::1uxC-
DABE bioreporter based methodology in two defined matrices (LB
and AW). Toxicity results were correlated with material type and
matrix dependent nanoparticle and ion fate when applicable.
Overall results showed:

- the reliability of the switch-off P. putida BS566::1luxCDABE bio-
reporter based assay for nanoparticle ecotoxicity screening in
both matrices such as LB and more environmentally relevant
matrices such as AW;

a global ecotoxicity ranking depending on the tested material
type (i.e. with toxicity of Ag > ZnO > TiO, NPs) and form (i.e. with
toxicity of ions > nanoparticles);

the respectively consistent and inconsistent behaviour of tested
Ag and ZnO NPs, closely associated with various underlying
aggregation and dissolution phenomena as well as released ion
fates between matrices;

and the importance of matrix of exposure selection as results in
more realistic matrices such as artificial or real wastewater
matrices may vary from common microbiological ones.

This work therefore reports on the suitability of a P. putida
luminescent bioreporter based approach for the screening of
nanoparticle ecotoxicity in environmentally relevant matrices such
as the artificial wastewater, combined with characterisation infor-
mation, and leads toward assays in real and complex matrices such
as wastewaters. Incorporated in battery test approach along with
others bacterial bioreporters or integrated into field portable de-
vices, such bacterial tools promise efficient assessment of potential
risks and mechanisms associated with nanoparticle fate and
toxicity.
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