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INTRODUCTION

Production of man-made nanoparticles (NPs) is continuously increasing and they
are already used in thousands of industrial and household products. The growing
production increases the possibility of release of the NPs into the environment. Na-
noscience has undergone rapid development, but still relatively little is known on
the interaction of NPs with living systems. The knowledge of nanoparticles’ behav-
ior in the environment and characterization of their biological effects is needed for
the environmental risk assessment.

Biological effects of NPs are usually examined in aqueous environments in the
presence of various components that support survival and/or growth of the test or-
ganisms or cells. Various standardized in vitro toxicity assays are used with differ-
ent composition of test media depending on the test organism and type of assay.
Generally, biological environment, e.g. test medium, contains various organic (li-
pids, proteins, sugars etc.) and inorganic (salts, minerals efc.) components. Once
NPs encounter the biological matter, they start to interact with it. Adsorption of
biomolecules onto NPs surface is a well-established phenomenon. Thus, the physi-
co-chemical properties of NPs may significantly change in the biological environ-
ment. Coating with biomolecules can change the stability of NP’s suspension, in-
crease of the dissolution rate of metal-based NPs, or modulate the interaction of
NPs with cells. It is widely accepted that the formed bio-corona is what the cell
actually “sees” during interaction with NPs. In turn, the structure of the adsorbed
biomaterial may change leading to loss of biological activity. Moreover, the ion
release and the formation of reactive oxygen species (ROS) are the main mecha-
nisms of toxic effect of metal-containing NPs. Thus, studying interaction of NPs
with the surrounding environment, including adsorption of biomolecules, is crucial
for understanding how exposure to nanoparticles affects the biological responses of
cells and organisms.

The main objective of this study was to obtain new scientific knowledge on in-
teraction of NPs with organisms, biomolecules and test environment and how these
interactions modify the toxic effects of NPs.

The focus was set on the role of test environment and cell-NP contact on result-
ing biological effects using nano-CuO and nanosilver as model compounds and
bacteria as model test organisms.
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ABBREVIATIONS

AAS
AFW
ASTM
ATP
BSA
CAS

(Cu-)ISE

EDTA
FBS
FTIR
HMM
ICP-MS
ISO
kDa
LB
LOD
MOPS
NP(s)
OD
OECD
PL
PVP
ROS
SEM
SPR
TEM
UV-Vis

atomic absorption spectroscopy

artificial freshwater

American Society for Testing and Materials

adenosine triphosphate

bovine serum albumin

unique number given to chemicals by the Chemical Abstracts Ser-
vice

(Cu-)Ion Selective Electrode

deionized water

hydrodynamic diameter

dynamic light scattering

discrete molecular dynamic

deoxyribonucleic acid

the median effective concentration of the toxicant that induces a
designated effect in 50% of the test organisms after a specific expo-
sure time

ethylenediaminetetraacetic acid

fetal bovine serum

Fourier transform infrared spectroscopy

heavy metal MOPS medium

inductively coupled plasma mass spectrometry
International Organization for Standardization

kilodalton

Luria-Bertani medium

limit of determination

3-(N-morpholino)propanesulfonic acid

nanoparticle(s)

optical density

Organization for Economic Cooperation and Development
photoluminescence

polyvinylpyrrolidone

reactive oxygen species

scanning electron microscopy

surface plasmon resonance

transmission electron microscopy

ultraviolet—visible
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1. LITERATURE REVIEW

1.1.  Properties and unfavorable effects of synthetic nanoparticles

According to the recent review issued by the European Commission [1] nano-
material is defined as "a natural, incidental or manufactured material containing
particles, in an unbound state or as an aggregate or as an agglomerate and where,
for 50% or more of the particles in the number size distribution, one or more exter-
nal dimensions is in the size range 1 - 100 nm. In specific cases and where warrant-
ed by concerns for the environment, health, safety or competitiveness the number
size distribution threshold of 50% may be replaced by a threshold between 1 and 50
%". In scientific literature nanoparticles (NPs) are usually defined as particles with
at least one dimension between 1 and 100 nm.

Annual production of metal-based NPs exceeds 20 000 tons and continues to in-
crease (Fig. 2). Thus the question of NPs risk assessment is highly relevant.

a annual production of NPs b 1SI WoS data on Ag NPs C ISI WoS data on CuO NPs
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Figure 2. (a) Annual production of nanoparticles (NPs) and application of (b) Ag and (c)
CuO NPs. Modified from Bondarenko et al., 2013 [2].

The main reason of different properties of NPs compared to their micro-scale
counterparts is the particle size. With decreasing size, the number of atoms on parti-
cle external surface increases, leading to significant increase in specific surface area
(surface area of a material per unit mass [3]) and thus, increased reactivity [4, 5].

High reactivity significantly enhances interaction of NPs with surrounding envi-
ronment (binding of gases, organic molecules including proteins, DNA, cell mem-
branes) [6]. This interaction may lead to changes in the properties of vital biomole-
cules, membrane damage, increased dissolution of NPs and formation of reactive
oxygen species (ROS). ROS are small active derivatives of molecular oxygen, e.g.,
hydroxyl radical (*OH), hydrogen peroxide (H,O,) and superoxide anion (O,"). It is
important to note that ROS are natural by-products of normal oxygen metabolism,
but in excessive amounts cause cellular oxidative stress [7]. The formation of ROS
[8] and dissolution (ion release) [9, 10] may be the main explanation of toxic effect
of metal-containing NPs. In addition, binding of biomolecules, most often proteins,
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to NPs surface leads to protein corona formation, which it turn plays an important
role in uptake of NPs by various cells and organisms and other biological effects. In
the case of metal-containing NPs ROS can be caused by released toxic metal ions
triggering ROS inducing redox reactions and/or in case of all types of NPs ROS can
be directly induced on NPs surface by interaction of molecular oxygen with NPs.

In order to understand toxicity mechanisms of NPs the processes that take place
on bio-nano interface are very important. For example, for different organisms the
toxicology may be unpredictably varying: a bacterial, prokaryotic cell has no endo-
cytosis, thus they are a priori protected against NPs entry, whereas most eukaryotic
cells can internalize NPs relatively easily [11]. In addition to the organism, test
environment also affects on the test results. Organic and inorganic components of
test media can lead to aggregation, or increased stability and dissolution of NPs.
Thus, nanoparticle toxicity studies require careful planning to take into considera-
tion various factors that may interfere with the results [12].

1.1.1. Nanosilver

Silver nanoparticles (AgNPs) have long been known for their antibacterial proper-
ties. Protein-stabilized nanosized Ag particles have been used for medical purposes
already since the late 19th century [13, 14]. Nowadays, AgNPs are widely used in
over 300 consumer products [15] as broad-spectrum antimicrobials in cosmetics,
clothing, detergents, electronics, water purification systems, dietary supplements
and medical equipment [16, 17]. According to recent evaluation, annual production
of silver nanoparticles is tens of tons [18]. There is a significant risk of environmen-
tal pollution mainly via industrial waste and sewage treatment plants [19-21], as
well as due to silver leaching from the nanosilver-containing consumer products.
The toxicity of AgNPs is widely studied [2]. Despite numerous publications, the
antimicrobial mechanism of AgNPs is still under debate. In general, the mechanism
of AgNPs toxicity is similar to that of silver ions [22] and is supposedly dictated by
Ag-ion release [23, 24]: released Ag-ions from AgNPs may enter the cell and bind
to SH-groups of proteins and may generate ROS [25, 26]. However, in some studies
the silver nanoparticles were reported to be more toxic that predicted from released
Ag ions [22, 27-31]. The latter can be explained by the contact of Ag nanoparticles
with the cell membrane that results in membrane damage and consequently, higher
uptake of Ag ions. In addition, several studies have shown that antimicrobial effect
of AgNPs is correlated to the particle size: smaller particles induce higher toxic
effects [9, 32], probably due higher binding affinity to the cell membrane [33] and
subsequent higher ion release. In addition, the binding of vital molecules (e.g., en-
zymes) to AgNPs may irreversebly reduce the activity of these biomolecules.

1.1.2. Nano CuO

Historically, copper has been widely used in metallurgy, agriculture and household
products such as cookware. Biocidal properties of copper compounds have been
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used for centuries in antifouling agents. In recent time, as a result of nanotechnolo-
gy development, nanosized copper oxide (CuO NPs) has become widely used in
various applications, such as electronics (semiconductors, computer chips), heat
transfer nanofluids due their excellent thermophysical properties [34] and as anti-
microbial agent in textiles, hospital equipment, as wood preservation and antifoul-
ing paint due to its toxic properties [35].

At low concentrations copper is a micronutrient for microorganisms, plants and
animals, but above physiological level it can cause adverse effects. The toxicologi-
cal studies have shown the toxicity of CuO NPs to aquatic organisms such as algae
[36], crusteceans [37], fish [38], bacteria [26] as well as mammalian cells in vitro
[39, 40]. In addition, the ability of CuO NPs to induce oxidative stress and DNA
damage has been demonstrated [39]. Moreover, the exposure to CuO NPs may lead
to accumulation of copper in the animal tissues [41]. For example, upon exposure to
Cu NPs, accumulation of copper in the isopod Porcellio scaber has been demon-
strated, due to the liberation of Cu ions inside the digestive tract of isopods.

1.2. Toxicity evaluation of nanoparticles

1.2.1. Role of test media in modulation of the toxicity of nanoparticles

Dissolution of metal-containing NPs (release of free ions) may be one of the main
mechanisms underlying their toxicity [42]. It is widely accepted that bioavailability
(the fraction of a chemical or NPs that is available for certain organism/cells) and
subsequently, the toxic effects of metals, depend on their speciation. Thus, metal
speciation in different environmental matrices (natural waters, soils, sediments) has
received remarkable attention [42]. In toxicology, for most of the standardized in
vitro toxicity assays the composition of the test media to be used is defined by the
Organisation for Economic Co-operation and Development (OECD), the Interna-
tional Organization for Standardization (ISO), the American Society for Testing and
Materials (ASTM) norms and varies depending on the test organism and type of the
assay. Moreover, every standard laboratory toxicological assay needs to be per-
formed in specific conditions, e.g., temperature, time efc, which all may influence
the chemical speciation and consequently, the test results [43]. In order to provide
the ecologically and physiologically relevant coditions for a given test organ-
ism/cell, test media usually contain organic and inorganic components — ligands,
that form complexes with the metal ions. The solubility of NPs as well as stability
of suspensions depends on their interactions with compounds of test environment
(proteins, amino acids, natural organic matter, humic substances etc.). For instance,
organic compounds may coat and disperse NPs (Fig. 3). NPs may become remarka-
bly unstable and sediment in mineral media. In contrast, the components of the
complex organic rich test media are able to disperse NPs and prevent their sedimen-
tation [2].
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Hence, the knoweledge on the potential impact of test media on toxicity outcome
is necessary to evaluate the test results and compare the data between different toxi-
cological assays, test species (organisms and cells) and various laboratories.

Ag NPs (40-110 nm, uncoated) Ag NPs(2-30 nm, PVP-coated) CuONPs (30 nm, uncoated)

mineral media complex media mineral media complex media  mineral media complex media
For arwt arwz ampmlvym wmo 18 Mo aFrwi arwz am pmllym  wo 1Bl oi arwi arwz am pmllym mo 18!
Oh

EN o = et TN ARY
\
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2h

24h

B e - - - -

Figure 3. Illustration of NPs stability suspended in various test environments: uncoated Ag
(50 mg/L), PVP-coated Ag (50 mg/L) and uncoated CuO (50 mg/L) nanoparticles after 0, 2
and 24 hours of incubation in (1) deionized water; (2) artificial freshwater (AFW) for the
tests with Daphnia sp. (OECD 202); (3) AFW for Thamnocephalus sp.; (4) algal growth
medium (OECD 201); (5) protozoan mineral test medium (Osterhout’s); (6) yeast extract
peptone dextrose medium; (7) bacterial M9 medium supplemented with 0.1 % glucose and
0.5 % amino acids; (8) bacterial LB medium containing tryptone and yeast extract. Detailed
composition of test media presented in Table 1. Modified from Bondarenko et al., 2013 [2].

1.2.2. Dissolution analysis of metal nanoparticles

Solubilisation is a critical step in order to understand and predict harmful effects of
metal-based NPs. One of the most widely applied techniques to determine free ionic
forms of dissolved metal is the ion-selective electrode (ISE) [44, 45]. Although,
remarkably high sensitivities of some electrodes have been reported (up to 10! M
[8]), the ISE have also some limitations: the non-target ions (Cl, Br, Fe, sulfides,
organics etc.) may interfere with the results and measurement accuracy is sensitive
to ionic strength of the solution [46, 47]. Analogously, dissolution of metal-based
NPs can be analysed by dialysis [48], ultracentrifugation [40], or ultrafiltration [49]
and subsequent total metal analysis of supernatant or filtrates by atomic absorption
spectroscopy (AAS) or inductively coupled plasma mass spectrometry (ICP-MS).
These approaches are usually suitable, but the separation of small (< 10 nm) NPs
can be challenging and the filter material may also adsorb certain amount of metals
[50].

One has to stress, however, that the bioavailable fraction of metal is more in-
formative that the total dissolved metal fraction for the interpretation of the results
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of bioassays. Bioavailable fraction of a chemical is the fraction available to a cer-
tain organism. For example, metal in test solution may exist in the form of soluble
metal complexes [51], which may be not bioavailable to the cells and thus will not
induce toxic effect. Therefore, although the concentration of total dissolved metal
may be high, the actual bioavailable concentration of metal that causes biological
effects may be remarkably lower. There are several biological tools that can be used
for the analysis of bioavailable metals. For example microbial biosensors [52, 53]
allow specific detection of bioavailable metals through a highly sensitive biorecog-
nition process followed by induction of a measurable signal, e.g., bioluminescence
[54]. These metal-specific recombinant bacteria have been applied for the analysis
of bioavailable metals in soils, sediments [55, 56], as well as in metal-containing
NPs [37, 57]. The above described biosensors contain a promoter that selectively
senses metal ions and activates a reporter gene, which initiates the synthesis of lu-
ciferase and production of light (bioluminescence). Produced light is proportional to
the intracellular concentration of the tested metal ion.

1.2.3. Toxicological profiling of nanoparticles using bacterial biosensors

As discussed above (section 1.1), reactive oxygen species (ROS) can form on the
surface of NPs. ROS may result in significant damage to cell structures [58]. Usual-
ly fluorescent dyes are used to detect ROS in biological samples [59-61]. Fluores-
cent dyes increase their fluorescence after intracellular oxidation. In case of metal-
based NPs, relased ions can quench the fluorescence of the dyes [59], making cer-
tain methods not suitable for the detection of ROS induced by metal-based NPs.
Another method for the detection of ROS is using stress-induced whole-cell biosen-
sors. Similarly to metal-specific biosensors, these genetically modified (recombi-
nant) bacteria react to the presence of ROS by producing bioluminescence [62-64].
In addition to ROS inducible strain, a single-stranded DNA damage-inducible
strain was used in the current study to investigate DNA damaging potential of NPs.

1.3. Interaction between nanoparticles and biomolecules

1.3.1. Protein corona

Protein corona is the protein adsorption layer that forms on the surface of NPs and
plays an important role in their interaction with living matter. It is a dynamic phe-
nomenon that can change over time, where initially adsorbed abundant proteins are
replaced by proteins with higher affinity for the nanostructure (Vroman’s effect)
[65]. During interaction with NPs, in addition to the potential to change colloidal
stability of NPs and increase dissolution of metal-based NPs, proteins undergo
structural rearrangement, leading to changes in secondary structure up to protein
unfolding and, as a consequence, changes in biological response [66]. Protein coro-
na’s structure and composition depends on both, the physicochemical properties of
the NPs, such as composition, size, shape, surface charge, functionalization and the
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nature of the protein and the environment. Also, time is an important factor in the
concent of formation of the protein corona.

Knowledge on the protein adsorption on nanomaterial surfaces is highly needed
in many research fields such as drug delivery [67-70], tissue regeneration [71-73],
biosensing [74-77], nanotoxicology [4] and others.

1.3.2. Nanoparticle-enzyme interaction and effect on enzymatic activity

Enzymes regulate life processes in all living cells [78] and changes in enzymatic
activity may adversely affect physiological processes. Certain chemicals, e.g. heavy
metals and nanoparticles, can effectively bind biomolecules, including enzymes
[79, 80]. This binding may cause inhibition effect on enzymatic activity due to con-
formational changes of enzyme’s secondary as well as tertiary structure [66]. Metal
ions can be bound to enzyme’s active cite, blocking enterance of the substrate into
active pocket and reduce enzymatic activity. The reduction in enzymatic activity
may be also due to the binding to NPs. Also, the geometry of the active site of the
enzyme can be changed. In addition, allosterical effects may take place upon chem-
ical-enzyme interaction. For example, heavy metals have high affinity for the
sulthydryl (-SH) groups in the cysteine residues of the protein structure [79].
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AIMS OF THE STUDY

Although engineered nanoparticles (NPs) are already used in a large variety of con-
sumer products and the production of some types of nanomaterials is already on the
industrial scale, the knowledge on potential harmful effects and mechanisms of
toxic action of NPs is still scarce.

The main objective of this study was to obtain new scientific knowledge on in-
teraction of NPs with organisms, biomolecules and test environment and how these
interactions modify the toxic effects of NPs. The focus was set on nano-CuO and
nanosilver due to their high toxicity and biocidal use. The main aim was to clarify
the role of the test environment and cell-NP contact (using bacteria, — the primary
target organisms of various biocidal compounds) in the toxicity on NPs. In addition,
the effect of enzyme-silver NPs interaction on enzymatic activity was investigated.

This was approached through the following specific aims:
1. to select and refine the suite of the laboratory methods for physico-chemical
characterization of nanoparticles relevant for ecotoxicological analysis: hy-

drodynamic size, {-potential and solubilisation.

2. to reveal the effect of complexing potential of test media in ecotoxicologi-
cal studies of copper and CuO particles.

3. to evaluate the role of CuO solubilisation in toxicological effects of CuO
NPs combining chemical methods and a suite of bioluminescent Escherich-

ia coli-based sensor bacteria.

4. to elucidate the importance of contact between bacteria and NPs on solubili-
ty-driven toxic effects of nanosilver.

5. to determine the mechanisms of interaction between enzymes and nanosil-
ver using firefly luciferase as a model.

19



2. MATERIALS AND METHODS

2.1. Complexing potential of ecotoxicological and microbiological test
media

The test media used for toxicity assays are standardized, depend on the test organ-
ism and may influence the test results [43]. Therefore the study of test media effect
on results is necessary to correctly understand toxicological studies.

In order to investigate the complexing potential of test media a series of standard
ecotoxicological and microbiological media were analysed (Table 1). The media
selection for the analysis was based on ecotoxicological and microbiological asays
(Publication I): 2% NaCl (used for Microtox toxicity test with bioluminescent bac-
teria Vibrio fischeri), algal medium (used for the toxicity testing with algae Pseudo-
kirchneriella subcapitata according to OECD 201), two artificial freshwaters (used
for tests with crustaceans Daphnia magna according to OECD 202 and with Tham-
nocephalus platyurus). Malt extract (ME) and YPD (Yeast Peptone Dextrose medi-
um) are used for the cultivation of yeasts. Luria-Bertani (LB) medium is an unde-
fined rich medium that supports the growth of variety of bacteria. The M9 medium
has been used in studies for toxicity evaluation of metals and organic chemicals to
Escherichia coli [81] and for the analysis of bioavailable metals using metal-
inducible bioluminescent bacterial sensors [54, 82]. HMM medium has been specif-
ically suggested for the analysis of heavy metals due to its minimal metal-
complexing capability [83]. M9 and HMM media were supplemented by 0.5 %
Cas-amino acids (AA). Also 0.9% NaCl and its Cas-amino acid (AA) supplemented
versions were tested as 0.1% AA amended 0.9% NaCl has been applied earlier to
study the bioavailability and toxicity of metal-containing NPs [26, 37, 84].
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2.2. Nanoparticles

2.2.1. Preparation of stock suspensions of nanoparticles and metal ions

Metal ions and micro-sized particles were used in parallel to metallic NPs to study
the effects of dissolution and size, respectively (Publication II). Stock solutions of
soluble metal salts (CuSO4-7H,0, AgNOs;) and nanoparticles of CuO, uncoated
AgNPs, protein coated colloidal Ag (collargol, Col-AgNPs), polyvinylpyrrolidone-
coated Ag (PVP-AgNPs) and micro-particles of CuO were prepared in deionized
(DI) water. Particle solutions were homogenized using ultrasonic probe (Branson
450). For the tests, stock solutions were diluted in DI water (Publication I, II and
IV) or in the respective test media (Publications I and III). All chemicals and parti-
cles were purchased, except PVP-AgNPs, that were synthesized in the laboratory of
Prof. Heikki Tenhu (University of Helsinki, Finland) as described in [85] (Table 2).

Table 2. Soluble metal salts and particles.

Nanoparticles Purchased from Coating

nano-CuO Sigma-Aldrich uncoated

micro-CuO Alfa Aesar uncoated

citrate-AgNPs ~ NanoComposix citrate

PVP-AgNPs synthesized as described in [85] polyvinyl-pyrrolidone (71%)
Col-AgNPs Laboratorios Argenos S. L. casein (30%)

AgNPs Sigma-Aldrich uncoated

Salts Purchased from

CuSO4+7H,0 Alfa Aesar

AgNO3 J.T.Backer; Sigma-Aldrich

2.2.2. Physico-chemical characterization of nanoparticles

Transmission (TEM; SUMY-SELMI, EM-125 (Publication III), Hitachi H7600
(Publication 1V)) and scanning (SEM; JSM-8404 (Publication II)) electron micros-
copy imaging were used to determine average primary size of particles (Publica-
tions II, III and IV) and to visualise NP-protein interaction and protein corona for-
mation (Publications 1V). As reported previously, compared to bulk analogues,
NPs display larger specific surface area that leads to increased reactivity and thus,
also enhanced bactericidal properties [4]. Specific surface area measurements (SSA,
Sorptometer Kelvin 1042) of the powders of micro (primary size > 1 um) and nano
sized particles were performed in Tallinn University of Technology (Estonia).

The hydrodynamic diameters (Dn) of nanoparticles in suspensions (DI water and
in test media) were measured using dynamic light scattering (DLS; Malvern
Zetasizer Nano-ZS (Malvern Instruments)) (Publications II, III and IV). UV-Vis
absorption spectra of NPs in DI water, buffer solution or medium were obtained
using a spectrophotometer (Thermo Multiscan Spectrum (Thermo Electron) (Publi-
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cation II), Thermo Multiskan Spectrum (Thermo Electron Corporation) (Publication
IIT) and Cary 300 Bio (Varian) (Publication 1V)). {-potential measurements were
applied to characterise nanoparticles in solution (using Malvern Zetasizer Nano-ZS
(Malvern Instruments)) (Publications II, III and IV) (Fig. 4).

Malvern Zetasizer

/ Nano-ZS
hydrod icsi
Sorptometer == y ';3 c\’/tneanrzlaclsue
Specific surface v P

area (BET)
Spectrophotometer
UV-Vis absorbance

T //4

NPs dissolution
5 —_ Z v
° . ﬁ AAS/ICP-MS
Nanoparticles  \ps suspension Sonicator Stable NPs lon-selective
(NPs) Branson 450 suspension electrode
l free metal
. % Organism;
., c. Sensor bacteria
... - Z =
bioavailable/
TEM/SEM intracellular metal;

Primary size toxicity

Figure 4. Schematic representation of nanoparticle stock suspension preparation and charac-
terisation.

2.3. Determination of free metal ion concentration and dissolution of
nanoparticles

2.3.1. lon-Selective Electrode

Copper ion selective electrode (Cu-ISE; Orion Research) was applied to study the
free ionic form of copper in different environmental conditions (Publication I).
CuSO4 and CuO NPs dilutions were performed in appropriate medium and incubat-
ed for 2 h at 30 °C prior to measurement. Free Cu was calculated using following
equation:

CuISE, , in test media
CuISE, ,, in DI water

Free Cu (%)= 100 (1)

The limit of detection (LOD) of the Cu-ISE in each test media was calculated as
recommended for ion-selective electrodes by International Union of Pure and Ap-
plied Chemistry (IUPAC) [86]. Briefly, log(10) of the added Cu was plotted against
the electrode potential and the crossing point between the linear increase of the
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electrode potential and the line representing the electrode background potential was
designated as the limit of detection (Cu-ISErop) (Figure S1 of Publication I). In
addition to test media complexing potential investigation, the Cu-ISE was used to
determine dissolution rate of the CuO nanoparticles.

2.3.2. Atomic absorption spectroscopy and inductively coupled plasma mass

spectrometry

Soluble fraction of metals was determined using atomic absorption spectroscopy
(AAS) (Publication II and III) and inductively coupled plasma mass spectrome-
try (ICP-MS) (Publication IV). The samples were centrifuged to remove unsoluble
fraction and particle-free-supernatant was analysed.

2.4. Bacterial biosensors

Three types of bioluminescent bacterial sensors were used: (i) metal-inducible bac-
teria were used to quantify bioavailable metal (Fig. 5); (ii) stress-inducible biosen-
sors were used to detect specific stress response of bacteria to toxic metals; (iii)
recombinant constitutively luminescent control strains (Table 3). All the biosensor
strains used in this study were new and were constructed in the Laboratory of Envi-
ronmental Toxicology, National Institute of Chemical Physics and Biophysics, Es-
tonia. ROS-inducible and single-stranded DNA (ssDNA) damage-inducible strains
were constructed by Dr. Olesja Bondarenko (Publication II) and the rest of the sen-
sors by Dr. Angela Ivask [54].

Before testing all bioluminescent test bacteria were pre-grown overnight in Lu-
ria-Bertani (LB) medium [87] (Publications I-III). The overnight culture was diluted
1:50 with fresh LB medium and grown until ODggo of ~0.6. Cell pellet was washed
twice in respective medium. For that bacteria were centrifuged at 5000 x g for 10
min and resuspended in fresh medium. Prior to the test the bacteria were diluted to
ODgoo = 0.1 (~10° bacterial cells/ml). 100 uL of chemical was pipetted onto white
polypropylene 96-well microplate, 100 puL of bacterial suspension was added to
each well and plates were incubated at 30 °C. Bioluminescence was measured using
microplate luminometer (Orion II, Berthold Detection Systems GmbH).
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Figure 5. Schematic representation of the induction of metal-specific bioluminescent bacte-
ria: (A) sensor bacteria with metal contaminated sample; (B) heavy metal entering the bacte-
rial cell; (c) metal-specific element sensing intracellular metal ions and activating reporter
element which initiates bioluminescence (light production).
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For the determination of the soluble fraction of CuO NPs (Publication I and II)
and AgNPs (Publication III) we used two biosensor strains: FE. coli
MC1061(pSLcueR/pDNPcopAlux) and P. fluorescens OS8::KncueRPcopAlux.
ROS-generation potential of chemicals and NPs was analysed by E. coli
K12::katGlux and E. coli MC1061 (pDEWrecAlux) was used as ssDNA damage-
inducible strain.

The biosensors were first calibrated with respective soluble heavy metal salts,
assuming 100% bioavailability of the metal ion, and then nano- or micro-sized par-
ticles were analyzed. The concentration of dissolved ions was quantified by com-
paring the sub-toxic linear part of concentration-response curves of biosensors to
particles and to the respective metal ions. A schematic representation of biosensor
response to soluble metal salt and nominal concentrations of nano- and micro-sized
particles is presented on Fig. 5. Fold induction of bacterial sensor bioluminescence
was calculated as follows:

L
Fold induction of bioluminescence = 2 -CF, 2)

'Ls

where SLs was the luminescence of the biosensor strain after exposure to chemicals
or particles, CLs - the luminescence of the same strain in control solution and CF
was the correction factor. CF was calculated using:

CF=—2=, 3)

where CLc was the luminescence of the control strain in a chemical-free control
solution and SLc was the luminescence of that strain after its exposure to chemical
or particle.

w

A 100 —4#—soluble salt 1.5
=== nano-sized particles

—=—micro-sized particles

0.5

Biosensor induction, fold
-
(=)

LOG (biosensor induction, fold)

14 = A A ) : : )
0.0000001  0.00001 0.001 0.1 10 -7 = ’ 3 <
o LOG (concentration. mg/l)

Figure 6. (A) a schematic representation of bacterial biosensor response to soluble heavy
metal salt (metal ions) (#), nano-sized (0) and micro-sized (A) metal-containing particles;
(B) log-log regressions of the sub-toxic linear part of the nominal concentration response
curves.
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Increase of bioluminescence upon incubation of biosensor with nano and micro-
sized particles confirmes the presence of ion release and bacterial internalization of
soluble ions from particles (Fig. 6A). The dissolution of particles was quantified by
linear regression from concentration-response curves, i.e. by comparing the re-
sponse of biosensor to appropriate metal soluble salt and to particles (Fig. 6B). Us-
ing this approach, dissolution of CuO and Ag NPs was calculated in publications II
and 11, respectively.

2.5. Interaction of silver nanoparticles with firefly luciferase. Effect on
enzymatic activity

The effect of nanoparticles on enzymatic activity was investigated using a firefly
Photinus pyralis luciferase as a model enzyme. This enzyme has a wide use as a
reporter in a variety of in vitro bioassays. Luciferase is a 62 kDa enzyme compris-
ing of 550 amino acid residues and catalyzes the production of light by converting
chemical energy into photoenergy. Specifically, this process involves the oxidation
of luciferin - the heterocyclic substrate of the enzyme, in the presence of Mg-ATP

and molecular oxygen into oxyluciferin (Fig. 7) [88].
_< /l CO-0AMP @[ \>_<\ +AMP +CO; + hv

ATP, Mg?*
+PPI Oxyluciferin

D-Luciferin D-Luciferyl adenylate

Figure 7. Mechanism of firefly luciferase catalyzed bioluminescence [89].

The reaction releases a photon of light (4v) when electronically excited state ox-
yluciferin returns to the ground state. The produced light intensity is proportional to
the amount of functional enzyme. Thus luciferase is a suitable model for the inves-
tigation of enzymatic activity by direct measurement of bioluminescence. In the
current study the effect of silver nanoparticles (Biopure, 20 nm, citrate coated) on
luciferase (QuantiLum Recombinant Firefly Luciferase, Promega) activity was in-
vestigated (Publication IV).

Surface plasmon resonance (SPR) of pure AgNPs and AgNPs pre-incubated
with enzyme was measured using UV-Vis spectroscopy. TEM imaging allowed
visualization of adsorbed layer of protein on NP surface. The study was performed
also with soluble silver salt to investigate the impact of Ag-ions. Circular dichroism
spectroscopy was used to determine changes in protein secondary structure due to
binding on nanoparticles. Since modification of NPs surface can have an effect on
ion release, dissolution of NPs over time was studied: luciferase and AgNPs were
incubated at room temperature for 0, 2, 4, 8, 24, 48 and 72 h, centrifuged and parti-
cle-free supernatants were analysed.

The Luciferase Assay System (Promega) was used to determine the effect of
AgNPs on luciferase activity. Luciferase was pre-incubated with different concen-
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trations of AgNPs or AgNOs for 2 h at room temperature prior to the measurement.
A pre-incubated Ag—luciferase mixture of 20 pl was added to 100 pl of the Lucifer-
ase Assay System and the signal was recorded with a luminometer (Turner BioSys-
tem 20/20n). The luciferase activity assay was also performed in the presence of
Na' or Au®" to determine the specificity of the observed inhibition by Ag-ions. The
rapid kinetic measurements of the luciferase in the time scale of seconds were per-
formed on microplate luminometer.
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3. RESULTS AND DISCUSSION

3.1. Characterisation of nanoparticles

In this study we analysed CuO and Ag NPs which are curently widely used in con-
sumer products and in various industrial applications. Altogether four types of
AgNPs were studied: uncoated and coated with protein and PVP were used for anti-
bacterial activity study (Publication III) and citrate-coated AgNPs were used for the
enzyme activity study (Publication IV). In parallel to nanosized CuO particles, the
chemically identical microsized analogue was analysed to investigate effect of size
on antimicrobial properties of CuO (Publication II). Respective soluble salts were
used in parallel as (ionic)controls (Table 2).

The electron microscopic imaging was used to investigate surface morphology
and primary size of nanoparticles (Fig. 8).
S — : -

Figure 8. Scanning electron microscopy (SEM) images of (A) nano-sized CuO particles,
(B) micro-sized CuO particles, transmission electron microscopy (TEM) images of (C)
citrate-coated AgNPs, (D) uncoated AgNPs, (E) protein-coated AgNPs and (F) PVP-coated
AgNPs. Modified from Publication III and IV.

Based on electron microscopic images, the primary size of nanoparticles (Table
4) was less than 100 nm, coinciding with the information provided by the manufac-
turers. Hydrodynamic sizes (Dy) of CuO and Ag NPs, measured by dynamic light
scattering (DLS), were larger that the primary size observed by microscopic imag-
ing. The difference in the primary and hydrodynamic sizes is a well-known phe-
nomenon and can be explained by different measurement principles of these two
techniques. A dry powder of nanoparticles is used for primary size measurement,
wheareas hydrodynamic size (DLS) measurements are performed in aqueous solu-
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tion by measuring the Brownian motion of NPs [90]. Since NPs tend to agglomerate
in aqueous environment, frequently D, measures size of the clusters, aggre-
gates/agglomerates of nanoparticles. Particles tend to agglomerate even more in
solution containing inorganic salts and organic components [2] (see also Fig. 2).

Table 4. Primary and hydrodynamic sizes of studied nanoparticles.

Hydrodynamic size (Dn)

Primary in deionised
Nanoparticles size, nm water (DI), nm *** Dh in test medium, nm ***
nano-CuO 30 * 190 385 (HMM + 0.1% AA)
micro-CuO >1000 n.a. n.a.
citrate-AgNPs 20 ** 26 26 (TRIS-acetate)
PVP-AgNPs 8-11 ** 122 139 (NaCl-free LB)
Col-AgNPs 5-30 ** 44 53 (NaCl-free LB)
AgNPs 30-100 ** 89 269 (NaCl-free LB)

AA- amino acids; n.a. - not analysed; * - measured by scanning electron microscopy; ** -
measured by transmission electron microscopy; *** - Dh measured by dynamic light scat-
tering.

Table 4 presents the hydrodynamic size (D) of nanoparticles in deionised (DI)
water and different test media. Most of the nanoparticles had bigger Dy in test me-
dia, than in DI water. For example, average primary size of nano-CuO was 30 nm,
in DI water size (Dy) increased to 190 nm and in test media was 385 nm.

3.2. Binding potential of ecotoxicological and microbiological test media

As discussed previously, the physico-chemical properties of NPs can be modified
upon interaction with components of the test medium. To study that, a comparative
study of CuSO4 and nano-CuO was performed using an ion-selective electrode and
a bacterial biosensor (Publication I).

3.2.1. Response of Cu-Ion Selective Electrode on CuSO+ and nano-CuQ in
different test media

As mentioned above (see section 1.2.1), the composition of test medium can change
the speciation of metal ions, lead to binding of free ions, or influence nanoparticle
dissolution. All that has an effect on bioavailable fraction of metals, i.e., on toxicity.
The effect of test medium composition should be studied and may be considered as
one of the important factors in interpreting the results of toxicity tests.

Seventeen standard ecotoxicological and microbiological test media were ana-
lysed for the speciation and biovalability of copper and copper nanoparticles (Table
1). The copper ion-selective electrode (Cu-ISE) was used to identify free metal ions
and Psedudomonas fluorescens OS8::KnCueRPcopAlux bacterial biosensor was
used to measure bioavailable copper. Speciation analysis of CuSO4 in 17 selected
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test media showed that most of the test media contained ligands complexing the Cu
ions and thus, reduced the amount of free Cu. The amount of free Cu was highest in
mineral media. Despite the absence of organics that are strong binding agents of
metals, mineral media may contain chelating agents, as EDTA, that is a well-known
trace metal chelator [91], or phosphates, which have been demonstrated to form
strong metal-phosphate complexes, that often precipitate [92]. The amount of free
Cu was remarkably lower in organics-rich media. In addition, response of Cu-ISE
to CuSOy in organics-containing media was generally in correlation with organics
content of the media. This was clearly evident in the case of 0.9% NaCl supple-
mented with amino acids (AA), where the gradual addition of AA was accompanied
by a respective increase of the electrode limit of detection (ISEiop).

s 6 i(a) Yg‘D .05 (b) enlarged view of (a)

§ S > MO+0.5%AA T e 0.9%NaCl

sa S 4 o ) " AFW1 +0.05%AA
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a ©3 1 ~ 0 B
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Figure 9. Correlation between Cu-ISErop in CuSO4 and in nano-CuO suspensions prepared
in different ecotoxicological and microbiological media. The names of test media corres-
pond to Table 1; (b) is enlarged view of (a). Symbols in brown color indicate media where
the concentration of free ions in nano-CuO suspensions was lower than could be predicted
from what was observed in case of CuSOs. Taken from Fig. 4 of Publication I.

In the case of CuO nanoparticles, the Cu-ISE limits of detection in test media
were almost identical. This indicates that at these low concentrations all Cu from
CuO NPs was likely dissolved and present in the form of free ions. In general, there
was a good correlation between the free Cu ions in CuSO4 and in CuO NPs-spiked
test media, but there were several exceptions (Fig. 9). Notably, in some media more
free Cu was detected in CuO NPs suspensions than could be predicted from the
results of CuSOs. Therefore, based on experiments it can be suggested that differ-
ently from CuSQOs, in case of CuO NPs additional processes take place. These pro-
cesses likely include agglomeration of nanoparticles, release of Cu ions from the
CuO, and interaction of the released Cu ions with the media components.

Analogous results were observed in literature: in organics-containing ‘rich’ me-
dia the dissolution of CuO was indeed high if compared to that in water or in saline
[61]. One reason for the enhanced dissolution may be the decrease in effective hy-
drodynamic size of the nanomaterials as a result of coating and stabilisation of the
particle supension with organic molecules. Indeed, in accordance with this hypothe-
sis, our study confirmed decrease of hydrodynamic size of CuO NPs in suspension
when Cas-amino acids were added to 0.9% NaCl.
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3.1.2. Response of bacterial Cu-Biosensor on CuSO4+ and nano-CuO in dif-

ferent test media

In parallel to measurements made by Cu-ISE the Cu-sensor bacteria were used to
quantify bioavailable fraction of copper to these bacteria. According to Rensing et
al., 2003 [93] and Brandt et al., 2008 [94] the response of microbial biosensor cells
may be due to soluble ionic forms of metals as well Cu - dissolved organic matter
complexes (DOM) bioavailable to Cu-sensor bacteria. The LOD values of the bac-
terial biosensor and Cu-ISE in CuSO; spiked media were significantly correlated
(Fig. 10). Analogously to the Cu-ISE, sensor bacteria results showed decrease of
bioavailable Cu with increasing amount of organics in the media. Interestingly, for
both, CuSO, and CuO NPs, the LOD of the Cu-biosensor was remarkably lower
than that of Cu-ISE.
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Figure 10. Correlation between limits of determination (LOD) of Cu-ISE (indicative of free
Cu) and Cu-biosensor (indicative of bioavailable Cu) for CuSOy in different ectotoxicolo-
gical and microbiological media. Data are plotted from Tables 2 and 3 in Publication I. (a)
Cu-ISELop and Cu-biosensorLop for CuSOys; (b) Cu-ISELop and Cu-biosensorLop for nano-
CuO. Modified from Fig. 2 of Publication I.

The lower LOD suggests that bacterial cells were also able to access additional
fractions of Cu in addition to the free ions detected by Cu-ISE. Thus, in case of
particle-containing samples (including CuO NPs), more Cu may be bioavailable to
living (e.g., microbial) cells than could be predicted based on only dissolved frac-
tion of Cu.

Biosensor used in this study showed higher sensitivity for heavy metals than ion-
selective electrode, and may be more relevant and informative method in environ-
mental hazard analysis.

In addition, we screened the literature to collect the ECsy values (the concentra-
tion of test substance that causes studied adverse effect to 50% of the test organ-
isms) for copper (determined using standard ecotoxicological test organisms, such
as protozoa, crustaceans, algae, bacteria, yeasts) and normalized them for calculated
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free Cu in the test media. After normalization, the difference in ECsy values de-
creased from 4 orders of magnitude to 1.8. Toxicity tests, from which the ECs, val-
ues were obtained, were performed in the same media that were used for Cu specia-
tion and bioavailability analysis. Thus, the free ion concentration may be considered
as relatively suitable parameter for copper toxicity prediction.

3.3. Investigation of antimicrobial properties and toxicity mechanisms of
nanoparticles

Despite of increasing number of nanotoxicological studies, the toxicological mech-
anisms of NPs are not yet fully understood [54]. We investigated the toxic effect of
CuO NPs and AgNPs using bacteria as test organisms. For the study of CuO toxici-
ty mechanisms (Publication II) ROS (E. coli K12::katGlux) and DNA damage (E.
coli MC1061(pDEWrecAlux)) biosensors were constructed, which were sensing
reactive oxygen species or DNA damage, respectively. The construction of biosen-
sors is described in Publication II and was performed by Dr. Olesja Bondarenko. E.
coli MC1061 (pSLcueR/pDNPcopAlux) bacteria were used as metal ion-specific
biosensors.

Upon incubation of sensor bacteria with copper compounds a time-dependent re-
sponse was observed. E. coli Cu-ion biosensor was induced already after 0.5 h of
exposure to all three Cu compounds (CuSOs, nano- and micro-CuO particles), in-
duction of hydrogen peroxide inducible (ROS) biosensor started only after 5 h and
the induction of DNA damage biosensor after 8 h of exposure (Fig. 11).
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Figure 11. Time-course response of Escherichia coli based bioluminescent sensors to dif-
ferent Cu formulations. (A-C) Induction of ion-specific biosensor E. coli
MC1061(pSLcueR/pDNPcopAlux); (D-F) ROS biosensor E. coli K12::katGlux and (G-I)
DNA damage biosensor E. coli MC1061(pDEWrecAlux) by CuSOs (¢), nano-CuO (©) and
micro-CuO (A) for 2 (left panels), 5 (middle panels), and 8 (right panels) hours. Concentra-
tions are presented on Cu basis (mg Cu/L). Mean of 3 individual experiments + standard
error of the mean is shown. Taken from Fig. 2 of Publication II. Reprinted with the permis-
sion of Elsevier.

Since copper ion biosensor is responding to soluble metal fraction [54] and the
response patterns of ROS and DNA damage biosensors were very similar to Cu ion
biosensor, we assumed, that Cu ions, solubilized from CuO particles, triggered the
ROS and DNA damage responses. The particle dissolution study showed around
10% solubility of nano-sized CuO and 0.1% of micro-sized CuO. Investigation of
metal ion concentration which corresponds to sensors maximum induction at ap-
propriate concentration of particles showed presence of equal amounts of soluble
Cu and confimed that ROS and DNA damage detected by the biosensors were in-
deed triggered by dissolved Cu. It is worth noting that at least part of dissolved Cu
was not bioavailable to sensor bacteria. The fraction of dissolved Cu determined by
AAS was significantly higher than the fraction of free Cu ions that entered the bac-
terial cells and caused the observed effects.
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In addition, we investigated the effect of metal chelating agent (ethylenedia-
minetetraacetic acid, EDTA) to the biosensors’ response to different Cu formula-
tions. The addition of EDTA abolished the response of biosensors to copper. This
additionally confirmed that the observed ROS and DNA damage in bacterial cells
were indeed caused by dissolved Cu ions and not by particles themselves.

According to the literature the accumulation of intracellular ROS after prolonged
exposure to low sub-toxic concentrations of Cu formulations may be explained by
Cu ion compartmentalization in the bacterial cell and Cu chemistry [8]. The ROS
can be produced during Cu(I) oxidation to Cu(Il) in the following Cu recycling
redox system [95]:

Cu(l) —e + Oy <> Cu(Il) + Oy
20, + 2H,O0 — H,O, + O, + 20H
Cu(I) + H, O, — Cu(Il) + OH + OH"
OH + DNA — DNA damage

The reason of response delay between ion-specific, ROS and DNA damage bio-
sensors may be due to solubilisation of copper derivatives. Metal ions are directly
detectable by ion-specific biosensors, whereas ROS and DNA damage biosensors
are responding to ion initiated processes in the bacterial cell. There may be a cas-
cade of events, which explain the time dependence phenomenon: the internalised
Cu ions are mainly stored in the periplasm (a space bordered by the inner mem-
brane and the outer membrane in Gram-negative bacteria [96]), where they first
induce the production of superoxide anions [8]. Superoxide anions diffuse into the
cytosol, where they activate superoxide dismutase (catalyzes the dismutation of
superoxide (O*) into oxygen and hydrogen peroxide) gene — inducing the ROS
biosensor. Intracellular and other superoxide dismutases convert superoxide into
H,O that triggers the activation of catalase (catalyzes the decomposition of hydro-
gen peroxide). Finally, cytosolic H,O» induces Fe-dependent production of hydrox-
yl radicals via the Fenton reaction [97], which leads to unspecific oxidation of vari-
ous biomolecules including DNA, which activates ssDNA inducible gene — finally
inducing DNA damage biosensor.

Notably, we observed similar results in antibacterial study of silver nanoparticles
with different surface modification (Publication III). The effects of non-coated
(AgNPs), protein (casein) coated (collargol; Col-AgNPs) and PVP-coated Ag
(PVP-AgNPs) nanoparticles to six bacterial strains (Gram-negative Escherichia
coli, Pseudomonas fluorescens, P. putida, P. aeruginosa and Gram-positive Bacil-
lus subtilis and Staphylococcus aureus) were demonstrated (Fig. 12). We observed,
that the toxicity of AgNOs to these bacteria varied only slightly (the 4-h ECs varied
only 4-fold (Table 5)). But the toxicity of AgNPs to various bacterial strains dif-
fered remarkably (up to 130-fold), followed the order PVP-AgNPs > Col-AgNPs >
AgNPs (Fig. 12), showing a clear positive correlation with their dissolution rates,
but not their size.
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Figure 12. Growth inhibition of bacterial strains by silver nanoparticles. Growth inhibition
of (A) Escherichia coli, (B) Bacillus subtilis, (C) Staphylococcus aureus, (D) Pseudomonas
fluorescens, (E) Pseudomonas putida and (F) Pseudomonas aeruginosa by (A) uncoated
Ag nanoparticles (AgNPs), (x) PVP-coated AgNPs (PVP-AgNPs), (m) protein-coated Ag-
NPs (Col-AgNPs), and (¢) AgNO;s after 4-h incubation in half-strength NaCl-free LB me-
dium at 30°C. The representative figures from three biological replicates are shown. Modi-
fied from Fig. 5S of Publication III supplementary information.

Table 5. 4-h ECsg values (half effective concentration) for different silver formulations to
bacteria (AgNOs;, PVP-coated (PVP-AgNPs) and protein-coated (Col-AgNPs). ECsy values
are calculated from dose-response curves presented in Fig. 12.

4-h ECs0, mg Ag/l

Bacterial strain AgNO3 Col-AgNPs PVP-AgNPs
Escherichia coli 0.8 18.7 8.9
Bacillus subtilis 0.5 15.6 5.2
Staphylococcus aureus 1.2 46.1 16.1
Pseudomonas fluorescens 0.4 11.2 2.6

P. putida 0.3 6.2 2.2

P. aeruginosa 0.35 0.35 0.59

The toxicity of AgNPs was not caused only by Ag ions present in the solution,
but each bacterial strain had different influence on NPs dissolution via bacterial
exudates (organic acids, peptides, biosurfactants) and the cellular uptake of Ag ions
via cell-NP interaction was different in different bacterial strains. It is generally
acknowledged that Ag" ions interact with -SH groups of bacteria membrane-bound
enzymes and other proteins, uncoupling the respiratory chain [98, 99] and disrupt-
ing bacterial cell membranes [100].

The biotic and abiotic (in the presence and absence of microorganisms, respec-
tively) AgNPs dissolution study (AAS and Ag-ISE) (Fig. 13) revealed that all
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AgNPs derivatives were not dissolved more in the presence of bacteria than in abi-
otic conditions. But in the case of cell-NPs interaction the extracellular Ag" concen-
tration detectable by biosensor was about 3 times higher than was internalized when
the biosensor was exposed to ultracentrifuged supernatants of AgNPs.

0 Biotic dissolution 9 Abiotic dissolution
Silver
. rticl
Ag-biosensor i
bacteria
10 mg/l
suspension
4-h 30°Cin 4-h 30° Cin
half-strenght NaCl-free n half-strenght NaCl-free
LB medium — LB medium
a) Intracellular Ag” gggagggfgif:%gi;q; ~
2 =
© © .
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b) Extracellular dissolved Ag
c) Extracellular Ag’ AR a) Intracellular Ag

b) Extracellular dissolved Ag

c) Extracellular Ag”

Figure 13. Schematic representation of the experiment to study dissolution of AgNPs. Intra-
cellular Ag ions, extracellular dissolved Ag and extracellular Ag ions were quantified in
biotic (left) as well abiotic (right) conditions. Ag-biosensor E. coli
MC1061(pSLcueR/pDNPcopAlux) was exposed either to the 10 mg/l suspensions of AgNPs
(biotic dissolution) or to the supernatants obtained after ultracentrifugation (390 000 gx60
min) of the respective AgNPs' suspensions (abiotic dissolution). Intracellular Ag ions were
quantified as a function of increase of bioluminescence Ag-biosensor E. coli
MC1061(pSLcueR/pDNPcopAlux), extracellular dissolved Ag was measured by atomic
absorption spectroscopy (AAS) and extracellular Ag ions by ion-selective electrode (Ag-
ISE). Taken from Fig. 4 of Publication III.

In addition, co-precipitation experiment of six bacteria with Col-AgNPs by UV-

Vis spectra measurements of centrifuged supernatants was performed. We ob-
served, that P. aeruginosa cells had higher affinity to AgNPs than the other tested
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bacterial strains. As P. aeruginosa has also pathogenic strains, the high biocidal
efficiency of Collargol towards these bacteria may have practical application.

These results reveal the importance of direct contact of AgNPs with bacterial
cells and demonstrate that the extracellular concentration of Ag ions in the test me-
dium may underestimate the effective intracellular concentrations and hence, anti-
bacterial potency of Ag ions from AgNPs.

Our data is in good correlation with other publications, where it has been shown,
that AgNPs are more toxic to bacterial cells than dissolved silver released from
these NPs [28, 101, 102].

3.4. Interaction of nanoparticles with firefly luciferase. Effect on enzy-
matic activity

Nanosilver is widely used in consumer products, mostly due to its antimicrobial
properties. The wide use of nanosilver products increases the probability of expo-
sure not only to the targeted organisms (bacteria, fungi) but also to other organisms
in surface water ecosystems, wastewater treatment plant microbial communities as
well as humans [2]. These organisms have something in common — they all contain
enzymes in their cells — proteins that catalyze complex and specific biochemical
reactions in high speed at ambient or body temperatures [103]. To study the impact
of silver nanoparticles to enzymes we chose firefly luciferase as a model as the ac-
tivity of this enzyme is easily measurable by recording its light output. Also, firefly
luciferase is often used as a bioreporter and for the evaluation of cellular viability
via ATP analysis. For the latter the interference of nanoparticles with the enzyme
activity is undesirable as it could lead to false intrerpretations.

A

100 nm

Figure 14. (A) TEM image of AgNPs—luciferase corona. Black dots are 20 nm AgNPs and
dark grey cloud around particles is luciferase corona with average thickness of 20 nm; (B)
discrete molecular dynamics (DMD) simulation of AgNP—luciferase corona. These images
showed the binding of the enzyme with the AgNPs and revealed multilayer protein coating
of the nanoparticles. Modified from Fig. 1 and Fig. 5 of Publication IV.

We showed that 20 nm citrate-coated AgNPs dose-dependently inhibited the en-
zymatic activity of firefly luciferase. The inhibition mechanism was examined by
characterizing the physicochemical properties and biophysical interactions of the
enzyme and the AgNPs and quantification of the silver-ions released from the
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AgNPs. We showed that mixing of the enzyme and AgNPs induced an increase in
(-potential triggered a red-shift of 44 nm in the absorbance peak of the AgNPs, and
rendered a ‘luciferase protein corona’ of 20 nm in thickness on the nanoparticle
surfaces (Fig. 14A). However, the secondary structure of the luciferase was only
marginally affected upon formation of the corona, as verified by circular dichroism
spectroscopy and multiscale discrete molecular dynamics simulations (Fig. 14B).
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Figure 15. Inhibition of luciferase activity by AgNPs and Ag". Taken from Fig. 3 of Publi-
cation I'V. Reprinted with the permission of IOP Publishing.

By comparing the enzymatic inhibitory patterns of AgNPs and Ag-ions we
showed that the inhibition was primarily due to the release of silver ions from
AgNPs (Fig. 15). Interestingly, silver ions showed the dose-dependent inhibition of
luciferase already in sub-second contact time at sub-ppm level (Fig. 16). The high
affinity of silver ions towards Cys residues and N-groups may be the primary cause
of the inhibition.
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Figure 16. Rapid kinetics of luciferase bioluminescence: effects of (a) AgNPs and (b) Ag"
on enzyme activity. The kinetics showed rapid initial flashes at 0.6 s and concentration-
dependent inhibition of the luminescence already within the first 1-10 s of incubation with
AgNPs or Ag*. Modified from Fig. 3S of Publication IV supplementary information.

42



CONCLUSIONS

e The CuO nanoparticles (NPs) and 4 different types of AgNPs were physico-
chemically characterized by measuring (-potential, primary and hydrody-
namic size. The dissolution of NPs was tested to evaluate the role of metal
ions in NPs toxicity (Publications I, II, III, IV)

e The speciation of the metal ions (using Cu ions as example) in different
ecotoxicological and microbiological test media (Publication I) was ana-
lyzed using ion-selective electrode (ISE) and metal-specific sensor bacteria
(biosensor). We observed enhanced dissolution in organics-rich media due
to increased dispersion of CuO NPs and complexing of dissolved Cu** by
organics present in the medium. In general, mineral media showed signifi-
cantly more free and bioavailable copper than organics-containing media.
In general, there was a good correlation between data obtained by Cu-ISE
and Cu-biosensor. Interestingly, Cu-biosensor used in this study showed
higher sensitivity than Cu-selective electrode. In environmental hazard
analysis sensor bacteria may prove more environmentally relevant and in-
formative technique than conventional chemical methods. The observed
remarkable difference in sensitivity of various aquatic organisms towards
copper may be largely explained by the different speciation of copper in the
respective test media.

e The Cu ion-specific biosensor in combination with chemical analysis of Cu
ion revealed that dissolution (Cu*") of CuO particles was the key factor
triggering the ROS and DNA damage responses in bacteria (Publication II).

o The direct contact between the bacterial cell and AgNPs enhanced the toxic
effect of nanosilver (Publication III). Namely, cell-NPs contact increased
the cellular uptake of particle-associated Ag ions. In addition, bacterial
strain-specific bioavailability of Ag" liberated from AgNPs was observed.

o AgNPs dose-dependently inhibited the activity of luciferase — an enzyme
often used as a reporter in various biological assays (Publication 1V). This
inhibition effect was largely caused by released silver ions and not by the
physical adsorption onto AgNPs, as the induced conformational changes in
protein secondary structure exerted only a minor effect on enzyme function.
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ABSTRACT

Engineered nanoparticles (NPs) have become more and more used in consumer
products, e.g. in cosmetics, disinfectants, in medicine, engineering etc. The growing
production increases the possibility of release of NPs into the environment. Recent-
ly nanoscience has undergone rapid development, but relatively little is known on
the interaction of nanomaterials with living systems. Therefore, the studies on ef-
fects of engineered NPs on biota and vital biomolecules are crucial for the hazard
evaluation of nanosized materials.

In this Thesis we performed toxicological evaluation of copper oxide and silver
nanoparticles. Specifically, physico-chemical properties of NPs (hydrodynamic
size, {-potential and solubilisation), role of test medium composition on metal spe-
ciation (including complexing of metal ions) and particle dissolution were studied.
Also, the mechanism of harmful effects of NPs upon the direct contact with micro-
organisms — bacteria — and biologicaly essential molecules — enzymes — were inves-
tigated.

The speciation and bioavailability of copper ions and copper oxide (CuO) NPs
were investigated in seventeen standard ecotoxicological and microbiological test
media using comparative study applying ion-selective electrode (ISE) and ion-
specific sensor bacteria. Complexing of copper ions by organic compounds of me-
dia was observed and there was a good correlation between physico-chemical (ISE)
and biological methods (Cu-biosensors) while biosensors were even more sensitive
than Cu-ISE and thus may prove more useful in environmental hazard analysis.

The dissolution of CuO NPs and its potential to induce ROS production and
DNA damage were analyzed using Esherichia coli based biosensors. According to
the results obtained, CuO NPs toxicity mechanisms were primarily triggered by
released Cu ions.

We also assessed the role of direct contact between bacterial cell and silver na-
noparticles (AgNPs) in Ag toxicity. Incubation of 6 bacterial strains with silver
showed similar toxicity for AgNO; but response on AgNPs differed remarkably
between strains. We analyzed antibacterial efficiency of AgNPs with different sur-
face functionalization - non-coated, protein- and PVP-coated AgNPs and observed
clear positive correlation with their dissolution rates. Bioavailability of Ag ions
liberated from AgNPs was strain-specific and may be explained by different cellular
uptake and inequality of extracellular dissolution.

The investigation of citrate-coated silver NPs interaction with enzyme luciferase
established dose-dependent inhibition of firefly luciferase activity. Although lucif-
erase readily bound to AgNPs through electrostatic interactions, van der Waals
forces, dynamic exchanges with the citrate, as well as hydrogen bonding to render a
protein corona as evidenced by our physicochemical characterizations and state-of-
the-art DMD computer simulations, little conformational changes in the enzyme
resulted from such direct interactions. Instead, AgNPs readily released silver ions
that dose-dependently inhibited the enzymatic activity. The released silver ions
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could readily react with the cysteine residues and N-groups of the enzyme to alter
the physic-chemical environment of their neighboring catalytic site and subsequent-
ly impair the enzymatic activity.
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KOKKUVOTE

Siinteetilised nanoosakesed leiavad tinapéeval iiha rohkem kasutust tarbekaupades,
néiteks kosmeetikas, desinfitseerimisvahendites; neile on leitud rakendusi meditsii-
nis, masinachituses jne. Nanoteadus areneb kiiresti ja nanoosakesi toodetakse juba
toostuslikes mahtudes. Kasvav tootmine suurendab nanomaterjalide keskkonda
sattumise voimalust, kuid suhteliselt vihe on teada nanoosakeste mdjust elukesk-
konnale.

Antud doktoritdds uuriti vaskoksiidi ja hobeda nanoosakeste toksilisuse mehha-
nisme. Hinnati nanoosakeste fiiiisikalis-keemilisi omadusi (hiidrodiinaamiline suu-
rus, (-potentsiaal ja lahustuvus) ja katsekeskkonna mdju metallidele (sealhulgas
kompleksseerumisele). Samuti uuriti nanoosakeste koostoimeid mikroorganismide-
ga ja bioloogiliselt oluliste molekulidega — ensiilimidega.

Uuriti vase soola ja vase nanoosakeste spetsiatsiooni ja biosaadavust seitsme-
teistkiimnes erinevas okotoksikoloogilises ning mikrobioloogilises testlahuses, ka-
sutades ioon-selektiivset elektroodi (ISE) ja ioon-spetsiifilisi sensor- baktereid (Cu-
biosensor). Néidati, et testlahuste orgaanilised komponendid kompleksseeriti vase
ioonide poolt ning saadi hea korrelatsioon fiilisikalis-keemilise (ISE) ja bioloogilise
(biosensor) meetodi vahel.

Uuriti CuO lahustuvust ja voimet tekitada reaktiivseid hapnikuiihendeid (i.k.
ROS) ning DNA kahjustusi, kasutades spetsiaalseid sensorbaktereid. Testid pShine-
sid Esherichia coli bakterirakkudel, mis olid geneetiliselt modifitseeritud tootma
luminestsentsvalgust vastusena metalliioonile, vesinikperoksiidile voi DNA kahjus-
tustele. Leiti, et CuO nanoosakeste toksilisus on peamiselt tingitud lahustunud ioo-
nidest.

Lisaks tdheldati, et Ag nanoosakeste kontakt bakterirakkudega voib pohjustada
nanohobeda suuremat lahustuvust ja kdrgemat toksilisust. Kuue bakteritiive inku-
beerimine eritiilibiliste hdbedaiihenditega niitas vorreldavat tundlikkust AgNOs-le,
kuid vastus Ag nanoosakestele erines tiivede 16ikes méarkimisvaarselt. Analiiiisiti
erinevalt funktsionaliseeritud Ag nanoosakeste (katmata, valgu- ja PVP-ga kaetud
Ag nanoosakesed) antibakteriaalset moju ja tdheldati selget positiivset seost osakes-
te lahustuvusega. Ag nanoosakestest vabanenud hdbeda ioonide biosaadavus oli
tiivespetsiifiline ja vOib olla seletatav nanoosakeste erineva rakuvilise lahustuvuse
ja vabanenud ioonide rakku sisenemisega.

Uurides tsitraadiga kaetud Ag nanoosakeste interaktsioone ensiilimiga lutsiferaas
leiti, et ensiitimi aktiivsus inhibeeritakse sdltuvalt lahustunud metalliiooni kontsent-
ratsioonist. Kuigi lutsiferaas seondus kergesti Ag nanoosakestega elektrostaatilise
vastasmoju tottu, van der Waals’i joudude tottu, reaktsioonide tdttu valgu vesinik-
sidemete ning tsitraadiga, ei pShjustanud see ensiitimi sekundaarstruktuuris selliseid
muutusi, mis mojutaksid ensiilimi aktiivsust. Seevastu lahustunud hdbeda ioonid
voivad kergesti reageerida ensiilimi tsiisteiinijddkidega ja N-riihmadega ning en-
stiiimi aktiivsust inhibeerida.
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Abstract: The analysis of (bio)available copper in complex environmental settings,
including biological test media, is a challenging task. In this study, we demonstrated the
potential of a recombinant Pseudomonas fluorescens-based biosensor for bioavailability
analysis of CuSO4 and CuO nanoparticles (nano-CuO) in seventeen different ecotoxicological
and microbiologial test media. In parallel, free Cu in these test media was analysed using
Cu-ion selective electrode (Cu-ISE). In the case of CuSQOy, both free and bioavailable Cu
decreased greatly with increasing concentration of organics and phosphates in the tested
media. A good correlation between free and bioavailable Cu was observed (r = 0.854,
p < 0.01) indicating that the free Cu content in biological test media may be a reasonably
good predictor for the toxicity of CuSOs. As a proof, it was demonstrated that when eleven
ECs values for CuSO,4 from different organisms in different test media were normalized
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for the free Cu in these media, the difference in these ECsq values was decreased from 4
to 1.8 orders of magnitude. Thus, toxicity of CuSO, to these organisms was attributed to
the properties of the test media rather than to inherent differences in sensitivity between the
test organisms. Differently from CuSOs, the amount of free and bioavailable Cu in
nano-CuO spiked media was not significantly correlated with the concentration of organics
in the test media. Thus, the speciation of nano-CuO in toxicological test systems was not
only determined by the complexation of Cu ions but also by differential dissolution of
nano-CuO in different test conditions leading to a new speciation equilibrium. In addition,
a substantial fraction of nano-CuO that was not detectable by Cu-ISE (i.e., not present as
free Cu-ions) was bioavailable to Cu-biosensor bacteria. Thus, in environmental hazard
analysis of (nano) particulate materials, biosensor analysis may be more informative than
other analytical techniques. Our results demonstrate that bacterial Cu-biosensors either in
combination with other analytical/speciation techniques or on their own, may serve as a
rapid (eco)toxicological screening method.

Keywords: copper-containing nanoparticles; bacteria; bioluminescent bioreporter;
ion-selective electrode; speciation; toxicity; complexation

1. Introduction

Copper is a microelement necessary for various vital functions, but at the same time one of the most
toxic heavy metals for aquatic organisms (e.g., crustaceans, algae, bacteria [1]), acting adversely
already at sub-ppm concentrations. Indeed, soluble copper salts have been extensively used as
pesticides. During the past decade, copper-containing nanoparticles are also increasingly appearing in
various applications, elevating the risk of their environmental release upon usage or disposal of the
respective products.

It is widely accepted that bioavailability and subsequently, the toxic effects of heavy metals, depend
on their speciation. Thus, metal speciation in different environmental matrices (natural waters, soils,
sediments) has received remarkable attention [2] and the corresponding information is considered
crucial for proper (environmental) risk analysis. Although metal speciation is usually the main concern
in environmental matrices, every standard laboratory toxicological assay needs to be performed in
certain specific conditions, e.g., test media and temperature, which may influence the metal speciation
and consequently, the test results [3]. In toxicity testing, the test medium has to support e.g., viability,
growth or reproduction of the test organisms. Although for most of the standardized toxicity assays the
media used are described by OECD, ISO, ASTM norms, it may vary depending on the test organism
and type of the test. However, for an (eco)toxicological test to result in environmentally relevant and
accurate prediction of metal toxicity, the estimation of metal complexing potential of the test media is
of vital importance [4]. Currently, the theme of differential heavy metal complexing potential
of toxicological test media has received a new impulse in the context of rapidly increasing
nano(eco)toxicological data and their interpretation. It has been suggested that the vast knowledge and
experience obtained from metal toxicity and speciation studies may also be applicable to
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metal-containing nanomaterials. This is mainly derived from emerging experimental data which
indicate that dissolution of metal-containing nanomaterials may be one of the main issues underlying
their toxicity [5].

Despite the importance of heavy metal speciation in interpretation of the results of toxicological
assays, the available techniques to determine metal speciation and bioavailability are relatively limited.
One of the most robust and probably the most widely applied techniques for speciation analysis is the
ion-selective electrode (ISE) [6,7]. Unfortunately, ISEs that have the capacity of detecting free ions
only exist for limited types of metal ions [7]. Furthermore, although extremely high sensitivity of some
electrodes has been reported (up to 107" M [8]), the detection limits of ISEs are generally too high
(e.g., in case of Cu-ISE usually 10°° M, i.e., 63.5 pg Cu/L) to be applied for environmental samples. In
addition, interference of ISEs with metal-organics complexes and non-target inorganic ions (Cl, Br, Fe,
etc.) has been discussed [9,10]. Despite all these drawbacks, so far no other speciation technique has
been able to outcompete ISEs. Often, the practical metal speciation measurements by ISEs have been
accompanied by theoretical speciation modeling, most often performed using the Visual MINTEQ
equilibrium model [11]. The results from chemical equilibrium models may be complemented with
involve information about competitive binding of metals to organic ligands on biological surfaces in
more complex models like Free lon Activity Model or Biological Ligand Model and used to describe
metal bioavailability [12]. On the other hand, there has been a considerable effort in developing simple
bioassays that may be used for direct assessment of heavy metal bioavailability. An example of such
bioassays are microbial biosensors [13,14], which allow specific detection of bioavailable metals
through a highly sensitive biorecognition process followed by induction of a measurable signal, e.g.,
bioluminescence [15]. These metal-specific microbial biosensors have been applied for the analysis of
bioavailable metals in soils, sediments, [16,17] and metal-containing nanomaterials [18,19].

In this study, we performed a comprehensive comparison between free and bioavailable copper
(applied as CuSO4 and nano-CuO) determined using a Cu ion-selective electrode (Cu-ISE) and a
Cu-specific bacterial biosensor. Seventeen different standard ecotoxicological and microbiological test
media were analysed with the aim to: (i) determine the complexing potential of these media for CuSO4
and nano-CuO and (ii) compare the responses of the Cu-biosensor and Cu-ISE. In parallel, Cu
speciation was calculated using the Visual MINTEQ equilibrium model. The results for Cu speciation
in the selected test media were used to calculate the amount of free ions at reported experimentally
determined toxicity values (E(I)Csy) for different aquatic test organisms.

2. Experimental Section
2.1. Test Chemicals and Their Preparation for the Analysis with the Cu-ISE and Bacterial Cu-Biosensor

CuS04-5H,0 (analytical grade) was purchased from Riedel-de-Haén. 63.5 g Cu/L stock solution
was prepared in deionised (DI) water and stored in the dark at room temperature. CuSO4-5H,O was
added to the test media as 100-fold concentrated stock solution in water.

Nano-CuO (advertised particle size 30 nm) was purchased from Sigma-Aldrich. The primary size of
nano-CuO was confirmed to be 31 + 12.8 nm in an earlier study by Blinova ef al. [20]. TEM and SEM
images of nano-CuO preparation are shown elsewhere [20,21]. 63.5 g Cu/L stock suspension on
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nano-CuO was made in DI water; the suspension was sonicated for 30 min as described earlier [18].
Hydrodynamic diameter of nano-CuO in DI water (measured from 20 mg/L suspension using Zetasizer
Nano-ZS; Malvern Instruments, UK) was 195 = 2 nm. Nano-CuO was added to the test media
as 100-fold concentrated stock suspension in water. Hydrodynamic size of nano-CuO in final media
was measured as in case of DI water; average hydrodynamic diameter and Pdi (polydispersity index)
were calculated from three parallel measurements.

2.2. Test Media

The list of standard ecotoxicological and microbiological media used in this study is presented in
Table 1. All mineral salts used for preparation of the media were of analytical grade. Cas-aminoacids
(AA) (casein hydrolysate), Tryptone, Yeast extract and Malt extract were from LabM (Lancashire,
UK), Peptone was from Difco Laboratories (Beckton Dickinson, MD, USA). The test media were
prepared by dissolving the desired amount of ingredients in DI water, autoclaved (121 °C for 15 min)
or filter-sterilized (0.1 pum filter pore size, Minisart) and stored at room temperature.

Concentration of Cu in the test media was also determined by AAS-graphite furnace method
according to the standard procedures (EVS-EN ISO/IEC 17025:2005) in a certified laboratory of the
Institute of Chemistry, Tallinn University of Technology (Estonia). Additionally, pH (Orion PerpHect
ROSS) and conductivity (EcoScan CON 5 conductometer; Eutech Instruments, Singapore) of the test
media were measured. Conductivity of DI water was measured to be 0.0003 mS/cm.

2.3. Analysis of Free Cu Using a Cu Ion-Selective Electrode

A copper ion-selective electrode 96-29 ionplus (Orion Research, Thermo Scientific, MA, USA)
was used. Before measurement, the electrode was thoroughly washed with DI water, then with 0.025 M
H,S0,, followed by polishing of the sensor surface with Al,O3 polishing strip. Electrode was calibrated
daily using 10 * M (6.4 x 10 * mg Cu/L)-10"" M (6,350 mg Cu/L) CuSO4-5H,0 dilutions in DI water.
Prior measurement, the ionic strength of all solutions was adjusted by supplementing the sample
with 0.1 M NaNOs. Ionic strength of the test solution was adjusted because of its importance in the
response of ISE as shown by Sauvé et al. [22]. Appropriate dilutions of CuSO, and nano-CuO were
prepared in 5 mL of test media and the measurements were conducted in 30 mL polypropylene tubes.
Dilutions of nano-CuO were allowed equilibrate for 2 h at 30 °C before the measurement. The limit of
detection (LOD) of Cu-ISE in each test media was calculated as recommended for ion-selective
electrodes by IUPAC [23]. Briefly, log(10) of the added Cu was plotted against the electrode potential
and the crossing point between the linear increase of the electrode potential and the line representing
the electrode background potential was designated as the limit of detection (Cu-ISELop) (Figure S1). The
LODs and respective standard deviations were calculated from three independent measurements. Free
Cu was calculated using the following equation:

CulISE, ,, in test media
CulISE, ,, in DI water

Free Cu(%)= x100 (1)
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In addition, the Cu-ISE results were used to calculate free Cu at ECs of different organisms for
CuSO4 and nano-CuO. The ECs, values were obtained from earlier published studies (except that of
S. cerevisiae in YPD media that was personal communication from Dr. K. Kasemets, NICPB, Estonia).
Experimental ECs values were obtained in exactly the same media (composition of the media was
verified) that were used for Cu speciation analysis in this study (Table 1). To calculate the amount of
free Cu at ECsy values for CuSO, or nano-CuO in different media, the potential of Cu-ISE at ECsg
concentrations in these media was measured and compared to CuSO, or nano-CuO concentrations that
induced similar electrode potential in DI water (Figure S2). The respective concentration in DI water
was considered as the concentration of free Cu at this ECsg value.

2.4. Calculation of Free lon Concentration Using Visual MINTEQ

Chemical equilibrium model Visual MINTEQ 2.51 [28] was used to calculate Cu ion speciation in
CuSO, solutions prepared in different mineral media. Due to the lack of respective equilibrium
models, no calculations were performed for complex organics-containing media. For mineral media,
respective pH, concentrations of all main cations and anions were used as input; temperature was set
to 23 °C. The sum of free and hydrated Cu ions was considered as the gross free Cu in the test media.

2.5. Analysis of Bioavailable Cu Using a Cu-Biosensor Bacterium

The Gram-negative Cu-sensing Pseudomonas fluorescens OS8::KnCueRPcopAlux, in which
bioluminescence is specifically induced by bioavailable Cu ions [15], was used to measure bioavailable
Cu. Sensor bacteria were pre-grown overnight on a shaker (200 rpm, 30 °C) in 3 mL of LB medium
(Table 1) supplemented with 100 pg/L of kanamycin. 20 mL of fresh LB was inoculated
with 1/50 diluted overnight culture, and bacteria were grown until mid-exponential phase (ODgg of 0.6),
and cells were separated by centrifugation at 5,000 xg for 10 min. Cell pellet was washed twice
with 20 mL of appropriate test medium and further diluted with the same medium until ODgy ~ 0.1
(approximately 10° bacterial cells/mL). 100 uL of CuSO; or nano-CuO dilution or medium only (blank
medium control) was pipetted onto white polypropylene 96-well microplate (Greiner Bio-one,
Germany); 100 pL of bacterial suspension was added to each well and plates were incubated at 30 °C
for 2 h. Bioluminescence was measured using Orion II luminometer (Berthold Detection Systems,
Germany) and response of sensor bacteria to copper compounds was calculated as follows:

Biolumines cencein Cu containing sample

Induction (fold) = 2)

Biolumines cence in blank medium

Two parallel experiments were included per individual assay and three independent individual
assays were performed. Due to the different potency of the cells to induce bioluminescence in
‘nutritionally’ different media absolute induction values in these media differed. Thus, the induction of
the bacterial biosensor was expressed as %, where maximum induction value was considered as 100
and induction in blank medium as 1. Limit of the detection (LOD) of the Cu-biosensors was set at 20%
induction (Figure S3).
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3. Results and Discussion

3.1. Comparative Response of the Cu lon Selective Electrode (Cu-ISE) and the Bacterial Cu-Biosensor
to CuSOy in Standard Ecotoxicological and Microbiological Media

In this study, we analysed the speciation (free ion content) and bioavailability of copper in
seventeen different media. The media selection included various standard ecotoxicological test media:
2% NaCl (used for Microtox toxicity test with bioluminescent bacteria Vibrio fischeri), algal medium
(used for the toxicity testing with Pseudokirchneriella subcapitata according to OECD 201), two
artificial freshwaters (used for tests with crustaceans Daphnia magna according to OECD 202 and
with Thamnocephalus platyurus). In addition, common media used for cultivation of microorganisms
were included: LB medium (an undefined rich medium that supports the growth of variety of bacteria),
malt extract (ME) and YPD (Yeast Peptone Dextrose medium) both used for the cultivation of yeasts
(Table 1). Also, M9 and HMM media that were supplemented with 0.5% Cas-amino acids (AA) were
studied. The M9 medium has been used in our previous studies for toxicity evaluation of metals and
organic chemicals to Escherichia coli [29] and for the analysis of bioavailable metals using
metal-inducible bioluminescent bacterial sensors [15,30]. HMM medium has been specifically
suggested for the analysis of heavy metals due to its minimal metal-complexing capability [27].
Also 0.9% NaCl and its Cas-amino acid (AA) supplemented versions were tested as 0.1% AA
amended 0.9% NaCl has been applied by us earlier to study the bioavailability and toxicity of CuO
nanomaterials [18,20,21]. Cu speciation and complexing potential of these different laboratory test
media were studied using two methods: (i) a Cu-ISE that responds to free Cu ions and (ii) a Cu-specific
bacterial biosensor that responds to bioavailable Cu.

3.1.1. Response of Cu-ISE to CuSO4: Measurement of Free Cu

Ion selective electrodes (ISEs) have been relatively widely applied to study the speciation of e.g.,
certain heavy metals in different environmental conditions [31] and the corresponding standard
protocols have been developed [22]. Thus, speciation analysis using ISEs may be considered as a well
established method. Response of ISEs has been considered to indicate the content of free ions of the
studied eclements and has been often correlated with bioavailability and toxicity of these
elements [32,33]. Speciation analysis of CuSO, in seventeen selected laboratory test media showed
that most of the media contained ligands capable of complexing the Cu ions and thus, reduced the
amount of free Cu (see calibration curves in Figure 1). As expected, the limit of detection of the Cu-ISE
(Cu-ISELop) (Table 2) was lowest in test media with no or low organics content. Overall, the order of
Cu-ISE; op for CuSO;, in different tested media was: 0.9% NaCl = AFW1 < 2% NaCl < Osterhout’s
medium = HMM < AFW2 = 0.9% NaCl + 0.01%AA < algal medium < M9 = 0.9% NaCl + 0.05%AA
< 0.9% NaCl+0.1%AA < malt extract < HMM + 0.5%AA < 0.9% NaCl + 0.5%AA < M9 + 0.5%AA <
YPD < LB. Interestingly, in some mineral media—Osterhout’s medium, AFW1, HMM, 0.9% and 2%
NaCl—the LOD of Cu-ISE was lower than that in DI water (considered to contain 100% free Cu ions)
(Figure 1, Table 2). As discussed by Lanza [34], this may be due to the presence of interfering ions
like CI' in these media. Indeed, the difference in electrode potential leading to abnormally low LOD
values was observed only at low Cu concentrations; at higher Cu concentrations the difference
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between the electrode potential in DI water and these media disappeared (Figure 1(a)). However, the
media showing very low Cu-ISEop values—Osterhout’s medium, AFW1, HMM, 0.9% NaCl and 2%
NaCl—contained the highest amount of free Cu ions also according to Visual MINTEQ equilibrium
model (Figure S4). At the same time, the amount of free Cu was remarkably lower in other mineral
media—algal medium, AFW2 and M9 mineral media—in which the prevalent Cu species were
Cu-EDTA, CuCO; and CuHPOs, respectively (Figure S4). The prevalence of these species could be
expected. Indeed, EDTA (in algal medium) is a well-known trace metal chelator [35] and phosphates
have been demonstrated to form strong metal-phosphate complexes that often precipitate [36]. Yet,
phosphate-containing media like M9 or phosphate-buffered saline (PBS) are often used for toxicological
tests as: (i) phosphates have a good buffering capacity and (ii) are required for several physiological
functions of living cells. However, when phosphates were substituted with morpholinepropane sulfonic
acid (MOPS) for buffering capacity and organic phosphate (p-glycerophosphate) to serve as
physiological phosphate supply in HMM media as suggested by [37,38], the fraction of free Cu was
significantly increased compared to phosphate-containing media (Table 2, Figure 1).

Figure 1. Response of Cu-ISE (left panels) and Cu-biosensor Pseudomonas fluorescens
0S8::KnCueRPcopAlux (right panels) to CuSO, in different ecotoxicological and
microbiological media. (a,b) ‘poor’ mineral media; (c,d) organics-containing media (LB,
ME, YPD) and mineral media (M9, HMM) supplemented with 0.5% of Cas-amino acids;
(e,f) 0.9% NaCl with various concentrations of Cas-amino acids (AA). Numeric values of
respective LODs are presented in Table 2.
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Response of Cu-ISE to CuSOs in organics-containing media (Figure 1(c)) was generally in
correlation with organics content of the media. This was clearly evident in the case of 0.9% NaCl
where the gradual addition of AA was accompanied by a respective increase of the Cu-ISE_op.
Addition of 0.5% (wt) of AA to 0.9% NaCl increased the Cu-ISE op by 87-fold (Table 2).
Analogously, the addition of 0.5% AA to M9 and HMM mineral media increased the LOD of the
Cu-ISE about 30-fold. Indeed, complexation of Cu by organic ligands and formation of relatively
strong complexes in ‘rich’ media is a known phenomenon [36,39]. The following step in the current
study was to compare the results from Cu-ISE with the response of bacterial Cu-biosensor in the same
test media.

Table 2. Limit of detection (LOD) of the Cu-ion selective electrode (Cu-ISE) (indicative of
free Cu ions) and Pseudomonas fluorescens OS8::KnCueRPcopAlux Cu-biosensor (indicative
of bioavailable Cu) for CuSO; in selected ecotoxicological and microbiological media.
Average of three replicates + standard deviation is shown. Data calculated from Figure 1.

. Cu-ISE, op, Free Cu** (mg/L) Free Cu”* (mg/L)
Designation of the medium * , Cu-biosensoryop, mg/L . a
mg/L at Cu-ISE,; op at Cu-biosensor; op

Deionized (DI) water 0.021 +0.005 0.021°¢ na n.a.

Osterhout’s medium 0.015 +0.005 0.017 0.000065 + 0.000003 0.00006

AFW1 0.008 + 0.002 0.0016 0.00002 + 0.000005 0.000005

AFW2 0.03 +0.01 0.0054 0.0001 + 0.000006 0.000012

Algal medium 0.035+0.014 0.003 0.00012 + 0.000009 0.000003
Malt extraxt (ME) 0.4+0.07 n.a. 0.03+0.013 n.a.
YPD 2.0+£0.07 n.a. 2+0.37 n.a.
M9 + 0.5%AA 1.5+ 1.09 n.a. 0.35+£0.041 n.a.
M9 0.05 0.0018 n.a. n.a.
LB 2.7+0.17 n.a. 3.1+0.21 n.a.
HMM + 0.5%AA 0.45+0.2 n.a. 0.02 £ 0.0036 n.a.
HMM 0.015 0.0053 n.a. n.a.

2% NaCl 0.012 0.0086 0.006 £ 0.00025 0.0043
0.9% NaCl 0.008 +0.001 0.006 0.0003 + 0.00005 0.0046

0.9% NaCl + 0.01%AA 0.03 +£0.02 n.a 0.015 +0.0036 n.a
0.9% NaCl + 0.05%AA 0.05+0.01 n.a 0.05£0.012 n.a
0.9% NaCl + 0.1%AA 0.14 +£0.001 n.a 0.15+0.066 n.a
0.9% NaCl + 0.5%AA 0.71+0.3 n.a 0.6+0.12 n.a

* chemical composition is shown in Table 1; ® Free Cu at Cu-ISE Lop in test media was calculated using the Visual

MINTEQ chemical equilibrium model (see also Figure S3); © 100% free ions were assumed in deionized water;

n.a.—not analysed.

3.1.2. Response of Bacterial Cu-Biosensor to CuSO4: Measurement of Bioavailable Cu

Contrary to Cu-ISE, which is a well established method for metal speciation analysis, bacterial
metal-specific biosensors are currently largely in their developmental stage. Indeed, despite their more
than 20-year history, they have not been widely applied yet for real environmental analysis [13]. Most
likely, the development of these bacterial sensor cells has been inhibited by the ongoing dispute about
the actual fraction of the metal that is triggering their biological/analytical response and thus, by
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difficulties in interpreting the obtained results. According to [40] the response of microbial biosensor
cells may be exclusively due to the soluble ionic forms of metals. However, recently Brandt et al.
reported that in addition to free Cu, Cu-DOM (dissolved organic matter) complexes were also
bioavailable to Cu sensor bacteria [41]. Due to the current uncertainty in the interpretation of biosensor
results for environmental risk assessment, this technique suffers also from the lack of comprehensive
validation and standardization of the method. By parallel analysis of Cu speciation in similar samples,
the current study aims to draw correlations between the response of bacterial Cu-biosensor and Cu-ISE.

Before discussing the response of the bacterial biosensor to CuSOy in different media, one must
note that being a live bacterial cell, this recombinant biosensor is not ‘operating’ at extremely low
ionic strength solutions (e.g., DI water). The latter usually results in a relative poor bioluminescent
response of sensor bacteria to copper if analysed in low organics-containing media: the
bioluminescence in live bacteria consumes considerable amounts of cellular energy [42] and in
extremely low nutrient conditions the energy level may be insufficient. Due to different levels of
bioluminescence produced by the biosensor cells in different media, we present the induction of the
Cu-biosensor bacteria as percentage of the maximal induction (see Section 2.5).

Figure 2. Correlation between limits of determination (LOD) of Cu-ISE (indicative of free
Cu) and Cu-biosensor (indicative of bioavailable Cu) for CuSOy in different ectotoxicological
and microbiological media. Data are plotted from Tables 2 and 3. (a) Cu-ISE_op and
Cu-biosensor op for CuSOy; (b) Cu-ISE; op and Cu-biosensory op for nano-CuO.
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In general, the LOD values of the P. fluorescens OS8::KnCueRPcopAlux bacterial biosensor and
Cu-ISE in CuSO, spiked media were significantly correlated: the corresponding r value was 0.854
(Figure 2(a,b)) indicating that the bacterial sensor, at least in the media tested herein, responded mainly
to free species of copper. Analogously to the Cu-ISE results, decrease of bioavailable Cu with
increasing amount of organics in the media, was observed (see Cu-biosensor;op values in Table 2).
The effect of media composition on Cu toxicity to bioluminescent bacterial cells and its relation with
free Cu in these media has been demonstrated also by some other authors. For example, [33] showed
that the bioluminescent response of bacteria was correlated with the free Cu in a set of soil pore waters.
Also, [43] found a good correlation between free Cu measured by Cu-ISE and bacterial response in
few samples analysed by them. Respectively, decrease in Cu toxicity with increasing dissolved organic
carbon levels has also been shown by Apte et al. [44]. Our study showed that in addition to excellent
correlation between free Cu ions and bioavailable Cu, the Cu-biosensor bacteria responded generally
to remarkably lower CuSOy levels than did Cu-ISE. Thus, bacterial biosensors used in the current
study can be considered more sensitive warning systems for heavy metal-caused potential
environmental hazard than the free metal ion measurement.

Table 3. Limit of detection (LOD) of Cu-ISE (indicative of free Cu ions) and
Pseudomonas  fluorescens  OS8::KnCueRPcopAlux Cu-biosensor (indicative of
bioavailable Cu) for nano-CuO in selected ecotoxicological and micobiological media.
Hydrodynamic diameter (Dy) of the nano-CuO suspension in respective test medium is
shown for comparison.

Designation of the medium * D, b+ SD (Pdi) b Cu-ISE Lo, mg/LL Cu-biosensor; op, mg/L

Deionized (DI) water 195 +£2 (0.2) 0.015 +0.003 n.a.
Malt extract (ME) 391 +17(0.2) 2 0.7+0.2
YPD 1,644 £ 54 (0.4) 5.5 1.05+0.2
M9 + 0.5%AA 525+30(0.2) 2.8 0.35+0.04
LB 690 + 21 (0.2) 1.4 +0.064 0.20 £ 0.06
HMM + 0.5%AA 786 =31 (0.2) 0.5 0.19+£0.05
0.9% NaCl 1,L113+£31(0.2) 0.009 £ 0.009 0.006 + 0.0006
0.9% NaCl + 0.01%AA 952 £29(0.2) 0.025 £ 0.0006 0.09 +0.025
0.9% NaCl + 0.05%AA 694 + 33 (0.2) 0.03 £ 0.0005 0.085 +£0.019
0.9% NaCl + 0.1%AA 504 +31(0.2) 0.03 = 0.0002 0.09+0.013
0.9% NaCl + 0.5%AA 428 £35(0.2) 0.05£0.001 0.11£0.03

2 chemical composition of the media is presented in Table 1; ® Pdi—polydispersity index; measurement by

Malvern Zetasizer Nano-ZS; n.a.—not analysed.
3.2. Comparative Response of Cu-Ilon Selective Electrode and Bacterial Cu-Biosensor to Nano-CuQO

There is a general belief that a fraction of toxicity of metal-containing nanomaterials may result
from dissolved metal ions [45]. The release of Cu ions from CuO nanoparticles was reported as the main
case of CuO toxicity for the crustaceans Thamnocephalus platyurus, the bacteria Vibrio fischeri [18]
and Escherichia coli [21], the algae Pseudokirchneriella subcapitata [46] and the nematodes
Caenorhabditis elegans [47]. Recently, Puzyn et al. [48] have developed a quantitative structure-activity
relationship (QSAR) model for metal containing NPs using the formation of metal ions as a single
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predictor for their toxicity. Therefore, we decided to use a Cu-ISE and bacterial Cu-biosensor in
parallel, to study the speciation of Cu in suspensions of CuO nanoparticles. Due to the poor
bioluminescent response of Cu-biosensor bacteria in mineral media (Osterhout’s medium, AFW1,
AFW2, algal medium, 2% NaCl and 0.9% NacCl; the induction of bioluminescence in these media was
only about 10% of that in organics-containing media; data not shown) discussed above, we did not
include these media in speciation analysis of nano-CuO.

Interestingly, the limits of detection of Cu-ISE to CuSO4 (0.021 £ 0.005 mg Cu/L (Table 2)) and
nano-CuO (0.015 £ 0.003 mg Cu/L (Table 3)) were almost identical. This indicates that at these low
concentrations all Cu from nano-CuO was likely dissolved and present in the form of free ion.
Analogously to CuSOs, the fraction of fee Cu ions decreased when nano-CuO was introduced to
various laboratory test media (Figure 3). Although there was generally a good correlation between the
free Cu ions in CuSO4 and in nano-CuO-spiked test media (r = 0.837; Figure 4) there were several
exceptions. Specifically, in LB medium, HMM and 0.9% NaCl supplemented with 0.5%AA the
concentration of free Cu in CuSO4 was not the best predictor for the free Cu concentration in
suspensions of nano-CuO. Notably, more free Cu was detected in nano-CuO suspensions than could be
predicted from the results of CuSO, (Figure 4, the ‘outlier’-media are marked with brown color).
Therefore, we suggest that differently from CuSO,, where the only process affecting the Cu speciation
was interaction of Cu ions with media components, additional processes take place in case of nano-CuO.
These processes likely include agglomeration of nanoparticles, release of Cu ions from the CuO, and
finally, interaction of the released Cu ions with the media components. Unfortunately, dissolution and
speciation of dissolved metals from metal-containing nanomaterials has not been studied in a
systematic manner. Only a recent report by Gunawan et al. [49] demonstrated differential dissolution
of CuO nanoparticles in different media. Their results showed that in organics-containing ‘rich’ media
the dissolution of CuO was indeed high if compared to that in water or in saline solution. Similar
observation has been done for nano ZnO in a study by Li ef al. [S0] where the authors suggested that
the affinity of Zn for ligands present in these media was responsible for dissolution of ZnO. Organic
ligand-enhanced dissolution due to the presence of proteins and organic substances in the test media
has been observed also in other studies concerning CdSe, iron oxides, aluminium oxides and
aluminium oxyhydroxides [51]. One reason for the enhanced dissolution may be the decrease in
effective hydrodynamic size of the nanomaterials as a result from coating of the particles with organic
molecules. This may lead to stabilization of the nanomaterials aggregates and increased dissolution.
Thus, in our experiments differential dissolution of nano-CuO due to media components and
differential speciation of dissolved Cu in the media is a very likely scenario. Behaviour of nano-CuO
in 0.9% NaCl amended with different amounts of amino acids is a relevant example. Differently from
CuSOy in case of which the fraction of free Cu decreased with increasing amino acid content, very
similar Cu-ISEop as well as Cu-biosensor op values for nano-CuO were obtained (Table 3). Thus, it
could be supposed that with increasing amino acid content in the meedium, the dissolution of Cu from
nano-Cu increased. In accordance with the hypothesis about organic ligand-induced decrease in
effective hydrodynamic diameter of the nanomaterials, we observed that the Dh of nano-CuO
decreased when Cas-aminoacids were added to saline (Table 3).

Overall, there was a good correlation between LODs of Cu-ISE and Cu-biosensor bacteria for
nano-CuO (r = 0.869; Figure 2). However, in most of the tested media, the LOD of the Cu-biosensor
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was remarkably up to 5-fold lower than that of Cu-ISE (Figure 2; Table 3). This interesting

observation suggests that in nano-CuO suspensions, bacterial cells were also able to access fractions of

Cu other than just the free ion form detected by Cu-ISE. This finding is similar to our previous reports

showing partial bioavailability of particulate matter bound Cu in soil and sediment samples [52]. Thus,

we propose that in case of particle-containing samples (including Cu-containing nanomaterials), more

Cu may be bioavailable to living (e.g., microbial) cells than could be predicted based on only dissolved

fraction of Cu.

Figure 3. Response of Cu ion-selective electrode (Cu-ISE; left panels) and Pseudomonas

fluorescens OS8::KnCueRPcopAlux Cu-biosensor (right panels) to nano-CuO

600 TEyCuISE
550 ==+ =Deionized water —A—YPD
—— M9+0.5%AA —@— HMM+0.5%AA - -
500 \—=—LB —#—ME | _|—= 1"
-+

450 P

400

350

S
> 300 s
£ 250 2
= 5
£ 200 : . ‘ ‘ ‘ ‘ 8
2 0.0001 0.001 0.0l 0.1 1 10 100 1000 5
o, =
O

5 000 70y CuISE b
o =}
£ 550 =
E 500 2
= 2

450 =

400

350

300 - - cionzcd water —B—0.9% NaCl

250 | —®—0.9%NaCl+0.01%AA —&— 0.9% NaCl+0.05%AA

200 —0—0.9%NaCl+0.1%AA —©—0.9% NaCl+0.5%AA

0.0001  0.001  0.01 0.1 1 10 100 1000

Added nano-CuO, mg of Cu/L

in

different ecotoxicological and microbiological media. (a,b) organics-containing media;
(c,d) 0.9% NaCl with various concentrations of Cas-amino acids (AA).

1

= (b) Cu sensor bacteria

—A—YPD

—0—M9+0.5%AA
—8-HMM+0.5%AA

0.001

K@

0.01 100 1000

10000

100 =

(d) Cu sensor bacteria
—5-0.9% NaCl
—4—0.9%NaCl+0.05%AA
—©-0.9%NaCl+0.5%AA

—#-0.9% NaCl+0.01%AA
—0-0.9% NaCH0.1%AA

0.001

0.01

—

0.1 1 10

100
Added nano-CuO, mg of Cu/L

1000

Figure 4. Correlation between Cu-ISE op in CuSO4 and in nano-CuO suspensions

prepared in different ecotoxicological and microbiological media. The names of test media

correspond to Table 1; (b) is enlarged view of (a). Symbols in brown color indicate those

media where the concentration of free ions in nano-CuO suspensions was lower than could

be predicted from what was observed in case of CuSOs.

CuO, mg of Cu/L
— (3] w ESN w (=)}

LOD of Cu-ISE for nano-
(=]

1@ YPD 905 (b) enlarged view of (a)
g r=0.837 0.04 1 o
TR 0.9%NaCl
4 o AFW1 +0.05%AA
rd 0.03 4 o 0.9%NaCH0.01%AA o
] e}
0
| LB 0.02 A DI water
o O
| 0.9%NaCl Osterhout's
] ; 0.01 :
IMM+0.5%AA media AFW2
/O c0.9%NaCl+0. 5%AA . 0
0 1 2 3 0 0.01 0.02 0.03 0.04 0.05

LOD of Cu-ISE for CuS0O,, mg Cu/L

LOD of Cu-ISE for CuSO,, mg Cu/L

10000



Sensors 2011, 11 10516

3.3. Toxicity of CuSO4 and Nano-CuO to Different (Eco)toxicological Model Organisms: Normalization
to Free and Bioavailable lons

Usually, the difference in toxicity of copper to several freshwater and saltwater organisms varies
remarkably, ranging from 0.005 to 10 mg/L [53]. When a certain organism group is considered, the
variation is smaller, but still considerable; in a recent review [5] acute toxicity data (48—96 h LCs) of
Cu?' for fish from the literature were compared. Thirteen ECsy values for zebrafish, rainbow trout,
trout, common carp, gibel carp and mullet were included; these values ranged for almost two orders of
magnitudes from 0.03 till 1.4 mg/L, the median value being 0.21 mg/L. According to [53], this
variability may be due to the species differences but also due to differential speciation of copper in
different test environments (media) used to perform these toxicity assays.

Table 4. Toxicity (ECsg value) of CuSO4 and nano-CuO to different organisms in their
conventional test or cultivation media. Free Cu at ECsy-s was calculated according to Cu-ISE.

free Cu at ECs5,

Media Test organism ECs) mg Cu/L mg Cu/L
Test compound: CuSO,
Osterhout’s medium Tetrahymena thermophila 1.6° 1.1
AFW1 Daphnia magna 0.07° 0.49
AFW2 Thamnocephalus platyurus 0.044° 0.1
Algal medium Pseudokirchneriella subcapitata 0.02° 0.15
Malt extract (ME) Saccharomyces cerevisiae 11.49 1.97
YPD Saccharomyces. cerevisiae 368 ¢ 6.4
2% NaCl Vibrio fisheri 0.64 " 1.88
MO + 0.5%AA Escherichia coli 83.5¢ 0.97
0.9% NaCl Escherichia coli 1.22¢ 2.66
0.9% NaCl + 0.1%AA Escherichia coli 3.84" 0.19
Test compound: nano-CuO
Malt extract (ME) Saccharomyces cerevisiae 16.6 ¢ 11.1
0.9% NaCl + 0.1%AA Escherichia coli 40.4" 90.2

“[19]; 24-h mortality test; °[18]; 48-h mortality test; © [46]; 72-h growth inhibition test; 4[54]; 8-h growth
inhibition test; © K. Kasemets, personal communication; 8-h growth inhibition test; f [18]; 30-min
bioluminescence inhibition test; ¢ [29]; 30-min bioluminescence inhibition assay with recombinant E. coli;

"[21]; 30-min bioluminescence inhibition test; AA—Cas-amino acids.

Here, we collected ‘in house’ toxicity data (ECso values) for CuSO, and nano-CuO which were
determined using standard ecotoxicological test organisms (protozoa, crustaceans, algae, bacteria) and
yeasts (Table 4). All these toxicity tests were performed in the same media that were used for Cu
speciation and bioavailability analysis in the current study. The collected ECsy values of these
organisms towards CuSQy differed by 4 orders of magnitude (from 0.02 to 368 mg/L, Table 4). Using
data from Cu-ISE, we calculated the amount of free Cu ions at each of the ECso values. When we
normalized the CuSO,4 ECsy values for free Cu in the test media, the difference in ECsy values
comprised just 1.8 orders of magnitude. Thus, in case of CuSQOys, the free ion concentration may be
considered as relatively suitable parameter for toxicity prediction, as also earlier demonstrated by
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Apte et al. [44]. To our surprise, a good agreement between the ECsy values and free Cu content was
observed in our experiments, even though they were conducted with different organisms of
substantially different biological complexity (ranging from bacteria to algae and crustaceans). This
brings us to the conclusion that the apparently big differences observed in toxicity of CuSO4 towards
these organisms could be attributed to the properties of the testing media rather than to inherent
differences in sensitivity between the test organisms. Unfortunately, we were unable to calculate the
bioavailable Cu corresponding to respective ECsy values using the Cu-biosensor bacteria as all the
ECsy values for CuSOy4 exhibited already strong toxic effects towards the Cu-biosensor (Figure 1).
However, as the working principle of biosensor bacteria is to respond to subtoxic amounts of heavy
metals, high toxicity of ECsy concentrations of Cu compounds to sensor bacteria was anticipated.

4. Conclusions

In this study, we used a Cu ion-selective electrode (Cu-ISE) and a bacterial Cu-biosensor in
parallel, to analyze the speciation of CuSO4 and nano-CuO in seventeen selected laboratory test media.
In case of CuSOy, both the ISE and sensor bacteria showed that organics-containing media contained
lower free and bioavailable copper than did mineral media. However, in case of nano-CuO the
‘complexing’ effect was not so evident. It could be assumed that upon dispersion of nano-CuO in
organics-containing media two simultaneous processes take place: (i) enhanced dissolution of copper
due to the increased dispersion of CuO and (ii) complexing of dissolved Cu by organics present in the
medium. Overall, the free Cu measured with the Cu-ISE and bioavailable Cu measured by the
Cu-biosensor correlated well. Interestingly, in nano-CuO suspensions, more bioavailable Cu (bacterial
sensor assay) than free Cu (ISE) was detected. Thus, we suggest that bacterial biosensors were able to
access additional fraction of nano CuO that was not dissolved and detectable by Cu-ISE. Hence, in the
environmental hazard analysis of metal-containing (nano) particulate materials, biosensor analysis may
be more informative than other respective analytical techniques. We also demonstrated that the
remarkable difference in sensitivity of various aquatic organisms towards copper may be largely
explained by the differential speciation of this metal in the test media used. Therefore, although very
different aquatic organisms were compared (bacteria, algae, yeasts, crustaceans, protozoa) the
concentrations of free copper harmful to these organisms were quite similar. This suggests that there
seems to be no big inherent differences in sensitivity towards copper between different types of
organisms. Moreover, the effect of composition of the test media should be considered as one of the
most important factors in interpreting the results of toxicity tests.
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Figure S1. Example for the calculation of limit of detection (LOD) of Cu-ion selective
electrode, as recommended for ion-selective electrodes by IUPAC [1]. Log(10) of the
added Cu was plotted against the electrode potential and the crossing point between the
linear segment of the electrode potential (diagonal dotted grey line) and the line
representing background potential of the electrode (horizontal dotted grey line) was
seeked. The concentration of added Cu at which the two lines were crossing (vertical
dotted grey line) was designated as the limit of detection (Cu-ISELop). In the current
example, LOD of Cu-ISE is 0.021 mg Cuw/L = 3.2 x 10" M. Prior measurement, the ionic
strength of all solutions was adjusted by adding 5 M NaNOs in a ratio 1:50 (NaNOj:sample).

Added CuSO4, M
108 107 10 10° 10* 107 102 10

80 ynnl 1l \I!IIHI\ O T 1 1 N 1Y 11 R AW AT}

Electrode potential, mV
(=)

-100
0.0001 0.001 0.01 0.1 1 10 100 1000

Added CuSOy4, mg of Cu/L



Figure S2. Example for the calculation of free Cu at a certain CuSO,4 concentration in a
specific media (Malt extract (ME) as an example). Normalized electrode potentials for DI
water (100% of added Cu assumed in free form) and for the given medium (ME) as a
function of added Cu are plotted. Then, the electrode potential at desired concentration
(11.4 mg of added Cu/L in this case) in the medium is read (1) and the Cu concentration
corresponding to that electrode potential in DI water is found (2). This Cu concentration in
DI water (1.97 mg/L in this case) is considered as the free Cu concentration in this media
at the given (11.4 mg of added Cu/L) concentration.
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Figure S3. Example for the calculation of limit of detection (LOD) of Cu-biosensor
bacteria Pseudomonas fluorescens OS8::KnCueRPcopAlux in HMM media supplemented
with 0.5% Cas-aminoacids (Table 1). (a) representation of fold induction of Cu sensor
bacteria with increasing Cu concentrations (dose-response curve); in our earlier studies [2,3],
concentration of added metals resulting in 2-fold induction of a bacterial sensor (marked
with dashed lines) was considered significant induction of the sensor over the background
signal and thus, suggested as LOD. (b) representation of the same data as % induction of
the bacterial sensor; in this plot, concentration of added metals resulting in 20% induction
of the bacterial sensor of maximal induction potential of the sensor in the current test
conditions (marked with dashed lines) was considered as LOD. This normalization was
performed because the fold induction of the bacterial sensor varied along with the nutrient

profile in different media studied. For panel (a) the LOD is 0.13 mg/L; for panel (b) the
LOD is 0.2 mg/L.
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The sub-toxic effects of CuO nanoparticles (nano-CuO) were evaluated using three recombinant lumi-
nescent Escherichia coli bacteria responding specifically to (i) reactive oxygen species (ROS), (ii) single-
stranded DNA breaks and (iii) bioavailable Cu ions. Using these sensors we showed that nano-CuO
induces the formation of superoxide anions, hydrogen peroxide and single-stranded DNA already at
very low sub-toxic levels (0.1 mg Cu/L). The maximal sub-toxic response of all biosensors to nominal
concentrations of nano-CuO, micro-CuO (size control) and CuSO4 (solubility control) occurred at ~6,
~600 and ~0.6 mg Cu/L, respectively. According to the chemical analysis all the latter concentrations
yielded ~0.6 mg of soluble Cu/L, indicating that dissolution of CuO particles was the key factor triggering
the ROS and DNA damage responses in bacteria. Cu-ions chelation studies also showed that CuO particles
were not involved in these stress responses. The solubilization results were confirmed by Pseudomonas
fluorescens Cu-ion sensor.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The biocidal properties of copper are widely acknowledged and
various copper compounds have been used as antifoulants for
centuries (Thomas and Brooks, 2010). With the development of
nanotechnology, copper has been increasingly used in the form of
nanoparticles (NPs, particles with at least one dimension between 1
and 100 nm) and applied in e.g., antimicrobial textiles, hospital
equipment, wood preservation and antifouling paints (Gabbay
et al, 2006). Compared to bulk analogues, NPs display larger
specific surface area that leads to increased reactivity and thus, also
enhanced bactericidal properties (Nel et al., 2006). For example, the
effectiveness of CuO NPs (generally at concentrations between 10
and 100 mg/L) towards a wide range of Gram-positive and Gram-
negative bacteria including Bacillus subtilis, Pseudomonas aerugi-
nosa, Escherichia coli and Staphylococcus aureus has been reported
(Ren et al., 2009; Baek and An, 2011). However, purposeful use of
CuO NPs due to their antimicrobial properties calls extra attention
from the environmental protection viewpoint. Unlike antibiotics
that have specific targets in bacterial cells for their toxic action,

* Corresponding authors.
E-mail addresses: olesja.bondarenko@kbfi.ee (O. Bondarenko), anne.kahru@
kbfi.ee (A. Kahru).

0269-7491/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.envpol.2012.05.009

copper containing NPs are also toxic to other organisms that may be
exposed to these NPs via co-exposure or various waste streams. For
example, nano-CuO has been shown to be toxic to crustaceans
Daphnia magna and Thamnocephalus platyurus and algae Pseudo-
kirchneriella subcapitata already at remarkably low concentrations
(ECs0 3.2, 0.18 and <1 mg/L, respectively) (Heinlaan et al., 2008;
Aruoja et al., 2009) and thus, should be classified as ‘very toxic’ to
aquatic organisms (European Chemicals Bureau, 2006). High eco-
toxicity of CuO NPs has been considered as a serious limitation for
their implementation in new applications (Ebrahimnia-Bajestan
et al,, 2011) and prior mechanistic toxicological characterization
of this material is needed (Fahmy and Cormier, 2009; Kahru and
Dubourguier, 2010). Therefore, in the current study, we focused
on toxicological profiling of CuO NPs. Based on the current litera-
ture, at least part of toxic effects of nano-CuO is attributed to the
release of Cu ions (Ruparelia et al., 2008; Wu et al., 2010). Cu ions
may be involved in recycling redox reactions between Cu®* and
Cu*, which generate reactive oxygen species (ROS) on the surface of
bacterial cells (Hoshino et al., 1999). However, according to some
studies, the fraction of Cu dissolved from nano-CuO is too low to
explain all the cytotoxic effects of nano-CuO (Griffitt et al., 2007;
Heinlaan et al., 2008; Karlsson et al., 2008). These studies suggest
that particles themselves may generate additional ROS and the
investigation of the relationship between the cellular responses to
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sub-toxic concentrations of nano-CuO and the oxidative stress
endpoints has been proposed (Fahmy and Cormier, 2009).

We have recently demonstrated that nano-CuO was more toxic
to superoxide dismutase-deficient Escherichia coli than to the wild-
type bacteria and this effect was apparently mediated by super-
oxide anions (Ivask et al., 2010). In the current study we expanded
our investigation by constructing two new stress-specific lumi-
nescent bacterial biosensors that respond to hydrogen peroxide
(a ROS) and single-stranded DNA breaks. We used these biosensors
in parallel with two Cu-ion specific biosensors to reveal the nature
of sub-toxic effects of nano-CuO in bacterial cells. The used sensor
bacteria are based on promoters of Escherichia coli genes which are
involved in sensing and detoxification of ROS, DNA damage or Cu
and are activated upon respective stress. In biosensor strains, these
promoters are genetically coupled to bioluminescence-encoding
genes (luxCDABE genes from Photorhabdus luminescens) and thus,
the sub-toxic stress condition may be measured by increased
bacterial bioluminescence. Such an approach allows the detection
of specific perturbations already at sub-toxic concentrations
(Hwang et al., 2008; Gou et al., 2010) and is orders of magnitudes
more sensitive compared to the common viability endpoints (L(E)
C50 values). All biosensors were exposed to nano-CuO but also
micro-CuO (size control) and CuSO4 (solubility control) from
sub-toxic (sub-ppb, i.e., below pg/L) till toxic concentrations
(1000 ppm, i.e., mg/L). Comparison of the responses of the stress-
specific bacteria with that of Cu ions-sensing bacteria and chem-
ical analysis/chelation of dissolved Cu allowed us to conclude that
(i) nano-CuO induces the bacterial ROS and DNA damage defence
systems already at very low sub-toxic levels and (ii) these early
adverse effects of nano-CuO in Escherichia coli cells are triggered by
dissolved Cu ions.

2. Materials and methods
2.1. Chemicals

Paraquat, mitomycin C (MMC) and 3,5-dichlorophenol (3,5-DCP) were
purchased from Sigma—Aldrich, CuSO4*7H,0 from Alfa Aesar, H,0, from Merck and
EDTA from Serva. All the chemicals were at least of analytical grade. All the stock
solutions were prepared in sterile deionized water at the following concentrations:

paraquat at 40 g/L, MMC at 20 mg/L, H,0, at 300 g/L, 3,5-DCP at 100 mg/L,
CuS04*7H,0 at 63.5 g Cu/L and EDTA at 58.4 g/L. Deionized sterile water was used
for dilutions of all chemicals throughout the study. CuO particles are characterized
below.

2.2. Physico-chemical characterization of CuO particles

CuO nanoparticles (nano-CuO; primary particle size 30 nm (Blinova et al., 2010))
were from Sigma—Aldrich and micro-CuO from Alfa Aesar. The stock solutions of
copper oxides (63.5 g Cu/L) were prepared in deionized water, sonicated in the
ultrasonication bath for 30 min and stored in the dark at +4 °C. Before every use, the
suspensions were vortexed. Deionized sterile water was used for CuO dilutions
throughout the study. Scanning electron microscopy (SEM, JSM-8404) and deter-
mination of specific surface area (SSA, Sorptometer Kelvin 1042) of the powders of
nano- and micro-CuO was performed in Tallinn University of Technology (Estonia).
The hydrodynamic size (Dh) of nano-CuO (6.35 mg Cu/L) and micro-CuO (635 mg
Cu/L) was measured in deionized water and biosensor test medium (heavy metal
MOPS medium; see below) using dynamic light scattering (DLS) (Malvern Zetasizer
Nano-ZS, Malvern Instruments). Visible wavelength absorption spectra (UV—Vis) of
63.5 mg Cu/L nano-CuO and 6350 mg Cu/L micro-CuO particles in deionized water
were obtained using a Thermo Multiscan Spectrum (Thermo Electron).

2.3. Luminescent bacterial biosensors

Luminescent recombinant E. coli strains used in this study are listed in Table 1. The
ROS-inducible strain E. coli K12::katGlux and DNA damage-inducible strain E. coli
MC1061(pDEWTrecAlux) were constructed as described in Supplementary data. The
constitutively luminescent E. coli MC1061(pDEW201) was constructed by electro-
porating the plasmid pDEW201 into competent E. coli cells. E. coli K12::lux,
MC1061(pSLcueR/pDNPcopAlux), MC1061(pSLlux), Pseudomonas fluorescens 0S8::lux
and P. fluorescens 0S8::KncueRPcopAlux were constructed and described previously
(Leedjarv et al., 2006; Ivask et al., 2009, 2010).

2.4. Bacterial biosensor assay

Recombinant luminescent bacteria were pre-grown in 3 mL of Luria Bertani (LB)
medium (Sambrook et al, 1989) supplemented with appropriate antibiotics
(Table 1) overnight. Twenty millilitres of fresh medium was inoculated with 1/50
diluted overnight culture and bacteria were grown until mid-exponential phase
(ODggp of 0.6). All cultivations were performed on a shaker at 200 rpm, at 30 °C. The
exponential phase culture was centrifuged at 5000x g for 10 min and washed twice
with heavy metal MOPS medium (HMM) (8.4 g of MOPS, 0.22 g of glycerol-2-
phosphate, 3.7 g of KCl, 0.54 g of NH4Cl, 0.06 g of MgSOj4, and 0.162 mg of FeCls
per 1 L of MQ water; LaRossa et al., 1995) supplemented with 0.1% glucose and 0.1%
cas-aminoacids (acid hydrolysate of casein, Lab M). For the bioluminescence
induction assays, the test final ODgoo of bacterial culture in glucose and aminoacids-
supplemented HMM media was 0.1 (~10° bacterial cells per mL).

Table 1
Luminescent recombinant Escherichia coli and Pseudomonas fluorescens strains used in this study.
Strain Designation Description Antibiotic concentration Reference
in medium (mg/L)
Stress-inducible rec 1 ent strains
E. coli K12::katGlux ROS-inducible strain Chromosomal insertion of luxCDABE Kanamycin (30) This study
genes under the control of katG
(catalase-peroxidase) promoter
E. coli MC1061* ssDNA damage-inducible strain luxCDABE genes under control of Ampicillin (100) This study

recA (recombinase A) promoter in a

medium-copy number plasmid

(pDEWTrecAlux)

Metal-inducible rec 1 ent strains

E. coli MC1061° Cu-inducible strain
(pSLcueR/pDNPcopAlux)

luxCDABE genes under control of copA
(Cu/Ag-responsive) promoter in a

Ampicillin (100) Ivask et al., 2009

Tetracycline (10)

medium-copy plasmid

P. fluorescens 0S8::KncueRPcopAlux  Cu-inducible strain

Chromosomal insertion of luxCDABE

Kanamycin (100) Ivask et al., 2009

genes under control of copA
(Cu/Ag-responsible) promoter

Recombinant constitutively luminescent (control) strains®

E. coli K12::lux
E. coli MC1061? (pDEWIux)
E. coli MC1061? (pSLlux)

P. fluorescens 0S8::lux

Control strain for E. coli K12::katGlux

Control for E. coli MC1061
(pDEWTrecAlux)

Control strain for E. coli MC1061

(pSLcueR/pDNPcopAlux)
Control strain for P. fluorescens
0S8::KncueRPcopAlux

Chromosomal insertion of luxCDABE
genes

luxCDABE genes in a medium-copy
plasmid pDEW201

luxCDABE genes in a medium-copy
plasmid pSLIux

Chromosomal insertion of luxCDABE
genes

Kanamycin (30)
Ampicillin (100)
Ampicillin (100)

Kanamycin (100)

Ivask et al., 2010
This study
Leedjarv et al., 2006

Ivask et al., 2009

2 Genotype: araD139 A(ara, leu)7697 AlacX74 galU galK hsdR2 strA mcrA mcrB1.
b Used to take into account the quenching of bioluminescence by the turbid and coloured CuO samples.
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ROS-generation potential of chemicals or CuO particles was analysed by E. coli
K12::katGlux, DNA damaging potential by E. coli MC1061(pDEWrecAlux) and
the liberation of Cu ions (dissolution) by E. coli MC1061(pSLcueR/pDNPcopAlux)
and Pseudomonas fluorescens 0S8::KncueRPcopAlux (Table 1). As CuO suspensions
were turbid, potential quenching of bacterial bioluminescence was taken into
account by parallel use of constitutively luminescent control bacteria, not
inducible by the target chemical: E. coli K12::lux, E. coli MC1061(pDEW201), E. coli
MC1061(pSLlux) and P. fluorescens 0S8::lux, respectively (Table 1). One hundred
microlitres of appropriate dilution of analysed chemicals or CuO particles in
deionized water (or deionized water for the chemical-free control) was
mixed with 100 pL of bacterial suspension in aminoacid supplemented HMM
medium on a 96-well microplate. In case of chelation experiments, EDTA in
final concentration of 3 mM was added to CuSO4 (0.635 mg Cu/L), nano-CuO
(6.35 mg Cu/L), micro-CuO (635 mg Cu/L) (the concentrations were selected
based on the highest sub-toxic response of biosensor towards respective Cu
compounds) and chemical-free control. Bioluminescence was measured with
Orion II plate luminometer (Berthold Detection Systems) every 10 min during the
first hour of incubation and once per hour after that. Between measurements the
plates were covered to avoid evaporation. All the measurements were performed
in at least three independent experiments conducted on different days. Fold
induction of bioluminescence of recombinant bacterial sensors was calculated as
follows:

. . . . SLs
Fold induction of bioluminescence = T < CF,
where SLs was the luminescence of the sensor strain after exposure to chemical/
particles, CLs was the luminescence of the same strain in control solution and CF was
the correction factor. CF was calculated:

CLc
CF = Sic
where CLc was the luminescence of the constitutively luminescent strain in
chemical-free control solution and SLc was the luminescence of that strain after
exposure to chemical or particle. Limit of detection (LOD) of the sensor bacteria for
the tested chemical was set to fold induction of bioluminescence = 2. In parallel to
bioluminescence assay, the growth of biosensor bacteria was measured. The growth
assay was carried out analogously to bioluminescence assay but in transparent 96-
well microplates and the ODgpo (growth) was measured by Multiskan plate reader
(Thermo Scientific). In parallel, the number of bacterial cells in the test was analysed
by counting the colony forming units (CFU) before the test and after 5 and 8 h of
incubation. CFU were counted after incubation of appropriate dilution of bacterial
culture for 24 h on LB agar plates supplemented with appropriate antibiotics
(Table 1).

2.5. Chemical analysis of dissolved Cu

Preparation of Cu formulations for the chemical analysis was identical to
biosensor test procedure and was performed in three independent experiments.
Briefly, suspension of Cu-biosensor bacteria (in cas-aminoacids supplemented
HMM) was mixed 1:1 with CuSO4 (0.635 mg Cu/L), nano-CuO (6.35 mg Cu/L) or
micro-CuO (635 mg Cu/L) in 20 mL volume and ultracentrifuged at 30,000 g for
30 min. In order to determine the dissolved Cu in the beginning of the test and
during the test, the samples were centrifuged immediately after mixing the
bacteria with Cu compounds and also after 5 and 8 h of incubation. Supernatants
were removed and analysed for soluble Cu by AAS-graphite furnace method in
certified laboratory of Tallinn University of Technology, Estonia, using standard
procedures EVS-EN ISO/IEC 17025:2005. Before the AAS analysis, the absence of
nanoparticles in centrifuged CuO supernatants was analysed. For that, particle
count rate function of Malvern Zetasizer Nano-ZS was used. As the particle count
rate in centrifuged supernatants was similar to that in deionized water, it was
concluded that no nanoparticles were present in nano-CuO supernatants after
their centrifugation.

Table 2
Characterization of CuO particles used in the current study.

3. Results and discussion
3.1. Physico-chemical characterization of CuO particles

The manufacturer-advertised size of nano-CuO used in this
study was 30 nm. No size range was available for purchased micro-
CuO particles. The specific surface area (SSA) was 25.5 m?/g for
nano-CuO and 0.64 m?/g for micro-CuO (Table 2). According to SEM
images, nano-CuO contained mainly <100 nm particles and its
structure was distinct from micro-CuO (Fig. S1A and B). The average
hydrodynamic diameter (Dh) of nano-CuO suspension in deionised
water ranged from 80 to 400 nm, with an average of 192.5 nm
(Fig. S1C). In aminoacids-supplemented HMM medium the average
particle size was increased till 385 nm (Table 2; Fig. S1D). This was
likely caused by partial NPs agglomeration due to the mineral salts
and aminoacids in HMM medium. However, by filtering the nano-
CuO suspension in HMM media through 100 nm pore-sized filter
and analysing the filtrate by DLS, we demonstrated that particles of
<100 nm were still present (Table 2). The size distribution of micro-
CuO was multimodal with the average Dh of 342.7 nm in deionized
water and 617 nm in aminoacids-supplemented HMM medium
(Table 2). A small fraction of nano-range particles was presented in
micro-CuO suspension in deionized water (Fig. S1C) but not in its
suspension in HMM medium (Table 2). The UV—Visible absorption
spectra of nano-CuO (Fig. S1E) showed characteristic absorption
peak at approximately 325 nm. No peak was observed in micro-
CuO suspension as the particles settled very quickly. Thus, the
nano-CuO used for further toxicological analysis was clearly
distinct from micro-CuO.

3.2. Construction, characterization and calibration of sensor
bacteria

E. coli K12::katGlux biosensor was constructed by fusing the
promoter of katG (encoding catalase-peroxidase enzyme convert-
ing hydrogen peroxide to water) with bacterial bioluminescence-
encoding genes — [uxCDABE from Photorhabdus luminescens. KatG
gene is expressed in the presence of H0; in bacterial cell (Belkin
et al,, 1996) and thus, E. coli K12::katGlux biosensor was expected
to be induced by this ROS. E. coli MC1061(pDEWTrecAlux) biosensor
was constructed by fusing the promoter of recA gene (part of
bacterial SOS regulon) with P. luminescens luxCDABE genes. As recA
is expressed in response to single-stranded lesions in DNA (Vollmer
et al., 1997), this sensor was expected to respond to DNA damaging
agents. In order to confirm the applicability and specificity of the
newly constructed biosensors, their response to positive controls
(H20,; paraquat as a source of superoxide anions; mitomycin C
(MMC) as a DNA damaging agent) and a negative control (3,5-
dichlorophenol (3,5-DCP)) was measured.

Fig. 1A—C represent the dose-dependent change of biolumi-
nescence in H,0,-inducible biosensor E. coli K12::katGlux after 2, 5
and 8-h exposure to target and non-target chemicals. Although the

Particle Primary size, nm Specific surface area,® m?/g Hydrodynamic size (average),” nm
Deionized water HMM -+ 0.1% cas-aminoacids
Not filtered After filtering (pore size 100 nm)
Nano-CuO 30 255 192.5 385 70.86
Micro-CuO Not provided 0.64 342.7¢ 617¢ Low count rate

2 Measured using BET (from Ivask et al., 2010).
> Measured by dynamic light scattering (DLS).

¢ Multimodal distribution, the average hydrodynamic size of all peaks is presented.
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Fig. 1. Time-course response of the Escherichia coli based bioluminescent stress sensors to target and non-target chemicals. 2 h (), 5 h (W) and 8 h (O) exposure time. A—C:
induction of bioluminescence in ROS biosensor E. coli K12::katGlux by H,0, (A), paraquat (B) and 3,5-dichlorophenol (C). D—F: induction of bioluminescence in DNA damage
biosensor E. coli MC1061(pDEWTrecAlux) by mitomycin C (D), H,0; (E) and 3,5-dichlorophenol (F). Mean of 3 individual experiments + standard error of the mean is shown.

response of this biosensor to H,O, was observed already after
10 min of exposure (data not shown), the LOD decreased with
exposure time from 0.1 mg H,0,/L at 2 h till 0.003 mg H,0,/L at 5
and 8 h indicating that this biosensor was remarkably more
sensitive to H,O; after prolonged incubation (Fig. 1A). The 2-h LOD
of E. coli K12:katGlux to H,0, was comparable and even lower than
that reported for katG-based biosensors previously (Belkin et al.,
1996; Lee and Gu, 2003; Ahn et al., 2004). After 8 h of exposure,
E. coli K12::katGlux was also slightly induced by paraquat, which
may be considered as an indirect inducer of the katG gene (Fig. 1B).
Paraquat produces mainly superoxide radicals, which may be
further converted to H,0, by intracellular superoxide dismutases.
Expectedly, there was no induction of this biosensor by the nega-
tive control 3,5-DCP (Fig. 1C).

DNA damage biosensor E. coli MC1061(pDEWrecAlux) (Fig. 1D
and F) was induced by mitomycin C (MMC) — a direct mutagen,
which acts by covalent binding to DNA, and H,0, — an indirect
mutagen acting via oxidative damage of DNA. Induction of the
sensor by MMC was already observed after 30 min of exposure
(data not shown). The 2-h LOD of this biosensor to MMC was
0.01 mg/L (Fig. 1D), which was comparable to previously con-
structed recA-based biosensors (Vollmer et al., 1997; Davidov et al.,
2000; Mitchell and Gu, 2004). With increasing exposure time (up to
8 h), sensitivity of DNA damage sensor to MMC increased. H,0»
induced the biosensor only at relatively high concentration (3 mg
H,0,/L) (Fig. 1E) and only after 1 h of incubation (Fig. 1E). Again, as
expected, there was no induction of the sensor by negative control
3,5-DCP (Fig. 1F).

In summary, both constructed stress-specific biosensors were
induced by direct and indirect inducers, whereas the response to
the latter was weak and delayed. As most nanomaterials that need
the toxicological characterization are probably weak inducers, the
biosensor response to weak indirect inducers should be carefully
evaluated.

3.3. ROS-generating and DNA-damaging potential and dissolution
of Cuo

Induction of ROS, DNA damage and dissolution of CuO
nanoparticles at sub-toxic concentrations was analysed using
biosensor bacteria E. coli K12::katGlux, E. coli MC1061(pDE-
WrecAlux) and E. coli MC1061 (pSLcueR/pDNPcopAlux), respec-
tively. All the three biosensors were induced by all the studied Cu-
formulations — nano and micro-sized CuO and CuSO4 but showed
differences in the response time (Fig. 2). While E. coli Cu-ion
biosensor was already induced after 0.5 h of exposure to all
three Cu formulations, induction of ROS biosensor started after 5 h
and the induction of DNA damage biosensor started only after 8 h
of exposure. Because such a long time was required for the
induction of these biosensors, we assured that the growth of
biosensors in Cu-supplemented samples didn’t differ from the
chemical free control samples. The enumeration of bacterial cells
showed that the growth of bacteria in different samples was
indeed comparable (data not shown).

The detailed response of biosensors to Cu formulations after
5 h (Cu ion and ROS biosensors) and 8 h (DNA damage biosensor)
exposure is shown in Fig. 3. The dose—response pattern of
ROS (Fig. 3D—F) and DNA damage-specific sensor bacteria
(Fig. 3G—1I) to different Cu formulations was similar to that of Cu
ions biosensor (Fig. 3A—C). Particularly, the maximum biolumi-
nescent response of all the three biosensors to soluble Cu salt
was at 0.635 mg Cu/L (10~> M), for nano-CuO at 6.35 mg Cu/L
(1074 M) and for micro-CuO at 635 mg Cu/L (10~2 M) (ratio of
nominal concentrations 1:10:1000). As Cu ion biosensor is
responding exclusively to Cu ions (Ivask et al., 2009) and the
response pattern of ROS and DNA damage biosensors was very
similar to that of Cu ion biosensor, we hypothesized that Cu ions
solubilized from CuO particles triggered the ROS and DNA
damage response.
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Fig. 2. Time-course response of Escherichia coli based bioluminescent sensors to different Cu formulations. Induction of E. coli MC1061(pSLcueR/pDNPcopAlux) (A—C), ROS
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panels), and 8 (right panels) hours. Concentrations are presented on Cu basis (mg Cu/L). Mean of 3 individual experiments + standard error of the mean is shown.

3.3.1. Chemical analysis of dissolved Cu

As Cu ions were 10-fold more potent inducers of biosensors
compared to nano-CuO and 1000-fold more potent than
micro-CuO, the solubility of nano-CuO could be around 10% and
solubility of micro-CuO around 0.1%. To verify the results of
biosensors, we measured the dissolved Cu at the concentrations
where the sensors were equally (maximally) induced (0.635 mg
Cu/L CuS0Oy, 6.35 mg Cu/L nano-CuO and 635 mg Cu/L micro-CuO)
by chemical analysis (AAS). We assumed that at chosen concen-
trations, Cu formulations should result in equal soluble Cu
content if the biosensors responded exclusively to Cu ions.
Indeed, in the beginning of the bioassay, 0.635 mg Cu/L CuSQOg,
6.35 mg Cu/L nano-CuO and 635 mg Cu/L micro-CuO all resulted
in 0.635 mg of dissolved Cu/L (Fig. 4A). This confirmed that 10% of
nano-CuO and 0.1% of micro-CuO were in the form of ionic Cu
already at the beginning of the exposure and that ROS and DNA
damage detected by the biosensors was indeed triggered by
dissolved Cu.

As CuO particles may additionally dissolve during the test, we
next determined by AAS the concentrations of soluble Cu in the
biosensor test assay after 5-h and 8-h exposure. The analysis

showed that both nano-CuO and micro-CuO were additionally
solubilized during the test and the concentration of soluble Cu in
6.35 mg Cu/L nano-CuO and 635 mg Cu/L micro-CuO increased
from 0.6 till ~4 mg of soluble Cu/L (Fig. 4B). Based on CuSO4
concentration—response curve (Fig. 2B, E and I) 4 mg of soluble Cu/L
should already inhibit the bioluminescence of the biosensors.
However, as such inhibition was not observed in case of 6.35 mg Cu/
L nano-CuO and 635 mg Cu/L micro-CuO after 5-h exposure we
suggest that at least part of dissolved Cu was not bioavailable to
bacterial cells. It is important to note that the bioavailable fraction
of Cu that is measured by bacterial sensors includes only free Cu
ions (Rensing and Maier, 2003). On the other hand, dissolved Cu
measured by AAS includes both, (i) free Cu ions and (ii) soluble Cu
complexes (Cu ions complexed by components of the media or
bacterial exudates). Thus, the fraction of dissolved Cu determined
by AAS was significantly higher than the fraction of free Cu ions that
entered the bacterial cells and caused toxic effects.

3.3.2. The role of Cu ions in biosensor response
To further differentiate between the role of dissolved copper
and CuO particles in the response of the biosensors, we added
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Fig. 3. Induction of bioluminescence in Escherichia coli based biosensors to different Cu formulations. Responses of Cu-ion biosensor E. coli MC1061(pSLcueR/pDNPcopAlux) (A—C)
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EDTA, a chelating agent that sequesters di- and trivalent metal
ions (lijima et al., 2007), to the Cu formulations and measured the
response of biosensors. Three millimolar EDTA (the highest
concentration that was not yet toxic to bacterial cells; data not
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shown) — abolished the response of the biosensors (Fig. 5). This
additionally confirmed that the observed ROS and DNA damage in
bacterial cells were indeed caused by dissolved Cu ions and not by
CuO particles themselves.
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Fig. 4. Soluble Cu in the biosensor test media as determined by atomic absorption spectroscopy (AAS) after 0 (A) and 0—8 h (B) of exposure. AAS was performed from the particle-
free supernatants (centrifugation at 30 000x g for 30 min) of CuSO4 (white bars), nano-CuO (grey bars) and micro-CuO (black bars) at nominal concentrations of 0.635, 6.35 and
635 mg Cu/L, respectively. The concentrations yielding maximum response of the biosensors were chosen for the analysis.
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3.3.3. Analysis of dissolved Cu using Pseudomonas fluorescens-
based Cu-ion biosensor

E. coli is an important model in molecular biology with well
described stress response mechanisms. However, when the poten-
tial release of nanoparticles to the environment is of concern,
selection of a more environmentally relevant bacterium would be
appropriate. Pseudomonas sp. is a species commonly present in soil.
Therefore, we compared the responses of E. coli and P. fluorescens
Cu-ion specific biosensors to different Cu formulations (Fig. 6).
Similarly to E. coli (Fig. 3A—C), for the P. fluorescens-based Cu-
biosensor the most potent inducer was CuSOy, followed by nano-
CuO and then micro-CuO. Despite of the fact that P. fluorescens Cu-
biosensor was 30-times less sensitive to all Cu formulations than
E. coli biosensor, it showed the same pattern of response with
the maximum induction at 19.05 mg Cu/L in case of CuSOy4, 190.5 mg
Cu/L in case of nano-CuO and >6350 mg Cu/L in case of micro-CuO.
Thus, the solubility of nano-CuO predicted by P. fluorescens
Cu-biosensor was similar to what was predicted by E. coli biosensor:
10% for nano-CuO and <0.3% for micro-CuO. The more accurate
determination of dissolution of micro-CuO was not possible, since
higher than 6350 mg Cu/L concentrations of micro-CuO were
quenching around 95% of bioluminescence of P. fluorescens Cu-
biosensor due to their black colour. This result confirms that solu-
bility of CuO (both, nano and micro) determined with E. coli was also
reproducible with the P. fluorescens-based Cu-ion biosensor and
show that most probably also for other Gram-negative bacteria the
ROS- and DNA-damaging effects of CuO nanoparticles are mediated
by ionic Cu.

Cu-ions biosensor P. fluorescens 0S8::copAlux
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3.4. Possible mechanisms of action of CuO particles

Our results on Cu-ion dependent sub-toxic effects of CuO on E. coli
and P. fluorescens are in good agreement with the data on general
toxicity of nano-CuO to bacteria Vibrio fischeri (Heinlaan et al., 2008),
E. coli, Staphylococcus aureus and Listeria monocytogenes (Cioffi et al.,
2005). On the other hand, detection of hazardous properties of nano-
CuO already at low sub-toxic level supplies new information for pro-
active approaches. The sensor bacteria applied in this study may be
used for such an early warning purpose before the actual mortality
and long term effects will appear. Additionally, the step-wise time-
dependent activation of E. coli stress-inducible promoters (Fig. 2)
offers a view into the bacterial defence systems involved in the
response to nano-CuO exposure. Among all biosensors, the most
rapid response to nano-CuO was observed with the Cu-ion biosensor
E. coli MC1061(pSLcueR/pDNPcopAlux), which indicates rapid acti-
vation of copA promoter. CopA is an ATPase responsible for the
transport of Cu ions between cytosol and periplasm of E. coli (Rensing
and Grass, 2003) and early activation of copA promoter during
exposure to nano-CuO indicates that dissolved Cu ions entered
bacterial cell very rapidly. Interestingly, the response pattern of Cu-
ion biosensor to all studied Cu formulations during the 2—8-h incu-
bation time remained similar (Fig. 2A—C). This suggested that the
intracellular level of Cu (from CuSO4 but also from both CuO formu-
lations) was maintained constant. Despite that, the ROS biosensor
was induced only after 5-h of exposure (Fig. 2D and E). Given the
E. coli’s capability for rapid gene induction, it is highly probable that
the level of intracellular ROS produced during the first hours of

1007 C
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Fig. 6. Induction of bioluminescence in Pseudomonas fluorescens Cu-ion biosensor to CuSO4 (A), nano-CuO (B) and micro-CuO (C) after 5 h of exposure. Concentrations are presented
on Cu basis (mg Cu/L). Mean of 3 individual experiments + standard error of the mean is shown.
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exposure was not sufficient to activate bacterial ROS defence system.
This is not surprising because the studied nominal concentration of
nano-CuO was relatively low (6.35 mg Cu/L). For comparison,
Karlsson et al. (2008) detected ROS at 80 mg/L nano-CuO but not at
40 mg/L nano-CuO in mammalian cell cultures, whereas both nano-
CuO concentrations were already very toxic to the cells (about 90%
cytotoxicity). These facts may indicate that at least during the early
exposure (till 2 h), the intracellular ROS was probably not the primary
cause of the toxicity of studied Cu formulations. For example, it was
recently shown that in E. coli Cu ions have an acute mechanism of
toxicity that does not involve ROS and act through the inhibition of
enzymes involved in the synthesis of branched-chain aminoacids
(Macomber and Imlay, 2009).

The accumulation of intracellular ROS after prolonged exposure
to low sub-toxic concentrations of Cu formulations may be
explained by Cu ion compartmentalization in the bacterial cell and
Cu chemistry. It has been previously shown that ROS are produced
during reoxidation reaction of Cu(I) to Cu(Il) in the following Cu
recycling redox system (essentially as in Hoshino et al., 1999;
Macomber et al., 2007):

Cu(l) — e” + Oz « Cu(ll) + Oz

203 + 2H20 — Hz0, + Oy + 20H™
Cu(l) + Hy05 — Cu(ll) + OH™ + OH’
OH" + DNA — DNA damage

As in the case of Gram-negative bacteria the main pool of
intracellular Cu ions is located in the periplasm (Outten et al.,
2001), the ROS are mainly produced and get concentrated in the
periplasm and do not reach the cytosolic targets (Macomber et al.,
2007). The high level accumulation of ROS in the periplasm may
however lead to their leakage into the cytosol where they turn on
the ROS defence systems, including katG. Reoxidation of Cu(I) to
Cu(Il) generates ROS in the following order: first the superoxide
anion is produced and then hydrogen peroxide and hydroxyl
radicals will appear (Hoshino et al., 1999). This order of ROS is in
accordance with our biosensor results: our previous results have
shown that superoxide anions-sensing sodA-based luminescent
E. coli K12::s0xRSsodAlux was activated by nano-CuO after 2 h of
induction (Ivask et al., 2010) but the peroxide-sensing strain
K12::katGlux in the current study was induced only after 5 h of
induction (Fig. 2). Finally, the DNA-damage sensor responded to
nano-CuO only after 8-h exposure. Seemingly, the observed DNA-
damaging effects were secondary and transient (e.g., due to the
RecA-dependent efficient reparation of DNA) as CuSO4 has been
classified not mutagenic in the bacterial reversed mutation (Ames)
assay according to various available Material Safety Data Sheets
(Merck, 2010). Analogously, Macomber et al. (2007) showed that
copper ions induced the superoxide dismutase and catalase but did
not catalyse significant oxidative DNA damage in E. coli.

Based on the previous studies on Cu ion chemistry and time-
dependent activation of our biosensor suite, we assume that Cu
ions dissolved from nano-CuO are the key factor triggering a series
of downstream adverse effects. We suggest a following hypothet-
ical cascade of events: the internalised Cu ions are mainly stored in
the periplasm (Outten et al., 2001), where they first induce the
production of superoxide anions (Hoshino et al., 1999). Superoxide
anions leach into the cytosol, where they activate superoxide-
dismutase gene sodA. Intracellular SodA and other superoxide
dismutases convert superoxide to H,O, that triggers the activation
of catalases, e.g., KatG. Finally, cytosolic H,0, induces Fe-dependent
production of hydroxyl radicals via Fenton reaction (Imlay et al.,

1988) which leads to the unspecific oxidation of various biomole-
cules including DNA, which activates ssDNA-inducible gene recA.
Similar sub-toxic cellular responses such as increased activity of
catalase, superoxide dismutase and overexpression of Rad51 (RecA
homologue in mammals) were also shown in human lung epithelial
cells in vitro after 24-h incubation with 50 mg/L nano-CuO (Ahamed
et al., 2010). DNA damage in response to nano-CuO was also
observed in mammalian cells (Midander et al., 2009) and in various
plants (Nelson et al., 2012). Thus, our results are coherent with the
existing data and to our best knowledge, show for the first time that
(i) nano-CuO induces the bacterial ROS and DNA damage defence
systems already at very low sub-toxic levels and (ii) these early
adverse effects are triggered by dissolved Cu ions. Our results on
solubility-dependent toxicity of nano-CuO can be possibly
extended to some other unicellular organisms that (i) have no
endocytosis and (ii) are a priori protected against the nanoparticles
entry by the cell wall. However, the described mechanism is most
probably not relevant for the most eukaryotic cells capable to
internalize the nano-sized particles.

4. Conclusions

As CuO nanoparticles showed adverse effects to bacteria already
at very low concentrations and these effects were triggered by
the solubilized copper ions, we suggest that dissolution of CuO
nanoparticles should be addressed also on Material Safety Data
Sheets. For example, the MSDS for 50 nm CuO preparation at
Sigma—Aldrich website (reference number 544868) provides no
indication on dissolution of these nanoparticles.

Finally, with some refinement, such as choosing/constructing
the metal-sensing bacterial strains, depending on the type of
metallic NPs analysed, the testing strategy applied in this study is
also applicable for the high throughput profiling of (eco)toxico-
logical properties of other (metallic) NPs.
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Construction of reactive oxygen species (ROS) and DNA damage-inducible biosensors

The ROS-inducible strain E. coli K12::katGlux was constructed by amplifying the 283-bp katG
promoter from the genomic DNA of E. coli K12 (primers: 5" TATACCTAGGAATGAG
GCGGGAAA ATAAGGT 3'and 5' TTAAGGATCCCATCAATGTGCTCCCCACTA 3'), digesting
the amplified DNA with BamHI and Avril, and ligating it into BamHI— Avrll-digested plasmid
pSLlux, in front of the luxCDABE genes. The resulting plasmid was digested with Avrll and Nhel
and the fragment containing katG promoter and luxCDABE was gel-purified, Klenow-treated and
inserted into Stul site of pTCRKn (transposon-carrying suicide plasmid, Ivask et al., 2009). Tn5
mini-transposon mutagenesis method (De Lorenzo and Timmis, 1994) was used to create a single
chromosomal insertion of the katG promoter-/uxCDABE fusion into E. coli K12 chromosome. E.
coli MC1061(pDEWrecAlux) was constructed by inserting the 164-bp rec4 promoter (amplified
from the genomic DNA of E. coli K12 with primers
5’ATATGAATTCCATGCCGGGTAATACCGGATA3' and 5’ AATTGGATCCACCGTGATG-
CGGTGCGTCGTC 3') into the EcoR1-BamH1 site in front of the luxCDABE genes of plasmid
pDEW201 (LaRossa et al., 1998).

De Lorenzo, V., Timmis, K.N., 1994. Analysis and construction of stable phenotypes in gram-negative
bacteria with Tn5- and Tn10-derived minitransposons. Methods Enzymol. 235, 386—405.

LaRossa, A., Van Dyk, T., Rosson, R.A., 1998. Bioluminescence Methods and Protocols: Photorhabdus
luminescens luxCDABE Promoter Probe Vectors, vol. 102. Humana Press Inc., pp. 85-90.
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Fig. S1. A-B: SEM images of nano-CuO and micro-CuO (20 000x magnification). C-D:
Hydrodynamic diameter of nano-CuO (6.35 mg Cu/L) and micro-CuO (635 mg Cu/L) in deionised
water (C) and heavy metal MOPS medium (D). E: UV-Visible absorption spectra of nano-CuO
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Abstract

Background: It is generally accepted that antibacterial properties of Ag nanoparticles (AgNPs) are dictated by their
dissolved fraction. However, dissolution-based concept alone does not fully explain the toxic potency of nanoparticulate
silver compared to silver ions.

Methodology/Principal Findings: Herein, we demonstrated that the direct contact between bacterial cell and AgNPs’
surface enhanced the toxicity of nanosilver. More specifically, cell-NP contact increased the cellular uptake of particle-
associated Ag ions - the single and ultimate cause of toxicity. To prove that, we evaluated the toxicity of three different
AgNPs (uncoated, PVP-coated and protein-coated) to six bacterial strains: Gram-negative Escherichia coli, Pseudomonas
fluorescens, P. putida and P. aeruginosa and Gram-positive Bacillus subtilis and Staphylococcus aureus. While the toxicity of
AgNO; to these bacteria varied only slightly (the 4-h ECs ranged from 0.3 to 1.2 mg Ag/l), the 4-h ECs, values of protein-
coated AgNPs for various bacterial strains differed remarkably, from 0.35 to 46 mg Ag/l. By systematically comparing the
intracellular and extracellular free Ag* liberated from AgNPs, we demonstrated that not only extracellular dissolution in the
bacterial test environment but also additional dissolution taking place at the particle-cell interface played an essential role in
antibacterial action of AgNPs. The role of the NP-cell contact in dictating the antibacterial activity of Ag-NPs was additionally
proven by the following observations: (i) separation of bacterial cells from AgNPs by particle-impermeable membrane (cut-
off 20 kDa, ~4 nm) significantly reduced the toxicity of AgNPs and (ii) P. aeruginosa cells which tended to attach onto
AgNPs, exhibited the highest sensitivity to all forms of nanoparticulate Ag.

Conclusions/Significance: Our findings provide new insights into the mode of antibacterial action of nanosilver and explain
some discrepancies in this field, showing that “Ag-ion” and “particle-specific’ mechanisms are not controversial but, rather,
are two faces of the same coin.
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Introduction

Ag nanoparticles (AgNPs) are the first commercialized NPs that
are nowadays used as broad-spectrum antimicrobials in over 300
consumer products including cosmetics, clothing, detergents,
dietary supplements, water filters, electronics and children’s toys
[1], [2]. Actually, colloidal silver, e.g., protein-stabilized nanosized
Ag particles, has been used for numerous medical purposes
already since the late 19th century [3], [4]. To date, approximately
500 tons of nanosilver is produced annually and there is a high risk
for environmental pollution [5] due to its leaching from the
nanosilver-containing consumer products as well as through
industrial waste streams, mainly via waste and sewage treatment
plants [6], [7], [8]. Currently, most of the studies on nanosilver
toxicity to bacteria focus on a laboratory model bacterium
Escherichia coli and on human pathogens such as Staphylococcus
aureus and Pseudomonas aeruginosa. Remarkably less information is
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available for environmentally relevant bacterial species such as
Pseudomonas putida and P. fluorescens (Figure S1).

Despite of numerous publications, the antimicrobial mechanism
of AgNPs is still under debate. It is generally acknowledged that
the size and the specific surface area affect the antibacterial activity
of AgNPs [9], [10]. More specifically, recent publications have
revealed that the toxicity of AgNPs to E. coli is proportional to the
relative surface area of silver oxide monolayers, which dissolve and
release Ag ions upon contact with water [11]. Accordingly, AgNPs
lacking oxidized surfaces (and thus, not dissolving) proved not
toxic to bacterial cells, suggesting that the toxicity of AgNPs is
ultimately dictated by released Ag ions [12], [13].

In contrast, numerous studies have found that Ag" concentra-
tions released from AgNPs into the soluble phase during toxicity
assays were too low to explain the observed antibacterial effects
[14], [15], [16], [17], [18], [19]. As a rule, in these assays the
dissolution of AgNPs was quantified by atomic absorption
spectroscopy (AAS) or inductively coupled plasma spectrometry
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(ICP) after the separation of nanoparticulate Ag by ultracentrifu-
gation or ultrafiltration. The toxicity of residual soluble Ag in the
supernatant/filtrate was further compared with the toxicity of Ag
ion applied as a soluble salt. Such an experimental setup assumes
that Ag ions are equally distributed outside of bacteria (i.c., in the
test medium) and inside the bacterial cells and that the
bioavailability of Ag ions to bacterial cells from the surface of
AgNPs and from the aqueous phase is similar.

Hereby we hypothesized that AgNPs, even if not toxic per se,
may serve as efficient carriers of toxic Ag ions. Using a suite of six
Gram-positive and Gram-negative bacterial strains, three types on
AgNPs with different coatings and three different techniques to
determine the dissolution of these AgNPs, we demonstrated the
significance of the direct contact between bacterium and NPs’
surface. We showed for the first time and quantitatively that the
intracellular bioavailable fraction and hence, toxicity of Ag ions
from AgNPs could not be always predicted from the conventional
studies that measure extracellular dissolution. Rather, the intra-
cellular concentration of silver ions inside the bacterial cells — the
ultimate determinant of AgNPs toxicity — was dictated by both,
extracellular dissolution of AgNPs and additional dissolution at
bio-nano interface. Thus, our results aim to resolve the main
controversy behind the Ag ion-related toxicity mechanism of silver
nanoparticles.

Materials and Methods

Chemicals and Nanoparticles

All the purchased chemicals were at least of analytical grade.
AgNOj3 was from J.T.Baker, uncoated AgNPs (nAg, primary size
30-100 nm) were from Sigma-Aldrich (CAS number 7440-22-4),
protein (casein)-coated colloidal AgNPs (nAg-Col, primary size 5—
30 nm; [20]) were from Laboratorios Argenol S. L. (batch N° 297).
The manufacturer-provided characteristics of nAg-Col were
verified: (i) molecular weight of the casein coating was confirmed
using UPLC size exclusion chromatography, which identified
homogeneous a 5 kDa protein and (ii) the concentration of casein
coating was verified using Pierce BCA Protein Assay Kit (Thermo
Scientific) (data not shown). Polyvinylpyrrolidone-coated AgNPs
(nAg-PVP, primary size 8-11 nm) were synthesized and charac-
terized as described in [21].

The stock solutions of all Ag formulations (1 000 mg Ag/1,
20 ml) were prepared in distilled (DI) water (pH = 5.8) and further
stored in the dark at +4°C. The stock solutions of nAg and nAg-
PVP were homogenized using ultrasonic probe (40 W, 3 minutes;
450 Ultrasonifier, Branson Ultrasonics Corporation, USA) once
after preparation.

The primary particles of AgNPs were visualized by transmission
clectron microscopy (TEM, SUMY-SELMI, EM-125) and the
particle size was measured using Image]J software. Size distribution
of AgNPs (Figure S2) was calculated based on 65 particles.
Hydrodynamic size (at {-average) and (-potential of AgNPs were
measured at a concentration of 100 mg/l immediately after
AgNPs’ dispersion in DI water and in the bacterial growth
medium using Malvern Zetasizer (Nano-ZS, Malvern Instruments,

UK).

Quantification of Dissolved Silver

The dissolution of AgNPs in DI water as well in the bacterial
growth medium was measured using three different techniques
that enable to determine the extracellular free Ag®, extracellular
dissolved Ag and intracellular Ag”. Extracellular free Ag" was
measured from the suspensions of AgNPs with Ag-ion selective
clectrode (Ag-ISE) (Van London-pHoenix Company). Extracel-
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lular dissolved Ag was determined from the supernatants that
were obtained after ultracentrifugation of AgNPs’ suspensions at
390 000 g for 60 minutes. According to the calculations, under
these conditions all AgNPs and Ag-protein complexes with the
molecular mass above 5 kDa should settle [22]. The supernatants
were analyzed by atomic absorption spectroscopy (AAS) in a
certified laboratory of Tallinn University of Technology, Estonia,
applying the standard EVS-EN ISO/IEC 17025:2005. Intracel-
lular Ag" from AgNPs was quantified with recombinant
bioluminescent Fscherichia coli MC1061 (pSLcueR/pDNPcopAlux)
Ag-biosensor [23] as described below.

Bacterial Growth Inhibition Assay

For the growth inhibition assay bacteria (Gram-negative
Escherichia coli MC1061, Pseudomonas  fluorescens OS8, P. putida
K'T2440, P. aeruginosa DS10-129 and Gram-positive Bacullus subtilis
BR151 and Staphylococcus aureus RN2440; Table S1) were cultivated
overnight on a shaker (200 rpm, 30°C) in 3 ml of modified (NaCl-
free) LB medium (10 g tryptone and 5 g yeast extract per liter,
pH=7). NaCl was not added to the medium to avoid the
formation of insoluble AgCl. Before the test, bacterial culture was
diluted in NaCl-free LB medium to ODgyp = 0.05 corresponding
to approximately 10° cells/ml. Bacterial growth inhibition assay
was conducted on transparent sterile 96-well Cliniplates (Thermo
Labsystems). Briefly, 100 ul of the dilution of AgNPs or AgNOg
(from 0.01 to 100 mg Ag/1) in DI water (sample) or pure DI water
(control) was pipetted onto the wells. Then, 100 pl of bacterial
culture in NaCl-free LB medium was added. The test plates were
incubated on a plate shaker (Heidolph Titramax 1000, 350 rpm)
at 30°C for 4 hours. Absorbance of the bacterial cultures at
600 nm (ODgnp) was measured in 1 h intervals with Multiskan
plate reader (Thermo Scientific). The bacterial growth inhibition
(INH%) was calculated as follows:

INEY= 100 QD60 sampie X 100)
OD60o control

In the end of the growth inhibition assay, 3 pl of each sample was
removed and plated onto LB agar plates to assess the viability of
the cells. The plates were incubated at 30°C for 24 h and the
minimum bactericidal concentration (MBC) was characterized as
the lowest concentration of Ag compound where no colonies were
observed, i.e., the concentration that resulted in irreversible
inhibition of the bacterial growth.

To study the role of the direct particle-cell contact in the
antibacterial effects of AgNPs, additional experiments where
bacteria were separated from AgNPs by 20 kDa (~4 nm, [24])
dialysis membrane (Slide-A-Lyzer MINI Dialysis Device, 20K
MWCO, Thermo Scientific) were performed. In this case, 400 pl
of bacterial suspension was pipetted onto the wells of 48-well
transparent cell culture plates (nontreated polystyrene, BD
Falcon). Then, polypropylene cups with the dialysis membrane
on the bottom were inserted into the wells and 400 ul of AgNPs/
AgNOs (sample) or DI water (control) were pipetted into the cups.
Bacteria were grown at 30°C, 750 rpm for 4 hours and ODgq
was measured.

Quantification of Intracellular Silver lons

Quantification of intracellular Ag ions was performed using
recombinant  biosensor  bacteria  Escherichia  coli  MC1061
(pSLcueR/pDNPcopAlux). The response of this recombinant E.
coli to intracellular Ag ions is mediated via CueR activator protein
and its regulated copAd promoter that is fused to the biolumines-
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cence encoding genes. Therefore, in the sub-toxic region, the
presence of intracellular Ag ions leads to the increase of
bioluminescence of these recombinant bacteria in a dose-
dependent manner [23].

The preparation of test bacteria and the procedure of the
biosensor assay was analogous to the bacterial growth inhibition
assay with the following exceptions: (i) the growth medium of
bioluminescent Ag-biosensor E. coli MC1061 (pSLcueR/pDNPco-
pAlux) was supplemented with 100 pug/1 ampicillin and 10 pg/1
tetracycline during overnight cultivation to maintain the recom-
binant plasmids and (ii) the assay was conducted on white 96-well
Cliniplates with transparent bottom that allowed the determina-
tion of both, luminescence and optical density in parallel.
Multiskan plate reader (Thermo Scientific) was used for optical
density and Orion II plate luminometer (Berthold Detection
Systems) for the bioluminescence measurement. Briefly, 100 pl of
bacterial suspension was exposed to 100 ul of 0.01-100 mg Ag/1
dilutions of AgNO; or AgNPs in DI water (sample) or DI water
(background) at 30°C for 4 hours. Dose-response curves of the Ag-
biosensor were obtained by plotting the applied concentrations of
Ag against the bioluminescence of Ag-biosensor (as fold induction)
in respective samples. Fold induction was calculated as follows:

B Lsample

Induction(fold) = Byt
ACKZroun.

where BLgmpie is the bioluminescence of Ag-biosensor in the
sample and Bliackgrouna 15 the background bioluminescence.
Intracellular Ag was determined by using the log-log linear
regression equations derived from the linear region of the dose-
response curves of Ag-biosensor to AgNOj5 and AgNPs , whereas
AgNOs3 was considered 100% bioavailable and was used as a
standard (Figure S3).

Assessment of Cell-Nanoparticles Interaction

Bacterial suspensions were cultivated overnight on a shaker
(200 rpm, 30°C) in 3 ml of NaCl-free LB medium. Then, the
bacterial cultures were diluted in NaCl-free LB medium to
ODgop=0.4. 700 pl of diluted bacterial suspension was added to
700 ul of 20 mg Ag/1 nAg-Col in DI water (final concentration of
nAg-Col in the test 10 mg Ag/]) and immediately centrifuged at
4 000 g for 5 minutes. 1 ml of obtained supernatants was used to
measure the UV-visible (UV-Vis) wavelength absorption spectra
with a Thermo Multiskan Spectrum (Thermo Electron Corpora-
tion, Finland). As a control, the spectrum of 10 mg/1 collargol in
half-strength NaCl-free LB medium centrifuged at 4 000 g for
5 minutes was analyzed.

Statistical Analysis

All experiments were performed in at least three biological
replicates and the data were expressed as mean * standard
deviation. To define statistically significant differences, the data
were analyzed either with one way analysis of variance ANOVA
or with unpaired two-tailed #test assuming equal variances at
p<0.01.

Results

Characteristics of Silver Nanoparticles

The main rationale behind the selection of Ag nanoparticles for
this study was their different surface modification. While the
Sigma-Aldrich Ag nanoparticles (nAg) had no coating, collargol
(nAg-Col) particles were coated with protein (casein) and the nAg-
PVP AgNPs had polyvinylpyrrolidone coating (Table 1). All the
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used AgNPs were spherical (Figure 1A) and had negative (-
potential (Table 1). Collargol formed the most stable dispersion in
the test medium used for bacterial growth inhibition assays (half-
strength NaCl-free LB). The average hydrodynamic diameter, Dy,
of nAg-Col particles was 53 nm and the preparation was relatively
monodisperse (pdi 0.2). The efficient dispersion of nAg-Col was
most likely due to the steric hindrance and electrostatic repulsion
between the casein molecules coating these Ag particles. Com-
pared to nAg-Col, the hydrodynamic size of nAg-PVP was larger
(Dy, in the test media =139 nm, pdi 0.2). This was most probably
due to the thick PVP coating and almost neutral surface charge of
these particles (Table 1). Both coated AgNPs did not aggregate in
the test medium during the test, whereas uncoated nAg formed
large aggregates (D, =269 nm, pdi=0.7), which settled and
formed visible macroscopic silver after 4-h incubation (Figure 1B).

The dissolution rates of AgNPs in both DI water and in the test
medium were in the following order: nAg-PVP>nAg-Col>nAg,
showing that nAg that formed large aggregates was the least
soluble (Table 1). However, despite of its bigger hydrodynamic
size, nAg-PVP dissolved better than nAg-Col, indicating that in
addition to size, dissolution of AgNPs was also determined by the
type of coating. Interestingly, chemical analysis (AAS) revealed
that the dissolution rate of all AgNPs was higher in DI water than
in test medium (Table 1). Also, according to AAS analysis no
additional dissolution of AgNPs in test medium took place during
4 h (insets in Figure S4). At the same time, when 0-h and 4-h UV-
Vis spectra of AgNPs in test medium were compared, a decrease in
absorption peak height that reveals particle dissolution was
observed (Figure S4). Altogether these results indicated a ligand-
enhanced dissolution of AgNPs in test medium, whereas the
released Ag ions remained bound to the ligands.

Different Bacterial Strains Exhibit Similar Dose-Response
to AgNOs3 but not to Silver Nanoparticles

The growth inhibition curves of the three studied AgNPs and
AgNOj to six Gram-positive and Gram-negative bacteria and the
respective 4-h EClso values are shown in Figure S5 and Figure 2,
respectively. As a rule, both coated AgNPs inhibited bacterial
growth at concentrations below 20 mg Ag/l (Figure 2) and at
somewhat higher concentrations were bactericidal, i.e., inhibited
bacterial growth irreversibly (Table S2). Uncoated nAg, however,
had no growth inhibitory effect at tested concentrations except
towards P. aeruginosa (Figure S5). Altogether, the antibacterial
cfficiency of AgNPs followed the order nAg-PVP>nAg-Col>nAg,
showing a clear positive correlation with their dissolution rates.
Notably, the correlation between antibacterial efficiency of AgNPs
and their size was less evident, because nAg-PVP NPs with the
larger hydrodynamic size were mostly more toxic to bacteria than
nAg-Col (Figure 2).

The shapes of the dose-response curves of all bacterial strains to
AgNOs (Figure S5) as well as the corresponding 4-h EC5( values
(Figure 2) were similar revealing similar mechanism of toxicity of
ionic Ag. Indeed, the difference between the ECs, values of
AgNOs to various bacterial strains was only 4-fold: the lowest
EC;5y value was measured for P. putida (0.3 mg Ag/l) and the
highest for S. aureus (1.2 mg Ag/l). However, the shapes of the
dose-response curves of various bacterial strains to AgNPs were
remarkably different (Figure S5). Especially interesting was the
high toxicity of all forms of nanoparticulate Ag to human
pathogen P. aeruginosa. Even marginally dissolving uncoated Ag
inhibited the growth of P. aeruginosa (4-h EC;5o = 11.8 mg Ag/1), but
had no effect on other bacterial strains in the concentration range
tested (Figure S5). Furthermore, the 4-h ECj5( value of protein-
coated nAg-Col for P. aeruginosa was 0.35 mg Ag/l, which was
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Figure 1. Characterization of silver nanoparticles. A: Transmission electron microscopy images of AgNPs. TEM image of collargol is reprinted
from [21] with the permission of Springer. B: Stability of 10 mg/I nanoparticles suspensions in test medium (half-strength NaCl-free LB medium). After
0-h incubation (upper panel), all AGNPs suspensions scattered light upon the illumination by the laser pointer, indicating the presence of particles.
After 4-h incubation (lower panel), the light scattering from uncoated nAg was negligible (comparable to that of the test medium with no AgNPs
added) and settling of the particles was observed.

doi:10.1371/journal.pone.0064060.9001

comparable to ionic Ag and should indicate 100% solubility of AgNPs was determined not only by Ag ions, (ii) each bacterial
nAg-Col (Figure 2), although the chemical analysis showed that strain had different influence on dissolution of AgNPs or (iii) each
the dissolution rate of nAg-Col was just 2.6% (Table 1). Notably, bacterial strain modulated differently the uptake of Ag ions
the high sensitivity to nAg-Col was characteristic only to P. dissolved from AgNPs.
aeruginosa; the 4-h EC5 of nAg-Col to e.g., S. aureus was 46 mg Ag/
1, being as much as 130-fold higher than the value for P. aeruginosa.

As the dose-response of various bacteria to AgNOj was similar
but different to AgNPs, we proposed that either (i) the toxicity of

Table 1. Characterization of silver nanoparticles (AgNPs) used in the current study.

nAg nAg-Col nAg-PVP
Coating uncoated casein (30%)’ polyvinylpyrrolidone (71%)’
Average primary size?, nm 85.7+29.3 14.6+4.7 10.5+43
Dy? in DI water, nm 89 (pdi*=0.6) 44 (pdi=0.2) 122 (pdi=0.2)
Dy, in test medium®, nm 269 (pdi=0.7) 53 (pdi=0.2) 139 (pdi=0.2)
{-potential in test medium, mV —25.5 —26.1 —45
Dissolution® in DI water, % 0.82 76 36.5
Dissolution® in test medium, % 0.48 26 44
Source/Reference Sigma-Aldrich Laboratorios Argenol 21

"Mass fraction of the coating material, analyzed by thermogravimetry [21];

2Measured from TEM micrographs using Image) software (n=65);

3Hydrodynamic size, measured by dynamic light scattering (DLS) immediately after dispersion of silver nanoparticles;

“Pdi states for polydispersity index;

Test medium states for half-strength NaCl-free LB;

®Analyzed by atomic absorption spectroscopy from supernatants of ultracentrifuged (390 000 g x60 min) 10 mg/l AgNPs’ suspensions after 4-h incubation at 30°C.
doi:10.1371/journal.pone.0064060.t001
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Toxicity of Silver Nanoparticles to Escherichia coli is a
Function of Intracellular Ag lons

First, the effect of Ag ions in toxicity of AgNPs was quantified.
For that a recombinant Ag ion-responding biosensor bacterium .
coli MC1061 (pSLcueR/pDNPcopAlux) was used. As the
bioluminescent response of this bacterium is triggered only by
Cu and Ag ions [23], its bioluminescence in our test conditions
was proportional to intracellular Ag ions.

The dose-response curves of E. coli MC1061 (pSLcueR/
pDNPcopAlux) to different Ag formulations are shown in
Figure 3A. As expected, the Ag-biosensor was most sensitive to
AgNOs;. Among AgNPs, E. coli MC1061 (pSLcueR/pDNPcopA-
lux) was most sensitive to nAg-PVP, followed by nAg-Col and
nAg. The linear region of the sub-toxic part of the dose-response
curves (Figure 3A) was used to quantify the intracellular Ag more
precisely, revealing that 8.0*1.1% of nAg-PVP, 4.020.4% of
nAg-Col and 0.6%0.2% of nAg were transformed into intracel-
lular Ag ions. When the nominal E. coli 4-h ECs, values of Ag
formulations (from Figure 2) were re-calculated on the basis of
intracellular Ag ions, the resulting 4-h EC5( values of both coated
AgNPs were very close to that of AgNOg3: EC5 (mg Ag/1) for nAg-
Col was 0.74, for nAg-PVP 0.71 and for AgNO3 0.77 (Figure 3B).
As the Ag-biosensor E. coli MC1061 (pSLcueR/pDNPcopAlux) is
induced only by intracellular Ag ions and the toxicity of AgNPs
measured using E. coli growth inhibition assay integrates all the
possible toxic effects of AgNPs (ie., caused by dissolution,
production of reactive oxygen species, lipid peroxidation, mem-
brane damage etc.), it was evident that the toxicity of AgNPs was
fully determined by intracellular Ag ions.

Particle-Cell Contact Enhances Antibacterial Efficiency of
Silver Nanoparticles

As the toxicity of AgNPs was mediated via intracellular Ag ions
(Figure 3) but was orders of magnitude different to different
bacterial strains (Figure 2), it was evident that intracellular
bioavailability of Ag ions liberated from AgNPs was bacterial
strain-specific. We proposed two hypotheses to explain this
phenomenon: (i) either each bacterial strain differently modulated
the extracellular dissolution of AgNPs wvia bacterial exudates
(organic acids, peptides, biosurfactants) or (ii) the cellular uptake of
Ag ions via cell-NP interaction was different in different bacterial
strains. We studied these two hypotheses using E. coli cells as an
example. For that, we incubated AgNPs with (biotic dissolution) or
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without (abiotic dissolution) bacterial culture (Figure 4). To test the
first hypothesis, we separated the dissolved Ag by ultracentrifuga-
tion and compared the biotic and abiotic dissolution rates of
AgNPs by quantifying the extracellular dissolved Ag and
extracellular free Ag" in the supernatant using AAS and Ag ion-
selective electrode, respectively. To test the second hypothesis, we
exposed E. coli MC1061 (pSLcueR/pDNPcopAlux) Ag-biosensor
cither to AgNPs’ suspensions or to ultracentrifuged supernatants of
these suspensions and quantified the internalized Ag ions. Thus, in
the former experimental setup E. coli cells were in the direct
contact with AgNPs and in the latter case, F. coli was exposed to
the soluble fraction of AgNPs, allowing to estimate the role of cell-
NP contact on intracellular Ag ions (Figure 4).

The results from AAS revealed that all AgNPs dissolved slightly
more in the presence of bacteria than in abiotic conditions, but this
effect was not statistically significant (n = 3, p>0.05) (Figure 5, grey
bars). The results obtained using Ag-ISE showed also that
compared to abiotic conditions no additional free Ag ions
appeared in the test medium when AgNPs were incubated with
bacterial cells (Figure 5 A and B, white bars). In both, biotic and
abiotic conditions, the extracellular fraction of dissolved Ag
determined with AAS exceeded the fraction determined with
Ag-ISE about twice. This difference was expected, because Ag-ISE
determines only free Ag ions but AAS determines also the
complexes of Ag ions with the low-molecular-weight (<5 kDa)
components of the test medium that were too small to settle during
ultracentrifugation.

While no additional extracellular dissolution of AgNPs was
detected in biotic exposure conditions, there was a significantly
increased uptake of Ag ions via cell-NP interaction. Specifically, in
case of direct contact between AgNPs and FE. coli MC1061
(pSLcueR/pDNPcopAlux) (i.e., biotic conditions) the biosensor
cells internalized about 3 times more Ag ions than were
internalized when the biosensor was exposed to ultracentrifuged
supernatants of AgNPs (Figure 5A versus 5B, blue bars). This result
reveals the importance of direct contact of AgNPs with bacterial
cells and demonstrates that the extracellular concentration of Ag
ions in the test medium may underestimate the -effective
intracellular concentrations and hence, antibacterial potency of
Ag ions from AgNPs.

To further demonstrate that the intimate surface contact of
AgNPs with bacterial cells increases the internalization of particle-
associated Ag ions and, therefore, the effective toxicity of AgNPs,
comparative growth inhibition assays were carried out with E. coli
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Figure 3. Response of Escherichia coli MC1061 to silver formulations. A: Dose-dependent induction of bioluminescence of Ag-biosensor E.
coli MC1061 (pSLcueR/pDNPcopAlux) in response to silver formulations. The bioluminescence was measured after 4-h exposure (30°C, half-strength
NaCl-free LB medium). The decreased bioluminescence at higher concentrations refers to the toxicity. Concentrations are nominal. B: Toxicity (4-h
ECso) of silver nanoparticles and AgNO;s to E. coli MC1061. ECs, values based on nominal concentrations (open columns) are from Figure 2; ECsq
values based on intracellular Ag ions (red columns) are re-calculated from Figure 3A. Data represent the average = SD (n=3).

doi:10.1371/journal.pone.0064060.g003

and P. aeruginosa cells either directly exposed to nAg-Col particles
or separated from the nanoparticles by a particle-proof dialysis
membrane (cut-off 20 kDa~4 nm; Figure S6). When E. coli cells
were in direct contact with AgNPs, the 4-h EC5( value for nAg-
Col was around 10 mg/1 (Figure 6A). However, when nAg-Col
was separated by a membrane, the toxic effect was not observed
even at 200 mg/1 (Figure 6A, red line) i.e, there was a >20-fold
reduction in toxicity. Similarly, membrane-separated nAg-Col did
not exhibit any toxic effects to P. aeruginosa (Figure 6B). Interest-
ingly, the optical density of P. aeruginosa culture was lower in the
presence of the dialysis membrane: when the ODgyq values
without the membrane were around 0.35 then in the presence of
the membrane the maximum ODgg was only 0.2 (Figure 6B).
This was most probably because P. aeruginosa cells tended to attach
to the dialysis membrane immediately after the contact (data not
shown).

In the experimental setup used to separate nAg-Col by the
dialysis membrane, we did not establish equilibrium for Ag ions
between the membrane-separated phases beforehand, because it
would have caused additional dissolution of nAg-Col complicating
the interpretation of the results. Therefore, most likely there was
an unequal distribution of Ag ions between the two membrane-
separated phases. To evaluate the efficiency of Ag ions’ diffusion
through the membrane during the 4-hour test, bacteria were also
exposed to AgNOj either directly or through a dialysis membrane.
Without the dialysis membrane, the complete inhibition of E. coli
growth after 4 hours of incubation was observed at 1.25 mg Ag/1
of AgNOs;. However, when the bacteria were exposed to AgNOj5
through a membrane, 20 mg Ag/l of AgNOj was required to
inhibit bacterial growth (Figure 6C, D). Thus, the dialysis
membrane caused 16-fold reduction in toxicity of AgNOjs. Taking
this into account we estimated that if the toxicity of nAg-Col would
have been mediated only by the extracellularly dissolved Ag ions,
the membrane-separated nAg-Col should have inhibited P.
aeruginosa and  E. coli growth starting from 80 or 160 mg/l,
respectively. However, this was not the case (Figures 6A, B),
additionally confirming that in the absence of direct contact with
Ag-particles the effective intracellular concentration of Ag ions in
bacterial cells was lower.
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Pseudomonas aeruginosa Cells Co-precipitate with
Collargol

Since the toxicity of AgNPs was apparently mediated by the
cell-NP contact, which depends on specific surface properties of
cach bacterium, the potential of different bacterial strains to attach
to the surface of AgNPs was studied. For that, all the six test
bacteria were mixed with nAg-Col, immediately settled by
centrifugation and UV-Vis spectra of the obtained supernatants
were measured. The plasmon absorption band near 400 nm that
is proportional to the concentration of metallic nanosized Ag [25]
cnabled to estimate the fraction of nAg-Col which remained
unadsorbed to bacterial cells. Before the experiment we verified
that the addition of bacterial culture to nAg-Col suspension had no
effect on the specific plasmon resonance peak of the nanoparticles
(Figure S7). While no co-precipitation of AgNPs with £. coli, B.
subtilis, S. aureus, P. fluorescens and P. putida cells was observed (the
UV-Vis absorption spectra before and after centrifugation were
similar), there was a significant co-precipitation of nAg-Col and P.
aeruginosa cells (Figure 7). According to the peak of UV-Vis
spectrum, 9.2%2.6% of nAg-Col was readily sorbed to the cell
surface and co-precipitated with P. aeruginosa cells during the
centrifugation. This observation suggests that P. aeruginosa cells had
higher affinity to AgNPs than the other tested bacterial strains. We
assume that the adhesion of P. aeruginosa cells to nAg-Col particles
was responsible for the high antibacterial potency of nAg-Col
particles towards this pathogenic bacterium (Figure 2).

Discussion

It is generally acknowledged that the toxicity of AgNPs depends
on the release of Ag”™ ions, which interact with -SH groups of
membrane-bound enzymes and proteins, uncoupling the respira-
tory chain of bacteria [26], [27] and disrupting bacterial cell
membranes [28]. This hypothesis implies that the toxic effects of
nanosilver are proportional to the activity of free Ag ions released
from AgNPs into extracellular solution, assuming the equal
distribution of Ag” on the surface of nanoparticles, in the solution
and inside bacterial cell. This explanation of the toxicity does not
consider the impact of direct interaction of AgNPs with bacterial
cells.

In this study we characterized three differently coated AgNPs
and quantified their effects on the growth and viability of six
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doi:10.1371/journal.pone.0064060.9004

bacterial strains. To measure Ag dissolved from AgNPs, we used
three different techniques that enabled to distinguish between the
fractions of extracellular dissolved Ag, extracellular free Ag ions
and intracellular Ag ions.

The sensitivity of all the six used bacterial strains towards
AgNOj; was relatively similar. The difference between the most
and the least susceptible bacterial strain (P. putida and S. aureus,
respectively) was only 4-fold. At the same time there was 130-fold
difference between the toxicity of protein-coated nAg-Col to
different bacterial strains (P. aeruginosa vs. S. aureus, Figure 2). It was
evident that Ag dissolved from AgNPs played a strong antibac-
terial role as the dissolution rate of AgNPs (Table 1) correlated well
with their toxicity to bacteria (Figure 2). However, the extracel-
lular dissolution alone did not explain the orders of magnitude
difference in toxicity of AgNPs to different bacterial strains. At the
same time, the toxicity of AgNPs to E. coli MC1061 was fully
predicted by intracellular cffective fraction of Ag ions (Figure 3)
determined by Ag-biosensor E. coli MC1061 (pSLcueR/pDNPco-
pAlux). Further, the results of Ag-biosensor revealed that 34
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times more Ag ions were internalized by . coli cells upon direct
contact with nanoparticles compared to the particle-free superna-
tants of respective ultracentrifuged suspensions (Figure 5). These
results showed that intracellular Ag ion is the single and ultimate
cause of the antibacterial action of studied AgNPs and that the
concentrations of the former depended mainly on two factors:
extracellular dissolution (Table 1) and cell-NP contact (Figures 5—
7).

There are plenty of data showing that AgNPs are more toxic to
bacterial cells than dissolved silver released from these NPs [16],
[29], [30]. In the literature, additional particle-attributed toxicity is
usually explained by the production of reactive oxygen species
(ROS) by the particle surface and/or mechanical damage of
bacterial cell membranes [10], [31]. At the same time it has been
clearly shown that AgNPs that lacked oxidized surfaces (and
therefore were not dissolving) proved also not toxic to bacteria
[12], [13], excluding the involvement of ROS and cell membrane
damage by particles per se. These seemingly contradicting results
can be explained by additional dissolution of AgNPs in the close
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vicinity of bacterial cell envelope upon cell-NP interaction. The
importance of cell-NP contact has been also suggested and
discussed previously [32], [33], [34]. Using . coli, McQuillan et al.
[18] noticed that Ag" from AgNPs induced 2-3-fold up-regulation
of Ag™-response genes copd, cueO and cusA compared to AgNOg
and referred to this effect as “nanoparticle-enhanced silver ion
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stress”. Recently, Taglietti et al. [35] suggested that overall
bactericidal effect of glutathione-coated nAg to E. coli and S. aureus
depended on two factors: the release of Ag ions from the NPs
referred to by authors as “long-distance mechanism” and the
nanomechanical damage of bacterial membranes (“short-distance
mechanism”). Hereby, we complement these studies and show
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—o—nAg-Col B
~#-nAg-Col separated

10 100 1000

nAg-Col, mg Ag/l

—o—AgNO3 D
—#—-AgNO3 separated

1 10 100

AgNO;, mg Ag/l

AgNO;, mg Ag/l

Figure 6. Bacterial growth after 4-h exposure to collargol directly and through the dialysis membrane. Escherichia coli MC1061 (A, C)
and Pseudomonas aeruginosa DS10-129 (B, D) upon exposure to collargol (nAg-Col; A, B) after 4 h in half-strength NaCl-free LB at 30°C in the direct
contact with nanoparticles (rectangle) or being separated from particles by 20 kDa (4 nm) cut-off membrane (diamond). AgNO; was handled
analogously to collargol and was used as a control (C, D). Data represent the average = SD (n=4).

doi:10.1371/journal.pone.0064060.9g006
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doi:10.1371/journal.pone.0064060.9g007

that both, “long-distance” and “‘short-distance” effects of AgNPs
are in fact the action of Ag ions. It should be pointed out that the
release and adverse effects of “long-distance Ag ions” (extracellular
dissolution) are well-known and can be easily quantified using AAS
or ICP. In contrast, the contribution of “short-distance Ag ions”
(dissolution at cell-NP interface) to the toxicity is a complex process
that is often overlooked and is rather reported in terms of
secondary effects such as damage to bacterial cell wall.

The enhanced toxicity of particle-associated Ag™ through the
cell-NP interaction assumingly involves the release of silver ions in
the close proximity of bacterial outer surface and also possible
cellular internalization of AgNPs. In the aqueous environment, the
surface of most nanoparticles is electrically charged and therefore,
may attract counter-ions [32], [36], [37]. Most of the nanopar-
ticles as well as AgNPs used in our study encounter negative
charge (measured as {-potential, Table 1) in aqueous media [37].
Thus, they have the potency to attract counter-ions e.g., Ag™ and
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H* cations into their diffuse layer, e.g., by chemisorption [38].
Upon direct contact with negatively charged bacterial cells (Table
S3), the increased concentration of both, Ag" and H ions on the
particle surface would cause additional damage to bacterial cell
membranes, because of the higher local concentration of Ag ions
and higher local dissolution rate of AgNPs upon low pH. It is well
known that Ag ions destabilize the membranes of both Gram

positive and Gram-negative bacteria [14], [28], [39]. Such local
intensive influx and damaging action of Ag ions from AgNPs may
create pits in bacterial cells walls, disrupting cellular integrity,
facilitating the internalization of AgNPs [18], [31], [40] and
causing a myriad of secondary effects such as Ag'-triggered
accumulation of intracellular ROS and damage of vital biomol-
ecules. High toxicity of all forms of nanoparticulate silver
(Figure 2), especially collargol, to P. aeruginosa supports this
hypothesis, as P. aeruginosa adhered to nAg-Col stronger than the
rest of the tested bacterial species (Figure 7). The attachment of

May 2013 | Volume 8 | Issue 5 | 64060



microbes to a surface is also an initial phase of the biofilm
formation [41]. P. aeruginosa strains tend to form biofilms in
immunocompromised hosts and in human implants, exhibiting
increased tolerance to antibiotics in biofilm state [42]. On the basis
of our results we suggest that nanoparticulate silver may be
especially efficient in inhibiting initial cell attachment and thus,
retarding the formation of bacterial biofilms as was already shown
empirically for Pseudomonas aeruginosa PAO1 [43].

All the above indicate that the net antibacterial effect of the
studied nanosilver depends exclusively on the effective concentra-
tion of silver ions inside the bacterial cells, which is determined by
two main factors (i) extracellular dissolution of AgNPs and (ii)
dissolution of AgNPs on particle-cell interface. Notably, as only a
limited number of spherical AgNPs were utilized in this study,
further research may be needed to understand whether the cell-NP
interaction is also responsible for the shape-dependent [15],
surface charge dependent [44] or surface-defect and crystallinity-
dependent [45] toxicity of AgNPs.

Taken together, this paper is one of the first to provide
quantitative evidence on the role of cell-NP contact in the toxicity
of AgNPs and to demonstrate that enhanced “particle-specific”
toxicity debated in the literature is manifested via increased
intracellular effective concentration of Ag ions — the ultimate cause
of toxicity of AgNPs. The exact physico-chemical and cellular
mechanisms underlying this phenomenon remain, however, still
hypothetical and need further research.

Supporting Information

Figure S1 Number and share of articles on silver
nanoparticles for six bacterial species in ISI WoS.
Keywords used for the search and respective number of retrieved
papers were as follows: ‘silver nanoparticles’ and ‘Escherichia coli’
(1162 papers); ‘silver nanoparticles’ and ‘Staphylococcus aureus’
(554 papers), ‘silver nanoparticles’ and ‘Pseudomonas aeruginosa’
(184 papers); ‘silver nanoparticles’ and ‘Bacillus subtilis’ (114
papers); ‘silver nanoparticles’ and ‘Pseudomonas putida’ (11
papers); ‘silver nanoparticles’ and ‘Pseudomonas fluorescens’ (10
papers). Total: 2035 papers. Search made: 06.12.2012.

(DOCX)

Figure S2 Primary size distribution of silver nanopar-
ticles. A: PVP-coated nAg-PVP, B: protein-coated nAg-Col and
C: uncoated nAg. Sizes of the silver nanoparticles were measured
from TEM micrographs (Figure 1); altogether 65 particles were
measured.

DOCX)

Figure S3 Response of Ag-biosensor to silver formula-
tions. Representative calibration curves of Ag-biosensor FEsche-
richia coli MC1061 (pSLcueR/pDNPcopAlux) for AgNO3 (A-C),
nAg-PVP (A), nAg-Col (B) and nAg (C) are shown. The lines
represent the calibration plots for the linear regression between
log(C)—log(indBL), whereas C is concentration of Ag (mg/1) in the
samples and indBL is a fold induction of bioluminescence in Ag-
biosensor in response to intracellular Ag. Linear range of the
regression and regression equations are shown. Intracellular Ag
was determined by using the linear regression equation for
AgNOg, which was considered 100% bioavailable and was used as
a standard. Calculations were performed at BL.=10. An example
for quantification of intracellular dissolution of nAg-PVP is given
below:
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Figure S4 Ultraviolet - visible (UV-Vis) wavelength
absorption spectra for silver nanoparticles. UV-Vis
spectra for 10 mg/1 nAg-Col suspension (A) and 10 mg/l nAg-
PVP suspension (B) immediately after dispersion in the test
medium (half-strength NaCl-free LB) (solid line) and after 4-h
incubation (dashed green line) are shown. The UV-Vis measure-
ment could not be conducted for the uncoated nAg NPs due to
their quick sedimentation. The plasmon absorption peak at
405 nm is proportional to the concentration of metallic nanosized
Ag and the decrease of this peak indicates dissolution of AgNPs.
The absence of shift of plasmon absorption peak indicates that
AgNPs do not aggregate. Insets in the Figure S4 indicate
dissolution of AgNPs measured by atomic absorption spectroscopy
(AAS) from the ultracentrifuged (390 000 g for 60 minutes)
supernatants of AgNPs. During 4-h incubation, AgNPs dissolved
but released Ag ions were complexed by the components of test
medium that settled during ultracentrifugation.

DOCX)

Figure S5 Growth inhibition of bacterial strains by
silver nanoparticles. Growth inhibition of Escherichia coli (A),
Bacillus subtilis (B), Staphylococcus aureus (C), Pseudomonas fluorescens (D),
Pseudomonas putida (E) and Pseudomonas aeruginosa (F) by uncoated Ag
nanoparticles (nAg; triangle), collargol (nAg-Col; rectangle), PVP-
coated Ag nanoparticles (nAg-PVP; cross) or AgNOj (diamond)
after 4-h incubation in half-strength NaCl-free LB medium at
30°C.. The representative figures from three biological replicates
are shown.

(DOCX)

Figure S6 Setup of the dialysis membrane test. Bacterial
cells were separated from AgNPs or AgNOs by 20 kDa (about
4 nm) dialysis membrane (Slide-A-Lyzer MINI Dialysis Device,
20K MWCO, Thermo Scientific). 400 pl of bacterial suspension
was pipetted into the wells, polypropylene cups with the dialysis
membrane on the bottom were inserted into the wells and 400 pl
of AgNPs, AgNOj5 or DI water (control) was pipetted into the cups.
During the optical density measurements the cups were removed.

(DOCX)

Figure 87 UV-visible absorption spectra of nAg-Col
suspensions (10 mg Ag/1l) with or without bacteria. UV-
Vis spectra of AgNPs in half-strength NaCl-free LB medium
without bacterial cells (dashed red line) or after exposure of nAg-
Col to bacterial cells (solid line). No separation of particles and/or
bacterial cells was done before the measurement. The experiment
is a control for Figure 7 to exclude the interference of bacterial
cells with the measurements of UV-Vis absorption spectra of nAg-
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Col. Addition of bacterial culture had no significant effect on the
UV-Vis spectra of nAg-Col.
(DOCX)

Table S1 Characteristics of the bacterial strains used in
this study.
(DOCX)

Table $S2 Minimum bactericidal concentration (MBC
mg Ag/l) of silver nanoparticles and AgNO;3; to six
bacterial strains. nAg states for uncoated AgNPs, nAg-PVP
for PVP-coated AgNPs and nAg-Col for collargol. Bacteria were
incubated with different concentrations of Ag-compounds in half-
strength NaCl-free LB medium at 30°C for 4 h. Then, 3 pl of the
test sample was pipetted onto agarized LB plates, incubated at
30°C for 24 h and visually inspected for the growth. The lowest
tested concentration that completely inhibited the visible growth of
bacteria was designated as a MBC.

DOCX)
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Supporting Information

Particle-Cell Contact Enhances Antibacterial Activity of
Silver Nanoparticles

Olesja Bondarenko, Angela Ivask, Aleksandr Kékinen, Imbi Kurvet, Anne Kahru

Bacillus Pseudomonas Pseudomonas
subtilis; 114; putida; 11; fluorescens;
5.6% 0.54% 10; 0.49%

Figure S1 Number and share of articles on silver nanoparticles for six bacterial species in ISI
WoS. Keywords used for the search and respective number of retrieved papers were as follows:
‘silver nanoparticles’ and ‘Escherichia coli’ (1162 papers); ‘silver nanoparticles’ and
‘Staphylococcus aureus’ (554 papers), ‘silver nanoparticles’ and ‘Pseudomonas aeruginosa’ (184
papers); ‘silver nanoparticles’ and ‘Bacillus subtilis’ (114 papers); ‘silver nanoparticles’ and
‘Pseudomonas putida’ (11 papers); ‘silver nanoparticles’ and ‘Pseudomonas fluorescens’ (10
papers). Total: 2035 papers. Search made: 06.12.2012.
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Figure S2 Primary size distribution of silver nanoparticles. A: PVP-coated nAg-PVP, B: protein-

coated nAg-Col and C: uncoated nAg. Sizes of the silver nanoparticles were measured from
TEM micrographs (Figure 1); altogether 65 particles were measured.
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Figure S3 Response of Ag-biosensor to silver formulations. Representative calibration curves of
Ag-biosensor Escherichia coli MC1061 (pSLcueR/pDNPcopAlux) for AgNO; (A-C), nAg-PVP
(A), nAg-Col (B) and nAg (C) are shown. The lines represent the calibration plots for the linear
regression between log(C)—log(indBL), whereas C is concentration of Ag (mg/l) in the samples
and indBL is a fold induction of bioluminescence in Ag-biosensor in response to intracellular
Ag. Linear range of the regression and regression equations are shown. Intracellular Ag was
determined by using the linear regression equation for AgNOs;, which was considered 100%
bioavailable and was used as a standard. Calculations were performed at BL = 10. An example

for quantification of intracellular dissolution of nAg-PVP is given below:

Lag{C'Ag_\-os:in(lBL: 10)= % =-1119
Cugnoy =10 A-1,119=0,076 (mg Ag/I)
Log(C, 4epyp: indBL=10)= 1-1,1395 =—0,105
- 1,3274
Chagprvp =10 A-0,128 =0.785 (mg Ag/I)
Intracellular Ag from nAgPVP= 0,076 x 100%=9,7%

0,785



00 h in test medium

X6
b 00 h in test medium - 6 . .
B i ® 4 hin test medium °\. 5 l4h1_|r_11estm dium
1,6 g S 4 T
E s 3 1,6 % B £ 3
1,4 4 22 E Z
12 E a1 1,4 E 2]
- N\ c o 127 20
.E 13 \\ nAg-Col £ 13 — nAg-PVP
E 2. 3 —
? 0,8 E A § E = TN
2 063 A 2 06 3
< 04 E
0,4 5 0,4 7
02 E nAg-Col 0 h test medium I ’ E nAg-PVP 0 h test medium
] — —nAg-Col 4 h test medium 0,2 E — —nAg-PVP 4h test medium
0 T T T | E . . . X
300 350 400 450 500 300 350 400 450 500

Wavelength, nm Wavelength, nm

Figure S4 Ultraviolet - visible (UV-Vis) wavelength absorption spectra for silver nanoparticles.
UV-Vis spectra for 10 mg/l nAg-Col suspension (A) and 10 mg/l nAg-PVP suspension (B)
immediately after dispersion in the test medium (half-strength NaCl-free LB) (solid line) and
after 4-h incubation (dashed green line) are shown. The UV-Vis measurement could not be
conducted for the uncoated nAg NPs due to their quick sedimentation. The plasmon absorption
peak at 405 nm is proportional to the concentration of metallic nanosized Ag and the decrease of
this peak indicates dissolution of AgNPs. The absence of shift of plasmon absorption peak
indicates that AgNPs do not aggregate. Insets in the Figure S4 indicate dissolution of AgNPs
measured by atomic absorption spectroscopy (AAS) from the ultracentrifuged (390 000 g for 60
minutes) supernatants of AgNPs. During 4-h incubation, AgNPs dissolved but released Ag ions
were complexed by the components of test medium that settled during ultracentrifugation.
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Figure S5 Growth inhibition of bacterial strains by silver nanoparticles. Growth inhibition of
Escherichia coli (A), Bacillus subtilis (B), Staphylococcus aureus (C), Pseudomonas fluorescens
(D), Pseudomonas putida (E) and Pseudomonas aeruginosa (F) by uncoated Ag nanoparticles
(nAg; triangle), collargol (nAg-Col; rectangle), PVP-coated Ag nanoparticles (nAg-PVP; cross)
or AgNO; (diamond) after 4-h incubation in half-strength NaCl-free LB medium at 30°C. The
representative figures from three biological replicates are shown.

Figure S6 Setup of the dialysis membrane test. Bacterial cells were separated from AgNPs or
AgNO; by 20 kDa (about 4 nm) dialysis membrane (Slide-A-Lyzer MINI Dialysis Device, 20K
MWCO, Thermo Scientific). 400 ul of bacterial suspension was pipetted into the wells,
polypropylene cups with the dialysis membrane on the bottom were inserted into the wells and



400 pl of AgNPs, AgNO; or DI water (control) was pipetted into the cups. During the optical

density measurements the cups were removed.
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Figure S7 UV-visible absorption spectra of nAg-Col suspensions (10 mg Ag/l) with or without
bacteria. UV-Vis spectra of AgNPs in half-strength NaCl-free LB medium without bacterial cells
(dashed red line) or after exposure of nAg-Col to bacterial cells (solid line). No separation of



particles and/or bacterial cells was done before the measurement. The experiment is a control for
Figure 7 to exclude the interference of bacterial cells with the measurements of UV-Vis
absorption spectra of nAg-Col. Addition of bacterial culture had no significant effect on the UV-
Vis spectra of nAg-Col.

Table S1 Characteristics of the bacterial strains used in this study.

Bacterial strain Genotype or description Reference

Escherichia coli MC1061 araD139 A(ara, leu)7697 AlacX74 galU " Casadaban and Cohen, 1980
galK hsdR2 str4 mcr4 mcrB1

Bacillus subtilis BR151 trpC2 lys-3 metB10 2 Young et al., 1969

Staphylococcus aureus RN4220 | rsbU- agr- * Kreiswirth et al., 1983

Pseudomonas fluorescens OS8 Rifampicin', isolated from toluates- 4 Sarand et al., 2000
contaminated soil

Pseudomonas putida KT2440 rmo- mod+ > Bagdasarian et al., 1981

Pseudomonas aeruginosa Ampicillin’, kanamycin', isolated from ®Rahman et al., 2000

DS10-129 diesel-contaminated site

! Casadaban MJ, Cohen SN (1980) Analysis of gene control signals by DNA fusion and cloning in Escherichia coli.
J Mol Biol 138: 179-207.

% Young FE, Smith C, Reilly BE (1969) Chromosomal location of genes regulating resistance to bacteriophage in
Bacillus subtilis. ] Bacteriol 98: 1087-1097.

3 Kreiswirth BN, Lofdahl S, Betley MJ, O'Reilly M, Schlievert PM et al. (1983) The toxic shock syndrome exotoxin
structural gene is not detectably transmitted by a prophage. Nature. 305: 709-712.

* Sarand I, Haario H, Jorgenson KS, Romantschuk M (2000) Effect of inoculation of a TOL plasmid containing
mycorrhizosphere bacterium on development of Scots pine seedlings, their mycorrhizosphere and the microbial flora
in m-toluate-amended soil. FEMS Microbiol Ecol 31: 127-141.

* Bagdasarian M, Lurz R, Ruckert B, Franklin FC, Bagdasarian MM et al. (1981) Specific-purpose plasmid cloning
vectors. II. Broad host range, high copy number, RSF1010-derived vectors, and a host-vector system for gene
cloning in Pseudomonas. Gene 16: 237-247.

¢ Rahman KSM, Rahman TJ, Lakshmanaperumalsamy P, Marchant R, Banat IM (2002) Emulsification potential of
bacterial isolates with a range of hydrocarbon substrates. Acta Biotechnol 23: 335-345.



Table S2 Minimum bactericidal concentration (MBC mg Ag/l) of silver nanoparticles and
AgNOs to six bacterial strains. nAg states for uncoated AgNPs, nAg-PVP for PVP-coated
AgNPs and nAg-Col for collargol. Bacteria were incubated with different concentrations of Ag-
compounds in half-strength NaCl-free LB medium at 30°C for 4 h. Then, 3 pl of the test sample
was pipetted onto agarized LB plates, incubated at 30°C for 24 h and visually inspected for the
growth. The lowest tested concentration that completely inhibited the visible growth of bacteria
was designated as a MBC.

Bacterial strain Gram | 4-h minimum bactericidal concentration
(MBC), mg Ag/l

nAg nAg-Col | nAg-PVP | AgNO;
Escherichia coli MC1061 G- >100 40 40 5
Bacillus subtilis BR151 G+ >100 40 20 5
Staphylococcus aureus RN2440 G+ >100 100 >100 40
Pseudomonas fluorescens OS8 G- >100 100 40 5
Pseudomonas putida KT2440 G- >100 40 40 5
Pseudomonas aeruginosa DS10-129 G- 100 5 20 5

Table S3. {-potential of bacterial cells in half-strength NaCl-free LB medium.

Bacterial strain C-potential
\Escherichia coli MC1061 -32.9
Bacillus subtilis BR151 -35,2
Staphylococcus aureus RN2440 -14,0
\Pseudomonas fluorescens OS8 -8,4
\Pseudomonas putida KT2440 9,1
\Pseudomonas aeruginosa DS10-129 -23,9
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Abstract

We report on the dose-dependent inhibition of firefly luciferase activity induced by exposure
of the enzyme to 20 nm citrate-coated silver nanoparticles (AgNPs). The inhibition
mechanism was examined by characterizing the physicochemical properties and biophysical
interactions of the enzyme and the AgNPs. Consistently, binding of the enzyme induced an
increase in zeta potential from —22 to 6 mV for the AgNPs, triggered a red-shift of 44 nm in
the absorbance peak of the AgNPs, and rendered a ‘protein corona’ of 20 nm in thickness on
the nanoparticle surfaces. However, the secondary structures of the enzyme were only
marginally affected upon formation of the protein corona, as verified by circular dichroism
spectroscopy measurement and multiscale discrete molecular dynamics simulations. Rather,
inductively coupled plasma mass spectrometry measurement revealed a significant ion release
from the AgNPs. The released silver ions could readily react with the cysteine residues and
N-groups of the enzyme to alter the physicochemical environment of their neighboring

catalytic site and subsequently impair the enzymatic activity.

Online supplementary data available from stacks.iop.org/Nano/24/345101/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

The recent advancement of nanotechnology has transformed
the landscape of modern science and engineering and,
concomitantly, presented many challenges to our understand-
ing of the biological and environmental implications of
engineered nanomaterials [1, 2]. From the perspectives of
biophysics and physical chemistry the interactions between

0957-4484/13/3451014-09$33.00

nanoparticles and biomolecules involve a description of
energy minimization for the thermodynamic system, as well
as characterizations of the time evolution and transformation
of nanoparticle-biomolecular ‘coronas’ in changing environ-
ments (pH, temperature, salinity, and biomolecular diversity
of different origin, abundance, and amphiphilicity) [3-5].
Microscopically and macroscopically such biophysical and
biochemical interactions present themselves through the

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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endpoints of immune responses and toxicological effects
on cellular and whole organism levels, yet the strategies
employed by the latter fields remain to be fully validated
for nanoscale objects that possess a high surface energy and
reactivity as well as distinct physicochemical properties that
are unavailable to bulk materials [6, 7]. Indeed, a number
of studies in the recent past by our lab [8-11] and by
others [3, 5, 12-15] have demonstrated the effectiveness
and insight of applying the principles and methodologies
of physical sciences in addressing the fate of nanoparticles
in living systems. Especially on the molecular level these
physical studies offer essential information complementary
to the results from biological and toxicological approaches.
The current study continues such an effort by examining
the physicochemical and biophysical phenomena of silver
nanoparticles (AgNPs) interacting with firefly luciferase and
the manifestation of such interactions in the hindered activity
of the enzyme.

Silver nanoparticles are a class of the most produced
nanomaterials that have found their major use in antibacterial
applications, in addition to their more traditional roles in
catalysis and generation of surface plasmon resonance (SPR)
for sensing and DNA hybridization [16-20]. The working
hypotheses of the antibacterial properties of AgNPs—still
much an ongoing debate today—involve the release of silver
ions in the extracellular space followed by cell uptake and
a cascade of intracellular reactions, direct interactions of
AgNPs with cell membranes to compromise the major aspects
from protein function to proton gradient and membrane
permeability, and cell uptake of AgNPs which triggers
the production of reactive oxygen species (ROS) and the
intracellular release of silver ions to hinder DNA replication
and ATP synthesis [21-24].

Information on the potentially adverse effects of AgNPs
on environmentally relevant organisms is emerging [25]. With
regard to the effects of AgNPs on enzymatic activities it is
generally recognized that the antimicrobial action of AgNPs
(and silver ions) proceeds via the inhibition of vital enzymes
such as those involved in ATP production, apparently through
interactions with the thiol groups of these proteins [26]. For
example, Li er al reported that the activity of respiratory chain
dehydrogenases in Escherichia coli was inhibited by AgNPs
in a dose-dependent manner [27]. Also, soil exoenzyme
activities, especially for urease and dehydrogenases, were
influenced by citrate-coated AgNPs [28]. AgNPs also
hindered the activity of creatine kinase from rat brain and
skeletal muscle in vitro, presumably through interactions with
the thiol groups of the enzyme [29]. It should be pointed out
that ligands and enzymes with thiol groups within mammalian
cells like glutathione, thioredoxin, superoxide dismutase,
and thioredoxin peroxidase are key components of the
cell’s antioxidant defense mechanism, which is responsible
for neutralizing intracellular ROS largely generated by
mitochondrial energy metabolism [30].

Firefly (Photinus pyralis) luciferase is a 62 kDa
(550 residues) protein that catalyzes the production of
light by converting chemical energy into photoenergy.
Specifically, this process involves the oxidation of luciferin—
the heterocyclic substrate of the enzyme, in the presence of

Mg-ATP and molecular oxygen [31]. This reaction has an
unusual kinetics in that luciferase turns over very slowly; after
an initial flash of light, the luminescence rapidly decreases to
a low level of emission, probably due to product inhibition of
the enzyme.

Although the adverse effects of nanomaterials may
occur on several levels for biological organizations, enzymes
regulate life processes in all cells and are expected to play a
pivotal role in evoking biological responses to nanomaterial
exposure. In consideration of the mass production of AgNPs
and also given the wide use of firefly luciferase as a
reporter in a variety of in vitro bioassays, AgNPs and
firefly luciferase were selected as a model system for our
current evaluation of the biological and ecological impact of
engineered nanomaterials.

In this study we examine the binding of luciferase
with AgNPs and analyze the hindered enzyme activity
as a result of the interaction. Specifically, using UV-vis
spectrophotometry we characterize the spectral shift of the
characteristic SPR of AgNPs induced by their surface coating
of the (dielectric) enzyme (sections 2.3 and 3.2). We confirm
the formation of an AgNP-luciferase ‘corona’ [32] using
transmission electron microscopy (TEM) (sections 2.4 and
3.2) and illustrate the molecular details of such a process
by state-of-the-art multiscale discrete molecular dynamics
(DMD) computer simulations [33] (sections 2.8, 3.2, and
3.4). In addition, we analyze changes in the secondary
structures of luciferase induced by AgNPs using circular
dichroism (CD) spectroscopy (sections 2.5 and 3.2) and
corroborate our observations by the simulations (sections 2.8,
3.2, and 3.4). We further characterize silver ion release from
AgNPs using inductively coupled plasma mass spectrometry
(ICP-MS) (sections 2.6 and 3.2) and attribute hindered
enzyme luminescence to the high affinity of silver ions
for the sulthydryl (-SH) groups in the cysteine residues
of the luciferase (sections 2.3, 2.7, 3.3, and 3.4). This
mechanistic study offers a biophysical and physicochemical
basis for facilitating our interpretation of the biological and
environmental implications of nanomaterials at the molecular
level.

2. Materials and methods
2.1. Materials

Citrate-coated AgNP stock suspensions (Biopure, 20 nm in
diameter, | mg ml~! in 2 mM citrate, or 0.03 x 10~* M) were
purchased from NanoComposix and stored at 4 °C. Citrate is
widely used as a capping agent in AgNP synthesis, where
the negatively charged, noncovalent citrate coating renders
AgNP suspensions stable as a result of electrostatic repulsion.
TRIS-acetate buffer of 25 mM, pH 7.8 was used as the test
medium. TRIS base, acetic acid, and NaCl (>99.5% purity)
were purchased from J T Baker. The TRIS base was dissolved
in Milli-Q water (Nanopure Diamond, Barnstead) and its pH
was adjusted to 7.8 with acetic acid. QuantiLum Recombinant
Firefly Luciferase (MW 62000 Da, 13.75 mg ml~! or2.25 x
10~* M) and the Luciferase Assay System were purchased
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from Promega and stored at —80 °C and —18 °C, respectively.
Silver nitrate AgNO3 (>99.0% purity), gold (III) chloride
AuClz (>99.99% purity), and D-luciferin were purchased
from Sigma Aldrich. The AgNO3 and AuCls stock solutions
(1 mg ml™") were prepared in Milli-Q water and stored
at 4°C. The D-luciferin stock solution (1 mg ml~") was
prepared in the TRIS-acetate buffer and stored at 4 °C. All
experiments were performed at room temperature (20 °C).

2.2. Hydrodynamic size and zeta potential

The average hydrodynamic sizes of luciferase
(137.5 mg 171), AgNPs (10 mg 17!), and AgNP-luciferase
mixtures were determined using dynamic light scattering
(DLS) (Zetasizer Nano S90, Malvern Instruments). The
measurements were carried out in standard polypropylene
plastic cuvettes of 1 cm path length. The surface charges
of the samples were measured in Milli-Q water to avoid
interference of TRIS-acetate buffer on the analytes’ potentials,
using a Zetasizer Nano ZS (Malvern instruments). Different
luciferase concentrations were titrated with the AgNP
suspensions. The samples were allowed to stabilize for 2 h
at room temperature prior to the zeta potential measurement.

2.3. UV-vis spectrophotometry

The binding of luciferase (13.75 mg 17') to AgNPs
(10 mg 1) was investigated by measuring the SPR peak
(350-500 nm wavelength) of the AgNPs using a UV-vis
spectrophotometer (Cary 300 Bio, Varian). This measurement
was done in Milli-Q water at room temperature using a
polypropylene plastic cuvette of 1 cm path length. The binding
affinities of luciferase (200 mg 1=1, ATP (100 mg 171, and
luciferin (50 mg 171) for silver ions were investigated using
the UV-vis spectrophotometer and quartz cuvettes of 1 cm
path length.

2.4. TEM

Direct observation of AgNP-luciferase coronas was per-
formed by TEM (Hitachi H7600). Specifically, AgNPs
(1 mg 1=1) were incubated with luciferase (13.75 mg b
for 2 h, pipetted on a copper grid, and stained with
phosphotungstic acid for 10 min prior to imaging. The
same procedure was applied to control samples of AgNPs
(1 mg 171) alone. All dilutions were performed in 25 mM
TRIS-acetate buffer and stored at room temperature.

2.5. CD spectroscopy

A spectrometer (J-810, Jasco) was used to assess the effects
of AgNP binding on the secondary structures of the enzyme.
For this purpose, luciferase (13.75 mg 171) was incubated
with AgNPs (1 mg 1=1) and silver ions (1 mg 1-!) for 2 h
at room temperature and the measurement was performed in
a quartz cuvette of 1 cm path length between 190 and 300 nm
at 1 nm intervals. The selection of this wavelength range

avoided strong absorption and SPR from the AgNPs. The
backgrounds of the AgNPs and the silver ions were subtracted
accordingly to exclude their interferences with that of the
luciferase. Milli-Q water instead of the TRIS buffer was used
to minimize interference to the CD signal from the buffer.

2.6. ICP-MS

Silver ion release from citrate-coated AgNPs, upon their
incubation with luciferase, was performed using ICP-MS (X
Series 2, Thermo Scientific). For this measurement AgNPs
(1 mg 171) and luciferase (13.75 mg 17!) were mixed in
TRIS-acetate buffer and incubated at room temperature for 0,
2, 4, 8, 24, 48, and 72 h in polypropylene Eppendorf tubes.
At each time point the samples were centrifuged at 12 100
RCF (MiniSpin, Eppendorf) for 30 min, and the supernatants
were collected and stored at —18 °C. The effectiveness of
centrifugation for the precipitation of AgNPs was confirmed
by measuring UV-vis absorbance for the suspensions before
and after the procedure. The effect of luciferase concentration
(2.74, 6.85, 13.75, 137.5 mg 1=1) on ion release from the
AgNPs (1 mg 171) was determined using the procedure
described above, for 24 h incubation. Prior to the ICP-MS
analysis the samples were thawed and diluted 10-fold in 2%
HNO;.

2.7. Luciferase activity assay

The effect of AgNPs on luciferase activity was determined
using the Luciferase Assay System (Promega). The assay
was first calibrated for the concentrations of luciferase
(10783-10='7 M) and the AgNPs (0.01, 0.1, 1, 10,
100 mg 1~1). For the study of the inhibitory effect of silver
ions, AgNO3 of 0.002, 0.02, 0.2, 2, and 20 mg 1= was used
and the testing was conducted following the same procedures
as for the AgNPs. The concentrations of silver ions were
chosen by taking into account that AgNPs released ~20% of
their mass to silver ions in 2 h. Luciferase was incubated with
AgNPs or AgNO3 for 2 h at room temperature prior to the
measurement. A pre-incubated AgNP-luciferase mixture of
20 pl was added to 100 ul of the Luciferase Assay System
and the signal was recorded with a luminometer (Turner
BioSystem 20/20n). The luciferase activity assay was also
performed in the presence of Na* (as NaCl; 2, 20, 200 mg
of Na 1"1) or Au** (as AuCls; 0.002-200 mg Au I-1)
to determine the specificity of the observed inhibition. In
order to identify if any of the reaction components in the
Luciferase Assay System limited luciferase activity, a kinetic
study was performed where an extra 20 ul of luciferase, ATP
(100 mg 1= 1), or luciferin (100 mg 1-') was added to the assay
after 20 min of reaction and the resulting luminescence was
recorded for the next 20 min.

In addition, a rapid kinetics assay was performed for
the luminescence reaction (Orion II luminometer, Berthold
Technologies). This experiment was conducted at room tem-
perature using 96-well white polypropylene microplates. A
Luciferase Assay System reagent of 100 u1 and nanoparticle
suspensions or ions of 10 ul (0.4-400 mg Ag 17') were
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Table 1. Zeta potentials of luciferase-AgNP mixtures at different enzyme concentrations. Prior to the measurements AgNPs of 10 mg 17!
were pre-incubated with luciferase of different concentrations for 2 h in Milli-Q water. Data presented are the averages of three

samples + standard deviations.

Sample Zeta potential (mV)
137.5 mg 1! luciferase 32402

137.5 mg 17! luciferase 4 10 mg 1=! AgNPs 6.0+0.3

13.8 mg 17! luciferase + 10 mg 1=! AgNPs 45405

6.8 mg 17! luciferase + 10 mg 1~! AgNPs —50+08

2.8 mg 17! luciferase + 10 mg 1=! AgNPs —19340.3

10 mg 1=' AgNPs —220+03

pipetted into each well. Then luciferase of 20 ul was
automatically dispensed into the microplate wells in the
luminometer testing chamber. The luminescence was recorded
during the first 10 s at 5 data points s~!.

2.8. Computer simulation of AgNP—luciferase binding

Multiscale DMD simulations [33] were applied to study
the interactions between luciferase and AgNPs in silico.
Specifically, atomistic simulations [34] were used to identify
the binding modes between an individual luciferase and
a citrate-coated AgNP, and coarse-grained simulations [35]
were used to characterize the corona formation between
multiple luciferase molecules and one citrate-coated AgNP.
DMD is a special type of molecular dynamics simulation
algorithm [36], which features high sampling efficiency and
has been increasingly used to study biomolecules [37]. A
model citrate-coated AgNP of 10 nm in diameter as detailed
recently [38] was employed for the current study, where
the surface silver atoms of the nanoparticle were mostly
hydrophobic without charges and only a small fraction of the
surface atoms were positively charged. This approach of using
a smaller AgNP in the simulations than in the experiments
(20 nm in diameter) significantly reduced the computational
cost without compromising much of the physical phenomena
under examination. The x-ray crystallography structure of
the luciferase from Photinus pyralis was used as a reference
structure (PDB [39] ID: 1BA3).

3. Results and discussion

3.1. An empirically determined luciferase to AgNP ratio

The mean diameter of AgNPs was 20 &+ 3 nm as specified
by the manufacturer, and the QuantiLum Recombinant Firefly
Luciferase (MW 62 000 Da) was ~6 nm in size. Based on the
surface areas and sizes of the AgNPs and the luciferase, the
optimized enzyme to nanoparticle ratio of N was calculated
as follows:

N = 4”(RAg + RLuciferase)2

2
T RLuciferase

; 6]

where Rag and Rpciferase are the radii of AgNPs and
luciferase, respectively. According to this equation, it is
estimated that up to 75 luciferase molecules can be adsorbed
onto each individual AgNP, equivalent to a concentration ratio
of 137.5 mg 17! of luciferase to 10 mg 17! of AgNPs.

3.2. Physicochemical interactions of luciferase and AgNPs

The hydrodynamic size of AgNPs in 25 mM TRIS-acetate
buffer (pH 7.8) was measured to be 26.2 &+ 0.1 nm, consistent
with the specifications provided by the manufacturer.
However, luciferase displayed significant agglomerations
in the test medium (>1 pm), making it difficult to
infer the hydrodynamic size of AgNPs upon luciferase
adsorption. Nonetheless, binding of the enzyme to AgNPs
was evidenced from the zeta potential measurement through
titrating different concentrations of luciferase into the AgNP
suspensions (10 mg 171). As shown in table | the AgNPs
exhibited a negative surface charge (—22 mV) in Milli-Q
water due to their citrate coating. Under the same conditions
luciferase alone showed a slightly positive surface charge
(3.2 mV) as a net result from its positively and negatively
charged domains. With increasing concentrations of luciferase
the mixtures of luciferase—AgNPs displayed a steady increase
in zeta potential up to 6 mV, suggesting binding of the enzyme
and the nanoparticles (and their citrate coating), driven by
van der Waals forces, electrostatic interactions, dynamic
exchanges between the enzyme and citrate for their adsorption
onto the nanoparticle surfaces, as well as hydrogen bonding
between the citrate and the electronegative moieties of the
protein.

The formation of AgNP—-luciferase corona was confirmed
by a comparison of the UV-vis spectra of AgNPs, luciferase,
and their mixture (figure 1(a)). The AgNP-luciferase mixture
was stable at 2 h, but showed a 24.7% reduction in absorbance
at 20 h due to precipitations over time. A characteristic
peak of SPR was identified for AgNPs at 402 nm (blue
curve). A red-shift of 44 nm in the extinction peak of AgNPs
occurred after their incubation with luciferase, accompanied
by a decrease of 14% in the magnitude of the peak value.
This phenomenon is consistent with our previous study on the
binding of AgNPs with human serum albumin [40], indicating
an increased dielectric constant for the AgNPs as a result of
protein adsorption/coating and nanoparticle aggregation.

The inset of figure 1(b) shows a TEM micrograph of
the control AgNPs, which were well dispersed and were
approximately spherical. The size of the AgNPs ranged
between 21.4 and 24.8 nm, consistent with the manufacturer’s
information and our DLS measurement. In the presence of
luciferase, a thick layer of optically less dense material
was clearly visible surrounding the AgNPs (figure 1(b)).
The average diameter of the AgNP-luciferase coronas was
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Figure 1. Interactions of AgNPs with luciferase. (a) UV—vis spectra and (b) TEM image. The maroon line in panel (a) describes a spectrum
of the AgNP-luciferase mixture and displays a red-shift of 44 nm and a 14% decrease in absorbance value for the SPR peak of AgNPs
(blue) as a result of luciferase binding and nanoparticle aggregation. The green line indicates the absorbance of the enzyme. The TEM
image (b) shows AgNP-luciferase coronas. Inset in (b): control AgNPs. Scale bar: 100 nm for both the image and the inset.

determined to be ~60 nm and the average thickness of the
protein layers was ~20 nm. This image corroborates the
binding of the enzyme with the AgNPs and implies multilayer
protein coating of the nanoparticles.

CD spectroscopy was performed to determine the effect
of AgNP and silver ion binding on the secondary structures
of the luciferase. Our measurement (figure S1 available at
stacks.iop.org/Nano/24/345101/mmedia) revealed a decrease
of beta sheets from 26% to 22% (or a relative decrease of
15.4%) and a corresponding increase of alpha helices from
20% to 22% (or a relative increase of 10%) after incubating
the protein (500x dilution from stock, i.e., 27.5 mg )
with the AgNPs (0.9 mg 171) in Milli-Q water. Due to the
differences in their surface curvatures, the globular luciferase
molecules (~6 nm) could sense the AgNPs (~20 nm) as
relatively flat substrates upon their binding. In addition,
since the enzyme formed a multilayer coating the protein
conformation of the outer layers could be affected by the
inner layers without direct contact with the particle surfaces.
Consequently, modest conformational changes were induced
and the enzyme was later shown in the activity assay and
in the computer simulations as only slightly perturbed by
the physical adsorption of the nanoparticles. Similar to the
trend observed for proteins exposed to AgNPs, silver ions in
AgNP suspensions could also alter the protein conformation,
as indicated by the CD measurement on luciferase incubated
with free silver ions (figure S1, blue line, where beta sheets
decreased from 26% to 23% and alpha helices increased from
20% to 21% as derived from the spectrum).

AgNPs released silver ions upon their incubation with
the enzyme in aqueous solutions. The released silver ions
have been evidenced to be highly reactive to inhibit
respiratory enzymes, induce overproduction of ROS, and bind
sulfur- and phosphorus-containing molecules to interrupt cell
defense systems or deplete intracellular concentrations of
such molecules [30]. Indeed, our data showed that AgNPs
(1 mg 171) were completely dissolved during 24 h in the

test medium. In the presence of luciferase our ICP-MS
measurement revealed a significantly reduced ion release from
the AgNPs over time (figure 2(a)), conceivably due to the
blockage by the adsorbed proteins. Specifically, the mixture
of luciferase (137.5 mg 1-') and AgNPs (1 mg 1=!) showed
15% dissolution of the AgNPs after 4 h and the ion release
was terminated after 72 h. For a given AgNP concentration
(1 mg 171) and at 24 h of incubation, when the luciferase
concentration was reduced from 137.5 to 2.74 mg 17! the
silver ion release was increased from 7 to 641 ug of Ag* 17!
(figure 2(b)).

3.3. Luciferase enzymatic activity

A luciferase concentration of 10~ M in the middle of the
calibrated linear response curve (data not shown) was chosen
for examining the enzymatic activity. Our experiment showed
that AgNPs inhibited light producing a reaction catalyzed
by the luciferase, mirroring the same tendency found for the
reaction with Ag* alone (figure 3). The luminescence signals
were comparable for AgNPs and Ag™ of concentrations
equivalent to ~20% of the AgNPs in mass, in agreement
with the 2 h ion release from AgNPs determined by the
ICP-MS experiment (figure 2(a)). This assay suggests that
the inhibition of luciferase was largely induced by silver ions
while the physical adsorption onto AgNPs and its induced
crowding and conformational changes in protein structure
only exerted a minor effect on the enzyme function. The
latter point was further corroborated by the DMD simulation
described in section 3.4.

Additional UV-vis absorbance measurements were
conducted to investigate the binding affinities of silver
ions for the reaction components ATP, luciferase, and
luciferin (figure S2 available at stacks.iop.org/Nano/24/
345101/mmedia). Overall Ag™ showed a higher affinity
for luciferase than for ATP or luciferin, judged by the
corresponding spectral changes for these ligands. This
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Figure 2. Effects of incubation and luciferase concentration on silver ion release from AgNPs. (a) 1 mg 1=! of AgNP suspension was
incubated with and without luciferase (137.5 mg 1-") for 72 h. (b) 1 mg 1~! of AgNP suspension was incubated with luciferase of
2.64-137.5 mg 1= The concentrations of silver ions are shown for two time points (0 and 24 h). The ion release experiment was performed
first by sample centrifugation and supernatant collection. The quality of the samples was controlled by UV—vis and DLS to ensure the
absence of nanoparticles after centrifugation. The ICP-MS measurement was then performed with three parallels. The samples had ~20%
ions at the ‘zero point’ of measurement immediately after dilutions and centrifugations.
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Figure 3. Inhibition of luciferase activity by AgNPs and Ag™.
Statistically significant differences between the samples and the
controls (i.e., when neither AgNPs nor silver ions were applied to
the reaction) were determined by the Student 7-test (asterisk *
indicates p < 0.05). This experiment was performed using three
independent replicates and the average values are presented.

measurement further suggests that the limiting factor in the
inhibition of luciferase luminescence was the interaction
between the enzyme and silver ions. Consistently, our
kinetic study showed a recovery of luminescence intensity
upon addition of extra luciferase 1200 s into the reaction
(figure 4(a)), while no such recovery was observed for the
addition of extra ATP or luciferin (data not shown). Since
our assay with Auw3t (figure 4(c)) showed a similar but less
pronounced inhibition pattern than that observed for Ag*,
unlike the case with Na* (figure 4(b)), we further attribute
the observed luminescence inhibition to the interactions of
AgT or Au’t with the sulfhydryl groups in the cysteine
residues of the luciferase. The strengths of such thiol-heavy
metal bonds are of the order of 100 kJ mol~! and are often
utilized to render molecular self-assemblies that are stable
in a variety of temperatures, solvents, and potentials [41].
N-containing functional groups could also complex with

AgT or Au*t. However, the strength of such complexation
would be weaker than the disulfide bonds formed between
Ag and cysteines. Although the covalent-like thiol-Au bond
is slightly stronger than the thiol-Ag bond according to
density functional theory calculations [42], the structural
stability of the protein and the spatial distribution (and hence
differential accessibility) of the cysteine residues (figure 5(a))
should favor their bond formation with the monovalent
Ag+ over the trivalent Au’t, as reflected by a lack of
rapid inhibition induced by Auwt (figure S3(c) available at
stacks.iop.org/Nano/24/345101/mmedia) and the differential
inhibition efficiencies associated with the two types of heavy
metals after 2 h of incubation (figure 4(c)). Firefly luciferase
possesses four cysteine residues per monomer, all of which
are positioned away from the active site (figure 5(a)) with
the shortest distance ~1.5 nm. Although it does not appear
that a specific cysteine mediates the loss of luciferase
activity, complete inactivation of luciferase activity has been
demonstrated by the blockage of all four cysteine thiols and
the concomitant incorporation of four moles of N-acetyl-N'-
(5-sulfo-1-naphthyl)ethylenediamine (AEDANS) per mole
of enzyme [43]. Nonetheless, such interactions between
silver ions and cysteine residues ought to alter the enzyme
conformation directly or allosterically, modify the local
environment (charge, amphiphilicity, and accessibility) of the
enzyme active site to impair its interactions with luciferin,
ATP, oxygen, and cofactors and further hinder the catalysis
of light emission.

3.4. DMD simulation of AgNP—-luciferase corona

We first performed all-atom DMD simulations of a luciferase
molecule interacting with a citrate-coated AgNP. We started
with the apo-structure of luciferase (figure 5(a), left panel)
initially positioned away from the AgNP. Independent
simulations with different starting configurations suggested
that the inter-molecular interactions were dominated by
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Figure 4. Inhibition of luciferase activity by silver and gold ions. (a) Luminescence kinetics upon addition of extra luciferase after 1200 s
of reaction. The addition of luciferase resulted in an increase in luminescence intensity while no such effect was observed for the addition of
ATP or luciferin (data not shown). (b) No effect on reaction kinetics was observed with the addition of Na*. (c) A comparison of the
inhibitory effects of Ag* and Au** on enzyme activity. Each data curve was averaged over three independent measurements.

electrostatic attraction between the negatively charged
luciferase residues and the positively charged domains of the
AgNP surface (figure 5(b)). Interestingly, we observed that
the luciferase molecule could adopt a holo-like structure with
the C-terminal domain packed closely against the N-terminal
domain (figure 5(b)) during the simulations, suggesting
that two luciferase sub-domains (figure 5(a)) are flexible
and that the holo-like structure is thermodynamically stable
in the absence of a substrate. Despite the inter-domain
flexibility, each of the sub-domains remained native-like
upon binding to the AgNP. This observation is consistent
with the CD experiment as well as the activity assay
where the AgNP-bound luciferase was still active with its
bioluminescent function. Although the effect of cysteine—Ag
coordination was not studied in our simulations due to the
lack of thiol-Ag bond parameterization in our current force
field [34], these simulations have excluded the direct role of
AgNPs in causing the inhibition of luciferase luminescence.
Based on the specific inter-molecular interactions
extracted from multiple all-atom DMD simulations, we built
a coarse-grained model of AgNP-luciferase interactions [38].
We performed the coarse-grained DMD simulation of ten
luciferase molecules interacting with one citrate-coated AgNP
(figure 5(c)). A protein molecule was found to either bind
directly to the AgNP or interact with the proteins already
bound to the nanoparticle. The direct AgNP—protein contact
was a result of the interactions between the nanoparticle and
a specific set of the luciferase residues (figure S4 available at
stacks.iop.org/Nano/24/345101/mmedia), as determined from

the atomistic simulations. The indirect interaction was due
to the non-specific protein—protein attractions (figure 5(c)),
which were found important for protein aggregation and
association [35]. A three-layer luciferase corona corresponds
to an increase of ~20 nm in radius as observed in the
TEM experiment (figure 1(b)). Although computationally
too expensive to demonstrate, we expect that a multilayer
AgNP-luciferase corona would form in the simulation
with a significantly longer observation time and a higher
stoichiometric ratio of proteins to nanoparticles.

4. Conclusions

In summary, we have investigated the binding of luciferase
with citrate-coated AgNPs and established a crucial connec-
tion between such physical interactions and their endpoint
in the hindered enzyme activity. Although luciferase readily
bound to AgNPs through electrostatic interactions, van der
Waals forces, dynamic exchanges with the citrate, as well as
hydrogen bonding to render a protein corona as evidenced
by our physicochemical characterizations and state-of-the-art
DMD computer simulations, little conformational changes in
the enzyme resulted from such direct interactions. Instead,
AgNPs readily released silver ions to dose-dependently inhibit
the enzymatic activity, on both short (i.e., sub-seconds to
seconds) and long (i.e., minutes to hours) timescales. An
analogous inhibition pattern was observed for Au’* but not
for Na™. Conceivably, silver ions were bound to the cysteine
residues ~20 A away from the catalytic site of the protein
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Figure 5. DMD simulation of AgNP-luciferase corona. (a) The apo- (left panel; PDB ID: 1BA3) and holo- (right panel; PDB ID: 2D1S)
structure of luciferase. The C-terminal domain (in red) undergoes major conformational changes upon binding to substrates and is packed
against the N-terminal domain (in gray) to form a more compact holo-conformation. The distances between the four cysteine residues (as
spheres) and a substrate in the active site (as sticks in cyan color) are specified (in A) for the apo-structure. (b) Two representative
AgNP-luciferase binding conformations. The large gray sphere represents the AgNP and the blue spheres denote the surface positive
charges of the nanoparticle. The protein is rainbow colored from blue (N-terminal) to red (C-terminal). The negatively charged residues are
shown in sticks. (c) A typical snapshot of the coarse-grained simulation of ten luciferase proteins interacting with one AgNP. An
AgNP-bound protein is shown in spheres, illustrating its contacts with the nanoparticle, and an incoming protein is illustrated in cartoon
representation. The rest of the proteins are shown in backbone-trace representation.

and directly or allosterically altered the conformation and the N-groups of the protein, though likely of less impact on
physicochemical environment of the protein to hinder its protein conformation and function than the thiol-Ag bond.
luminescence reaction. Silver ions could also complex with Taken together, this study offers a much needed biophysical
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perspective for advancing our understanding of the biological
and environmental implications of nanomaterials.

Acknowledgments

This research was supported by NSF grant no. CBET-1232724
to Ke, a graduate mobility grant to Kékinen from the
Archimedes Foundation of Estonia, and EU FP7 NanoValid

and

ETF grant no. 8561 to Kahru and Kikinen. The

authors thank Dr William Baldwin for providing the Turner
BioSystem luminometer and Dr Brian Powell and Aby
Thyparambil for assisting the ICP-MS and CD measurements.

References

[1]

[3]

[4]
[5]

Wiesner M, Lowry G V, Alvarez P, Dionysiou D and
Biswas P 2006 Environ. Sci. Technol. 40 4336

Nel A, Xia T, Madler L and Li N 2006 Science 311 622

Nel A E, Midler L, Velegol D, Xia T, Hoek E M,
Somasundaran P, Klaessig F, Castranova V and
Thompson M 2009 Nature Mater. 8 543

Ke P C and Lamm M H 2011 Phys. Chem. Chem. Phys.
137273

Xia X R, Monteiro-Riviere N A, Mathur S, Song X, Xiao L,
Oldenberg S J, Fadeel B and Riviere J E 2011 ACS Nano
59074

Maynard A D et al 2006 Nature 444 267

] Baun A, Hartmann N B, Grieger K and Kusk K O 2008

Ecotoxicology 17 387

Qiao R, Roberts A P, Mount A S, Klaine S J and Ke P C 2007
Nano Lett. 7 614

Salonen E, Lin S, Reid M L, Allegood M S, Wang X,
Rao A M, Vattulainen I and Ke P C 2008 Small 4 1986

Ratnikova T A, Govindan P N, Salonen E and Ke P C 2011
ACS Nano 5 6306

Chen R, Ratnikova T A, Stone M B, Lin S, Lard M, Huang G,
Hudson J S and Ke P C 2010 Small 6 612

Wong-ekkabut J, Baoukina S, Triampo W, Tang I M,
Tieleman D P and Monticelli L 2008 Nature Nanotechnol.
3363

3] Barnard A S 2009 Nature Nanotechnol. 4 332

Kubiak K and Mulheran P A 2009 J. Phys. Chem. B
113 12189

Hung A, Mwenifumbo S, Mager M, Kuna J J, Stellacci F,
Yarovsky I and Stevens M M 2011 J. Am. Chem. Soc.
133 1438

Jin X, Li M, Wang J, Marambio-Jones C, Peng F, Huang X,
Damoiseaux R and Hoek E M V 2010 Environ. Sci.
Technol. 44 7321

Choi O and Hu Z 2008 Environ. Sci. Technol. 42 4583

] Kennedy A, Hull M, Bednar A J, Goss J, Gunter J, Bouldin J,

Vikesland P and Steevens J 2010 Environ. Sci. Technol.
44 9571

[19]
[20]

(21]

~
5

(23]

[24]

[25]

IS}
&

(27]

(28]
[29]

(30]

=

[32]

(33]
[34]

(35

[36]

[37]

(39

[40]

[41

[42]

[43]

Fabrega J, Renshaw J C and Lead J R 2009 Environ. Sci.
Technol. 43 9004

Croteau M-N, Misra S K, Luoma S N and Valsami-Jones E
2011 Environ. Sci. Technol. 45 6600

Zhang W, Yao Y, Sullivan N and Chen Y 2011 Environ. Sci.
Technol. 45 4422

Sotiriou G A and Pratsinis S E 2010 Environ. Sci. Technol.
44 5649

Kittler S, Greulich C, Diendorf J, Koller M and Epple M 2010
Chem. Mater. 22 4548

Navarro E, Piccapietra F, Wagner B, Marconi F, Kaegi R,
Odzak N, Sigg L and Behra R 2008 Environ. Sci. Technol.
42 8959

Kahru A and Dubourguier H C 2010 Toxicology 269 105

Louie A Y and Meade T J 1999 Chem. Rev. 99 2711

Li WR, Xie X B, Shi Q S, Zeng HY, Ou-Yang Y S and
Chen Y B 2010 Appl. Microbiol. Biotechnol. 85 1115

Shin Y J, Kwak J I and An'Y J 2012 Chemosphere 88 524

Paula M M S, Costa C S, Baldin M C, Scaini G, Rezin G T,
Segala K, Andrade V M, Franco C V and Streck E L 2009
J. Braz. Chem. Soc. 20 1556

Chen X and Schluesener H J 2008 Toxicol. Lett. 176 1

Conti E, Franks N P and Brick P 1996 Structure 4 287

Cedervall T, Lynch I, Lindman S, Berggard T, Thulin E,
Nilsson H, Dawson K A and Linse S 2007 Proc. Natl Acad.
Sci. USA 104 2050

Ding F, Furukawa Y, Nukina N and Dokholyan N V 2012
J. Mol. Biol. 421 548

Ding F, Tsao D, Nie H and Dokholyan N V 2008 Structure
16 1010

Ding F, Dokholyan N V, Buldyrev S V, Stanley H E and
Shakhnovich E 12002 J. Mol. Biol. 324 851

Rapaport D C 1997 The Art of Molecular Dynamics
Simulation (Cambridge: Cambridge University Press)

Ding F and Dokholyan N V 2012 Discrete molecular
dynamics simulation of biomolecules Computational
Modeling of Biological Systems: From Molecules to
Pathways ed N 'V Dokholyan (Berlin: Springer) pp 57-74

Ding F, Radic S, Chen R, Chen P, Geitner N K, Brown ] M
and Ke P C 2013 Direct observation of a silver
nanoparticle-ubiquitin corona formation Nanoscale at press

Berman H M, Westbrook J, Feng Z, Gilliland G, Bhat T N,
Weissig H, Shindyalov I N and Bourne P E 2000 Nucl.
Acids Res. 28 235

Chen R, Choudhary P, Schurr R N, Bhattacharya P,
Brown J M and Ke P C 2012 Appl. Phys. Lett. 100 013703

Weisbecker C S, Merritt M V and Whitesides G M 1996
Langmuir 12 3763

Kacprzak K A, Lopez-Acevedo O, Hakkinen H and
Gronbeck H 2010 J. Phys. Chem. C 114 13571

Branchini B R, Magyar R A, Murtiashaw M H, Magnasco N,
Hinz L K and Stroh J G 1997 Arch. Biochem. Biophys.
340 52



Supporting Information

— Luciferase
10000 | —— Luciferase + AgNPs
—— Luciferase + Ag+
6000 [
2000

-20001%0 10 230 250 270 290

Molar ellipticity
(deg-cm?/dmol)

-6000

-10000

Wavelength (nm)

Figure S1. CD spectra of Luciferase (maroon line), Luciferase with AgNPs (amber line)
and Luciferase with silver ions (blue line). The readout values of the luciferase ellipticity (0, in
mdeg) were converted to a standard unit of deg-cm2/dmol ([0]) using equation [0] = (0 X
Mp)/(10000 x Cgopn x L), where My is the mean residue molecular weight (118 g/mol), Cqy is the
protein concentration in solution (in g/mL), and L is the path length through the buffer (1 cm).
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Figure S2. Binding of silver ions with (a) luciferase, (b) ATP, and (c) luciferin. The silver
ions showed a significantly higher affinity for luciferase (0.5 mg Ag'/L) than for ATP and
luciferin (>30 mg Ag'/L).
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Figure S3. Rapid kinetics of luciferase bioluminescence: effects of (a) AgNPs, (b) Ag®, and

(¢) Au’* on enzyme activity. The kinetics showed rapid initial flashes at 0.6 s and



concentration-dependent inhibition of the luminescence already within the first 1-10 s of
incubation with AgNPs or Ag™ (up to 31 mg Ag/L). In contrast, no such rapid inhibition was

observed for Au®” (up to 31 mg/L).

Figure S4. Binding residues and surface electrostatic potentials of firefly luciferase. (a) The
AgNP-binding residues determined from all-atom DMD simulations are shown in sticks. All the
AgNP-binding residues are located in the N-terminal domain (in gray). (b) The surface
electrostatic potentials computed using PyMol (www.pymol.org), where regions with negative
potentials are shown in red and those with positive potentials are illustrated in blue. The AgNP-

binding residues form a large patch with low electrostatic potentials.
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